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Salus servandra per scientiam doctrinamque
(Let us provide healing through science and learning)

I acknowledge my great fortune to have learnt the science of nephrology and hypertension 
from the best in the fi eld: Faisel S. Nashat, MD; Sir Stanley Peart, FRS; Gerhard Giebish, MD; and 

Barry M. Brenner, MD, and to have had the strong support for my work from George E. 
Schreiner, MD, who endowed the chair that I hold and Ms. Alma L. Gildenhorn, who chairs the board of the Cardiovascular 

Kidney Hypertension Institute that I direct.

Aureus et carus umor fl uat abunde
(O precious golden fl uid, may it fl ow in abundance)

I express my deepest gratitude to those most infl uential in teaching me the practice of nephrology 
and hypertension and the skills needed to develop a clinical and research program: William Slater, MD; William E. Mitch, 

MD; and Craig C. Tisher, MD.

“During my years of teaching literature at Cornell and elsewhere I demanded of my students the passion of science and the 
patience of poetry.”
Vladimir Nabokov

(Strong Opinions, Interviews, 1962)

“Sell your cleverness and buy bewilderment;
Cleverness is mere opinion, bewilderment intuition.”

Jalal al-Din Rumi
Persian poet and mystic, 1207–1273

(Masnavi, Book IV, Story II, as translated by E. H. Whinfi eld, 2000)

The ideas and stimulating discussions that I have received from many colleagues, fellows, and students at the Universities of 
Oxford, Cambridge, and London in the UK and Harvard, Florida, and Georgetown in the U.S.A. have been an inspiration for 

me.

“Though I have all faith, so that I could remove mountains,
and have not love, I am nothing.”

First Letter of St. Paul to the Corinthians, Chapter XIII
Holy Bible

Most important has been the sense of purpose and strength that accrues to my life and achievements from the love, under-
standing, and support of my dear wife, Linda; our beloved children, Mark, Juliette, Stuart, and Philip; and grandchildren 

Henry, Isabelle, Anna, and Lauren; and from my dear brother, Frank, and his family.

In Memoriam
Stuart and Imogen Wilcox

and
Alex and Petra Wilcox
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Therapy in Nephrology & Hypertension is a companion to 
Brenner & Rector’s The Kidney. It provides comprehensive in-
formation and detailed discussion on the most critical areas 
relating to therapy. The aim is to provide a thoughtful over-
view of the rationale, specifi cs, effi cacy, toxicity, and limita-
tions of current therapeutics in renal disease and hyperten-
sion. A world-leading panel of expert contributors has been 
challenged to summarize and critique current clinical trials 
and to make their own treatment recommendations based on 
the results of these trials or, when these are not available, their 
own best clinical practice. They provide the background to 
these decisions and the details of the drugs used. Where pos-
sible, they have included an algorithm to summarize the steps 
involved in selection and monitoring of drug treatment.

The fi rst two editions were coauthored with Hugh R. 
Brady. Sadly, his new responsibilities as President of Univer-
sity College, Dublin, Ireland, have precluded his involvement 
in this third edition. He has been hard indeed to replace. 
Rather than select another co-editor, I have chosen to distrib-
ute the editorial duties amongst a group of seven section edi-
tors. Each is a world expert in the fi elds that he or she covers. 
This ensures that the best current authors in the fi eld have 
been selected to write the chapters and that the material has 
been critiqued by another true expert. I have been delighted 
with the results. This injection of new ideas and directions has 
led to the inclusion of many new chapters. Thirty of the 93 
chapters have new primary authors.

Every chapter in this edition has been thoroughly revised 
and updated. Where new treatment modalities have been dis-
covered and released, or new trials are available, these are in-
cluded in the updated chapters.

It is you, the readers, who will evaluate the success of this 
textbook. Your comments, criticisms, and suggestions follow-
ing its publication are greatly appreciated. They will be incor-
porated into the planning of the next edition. Please write to 

me to express comments on specifi c chapters, whether en-
couraging or otherwise, and any specifi c information or topics 
that you consider are either missing or inadequately or incor-
rectly covered. It is my aim to provide a comprehensive and 
up-to-date, fully referenced, and authoritative review of all the 
major areas of treatment in nephrology and hypertension by 
acknowledged experts in the fi eld. I have retained the original 
concept of many short chapters since I believe this makes a 
large book, such as this, more accessible and readable and 
allows me to draw on a large expert authorship.

I wish to thank Barry Brenner for his continuing encour-
agement and trust in me to edit this important companion to 
his authoritative book; the many individuals at Saunders 
and Elsevier Science Publishing who have helped me pilot 
this project from inception to completion, most notably 
Ms. Pamela Hetherington, Ms. Adrianne Brigido, and 
Ms. Susan Pioli, who have undertaken the lead roles in prepar-
ing this new edition for publication; Ms. Emily Wing Kam 
Chan, who so diligently kept authors and section editors 
apprised of the progress of chapters and collated the entire 
book as chapters were passed on from section editors; and my 
wife for her understanding and support for this, yet another 
major academic project that necessarily takes time away from 
what we would otherwise spend together. Most important, I 
thank the section editors for the extraordinary dedication that 
they have shown to this project. Not only did I entrust them 
to recommend the selection of topics and authors, but also to 
read and correct the fi rst proofs and to be the primary con-
tacts for the authors as their chapters made their way through 
the process of submission, selection, correction, and fi nal 
printing. Finally, I thank with great sincerity the many authors 
who have devoted their time and effort in busy academic lives 
to provide detailed, comprehensive, and fully referenced new 
chapters for this book. 

Preface
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3

ESTABLISHING ACUTE RENAL FAILURE

Acute Kidney Injury and the RIFLE Criteria
The introduction of a clear-cut clinical defi nition of acute renal 
failure with diagnostic criteria is an important advance in our 
thinking about patients with acute renal failure. The need 
was obvious because a doubling in serum creatinine in acutely 
hospitalized patients increases the mortality to 30%. Another 
doubling in serum creatinine increases this mortality to 60%.1 A 
group of nephrologists and critical care specialists (since ex-
panded to the Acute Kidney Injury Network) formulated the 
RIFLE criteria (www.ccm.upmc.edu/adqui/ADQI2/ADQI2g1.
pdf).2 The acronym RIFLE stands for the increasing severity 
classes Risk, Injury, and Failure and the two outcome classes Loss 
and End-stage kidney disease (Fig. 1-1). The three severity 
grades are defi ned based on the changes in serum creatinine or 
urine output, where the worst of each criterion is used. R, I, and 
F represent a 25%, 50%, or 75% decrease in glomerular fi ltration 
rate (GFR) (or corresponding increase in serum creatinine) 
and/or oliguria (�0.5 mL/kg/hr) for 6, 12, or 24 hours, respec-
tively. These criteria are easily remembered; most clinical lab-
oratories in the United States and Europe now calculate the 
GFR by means of the Modifi cation of Diet in Renal Disease 
study formula. The appearance of R, I, or F in any patient is, 
of course, good grounds to rule out urinary tract obstruction 
with diagnostic ultrasonography to preclude postrenal causes 
of acute renal failure. The two outcome criteria, loss and end-
stage kidney disease, are defi ned by the duration of renal func-
tion loss.

Urinary Indices
Although earlier clinicians seem to have had few problems in 
recognizing established acute renal failure, we have greater 

diffi culties today. Prerenal azotemia is said to account for 
40% of cases in hospitalized acute renal failure patients and 
60% of community-acquired cases.3,4 However, how do we 
distinguish between established acute renal failure and prer-
enal azotemia? The authors of the two cited reports were not 
precise in their estimates but espoused renal indices in mak-
ing this distinction (Box 1-1). Some early investigators relied 
on specifi c gravity to refl ect tubular function. All performed 
microscopy and were impressed by muddy brown urinary 
sediments. Urinary sodium, fractional excretion of sodium, 
urine-to-plasma creatinine ratio, urinary osmolarity, urine-
to-plasma osmolality ratio, serum urea-to-creatinine ratio, 
and fractional excretion of urea appear to give variable and 
inconsistent results.5 Bagshaw and colleagues6 reviewed 27 
papers on the subject that included approximately 1500 as-
sessed patients. About half the patients were septic. Inade-
quate timing, lack of adequate controls, failure to perform all 
the tests, and lack of documented established acute renal 
failure or prerenal azotemia criteria were among the con-
founders. The authors concluded that the scientifi c basis for 
urinary indices and microscopy, particularly in septic acute 
renal failure patients, is weak. In his critique and commen-
tary, Schrier7 observed that fractional excretion of sodium or 
a renal failure index (urine sodium/urine-to-plasma creati-
nine ratio) less than 1.0 occurs in 85% to 94% of patients 
with prerenal azotemia and only in less than 4% of patients 
with oliguric established acute renal failure. These fi gures 
should inspire confi dence. Nevertheless, in a sheep model of 
sepsis, renal blood fl ow increased remarkably (contrary to 
what was expected), while GFR and urinary output de-
creased.8 Moreover, urinary sodium, fractional excretion of 
sodium, and fractional excretion of urea all decreased, sug-
gesting that these indices are not reliable markers of a prere-
nal reduced renal blood fl ow state.9

Management of Volume Depletion 
and Established Acute Renal Failure
Friedrich C. Luft
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4 Acute Renal Failure

shock.11 Volume expansion is a major part of the goal-directed 
therapy. All nephrologists would agree that volume expansion 
should be conducted in any hypovolemic patient to amelio-
rate prerenal azotemia and to avoid prerenal azotemia from 
developing into established acute renal failure. However, how 
good are we at determining whether a patient is hypovolemic? 
McGee and colleagues12 reviewed this issue systematically. 
They searched Medline, personal fi les, and bibliographies of 
textbooks on physical diagnosis and identifi ed 10 studies in-
vestigating postural vital signs or the capillary refi ll time of 
healthy volunteers, some of whom underwent phlebotomy of 
up to 1150 mL of blood, and four studies of patients present-
ing to emergency departments with suspected hypovolemia, 
usually due to vomiting, diarrhea, or decreased oral intake. 
McGee and colleagues12 found that when clinicians evaluate 
adults with suspected blood loss, the most helpful physical 
fi ndings are either severe postural dizziness (preventing mea-
surement of upright vital signs) or a postural pulse increment 
of 30 beats per minute or more. The presence of either fi nding 
had a sensitivity for moderate blood loss of only 22%; how-
ever, the corresponding specifi city was 98%. Supine hypoten-
sion and tachycardia were frequently absent, even after up to 
1150 mL of blood loss. Surgeons in both world wars reported 
that soldiers with hemorrhagic shock actually had bradycardia 
approximately one third of the time. The fi nding of mild pos-
tural dizziness had no proven value. In patients with vomiting, 
diarrhea, or decreased oral intake, the presence of a dry axilla 
supports the diagnosis of hypovolemia, and moist mucous 
membranes and a tongue without furrows argue against it. 
McGee colleagues12 also found that in adults, the capillary 
refi ll time and poor skin turgor had no diagnostic value. Thus, 

Figure 1-1 The remarkable RIFLE criteria to classify acute 
renal failure are shown. On the left are GFR (serum creati-
nine or cystatin C increases). On the right, even easier, are 
the urinary output criteria. Remarkably, this simple system ex-
hibits high sensitivity on steps 1 to 3 and high specifi city on 
steps 3 to 5. The breakdown variable is renal replacement 
therapy (RRT) and end-stage renal disease (ESRD). All con-
sulting nephrologists should use the RIFLE criteria to facilitate 
patient care and to educate the non-nephrologic community. 
GFR, glomerular fi ltration rate.

Urinary Concentration
Specifi c gravity (�1.020)
Urine osmolality (UOsm � 500 mOsm/kg H2O)
Urine/plasma osmolality ratio (�1.5)
Urine/plasma creatinine ratio (�20:1)

Urine Sodium
UNa (�20 mmol/L)
FENa � (UNa/SNa) � (UCr/SCr) � 100 (�1%)

Urea Based
Serum urea-to-serum creatinine ratio (�10:1) when urea 
is expressed as blood urea nitrogen (BUN mg/dL)
FEUn � (UUrea/SUrea) � (UCr/SCr) � 100 (�35%)

Box 1-1 Common Renal Indices Assessing Tubular Function*

*Renal indices to separate established acute renal failure from 
prerenal azotemia has a time-honored role in acute nephrology. 
However, the value of renal indices is questionable. FENa and 
FEUrea are probably the most discriminatory; the latter is of value 
in patients given loop diuretics. The RIFLE criteria are probably 
superior in terms of sensitivity (lower values) and specifi city (higher 
values), respectively.
FENa, fractional excretion of sodium; FEUn, fractional excretion of 
urea; SCr, serum creatinine; SNa, serum sodium; SUrea, serum urea; 
UCr, urinary creatinine; UNa, urinary sodium; UUrea, urinary urea.

Risk

Injury

Failure

Loss

ESRD

Creatinine increase x 1.5 
or GFR decrease > 25%

Creatinine increase x 2 
or GFR decrease > 50%

Creatinine increase x 3 
or GFR decrease > 75%

Urinary output 
< 0.5 mL/min for 6 hr

Urinary output 
< 0.5 mL/min for 12 hr

Urinary output 
< 0.5 mL/min for 24 hr

Defeat

RRT necessary

Fractional excretion of urea warrants a special mention. In 
Europe, where loop diuretics are considered a vitamin—or a 
food—rather than a drug, nephrologists are faced with the 
problem that all patients have been subjected to loop diuretics 
before they are called. This state of affairs makes urinary so-
dium values and fractional excretion of sodium worthless as 
indicators. Carvounis and colleagues10 tested 50 patients with 
prerenal azotemia, 27 of whom had been treated with diuret-
ics and 25 of whom were shown to have established acute re-
nal failure. They reported that a low (�35%) fractional excre-
tion of urea was more sensitive and specifi c than fractional 
excretion of sodium for differentiating prerenal azotemia 
from established acute renal failure.

To summarize, renal indices will remain valuable exercises 
for residents and fellows on every nephrology service. They 
are also a valuable activity in terms of teaching renal physiol-
ogy. Nevertheless, their value in diagnosing established acute 
renal failure, particularly in septic patients, remains uncon-
vincing. Thus, caveat emptor!

VOLUME REPLACEMENT

Assessing the State of Hydration
A prospective, randomized trial has amply demonstrated that 
early goal-directed therapy provides signifi cant benefi ts with 
respect to outcome in patients with severe sepsis and septic 
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5 Management of Volume Depletion and Established Acute Renal Failure

in patients with vomiting, diarrhea, or decreased oral intake, 
few fi ndings have proven utility. Clinicians are left to measur-
ing serum electrolytes, serum blood urea nitrogen, and creati-
nine levels when diagnostic certainty is required, provided 
they are confi dent in the renal indices described above. The 
clinical assessment of hypovolemia, although we all cling to 
our tests and fi rm beliefs in assessing whether a patient is 
“dry” (clinically, a meaningless term), would appear to be of 
little value.

In terms of volume expansion, we are not much better. Ob-
serving neck veins, listening for rales, poking for edema are all 
time-honored hallmarks to establish volume expansion or at 
least adequate fi lling pressures. Commonly, radiographs are 
obtained to assess volume status. Ely and colleagues13 per-
formed a prospective evaluation of 100 patients who had pul-
monary artery occlusion pressure measured. Patients were di-
vided into those who had a pulmonary artery occlusion pressure 
less than 18 mm Hg or more than 18 mm Hg. Objective (mea-
sured) vascular pedicle width and cardiothoracic ratio were 
better than any subjective interpretation of the radiographs. 
The authors found that the classic clinical signs of jugular ve-
nous distention, crackles on auscultation, and peripheral edema 
were poor indicators of volume status in these patients and 
were commonly frankly misleading. Furthermore, the pulmo-
nary artery catheter itself is commonly misleading. Marik14

termed the intravascular volume assessment, even with a pul-
monary artery catheter, “a comedy of errors.” Befuddled clini-
cians should not believe that the pulmonary artery catheter is a 
“dipstick” to assess “fullness of the tank.” The pulmonary artery 
occlusion pressure cannot be a measure of ventricular preload 
because preload is a function of muscle fi ber length (end-dia-
stolic volume) and not end-diastolic pressure. Several random-
ized trials have questioned the value of pulmonary artery 
catheters in supplementing intensive care management; how-
ever, that topic is beyond the scope of this chapter.

Nonetheless, clinicians must make decisions about vol-
ume status and act accordingly. Most patients in the intensive 
care unit will have at least a central venous catheter. These 
catheters permit two measurements that are helpful in assess-
ing oliguria. The fi rst is the measurement of the central ve-
nous pressure itself and the second is its change in response 
to volume challenge. Here, care must be taken with patients 
receiving mechanical ventilation. In such patients, a central 
venous pressure greater than 10 mm Hg may still represent 
volume depletion. In ventilator-dependent patients, if the 
systolic blood pressure decreases after each lung infl ation, 
cardiac fi lling pressures may very well be inadequate. Also 
helpful is the measurement of the central venous oxygen satu-
ration. The value is generally approximately 70% (P-central-
venous O2 40 mm Hg). If the value is less than 50% (P-central-
venous O2 � 28 mm Hg), low cardiac output could be 
present. In patients with pulmonary artery catheters (or 
equivalent systems), oxygen delivery and oxygen use should 
be measured. Determining oxygen use is the primary utility 
of the pulmonary artery catheter.

Picking the “Right” Volume Expander
In 1861, Thomas Graham investigated the diffusion phe-
nomenon and found that some substances could traverse a 
parchment membrane and others could not. He classifi ed 

the substances as crystalloids or colloids accordingly. 
Crystalloid fl uids are electrolyte solutions with small mole-
cules that disperse freely throughout the extracellular space. 
The principal components are sodium and chloride. As a 
result, crystalloid volume resuscitation will expand the in-
terstitial volume rather than the plasma volume. Infusion of 
1 L of 0.9% sodium chloride (commonly and mistakenly 
called physiologic saline) adds 275 mL to the plasma volume 
and 825 mL to the interstitial volume. The total volume 
expansion is 1100 mL because the solution (154 mmol Na 
and 154 mmol Cl) is suffi ciently hypertonic to shift fl uid 
from the intracellular to the extracellular space. So much 
for isotonic physiologic sodium chloride! Furthermore, 
0.9% sodium chloride contributes to hyperchloremic meta-
bolic acidosis (Cl 154 mmol/L). Four liters of sodium chlo-
ride administered over a short period (not an uncommon 
practice in our intensive care unit) will reduce pH from 
7.4 to 7.3.

Sidney Ringer and Alexis Hartmann provided us with an 
alternative to 0.9% saline that has been in use since the 1930s. 
Lactated Ringer’s solution has the advantage of being more 
physiologic; however, the solution may bind certain drugs, 
including aminocaproic acid, amphotericin, ampicillin, and 
thiopental. Lactated Ringer’s solution is also contraindicated 
when diluting red blood cell transfusions, since the solution 
can bind citrated anticoagulants in blood products. Contrary 
to popular belief, lactated Ringer’s solution will not raise se-
rum lactate levels signifi cantly.

Dextrose solutions (50 g in 1000 mL or 5%) will not in-
crease the plasma volume appreciably and are therefore useless 
in patients with volume depletion. Routine or aggressive infu-
sion of dextrose-containing solutions can be harmful. When 
circulatory fl ow is compromised (shock), 5% dextrose can 
contribute to metabolic acid production. A 5% dextrose infu-
sion promotes cell swelling. When dextrose is added to isotonic 
saline (D5 normal saline), the infusion fl uid is hypertonic to 
plasma (560 mOsm/L). If glucose use is impaired (not unheard 
of in very ill patients), the hypertonic infusion creates an un-
desirable osmotic force that can promote cell contraction. 
Finally, hyperglycemia, resulting from dextrose infusions, has 
numerous deleterious effects including immunosuppression, 
increased risk of infection, brain injury aggravation, and in-
creased mortality. The fact that more than 10% of intensive 
care unit patients are diabetic does not inspire confi dence. 
The deleterious effects of hyperglycemia and the benefi ts of 
lowering blood sugar in critically ill patients have been con-
vincingly shown in both surgical and medical intensive care 
unit patients.15,16

Are colloid-containing fl uids better? Colloid fl uids are 
more effective than crystalloids in expanding the plasma 
volume because they contain large, poorly diffusible, solute 
molecules that create an oncotic pressure to keep water in 
the vascular space. In healthy subjects, the colloid oncotic 
pressure of plasma is approximately 25 mm Hg while lying 
down; when standing, the value decreases to 20 mm Hg. A 
1-L 5% albumin solution results in a 700-mL increment in 
the plasma volume and in only a 300-mL increase in the 
interstitial volume. Thus, 70% of this infusion remains in 
the intravascular space. Colloid fl uids are threefold more 
effective in increasing intravascular volume than crystalloid 
solutions.
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6 Acute Renal Failure

Albumin is expensive. Thus, alternatives are popular. Hy-
droxyethyl starch (hetastarch) is a chemically modifi ed starch 
polymer that is available as a 6% solution in isotonic saline. 
There are three types of hetastarch solutions based on the av-
erage molecular weight, 450, 200, and 70 kd for high, medium, 
and lightweight hetastarch, respectively. In the United States, 
the heavy weight is favored. Hetastarch undergoes hydrolysis 
by amylases in the blood. The products less than 50 kd are 
eliminated by the kidneys (if these are working). Hetastarch 
can interfere with tissue factor and von Willebrand factor. 
Overt bleeding is uncommon but can complicate bypass op-
erations. Hetastarch may increase serum amylase levels as a 
form of macroamylasemia, which is not a toxic effect. Ana-
phylactic reactions can occur with hetastarch but are rare. 
Dextrans are similar in kind and in substance to hetastarch 
solutions.

The colloid-crystalloid debate (warfare) continues, and no 
end is in sight. The fact that an acute blood loss is accompa-
nied by a dramatic interstitial fl uid volume defi cit raised 
hopes for the crystalloid camp. However, clinicians prefer 
blood pressure to be measurable and to be maintained. What 
should we do? To help us, outcomes experts conducted a 
systematic review of randomized, controlled trials of resusci-
tation with colloids compared with crystalloids for volume 
replacement of critically ill patients.17 The analysis was strat-
ifi ed according to patient type and quality of allocation con-
cealment. Despite the inclusion of 37 randomized trials, re-
suscitation with colloids was associated with an increased 
absolute risk of 4% mortality, or four extra deaths for every 
100 patients resuscitated. There was no evidence of differ-
ences in effect among patients with different types of injury 
that required fl uid resuscitation. Suffi ce it to say, this meta-
analysis generated much controversy.

The last word should have been the SAFE study.18 In this 
study, 6997 patients requiring fl uid resuscitation were ran-
domized to 4% albumin or normal saline. The primary end-
point was death from any cause. The outcomes in the two 
groups were similar. However, the patients died of various 
causes, and there is no way to determine whether an intrave-
nous fl uid was somehow directly related to death. Subse-
quently, other studies have been published, including a recent 
study investigating three fl uids in 129 children with dengue 
shock syndrome.19 Ringer’s lactate, 6% hydroxyethyl starch, 
and 6% dextran 70 were compared in the study. First, as a 
tribute to the investigators, only one patient died in the study. 
The treatments did not differ in outcomes. The authors con-
cluded that initial resuscitation with Ringer’s lactate is indi-
cated for children with moderately severe dengue shock syn-
drome. Dextran 70 and 6% hydroxyethyl starch performed 
similarly in children with severe shock; however, dextran had 
more side effects.

Could hypertonic saline (hypertonic resuscitation) provide 
an answer?20,21 A 7.5% sodium chloride solution has an osmo-
lality 8.5 times that of plasma. The additional volume would 
come from the intracellular space. Preliminary data exist that 
suggest a role for such an approach. However, currently no 
controlled data exist. In case the notion results in discomfort, 
the idea that Na and Cl determine extracellular fl uid volume 
(aside from the amount sequestered in bone) may require 
revision. An additional storage space for sodium infl uencing 
volume regulation may exist in proteoglycan-containing 
connective tissue.22

The resuscitation fl uid should be selected based on the 
need of a specifi c problem in any given patient. For example, 
crystalloid fl uids are designed to fi ll the extracellular space. 
They are particularly indicated when the interstitial space is 
compromised and would be appropriate for use in patients 
with loss of both interstitial and intravascular volume. Colloid 
fl uids are designed to expand the plasma volume and are ap-
propriate for patients with hypovolemia related to acute blood 
loss. Albumin-containing colloid fl uids are appropriate for 
patients with hypovolemia associated with hypoalbuminemia. 
Tailoring fl uid therapy to specifi c problems of fl uid imbalance 
is the best approach to volume resuscitation in the intensive 
care unit. Most patients with acute kidney injury (AKI) can 
probably be managed with crystalloid volume replacement.

Monitoring and Administration
Blood loss is classifi ed by the American College of Surgeons 
in terms of amount.23 Class I is approximately 15%, class II 
is 15% to 30%, class III is 30% to 40%, class IV is more than 
40%. The latter two classes generally would be picked up as 
AKI, at least according to the RIFLE criteria based on oligu-
ria. Tachycardia is generally absent in the supine position; 
indeed, bradycardia may be present. Blood pressure is an 
insensitive marker of blood loss. The use of the hematocrit 
to estimate blood loss is naive and inappropriate.24 Central 
venous and pulmonary artery catheters are commonly in-
serted into hypovolemic patients. Cardiac fi lling pressures 
will generally overestimate the intravascular volume status 
in hypovolemic patients.25 Oxygen transport parameters 
may be very helpful as discussed earlier. If a pulmonary ar-
tery catheter is in place, its value lies in measuring Do2 and 
Vo2. Compensated hypovolemia is identifi ed by a normal 
Vo2 (�100 mL/min/m2) and an O2 extraction less than 50%. 
Hypovolemic shock is identifi ed by an abnormally low Vo2

(�100 mL/min/m2) and an extraction rate greater than 50%. 
Lactate, Paco2, and HCO3 values can be obtained and are 
valuable monitoring parameters.

The Trendelenburg position (legs elevated and head be-
low the horizontal plane) does not promote venous return to 
the heart and, according to careful study, is a worthless ma-
neuver for this purpose. Friedrich Trendelenburg (1844–
1924), an innovative surgeon, developed the position to 
perform perineal operations and not to treat shock. Gener-
ally, the central veins are cannulated in patients for volume 
resuscitation because larger veins permit more rapid fl uid 
infusions, or so most clinicians believe. However, the rate of 
volume infusion is determined by the dimensions of the 
vascular catheter and not by the size of the vein. Hagen and 
Poisseuille showed clearly that wider bore (radius) and 
shorter length determine how fast infusions can run. The 
relationship they defi ned is Q � �P(�r4/8 �L), where r is 
radius and L is length. Thus, short peripheral 14- or 16-
gauge 5-cm catheters will allow a gravity crystalloid fl ow rate 
of 200 and 150 mL/min, respectively. The Hagen-Poisseuille 
relationship also predicts how fast whole blood and packed 
erythrocytes will fl ow. The � value refers to viscosity. Whole 
blood fl ows approximately half as fast as crystalloid, whereas 
packed erythrocytes fl ow approximately one fourth as fast. 
A short, large catheter in a peripheral vein is of far greater 
value in treating shock than a small-bore, long central 
catheter.
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7 Management of Volume Depletion and Established Acute Renal Failure

The fi rst priority in the volume-depleted patient is to sup-
port cardiac output. Worthwhile points to remember are that 
(1) colloid fl uids are more effective than whole blood, packed 
cells, or crystalloids for increasing cardiac output; (2) eryth-
rocyte concentrates are relatively ineffective in promoting 
cardiac output and fl ow slowly; (3) colloids add to the plasma 
volume, whereas crystalloid fl uids primarily add to the inter-
stitial volume; and (4) for a given effect on cardiac output, 
the volume of crystalloids must exceed that of colloids by 
approximately a factor of 3.

Role of the Fluid Challenge
What to do when we have little idea of what we are doing 
(Fig. 1-2)? This situation is common in critical care medicine, 

and the fl uid challenge strategy commonly helps and, if care-
fully done, should do no harm. Volume challenges of 500 to 
1000 mL for crystalloids or 300 to 500 mL for colloids over 
the course of approximately an hour have been suggested for 
patients suspected of having sepsis, septic shock, or volume 
depletion due to other causes.26 There is no evidence to favor 
crystalloid or colloid fl uids in this regard. In patients with 
hypoalbuminemia (�3 g/dL), 5% albumin should be seri-
ously considered for volume resuscitation.

Flushing the Kidneys: Role of Diuretics
Furosemide in the AKI setting is particularly deserving of a few 
comments. Furosemide is probably the most frequently admin-
istered drug in patients meeting the RIFLE criteria. In fact, the 
most common reason for nephrologic consultation in our hos-
pital is, “This patient refuses to respond to furosemide.” Mehta 
and colleagues27 have investigated this issue. They determined 
whether the use of diuretics (mostly furosemide) was associated 
with adverse or favorable outcomes in critically ill patients with 
acute renal failure. Mehta and colleagues conducted a cohort 
study of 552 patients with acute renal failure in intensive care 
units at four academic medical centers. Patients were categorized 
by the use of diuretics on the day of nephrology consultation 
and, in companion analyses, by diuretic use at any time during 
the fi rst week after consultation. They found that diuretics were 
used in 59% of patients at the time of nephrology consultation. 
This author is certain that in Europe the fi gure would be much 
closer to 100%. The patients treated with diuretics on or before 
the day of consultation were older and more likely to have a 
history of congestive heart failure, nephrotoxic (rather than 
ischemic or multifactorial) origin of acute renal failure, acute 
respiratory failure, and lower serum urea nitrogen concentra-
tions. Mehta and colleagues27 found that diuretic use was associ-
ated with a signifi cant increase in the risk of death or nonrecov-
ery of renal function. The increased risk was borne largely by 
patients who were relatively unresponsive to diuretics. Mehta 
and colleagues concluded that diuretics in critically ill patients 
with acute renal failure were associated with an increased risk of 
death and nonrecovery of renal function. The data were obser-
vational. The frustrated physicians probably gave the sicker, 
more oliguric patients more diuretics than the healthier patients. 
Numerous trials have been conducted on furosemide in the 
acute renal failure setting in the hope that the drug might de-
crease oxygen consumption or provide some other advantage 
for recovery. All controlled trials in this regard were negative. A 
recent meta-analysis underscored this point.28 Nevertheless, the 
practice of administering furosemide to all persons with oliguria 
of any degree persists. Mehta and colleagues stated that in the 
absence of compelling contradictory data from a randomized, 
blinded clinical trial, the widespread use of diuretics in critically 
ill patients with acute renal failure should be discouraged.27 The 
fi ndings of Mehta and colleagues have had no effect on medical 
practice thus far, but should have. What do physicians seek to 
achieve with furosemide—a lower RIFLE score?

Management of Myoglobinuria
Myoglobinuria is a regular feature in trauma patients, but is 
also observed in any case of muscle injury. The presence of 
urinary myoglobin does not necessarily denote AKI; however, 
its absence indicates a substantial decrease in risk.29 Muscle 

Figure 1-2 The fi rst step in assessing volume status in the criti-
cally ill is to keep in mind that all our clinical assessments, 
laboratory tests, and modes of patient monitoring are fallible 
and fraught with error. Severe postural dizziness is defi ned as 
the inability to stand upright. Postural pulse increment greater 
than 30 per minute may be absent with acute hemorrhage. 
Systolic blood pressure decreases (�20 mm Hg), although 
popular, have a sensitivity and specifi city of approximately 
10%. Serum and urine chemistries may also be misleading. 
Edema and ascites speak to the extracellular fl uid volume, not 
to the circulating fl uid volume. A chest radiograph may be 
helpful. Central catheters are not infallible “dipsticks” and 
commonly mislead. Careful clinical longitudinal assessment, 
measurement, and documentation are warranted. (Adapted 
from McGee S, Abernethy WB 3rd, Simel DL: The rational 
clinical examination. Is this patient hypovolemic? JAMA 
1999;281:1022–1029; Ely WE, Smith AC, Chiles C, et al: 
Radiologic determination of intravascular volume status using 
portable, digital chest radiography: A prospective investiga-
tion in 100 patients. Crit Care Med 2001;29:1502–1512; 
and Marik PE: Assessment of intravascular volume: A comedy 
of errors. Crit Care Med 2001:29:1635–1636.)

Hypovolemia Hypervolemia

History History

Severe postural 
dizziness

Postural pulse increment 
> 30 min; dry axilla

BUN, creatinine, 
urine indices

CVP, PAOP, 
DO2, VO2

Edema, ascites, 
effusions

Pedicle with 
cardiothoracic ratio

BUN, creatinine urine 
indices

CVP, PAOP, 
DO2, VO2

Volume challenge
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8 Acute Renal Failure

necrosis releases particularly large amounts of potassium and 
phosphorus. Myoglobin, when resorbed by the tubular cells, 
promotes substantial oxidative stress when the iron is released. 
Aggressive volume resuscitation to prevent hypovolemia and 
maintain renal blood fl ow is indicated. Alkalinization of the 
urine may help limit the renal injury. Trauma teams managing 
disaster or combat victims regularly begin aggressive volume 
expansion as soon as an extremity avails itself to allow vessel 
cannulation. This approach appears prudent. Israeli military 
physicians report that managing crush injuries with aggressive 
volume expansion and urine alkalinization protects from 
AKI.30 However, the authors addressed the issue of trauma 
victims who, in all likelihood, have severe blood loss necessitat-
ing goal-directed therapy. Older patients with heart disease 
and other concomitant medical problems, such as developing 
myoglobinuria complicating statin therapy, should not neces-
sarily be treated in the same fashion merely because they 
have an elevated creatine kinase level or urine that contains 
myoglobin.

ELECTROLYTE DISTURBANCES

Hypernatremia
Hypernatremia (Na � 150 mmol/L) associated with AKI is 
common and occurs in both children and adults. Here, volume 
assessment and the osmolar disturbance must be considered 
separately. Generally, hypernatremia coexists with volume con-
traction. However, the intensive care unit is an exception. 
The coexistence of hypernatremia and edema that develops in 
an intensive care unit invariably points to physician-induced 
therapeutic misadventures.31 Conscious patients are generally 
able to protect themselves from this dilemma. When the con-
stellation of volume expansion and edema develops on an 
outpatient basis, the physician should suspect (salt poisoning) 
abuse.32

In a recent review of 105 children admitted to a general pedi-
atrics department, hypernatremic dehydration (volume con-
traction) represented 12% of all dehydration forms.33 Half of the 
children were in shock. Severe dehydration was present in 
90% of patients, and neurological signs were observed in 77%. 
The initial mean serum sodium concentration was 159 mmol/L. 
Acidosis and AKI were present in 97% and 77% of patients, re-
spectively. The predominant cause of hypernatremic dehydra-
tion in these children was diarrhea (94%). The children were 
given intravenous rehydration with 5% glucose solution at an 
average of 147 mL/kg/day and containing a mean sodium level 
of 42 mmol/L. Serum sodium was normalized within the fi rst 
72 hours. The mortality rate was 11%. Another hypernatremia 
in infants relevant to nephrologists is that associated with breast-
feeding.34 This serious complication occurs when breast-feeding 
is insuffi cient and is often associated with hyperbilirubinemia. 
Neonatal hypernatremic dehydration results from inadequate 
transfer of breast milk from mother to infant. Furthermore, 
poor milk drainage from the breasts can result in persistence of 
high milk sodium concentrations. Breast-feeding–associated hy-
pernatremia results only when breast-feeding is not properly 
established. The failure to diagnose hypernatremic dehydration 
can have serious consequences, including AKI, seizures, intracra-
nial hemorrhage, vascular thrombosis, and death. Most breast-
feeding–associated hypernatremia could be prevented if infants 

with excessive weight loss or inadequate breast milk transfer 
were judiciously given expressed breast milk if available and 
formula if necessary until breast milk production increases and 
breast-feeding diffi culties are addressed by a health care provider 
well trained in lactation support.

Hypernatremia with AKI is a frequent problem in elderly 
individuals.35 Changes in the physiologic responses to water 
deprivation are of particular interest in understanding the 
pathogenesis of hypernatremia in the elderly. In older persons, 
there are defi cits in both the intensity and threshold of the 
thirst response. The ability to concentrate the urine also de-
clines with age. There are both a decline in the GFR and an 
increased incidence of renal disease with advancing age, which 
may contribute to impaired ability to conserve water. Because 
of a decrease in the percentage of total body water with age, 
equal volumes of fl uid loss in young and old individuals may 
represent more severe dehydration in the elderly. The correc-
tion of hypernatremia in the elderly requires particular care in 
terms of administering glucose-containing solutions. Hyper-
glycemia, coupled with hypernatremia, is particularly unde-
sirable. Continuous venovenous hemofi ltration has been used 
in patients with serum sodium concentrations greater than 
200 mmol/L to lower the serum sodium concentration in a 
controlled fashion.36

Hyperkalemia
The most celebrated life-threatening electrolyte disturbance 
in patients with acute renal failure is hyperkalemia. The Co-
chrane database has reported on management.37 Based on 
small studies, inhaled 	-agonists, nebulized 	-agonists, and 
intravenous insulin and glucose were all effective, and the 
combination of nebulized 	-agonists and insulin and glu-
cose was more effective than either alone. Dialysis was in-
variably effective. The results were equivocal for intravenous 
bicarbonate. Potassium-absorbing resin was not effective 
after 4 hours. The Cochrane authorities concluded that 
nebulized or inhaled salbutamol and intravenous insulin 
and glucose are the fi rst-line therapies for the management 
of emergency hyperkalemia that are best supported by the 
evidence. Their combination may be more effective than 
either alone and should be considered when hyperkalemia is 
severe. In adult patients with coronary heart disease, nebu-
lized or inhaled salbutamol would not appear to be a good 
idea. The experts concluded that further studies of the opti-
mal use of combination treatments and of the adverse effects 
of treatments are needed.

Kamel and Wei38 recently reviewed controversies in treat-
ing hyperkalemia. They concluded that insulin and glucose 
were frontline and that 	-agonists were ineffective in a sig-
nifi cant number of patients. Sodium bicarbonate should be 
reserved for patients who concomitantly have severe meta-
bolic acidosis. Kamel and Wei38 were also reluctant to use 
exchange resins in patients with acute hyperkalemia. The 
intravenous administration of calcium salts for hyperkale-
mia is commonly recommended.39 Intermittent injections 
of 10 mL of 10% calcium gluconate and/or calcium chloride 
are given according to guidelines (www.clinicalschool.swan.
ac.uk/wics/itugl/hik.him). Calcium salts do not alter the 
serum potassium concentration, although reversal of elec-
trocardiographic fi ndings is immediate and dramatic. The 
role of calcium remains unclear because the effect is only 
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9 Management of Volume Depletion and Established Acute Renal Failure

transient; calcium works in a minute, but the effect is also 
gone in minutes. Therefore, concomitant therapies (insulin 
and glucose) must be given. Furthermore, calcium should 
obviously not be given together with sodium bicarbonate 
because of precipitation. Nonetheless, the successful man-
agement of 46 cases of battlefi eld acute renal failure in 
Korea by the U.S. Army employed a continuous infusion 
containing calcium gluconate, sodium bicarbonate, insulin, 
and glucose.40 Presumably, the amounts of sodium bicar-
bonate and calcium were low or the two were not given 
concomitantly.

Final words about the electrocardiogram are worthy of men-
tion. Life-threatening hyperkalemia can occur with a relatively 
normal electrocardiogram, albeit it is unusual. Flat P waves, 
widened QRS complex, and tented T waves are welcome hyper-
kalemia signs that are taught to every medical student and 
illustrated in every textbook. However, these classic signs may 
be absent and instead there may be merely peculiar QRS con-
duction delays and more nonspecifi c signs. The wary clinician 
is duly suspicious.

Metabolic Acidosis
This topic and its treatment are discussed elsewhere. For inten-
sivist nephrologists, type B lactic acidosis induced by metformin 
deserves a comment. The drug, which is indicated in almost all 
overweight patients with the metabolic syndrome, polycystic 
ovarian syndrome, and type 2 diabetes mellitus, has a mode of 
action that is now quite well understood.41 Unfortunately, the 
drug can induce type B (without shock) lactic acidosis, and the 
risk is actually only relevant when renal function is impaired. 
Metformin should not be given to persons with a GFR less than 
60 mL/min. In an earlier review, this author handled this topic 
fairly lightly,42 but has since seen several patients with profound 
lactic acidosis that could only be attributed to metformin. In all 
cases, physicians had failed to discontinue the drug, despite an 
obvious decrease in renal function. Discontinuing metformin is 
the cornerstone of treatment.

MANAGING OTHER UREMIC 
COMPLICATIONS

Uremic Bleeding and Thrombosis
Uremic platelets function less well than platelets in a normal 
environment. Early studies proposed a role for guanidinosuc-
cinic acid that accumulates when renal function falls to low 
levels. This idea was probably not a bad one because we 
now know that guanidinosuccinic acid in uremic blood de-
pends on amidine being transferred to aspartic acid from 
l-arginine. l-Arginine is the major substrate of nitric oxide 
(NO) synthase. NO is the major modulator of vascular tone 
(endothelial function) that limits platelet adhesion to endo-
thelium and platelet-platelet interaction, increasing the for-
mation of cell cyclic guanosine monophosphate. Guanidino-
succinic acid causes cultured endothelial cells to produce NO. 
An increase in NO may also decrease fi brinogen binding to 
the platelet GP IIb/IIIa receptor. Noris and Remuzzi43 point 
out that uremia is a high NO state, at least as far as the plate-
let is concerned. Platelets from uremic patients produce more 
NO. NG-monomethyl-l-arginine restores platelet stickiness 

and responses to adenosinediphosphate in uremic platelets. 
Noris and Remuzzi43 argue that uremic bleeding is largely 
due to an exuberant formation of NO by uremic vessels, a 
process that is guanidinosuccinic acid dependent.

Nevertheless, treating uremic patients with NG-mono-
methyl-l-arginine seems premature. NO synthase is already 
inhibited by asymmetrical dimethyl arginine that accumulates 
in patients with decreased renal function. Brunini and col-
leagues44 suggest that reduced plasma l-arginine and NO 
production as well as increased tumor necrosis factor 
, fi -
brinogen, and C-reactive protein levels in uremic patients 
cause increased aggregability of platelets, which could con-
ceivably occur when uremic patients are poorly nourished and 
poorly dialyzed.

Treatment options center on recombinant erythropoietin 
or darbepoietin-
, adequate dialysis, desmopressin, tranexamic 
acid, or conjugated estrogens.45 Thrombotic complications in 
uremia are caused by increased platelet aggregation and hy-
percoagulability. Erythrocyte-platelet aggregates, leukocyte-
platelet aggregates, and platelet microparticles are found to a 
greater degree in uremic patients compared with healthy indi-
viduals. Increased platelet phosphatidylserine expression initi-
ates phagocytosis and coagulation. Therapy with antiplatelet 
drugs does not reduce vascular access thrombosis but instead 
increases bleeding complications. Heparin-induced thrombo-
cytopenia (type II) may develop in hemodialyzed patients, but 
is fortunately relatively uncommon. Furthermore, heparin-
induced thrombocytopenia antibody-positive uremic patients 
generally develop only mild thrombocytopenia and only very 
few thrombotic complications. Substitution of heparin by hi-
rudin, danaparoid, or regional citrate anticoagulation is an 
option in individual cases.

Drug-Dosing Principles
A scholarly chapter on this complicated issue follows, allowing 
only a few general comments here. Critical illness has a great 
impact on many pharmacokinetic parameters. An increased 
volume of distribution often results in drug underdosing, 
whereas organ impairment may lead to drug accumulation 
and overdosing. Renal replacement therapy (RRT) in critically 
ill patients with renal failure may signifi cantly increase drug 
clearance, requiring drug-dosing adjustments. Drugs signifi -
cantly eliminated by the kidney are likely to experience sub-
stantial removal during RRT, and a supplemental dose that 
corresponds to the amount of drug removed by RRT should 
be administered. Mechanisms of drug removal during RRT 
have been investigated in detail, along with methods for mea-
suring or estimating RRT drug clearances. Numerous investi-
gators have outlined approaches for drug-dosing adjustments, 
and the pharmacologic principles, particularly for antibiotic 
prescription, are readily available elsewhere.

Renal Replacement Therapy
Approximately 70% of patients with established acute renal 
failure require RRT. The primary indications remain volume 
expansion, electrolyte disturbances (primarily hyperkalemia), 
acid-base disorders (usually metabolic acidosis), and enceph-
alopathy (uremic symptoms). The eponym A-E-I-O-U still 
serves a purpose in terms of student instruction (acidosis, 
electrolytes, intoxication, [volume] overload, and uremia). 
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However, the indications have been modifi ed and made less 
restrictive, particularly as innovative therapies have become 
available. Uremic encephalopathy is an unusual indication 
nowadays. There are no creatinine or GFR values that abso-
lutely indicate dialysis; the decision remains a clinical judg-
ment. For hemodialysis and hemofi ltration, appropriate blood 
access is required. Large-bore, double-lumen vascular cathe-
ters are used for this purpose. The catheters are introduced 
into the internal jugular or femoral veins. Subclavian vein 
access is relatively contraindicated because injury to this vessel 
is common. Subclavian vein thrombosis makes the peripheral 
veins of the corresponding extremity useless in terms of long-
term hemodialysis blood access.46 Should AKI patients with 
central access catheters receive thrombosis prophylaxis? They 
probably should.47

The dialysis care of AKI patients requiring it is outlined in 
detail elsewhere, and state-of-the-art recommendations are 
made. However, many patients requiring RRT receive much 
less than they deserve or what their physicians have pre-
scribed. Venkataraman and colleagues48 reviewed the records 
of AKI patients undergoing intermittent dialysis and found 
that they were prescribed 25 mL/kg/hr (too little in this au-
thor’s view). However, they received only 16.5 mL/kg/hr. The 
logistics of dialysis in intensive care units is diffi cult; compet-
ing machinery, diagnostic test scheduling, multiple care 
teams, and other confounders all contribute to the dilemma.

Recovery and Prognosis
In the past, failure to recover from acute renal failure was associ-
ated with renal cortical necrosis, commonly after postpartum 
hemorrhage. Today, in younger individuals, non–Shiga’s toxin–
mediated hemolytic uremic syndrome is a prominent cause. Not 
appreciated particularly by non-nephrologist clinicians is the 
role of cholesterol emboli as a cause for nonreversible acute renal 
failure.49 Few studies have addressed the issue of long-term out-
come in established acute renal failure patients. Bagshaw50 fo-
cused on this issue. He found that the survival rates were variable 
and ranged from 46% to 74%, 55% to 73%, 57% to 65%, and 
65% to 70% at 90 days, 6 months, 1 year, and 5 years, respec-
tively. Older age, comorbid illness, illness severity, septic shock, 
and RRT after cardiac surgery were associated with reduced 
survival. Recovery to independence from RRT occurred in 60% 
to 70% of survivors by 90 days. Health-related quality of life was 
generally good and perceived as acceptable. Acute renal failure 
survivors often experienced diffi culty with mobility and limita-
tions in activities of daily living. RRT was costly and achieved 
marginal cost-effectiveness in terms of quality-adjusted survival 
for those with a higher probability of survival. Bagshaw con-
cluded that the long-term survival after acute renal failure was 
poor. Yet, most survivors recover suffi cient function to become 
no longer dependent on RRT.

In the past, post–acute renal failure/post–obstructive diure-
sis were commonly observed during the recovery from acute 
renal failure, particularly when dialysis was not often used. One 
reason for this phenomenon was probably related to volume 
expansion. However, tubular dysfunction, particularly after 
obstruction, can occur. A patient with Burkitt’s lymphoma and 
obstructing lymph nodes may claim the world’s record. The 
patient developed anuria after aggressive chemotherapy and 
bowel surgery.51 During recovery, as the patient’s creatinine 

concentration decreased from 7 to 1.5 mg/dL over a 5-day 
period, his urinary output increased from 0 to more than 
80 L/day. The volume replacement given the patient was always 
close to, but less than, his output, suggesting that the clinicians 
were not contributing to the situation. Furthermore, daily 
weights did not suggest that volume expansion was responsi-
ble. The dramatic situation subsequently resolved. Clinicians 
must be aware that postoperative intra-abdominal hyperten-
sion is associated with acute renal failure as well as with subse-
quent post–obstructive diuresis. Abdominal pressures can be 
monitored via the bladder. Because acute renal failure is com-
monly elicited by shock, checking posterior pituitary function 
and renal concentrating ability is worthwhile in patients who 
are polyuric during recovery. Central diabetes insipidus after 
shock syndromes is well-known but less appreciated outside of 
the obstetrical service. Severe ischemic injury may also result in 
permanent alteration of renal capillary density and the predis-
position to the development of renal fi brosis, with subsequent 
nephrogenic diabetes insipidus.

Management of the recovery phase of acute renal failure 
focuses on attention to details. Intake and output are rou-
tinely measured in every intensive care unit, whereas a 
general resistance to obtaining daily weights seems to be an 
international phenomenon. Strict and specialized hemody-
namic monitoring is warranted. Medical management must 
be designed to avoid serious hemodynamic and metabolic 
disorders.

Established acute renal failure is similar to acute respira-
tory distress syndrome in that it is not a primary disease, but 
a complication of other disease processes, particularly septic 
shock.52,53 Consequently, the mortality rate of acute renal fail-
ure mirrors the mortality rate of the primary diseases respon-
sible for its development. Because these primary diseases have 
a high mortality rate, the fact that the mortality rate of acute 
renal failure has remained unchanged in the past 60 years is 
not surprising.52–54 Furthermore, the fact that hemodialysis 
and other RRTs have not altered mortality also comes as no 
surprise. Unfortunately, this state of affairs has escaped the 
evidence-based medicine crowd that preaches discarding 
those interventions that have not been shown to improve 
mortality.
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DOPAMINERGIC AGENTS IN ACUTE 
RENAL FAILURE

Dopamine was fi rst described by Barger and Dale1 in 1910 and 
has been used in clinical practice since the 1960s. Its popularity 
stems from early work suggesting that at low doses, it had the 
ability to increase renal blood fl ow (RBF), diuresis, and natri-
uresis in both animal studies2 and studies with healthy human 
volunteers.3,4 It remained the mainstay of both treatment and 
prevention of acute renal failure (ARF) for three decades. 
However, since the 1990s, the evidence base for low-dose dopa-
mine has been called into question and during the 2000s, the 
evidence against it being benefi cial has become substantial.

Fenoldopam mesylate is a selective DA1 receptor agonist. It 
is currently being used for treatment of hypertensive crises.5 It 
has been hypothesized that fenoldopam may be benefi cial in 
the treatment or prevention of ARF because of its DA1 receptor 
selectivity.6

The following section looks at the physiology of dopamine 
and fenoldopam in both health and critical illness, and the 
reasons why dopamine was initially thought to be benefi cial. 
It also covers the evidence for and against both dopamine and 
fenoldopam in the prevention of ARF in high-risk patients 
and in the treatment of ARF in the critically ill.

Dopamine
Physiology of Intrarenal Dopamine

Dopamine is synthesized by the kidney and is a critical regulator 
of sodium excretion.7,8 It achieves this by directly inhibiting so-
dium reabsorption via inhibition of sodium transporters along 
almost the entire length of the nephron and by interacting with 

other regulators of sodium excretion, including atrial natriuretic 
peptide, catecholamines, vasopressin, angiotensin, and prosta-
glandins.8 This physiologic role of dopamine is important to the 
understanding of the effects of exogenous dopamine and is 
therefore discussed briefl y in this section.

Proximal tubule epithelial cells synthesize dopamine from 
the substrate l-dopa using the enzyme l-amino acid decar-
boxylase. l-Dopa enters the cell from the tubular lumen by a 
sodium-coupled transport mechanism. Dietary sodium load 
is the major factor controlling intrarenal dopamine synthesis; 
the exact mechanism linking increased salt intake to increased 
renal dopamine synthesis is not understood. Upon synthesis, 
intrarenal dopamine may act in an autocrine fashion by bind-
ing dopamine receptors on the proximal tubule cell or pass 
along the urinary space to bind to specifi c receptors on distal 
portions of the nephron. Importantly, the natriuretic effect of 
dopamine is prominent in states of sodium loading and is 
weak or negligible in salt-depleted states.9,10

Dopamine inhibits the activity of the Na/K ATPase in the 
proximal tubule, the thick ascending limb of Henle, the distal 
tubule, and the collecting duct. Dopamine also has profound 
effects on sodium entry into tubule cells via inhibition of the 
Na/H exchanger and Na/PO4 exchanger in the proximal tu-
bule. Dopamine also inhibits the Na/Cl cotransporter in the 
thick ascending limb and the vasopressin-stimulated sodium 
transporter in the collecting duct.

Intrarenal dopamine interacts with other hormonal regula-
tors of sodium excretion. For example, the natriuretic effect 
of atrial natriuretic peptide is dependent on renal dopamine 
receptors. Conversely, the inhibitory effect of dopamine on the 
proximal tubule Na/H exchanger is potentiated by atrial natri-
uretic peptide. Dopamine and �-adrenergic agonists counteract 
each other’s effect on basolateral Na/K ATPase. In addition, 
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dopamine inhibits the stimulatory effect of angiotensin on Na/
K ATPase in part by inhibition of angiotensin I receptor expres-
sion. Vasopressin-dependent sodium and water transport in the 
cortical collecting duct is inhibited by stimulation of dopamine 
receptors at these sites. Finally, dopamine enhances the synthe-
sis of other locally acting natriuretic compounds, such as pros-
taglandin E2.

Dopamine receptors are expressed on the renal vasculature.11

DA1 receptors are localized within the vessel wall media, whereas 
DA2 receptors are present in the adventitia and are probably lo-
calized presynaptically on sympathetic nerve terminals. The 
vascular effects of dopamine in the kidney are mediated by do-
pamine released by dopaminergic nerves and circulating dopa-
mine but not dopamine synthesized by the proximal tubules.8

Recent studies have examined the activity of renally syn-
thesized dopamine in disease. In patients with both acute and 
chronic heart failure, proximal tubular uptake of the precur-
sor l-dopa is enhanced perhaps to preserve renal dopamine 
production.12 Patients with renal parenchymal disease have 
reduced activity of their renal dopaminergic system.13

Effects of Exogenous Dopamine on Renal Function 
in Healthy Persons

Dopamine can bind to at least three types of receptor: the 
dopamine receptor, the �-adrenoreceptor, and the �-adrenore-
ceptor.14 There are differences in the affi nity of these receptors 
for dopamine, and this accounts for the dose-response profi le 
observed with infusion. In general, selective dopamine receptor 
stimulation occurs within an infusion rate range of 0.5 to 
3.0 �g/kg/min. Further increases in infusion rate between 3 and 
10 �g/kg/min result in increasing �-adrenoreceptor stimulation, 
and increased �-adrenoreceptor stimulation occurs at a rate 
between 5 and 20 �g/kg/min. These dose ranges are only ap-
proximate and must be interpreted with caution because they 
were derived from small studies using healthy patients.14 In gen-
eral, studies have shown a poor correlation between infusion 
rates and plasma dopamine levels in critically ill patients.15 There 
is a high interpatient and intrapatient variability in the effects of 
any given dopamine infusion rate.16 Thus, low-dose dopamine 
should not be referred to as renal dose dopamine because at this 
infusion rate (0.5–3 �g/kg/min) it is possible that all three recep-
tor types are stimulated. Consistent with this, tachycardia is fre-
quently seen in patients receiving low-dose dopamine.17 Dopa-
mine clearance is reduced in critically ill patients and in patients 
with renal impairment.15

In healthy adults, dopamine infusion increases RBF; the 
mechanism for this effect is dependent on the infusion rate.3,18,19

At low infusion rates, dopamine induces renal vasodilation and 
increases RBF and can do this without any change in systemic 
hemodynamics—an effect mediated by dopaminergic recep-
tors on the intrarenal vasculature.20,21 This effect can be mim-
icked by selective DA1 receptor agonists such as fenoldopam.6

Stimulation of presynaptic DA2 receptors on sympathetic nerve 
terminals with inhibition of norepinephrine release may fur-
ther augment renal vasodilation and RBF.22 With higher infu-
sion rates, RBF is increased as a consequence of increases in 
cardiac output, mediated by �-adrenoreceptor stimulation.23

In healthy humans, low-dose dopamine counteracts the reduc-
tion in RBF observed with norepinephrine infusion.24,25

Knowledge of how low-dose dopamine affects the intrare-
nal distribution of blood fl ow is important because specifi c 
areas of the kidney are more susceptible to ischemic injury 

than others. Most animal models have shown a preferential 
increase in cortical fl ow with dopamine.7 This was confi rmed 
in humans by Hoogenberg and colleagues24 using a xenon 
washout technique. Dopamine-induced prostaglandin E2 pro-
duction may also enhance inner medullary blood fl ow.26 Thus, 
dopamine may shunt blood away from the outer medulla, 
which would be detrimental in states of renal hypoperfusion 
given that the outer medulla contains the pars recta of the 
proximal tubule and the medullary thick ascending limb, two 
highly metabolically active portions of the nephron. In a study 
of patients with severe sepsis, low-dose dopamine increased 
RBF, but this was accompanied by a reduction in the renal 
oxygen extraction ratio, which led to no net change in renal 
oxygen consumption.27

Low-dose dopamine has minimal effects on the glomerular 
fi ltration rate (GFR) in healthy subjects.16,19 Most studies report 
a mild increase in the GFR of approximately 10% to 20%, 
whereas others report no change as assessed by creatinine clear-
ance or iothalamate clearance. Increases in the GFR are medi-
ated by preferential afferent arteriolar vasodilation and an 
increase in intraglomerular pressure, as demonstrated in single-
nephron studies.28 The ultrafi ltration coeffi cient remains un-
changed with dopamine infusion.7 The selective DA1 receptor 
agonist fenoldopam did not change the GFR in healthy adults.6

The hemodynamic effects of low-dose dopamine infusion 
on healthy subjects differ with age, race, extracellular fl uid 
volume status,29 and duration of infusion.30 In neonates, acti-
vation of �-adrenoreceptors occurs at much lower infusion 
rates.31 In general, the selective vasodilatory effects of dopa-
mine are not seen in young children.32 With increasing age, 
the effects of dopamine on RBF and GFR are attenuated, per-
haps because of impaired renal prostaglandin production.33,34

Blacks are more likely to exhibit pressor responses to low-dose 
dopamine than whites.35 Blacks also appear to be more resis-
tant to the natriuretic effects of dopamine.35

A natriuresis is the most consistent physiologic response to 
low-dose dopamine in healthy humans.19 This effect is rapid 
in onset and may be profound. It is abrogated by extracellular 
fl uid volume depletion29 and typically wanes after 24 hours of 
infusion, perhaps as a result of counteractive antinatriuretic 
factors or perhaps dopamine receptor down-regulation.3,30,36,37

Oral dopamine receptor antagonists commonly used as anti-
emetic agents or to enhance gastric motility may or may not 
counteract the hemodynamic and natriuretic effects of dopa-
mine.38,39 In addition to the direct tubular effects of dopa-
mine, dopamine infusion may induce natriuresis by inhibiting 
adrenal aldosterone production.40,41

Effects of Exogenous Dopamine on Renal Function 
in Disease States

Whereas low-dose dopamine consistently causes renal vasodi-
lation in healthy adults, this effect is often attenuated or absent 
in critically ill patients (Table 2-1). Several factors may account 
for this, such as abnormal vasculature (e.g., atherosclerosis), 
hypertensive arteriopathy and renal artery stenosis, and coun-
terregulatory effects of other vasoactive hormones, including 
increased activity of the renin-angiotensin-aldosterone system 
and the sympathetic nervous system.

Both extracellular volume depletion and hypoxemia have 
been shown to abrogate the renal effects of dopamine.29,42

Some clinical settings in which studies have reported dimin-
ished effects of dopamine include chronic kidney disease,43

Ch02_013-034-X5484.indd 14Ch02_013-034-X5484.indd   14 6/18/08 12:23:24 PM6/18/08   12:23:24 PM



15 Dopaminergic and Pressor Agents in Acute Renal Failure

cardiac failure,3 septic shock treated with norepinephrine,44

hypertension,45 critically ill patients in intensive care units 
(ICUs),17,46 and after vascular surgery.40,47

ter Wee and colleagues43 found patients with chronic kid-
ney disease to be less responsive than normal individuals to 
the renal vasodilatory action of dopamine. The increase in 
RBF and GFR observed with low-dose dopamine correlated 
with the baseline GFR. Patients with a baseline GFR of less 
than 50 mL/min showed no change in RBF or GFR with do-
pamine infusion.43 McDonald and colleagues3 showed that 
low-dose dopamine does not increase RBF in patients with 
clinical and radiologic heart failure.

Girbes and colleagues40 looked at patients undergoing in-
frarenal aortic surgery. They found that low-dose dopamine 
did increase RBF, but this was accounted for by an increase in 
cardiac output rather than selective renal vasodilation. In a 
prospective crossover study comparing dobutamine and do-
pamine in critically ill patients, dopamine acted primarily as a 
diuretic and had no effect on creatinine clearance, whereas 
dobutamine, which had a greater effect on cardiac index, in-
creased creatinine clearance. Lauschke and colleagues48 looked 
at low-dose dopamine in patients with and without ARF. Do-
pamine was found to reduce renal resistive indices in patients 
without ARF, but increased resistive indices in patients with 
ARF. This suggests that dopamine can worsen renal perfusion 
in patients with ARF.

A study that did fi nd an initial increase in creatinine clear-
ance in critically ill patients treated with low-dose dopamine 
showed that this effect had disappeared after 48 hours, sug-
gesting a tolerance to the effects of dopamine over time.36

Marik49 found that high levels of renin in critically ill patients 
may counteract the effects of dopamine.

In addition to these studies showing the reduction of the 
hemodynamic effects of dopamine in disease states as com-
pared with healthy adults, it has been demonstrated that there 
is a poor correlation between dopamine infusion dose and 
dopamine plasma level,15 calling into doubt the concept of 
low-dose dopamine.

In summary, the hemodynamic effects of dopamine that 
have been demonstrated in healthy adults are reduced in a 

number of disease states. The only effects that persist are 
increased diuresis and natriuresis.50

Value of Low-Dose Dopamine in Preventing Acute 
Renal Failure in High-Risk Patients

A limitation of the effi cacy of any treatment designed to pre-
vent ARF is the diffi culty in predicting its occurrence and 
hence the correct timing of treatment. However, when pa-
tients are about to undergo a high-risk procedure, prophylac-
tic administration of renoprotective agents can be timed ap-
propriately. In these circumstances, judgment is required as to 
whether it is appropriate to expose all patients to the potential 
side effects of a given drug when the potential benefi t may be 
gained by only a few patients. Several well-defi ned clinical 
situations are associated with renal hypoperfusion and a high 
risk of developing ARF. These include cardiac, vascular, and 
biliary surgery, renal and liver transplantation, and exposure 
to radiocontrast agents or vasoactive drugs. The prophylactic 
administration of low-dose dopamine in an attempt to pre-
vent renal hypoperfusion and injury has been evaluated in 
these settings. Some of the studies looking at these individual 
populations are discussed and the larger meta-analyses that 
look at all these groups as a whole are reviewed. The major 
trials are summarized in Table 2-2.

Cardiovascular Surgery
Five studies have examined the effi cacy of low-dose dopamine 
infusion in the prevention of ARF during cardiac surgery.51–55

Three studies have examined the effi cacy of low-dose dopa-
mine infusion in the prevention of ARF during peripheral 
vascular surgery.47,56,57 All studies failed to demonstrate a ben-
efi cial effect of dopamine on renal function, as assessed by urea 
(blood urea nitrogen [BUN]), creatinine, or creatinine clear-
ance. However, the incidence of ARF in the control groups of 
some of these studies was low (perhaps a result of study par-
ticipation), making it diffi cult to detect a benefi t of dopamine. 
Three studies examined evidence of more subtle ischemic renal 
damage by measuring markers of tubule injury such as urinary 
retinal binding protein and �2-microglobulin.51–55 Overall, 
prophylactic low-dose dopamine infusion appeared to be 

Table 2-1 Effects of Dopamine on Renal Hemodynamics and Sodium Excretion in Disease States

Disease State Reference RBF GFR UNa

Hypertension Bhugi et al, 198945 ↔ NR ↑

Cardiac failure McDonald et al, 19643 ↔ ↔ ↑

Septic shock on NE Lherm et al, 199644 NR ↔ ↔

After vascular surgery de Lasson et al, 199547 ↑ ↔ ↑

After vascular surgery Girbes et al, 199640 ↑ ↔ ↑

Critically ill Duke et al, 199417 NR ↔ ↑

Critically ill Parker et al, 198146 NR ↔ ↑

Hypoxemia Olsen et al, 199342 ↔ ↔ ↑

Chronic renal impairment ter Wee et al, 198643 ↔ ↔ ↑

Acute renal failure Lauschke et al, 200648 NR NR ↔

GFR, glomerular fi ltration rate; NE, norepinephrine; NR, not reported; RBF, renal blood fl ow; UNa, urine sodium excretion.
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16 Acute Renal Failure

RENAL

CONTROL

Study Clinical Setting
Dopamine 
Regimen Parameter Preop Postop

Lassnigg et al51

(N � 82)
Cardiac surgery 2 �g/kg/min pre-surgery 

and 48 hr post-surgery
BUN

Creat

CrCl

ARF

17.3 � 5.9

0.96 � 0.23

99 � 47

�

23.7 � 10.7

1.1 � 0.36

95 � 54

1 (2.3%)

Myles et al52

(N � 52)
Elective CABG 3 �g/kg/min pre-surgery 

and 24 hr post-surgery
BUN

Creat

CrCl

UO

NR

1.02 � 0.05

127 � 12

NR

NR

1.03 � 0.05

107 � 15

342 � 130

Tang et al53

(N � 42)
Cardiac surgery 3 �g/kg/min pre-surgery 

and 48 hr post-surgery
BUN*

Creat

UO*

5.2 � 0.4

120 � 5

27 � 7

6.5 � 1.5

113 � 4

21 � 4

Sumeray et al54

(N � 48)
Cardiac surgery 2.5 �g/kg/min pre-surgery 

and 48 hr post-surgery
CrCl

GFR

UO

68.2

75.4

�

70.0

81.4

2050

Yavuz et al55

(N � 22)
Cardiac surgery 2 �g/kg/min pre-surgery 

and for 48 hr post-surgery
CrCl 75.2 55.6

Baldwin et al56

(N � 37)
Elective abdominal 

aortic surgery
3 �g/kg/min post-surgery 

for 24 hr
BUN

Creat

CrCl

UO

6.8

1.3

72

NR

5.8

1.2

83

NR

Paul et al57

(N � 27)
Elective infrarenal 

aortic clamping
3 �g/kg/min post-surgery 

for 24 hr mannitol
BUN

Creat

CrCl

UO

NR

NR

96� 10

150 � 30

NR

NR

92 � 7

115 � 30

Swygert et al60

(N � 48)
Liver transplantation 3 �g/kg/min pre-surgery 

and 24 hr post-surgery
BUN

SCr

CrC1

14 � 1.7

1.0 � 0.1

82

33.5 � 4.5

1.4 � 0.1

58 � 10

Table 2-2 Prospective, Randomized, Controlled Trials Examining the Ability of Low-Dose Dopamine to Prevent Acute Renal 
Failure in Patients at High Risk of Acute Kidney Injury
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FUNCTION

DOPAMINE

Preop Postop
Signifi cant 
Difference? Comment

16.2 � 6.1

0.98 � 0.23

101 � 35

�

25.7 � 8.1

1.21 � 0.45

72 � 35

0 (0%)

No

No

No

No

ARF defi ned by increase in Creat � 0.5; statistically more 
ARF in third group receiving furosemide alone

NR

1.05 � 0.05

104 � 16

NR

NR

1.13 � 0.14

91 � 16

305 � 160

—

No

No

No

CrCl Creat and UO assessed at day 7 postoperatively; no 
ARF in control group

4.5 � 0.3

110 � 6

28 � 5

6.4 � 1.0

1.13 � 0.14

23 � 4

No

No

No

Parameters assessed at day 5; dopamine use associated 
with worse tubular injury (assessed by urine retinol-
binding protein) (UO � mL/hr)

67.7

74.4

�

68.4

73.7

2229

No

No

No

Parameters measured at day 5; urine markers of tubular 
injury were more preserved in dopamine group

66.3 72.2 No Creatinine clearance measured at day 7; signifi cantly 
higher level of �2-microglobulin in dopamine group

6.8

1.2

89

NR

5.8

1.2

85

NR

No

No

No

—

Parameters assessed at day 5; no ARF in control group; 
trend toward increased UO in control group

NR

NR

92 � 7

130 � 30

NR

NR

92� 7

100 � 30

—

—

No

No

Parameters assessed at day 1 postoperatively; CrCl 
decreased in both groups by 50% during clamp pe-
riod (UO � mL/day)

19.4 � 3.7

1.3 � 0.2

84

31.6 � 5.3

1.4 � 0.2

59 � 6

No

No

No

BUN/SCr assessed at day 7 and GFR at 1 mo postop 
(after 30 days of cyclosporine); incidence of postop 
ARF was 4% in both groups

Continued
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RENAL

CONTROL

Study Clinical Setting
Dopamine 
Regimen Parameter Preop Postop

Parks et al62

(N � 23)
Elective biliary 

surgery
3 �g/kg/min pre-surgery 

and 24 hr post-surgery
BUN

SCr

CrCl

UO

5.1 � 0.6

72 � 6

70 � 17

46 � 10

4.8 � 0.6

70 � 7

75 � 10

60 � 20

Gare et al67

(N � 66)
Coronary angiogra-

phy in patients with 
DM and/or CRF

2 �g/kg/min
and saline 
infusion for 
48 hr

Saline BUN*

Creat*

7.3 � 0.5

100.6 � 5.2

7.9 � 0.8

112.3 � 8.0

Hans et al68

(N � 55)
CRF (Creat 1.4–3.5); 

abdominal
angiography

2.5 �g/kg/min 
1 hr pre/
12 hr post-
procedure

Saline ARF — 44%

Kapoor et al69

(N � 40)
Coronary 

angiography
5 �g/kg/min

30 min pre- 
and 6 hr post-
procedure

Saline BUN

Creat

ARF

20 � 13

1.5 � 7

—

23 � 8

2.0 � 1.0

50%

Stevens et al70

(N � 77)
High-risk patients; 

DM, CRF, PVD; cor-
onary angiography

2 �g/kg/min 
and saline 
infusion, furo-
semide, and 
mannitol

Saline Creat

UO

ARF

RRT

2.6 � 0.9

—

—

—

3.1 � 1.2

122 � 54

14.50%

9.10%

Weisberg et al71

(N � 50)
CRF (Creat �1.8);

coronary 
angiography

2.5 �g/kg/min
during and 
2 hr post-
procedure

Saline RBF

Creat

ARF

247 � 55

�1.8

—

NR

NR

40%

Abizaid et al72

(N � 40)
CRF (Creat �1.5); cor-

onary angiography
2.5 �g/kg/min

2 hr pre-
procedure 
and saline in-
fusion (1 mg/
kg/hr);
12 hr pre-
procedure

Saline Creat

ARF

2.3 � 0.8

—

2.8 � 1.1

6 (30%)

Table 2-2 Prospective, Randomized, Controlled Trials Examining the Ability of Low-Dose Dopamine to Prevent Acute Renal 
Failure in Patients at High Risk of Acute Kidney Injury—cont’d

ARF, acute renal failure; BUN, blood urea nitrogen; CABG, coronary artery bypass grafting; Creat, serum creatinine; CRF, chronic renal 
failure; CrCl, creatinine clearance (mL/min); DM, diabetes mellitus; GFR, glomerular fi ltration rate; NR, not reported; PVD, peripheral vas-
cular disease; RBF, renal blood fl ow; RRT, renal replacement therapy; UNa, urine sodium excretion; UO, urine output.
BUN and Creat expressed as mg/dL unless marked by an asterisk, which indicates SI units.
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FUNCTION

DOPAMINE

Preop Postop
Signifi cant 
Difference? Comment

4.9 � 0.6

72 � 6

90 � 10

62 � 10

6.0 � 1.0

68 � 8

78 � 12

55 � 15

No

No

No

No

BUN in mmol/L; parameters assessed at day 5; no ARF in 
control group; all patients received a bolus of saline 
and furosemide postop

6.9 � 0.5

100.3 � 5.4

7.6 � 0.6

117.5 � 8.8

No

No

Peak Creat within 5 days post-contrast; subgroup of pa-
tients with peripheral vascular disease did worse with 
dopamine

— 18% Yes ARF defi ned by increase in Creat > 0.5 mg/dL by day 4 
post-procedure; no RRT required

16 � 8

1.5 � 0.3

—

15 � 6

1.4 � 0.3

0%

No

Yes

Yes

ARF defi ned by Creat > 25% above baseline; in all cases, 
ARF mild and reversible

2.2 � 0.4

—

—

—

2.7 � 1.2

167 � 58

13.60%

4.50%

No

Yes

No

No

Parameters assessed at 24 and 48 hr; ARF defi ned by 
increase in Creat � 0.5 mg/dL

171 � 23

� 1.8

—

NR

NR

30%

Yes

—

No

ARF defi ned by Creat > 25% above baseline RBF: 
thermodilution (mL/min per kidney)

1.9 � 0.3

—

2.5 � 0.6

10 (50%)

No

No

Creat is peak value post-procedure; ARF defi ned by Creat 
> 25% above baseline
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20 Acute Renal Failure

associated with increased renal tubular injury. A second study 
by Yavuz and colleagues58 in patients undergoing coronary ar-
tery grafting showed a higher creatinine clearance in patients 
treated with both dopamine and diltiazem than those treated 
with either drug alone or placebo. However, it was a small 
study, with each of the four groups containing only 15 patients. 
The other studies looking at cardiac surgery were also relatively 
small (between 22 and 82 patients). Jones and colleagues59

recruited 1100 patients undergoing cardiopulmonary bypass, 
to be prospectively randomized to dopamine, furosemide, 
mannitol, or control (ISRCTN 98672577, www. controlled-
trials.com). This will perhaps provide more evidence in this 
particular subgroup of at-risk patients.

Liver Transplantation and Hepatobiliary Surgery
Liver transplantation is associated with a high incidence of 
renal failure, in part from the chronic renal hypoperfusion that 
complicates liver failure and the nephrotoxicity of hyperbiliru-
binemia and calcineurin inhibitors. In a large prospective, 
controlled trial involving 48 patients, perioperative infusion of 
dopamine was not associated with lower BUN or an improved 
creatinine clearance at 24 hours after surgery or with isotope 
GFR measured at 1 month.60 The incidence of ARF was similar 
in both groups, but was very low at 4% compared with 40% to 
60% in some series.

Two trials have looked at the effect of dopamine on patients 
with obstructive jaundice and hyperbilirubinemia who were 
undergoing surgery. In a prospective, randomized, controlled 
trial involving 40 patients, Wahbah and colleagues61 concluded 
that administration of low-dose dopamine conferred no addi-
tional benefi t over adequate hydration. Similarly, Parks and 
colleagues62 randomized 23 patients to dopamine or saline in-
fusion during surgery for obstructive jaundice and found no 
benefi t of dopamine infusion on creatinine clearance 5 days 
after surgery.

Renal Transplantation
Four studies have examined the role of perioperative low-dose 
dopamine infusion during renal transplantation, including 
three prospective studies63–65 and one retrospective study.66

Endpoints measured included incidence of posttransplanta-
tion ARF, delayed graft function, requirements for dialysis, 
and allograft GFR at various points after transplantation. 
Three studies indicated no benefi cial effects of perioperative 
dopamine infusion on allograft function. Indeed, dopamine-
induced natriuresis and diuresis were often associated with 
fl uid and electrolyte management problems in these patients. 
Carmellini and colleagues64 reported a small but signifi cantly 
higher GFR at 1 month in the dopamine-treated transplanta-
tion group. However, there were no signifi cant differences in 
the rate of delayed graft function or in the requirement for 
dialysis between groups in this study.

Radiocontrast-Induced Nephropathy
Radiocontrast agents are a major cause of hospital-acquired 
ARF. Patients with diabetes, patients with preexisting renal 
impairment, and patients with intravascular volume deple-
tion are most at risk of radiocontrast-induced nephropathy. 
In the majority of cases, radiocontrast-induced nephropathy 
is mild and reversible; however, contrast exposure may pre-
cipitate the need for permanent dialysis in patients with 
baseline chronic renal failure. The mechanism for this effect 

is contrast-induced intrarenal vasoconstriction. The role of 
prophylactic dopamine to prevent radiocontrast-induced 
nephropathy has been assessed in six trials.67–72 Hans and 
colleagues68 reported a signifi cant reduction in ARF episodes 
(increase in creatinine �0.5 mg/dL) from 44% to 18% with 
dopamine infusion. Kapoor and colleagues69 found similar 
results, although all cases of ARF were transient and not re-
quiring acute dialysis. Four studies found no difference in 
the rate of ARF.67–72 It is diffi cult to justify the use of prophy-
lactic dopamine, considering its potential signifi cant side 
effects (see “Potentially Deleterious Effects of Dopamine”) 
including the need for central venous access, based on these 
studies.

Infl uence of Low-Dose Dopamine on Established 
Acute Renal Failure

Established acute tubular necrosis (ATN) is associated with a 
reduced GFR owing to several mechanisms, including (1) im-
paired glomerular perfusion secondary to preglomerular vaso-
constriction, (2) back-leakage of glomerular fi ltrate through 
injured tubular epithelium, and (3) obstruction of the renal 
tubules by cellular debris.

Proponents of low-dose dopamine infusion argue that do-
pamine may improve the outcome of ATN by (1) improving 
renal perfusion, (2) inhibiting tubular transport processes and 
therefore improving the oxygen supply/demand relationship, 
and (3) “fl ushing out” renal tubules by inducing diuresis.

This presumption was strengthened by a small (N � 23) 
prospective, randomized, controlled trial (RCT) that looked at 
ARF in patients with falciparum malaria.73 This study found 
that in patients with ARF, but with serum creatinine less than 
400 �mol/L, dopamine reduced the recovery time from 17 days 
to 9 days.

Questions about the evidence base for dopamine began to 
be raised in a number of editorials and commentaries in the 
mid-1990s,74–76 but despite this, there remained a strong tradi-
tion of dopamine use for the treatment of ARF. For example, 
a survey in 2001 found that 17 of 24 ICUs in New Zealand 
were still using dopamine for the treatment of ARF or oligu-
ria. There is now considerable evidence to suggest that dopa-
mine is, at best, ineffective at reducing mortality or the need 
for renal replacement therapy in ARF. Recently, three system-
atic reviews77–79 and a large multicenter RCT78 looked at the 
benefi ts of dopamine versus placebo in the treatment of ARF 
or the prevention of ARF in high-risk groups. The RCT from 
the Australian and New Zealand Intensive Care Society Clini-
cal Trials Group looked at 328 patients in 23 ICUs. The inclu-
sion criteria were two or more criteria for the systemic infl am-
matory response syndrome and one indicator of early renal 
dysfunction (urine output � 0.5 mL/kg/hr, serum creatinine 
� 150 �mol/L in the absence of premorbid renal dysfunction, 
or an increase in creatinine � 80 �mol/L within 24 hours). 
The patients were randomized to dopamine or placebo in a 
double-blind manner. The authors found no signifi cant dif-
ference in primary outcome (peak serum creatinine) between 
the two groups, nor was there a difference in the increase in 
creatinine from baseline, the number of patients whose cre-
atinine exceeded 300 �mol/L, the need for renal replacement 
therapy, the length of ICU stay, the length of hospital stay, or 
the number of deaths.78

In an observational study, Chertow and colleagues80 analyzed 
a subgroup of patients who received low-dose dopamine in the 
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placebo arm of a multicenter intervention trial. All patients in 
the placebo arm were adults with ARF (defi ned as an increase in 
the serum creatinine concentration of at least 1 mg/dL during 
24–49 hours) and had a clinical history consistent with ATN. 
Dopamine had been administered to a portion of these patients 
at the discretion of the physician. A total of 86 patients received 
dopamine (�3 �g/kg/min) and 79 did not. Despite complex 
adjustment for treatment bias, low-dose dopamine treatment 
was not associated with a reduced risk of death or dialysis in 
patients with ATN.

Meta-analysis of Trials

Kellum and Decker79 looked at 58 studies of 2149 patients, 
including 17 RCTs (854 patients). They included all studies 
looking at either the treatment or prevention of ARF and 
found no signifi cant difference between dopamine and pla-
cebo in mortality or the need for renal replacement therapy. 
Marik81 looked at 15 RCTs of 970 patients that included stud-
ies looking at either the prevention or treatment of early renal 
dysfunction. It demonstrated no signifi cant difference be-
tween the absolute change in serum creatinine or the inci-
dence of ARF between those patients receiving low-dose do-
pamine and those receiving placebo. Friedrich and colleagues77

looked at 61 trials with 3359 patients; they included patients 
with or at risk for ARF and who were patients having cardiac, 
vascular, and other surgery; receiving radiologic contrast or 
other nephrotoxins; or had miscellaneous indications. Their 
review included the Australian and New Zealand Intensive 
Care Society study, which was the second largest study and 
dominated the clinical outcomes data (with a weighting of 
68.1% for mortality and 27.4% for renal replacement ther-
apy). As well as looking at mortality and the need for renal 
replacement therapy, the authors of this review also looked at 
a variety of renal physiologic indices. Their fi ndings mirrored 
those of the previous reviews, showing no evidence that dopa-
mine offers any clinically important benefi ts to patients with 
or at risk for ARF. These results were similar when the Austra-
lian and New Zealand Intensive Care Society study was ex-
cluded from the analysis (to ensure that one large study did 
not skew the results extraordinarily). The physiologic analysis 
showed an increased urine output of 24% with dopamine 
therapy on day 1. This effect decreased and was no longer 
signifi cant beyond the fi rst day. The authors concede that the 
inevitable heterogeneity of the systematic review meant that 
the analysis might have been underpowered to detect any 
subgroup effects.

Summary
The conclusion that we draw from these studies is that there is 
no evidence that dopamine is of any benefi t over placebo in 
reduction of mortality or the need for renal replacement 
therapy in patients with or at risk of ARF. These disappointing 
results may be due to several factors: (1) the renal hemody-
namic effects of dopamine appear to be attenuated in critically 
ill patients, (2) dopamine may have a detrimental effect on the 
intrarenal distribution of blood fl ow, and (3) inhibition of 
proximal tubule solute reabsorption may enhance distal 
delivery of solute and increase the workload of distal nephron 
segments.

The three recent meta-analyses all included studies looking 
at the benefi t of dopamine in the prevention of ARF in high-
risk groups. These failed to show any benefi t of dopamine over 

placebo, and the authors concluded that low-dose dopamine 
should no longer be used for these indications. It could be ar-
gued that the obvious limitations of meta-analyses (i.e., the 
heterogeneous nature of the population studied) preclude 
extrapolation to individual subgroups. While there is a theo-
retical possibility that low-dose dopamine may be of benefi t to 
one subgroup, this has not been indicated convincingly in any 
of a number of smaller trials. If this were to be the case, it 
would require a large prospective, randomized, controlled trial 
in one of the specifi c subgroups (for example, the study cited 
earlier that recruited 1100 patients undergoing coronary artery 
bypass grafting)59 (ISRCTN 98672577, www.controlled-trials.
com). Unless a future trial shows convincing evidence of ben-
efi t in a particular population, there should currently be no 
place for low-dose dopamine in the prevention of ARF in high-
risk patients.

Potentially Deleterious Effects of Dopamine

Although proponents advocate the use of low-dose dopamine 
in ARF on the grounds that it may improve renal function and 
is unlikely to harm the patient, evidence is accumulating that 
the latter is a misconception. Table 2-3 outlines common ad-
verse effects of low-dose dopamine. Administration of dopa-
mine requires a central venous catheter. While this may be a 
routine procedure for patients undergoing cardiac surgery, for 
example, the additional risks of a central line for routine radio-
logic contrast procedures must be strongly considered. Local 
extravasation of dopamine adjacent to an artery may provoke 
distal ischemia and gangrene. Even at low doses, dopamine 
can, through �-receptor agonism, increase myocardial oxygen 
demand and precipitate tachyarrhythmias and myocardial 
ischemia.82–84 There is evidence to suggest that in patients un-
dergoing cardiac surgery, dopamine may increase the risk of 
postoperative atrial fi brillation or fl utter by 74%.84

Neural dopamine is an inhibitory neurotransmitter in the 
carotid bodies, and dopamine infusion can suppress the respi-
ratory drive induced by hypoxemia.85 Dopamine can also 
lower blood Pao2 by altering ventilation-perfusion matching 
within the lung, an effect arising from a shunt of blood away 

Table 2-3 Deleterious Effects of Low-Dose Dopamine

Effect Cause

Distal gangrene Local extravasation of 
dopamine

Fluid and electrolyte 
imbalance

Inhibition of salt and water 
reabsorption

Tachyarrhythmias and 
myocardial
ischemia

�-adrenoreceptor 
stimulation

Hypoxemia Reduced respiratory drive; 
pulmonary shunting

Gut ischemia and 
bacterial translocation

Shunting of blood away from 
mucosal capillary bed

Catabolic Inhibition of growth 
hormone release

Immunosuppression Inhibition of prolactin 
release
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from alveolar capillaries.18,82 Hypoxemia may worsen myocar-
dial ischemia in susceptible patients and delay recovery from 
ischemic ATN.

Fluid and electrolyte imbalance is common and has been 
reported in several studies using dopamine, especially after 
renal transplantation. The natriuresis and diuresis induced by 
inhibition of tubular sodium reabsorption and antidiuretic 
hormone release can cause severe volume depletion unless 
close monitoring of the patient permits suffi cient fl uid re-
placement. Potassium depletion is also a common result of the 
increased delivery of sodium to the distal tubule. Hypophos-
phatemia and hypomagnesemia have also been reported.

Low-dose dopamine suppresses pituitary function and in-
hibits prolactin and growth hormone secretion and hence 
may exacerbate the catabolic state in critically ill patients.86

Hypoprolactinemia suppresses T-cell proliferation.87

Although low-dose dopamine increases total splanchnic 
blood fl ow, animal studies have shown that absolute intestinal 
mucosal fl ow is decreased as a result of dopamine-induced 
shunting of blood away from the mucosa.88 This complication 
is of some concern, particularly in the critically ill patient in 
whom critical intestinal mucosal ischemia may lead to bacte-
rial translocation and sepsis. When high-dose dopamine was 
compared with norepinephrine in patients with septic shock, 
dopamine was associated with a drop in gastric mucosal pH 
(an indicator of mucosal ischemia) compared with norepi-
nephrine.89

Finally, low-dose dopamine hastened the onset of gut isch-
emia in a porcine model of hemorrhagic shock as a result of 
shunting blood away from the bowel mucosa rather than an 
absolute reduction in mesenteric blood fl ow.90

Fenoldopam
Fenoldopam mesylate is a selective DA1 receptor agonist. It is 
currently being used for the treatment of hypertensive crises.5

It has been hypothesized that fenoldopam may be benefi cial in 
the treatment or prevention of ARF.91 The reasons for this 
hypothesis, along with the evidence of its effi cacy, are dis-
cussed in the following sections.

Rationale for Use of Fenoldopam

Dopamine receptors are expressed on the renal vasculature. 
DA1 receptors are localized to the smooth muscle of the arterial 
beds, whereas DA2 receptors are localized on the adventitia and 
probably on the sympathetic nerve terminals. It is the DA1 re-
ceptor that mediates renal arterial vasodilation and natriuresis. 
DA2 receptors cause vasoconstriction.92

Fenoldopam mesylate is a benzapine derivative that is a 
potent short-acting DA1 receptor agonist. It is slightly more 
active than dopamine on the DA1 receptor, but has no action 
on DA2 or �- or �-adrenoreceptors. This action means that 
fenoldopam has none of the adrenergic effects of dopamine 
and may cause more vasodilation in the outer renal medulla 
than in the cortex.93 This may be important given that the 
outer medulla contains the pars recta of the proximal tubule 
and the medullary thick ascending limb, two highly metaboli-
cally active portions of the nephron. Therefore, at lower doses 
(0.03–0.1 �g/kg/min) it increases RBF without affecting sys-
temic hemodynamics. At higher doses (�1 �g/kg/min) it 
causes dose-related hypotension, and it is at these doses that it 
is used in the treatment of accelerated hypertension. There is 

a suggestion that fenoldopam may improve renal function in 
patients with severe hypertension.94

Fenoldopam in the Prevention or Treatment of Acute 
Renal Failure

In the same way that the effects of dopamine have been stud-
ied in attempts to prevent ARF in high-risk populations, the 
same populations have been studied with respect to fenoldo-
pam, although there is not yet the same volume of data as 
there is for dopamine. There is, however, at least one prospec-
tive RCT for most of the high-risk subgroups, as well as a large 
meta-analysis of all groups.

The meta-analysis reviewed 1290 patients in 16 RCTs.95

The patients studied were all postoperative or in ICUs and 
were at risk of or had established ARF. They did not include 
patients at risk of contrast nephropathy. The authors of the 
meta-analysis found that the use of fenoldopam (versus pla-
cebo or usual care, including dopamine) signifi cantly reduced 
the risk of acute kidney injury, the need for renal replacement 
therapy, and hospital mortality. In addition, the use of fenol-
dopam reduced the length of both ICU stay and total hospital 
stay. The authors did not fi nd a signifi cant incidence of hypo-
tension or need for vasopressor use.

These fi ndings are very promising in the search for a tool to 
help prevent or treat ARF. However, these fi ndings should be 
interpreted with the caution that should accompany any meta-
analysis. The limitations of this type of study include the het-
erogeneity of the population studied and the variation in de-
fi nitive endpoints (for example, defi nition of acute kidney 
injury or parameters for commencing renal replacement 
therapy—only one study in the meta-analysis had predefi ned 
criteria indicating when a patient had reached a dialytic end-
point). These points are made by the authors as well as the 
acknowledgment that several of the studies were of suboptimal 
quality, increasing the risk of bias. They therefore conclude that 
their study supports the hypothesis that fenoldopam has renal 
protective effects, but given the limitations of meta-analyses, a 
larger multicenter RCT is required to confi rm these results.

The benefi ts of fenoldopam in high-risk subgroups have, as 
with dopamine, been studied in a number of RCTs, some of 
which are listed in Table 2-4 (p. 24). Two studies have looked at 
fenoldopam in vascular surgery. Oliver and colleagues96 com-
pared fenoldopam with dopamine and nitroprusside in 60 pa-
tients undergoing elective aortic cross-clamping. They found no 
difference in urine output, serum creatinine, or creatinine clear-
ance between the two groups. Halpenny and colleagues97 also 
reviewed patients undergoing elective infrarenal cross-clamping, 
comparing fenoldopam with placebo in 28 patients. They found 
a decrease in creatinine clearance and an increase in serum cre-
atinine in the control group compared with no change in the 
fenoldopam group. The relevance of this endpoint is unclear.

Three RCTs have looked at patients undergoing cardiac 
surgery. Bove and colleagues98 randomized 80 patients to 
fenoldopam or dopamine. They found no difference in ARF, 
mortality, or length of ICU stay. The other two studies found 
an improvement in either creatinine clearance or serum cre-
atinine.99,100 Two studies have looked at fenoldopam in liver 
transplantation. Della Rocca and colleagues101 compared 
fenoldopam with dopamine in 43 patients and found an 
improvement in serum creatinine and urea. Biancofi ore and 
colleagues102 compared fenoldopam, dopamine, and placebo 
groups (N � 140) and found a similar improvement in 
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creatinine clearance. Neither study found a signifi cant 
mortality benefi t.

Four studies have reviewed fenoldopam in the prevention 
of contrast nephropathy. The fi rst was a pilot study of 51 pa-
tients randomized to fenoldopam or placebo.103 This study 
found an improvement in renal plasma fl ow, thus recommend-
ing further studies in this population. However, two of the 
other three trials showed no benefi t of fenoldopam compared 
with either placebo or N-acetylcysteine,104,105 whereas the third 
found fenoldopam to be less effective than N-acetylcysteine in 
preventing contrast nephropathy.106

There have been three RCTs of critically ill or septic patients 
with ARF. All three show promising trends in favor of fenoldo-
pam, although none was able to confi dently prove its value. In 
the largest of the three, 300 patients in ICUs with evidence of 
sepsis were randomized to fenoldopam or placebo.107 The inci-
dence of ARF (defi ned as an increase in serum creatinine �
150 �mol/L) was signifi cantly lower in the fenoldopam group, 
although the incidence of severe ARF (creatinine � 300 �mol/
L) failed to reach signifi cance (10 in fenoldopam group versus 
21 in control group; P � .056). Length of ICU stay was lower 
in the fenoldopam group, but mortality was not signifi cantly 
different. The authors concluded that, although promising, 
their fi ndings do not provide an adequate level of evidence to 
fully support the use of fenoldopam in this setting and they 
called for larger studies, adequately powered to assess end-
points such as mortality or the need for renal replacement 
therapy. Tumlin and colleagues108 randomized 155 patients 
with early ATN to fenoldopam or placebo. There was a trend 
toward a benefi t with fenoldopam, but it was not statistically 
signifi cant. Certain subgroups reached statistical signifi cance 
(nondiabetics and patients after cardiac surgery), but larger 
studies are required to confi rm this. Brienza and colleagues109

compared fenoldopam with dopamine in 100 patients in ICUs 
with early renal dysfunction. There was an improvement in 
serum creatinine levels at days 2, 3, and 4 in the fenoldopam 
group, although again the clinical signifi cance of this fi nding is 
still not established.

Summary
Since its introduction into clinical use in the 1960s, low-dose 
dopamine became standard therapy for the treatment or pre-
vention of ARF for three decades. Its use has diminished over 
the past 10 years as evidence suggesting a lack of benefi t has 
grown. More recently, there have been three systemic reviews 
and one large, multicenter, randomized, controlled trial that 
have strengthened the argument against low-dose dopamine. 
Proponents of low-dose dopamine may argue that there re-
mains a possibility of a subgroup of at-risk patients who may 
benefi t from this therapy, although there are very few data to 
suggest that this is the case. Therefore, future use of dopamine 
for this purpose cannot be justifi ed outside the confi nes of 
prospective RCTs, if at all. These recommendations should 
not preclude the use of dopamine for its systemic effects in 
heart failure or septic shock, when dopamine, like other ino-
tropes or vasopressors, may afford a valuable increase in car-
diac output and tissue perfusion.

Some of the properties of dopamine, which may contrib-
ute to its apparent lack of overall benefi t, include DA2 receptor 
agonism and �- and �-adrenoreceptor agonism. Fenoldopam 
is a selective DA1 receptor agonist that does not share these 
other properties. It has therefore been suggested that low-dose 

fenoldopam may be benefi cial in the prevention or treatment 
of ARF. At present, the studies on fenoldopam, including one 
meta-analysis, have mostly been encouraging, although there 
is less evidence to support its protective properties against 
radiocontrast-induced nephropathy. However, while in previ-
ous years, a very promising meta-analysis would have been 
enough to provoke widespread use of this treatment, the leg-
acy of three decades of dopamine use with no evidence base 
remains very prominent in our memories.110 Therefore, 
although fenoldopam remains a very encouraging prospect, 
the authors of these studies as well as other editorials have all 
been quite restrained in their conclusions and have called for 
further large, multicenter, randomized, controlled trials to 
support these promising fi ndings.

VASOPRESSOR AGENTS IN ACUTE 
RENAL FAILURE

Volume depletion is by far the most common cause of renal 
hypoperfusion; if adequate fl uid resuscitation has failed to 
improve arterial pressure, renal perfusion, and kidney func-
tion, it then becomes necessary to consider cardiogenic or 
distributive shock. Distributive shock is most likely to occur in 
the setting of severe sepsis, and in this case, one needs to con-
sider the use of vasopressors. The vasopressors available for 
clinical use include norepinephrine, epinephrine, phenyleph-
rine, dopamine, and vasopressin. Dopamine was covered in the 
previous section and is therefore not mentioned here. This sec-
tion reviews the utility of vasopressors in improving renal 
perfusion and function in patients with sepsis-induced ARF.

Vasopressors promote vasculature smooth muscle contrac-
tion, increase systemic vascular resistance, and augment blood 
pressure in septic patients. By augmenting systemic blood 
pressure and renal perfusion pressure, they may improve renal 
function. However, renal failure in the setting of septic shock is 
not simply a consequence of systemic hypotension. Hypoper-
fusion of the kidney in sepsis may be exacerbated by concomi-
tant renal vasoconstriction, and improving systemic blood 
pressure alone may not necessarily improve renal perfusion. 
Animal studies show variable changes in renal vascular resis-
tance in sepsis-induced ARF.111–114 A recent review by Lange-
berg and colleagues115 showed that of 137 studies published, 69 
showed increased renal vascular resistance, 16 showed no 
change, and 52 showed a decrease. This has never been studied 
in humans.

Very few studies have been done to specifi cally assess the 
appropriate target blood pressure sought with vasopressors in 
patients with sepsis-induced ARF. There have been numerous 
trials in ICU patients comparing various blood pressure tar-
gets on outcome, but they have not looked at renal function as 
a primary endpoint. Hayes and colleagues116 chose a mean 
arterial pressure (MAP) target of 80 mm Hg when attempting 
to improve oxygen delivery, but showed no improvement in 
predicted outcomes. The early goal-directed therapy trial on 
which many guidelines of the surviving sepsis campaign are 
based used a target MAP of 65 mm Hg.117,118 Bougoin and 
colleagues119 randomized 40 patients with septic shock to a 
norepinephrine infusion to achieve a MAP of either 65 or 
85 mm Hg. Endpoints were spot creatinine clearance, urine 
fl ow, and serum creatinine. They found no difference in any of 
these endpoints and therefore suggested that there was no 
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Table 2-4 Prospective Randomized, Controlled Trials Examining the Ability of Fenoldopam to Prevent Acute Renal Failure 
in High-Risk Patients

RENAL

CONTROL

Study Clinical Setting
Fenoldopam 
Regimen Parameter Preop Postop

Oliver et al95

(N � 60)
Elective AAA 

repair
0.05 �g/kg/min

start dose
UO (fi rst 24 hr)

Creat (mg/dL) 

CrCl

1.3 � 0.2 2755 mL

1.2 � 0.4 

68.3

Bove et al97

(N � 80)
Cardiac surgery 0.05 �g/kg/min Creat 1.54 � 0.59 1.6 � 0.69

Death (%) 7.5

ARF (%) 40

Halpenny et al99 

(N � 31)
Cardiac surgery 0.1 �g/kg/min UO (mL/min) 1.5 3.8

Creat 96 78

CrCl 107 71

Della Rocca et al100 

(N � 43)
Liver transplant 0.1 �g/kg/min Creat 0.98 1.66

Urea (mg/dL) 21 29

CrCl 87 68

ICU stay (hr) 48

Hosp stay (days) 16.5

Biancofi ore et al101

(N � 140)
Liver transplant 0.1 �g/kg/min Dop/placebo Dop/placebo

Creat 0.85/0.88 0.9/0.9

CrCl 102.5/110.7 �12.3%/�39%

Tumlin et al102

(N � 45)
Contrast 0.1 �g/kg/min Renal plasma fl ow �33.2%

Contrast
nephropathy

40%

Peak Creat (mg/dL) 3.6

Ng et al103

(N � 84)
Contrast 0.1 �g/kg/min Change in Creat 

(72 hr)
0.2

Stone et al104

(N � 315)
Contrast 0.05–0.1 �g/kg/min Creat increase 

� 25%
30.1%

Creat increase 
� 0.5 mg/dL

24.0%

Briguori et al105

(N � 192)
Contrast 0.1 �g/kg/min Creat 1.72

Creat increase 
� 0.5 mg/dL

4.1%

Morelli et al106

(N � 300)
Sepsis on ICU 0.09 �g/kg/min Creat (�mol/l) 102.9 � 88 176 � 150.4

Creat increase (%) 71 � 101

Mortality (%) 44

Cases of ARF 
(Cr �150)

34%

Cases of severe ARF 
(Cr � 300)

14%

Length of ICU stay 
(days)

13
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FUNCTION

DOPAMINE

Preop Postop
Signifi cant 
Difference? Comment

1.2 � 0.3 2939 mL

1.1 � 0.5

78.6

No

No

No

Control � dopamine

2 �g/kg/min and nitroprusside

Creat and CrCl measured at 72 hr

1.56 � 0.78 1.7 � 0.86 No ARF defi ned as 25% increase 
Creat10 No

42.5 No Control � dopamine 2.5 �g

1.5 4.4 P � .01 UO measured 0–4 hr postop; not 
signifi cant at later stages93 76

93 93 P � .01

1.00 1.18 P � .004 Control � dopamine 2 �g/kg/min;
post � postop day 320 23 P � .01

85 76 NS

48 NS

16.0 NS

Control � dopamine 3 �g/kg/min
or placebo

0.81 1.0 NS

110 	 3% P � .001

�15.8% P � .05 Control � saline

21% NS

2.8 P � .05

0.08 P � .4 Control � N-acetylcysteine

33.6% NS Control � placebo

28.5% NS

1.75 Control � N-acetylcysteine

13.7% P � .019

89.8 � 26.4 132 � 88 P � .003 Control � placebo

46 � 78 P � .22

34.7 No

19.3% P � .006

6.7% No

8 P � .001

Continued
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RENAL

CONTROL

Study Clinical Setting
Fenoldopam 
Regimen Parameter Preop Postop

Tumlin et al07

(N � 155)
Critically ill 0.05–0.2 �g/kg/min Creat 1.25 2.24

Creat � 1.5 31%

Death and dialysis 37.0%

Dialysis 25.3%

Brienza et al108

(N � 100)
Critically ill 0.1 �g/kg/min Mean Creat 

increase
0.09

Patients with � 10%
Creat increase

38%

Creat (at day 3) 1.91 1.86

Table 2-4 Prospective Randomized, Controlled Trials Examining the Ability of Fenoldopam to Prevent Acute Renal Failure 
in High-Risk Patients—cont’d

point in targeting a higher pressure. The study was limited 
in that it continued for only 8 hours, during which creatinine 
and, potentially, creatinine clearance would not normally 
change signifi cantly. There was a signifi cant reduction in 
the oxygen extraction ratio and serum lactate in the higher 
pressure group, suggesting that there may be some overall 
benefi t. The problem with setting a specifi c target blood 
pressure is that higher doses of vasopressors can induce 
unwanted tissue vasoconstriction, and therefore the lowest 
dose possible that achieves adequate urine output is the 
optimum.

Norepinephrine
Norepinephrine is one of the most commonly used vaso-
pressors and has by far the most evidence supporting its 
use in renal failure. It acts primarily on �-adrenergic recep-
tors, although there is some �-adrenergic effect. This means 
that it is able to increase the MAP by vasoconstriction 
with little increase in cardiac output and myocardial oxy-
gen demand. It is clinically proven to increase the MAP 
effectively, and in randomized, controlled trials comparing 
it with dopamine, it was more effective at increasing 
the blood pressure and had better effect on oxygen extrac-
tion ratios and splanchnic blood flow.120–123 Martin and 
colleagues122 compared 32 patients with vasoplegic shock 
who were treated with dopamine or norepinephrine and 
showed that there was adequate restoration of blood 
pressure or systemic vascular resistance in 31% and 98%, 
respectively.

There has long been concern over the use of norepineph-
rine in the setting of ARF because it was shown to cause renal 
vasoconstriction and ARF. This concern was raised by an ani-
mal model of ARF in which high doses of norepinephrine 
were infused directly into the renal artery. These animals were 

normotensive and not septic and therefore far removed from 
the clinical situation.124 In the face of hypovolemia, norepi-
nephrine does worsen renal function and hence fl uid resusci-
tation is imperative.124,125

In septic animals and humans, there is evidence that 
norepinephrine infusion improves renal function. The pro-
posed mechanisms are (1) an increased MAP and therefore 
perfusion pressure, (2) relatively greater efferent than affer-
ent arteriolar vasoconstriction with consequent increased 
intraglomerular pressure, and (3) better regional blood 
fl ow.111,126,127 The details of these studies are outlined in the 
following.

Animal Studies

Table 2-5 (p. 28) summarizes some of the animal studies 
performed to determine the effects of norepinephrine 
infusion on renal hemodynamics and function in experi-
mental models of sepsis induced ARF.112,127–130 Bellomo 
and colleagues113 looked at RBF with norepinephrine 
before and after treatment with lipopolysaccharide (LPS) 
in dogs. RBF was unchanged when norepinephrine was 
infused in nonseptic animals; however, once they had been 
given LPS, norepinephrine induced a marked increase 
in RBF from baseline. Similarly, in dogs injected with 
Escherichia coli, there was almost complete restoration of 
RBF to presepsis levels in those treated with norepineph-
rine.130 Boffa and colleagues111 injected LPS into mice and 
at 14 hours measured the MAP, RBF, renal vascular resis-
tance, GFR, and urine flow. The animals were exposed 
to vasoconstrictors norepinephrine, angiotensin II, and 
N-nitro-l-arginine methyl ester both before LPS injection 
and then again 14 hours after LPS. They showed that 
norepinephrine did not decrease the GFR in control ani-
mals. In the animals with septic shock, all the agents 
increased the MAP to a similar degree, but there was a 

AAA, abdominal aortic aneurysm; ARF, acute renal failure; CrCl, creatinine clearance; Creat, creatinine; Hosp, hospital; ICU, intensive
care unit; NS, not signifi cant; UO, urine output.
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FUNCTION

DOPAMINE

Preop Postop
Signifi cant 
Difference? Comment

1.17 2.02 NS Control � placebo

29% NS

27.5% NS

16.3% NS

�0.29 P � 0.05 Control � dopamine 2 �g/kg/min

16% P � 0.05

1.93 1.54

45% increase in the GFR in the norepinephrine group, 
which was not seen with the other agents. Di Giantomasso 
and colleagues131,132 showed in sheep treated with E. coli
that norepinephrine was able to significantly increase 
creatinine clearance and urine flow 2 hours after the onset 
of sepsis.

Human Studies

There is a paucity of good studies assessing the benefi t of 
norepinephrine in patients with septic shock. One concern 
with the use of norepinephrine is that it may worsen perfu-
sion to some tissues due to its vasoconstrictive effect. How-
ever, these concerns have not been supported by most stud-
ies: Martin and colleagues122 compared norepinephrine and 
dopamine in septic shock and were able to show a signifi cant 
reduction from baseline of serum lactate concentration with 
norepinephrine, suggesting improvement rather than wors-
ening of tissue ischemia and that reduction of lactate corre-
lates closely with survival in acute sepsis. Splanchnic blood 
fl ow is also improved or maintained in septic shock with 
norepinephrine.133

Bourgoin and colleagues119 showed that in 28 patients 
randomized to receive norepinephrine to maintain an MAP 
of 65 or 85 mm Hg, there was improvement from baseline 
of both creatinine clearance and urine flow rate. There was 
no difference between the two groups, however. Desjars 
and colleagues134 measured creatinine clearance and urine 
flow rates in septic patients before and 24 hours after start-
ing norepinephrine. They showed an increase in both vari-
ables in all patients. Marin and colleagues126 looked at 25 
patients with septic shock who were treated with norepi-
nephrine and showed improvements in urine flow, creati-
nine, and creatinine clearance in 20 patients. Redl-Wenzel 
and colleagues135 looked at 56 patients who remained hy-
potensive despite dopamine and dobutamine. They were 

then started on norepinephrine with a target blood pres-
sure of 60 mm Hg. There was a significant improvement in 
creatinine clearance at 48 hours from 73 mL/min to 102 
mL/min. Albanese and colleagues136 performed a prospec-
tive, randomized, controlled trial in septic patients com-
paring norepinephrine and terlipressin. The renal parame-
ters assessed were urine flow and creatinine clearance. 
Twenty patients were enrolled in this open-label study. 
There was no statistical difference between the two groups 
in both parameters; however, both groups did improve 
significantly from baseline.

Albanese and colleagues137 also looked at two groups of 
ICU patients receiving norepinephrine. There were 14 patients 
with septic shock and 12 patients with head injuries. In the 
septic patients, there was an increase in urine fl ow rate from 
14 mL/hr to 102 mL/hr. There was also a statistically signifi cant 
increase in creatinine clearance. This is in contrast to those 
patients with head injuries who had no change in urine fl ow 
rate or creatinine clearance.

On the grounds of the above information, norepinephrine 
may well confer benefi t in ARF in patients with distributive 
shock and can be recommended for this purpose. The recom-
mended dose is 0.1 to 2 �g/kg/min.

Epinephrine
Epinephrine has both �- and �-adrenergic properties, with 
the former becoming more predominant at higher doses. It is 
able to increase the systemic arterial pressure by both increas-
ing systemic vascular resistance and increasing cardiac out-
put. This would appear at the outset to be the optimal way to 
treat patients with septic shock as they have both severe va-
soplegia and myocardial dysfunction. Although it has been 
shown to improve blood pressure in a number of trials,138–141

the major concern with its use has been that at clinically 

Ch02_013-034-X5484.indd 27Ch02_013-034-X5484.indd   27 6/18/08 12:23:30 PM6/18/08   12:23:30 PM



28 Acute Renal Failure

Table 2-5 Effects of Norepinephrine Infusion on Renal Hemodynamics and Renal Function in Experimental Models of Sepsis

Study Study Type Animal Model
Norepinephrine 
Infusion Rate

Anderson et al128 Controlled trial of intravenous and renal-arterial 
norepinephrine infusion in nonseptic animals

Dog 0.1–0.4 �g/kg/min

Di Giantomasso et al130 Randomized, placebo-controlled animal trial 
using norepinpehrine in experimental sepsis

Merino sheep 0.4 �g/kg/min

Peng et al129 Controlled trial of increasing doses of 
norepinephrine in experimental bacteremia

Dog 0.1–0.5 �g/kg/min

Bellomo et al112 Controlled trial comparing response to norepi-
nephrine before and after the induction of 
sepsis

Dog 0.3 �g/kg/min

Di Giantomasso et al131 Randomized, placebo-controlled trial comparing 
renal response to norepinephrine and low-
dose dopamine in experimental sepsis

Merino sheep 0.4 �g/kg/min

Boffa and Arendshorst110 Placebo-controlled trial of norepinephrine versus 
placebo, then norepinephrine versus nitric 
oxide synthase inhibition or angiotensin II

Balb C mice 6 �g/kg/min

Di Giantomasso et al113 Controlled trial assessing the effect of norepi-
nephrine versus placebo on regional renal 
blood fl ow in sepsis

Merino sheep 0.4 �g/kg/min

*P � .01.
†P � .05.
‡P � .018.
N/T, not tested.

relevant doses, it impairs splanchnic perfusion and increases 
systemic lactate.138–140,142–144 The hyperlactatemia may not 
necessarily be due to tissue ischemia because in studies that 
looked over a longer period, the lactate increased transiently 
and then decreased progressively in survivors.138

There is a paucity of experimental and clinical trials looking 
specifi cally at the use of epinephrine in renal failure. Di Gi-
antomasso and colleagues,139 using their septic sheep model, 
looked at renal hemodynamics with the use of epinephrine. 
It reduced RBF and increased renal vascular resistance in a 
manner similar to that seen previously with the use of norepi-
nephrine. In contrast to norepinephrine, creatinine clearance 
actually decreased slightly. Krejci and colleagues142 showed an 
increase in RBF associated with epinephrine infusion that was 
greater than that seen with norepinephrine; however, there was 
no measurement of urine output or other renal function vari-
ables. Day and colleagues140 performed an elaborate study us-
ing thermodilution catheters placed in the renal veins vof pa-
tients with severe sepsis or malaria to measure RBF, lactate 
concentrations, and renal vascular resistance indices. Patients 
then received either dopamine or epinephrine in a crossover 

manner. The trial was stopped early due to signifi cant hyper-
lactatemia in the epinephrine group. Epinephrine did, how-
ever, result in an increase in renal vascular resistance and renal 
oxygen extraction ratios. There are, however, several limita-
tions to the study. Only eight patients received epinephrine and 
only four received the full dose. There were a number of pa-
tients with malaria, which may respond differently due to dif-
ferent pathologic mechanisms in the kidney. These few studies 
are the main clinical trials looking specifi cally at epinephrine in 
sepsis-induced renal failure. Based on current evidence, epi-
nephrine cannot be recommended for the initial management 
of patients with renal failure in the intensive care setting.

Phenylephrine
Phenylephrine is a specifi c �-adrenoreceptor agonist that is 
used in some ICUs to treat hypotension associated with septic 
shock. There is currently very little evidence of its use in pa-
tients with renal failure. Krejci and colleagues142 showed that 
phenylephrine increases RBF more than norepinephrine in 
septic pigs and the increase in RBF correlated with the in-
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Effect of Norepinephrine 
on Renal Blood Flow

Effect of Norepinephrine 
on Renal Vascular 
Resistance

Effect of Norepi-
nephrine on Urine 
Output

Effect of Norepi-
nephrine on 
Glomerular 
Filtration Rate

Effect of Norepinephrine 
on Regional Blood Flow

Increased 61%* Decreased N/T Increased linearly 
up to 20%†

N/T

No change Nonsignifi cant decrease 117 mL/hr versus
51 mL/hr 
(placebo)†

83 mL/min versus
41 mL/min 
(placebo)†

N/T

Increased in bacteremia 
at doses 
 0.3 �g/
kg/min but decreased 
in normal animals

N/T N/T N/T N/T

Increase not signifi cant No signifi cant difference 
from control

N/T N/T N/T

Increased 29%‡ Decreased 8%‡ 228 mL/hr versus 
49 mL/hr 
(placebo)

N/T N/T

No change No change 44% increase* 45% increase* N/T

N/T N/T 57% increase* N/T 54% increase in medul-
lary blood fl ow†; 34% 
increase in cortical 
blood fl ow (not 
signifi cant)

crease in systemic pressure. It was postulated that, because 
phenylephrine constricts larger arterioles and not terminal 
ones, there may be better microvascular perfusion compared 
with norepinephrine. There was, however, no difference in 
splanchnic metabolic variables between the two agents. In the 
only study in humans to assess the effect of phenylephrine in 
septic shock, Gregory and colleagues145 looked retrospectively 
at 13 patients and assessed response. Phenylephrine resulted 
in a marked increase in the MAP, systemic vascular resistance, 
and cardiac index. There was a signifi cant increase in urine 
fl ow, but no change in creatinine.

Vasopressin
Vasopressin is a potent vasoconstrictive agent released by 
the posterior pituitary in response to baroreceptor stimula-
tion caused by hypotension.146 In septic shock, it has been 
shown that in the fi rst 24 hours there is a signifi cant (as 
much as 10-fold) increase in plasma levels; however, these 
then rapidly decrease to baseline levels. Exogenous admin-
istration of low-dose vasopressin in patients with septic 

shock improves blood pressure signifi cantly, and this  effect 
is further augmented by catecholamines. Vasopressin 1 (V1)
receptors are present on vascular smooth muscle cells 
and through phospholipase C are able to increase intracel-
lular calcium and sensitize the contractile apparatus to the 
calcium, thereby causing contraction. It therefore is able to 
overcome the mechanisms through which catecholamine 
resistance occurs.146–148

The effects of vasopressin on the kidney in septic shock 
is becoming better understood. Vasopressin is able to 
elevate the MAP and therefore will increase renal perfusion 
pressure.149–154 Vasopressin may result in selective efferent 
arteriolar vasoconstriction. This was fi rst suggested in 1956 
by Wagener and Braunwald,155 who looked at three patients 
with autonomic failure and showed that vasopressin caused 
a decrease in renal plasma fl ow using para-aminohippurate 
clearance; however, GFR remained constant (inulin clear-
ance) suggesting that there was selective efferent arteriolar 
vasoconstriction. Using an in vitro model, Edwards and col-
leagues156 showed that selective efferent arteriolar constric-
tion was reversed by a V1 receptor antagonist.
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Animal Studies

Albert and colleagues157 showed that vasopressin selectively 
enhanced renal cortical blood fl ow in endotoxin-treated ani-
mals. In rodents, Levy and colleagues158 showed that vasopres-
sin did not change RBF in endotoxin-treated animals, but it 
did signifi cantly increase urine output and inulin-measured 
GFR. In contrast to these fi ndings, two studies by Malay 
and colleagues153 and Lefaivre and colleagues159 showed there 
was a decrease in RBF in endotoxemic pigs and rabbits, respec-
tively.

Human Studies

Landry and colleagues160 described the response to vasopres-
sin in fi ve patients with refractory shock unresponsive to 
standard vasopressors. In all the patients, there was a signifi -
cant increase in the MAP. In three of the fi ve patients, there 
was a marked increase in urine output. Another study ran-
domized 48 patients with septic shock to receive either vaso-
pressin (4 U/hr) with norepinephrine or norepinephrine 
alone. In the group randomized to vasopressin with norepi-
nephrine, there were a signifi cantly higher MAP and cardiac 
index. There was improved gastric pH in the vasopressin 
group, but also increased bilirubin and reduced platelets. 
Urine output was not reported; however, there was no change 
in creatinine after 48 hours.150 Tsuneyoshi and colleagues151

also reported a prospective, case-controlled study on patients 
with septic shock treated with norepinephrine. Vasopressin 
was added to norepinephrine at a rate of 0.04 U/min in 
16 patients. There was a signifi cant improvement in blood 
pressure and a decrease in norepinephrine requirements. 
Urine output had signifi cantly increased by 16 hours in the 
10 patients who were oliguric but not anuric. Those patients 
who were anuric did not improve; however, this could be 
expected if ATN has already occurred.

Retrospective studies in larger numbers of patients have 
also been reported. These studies show that vasopressin de-
creases norepinephrine requirements161 and increases urine 
output.152 Albanese and colleagues136 performed a random-
ized, open-label study of terlipressin (a synthetic vasopressin 
analogue) compared with norepinephrine. Twenty patients 
with septic shock and two with organ failure were random-
ized to receive either norepinephrine in incremental doses or 
terlipressin in a 1-mg bolus every 6 hours (equivalent to 
0.03–0.04 U/min vasopressin). All patients achieved the tar-
get MAP of 60 to 70 mm Hg. Measurements at 6 hours 
showed signifi cant reduction in lactate in both groups. Urine 
output and creatinine clearance signifi cantly increased in 
both groups, and there was no difference between the two 
agents. Another randomized, controlled trial by Patel and 
colleagues154 looked at 24 patients with septic shock and 
randomized them to a blinded infusion of either norepi-
nephrine or vasopressin. All patients were on high-dose 
norepinephrine at the start of the study. The observation 
time was only 4 hours. During this time, there was no differ-
ence in blood pressure or cardiac index. Those patients in 
the norepinephrine group showed no change in urine out-
put (25 to 15 mL/min) or creatinine clearance. In the vaso-
pressin group, there was an increase in urine output from 
32.5 to 65 mL/hr and a 75% increase in creatinine clearance. 
There was no difference in indirect markers of splanchnic 
blood fl ow, nor were there electrocardiographic changes 

consistent with ischemia. This study is of great interest; how-
ever, it has the obvious limitation of being conducted over 
only a very short period of time.

Vasopressin and its analogue terlipressin appear to have a 
benefi cial effect on renal function and are effective at increasing 
blood pressure in septic shock. The VASST study, a multicenter 
double-blind randomized controlled trial, randomized patients 
with septic shock to receive either vasopressin (N � 397) or 
norepinephrine (N � 382) in addition to open-label vasopres-
sors. There was no difference in 28- or 90-day mortality between 
the two groups, but there was signifi cantly reduced mortality in 
the vasopressin group, with less severe septic shock.162 A planned 
post-hoc analysis presented in abstract form looked at patients 
stratifi ed by the RIFLE criteria for acute kidney injury.163 The 
risk group treated with vasopressin had a signifi cantly lower in-
cidence of renal failure compared to the norepinephrine group 
(21.2% vs. 41.2%, P � .02), and this was associated with reduced 
mortality. There was no difference in renal outcomes between 
the injury and failure groups. When all patients in the study were 
included, there was a trend toward lower creatinine and in-
creased urine output in the vasopressin group (personal corre-
spondence). It is therefore recommended that vasopressin be 
added to norepinephrine in oliguric sepsis. The recommended 
dose of vasopressin is 0.01 to 0.04 U/min, and terlipressin is 1 to 
2 mg every 6 hours. This should be titrated against blood pres-
sure and not serum vasopressin levels.146,148

There have been a number of concerns raised about the 
use of vasopressin. First is a hepatotoxic effect due to reduced 
hepatic blood fl ow and manifest by increased liver transami-
nases and bilirubin.150,164 Second is a detrimental effect on coron-
ary blood fl ow highlighted by animal studies. In clinical studies, 
vasopressin use has not caused ischemic electrocardio -
graphic changes or increased troponin I levels.150 Third is a pro-
coagulant side effect due to the presence of V1 receptors on 
platelets resulting in platelet aggregation. This is of specifi c con-
cern in patients who already have poor microvascular blood 
fl ow. Patients often become thrombocytopenic when treated 
with vasopressin.150

SUMMARY

In shock states, fl uid resuscitation is of prime importance. 
When fl uid resuscitation does not adequately improve blood 
pressure and distributive shock has been confi rmed, vaso-
pressors should be used. In patients with ARF, current evi-
dence suggests the use of norepinephrine at a dose of 0.01 to 
2.0 �g/kg/min in the fi rst instance. This has been shown in 
both animal and human trials of sepsis to improve RBF and 
function. The aim is to increase the MAP to more than 
60 mm Hg and potentially higher if there is signifi cant un-
derlying premorbid hypertension. Aiming for higher targets 
may in fact be detrimental due to vasoconstriction of both 
renal and splanchnic vascular beds, and therefore one must 
target the lowest MAP that achieves the endpoint of regional 
perfusion and improvement in renal function. The addition 
of vasopressin to norepinephrine is recommended in oligu-
ric sepsis. High-dose dopamine, phenylephrine, and epi-
nephrine are able to improve blood pressure in sepsis and do 
not appear to cause harm to renal function, but, due to a lack 
of evidence, their use cannot be recommended as fi rst-line 
therapy to treat ARF associated with sepsis.
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BACKGROUND

Acute kidney injury (AKI) remains a common problem with 
a prevalence of 5% in patients admitted to the hospital and 
30% to 50% in those admitted to an intensive care unit. De-
spite signifi cant advances in supportive care, the morbidity 
and mortality associated with AKI remain high. Multiple 
pathophysiologic factors contribute to renal injury in AKI, 
including vasoconstriction, reduced glomerular capillary 
permeability, tubular obstruction by casts and swollen epi-
thelial cells, and back-leakage of fi ltrate through an altered 
epithelium.1,2 Over the past two decades, a variety of ap-
proaches have been explored by investigators to prevent or 
ameliorate AKI or accelerate the recovery of patients with 
AKI, of which the use of diuretics remains one of the most 
frequently used for this purpose. However, outcome data to 
support the use of diuretics remain sparse. Extensive data 
from animal studies suggest that diuretics given prophylacti-
cally before renal injury, or very early in so-called incipient 
AKI, may ameliorate the subsequent course of AKI, whereas 
their administration once AKI is established has generally 
been ineffective (see Conger3 for review). However, the data 
supporting a benefi cial role for diuretics in human AKI are 
inconsistent. Evaluation of the available human studies is 
further complicated by the heterogeneity of AKI and varies 
widely in the defi nition of AKI, the underlying etiology of 
renal injury, the severity of disease, and the phase of AKI at 
which the diuretics were administered.

This chapter discusses the clinical data for the use of 
mannitol, loop diuretics, and natriuretic peptides in patients 
with AKI. Complications of diuretic therapy are considered, 
and recommendations are given for the use and dosing of 
diuretics. With the exception of a few small randomized, 
controlled trials, most of the data are from retrospective or 
case-control studies that are confounded by multiple factors. 
We focus on the recent prospective clinical trials and refer 
the reader to several excellent reviews4–8 for a summary of 
the earlier work.

USE OF DIURETICS IN THE PREVENTION 
OF ACUTE KIDNEY INJURY

Mannitol
The prophylactic use of mannitol began in the 1960s when it 
was introduced for use in patients undergoing cardiovascular 
surgery to maintain intraoperative urine fl ow.9 Since then, 
prophylactic mannitol has also been recommended for pa-
tients considered to be at high risk of AKI, such as those under-
going vascular (aortic aneurysm) surgery or cardiac surgery or 
patients developing obstructive jaundice; yet several small ran-
domized, controlled trials have found no reduction in the inci-
dence of AKI with mannitol administration.10–13 Over the past 
few decades, there have been several theoretical arguments fa-
voring the use of mannitol. First, mannitol increases renal 
blood fl ow in both the renal cortex and medulla by reducing 
renal vascular resistance.14 Second, by increasing urine fl ow, 
mannitol could lead to relief of tubular obstruction by casts 
and cellular debris and to a reduction in the concentration of 
tubular toxins such as myoglobin or hemoglobin.15 Finally, 
mannitol may reduce epithelial cell swelling16 as well as scav-
enge harmful free radicals,17 thereby ameliorating hypoxic re-
perfusion injury. Although studies in animals have shown that 
mannitol helps to protect the kidney against ischemic injury, 
human studies fail to demonstrate the effi cacy of mannitol in 
preventing AKI.5,18

There are compelling data that mannitol causes a higher 
incidence of radiocontrast-induced nephrotoxicity as com-
pared with saline plasma volume expansion alone in either 
diabetic or nondiabetic patients.19,20 Solomon and colleagues19

found that 25 g of mannitol before contrast administration 
plus plasma volume expansion with saline was not associated 
with any reduction in risk compared with saline alone; in-
stead, there was a trend toward harm. A forced diuresis regi-
men that included intravenous crystalloid, mannitol, furose-
mide, and low-dose dopamine similarly exerted no effect on 
the overall incidence of contrast-induced nephropathy.20 The 
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trial design allowed independent evaluation of the effects of 
mannitol, and the results demonstrated no additive benefi t. In 
patients with both diabetes and chronic kidney disease receiv-
ing a radiocontrast agent, mannitol increased the incidence of 
nephrotoxicity.21,22

Forced alkaline diuresis with intravenous fl uids and man-
nitol has been advocated in the setting of rhabdomyolysis to 
create an osmotic diuresis,23,24 vasodilation of renal vascula-
ture,25 and free-radical scavenging.26,27 However, available evi-
dence suggests that mannitol offers no benefi t over and above 
aggressive fl uid resuscitation.28–30 Furthermore, mannitol can 
be harmful if urine output cannot be maintained.

Mannitol may have a benefi cial role in the prevention of 
AKI after renal transplantation. In small studies of patients 
undergoing kidney transplantation, mannitol administration 
appears to have salutary effects with regard to AKI. In these 
studies, 250 mL of 20% mannitol given immediately before 
vessel unclamping reduced the incidence of AKI, as deter-
mined by a decreased need for posttransplantation dialysis.31–38

However, no durable outcome difference at 3 months was 
found compared with patients who did not receive mannitol.38

The practice of using mannitol in renal transplantation varies 
by center, and its potential benefi t remains to be confi rmed by 
larger multicenter trials.

Loop Diuretics
Loop diuretics have vasodilatory properties and, like man-
nitol, increase urine fl ow and could relieve tubular obstruc-
tion and reduce the concentration of tubular toxins.15 How-
ever, it has been postulated that the increased renal blood 
fl ow induced by loop diuretics may be maldistributed and 
potentially harmful.39,40 Furthermore, by inhibiting active 
solute transport, loop diuretics reduce the oxygen and 
adenosine triphosphate requirements of the tubular epithe-
lium, thereby possibly improving tolerance of hypoxia.41 A 

systematic review of seven randomized, controlled trials 
comparing fl uids alone with diuretics in patients at risk of 
AKI from various causes found no evidence of improved 
survival, decreased incidence of AKI, or need for dialysis as-
sociated with diuretics.42

Furosemide is widely used to prevent the development of 
AKI despite a lack of evidence of its effi cacy in humans. In a 
double-blind, randomized, controlled trial (N � 126) exam-
ining the effectiveness of furosemide and dopamine in pre-
venting AKI in patients with normal renal function after 
cardiac surgery, Lassnigg and colleagues43 found that com-
pared with 0.9% saline, furosemide was associated with an 
increased risk of the development of AKI. As the increased 
sodium and water excretion in the furosemide group was not 
fully replaced, these results could potentially be due to rela-
tive hypovolemia, although objective indices such as pulmo-
nary capillary wedge pressures were not signifi cantly different 
between the two groups.

Three prospective controlled studies have evaluated the 
role of furosemide in preventing AKI induced by radiocon-
trast material and found no benefi t.39,44,45 In two of the stud-
ies, administration of furosemide before radiocontrast re-
sulted in worsening of the decline in renal function that was 
associated with net loss of body weight,39,44 again suggesting 
that it had caused hypovolemia (Table 3-1).

USE OF DIURETICS IN ESTABLISHED 
ACUTE KIDNEY INJURY

Mannitol
There have been no controlled studies of the use of mannitol 
in early or established AKI. Although several uncontrolled 
studies performed before 1970 demonstrate that mannitol can 
restore urine fl ow when administered early in the course of 

Table 3-1 Summary of Randomized, Controlled Clinical Trials of Diuretics in the Prevention of Acute Kidney Injury

Study Patients Control Intervention
Effect of Intervention 
on Renal Recovery

Solomon et al39 78 patients with chronic 
kidney disease who under-
went cardiac angiography

Saline Mannitol and saline
Furosemide and saline

Worse

Weisberg et al75 50 patients undergoing 
radiocontrast study

Saline Mannitol and saline None

Stevens et al45 98 patients undergoing 
radiocontrast study

Saline Mannitol, furosemide, 
dopamine, and saline

None

Weinstein et al44 18 patients undergoing 
radiocontrast study

Saline Furosemide Worse

Van Valenberg et al31 131 patients undergoing 
cadaveric renal transplan-
tation

Saline Mannitol and saline Better

Lassnigg et al43 126 patients undergoing 
elective cardiac surgery

Saline Furosemide and saline Worse

Nicholson et al18 28 patients undergoing ab-
dominal aortic surgery

Saline Mannitol None
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oliguric AKI, there is no evidence that it improves outcome in 
terms of renal function.46–49

Loop Diuretics
Several retrospective studies, reviewed by Conger,5 have found 
no effect of furosemide on renal function or mortality in pa-
tients with AKI of various etiologies. A recent prospective obser-
vational study by Mehta and colleagues50 found that diuretic use 
was associated with an increased risk of death and failure of re-
nal function to recover in critically ill patients with established 
AKI. However, the increased risk was mainly in patients who 
were relatively unresponsive to diuretics. This suggests that the 
use of diuretics may be a marker of a sicker patient population 
(i.e., there was residual confounding by unobserved factors) 
rather than a direct cause of the poor outcome. This conclusion 
is supported by the recently reported results of an even larger, 
prospective, multinational, observational cohort study that 
found no association between the use of diuretics and mortality 
rate in critically ill patients with AKI.51 There have now been six 
randomized, controlled trials of loop diuretics in established 
AKI52–57 of which three were placebo-controlled trials,53,55,56 and 
in fi ve of these studies,52–56 the use of loop diuretics failed to have 
a signifi cant impact on renal function recovery or patient 
survival (Table 3-2). The recent study by Cantarovich and 
colleagues56 is the largest prospective, randomized, double-
blind, placebo-controlled study to date and the only one to be 
performed in the modern era. It was designed to have an 
80% power to detect a 15% difference in the primary endpoint, 

which was 1-month survival. Despite this, they found that furo-
semide had no effect on patient survival or renal recovery rate.

Natriuretic Peptides
Despite encouraging experimental data with the use of the 
atrial natriuretic peptide anaritide on ischemic AKI,58,59 results 
have been disappointing in humans. In two large, multicenter, 
prospective, randomized, placebo-controlled trials in patients 
with AKI due to acute tubular necrosis of various etiologies, 
atrial natriuretic peptide infusion for 24 hours had no effect on 
the need for dialysis, the rate of dialysis-free survival, and over-
all mortality rate.60,61 In both studies, however, approximately 
90% of the patients in the anaritide group became hypotensive 
(systolic blood pressure � 90 mm Hg), which could have re-
sulted in reduced renal perfusion.60,61 In a more recent single-
center trial of patients (N � 61) with heart failure, recombi-
nant atrial natriuretic peptide given for a longer period of time 
after cardiac surgery decreased the probability of dialysis and 
improved dialysis-free survival62 (see Table 3-2).

USE OF DIURETICS IN THE MANAGEMENT 
OF COMPLICATIONS OF ACUTE KIDNEY 
INJURY

Although there is no evidence that diuretics are effective at pre-
venting or altering the course of AKI, they are very useful in the 
management of oliguria and volume overload in this setting. 

Table 3-2 Summary of Randomized, Controlled Clinical Trials of Diuretics in the Setting of Established Acute Kidney Injury

Study Patients Control Intervention
Effect of Intervention 
on Renal Recovery

Brown et al54 58 patients with post-
operative AKI

Furosemide infusion 
� 4 hr

Furosemide infusion � 4 hr 
followed by IV bolus or 
oral furosemide 1 g tid

None

Shilliday et al55 92 patients with AKI 
of various etiologies

Placebo IV infusion, 
mannitol, and
dopamine

Furosemide or torsemide, 
mannitol, and dopamine

None

Sirivella et al57 100 patients with 
postoperative oligu-
ric or anuric AKI

Furosemide, bumetanide, 
or ethacrynic acid in-
termittent bolus

Furosemide, mannitol, and 
dopamine continuous 
infusion

Better

Kleinknecht et al53 66 with oliguric AKI Placebo Intervention: furosemide 
bolus every 4 hr

None

Cantarovich et al56 330 patients with AKI 
requiring renal 
replacement therapy

Placebo Furosemide infusion or 
oral given after dialysis

None

Allgren et al61 504 patients with 
oliguric and nonoli-
guric AKI

Placebo ANP None

Lewis et al60 222 patients with 
oliguric AKI

Placebo ANP None

Sward et al62 61 patients with 
postoperative AKI

Saline ANP Better

AKI, acute kidney injury; ANP, atrial natriuretic peptide.
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Several studies have shown that diuretics administered early in 
the course of oliguric AKI, usually within 24 to 48 hours of 
onset,48,49,63 can induce a sustained diuresis in some patients, in 
some cases even after a single bolus dose. Although individuals 
who are successfully converted in this manner from oliguric to 
nonoliguric AKI have a better prognosis than those who are 
diuretic resistant,49 this likely refl ects the milder severity of their 
underlying renal injury and not any effect of the diuretic to alter 
the natural history of the disease. Thus, patients who are di-
uretic responsive had not only a shorter duration of oliguria, 
but also higher urine output and better urinary concentrating 
ability than diuretic-resistant patients.47,49,64 Successful reversal 
of oliguria, even in the initial absence of overt hypervolemia, 
might be expected to reduce the subsequent need for dialysis or 
ultrafi ltration. Indeed this has been shown in some studies,57

although not in others.54 Our approach is to administer a single 
bolus of a diuretic within 24 hours of the onset of oliguria, once 
established AKI has been confi rmed, to attempt to convert to 
nonoliguric AKI only after careful correction of the volume 
status and for a very limited time. We favor loop diuretics over 
mannitol because they appear to be safer and may also be more 
effective.63 If there is no diuretic response to a maximally effec-
tive dose (see later), further doses should not be given as there 
is a signifi cant risk of ototoxicity.53–56 If there is a diuretic 
response, but it is transient and not sustained, further doses of 
diuretic, given either as repeated boluses or as a continuous 
infusion, should be given only if required in a hypervolemic 
patient to maintain appropriate fl uid balance.

PHARMACOLOGY AND DOSE 
RECOMMENDATIONS

Mannitol may be given in boluses of 12.5 to 25 g or as a con-
tinuous infusion of up to 200 g per 24 hours. It is rapidly dis-
tributed in the extracellular space, results in the onset of diure-
sis within 15 to 30 minutes, and has a half-life of 70 to 
100 minutes in the setting of normal renal function. In the set-
ting of renal dysfunction, mannitol may accumulate and cause 
plasma volume expansion as well as itself causing AKI.65,66 It 
should therefore be administered with caution, if at all, to an-
uric patients. Moreover, as with all diuretics, mannitol may 
induce AKI due to excessive osmotic diuresis in patients with 
hypovolemia, thereby exacerbating the renal injury.

The effectiveness of loop diuretics in patients with AKI is 
reduced due to decreased urinary excretion. This may be over-
come by administering doses that achieve high enough serum 
concentrations to provide entry of suffi cient amounts of di-
uretic into the urine. Treatment should be initiated with an 
intravenous bolus dose. A reasonable starting dose is 40 mg 
furosemide, 1 mg bumetanide, or 25 mg torsemide. If there is 
no response within 30 to 60 minutes, the dose should be in-
creased by repeatedly doubling the dose until either diuresis is 
achieved or the maximum safe dose is reached. We consider a 
maximum single dose of 160 mg IV furosemide with a maxi-
mum total daily dose of 1 g to be safe or 6 to 8 mg IV bu-
metanide to be safe, and these will produce the upper plateau 
of the dose-response curve.67 Higher doses may incur an unac-
ceptable risk of ototoxicity.54 In a recent meta-analysis, high-
dose furosemide (1.0–3.4 g/day) was associated with an in-
creased risk of temporary deafness and tinnitus, which resolved 
after treatment was stopped.68

Some advocate maintaining a continuous infusion of 
intravenous loop diuretics in order to maintain a safe and 
constant plasma level. In two of these trials, continuous infu-
sion was more effective at reversing oliguria.54,57 In the study 
by Sirivella and colleagues,57 90% of the patients receiving 
intermittent bolus diuretics required dialysis compared with 
only 6.7% of the patients receiving the continuous infusion of 
furosemide, dopamine, and saline. However, this study was 
fl awed because there was no true control group. A recent 
meta-analysis (Cochrane review) comparing continuous infu-
sion versus bolus injection of loop diuretics in patients with 
congestive heart failure showed greater diuresis and better 
safety profi le when given as a continuous infusion.69 In a small 
crossover, randomized study of eight patients with chronic 
kidney disease (mean creatinine clearance � 17 mL/min), 
continuous IV infusion of bumetanide was more effective 
(i.e., greater net sodium excretion) and less toxic when com-
pared with conventional intermittent bolus.70 Brown and col-
leagues54 randomized 58 patients with established acute renal 
failure to receive either a one-time bolus of furosemide or a 
bolus followed by a continuous infusion. Although the con-
tinuous infusion was more effective at reversing oliguria, there 
was no difference in the need for dialysis, duration of renal 
failure, or mortality between the two groups. An infusion of 
furosemide may be given at 5 to 40 mg/hr after a bolus dose.71

The half-life of furosemide is intermediate, with bumetanide 
having a shorter half-life and torsemide having a longer half-
life. Therefore, the benefi ts of continuous infusion may be 
greater for bumetanide and furosemide than for torsemide.

If the loop diuretic alone is ineffective, a thiazide diuretic 
may also be added (e.g., 250 or 500 mg IV chlorothiazide, 
given 30 minutes before a 200-mg IV bolus of furosemide). 
This combination has been studied in patients with chronic 
kidney disease,72 but can also be effective in patients with 
AKI. Thiazide diuretics alone are ineffective when the glo-
merular fi ltration rate is less than 30 mL/min, but may retain 
benefi t when added to a regimen containing a loop diuretic. 
If no increase in urine output occurs in response to 200 mg 
furosemide given in combination with a thiazide diuretic, 
additional doses should not be administered until recovery of 
renal function is evident.

Several studies have looked into the use of albumin in con-
junction with furosemide in hypoalbuminemic patients. In 
patients with severe hypoalbuminemia, the volume of distri-
bution of furosemide, which in plasma is normally tightly 
protein bound, is markedly increased; thus, coadministration 
of furosemide with IV albumin could theoretically improve 
delivery of furosemide to the tubular lumen and thus improve 
the natriuretic effect of furosemide. One crossover, random-
ized, controlled trial (nine patients with nephrotic syndrome 
with a mean albumin of 2.9 g/dL) compared three interven-
tions: furosemide alone, furosemide plus albumin, and albu-
min alone.72 It found that furosemide was superior to albumin 
alone, and furosemide plus albumin resulted in the greatest 
urinary sodium and volume excretion. The glomerular fi ltra-
tion rate was not signifi cantly affected by either intervention. 
The clinical signifi cance of this fi nding is unclear. In a ran-
domized trial of 1126 cirrhotic patients with ascites not re-
sponding to bed rest or low-sodium diet,73 patients assigned 
to receive diuretics plus albumin (12.5 g/day as inpatients or 
25 g/wk as outpatients) had a shorter hospital stay, decreased 
recurrence of ascites during a 3-year follow-up period, and a 
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decreased number of hospital readmissions. There was no 
difference in the two groups with respect to survival and inci-
dence of other complications. Mean albumin level was 3.1 
g/dL. However, a more recent trial failed to show any convinc-
ing advantage to this approach.74

CONCLUSION

In summary, although we would not discourage the use of 
diuretics in patients with AKI, we fi nd insuffi cient evidence to 
support their use for prevention or treatment of AKI, and 
some evidence to suggest that they may be harmful if given 
intercurrently with an acute renal insult. Diuretics may safely 
be used to treat the complications of AKI and probably do not 
affect patient mortality or the rate of renal recovery.
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Iodinated contrast media are commonly injected intravascularly, 
into either an artery or vein, to enhance images during diagnos-
tic or interventional radiologic procedures. Most of the recent 
literature on contrast-induced nephropathy (CIN) has been in 
the setting of cardiac angiography and percutaneous coronary 
intervention. Estimates of risk, the mechanism of kidney injury, 
and the impact of preventive therapies may differ according to 
the population studied. There is no specifi c therapy for CIN 
once it occurs, with supportive measures applied as usual for 
acute kidney injury.

EPIDEMIOLOGY

Sensitive tests of kidney function commonly identify mild, 
transient reduction after contrast injection.1 CIN has been 
reported to be the third most common cause of acute renal 
failure in hospitalized patients.2 The reported incidence of 
CIN varies among studies due to differences in defi nition, 
background risk, type and dose of contrast, imaging proce-
dure, and the frequency of other potential causes of acute re-
nal failure. There is no specifi c diagnostic marker for CIN in 
humans, and contrast may be a contributory cause rather than 
a sole cause of acute kidney injury. Concomitant insults may 
include low blood volume, surgery, atheroembolic disease, 
and other nephrotoxins. In one study of patients having coro-
nary angiography, serum creatinine increased by more than 
25% in 14.5% (95% confi dence interval: 12.9%–16.1%) of 
cases, whereas 0.77% required dialysis.3 The literature on risk 
after intravenous injection of modern contrast agents is sparse. 
The frequency of minor changes in serum creatinine after in-
travenous contrast appear to be many-fold less common than 
after cardiac angiography, and the importance of considering 
the background rate of acute change in kidney function has 
recently been re-emphasized.4,5 The presence or absence of 
risk factors and the type of imaging procedure are most rele-
vant. Preexisting renal function is a major determinant of the 
risk of CIN.3 Although minor, usually transient changes in 
serum creatinine after contrast have been associated with 
prolonged hospital stay, adverse cardiac events, and higher 

mortality both in hospital and in the long term.3,6–10 These 
associations may be explained at least in part by comorbidi-
ties, acuity of illness, or alternate causes of acute kidney injury 
such as atheroembolism.

PATHOGENETIC BASIS FOR PREVENTION

CIN likely results from both ischemic injury and direct tubu-
lar cell toxicity.11 A reduction in medullary perfusion, possibly 
mediated by increased endothelin and adenosine together 
with reduced nitric oxide and prostacyclin, has been consid-
ered important.12 The nature of the contrast including its 
physical properties such as viscosity and osmolality, associated 
ions, concentration, concomitant hypoxia, and oxygen free 
radical generation may each be related to the degree of cellular 
damage.11,13 Although controversy remains about the exact 
pathogenesis in humans and the relevance of animal models, 
pathogenetic considerations underlie most efforts to reduce 
contrast nephrotoxicity.

ASSESSMENT OF RISK

The fi rst steps in preventing CIN are to identify risk factors and 
review the need for contrast. The most important risk factors 
are preexisting kidney disease, diabetes, poor cardiac function, 
hypotension, anemia, and older age. Most risk factors can be 
detected with a routine history and physical examination. It is 
not necessary to measure serum creatinine on every patient, 
but this should be done before intra-arterial contrast and in 
patients with a history of kidney disease, proteinuria, kidney 
surgery, diabetes, hypertension, or gout.14 Patients with re-
duced kidney function may be more accurately recognized if 
creatinine clearance or the glomerular fi ltration rate are esti-
mated from the serum creatinine. Some risk factors such as 
volume depletion may be corrected before contrast. The risk of 
CIN increases exponentially with the number of risk factors 
present.7,9,15 Validated risk prediction models have been devel-
oped for those having percutaneous coronary intervention.16
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42 Acute Renal Failure

Alternate imaging modalities not requiring contrast should 
be considered in those with any risk factors. High-dose gado-
linium chelates should not be substituted for iodinated radio-
contrast media in those patients at risk of CIN, as they have been 
shown to be at least as nephrotoxic as the latter media when used 
in this fashion.17 Serum creatinine should be measured again 
at 24 to 72 hours post-contrast in patients at risk of CIN.

SPECIFIC PROPHYLACTIC THERAPIES

Table 4-1 summarizes the most commonly used prophylactic 
measures supported by at least some evidence.

Fluid Administration
Administration of fl uids is recommended to reduce the risk 
of CIN. However, data to support a specifi c fl uid regimen are 
lacking and the optimal fl uid regimen remains unclear. The 
trials evaluating prophylactic fl uid therapy generally lack 
power. In two trials, prolonged IV saline was superior to an 
oral fl uid regimen with or without a brief IV fl uid bolus.18,19

No difference between fl uid regimens was found in two 
other trials comparing IV saline with either oral salt and 
water or oral water and brief IV fl uid.20,21 A fi nal small trial, 
marred by excessive dropouts, showed a trend to less CIN 
with more prolonged precontrast IV fl uid.22 Isotonic saline 
was slightly better than 0.45% saline in a large trial of pa-
tients with good kidney function.23 Almost all participants 
in these trials received intra-arterial contrast. Based on this 
evidence, the recommendations for the present are to ensure 
that patients receiving contrast are in a state of optimal hy-
dration as determined by clinical assessment. Fluid restric-
tion before injection of contrast should be limited to when 
truly necessary. For those at risk of CIN, particularly those 
undergoing cardiac angiography, it is recommended that 
consideration be given to infusing 0.9% saline intravenously 
for at least 6 hours before and after contrast, in the absence 

of data showing that shorter duration or oral fl uid supple-
mentation is comparable.

Bicarbonate
Alkalinization of tubular fl uid has been proposed to reduce 
the rate of CIN. The mechanism of any benefi t might include 
reduction in pH-dependent free radical generation in the kid-
ney. In the only reported trial to date involving 119 patients, 
81% of whom were undergoing cardiac angiography, isotonic 
sodium bicarbonate resulted in a lower frequency of CIN (de-
fi ned as a 25% increase in serum creatinine within 2 days) 
compared with 0.9% saline infusion.24 However, the trial was 
terminated early due to a lower than expected rate of events in 
the bicarbonate group, but the timing of the interim analysis 
and the stopping rules were not prespecifi ed and the P value 
for the difference in event rates was higher than generally used 
to prematurely terminate a trial. It is also unclear whether any 
benefi t from bicarbonate would be seen if patients were also 
treated with N-acetylcysteine (NAC). This question has not 
been properly addressed, but no additional benefi t was seen in 
a retrospective analysis at one center.25 Although it is reason-
able to use bicarbonate infusion in an effort to reduce the rate 
of CIN, the results of this trial require replication before this 
can be recommended as the fl uid of choice.

N-Acetylcysteine
NAC might reduce the nephrotoxicity of contrast through 
antioxidant and vasodilatory effects.26 The results of an initial 
trial were dramatic, but the event rate in the controls was un-
expectedly high for patients given low-dose IV low-osmolality 
contrast.27 Subsequent trials have largely involved patients 
with reduced kidney function having cardiac angiography. 
Some have shown benefi t and others not; many are limited by 
low power and a lack of blinding. The dose of NAC employed 
in most trials has not been chosen based on pharmacologic 
principles. Two trials comparing doses of NAC have suggested 

Table 4-1 Therapies Commonly Used to Reduce the Risk of Contrast-Induced Nephropathy

Therapy Dose Route Frequency Comments

Fluid therapy Varies from unrestricted PO 
fl uids to 1 mL/kg/hr

IV or PO Usually continuous from 
pre- to postcontrast. 
Some use bolus therapy 
pre-contrast

No one regimen proven 
best. IV 0.9% saline at 
1 mL/kg/hr from 12 hr 
pre to 12 hr post most 
established. May increase 
risk of pulmonary edema

Isotonic sodium 
bicarbonate

3 mL/kg/hr � 1 hr, then 
1 mL/kg/hr � 6 hr

IV Infusion from 1 hr pre- and 
for 6 hr postcontrast

Only one supporting trial 
with caveats. May 
increase risk of pulmo-
nary edema

N-acetylcysteine Varies from 600–1200 mg 
bid PO to 150 mg/kg 
IV bolus

PO or IV Varies, q12h for 4 doses 
beginning precontrast 
most common

Supporting study results 
heterogeneous

Theophylline and 
related

Varies 125–200 mg PO or 
4–5 mg/kg IV bolus 
� 0.4 mg/kg IV infusion

PO or IV Varies from q12h PO to 
single IV bolus � infusion 
for 24–72 hr

Limited evidence of 
effi cacy, concern about 
potential cardiotoxicity
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that higher doses may be required, especially if higher doses 
of contrast are being employed.28,29 Several meta-analyses of 
trials of NAC have been reported. The trials included in these 
analyses vary, but more recent and comprehensive meta-
analyses suggest some benefi t to NAC (pooled odds ratio 
ranged from 0.54 to 0.73 for contrast nephropathy defi ned 
variably as increases in serum creatinine).30–34 However, this 
estimate must be interpreted with caution, given the heteroge-
neous results of the individual trials and the possibility 
of publication bias, with small negative studies underrepre-
sented. Also, the effect of NAC on outcomes other than minor 
changes in serum creatinine is largely unknown. Indeed, stud-
ies in healthy volunteers have suggested that NAC might have 
an effect on creatinine levels unrelated to an effect on the 
glomerular fi ltration rate.35 However, in a recent trial involv-
ing patients undergoing primary angioplasty after myocardial 
infarction, NAC showed a dose-related improvement in 
CIN (defi ned as a serum creatinine increase), and there was a 
parallel benefi cial effect on in-hospital death.29

Theophylline

Theophylline and aminophylline have the potential to reduce 
CIN through antagonizing adenosine-mediated vasoconstric-
tion. These drugs have been tested in several small trials. Re-
cent meta-analyses found that the mean increase in serum 
creatinine was signifi cantly, but only slightly, lower at 48 hours 
after contrast among those receiving active therapy compared 
with placebo. The clinical importance of this fi nding is not 
clear.36,37 There was heterogeneity among studies with regard 
to changes in serum creatinine. There is potential for adverse 
effects with theophylline. The optimal dose for prevention of 
CIN has not been established. Further studies are warranted.

Other Pharmacologic Agents

Several other interventions have been proposed to reduce the 
risk of CIN, but data are limited to support them. Forced di-
uresis with furosemide, mannitol, dopamine, or a combina-
tion of these given at the time of the contrast exposure has 
been associated with similar or higher rates of CIN when 
compared with prophylactic fl uids alone.38–41 Negative fl uid 
balance might underlie some of the detrimental effects.

Generally small randomized trials of vasodilation with 
dopamine, fenoldopam, atrial natriuretic peptide, calcium 
channel blockers, prostaglandin E1, or a nonselective endothe-
lin receptor antagonist failed to show a reduction in the rate 
of CIN compared with fl uid therapy.41–46

Two studies of captopril as a prophylactic agent yielded diver-
gent results. In the fi rst trial, serum creatinine increased by more 
than 0.5 mg/dL (44 �mol/L) in two (6%) patients given captopril 
for 3 days versus 10 (29%) given placebo (P � .02).47 In the sec-
ond study, CIN was reported as occurring in fi ve (8.3%) patients 
given captopril versus one (3.1%) given placebo (P � .02).48

Ascorbic acid as an antioxidant has been tested in a single 
randomized trial with patients undergoing cardiac angiogra-
phy.49 Serum creatinine increased by 25% or more than 
0.5 mg/dL (44 µmol/L) within 2 to 5 days in 11 (9%) 
patients given ascorbic acid versus 23 (20%) given placebo 
(P � .02).49 However, these results are diffi cult to interpret as 
the baseline serum creatinine level was lower in the placebo 
group and both groups reached a similar level post-contrast.

Prophylactic Renal Replacement Therapy

Hemodialysis during or shortly after contrast has not been 
shown to prevent CIN.50–52 In a trial of prophylactic hemofi ltra-
tion in an intensive care unit before and after contrast involving 
patients with a mean creatinine clearance of 26 mL/min under-
going cardiac procedures, a 25% increase in serum creatinine 
was seen in three (5%) patients undergoing hemofi ltration 
versus 28 (50%) given fl uid alone (P � .001).53 These results 
were replicated in a further trial by the same investigators, in 
which they also showed that hemofi ltration limited to the post-
contrast period was not signifi cantly different from saline 
alone.54 However, as changes in serum creatinine during and 
soon after hemofi ltration are affected by creatinine removal, 
such changes in serum creatinine do not reliably refl ect changes 
in kidney function. The mechanism of benefi t, if any, to the 
kidney remains speculative. Marenzi and colleagues54 suggest 
controlled high-volume administration as one possibility, but 
their hemofi ltration protocol should lead to a neutral, not 
positive, fl uid balance. In both trials, hemofi ltration, especially 
pre- and post-contrast, was associated with reduced in-hospital 
cardiovascular mortality, but the mechanism by which this 
might occur is unclear. Given the resource implications and the 
problems with interpreting the true effect on kidney function, 
hemofi ltration is not recommended at this time as a means to 
prevent CIN.

CONSIDERATIONS RELATED 
TO CONTRAST MEDIA

Contrast media can be classifi ed in a number of ways includ-
ing by osmolality, viscosity, and ionicity. High-osmolality 
agents such as sodium diatrizoate have been largely aban-
doned because of their greater general toxicities. In a meta-
analysis of comparative trials, an increase in serum creati-
nine more than 0.5 mg/dL (44 �mol/L) after contrast in 
patients with reduced kidney function was less frequent with 
low- as opposed to high-osmolal media (odds ratio � 0.61, 
95% confi dence interval: 0.48–0.77).55 Results in subgroups 
of trials were qualitatively similar, but statistical signifi cance 
could only be shown for intra-arterial injection and in those 
with preexisting renal impairment. Due to the small number 
of events, no conclusion could be reached about the need for 
dialysis.

More recent trials have compared the nephrotoxicity of 
low-osmolal media such as iohexol or iopamidol with the 
iso-osmolal agent iodixanol. The results have not been totally 
consistent. A patient level meta-analysis of data from 16 trials 
in the database of GE Healthcare found that CIN defi ned as a 
0.5-mg/dL increase in creatinine by 3 days post-contrast oc-
curred in 1.4% after intra-arterial iodixanol versus 3.5% after 
low-osmolality agents.56 The difference was more pronounced 
in those with existing kidney disease with or without diabe-
tes. A further trial comparing iodixanol with iopamidol in 
414 patients having cardiac angiography did not fi nd any dif-
ference in the rate of CIN.57 Similarly, comparative trials after 
intravenous injection of iodixanol versus low-osmolality 
agents have all shown similar rates of CIN with either 
agent.58,59 An analysis of the frequency of CIN before and 
after hospitals in Sweden switched to iodixanol suggested a 
higher rate of CIN with iodixanol.60 Given the disparity in 

Ch04_041-046-X5484.indd Sec1:43Ch04_041-046-X5484.indd   Sec1:43 6/18/08 12:24:36 PM6/18/08   12:24:36 PM



44 Acute Renal Failure

angiotensin receptor blockers in cases at risk of CIN has not 
been thoroughly studied to date.65 It is generally recom-
mended that NSAID therapy be interrupted, but empirical 
data on which to base this are lacking.

RECOMMENDED OVERALL RISK 
MINIMIZATION STRATEGY

Figure 4-1 outlines an overall approach to minimizing the risk 
of CIN. The steps involved include an assessment of risk, re-
view of the balance of risks and benefi ts associated with the 
use of contrast for the particular case, use of fl uid prophylaxis, 
consideration of specifi c prophylactic drug therapy, manage-
ment of concomitant drug therapy, choice of type and dose of 
contrast, and postcontrast follow-up.

Figure 4-1 Algorithm for managing the risk of contrast-in-
duced nephropathy (CIN). NAC, N-acetylcysteine.

the results, either low- or iso-osmolal media are acceptable at 
this time for patients at risk of CIN.

The nephrotoxicity of radiocontrast agents seems to be 
dose related. This has not always been clear when exposure to 
contrast has been measured as the volume injected (in millili-
ters). However, different contrast agents have varying concen-
trations of iodine and iodinated media are largely excreted 
through the kidney. It has been shown that the area under the 
curve as a measure of contrast exposure is closely estimated by 
dividing the grams of iodine injected by creatinine clear-
ance.61 The related measure contrast volume (mL) � kg body 
weight � serum creatinine in mg/dL has been associated with 
risk of CIN.62,63 Exceeding a value of 5 mL � kg body weight 
� serum creatinine in mg/dL strongly predicts nephropathy 
requiring dialysis.63 Therefore, the volume of contrast injected 
should be limited to the minimum required to complete the 
diagnostic or therapeutic procedure.

MANAGING CONCOMITANT 
MEDICATIONS

Because of the risk of lactic acidosis when CIN occurs in a 
patient with diabetes receiving metformin, it is recommended 
that this drug be stopped at least from the time of contrast 
injection and held until CIN has been excluded.5,64 The bal-
ance of risks and benefi ts associated with interrupting therapy 
with diuretics, angiotensin-converting enzyme inhibitors, and 

Assess patient risk for CIN. 
Measure kidney function in 

those with other risks.

No risk factors: Consider 
concomitant medications. 
Give contrast as required. 

Use lowest dose needed to 
achieve diagnostic quality.

Risk factors present: 
Correct risk factor if 

possible. Review balance 
of risk and benefit of 

using contrast.

If using contrast: Consider 
concomitant medications. 
Plan to use fluids. IV 0.9% 

saline or bicarbonate if 
possible.

Consider use of NAC.

Use either low- or 
iso-osmolar contrast in the 

lowest dose needed to 
achieve diagnostic quality.

Plan to reassess kidney 
function at 24–72 hours 

post-contrast.
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Hepatorenal syndrome (HRS) is a systemic condition that usu-
ally occurs in patients with advanced liver disease and combines 
cardiovascular and kidney disturbances.1–5 Severe reduction in 
the glomerular fi ltration rate develops in the absence of signifi -
cant renal lesions as a fi nal consequence of an extreme splanch-
nic arterial vasodilation secondary to portal hypertension.6–11

Bacterial translocation probably plays a major role in the induc-
tion of the splanchnic arterial vasodilation responsible for 
decrease in systemic vascular resistances and arterial underfi ll-
ing.12–20 The kidney perceives this decreased blood fl ow and 
initiates afferent arterial vasoconstriction and activation of the 
renin-angiotensin system.21,22 It also responds to sympathetic 
nervous system activation by increasing sodium retention and 
vasoconstriction in an attempt to improve kidney perfusion.23,24

Although initially compensated by the secretion of vasodilators 
within the renal circulation, vasoconstriction can progress to a 
severe reduction in the glomerular fi ltration rate, the so-called 
HRS. At this stage, patients constantly have alterations of renal 
solute-free water excretion as a consequence of increased vaso-
pressin release and usually have a serum sodium lower than 
130 mEq/L.25–29 Among patients with cirrhosis and ascites with-
out renal failure, marked renal sodium retention and presence of 
hyponatremia have been identifi ed as risk factors for the devel-
opment of HRS.30 Some triggering events can precipitate HRS, 
among them bacterial infections, particularly spontaneous 
bacterial peritonitis (i.e., the spontaneous infection of the ascitic 
fl uid in the absence of an intra-abdominal source of infection).17

However, in other patients, HRS develops spontaneously with-
out any apparent triggering event.

Besides vasoconstriction in the renal circulation, patients 
with HRS also have vasoconstriction in other nonsplanchnic 
vascular beds, including the lower and upper extremities, 
brain, and liver.17,31,32 Reduced blood fIow in the latter two ter-
ritories may play a role in some of the clinical features seen in 
patients with HRS, such as encephalopathy and worsening of 
liver function, respectively. A decrease in cardiac function may 
also contribute to arterial underfi lling in patients with HRS. 
The cardiac dysfunction is likely due to cirrhotic cardiomyopa-
thy, the origin of which is still under investigation.17,33–38

Two different patterns of renal failure (steady and progres-
sive) defi ne two different clinical types of HRS: type 1 and type 

2 HRS.39,40 The rate of progression used to defi ne type 1 HRS 
has been arbitrarily set as a 100% increase in serum creatinine 
reaching a value greater than 2.5 mg/dL (221 �mol/L) in less 
than 2 weeks. Patients not meeting these criteria of progression 
are considered to have type 2 HRS. There is consensus to estab-
lish the diagnosis of HRS when serum creatinine is greater than 
1.5 mg/dL (133 �mol/L),40,41 which corresponds approximately 
to a glomerular fi ltration rate lower than 30 mL/min.42 Because 
of the lack of specifi c diagnostic procedures for HRS, the diag-
nosis of HRS relies on the exclusion of other conditions that 
may cause renal failure in cirrhosis, particularly volume deple-
tion, shock, treatment with nephrotoxic drugs, and parenchymal 
kidney diseases.40,43–45 Box 5-1 shows the diagnostic criteria of 
HRS proposed in a recent consensus workshop of the Interna-
tional Ascites Club.41 Refl ecting the systemic nature of the dis-
ease, patients with type 1 HRS usually present signs of multior-
gan failure. By contrast, in patients with type 2 HRS renal failure 
almost goes unnoticed, as the main clinical problem is refractory 
ascites and frequent need for repeated large-volume paracentesis 
due to poor response to diuretic therapy.40,41 Some patients with 
type 2 HRS eventually progress to type 1 HRS, often as a conse-
quence of an acute event such as bacterial infections. Outcome 
is different for the two types of HRS, as patients with type 1 HRS 
have a median survival of only 1 month, whereas the median 
survival is 7 months for patients with type 2 HRS.39,46

In recent years, major advances have been made in the fi eld 
of HRS, particularly in its pathogenesis and management. The 
aim of the current chapter is to review the management of 
HRS in patients with cirrhosis, with particular emphasis on 
type 1 HRS. An update on the pathogenesis of HRS may be 
found in several recent reviews.4,47–49

MANAGEMENT OF TYPE 1 
HEPATORENAL SYNDROME

General Measures
Diuretics should be withdrawn in all patients with cirrhosis and 
renal failure, regardless of whether there is suspicion of HRS, 
and patients should be placed on a low-salt diet (�2 g/day). If 
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the patient presents with hyponatremia, which is usually the 
case, fl uid intake should be restricted to 1.0 to 1.5 L/day to avoid 
a positive fl uid balance and further decrease in serum sodium 
concentration. The administration of saline solutions may 
markedly increase ascites and edema due to the presence of se-
vere renal sodium retention and therefore is not recommended. 
For this same reason and the lack of severe metabolic acidosis 
in most patients, the routine administration of sodium bicar-
bonate is not advisable. Early identifi cation of infections 
and treatment with broad-spectrum antibiotics is fundamental 
because severe infections are very common and contribute 
to death in many of these patients. Considering that antibiotic 
prophylaxis is effective in the prevention of bacterial infections 
in other high-risk groups, such as patients with advanced 
cirrhosis and gastrointestinal bleeding,50 it is possible that anti-
biotic prophylaxis is also effective in preventing bacterial infec-
tions in patients with type 1 HRS, but this has not been specifi -
cally investigated.

Specifi c Therapies
Several therapeutic approaches, which are discussed in the 
following sections, can be used in the management of type 1 
HRS (Table 5-1).

Liver Transplantation

Liver transplantation is the treatment of choice for patients 
with cirrhosis and type 1 HRS without contraindications to 
transplantation because it allows the cure of both liver disease 
and associated renal failure.51–53 It is now well established that 
patients with HRS have a satisfactory long-term survival with 
liver transplantation alone (approximately 70% at 3 years after 
transplantation in most transplantation centers), yet slightly 
lower than that of transplant recipients without HRS.52,54–57 The 
main issue in liver transplantation for patients with type 1 HRS 
is the high mortality rate in the waiting list due to short survival 
expectancy in the setting of prolonged waiting times in most 
transplantation centers. This can be improved by assigning 

patients with type 1 HRS a high priority for transplantation, 
which can be accomplished by using the MELD (Model for 
End-stage Liver Disease) score.58,59 This is a score of severity of 
cirrhosis used in many countries to allocate organs for liver 
transplantation, which includes three variables: two of liver 
function, serum bilirubin, and international normalization
ratio (a standardized unit for Quick time) and one of renal 
function and serum creatinine (for calculation, please visit 
www.mayoclinic.org/meld/mayomodel6.html or www.unos.
org). For the same degree of liver failure, MELD score values 
increase progressively as serum creatinine values increase (min-
imum value 6 points; maximum value 40 points). The maxi-
mum value of serum creatinine to be used in the calculation of 
MELD is 4 mg/dL. This value is also used for patients on renal 
replacement therapy. Patients with type 1 HRS usually have 
higher MELD scores than those of patients with type 2 HRS due 
to a greater impairment of liver and renal function. In patients 
with HRS, the MELD score is an excellent predictive factor of 
survival. Because patients with type 1 HRS have very high 
MELD score values, the use of this score as a system for organ 
allocation in liver transplantation may likely increase the ap-
plicability of liver transplantation in this patient population 
and help reduce waiting list mortality.

In addition to using the MELD score for organ allocation, 
patients with type 1 HRS awaiting liver transplantation may 
possibly benefi t from treatment of HRS aimed at improving 
renal function before transplantation. Although not assessed 

Table 5-1 Treatment Options for Hepatorenal Syndrome and 
Mechanism of Action

Therapy Mechanism of Action

Liver transplantation Improvement in liver function 
and normalization of 
circulatory disturbances 
in the portal and systemic 
circulations

Transjugular intrahe-
patic portosystemic 
shunt

Reduction in portal pressure 
and suppression of the 
activity of vasoconstrictor 
systems

Vasoconstrictors (terli-
pressin, �-adrener-
gic agonists)

Vasoconstriction of the 
splanchnic circulation 
and suppression of the 
activity of vasoconstrictor 
systems

Albumin Improvement in effective 
arterial blood volume? 
Improvement of endothe-
lial function? Antioxidant 
activity?

Renal replacement 
therapy

Supplies renal detoxifi cation 
functions

Albumin dialysis 
(MARS, Pro-
metheus)*

Supplies liver detoxifi cation 
functions. Improvement 
of circulatory function?

*Currently under clinical investigation.

1. Cirrhosis with ascites
2. Serum creatinine � 1.5 mg/dL (133 �mol/L)
3. No improvement in serum creatinine (decrease to a 

level �1.5 mg/dL after at least 2 days off diuretics 
and volume expansion with albumin 1 g/kg body 
weight up to a maximum of 100 g/day)

4. Absence of shock
5. No current or recent treatment with nephrotoxic 

drugs
6. Absence of signs of parenchymal renal disease, as 

suggested by proteinuria (�500 mg/day) or hematu-
ria (�50 red blood cells per high-power fi eld), and/
or abnormal renal ultrasound scan

Box 5-1 Diagnostic Criteria for Hepatorenal Syndrome in 
Cirrhosis

From Salerno F, Gerbes A, Ginès P, et al: Diagnosis, prevention 
and treatment of the hepatorenal syndrome in cirrhosis. A con-
sensus workshop of the International Ascites Club. Gut 2007;56:
1310–1318.
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yet in prospective studies, the reversal of HRS before trans-
plantation may help patients reach transplantation and im-
prove posttransplantation outcome, and, in particular, re-
duce the frequent occurrence of chronic renal failure.52,55,60

A retrospective study including a small number of patients 
with HRS treated with vasoconstrictors before transplanta-
tion (see later) showed that patients with HRS who re-
sponded to therapy with an improvement in renal function 
had an outcome after transplantation that was not different 
from that of a control group of transplant recipients without 
HRS matched by age and severity of cirrhosis.61

The use of combined liver-kidney transplantation (CLKT) 
has also been suggested as an approach to therapy of HRS, but 
it is still a matter of debate. A clear benefi t of CLKT on the 
evolution of renal function and patient survival compared 
with liver transplantation alone has not been demonstrated.54,56

Conversely, CLKT increases the use of kidneys for a group of 
patients in whom native kidney function may recover sponta-
neously after liver transplantation alone.51–53 Therefore, the use 
of CLKT in a scenario of growing lists for kidney transplanta-
tion in patients with permanent end-stage kidney disease re-
mains very contentious. As a result, it appears that CLKT 
should not be recommended currently as standard therapy for 
patients with HRS. There remain doubts in the specifi c cir-
cumstance of patients with HRS who have been on dialysis for 
a prolonged period before liver transplantation and therefore 
have poor chances of regaining renal function after transplan-
tation.56,62,63 It is currently unknown how much time on dialy-
sis before liver transplantation prevents recovery from HRS in 
the posttransplantation period. A panel recently proposed 
guidelines to help select between liver transplantation alone or 
CLKT.64 They recommended that patients with HRS requiring 
more than 6 weeks of dialysis should be evaluated for CLKT. 
For patients with HRS not on dialysis or with shorter duration 
of dialysis, prognosis was estimated to be good and liver trans-
plantation alone was considered to be suffi cient. Obviously, 
more studies are needed in this area.

Finally, kidney transplantation after liver transplantation 
was recently proposed as an alternative to CLKT for patients 
with HRS who needed dialysis for more than 30 days after liver 
transplantation.57 This suggestion was based on fi ndings of a 
1-year survival rate 40% lower in patients who required dialysis 
for more than 30 days compared with patients who required 
dialysis for less than 30 days. Although kidney after liver trans-

plantation may be a reasonable approach in some patients, the 
information is still very limited.

Pharmacologic Therapy

Early studies assessed the use of vasodilators, such as dopa-
mine and prostaglandins, with the aim of reversing the intense 
renal vasoconstriction characteristic of HRS. However, in ad-
dition to not improving renal function, these drugs may fur-
ther impair systemic hemodynamics, which is already mark-
edly altered in patients with advanced cirrhosis.65–68 Recent 
research on management of HRS has been directed toward 
reversal of major pathogenic events such as arterial splanchnic 
vasodilation and portal hypertension. This may be achieved 
by the administration of vasoconstrictor drugs or maneuvers 
aimed at reducing portal pressure. Several recent studies have 
shown that the administration of vasoconstrictor drugs is as-
sociated with an improvement in renal function in a signifi -
cant number of patients with HRS (Table 5-2). The rationale 
of vasoconstrictor therapy is to improve circulatory function 
by causing vasoconstriction of the extremely dilated splanch-
nic arterial bed, which subsequently improves arterial under-
fi lling, reduces the activity of the endogenous vasoconstrictor 
systems, and increases renal perfusion.69–71 Two types of drugs 
have been used: vasopressin analogues (mainly terlipressin) 
and �-adrenergic agonists (norepinephrine and midodrine), 
which act on V1 vasopressin receptors and �1-adrenergic re-
ceptors, respectively, present in vascular smooth muscle cells.

Vasopressin Analogues
The fi rst analogue of vasopressin investigated was ornipressin 
(8-ornithin vasopressin), an agent with a predominant affi nity 
for V1 receptors located in the vascular smooth muscle cells, 
particularly abundant in the splanchnic vessels. Ornipressin 
was initially given in studies of small numbers of patients as an 
IV infusion of 6 U/hr over 4 hours.69,72 During the infusion, the 
mean arterial pressure increased, cardiac output decreased, and 
renal blood fl ow and glomerular fi ltration rate improved as did 
sodium excretion. Following these positive fi ndings, the effects 
of a more prolonged administration of ornipressin were inves-
tigated. Guevara and colleagues73 treated eight patients for 
3 days with a stepped-dose infusion of ornipressin (2–6 U/hr) 
plus albumin without observing any side effects but with only a 
slight improvement in the glomerular fi ltration rate. They sub-
sequently treated eight additional patients for a longer period 

Table 5-2 Vasoconstrictor Drugs Used in the Treatment of Hepatorenal Syndrome

Drug Dose Range
Median Duration 
of Therapy

Response to 
Therapy (%)*

Severe Side 
Effects (%)†

Terlipressin 1–2 mg/4–12 hr IV 
bolus

15 days 52‡ 13

Norepinephrine 0.1–3 mg/hr IV 
perfusion

15 days 77§ 5

Midodrine 7.5–12.5 mg/8 hr PO — 43�� 1

*Response to therapy as defi ned by complete reversal of hepatorenal syndrome (serum creatinine � 1.5 mg/dL (133 �mol/L) in most 
studies.
†Severe side effects include cardiac arrhythmia or ischemia, other ischemic events, dyspnea, and circulatory overload.
‡From references 77–81, 83–85, and 90. Total number of patients included is 255.
§From references 87 and 90. Total number of patients included is 22.
��From references 86, 88, and 89. Midodrine was given in association with octreotide. Total number of patients included is 79.
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(15 days) with the same regimen. Treatment was associated 
with a marked improvement in the glomerular fi ltration rate in 
four of seven patients treated. Ornipressin had to be discontin-
ued in the remaining three patients because of severe ischemic 
complications (ischemic colitis and tongue ischemia). A good 
response rate (four of seven patients) with ornipressin (6 U/hr) 
plus low-dose dopamine, but without albumin, was also re-
ported in a subsequent study performed by Gülberg and 
colleagues.74 One of the patients developed severe intestinal 
ischemia. These studies confi rmed the reversibility of HRS un-
der pharmacologic therapy with a vasoconstrictor drug. How-
ever, due to the high incidence of adverse events related to orni-
pressin, the research was then focused on terlipressin, an 
analogue of vasopressin approved for the treatment of gastroin-
testinal bleeding caused by esophageal varices.75,76

Terlipressin, a product of the cleavage of triglycil-lysine-
vasopressin, is the vasoconstrictor drug that has been used 
more frequently in HRS and thus far does not seem to share 
the high rate of ischemic complications observed with orni-
pressin. Moreover, its slow metabolism results in a prolonged 
half-life, which allows intermittent IV dosing. A preliminary 
crossover study demonstrated that terlipressin treatment for 
2 days was more effective than placebo in improving renal 
function in patients with HRS without causing adverse ef-
fects.70 However, improvement was very mild due to the short 
duration of treatment. A number of nonrandomized phase 
2 studies using combined therapy of terlipressin (0.5–2 mg/
4 hr for 15 days) plus albumin (1 g/kg of body weight on 
the fi rst day and 20–40 g/day thereafter) including a total of 
152 patients (87% with type 1 HRS) have shown a high re-
sponse rate, ranging from 44% to 77%.77–81 In most studies, 
the defi nition used for response to therapy was a decrease in 
serum creatinine to less than 1.5 mg/dL (133 �mol/L), al-
though in some studies a decrease of 20% to 30% of serum 
creatinine from baseline was considered a response to ther-
apy. The average survival rate of patients included in these 
phase 2 studies was 60% at 1 month. Recurrence of HRS after 
terlipressin withdrawal may occur in as many as 20% of pa-
tients, although some studies reported a higher rate, and 
treatment of recurrence is usually effective.77–79,81,82

So far, only three randomized, comparative studies have been 
reported assessing the effects of terlipressin on renal function 
and survival in patients with HRS.83–85 One small trial from So-
lanki and colleagues83 randomized 24 patients to either low-dose 
terlipressin (1 mg/12 hr) or placebo for 15 days in combination 
with albumin and fresh frozen plasma. Complete reversal of 
HRS was observed in 42% of patients treated with terlipressin. 
Survival was longer in patients treated with terlipressin com-
pared with those treated with placebo, and transient cardiac 
arrhythmia was seen in three patients treated with terlipressin. 
The results of two larger randomized, controlled studies were 
reported recently.84,85 The Spanish trial85 included 46 patients 
with HRS, 74% of them with type 1 HRS, and the American 
trial84 included 112 patients, all with type 1 HRS. The two stud-
ies used very similar treatment regimens of terlipressin plus al-
bumin for 2 weeks. The starting dose of terlipressin was 1 mg/4 
to 6 hr IV and was increased to a maximum of 2 mg/4 to 6 hr 
after 2 to 3 days if there was no response to therapy as defi ned by 
a reduction in serum creatinine of greater than 25% to 30% of 
pretreatment values. Reversal of HRS, as defi ned by a decrease 
in serum creatinine to less than 1.5 mg/dL, was observed in 
39% of patients in the Spanish study and 34% of patients in the 

American study. In addition to a marked decrease in the high 
serum creatinine levels, response to therapy was characterized by 
an increase in arterial pressure, high urine output, and a marked 
increase in the low serum sodium concentration.85 The latter 
could be due to improved glomerular fi ltration rate and/or sup-
pression of antidiuretic hormone after improvement in effective 
arterial blood volume and is consistent with a predominant ac-
tion of terlipressin on V1 over V2 antidiuretic hormone recep-
tors. The frequency of ischemic side effects requiring the discon-
tinuation of treatment was approximately 10%. Some patients 
developed transient pulmonary edema during the fi rst few days 
of therapy, even with close monitoring of central venous 
pressure. In none of the studies was treatment with terlipressin 
and albumin associated with an improved survival compared 
with the control group of patients treated with albumin alone. 
However, both studies showed that responders in terms of 
improvement in renal function after therapy had a signifi cant, 
albeit moderate, increase in survival compared with nonre-
sponders (median survival � 90 days versus 13 days, respec-
tively, in one of the studies).85 Nevertheless, it is important to 
emphasize that despite the improved survival, responders still 
have a high risk of death in the short term, which is particularly 
important in patients awaiting liver transplantation. Further 
studies in larger patient populations are needed to defi nitively 
assess the effect of treatment with terlipressin on survival of 
patients with type 1 HRS.

There are two major shortcomings of the treatment with 
terlipressin: lack of availability in some countries and high 
cost, the latter being a major limiting factor for its use in some 
areas of the world. These two drawbacks have prompted the 
investigation of other vasoconstrictor drugs.

�-Adrenergic Agonists
�-Adrenergic agonists (norepinephrine, midodrine) represent 
an attractive alternative to terlipressin because of the low cost 
and wide availability compared with terlipressin.86–90 However, 
the information on the effi cacy and side effects of �-adrenergic 
agonists in patients with type 1 HRS is still very limited. A 
small study from Angeli and colleagues86 looked at the effi cacy 
of midodrine in combination with octreotide, a somatostatin 
analogue used for gastrointestinal bleeding, and compared it 
with nonpressor doses of dopamine (both groups also received 
albumin 20–40 g/day). The rationale for the use of a soma-
tostatin analogue is to suppress glucagon as well as other 
splanchnic vasodilator peptides. In the fi ve patients treated 
with octreotide and midodrine, the authors observed an im-
provement in serum creatinine and glomerular fi ltration rate, 
as well as sodium excretion, and suppression of renin and 
aldosterone with a decrease in glucagon and nitric oxide levels. 
No changes or even a worsening of renal parameters were 
observed in a small control group of nonrandomized patients. 
In a retrospective study, patients treated with octreotide and 
midodrine had a higher rate of sustained response (40%) and 
a lower mortality rate (43%) compared with contemporaneous 
patients not treated (10% and 71%, respectively), although the 
study is limited by the retrospective design.89 It appears that 
octreotide alone without the simultaneous use of vasoconstric-
tors does not improve renal function. In fact, a small placebo-
controlled, crossover trial showed that octreotide plus albumin 
was not effective for the treatment of HRS.91

Norepinephrine in combination with albumin has been 
assessed because of its potent vasoconstrictor effect on both 
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arterial and venous circulation and its wide availability. Infu-
sion of norepinephrine (0.5–3 mg/hr) together with adminis-
tration of albumin and furosemide to keep central venous 
pressure in the range of 4 to 10 cm of water was shown to re-
verse type 1 HRS in 10 of 12 patients after a median of 
7 days.87 In addition to an increase in mean arterial pressure 
and a marked decrease in the activity of the renin-aldosterone 
system, sodium excretion also increased. The only adverse 
event reported was an episode of reversible myocardial hypo-
kinesia probably related to cardiac ischemia. Three patients 
could undergo liver transplantation with a normal serum 
creatinine. A recent randomized study compared norepineph-
rine plus albumin with terlipressin plus albumin until reversal 
of HRS or 15 days of therapy.90 The study randomized 22 pa-
tients with HRS (either type 1 or 2) and observed a reversal 
rate of 70% with norepinephrine and 83% (not signifi cant) 
with terlipressin. Both groups had a signifi cant improvement 
in circulatory function. The results of these two studies sug-
gest that norepinephrine may be a good alternative to terlip-
ressin. Nevertheless, larger studies are needed to confi rm that 
�-adrenergic agonists are equally effective as terlipressin in 
the management of HRS.

Adjunctive Therapy to Vasoconstrictors
In most studies, vasoconstrictors have been given in combina-
tion with IV albumin with the aim of further improving the 
arterial underfi lling. The rationale of the concomitant use of 
albumin is in part based on studies of head-of-water immer-
sion in patients with ascites without HRS that showed that 
expansion of central blood volume (together with a vasocon-
strictor) is necessary to overcome sodium avidity and achieve 
a negative sodium balance.92 In addition to its effects as 
plasma expander, albumin administration may also have 
benefi cial effects related to its antioxidant properties or its 
ability to improve endothelial function, although this clearly 
needs further studies.93 The possible role of albumin in im-
proving response to vasoconstrictors for patients with HRS 
was investigated in two studies, the designs of which unfortu-
nately limit their conclusions. Ortega and colleagues81 under-
took a sequential observational study, in which the fi rst 
13 patients were given terlipressin (0.5 up to 2 mg/4 hr) plus 
albumin (1 g/kg of body weight for the fi rst day followed by 
20–40 g/day thereafter) and the subsequent eight patients re-
ceived terlipressin alone. In the group receiving the combined 
therapy, 77% achieved a complete reversal of HRS (decrease in 
serum creatinine value to � 1.5 mg/dL) compared with sig-
nifi cantly lower percentage (25%) in the group receiving ter-
lipressin alone. The second study was a retrospective evalua-
tion of a group of patients treated with terlipressin.80 In the 
68 patients who received terlipressin in combination with 
albumin, the response rate (decrease in serum creatinine 
� 20%) was 62% compared with 48% in the 23 patients who 
were given terlipressin alone. This difference in response rate 
was not signifi cant. Until further studies assessing the role of 
simultaneous albumin administration are done, the specifi c 
properties of albumin and its benefi cial effect in combination 
with vasoconstrictor drugs on reversal of HRS remain contro-
versial. However, as the majority of studies showing reversal 
of HRS have used albumin, its use as an adjunctive therapy 
to vasoconstrictors is currently recommended.41,77,81,83–85,93

Whether plasma expansion could be done with synthetic 
agents such as hydroxyethyl starch instead of albumin remains 

to be assessed.94 Nevertheless, accumulation of these agents 
and osmotic tubular damage reported in renal failure could be 
problematic.95,96

Transjugular Intrahepatic Portosystemic Shunts

Only a few studies have reported on the effects of a transjugular 
intrahepatic portosystemic shunt (TIPS) in patients with type 1 
HRS.97,98 A TIPS is a stent placed via the jugular vein in the liver 
parenchyma to create a direct communication between portal 
vein and hepatic veins aimed at reducing the increased portal 
pressure characteristic of advanced cirrhosis and HRS. In pa-
tients with type 1 HRS, a TIPS improves circulatory function 
and reduces the activity of vasoconstrictor systems. This is 
associated with a slow decrease in serum creatinine levels in 
approximately 60% of patients. Median survival after insertion 
of a TIPS in patients with type 1 HRS ranges between 2 and 
4 months. The utility of a TIPS in patients with type 1 HRS is 
low because a TIPS is contraindicated in patients with severe 
liver failure, manifested by high serum bilirubin levels and/or 
high MELD scores and/or hepatic encephalopathy, which are 
common fi ndings in the setting of type 1 HRS. Hepatic en-
cephalopathy is particularly common after TIPS placement and 
is directly related to the shunting of the blood to the systemic 
circulation. In two studies including a small number of patients, 
TIPSs have been used as a sequential therapy in selected pa-
tients with HRS in whom renal function improved after treat-
ment with vasoconstrictors (either terlipressin or midodrine 
plus octreotide).79,88 In both studies, a TIPS further improved 
renal function. In one of the studies, sodium excretion also 
improved, and there was a marked decrease in renin and aldo-
sterone at 1 month post–TIPS insertion.88 Although this ap-
proach (vasoconstrictors followed by TIPS insertion) appears 
promising, more information is needed before it can be gener-
alized in clinical practice.

Other Therapeutic Methods

Renal replacement therapy (hemodialysis or continuous ve-
novenous hemodiafi ltration) has been used in the manage-
ment of patients with type 1 HRS, especially in patients who 
are candidates for liver transplantation, in an attempt to keep 
patients alive until liver transplantation is performed or 
a spontaneous improvement in renal function occurs.99–103

Unfortunately, the potential benefi cial effect of this approach 
has not been unequivocally demonstrated.104 The clinical ex-
perience is that most patients do not tolerate hemodialysis 
well and develop major side effects, including severe arterial 
hypotension, bleeding, and infections, that may contribute to 
death during treatment. Some authors have suggested a better 
tolerance for continuous venovenous hemodiafi ltration, but 
no study compared both therapies in patients with the same 
degree of liver impairment and studies done in the general 
intensive care unit population failed to demonstrate any supe-
riority of one over the other.104–108 Conversely, fi ndings that 
indicate the need for renal replacement therapy (severe fl uid 
overload, acidosis, or hyperkalemia) are uncommon in type 1 
HRS, at least in early stages. Therefore, the initial therapy for 
these patients should probably include measures aimed at 
improving circulatory function (particularly vasoconstric-
tors) before renal replacement therapy is started.

Extracorporeal albumin dialysis, such as the molecular ad-
sorbents recirculation system, is a system that uses an albumin-
containing dialysate that is recirculated and perfused through 
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a charcoal and anion-exchanger column, combined with a he-
modialysis fi lter. It has been reported that the molecular adsor-
bents recirculation system improves renal function and sur-
vival in a small series of patients with HRS, but these results 
require confi rmation in larger series of patients.109 A multi-
center European study (the Helios study) using a new extracor-
poreal adsorbent dialysis system, called Prometheus and based 
on recycling of patients’ own albumin, is actually under way to 
specifi cally assess the effi cacy of this device in patients with 
HRS. The use of albumin dialysis in the treatment of HRS 
should currently be restricted to investigational purposes.

Recommendations for Therapy of Type 1 Hepatorenal 
Syndrome
Given the limited information, particularly the low number of 
randomized, controlled studies on treatments of HRS, the fol-
lowing recommendations are based both on existing data and 
on the authors’ experience (Fig. 5-1).

In patients who are candidates for liver transplantation, 
every effort should be made to include patients on the wait-
ing list as soon as possible. Most patients with type 1 HRS 
will die while awaiting transplantation due to their extremely 
poor prognosis unless a system of prioritization of patients 
exists. In this regard, the use of MELD score as a system for 
organ allocation may increase the applicability of transplan-
tation in patients with type 1 HRS by reducing waiting list 
mortality. Considering the relatively high morbidity and 

mortality after liver transplantation in patients with type 1 
HRS, patients should ideally be treated while awaiting trans-
plantation in an attempt to improve renal function before 
transplantation. Among the different treatments available, 
the administration of vasoconstrictors plus albumin appears 
to be the method of choice because of its effi cacy and easy 
applicability. Treatment with vasoconstrictors improves sur-
vival in responder patients and may also improve outcome 
after transplantation. However, given the limited survival 
effect, patients responding to therapy should probably be 
maintained on the waitlist with their pretreatment MELD 
score to avoid reducing their access to transplantation. 
Among the different vasoconstrictors available, terlipressin 
has been the drug most commonly used and should be con-
sidered the fi rst choice of treatment. Norepinephrine or mi-
dodrine appear to be suitable alternatives if terlipressin is 
not available. Midodrine should be given in association with 
octreotide. Patients treated with vasoconstrictors should be 
hospitalized and closely monitored for adverse events, par-
ticularly ischemic complications and circulatory overload. 
Renal replacement therapy or insertion of a TIPS should be 
reserved for patients not responding to vasoconstrictors. 
Methods of albumin dialysis should be used only in the set-
ting of prospective studies.

Recommendations for patients with type 1 HRS who are 
not candidates for liver transplantation are diffi cult to pro-
pose with the limited available information. In these patients, 

Type 1 HRS

Evaluate for liver transplantation

Candidate for transplant Not candidate for transplant

Retreat Monitor closely 
for side effects

Improvement No improvement

Recurrence of HRS

Prioritize patients 
on transplant list

Start therapy with 
vasoconstrictor*

plus albumin

Therapy with vasoconstrictors 
should be individualized‡

Evaluate improvement in renal function

Stop therapy after obtaining 
complete response or for a 

maximum of 15 days

Consider TIPS insertion 
if not contraindicated

Keep pretreatment 
MELD score† while 

awaiting transplantation 
in responder patients

Consider renal 
replacement therapy 

only in nonresponders

Renal replacement therapy 
should probably be reserved 

for particular cases

Figure 5-1 Proposed algorithm for the management of type 1 hepatorenal syndrome (HRS). *Either terlipressin, if available, 
or norepinephrine; therapy with a combination of midodrine and octreotide could also be an option. †MELD (Model for End-
Stage Liver Disease) score (see text for details). ‡Patients for whom a limited survival advantage (in case of response) could be 
benefi cial (e.g., alcoholic patients who could reach abstinence period suffi cient to be placed on transplant list). TIPS, transjug-
ular intrahepatic portosystemic shunt.
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the appropriateness of a specifi c therapy for HRS should 
be evaluated in the context of the clinical characteristics of 
patients (e.g., age, severity of liver failure, possible improve-
ment in liver disease). If treatment is considered appropriate, 
vasoconstrictors are probably the best option. A TIPS has a 
low utility and a high cost and is not available in many centers. 
Methods of renal replacement therapy should probably be 
used only in very specifi c cases, whereas albumin dialysis 
should be used only in the setting of prospective controlled 
studies.

MANAGEMENT OF TYPE 2 
HEPATORENAL SYNDROME

General Measures
Unlike patients with type 1 HRS, patients with type 2 HRS 
can be managed as outpatients unless they develop compli-
cations that require hospitalization. The most frequent 
clinical fi nding of these patients is refractory ascites. Diuret-
ics should be given only if they cause a signifi cant natriure-
sis (i.e., urine sodium � 30 mEq/day).110 Care should be 
taken with the use of spironolactone and other potassium-
sparing diuretics in these patients because of the risk of 
developing hyperkalemia. Repeated paracentesis with IV 
albumin is likely the method of choice for the treatment of 
large ascites in these patients.110 If hyponatremia is present, 
total fl uid intake should be restricted to approximately 1000 
to 1500 mL/day. Bacterial infections should be diagnosed 
and treated early due to the risk of precipitating type 1 HRS. 
Patients with low protein concentration in the ascitic fl uid 
(�15 g/L) should receive prophylactic treatment with 
norfl oxacin (400 mg/day) to prevent the development of 

spontaneous bacterial peritonitis and reduce the risk of 
type 1 HRS (see later).111

Specifi c Therapies
Liver transplantation is the treatment of choice for candidate 
patients. As for patients with type 1 HRS, the use of MELD 
score for organ allocation in liver transplantation is probably 
the best method to reduce mortality of those on the waitlist. 
Results from small studies suggest that the administration 
of vasoconstrictors improves renal function in these pa-
tients.79,81,85,90 Because of the paucity of data in patients with 
type 2 HRS, it is currently unknown whether all patients 
should be treated with vasoconstrictors. Candidates for liver 
transplantation should probably be treated to improve renal 
function before transplantation. The use of a TIPS in patients 
with type 2 HRS is associated with an improvement in renal 
function, better control of ascites, and decreased risk of pro-
gression from type 2 to type 1 HRS.112 However, a TIPS does 
not improve survival in these patients compared with treat-
ment with repeated paracentesis and IV albumin.112,113 There-
fore, the benefi cial effects of a TIPS in reducing ascites recur-
rence rate and progression to type 1 HRS in patients with 
type 2 HRS should be weighed against the lack of improve-
ment in survival rate, increased risk of encephalopathy, 
and high costs. Recommendations for the management of 
patients with type 2 HRS are outlined in Figure 5-2.

PREVENTION

There is limited, yet important, information on the prevention 
of HRS. Two strategies are used to prevent the development of 
HRS in patients with cirrhosis. The fi rst strategy is to use 

Type 2 HRS

Manage ascites with:
– low salt diet (80–100 mEq/day)
– diuretics if they cause natriuresis > 30 

mEq/day
– large-volume paracentesis plus IV albumin 

(8 g/L ascites, >5 L)

Evaluate for liver transplantation

Candidate for transplant Not candidate for transplant

Prioritize patients on transplant list 
Start norfloxacin 400 mg/day

Consider therapy with vasoconstrictors 
or TIPS only for particular cases

Evaluate renal function

Stable serum creatinine Serum creatinine increasing

Evaluate for TIPS or consider 
treatment with vasoconstrictors* 

if high on transplant list

Treat with vasoconstrictors* 
or TIPS if not contraindicated

Figure 5-2 Proposed algorithm for the management of type 2 hepatorenal syndrome (HRS). *Terlipressin should be the pre-
ferred choice as information for norepinephrine and midodrine is lacking or limited. TIPS, transjugular intrahepatic portosys-
temic shunt.
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albumin to prevent the deterioration of circulatory function 
that frequently occurs in patients with cirrhosis and spontan-
eous bacterial peritonitis.114 In patients with spontaneous 
bacterial peritonitis, the administration of albumin (1.5 g/kg 
IV at the diagnosis of the infection and 1 g/kg IV 48 hours 
later) together with antibiotics improves circulatory function 
and reduces markedly the occurrence of HRS compared 
with the standard treatment with antibiotics alone (10% in 
the albumin group versus 33% in the nonalbumin group).114

This effective prevention of HRS results in an improvement in 
survival.

The second strategy used for the prevention of HRS is 
either the inhibition of cytokines related to bacterial prod-
ucts, particularly tumor necrosis factor �, or selective intes-
tinal decontamination to suppress the deleterious effects of 
bacterial translocation on cardiovascular function.20,115 In 
patients with alcoholic hepatitis, the administration of pen-
toxifylline (400 mg three times daily), a drug that inhibits 
tumor necrosis factor �, was shown to reduce the occurrence 
of HRS and mortality (8% and 24%, respectively) compared 
with a control group (35% and 46%, respectively).116 Fin -
ally, a recent study showed that long-term treatment with 
norfl oxacin (400 mg/day) in patients with advanced cirrho -
sis and ascites was associated with a lower risk of developing 
HRS compared with a control group of patients receiving 
placebo.111 In this study, the benefi cial effect of norfl oxacin 
in the prevention of HRS was not related to the effect of 
the drug in preventing the development of spontaneous 
bacterial peritonitis. More studies are needed to further 
evaluate these and other strategies for the prevention of HRS 
in cirrhosis.

Box 5-2 reviews key concepts in this chapter.
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The traditional concept of acute renal failure (ARF) has been 
recently redefi ned as acute kidney injury (AKI).1 A collabo-
ration of several societies has led to the creation of the Acute 
Kidney Injury Network (AKIN), which has proposed diag-
nostic and staging criteria for AKI based on the RIFLE crite-
ria (Risk, Injury, Failure, Loss, End stage).2 As is evident by 
these criteria, patients who suffer AKI may progress through 
various stages that correlate with outcomes. When renal 
replacement therapy (RRT)/support is required, there is a far 
worse prognosis than with lesser degrees of renal injury.3–5

Several dialysis techniques are now available for RRT to 
manage AKI. Acute intermittent hemodialysis (IHD), perito-
neal dialysis, and continuous techniques are the mainstays of 
treatment modalities. This chapter reviews the indications, 
modalities, and administration guidelines for acute hemo- 
and peritoneal dialysis.

TECHNIQUE PRINCIPLES

Modalities
Dialysis modalities can be segregated by the type of clearance 
and duration of therapy. Variations in clearance technique 
include hemodialysis, hemofi ltration, and hemodiafi ltration 
(combining the former two). Therapy may be administered 
continuously, intermittently, or some combination of the two. 
Continuous modalities are discussed further in Chapter 7. 
Intermittent therapies all depend on diffusion-based transfer 
of solutes and use convection predominantly for fl uid re-
moval. The duration of therapy usually is short (3–6 hours) 
with sessions provided on a daily, alternate-day, or three times 
per week frequency. Alternatively, the duration can be pro-
longed (6–16 hours) with adjustments in the blood and dialy-
sate fl ow rates. These hybrid modalities are termed slow low-
effi ciency dialysis (SLED), slow continuous dialysis, or 
extended daily dialysis (EDD).

Intermittent hemodialysis (IHD) is the procedure that has 
been widely used over the past four decades in patients with 
end-stage renal disease and those with ARF. The vast majority 
of IHD is performed using a single-pass of dialysate at fl ow 
rates greater than that of blood. Several important techno-
logical advances have made the procedure safer and more 
suited for the ARF patient. The availability of variable sodium 
concentrations in the dialysate, biocompatible membranes, 
bicarbonate-based dialysate, and volumetrically controlled 
ultrafi ltration offer certain advantages that are particularly 
well suited to the ARF patient.6,7 Nevertheless, most centers 
use a fairly standard regimen for administration of the ther-
apy. Because of limitations imposed by the use of dual-lumen 
catheters for vascular access, only moderate blood fl ow rates 
(200–250 mL/min) can be achieved. The standard dialysate 
fl ow rates used are 500 mL/min. IHD offers the advantage of 
providing for rapid correction of electrolyte and acid-base 
disturbances. A major disadvantage of IHD is the limited time 
(usually 3–4 hours) of total therapy per day. As a result, the 
patient will remain without renal support for the majority of 
the day during which fl uid regulation, acid-base balance, and 
electrolyte homeostasis are not possible. Another important 
disadvantage of IHD is that patients with hemodynamic insta-
bility may not tolerate the higher blood fl ow rates needed to 
achieve an adequate level of diffusive clearance in the limited 
duration of the treatment. More important is the demonstra-
tion that intradialytic hypotension may contribute to delayed 
renal recovery.8,9 Of interest is the demonstration by Schort-
gen and colleagues10 that implementation of strict guidelines 
for the management and prevention of intradialytic hypoten-
sion helped reduce the incidence of such episodes, but did not 
affect overall mortality.

Sorbent system IHD is a system that regenerates dialysate 
by passing it through a sorbent cartridge that contains fi ve 
distinct layers.11,12 The fi rst layer contains activated carbon, 
the second contains urease, which converts urea to ammo-
nium carbonate, and the third layer contains zirconium 
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phosphate in which cations such as potassium, calcium, and 
magnesium are adsorbed and exchanged for hydrogen and 
sodium ions. The fourth layer of the cartridge contains hy-
drated zirconium oxide to which phosphate and fl uoride are 
adsorbed and exchanged for acetate. The fi fth layer contains 
activated carbon, which removes creatinine and other waste 
products. Although this system is used only infrequently, it 
provides the advantage of eliminating the need for a source 
of pure water and providing a system that is highly portable. 
In addition, because of the unique characteristics of the re-
generating system, sorbent IHD allows for greater fl exibility 
in custom tailoring the dialysate. The greatest disadvantage of 
the sorbent system is that it is less effi cient than single-pass 
IHD. The slower fl ow rate of dialysate and the overall adsorp-
tive capacity of the sorbent cartridge impose the main limita-
tions on effi ciency of diffusive clearance. Previous sorbent-
based systems (REDY) are also seeing a reemergence with the 
development of the Alliant System.13

Intermittent hemodiafi ltration (IHF) uses convective clear-
ance for solute removal. The main disadvantage of IHD is the 
need for large volumes of sterile replacement fl uid. Therefore, 
the expense associated with IHD has limited its use in the 
United States. Proponents of the therapy claim that it offers 
greater hemodynamic stability and improved middle molecule 
clearance. Because of these advantages, IHD has been used 
extensively in Europe.14

Intermittent ultrafi ltration uses the same device as with 
IHD, but differs in that the main use of IHD is in fl uid re-
moval. Typically, the procedure is used for treatment of 
pulmonary edema or severe cardiomyopathy with resistant 
fl uid overload. Because the same machine used for IHD is 
also used for IUF, some centers use a combination of IUF 
and IHD in series. Such an approach provides greater hemo-
dynamic stability and the ability to quickly treat volume 
overload. A major disadvantage is the loss of time available 
for diffusive solute clearance.

In 1999, Schlaeper and colleagues15 reported the use of 
slow continuous dialysis in which blood fl ow rates were 100 to 
200 mL/min and dialysate fl ow rates were 100 to 300 mL/min. 
Patients were treated for 12 hours during the day or evening. 
The procedure was thought to be safe, effi cient, and relatively 
simple. Extended daily dialysis (EDD) was initially described 
by Kumar and colleagues.16 EDD or SLED differs from IHD in 
that blood fl ow (QB) and dialysate fl ow (QD) are intention-
ally kept low but the duration is extended to maintain the 
strength or intensity. Typical QB is 125 to 250 mL/min and 
QD is 200 to 400 mL/min. Typical run times are 8 to 12 hours. 
Furthermore, dialysis may be performed at night to avoid 
scheduling confl icts.17–24 Hybrid modalities have been run at 
night for 8 to 12 hours using intensive care unit (ICU) staff, 
thereby eliminating interruption of therapy and reducing staff 
requirements. Studies comparing hybrid modalities to con-
tinuous RRT (CRRT) have revealed favorable hemodynamic 
tolerance in critically ill patients while achieving dialysis ade-
quacy and ultrafi ltration targets.17,22,23,25 The use of standard 
IHD machines allows some cost savings by eliminating the 
need for specialized dialysate or replacement fl uid. Anticoagu-
lation use has also been shown to be less in SLED as compared 
with CRRT because SLED may be run without anticoagula-
tion (saline fl ushes). Recently, a new system has been designed 
specifi cally for the hybrid modality. This system is called the 
Genius single-pass dialysis system (Fresenius).

Peritoneal dialysis was the fi rst “continuous” form of dialysis 
therapy used in the acute setting. In peritoneal dialysis, the pa-
tient’s peritoneum acts as the semipermeable dialysis membrane. 
Dialysate consists of a sterile, lactate-based solution inserted via 
a peritoneal catheter into the abdominal cavity. Diffusion occurs 
from the blood perfusing the peritoneum to the fl uid in the ab-
dominal cavity across the peritoneum. Once the dialysate be-
comes saturated (3–4 hours), it is removed and fresh dialysate is 
instilled. Fluid removal is achieved by using an osmotic pressure 
mechanism in which varying dextrose concentrations in the di-
alysate provide an osmotic gradient for water fl ow from the pa-
tient’s blood to the peritoneum. The process of dialysate instilla-
tion and removal can be automated with cyclers. The main 
advantages of peritoneal dialysis are that it is less labor intensive 
than hemodialysis and does not require anticoagulation. The 
major disadvantage is that dialysis is relatively ineffi cient because 
total solute removal is limited by total peritoneal effl uent. More-
over, transfer across the peritoneum is highly infl uenced by both 
the anatomy of the peritoneum and the underlying hemody-
namic status of the patient. Another major disadvantage is that 
the procedure requires the placement of a peritoneal catheter 
into the abdominal cavity, which may add to the morbidity of 
the already compromised ICU patient.

Considerable debate has ensued over the choice of modality 
in the acute setting, especially for the critically ill. Over the 
years, continuous modes of renal replacement have become the 
preferred modality of treating physicians. In 1999, Mehta and 
Letteri26 reported on a survey performed among U.S. nephrol-
ogists that revealed 70% of those responding used IHD as the 
acute renal replacement modality. A recent survey during the 
Third International Critical Care Nephrology Conference in 
Vicenza, Italy, revealed several changing trends. First, the care 
of patients with ARF has been accepted by multiple specialties. 
Thirty-six percent of respondents were intensivists; nephrolo-
gists represented 52% of the attendees. Second, the over-
whelming majority of respondents preferred to use continuous 
modes of renal replacement. Intensivists preferred CRRT more 
than nephrologists, who preferred IHD. Acute peritoneal dialy-
sis (PD) was listed as an option by approximately 20% of 
participants, although actual use was not addressed. If used, 
PD was considered solely by nephrologists.27 The DOse 
REsponse Multicentre collaborative Initiative (DO RE MI) 
study is an ongoing multicenter study to examine current use 
and dosing patterns of renal replacement in the acute setting.28

Preliminary data suggest that CRRT has become the preferred 
modality, especially for those patients who are hemodynami-
cally unstable. A few, small randomized clinical trials have been 
unable to demonstrate a consistent overall survival benefi t of 
CRRT over IHD; however, differences in renal recovery tend to 
favor continuous modalities over intermittent.29–34 At present, 
all the available modalities are viable options for managing 
patients with AKI; however, the choice of modality needs to be 
tailored to the clinical need.

Indications and Timing of Initiation for 
Dialysis
Hyperkalemia, severe hyperphosphatemia, severe hyperurice-
mia, severe acidemia, and uremia-related complications 
(coma, pericarditis, and seizures) are all accepted indications 
for starting dialysis. However, there is wide variability on the 
timing of initiation of dialysis even when these indications 
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are present. Aside from situations in which there are severe 
derangements, most nephrologists have a tendency to avoid 
dialysis for as long as possible. Two major factors contribute 
to the decision to delay dialysis. First, the dialysis procedure 
itself is not without risk. Hypotension, arrhythmias, and com-
plications of vascular access placement are not uncommon.35

Second is the concern that dialysis may delay recovery of renal 
function.9,36 Therefore, in general, dialysis in current practice 
is initiated when clinical features of signifi cant volume over-
load and solute imbalance dictate a need for intervention. 
Common parameters used for defi ning the indications and 
timing of dialysis for AKI include the level of blood urea 
nitrogen and creatinine, presence of oliguria, evidence of 
heart failure and pulmonary edema, and an estimate of the 
catabolic state.37,38

Continued debate ensues over the appropriate level of BUN 
above which one should always start dialysis. Underlying is the 
multitude of reasons that BUN may be elevated, as well as vari-
ability in the level at which complications arise. Liu and col-
leagues39 examined the mortality associated with a high versus 
low starting BUN. In this prospective cohort analysis, patients 
with BUN less than 76 mg/dL (mean BUN, 46 mg/dL) had 
a trend toward higher mortality (14- and 28-day mortality: 
0.80 and 0.69 in low BUN versus 0.75 and 0.54 for high BUN, 
respectively). In contrast, a randomized, controlled trial con-
ducted in oliguric critically ill patients in the Netherlands re-
vealed no signifi cant difference in hospital mortality with early 
(mean BUN, 46 mg/dL) versus late (mean BUN, 105 mg/dL) 
hemofi ltration initiation.40

Oliguria and its associated complications are a serious 
contributor to morbidity of AKI. The use of diuretics to sup-
port urine fl ow has been debated in the literature with no 
clear indication that it either hurts or helps in oliguria.41–43

Given the added comfort of volume control, maintenance of 
urine volume with or without diuretics may unnecessarily 
delay the onset of dialysis in select individuals. Liangos and 
colleagues44 examined the relationship of urine volume to 
timing of initiation of dialysis and overall mortality. Nonsur-
vivors had signifi cantly higher urine volumes and severity 
of illness than survivors (1.5 L/day versus 0.7 L/day). Nonsur-
vivors also had lower BUN at start of nephrology consult 
(42 versus 76 mg/dL, P � .01). What this study had demon-
strated was the increasing complexity of the natural history 
of AKI. Seemingly mild clinical deterioration (as evidenced 
by lower APACHE [Acute Physiology, Age, and Chronic 
Health Evaluation] II score at consult) resulted in delayed 
initiation of therapy and ultimately poor outcomes. Neither 
laboratory nor clinical data alone seem to predict when dialy-
sis should be initiated. The combination provides the basis 
for the decision-making process in initiating therapy with 
dialysis.

A key issue is the timing of involvement of the nephrolo-
gist in the care of individuals with AKI. Late consultation 
with a nephrologist was associated with lower BUN (mean 
47 mg/dL versus 77 mg/dL in late versus early groups, respec-
tively) and higher urine output (mean 1180 versus 608 mL in 
late versus early groups) was reported in a prospective obser-
vation trial conducted among ICU patients requiring a ne-
phrology consultation.45 Late nephrology consultation was 
also associated with higher in-hospital mortality and lower 
recovery of renal function in survivors (adjusted odds ratio 
� 1.5, although not statistically signifi cant). AKI involves a 

complex physiologic milieu that requires early aggressive 
collaborative management to provide appropriate therapy in 
a timely manner.

Despite the absence of standards for initiation of dialysis in 
the ICU, several important factors need to be considered when 
making the decision to provide RRT. An important distinction 
in the ICU patient is the recognition that ARF does not occur 
in isolation from other organ-system dysfunction. Conse-
quently, providing dialysis can be viewed as a form of renal 
support rather than mere replacement.46 For example, in the 
presence of oliguric renal failure, administration of large vol-
umes of fl uid to patients with multiple organ failure may lead 
to impaired oxygenation. In such a setting, early intervention 
with extracorporeal therapies for management of fl uid bal-
ance may signifi cantly affect the function of other organs 
irrespective of more traditional indices of renal failure, such as 
BUN. Several pieces of evidence point to the importance of 
fl uid overload in determining outcomes of AKI. We showed in 
a randomized, controlled trial comparing intermittent thera-
pies with continuous therapies that patients dialyzed for sol-
ute control had a better outcome than those dialyzed for vol-
ume control.32 Moreover, patients dialyzed for both solute and 
volume control had the worst outcome. Mukau and Latimer47

showed that 95% of their patients with postoperative ARF had 
fl uid excesses of more than 10 L at initiation of dialysis. Recent 
studies have suggested that achieving a negative fl uid balance 
in the fi rst 3 days of admission for septic shock was a predictor 
of better survival.48 Foland and colleagues49 have shown that 
pediatric patients receiving continuous venovenous hemofi l-
tration (CVVH) with more than 10% fl uid overload before 
initiation of CVVH have a poor prognosis. Consequently, 
fl uid regulation seems to be an important consideration when 
deciding to initiate dialysis in the ICU patient with ARF. 
Moreover, such renal support provides volume “space,” which 
permits for the administration of nutritional support without 
limitations.50 Although there are currently no trials exploring 
the timing of intervention for acute dialysis, the availability 
of the Acute Kidney Injury Network staging system should 
permit an improved characterization of AKI. Ongoing analy-
ses are being performed on the utility of RIFLE criteria 
as predictors of mortality as well as indicators for therapy 
initiation.4,51–53

Prescription for Acute Dialysis
Acute Kidney Injury Patients

The acute dialysis prescription includes dialysis operational 
characteristics, duration, and frequency as the main param-
eters defi ning the dose of therapy. The operational charac-
teristics are determined by the type of dialyzer, QB, and QD. 
QB is dependent on access type, with fi stulas and grafts 
providing the highest fl ows and temporary polyurethane 
catheters providing the lowest fl ows before recirculation be-
comes an issue. The QD should be adjusted based on the QB 
to facilitate a maximal gradient with single-pass systems. In 
acute IHD, especially at high starting BUN, dialysis is initi-
ated at half the target QB and QD. This is to prevent dialysis 
disequilibrium (DD) syndrome, which has been linked to 
rapid decreases in BUN in dialysis-naive patients. The dura-
tion of each dialysis session determines the delivered dose 
per unit of time. Dialysis sessions of 4 to 5 hours are often 
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required to achieve adequate solute and fl uid removal with-
out signifi cant hemodynamic disturbance.33 Shorter sessions 
are typically used in dialysis initiation and then longer ses-
sions are introduced gradually to meet adequacy goals. Daily 
hemodialysis has been proven to provide improved survival 
benefi t in critically ill patients.54 To address the need for 
prolonged therapy and accommodate the hectic schedule of 
the hospitalized patient requiring RRT, hybrid therapies 
have been designed. Table 6-1 compares IHD with different 
hybrid therapies.

Long-Term Dialysis Patients

Traditional guidelines for outpatient management of end-
stage  renal disease (ESRD) patients involve three times weekly 
dosing frequency of IHD. When these patients are hospital-
ized, the utility of continuing this regimen versus intensive 
therapy delivery has not been extensively studied. One recent 
observational study compared the mortality of patients who 
suffered AKI requiring RRT and had no history of renal insuf-
fi ciency with ESRD patients requiring ICU admission.55 This 
study demonstrated signifi cantly higher hospital mortality 
among de novo AKI patients compared with ESRD patients 
(34% and 14%, respectively). Dialysis delivered to the ESRD 
population was every other day dosing (mean, every 1.95 �
0.3 days). No comparison with less or more dosing was per-
formed. A recent observational trial described the clinical 
characteristics of long-term hemodialysis patients admitted to 
the ICU.56 This trial highlighted the infl uence of long-term 
phosphate management on ICU mortality in this population. 
No mention of dialysis dosing was given in this study. Until 
larger prospective cohort or randomized, controlled trials are 
conducted regarding dosing frequency in hospitalized ESRD 
patients, no specifi c recommendations can be made. Never-
theless, a thorough evaluation of the severity of illness and 
metabolic needs of the patient should serve as a general guide 
to dosing frequency.

Toxin/Drug Removal

Certain drug or toxin overdoses may be regulated by dialytic 
or adsorbent removal of the compound from circulation. This 
depends on the size and degree of albumin binding of the 

compound of interest. Charcoal hemoperfusion techniques 
for toxin removal are rarely, if ever, used. The cartridges are 
expensive to purchase and have a very short shelf life, and 
hemodialysis or hemodiafi ltration (intermittent or continu-
ous) techniques provide adequate removal of toxins. A recent 
survey in New York City found that, of 34 hospitals that 
responded to a survey about charcoal hemoperfusion use, 
only 3 centers actually used the technique; the conditions for 
which it was used were theophylline toxicity and aluminum 
overdose.57 The intensity and frequency of dialysis required 
for toxin removal depend largely on the individual drug/toxin 
pharmacokinetics. Table 6-2 lists common toxicities, indica-
tions, and prescriptions for hemodialysis.58,59

Isolated Fluid Removal

Ultrafi ltration has become a therapeutic maneuver in manag-
ing decompensated congestive heart failure with refractory 
volume overload. The UNLOAD trial group recently reported 
results from a randomized trial of ultrafi ltration (using the 
Aquadex machine) compared with diuretics for acute decom-
pensated heart failure. In this manufacturer-sponsored trial, 
patients with clinically determined heart failure decompensa-
tion (no EF in eligibility criteria) with no or only moderate 
renal disease (creatinine � 3 mg/dL) who received early ultra-
fi ltration achieved greater volume removal and improved dys-
pnea score after 48 hours of treatment.60 The Aquadex system 
is specifi cally designed to provide slow ultrafi ltration using 
slow QB (10–50 mL/min). Traditional CRRT machines have 
also been used to provide IHD in congestive heart failure.61

Factors Infl uencing Acute Dialysis 
Delivery
Access

Acute hemodialysis access is a major factor in the delivery of 
an adequate dialysis dose. Modern dialysis catheters are com-
posed of polyurethane, which is stiff at room temperature and 
then softens at body temperature; this facilitates access place-
ment. Catheter length should be appropriate for the location 
of placement. Femoral catheters should be no shorter than 

Table 6-1 Comparison of Intermittent Hemodialysis with Hybrid Therapies

ACUTE IHD SLED/EDD

Initiation Maintenance Initiation Maintenance

Duration 2–2.5 hr 4–5 hr 8–12 hr 8–12 hr

Frequency Daily for 2–3 days Alternate day to daily 
depending on severity 
of illness

Daily Daily

Filter Synthetic or modifi ed 
cellulose/small

Synthetic or modifi ed 
cellulose/large

Synthetic or modifi ed 
cellulose/small or 
large

Synthetic or modifi ed 
cellulose/small or 
large

QB (mL/min) 200–250 250–350 150–250 150–250

QD (mL/min)/fl ow 400–500/counter- 
or syncurrent

500–800/countercurrent 16–20/countercurrent 16–20/countercurrent

EDD, extended daily dialysis; IHD, intermittent hemodialysis; QB, blood fl ow; QD, dialysate fl ow; SLED, slow-effi ciency dialysis.
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20 cm; right internal jugular placement requires anywhere 
between 13.5 and 16 cm depending on the size of the patient, 
and left internal jugular catheters necessitate approximately 
16 to 20 cm catheters. Leblanc and colleagues62 showed that 
recirculation rates varied based on the site and length of the 
catheters. Subclavian catheters (13.5–19.5 cm) had recircula-
tion rates of 4.1%, whereas femoral catheters had recircula-
tion rates of more than 20% (13.5 cm) and 12.1% (19.5 cm). 
Subclavian vein insertion has been discouraged due to the 
fi nding of stenosis as a late complication. This is especially 
important in patients who will potentially require long-term 
hemodialysis access in the future.63,64 For these patients, sub-
clavian catheters are contraindicated unless no other site is 
available.65 Furthermore, unless done by trained individuals, 
subclavian catheter placement has high rates of complications 
including hemothorax and pneumothorax.66 Femoral and 
right internal jugular arteries are the most common sites of 
insertion. Use of femoral catheters is associated with higher 
rates of recirculation and infection and less effi cient dialysis 

delivery.62,63,67 A recent study from France demonstrated the 
possibility of using tunneled silicone femoral catheters for 
acute hemodialysis.67 Decreased recirculation, improved de-
livered Kt/V to prescribed Kt/V (where K � dialyzer urea 
clearance, t � dialysis time, V � urea volume of distribution) 
ratios, and decreased rates of infection were found compared 
with nontunneled femoral catheters. No comparisons with 
internal jugular catheters were made. This, along with the fact 
that few institutions have trained individuals available for 
placement of such catheters in the acute setting, limits the 
general applicability of this study.

A considerable amount of catheter hours are spent in 
nonuse. During these times, adequate patency must be en-
sured to prevent local complications (i.e., thrombosis) and 
obviate risks of reinsertion. Catheter lock solutions have 
traditionally been composed of heparin-containing saline 
solutions. Heparin carries the risk of hemorrhage if acci-
dentally instilled into the patient and is contraindicated 
in those with heparin-induced thrombocytopenia (HIT). 

Table 6-2 Common Toxicities, Indications, and Prescription for Hemodialysis

Toxicity Indications for HD Dialysis Prescription130

Acetaminophen Acute HD if concomitant renal failure (RIFLE 
criteria) requiring RRT; not for drug removal; 
N-acetylcysteine is still treatment of choice

Per general acute prescription section

Alcohols (ethylene 
glycol/methanol)

Refractory acidosis, visual impairments, renal 
failure, and pulmonary edema

Duration: typically long duration (6–8 hr); 
frequency: daily until serum levels unde-
tectable; dialysate: high bicarbonate (e.
g., 40 mEq/L) in the face of severe acido-
sis; QB/QD: high fl ows to maximize 
clearance; caution: hypophosphatemia 
with extended dialysis

Cyclic antidepressants 
(classic: carbamaze-
pime)

Helpful in drug removal; no studies documenting 
aid in high bicarbonate dialysate to aid with 
blood alkalinization for management of toxicity

Duration: typically shorter sessions given the 
high Vd, especially of TCA; frequency: 
daily until symptoms resolve or levels thera-
peutic or undetectable; dialysate: no spe-
cifi c recommendations; QB/QD: low initial 
fl ows and increase as needed/tolerated

Lithium If levels � 4 mmol/L after acute ingestion or 
� 2.5 mmol/L after long-term ingestion, renal 
failure, severe neurologic dysfunction; treat-
ment may be needed daily and over ex-
tended periods of time (4–6 hr) as rebound 
levels are frequent problem

Duration: initially 6–8 hr and then subse-
quent sessions 3–4 hr; frequency: typically 
daily until lithium levels do not rebound to 
supratherapeutic levels; dialysate: bicar-
bonate based dialysate; QB/QD: high 
fl ows to maximize clearance

Salicylates HD if levels � 100 mg/dL in acute ingestion, 
seizures, persistent electrolyte abnormalities, 
presistent altered level of consciousness, or 
refractory acidosis

Duration: initially 6–8 hr and then shorter as 
symptoms/levels permit; frequency: daily 
to alternate day; dialysate: bicarbonate 
based; QB/QD: high fl ows if severe aci-
dosis present

Metformin HD for severe lactic acidosis; may require 
prolonged daily therapy

Duration: longer sessions initially (some 
reports suggest 21–24 hr138; frequency: 
daily until acidosis resolves; dialysate: 
bicarbonate based (may need high levels, 
i.e., 40 mEq/L); QB/QD: high fl ows to 
maximize clearance of lactate

HD, hemodialysis; QB, blood fl ow; QD, dialysate fl ow; RRT, renal replacement therapy; TCA, tricyclic antidepressant; Vd, volume of 
distribution.
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Citrate (trisodium citrate) catheter locks compared with 
heparin locks have been studied with regard to catheter 
patency and complications. Catheter patency is equivalent, 
if not superior, to heparin.69,70 Furthermore, in vitro studies 
demonstrate protection against biofi lm formation with ci-
trate solutions compared with heparin solutions, although 
reduction in catheter-related bacteremia has been inconsis-
tently shown in studies.69–72 Catheter lock solutions con-
taining citrate are typically 4% to 49% citrate solutions.

Anticoagulation

Adequate system anticoagulation is paramount to achieving 
an optimally delivered dialysis dose. Heparin has been the 
mainstay of long-term and acute hemodialysis protocols. 
This is due to its ready availability, ease of administration, 
comfort among users with the agent, its monitoring, and its 
safety profi le. There are several methods for administering 
heparin during dialysis. The standard method involves ad-
ministering heparin systemically either as a continuous infu-
sion or as repeated bolus units. The continuous infusion 
method is begun by giving a bolus, typically approximately 
2000 U, waiting 3 to 4 minutes, and then continuous admin-
istration of 1200 U/hr. The therapeutic goal is to prolong the 
activated clotting time (ACT) to baseline plus 80%. Prolon-
gation of ACT is directly proportional to the amount of 
heparin given. If the ACT is not prolonged to 180% of base-
line after the initial bolus, then an additional amount should 
be given to reach the goal before the continuous amount is 
started. The repeated-bolus method involves administering 
approximately 4000 U of heparin as an initial bolus to pro-
long the ACT to well above the 180% target. This is repeated 
an hour later with a 2000-U bolus and then another hour 
later with 1000 U. The anticoagulation should be stopped 
approximately 1 hour before completion of therapy to pre-
vent excessive residual anticoagulation.73

In those patients at increased risk of hemorrhagic compli-
cations but not actively bleeding or immediately postopera-
tive, a protocol of “tight” heparin or no anticoagulation may 
be followed. Tight heparin protocols are typically only given 
as single-bolus plus continuous-infusion administration. 
This is to prevent the large swings in ACT as seen by the re-
peated-bolus technique. The therapeutic goal for the tight 
heparin protocol is to prolong the ACT to no longer than 
130% of baseline. This is typically achieved by giving 750 U 
as an initial bolus and then administering a continuous 
infusion of 600 U/hr. Again, adjustments should be made 
based on target ACT prolongation of 130%. This is the typi-
cal anticoagulation protocol followed for AKI patients. A 
no-anticoagulation protocol may also be followed, but is gen-
erally reserved for those who are at high risk of bleeding— 
notably, those who are actively bleeding, those who are 
immediately postoperative, or those in whom heparin is con-
traindicated (i.e., HIT patients). The system is primed with 
heparinized saline (1000 U/mL), unless HIT is present, in 
which case, normal saline alone is used. Once blood is circu-
lating, rapid saline boluses administered prefi lter every 
30 minutes should provide adequate fi lter life in approxi-
mately 95% of cases. More frequent rinsing may be per-
formed based on clinical inspection.

Citrate has been used as an anticoagulant for extracorporeal 
circuits for many years now. Its safety and effi cacy have been 
demonstrated in numerous trials, but predominantly in the 

CRRT literature. Regional citrate anticoagulation may also be 
used during IHD. Administration has traditionally been given 
in the presence of a calcium-free dialysate. Recent studies, how-
ever, have demonstrated the possibility of using low calcium 
dialysate with regional citrate anticoagulation and still achiev-
ing adequate dialysis with adequate fi lter life.74 A summary of 
available anticoagulants and dosing strategies in IHD and 
SLED/EDD is given in Table 6-3.

Dialyzer

Several studies have examined the role of the dialyzer mem-
brane itself in renal recovery after AKI. Biocompatibility re-
fers to the degree to which complement is activated by 
blood-dialyzer contact. The traditional unsubstituted cellu-
lose membranes (i.e., cuprophane) are considered bioin-
compatible due to the high degree of complement activation 
and leukodepletion. The new synthetic brands (polysulfone, 
acrylonitrile, polymethylmethacrylate) are considered bio-
compatible. Modifi ed cellulose membranes have intermedi-
ate characteristics (i.e., meltspun cellulose diacetate). Dia-
lyzer membranes have been further segregated based on the 
ability to remove mid- to large-size molecules (high versus 
low fl ux). Flux is measured based on the clearance of �2-
microglobulin (�20 mL/min being high fl ux). In the long-
term hemodialysis setting, high-fl ux synthetic or substituted 
cellulose membranes have become the norm due to de-
creased dialyzer reactions and improvements in clinical 
outcomes. In the acute setting, however, studies have not 
demonstrated a consistent benefi t of synthetic high-fl ux 
membranes in terms of renal recovery or mortality. One 
meta-analysis did reveal that synthetic membranes confer- 
red improved overall survival compared with cellulose ace-
tate membranes, but there were no differences in renal sur-
vival.75 As mentioned in this meta-analysis, the survival ad-
vantage may not persist when compared with modifi ed 
cellulose membranes. In a randomized trial comparing syn-
thetic with modifi ed cellulose (meltspun cellulose diacetate) 
membranes, no differences in renal or patient survival were 
demonstrated.76 Furthermore, there was no improvement in 
survival based on high- versus low-fl ux synthetic mem-
branes. No defi nitive recommendations can be made regard-
ing modifi ed cellulose versus synthetic membranes for ARF 
at this time. Cellulose acetate membranes should be avoided 
as there is evidence of decreased survival with their use.

Dialysate (Bicarbonate/Acetate)

Bicarbonate-buffered dialysate solutions are the current stan-
dard in acute or long-term renal replacement. Lactate is the 
buffer base for PD solutions given its stability and conversion 
of lactate to bicarbonate by the liver. Thus, lactate-based di-
alysate is particularly avoided in those with decreased ability 
to metabolize lactate, such as those with liver failure or im-
mediately after liver transplantation. If dialysis is emergently 
needed and lactate-based PD fl uid is readily available, it may 
be used in acutely ill patients with preserved liver function.77,78

Acetate-based dialysate has also been used but has a tendency 
to exacerbate dialysis-induced hypoxemia (see later).

Sodium may be varied based on patient natremia or on the 
need to buffer intradialytic hypotension in susceptible pa-
tients (see “Preventing and Managing Complications of Acute 
Dialysis”). Potassium and calcium may likewise be altered 
based on patient needs.
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Preventing and Managing Complications 
of Acute Dialysis
Hypotension
Intradialytic hypotension is a signifi cant problem in both the 
long-term and acute dialysis setting. This is more of a problem 
in ARF as renal recovery has to be one of the goals of overall 
treatment. Manns and colleagues36 showed that IHD was as-
sociated with a decrease in the glomerular fi ltration rate dur-
ing and after the procedure compared with the preprocedure 
glomerular fi ltration rate. Conversely, a study by John and col-
leagues79 examined the effects of intradialytic hypotension on 
splanchnic perfusion as represented by gastric intramucosal 
pH and Pco2. Despite decreases in mean arterial pressure of 
more than 20% from baseline in IHD compared with CVVH, 
there was no signifi cant impact on intramucosal acid-base 
status, nor was there a sustained impact on systemic hemody-
namics. These fi ndings were limited to a 24-hour period, and 
thus it is diffi cult to say whether repeated hypotensive insults 
would ultimately result in subtle organ damage. Two studies 
comparing the renal survival of patients undergoing CRRT 
versus IHD have demonstrated that there is a trend toward 
improved renal recovery in CRRT.29,30 Improvements in he-
modialysis techniques have been put forth that aim to reduce 
the hemodynamic challenges of traditional IHD. Paganini 
and colleagues80 have compared variable sodium and ultrafi l-
tration modeling with a fi xed scenario in critically ill patients 
with ARF requiring RRT. Variable sodium modeling (160 
mEq/L to 140 mEq/L over the course of dialysis) and ultrafi l-
tration (50% ultrafi ltration in the fi rst hour and 50% over 
the remainder of the dialysis session) afforded improved he-
modynamic stability compared with fi xed sodium and ultra-
fi ltration. Furthermore, a randomized, controlled trial com-
paring IHD with continuous venovenous hemodiafi ltration 
(CVVHDF) demonstrated signifi cant adherence and hemo-
dynamic tolerance in the IHD arm when a strict protocol for 
IHD administration was followed.33 In this study, IHD was 
administered for 4 hours or longer, with high fi xed sodium 
(150 mmol/L), low dialysate temperature (35�C), QB of 250 
mL/min, and QD of 500 mL/min. Hypotension occurred no 
more frequently in the IHD arm than in the CVVHDF arm. 
Despite similar survival rates, no mention was made regarding 
renal survival. Dheenan and Henrich81 examined various 
techniques for hemodynamic buffering in ESRD patients and 
also demonstrated benefi cial effects of high sodium, sodium 
modeling, and cool dialysate. They caution that fi xed high 
sodium may result in net sodium gain and resultant intradia-
lytic weight gains. The impact on AKI patients is not well de-
scribed.

Hypoxia

Alveolar hypoventilation with resultant reductions in arterial 
oxygen tension during hemodialysis had been described dur-
ing the use of acetate-buffered dialysate.82,83 Early comparison 
trials of bicarbonate-buffered dialysate had not demonstrated 
a signifi cant difference in rates of intra- and postdialysis hy-
poxemia.84 It is now recognized that a relative alkalosis, either 
by utilization of CO2 in the conversion of acetate to bicarbon-
ate or by diffusion from high bicarbonate dialysate, induces 
hypoventilation.85,86 Mildly elevated bicarbonate in the dialy-
sate (�30 mEq/L) does not induce signifi cant hypoventilation 
and resultant hypoxemia.85 It is not clear, however, what, if any, 

are the clinical consequences of dialysis-induced hypoxemia. 
Studies of long-term hemodialysis patients have revealed mild 
silent cardiac ischemic events and decreases in transcutaneous 
oxygen tension in patients with peripheral vascular disease.87,88

This would be expected to be pronounced in those with under-
lying lung pathology, although a study by Pitcher and col-
leagues86 did not demonstrate signifi cant differences in arterial 
O2 changes in normals and those with chronic obstructive 
pulmonary disorder after hemodialysis. With the more com-
monplace use of bicarbonate-based dialysate, dialysis-induced 
hypoxemia has become a minor problem and one not likely to 
have signifi cant clinical consequences for the majority of AKI 
patients requiring IHD.

Dialysis Disequilibrium Syndrome

DD syndrome occurs due to rapid urea removal and resultant 
brain edema. Urea is not an effective osmolar agent and thus 
should not result in signifi cant fl uid shifts regardless of the 
degree of urea gradient change. Biochemical profi les of urea 
transporters in the brain of chronic uremia have elucidated 
the mechanisms underlying this syndrome. Down-regulation 
of brain urea transporters and increased aquaporins (AQ4 
and AQ9) in the brain have been demonstrated in chronic 
uremia in fi ve of six nephrectomized rats.89 This is more 
commonly seen in chronic kidney disease patients who are 
started on hemodialysis but has been reported in AKI as 
well.90,91 Patients with previous brain trauma or cerebrovascu-
lar events seem to be most susceptible to developing DD 
syndrome.90 Symptoms may be mild such as headaches, dizzi-
ness, and blurry vision or more severe such as acute delirium 
and, in rare cases, brain death.90 The ideal therapy for DD 
syndrome is prevention. As mentioned previously, reduced 
intensity of initial dialysis sessions affords more gradual re-
moval of urea and time for osmotic gradient adjustment in 
the brain. SLED/EDD is administered in such a fashion as to 
eliminate the traditional diffi culties of IHD with regard to 
DD. Slow QB and QD are the norm for the hybrid procedures 
and may confer protection against the development of DD 
syndrome. Mannitol may also be administered with initiating 
dialysis sessions to facilitate water egress from the brain.91

Bacterial Endotoxin–Related Pyrogenic Reactions

Dialysate provided for long-term hemodialysis is allowed 
100 to 200 cfu/mL of bacteria or 0.25 to 2 EU/mL of endo-
toxin. This is based on decreased pyrogen response at these 
levels. However, evidence of chronic inflammation and 
downstream effects (malnutrition, decreased erythropoie-
tin response, �2-microglobulin levels) related to systemic 
responses to these low levels of endotoxin has been mount-
ing.92–94 Similar trials have not been conducted in the acute 
population.

Quality Assurance
Dose Monitoring and Goals

The simplest measure of dialysis adequacy is the urea reduc-
tion ratio. According to measured kinetics in the long-term 
hemodialysis setting, a delivered Kt/V of 1.0 corresponds to a 
urea reduction ratio of 60%.73 Outcome studies in the ESRD 
population, most notably HEMO and the National Coopera-
tive Dialysis Study (NCDS), have demonstrated correlations 
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between delivered single pool (sp) Kt/V and morbidity and 
mortaility.95,96 The NCDS revealed that mortality was in-
creased if delivered spKt/V was less than 1. The HEMO study, 
utilizing spKt/V of 1.2 as the standard arm, established that 
delivering higher doses in the conventional three times per 
week model conferred no additional survival benefi t.96 As 
such, the hemodialysis adequacy work group for the National 
Kidney Foundation (NKF) has recommended that the target 
for minimal dialysis adequacy, for ESRD managment, be an 
spKt/V of 1.2.97 Similar guidelines are lacking in acute hemo-
dialysis, and thus considerable attention is being given to de-
termining dose-outcome associations as well as appropriate 
dose delivery and quantifi cation in recent years.

How does the dose of dialysis predict clinical outcomes in 
acute hemodialysis? A retrospective cohort analysis of acute 
hemodialysis and CRRT patients revealed little effect of Kt/V 
on mortality in patients with either high- or low-severity 
scores (Cleveland Clinic Foundation intensive care unit acute 
renal failure scores).98 The severity score assessed critically ill 
patients requiring acute RRT on a 20-point scale based on se-
lect clinical variables (gender, mechanical ventilation, platelet 
count, surgical status, change in blood urea nitrogen, and se-
rum creatinine). Those with scores less than 5 had the best 
survival rate and those with scores higher than 14 had the 
worst survival, regardless of the delivered dose of dialysis. The 
intermediate range was defi ned by a score between 5 and 14. 
Patients in this serverity range who received a higher dose of 
dialysis (Kt/V � 1) demonstrated lower mortality than those 
patients who received a lower dose (Kt/V 	 1).99 A prospective 
analysis of alternate-day versus daily hemodialysis in ARF re-
vealed that higher delivered Kt/V correlated with improved 
survival.54 Higher Kt/V was accomplished by daily, rather than 
alternate-day, dialysis. The dependence of survival on dose ap-
pears to be a direct relationship up to a point, and a function 
of overall disease severity. Ronco and colleagues100 describe this 
elegantly in a recent review regarding the dose of RRT in AKI.

The appropriate target of dose for acute IHD has not been 
clearly established. In CRRT, a high dose or the dose at which 
survival is affected has been demonstrated at 35 mL/kg/hr of 
ultrafi ltration or effl uent volume.101 This corresponds to a de-
livered Kt/V of 1.4 in a 70-kg man dialyzed for 24 hours.102

Prescribing acute dialysis sessions with the goal of 1.4 would 
deliver a Kt/V of approximately 1.2.103 Reasons for the discrep-
ancy between the prescribed and delivered dose of dialysis have 
been explored in several prospective studies.99,103,104 Reasons 
stated for this discrepancy include lack of a steady state of urea 
nitrogen appearance, variable function, and high recirculation 
with temporary catheters, decreased QB, multiple interrup-
tions, and decreased dialyzer clearance, especially in anticoagu-
lation-free dialysis.105 Studies have examined alternate meth-
odologies to calculate dose in acute hemodialysis. The concept 
of using only K 
 t has been put forth as an accurate measure 
of dialysis delivery in long-term hemodialysis patients.106 Ridel 
and colleagues107 studied Kt as measured by ionic dialysance 
compared with dialysate sampling. Kt ionic dialysance revealed 
acceptable correlation with Kt from dialysate sampling. No 
corresponding studies of outcome measures using Kt ionic 
dialysance as the therapeutic goal in AKI have been carried out 
to date.

The concept of equivalent renal urea clearance (EKRjc) has 
been suggested as an accurate and simple means of expressing 
dialysis dose in AKI.108 Casino and Marshall108 note that 

the EKRjc meets several important criteria for acute dose 
quantifi cation: independence from steady-state urea concen-
tration, ease of calculation in the clinical setting that is appli-
cable regardless of schedule (e.g., three times per week, alter-
nate day, continuous), incorporating appropriate estimate of 
urea Vd in the acute setting, and allowing comparison with 
residual renal urea clearance. The fi rst and third requirements 
are met in that urea removal (j) is used instead of urea gen-
eration and that minimal interdialytic periods are required to 
calculate interdialytic urea changes. With regard to inaccura-
cies in determinations of V in the acute setting, EKRjc as 
presented in their analysis is accurate within approximately 
5% of their theoretical standard (dpEKRjc) when the esti-
mated Vd is within 25% of the true Vd. EKRjc is proposed as 
a fair comparison of clearance across modalities. Studies have 
looked at EKRjc in SLEDD and CRRT.17,108–110 Further com-
parative studies will be required to determine the strength of 
EKRjc to predict outcomes in AKI.

In dose delivery, more seems to be better in much of 
medicine. However, this has not proven true in many well-
designed randomized studies examining dose delivery in 
dialysis.96 In the landmark study of Ronco and colleagues,101

no signifi cant difference was noted between the 35- and 45-
mL/kg/hr dose groups. One possible explanation for the po-
tential for harm at higher doses of dialysis is that, in the criti-
cally ill patient, pro- and anti-infl ammatory markers coexist 
in a delicate balance of activity.102 If the dose of dialysis is high 
enough, anti-infl ammatory mediators may be removed at 
similar or greater rates as those of proinfl ammatory media-
tors. Caution needs to be taken in blanket prescriptions of 
high Kt/V (�1.2) until well-designed trials have indicated a 
clear benefi t for AKI patients.

ACUTE PERITONEAL DIALYSIS

PD was fi rst attempted in the acute setting in 1923, albeit un-
successfully; it was not until the 1950s that the procedure be-
came standardized and more commonplace.111 Today, the use 
of acute PD has been limited to pediatric populations and in 
developing countries where access to blood purifi cation tech-
niques are severely limited. Given the higher clearances 
achieved with hemodialysis techniques when the technologies 
are available, these have been the preferred modalities for AKI 
requiring RRT. General indications for acute PD are similar to 
those for acute HD. Acute PD may be particularly useful in 
two clinical settings: cirrhosis and decompensated heart fail-
ure. Recent reports have suggested benefi cial uses in cirrhotic 
patients with ascites requiring RRT, though this is better toler-
ated in the chronic population and less so in the acute popula-
tion.112 Heart failure, conversely, may benefi t from less aggres-
sive fl uid removal that is afforded by PD.113 Additional 
indications include control of hyperthermia and treatment of 
necrotizing/hemorrhagic pancreatitis with concomitant renal 
failure when abdominal cavity washing is benefi cial.73 Contra-
indications to PD include recent abdominal surgery (espe-
cially when accompanied by drain placement), adynamic 
ileus, peritoneal fi brosis/adhesions, and emergency situations 
(i.e., fl ash pulmonary edema, poisoning, or drug intoxica-
tion).73,114 Although not proven, fears of uncontrolled fl uid 
shifts have led people away from acute PD in acute brain 
injury individuals requiring RRT.115
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Acute PD, although easy to perform in the acute setting, 
does not achieve clearances that approximate those with IHD 
or CRRT. The issue of adequacy of PD in the severely hyper-
catabolic patient has not been extensively studied, although 
small trials have looked at various PD modalities in hyper-
catabolic patients. Chitalia and colleagues116 examined two 
different types of PD (tidal PD and continuous exchange/
equilibrium PD [CEPD]). In this randomized, controlled trial, 
tidal PD provided better clearances than CEPD. Using 
K/DOQI standards for long-term PD, tidal PD provided 
weekly creatinine clearance of 68.54 L/1.73 m2 and weekly 
KtT/V of 2.43 versus 58.85 L/1.73 m2 and 1.8 KtT/V for 
CEPD.116 In another recent trial of CEPD using a fl exible 
Tenckhoff catheter and automated cycler, adequate metabolic 
control was achieved after 3 days.117 These patients had a 
mean APACHE II score of 32%, and 76.6% required ICU ad-
mission. Although both trials suggested adequate clearances 
for patients with AKI requiring RRT, no comparisons with 
blood purifi cation modalities were carried out. This is espe-
cially important in that in the long-term setting PD, although 
providing lower clearances than IHD, affords adequate man-
agement of end-stage renal disease. This has not been offi -
cially compared in the acute setting.

Peritoneal access had been the limiting factor for therapy 
during the early years. Early access included such makeshift 
items as thermometer casing with a piece of tape attached to 
pull it out of the peritoneal cavity.118 It was not until the intro-
duction of the fl exible Tenckhoff catheter in the 1960s that PD 
became a more generally applicable process.119 Surgically in-
serted Tenckhoff catheters remain the most commonly used. 
Others such as the Cook Tenckhoff and Cook Mac-Lock mul-
tipurpose drainage catheter have been used without much 
proven benefi t over the traditional Tenckhoff.119,120 There are 
acute peritoneal catheters that may be inserted at the bedside 
by trained individuals. Access is typically obtained in one of 
three locations on the abdominal wall: infraumbilical, right 
lower quadrant, or left lower quadrant. The left lower quad-
rant is generally preferred to avoid the cecum and the bladder. 
Rigid catheters that are used for acute PD tend to be more 
prone to kinking. This leads to increased alarms with the 
automated cyclers. Acute catheters should not remain in place 
for longer than 3 days as infection rates increase considerably 
after this time.

Dose calculation in PD involves consideration of dialysate 
composition and volume, session duration, and mode of ex-
change. Current PD fl uids use lactate as the bicarbonate source. 
PD tends to remove signifi cant amounts of calcium and magne-
sium, so replacement is typically added to the dialysate. Bicar-
bonate solutions cause precipitation of calcium and magnesium 
and are thus avoided in long-term PD. The obvious diffi culty is 
that ARF patients may also be unable to adequately convert lac-
tate to bicarbonate. Furthermore, patients with any form of 
shock may have worsening acidosis with lactate solutions. A 
randomized trial comparing bicarbonate with lactate-buffered 
dialysate in critically ill patients requiring RRT revealed excellent 
metabolic control with bicarbonate compared with lactate.121

Lactate-buffered solutions tended to correct acidosis more slowly 
and bicarbonate-buffered solutions tended to have lower cal-
cium and magnesium levels; neither resulted in signifi cant clini-
cal consequences. If bicarbonate-based dialysate is to be used, it 
should be devoid of calcium and magnesium. A two-bag system 
designed to introduce bicarbonate at the time of fi ll is preferable. 

Dextrose is used as an osmotic agent in PD fl uids. Dextrose 
concentration is varied depending on the degree of fl uid re-
moval desired. Standard concentrations are 1.5%, 2.5%, and 
4.25% dextrose. Icodextrins are alternative osmotic agents used 
in PD fl uids in the long-term setting. These substances are poly-
glucose agents that have much lower transmission across perito-
neal membranes (high refl ection coeffi cient) and thus retain 
osmotic capability longer.122 Hyperglycemia may also be pre-
vented with the polyglucose agents.123,124 Despite these potential 
benefi ts, the use of icodextrin in the acute setting has not been 
studied. Furthermore, icodextrins are associated with sterile hy-
persensitivity peritonitis.125,126 These may lead to unnecessary 
antibiotic exposure in the acutely ill patient. In the adult, average 
peritoneal capacity is approximately 2 L of dialysate. Smaller 
volumes should be used in smaller individuals and those with 
pulmonary disease or abdominal wall/inguinal hernias. In addi-
tion, smaller volumes (500–1000 mL) are very often used when 
PD is started to prevent leakage around the newly placed cathe-
ter. In pediatric populations, the issue of high-volume (20 mL/kg 
per exchange) versus low-volume (10 mL/kg per exchange) ex-
changes has been addressed in the literature.127,128 These trials 
suggest that low-volume exchanges provide adequate clearance 
without respiratory compromise or complications related to di-
alysate leakage. Low sodium dialysate (129 mmol/L) in 
association with high dextrose concentration (2.86%) has been 
studied in the pediatric AKI population with resultant 
enhanced sodium removal without sacrifi ce of ultrafi ltration 
capacity.129

Choice of modality (manual/autocycled) will depend on 
the patient’s needs. Manual modalities may be chosen for 
those who are more stable with fewer volume management 
needs. Hypercatabolic patients with signifi cant volume over-
load will need nearly continuous exchange that cannot be 
maintained via a manual modality. Such patients will be better 
served with an automated cycler. The dose of delivery should 
be individualized to the patient’s needs. In CEPD, each fi ll lasts 
approximately 10 minutes (200 mL/min). The fl uid should 
dwell for 30 minutes and then be drained for 20 minutes. Ex-
changes are performed every hour, giving the patients 48 L of 
dialysate exchanged on a daily basis.121 As the patient stabi-
lizes, the dwells may be extended to 3 to 4 hours. Variations in 
dialysate fl ow have been introduced. Tidal PD is a modality in 
which a fraction of the dialysate cycles continuously through-
out the dialysis period. Continuous-fl ow PD is a modality in 
which the entire volume of dialysate cycles through the abdo-
men in a continuous manner over several hours. This is facili-
tated by new techniques by which the dialysate is recycled and 
reinfused into the abdomen.130

Aside from the trial by Chitalia and colleagues,116 few studies 
have examined the utility of adequacy guidelines for acute PD. 
Current long-term PD patient guidelines suggest a minimum 
weekly Kt/V of 1.7 for adequate delivery in anuric patients; 
however, there is considerable debate as to the appropriate level 
for the majority of patients.114,131 The dose in PD is determined 
by the 24-hour drain volume multiplied by the number of days 
per week of dialysis adjusted for urea Vd.114 Anthropometric 
formulas (i.e., Watson formulas) are typically used to determine 
urea Vd.132 Solute reduction index ([24-hour urea removed 
(grams)]/[predialysis BUN 
 total body weight] 
 100) may 
also be used to determine PD adequacy in AKI.116 Goals for this 
have not been stringently established; Chitalia and colleagues116

put forth a solute reduction index of more than 20% compa-
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rable with weekly Kt/V of more than 2.114 Studies are required 
to evaluate the effi cacy of these models in acute patients, espe-
cially given the lack of urea generation and urea Vd steady state 
in acute patients as mentioned previously.

Complications related to acute PD are bowel perforations 
during catheter insertion, fl uid leak around the catheter site, 
exit site infection, peritonitis, hemothorax, or hyperglycemia. 
A potentially life-threatening complication related to acute 
PD catheters relates to bowel incarceration after removal of 
the catheter.133 This complication may be prevented by proper 
closure of the laparotomy incision after catheter removal. 
Pulmonary compromise has been one of the prime fears of 
using PD in critically ill patients. Patients on long-term PD 
have revealed minor alterations in pulmonary function with-
out effects on acid-base status or oxygenation.134 Signifi cant 
complications (hydro-/hemothorax) are rare and typically 
managed with conservative measures.135,136 PD results in large 
protein and amino acid losses in the dialysate. Studies in 
critically ill patients receiving acute PD have demonstrated 
this as well; however, serum albumin levels were not altered 
signifi cantly.117,121 Amino acid–supplemented dialysate has 
been shown to allow uptake and reduce losses in the dialysate 
in acutely ill children; however, serum albumin levels were not 
signifi cantly altered from baseline.137
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In the past decade, the change in the epidemiology of acute 
renal failure has made critical care nephrology an emerging 
subspecialty of intensive care medicine. Dedicated literature 
and a series of physicians and nurses have made an effort to 
bridge the knowledge and experience from nephrology and 
critical care medicine in response to an increased incidence of 
acute kidney injury (AKI) in intensive care unit (ICU) pa-
tients.1 The use of continuous renal replacement therapies 
(CRRTs) is constantly increasing, especially in the setting of 
intensive care and critically ill patients, as originally advocated 
by Kramer and colleagues.2

The kidneys remove water, various solutes, and nonvolatile 
acids, thereby maintaining homeostasis; they also metabolize 
infl ammatory mediators and excrete administered drugs or 
their metabolites. Thus, the optimal treatment of acute renal 
failure should closely mimic the functions of the kidney. 
Different renal replacement therapy (RRT) strategies present 
advantages and disadvantages, and the application of a given 
technique should be decided based on specifi c indications and 
careful evaluation of patient’s clinical conditions. In this set-
ting, CRRTs are generally chosen for sicker patients for whom 
hemodialysis or peritoneal dialysis is contraindicated or even 
precluded.

EVOLUTION OF CONTINUOUS 
THERAPIES

The Birth of Continuous Renal 
Replacement Therapies
The origin of the new era of extracorporeal treatment of acute 
renal failure can defi nitely be found in the mid-1970s, when 
continuous arteriovenous hemofi ltration (CAVH) appeared 
on the scene. Up to that point, AKI was treated with conserva-
tive measures: peritoneal dialysis or intermittent hemodialysis 
(IHD). All techniques had the limitations of low clearance 
rates, poor fl uid management control, and many complica-
tions. CAVH was developed by Peter Kramer in 1977, and it 
immediately became an important alternative treatment for 

AKI in those patients in whom peritoneal dialysis or IHD was 
clinically or technically precluded.3 This opened the doors of 
ICUs to a dedicated dialysis technology that experienced a 
fl ourishing evolution in subsequent years. In the mid-1980s, 
the technology of CAVH was extended to infants and children, 
and newly designed hemofi lters permitted the application of 
the technique even to newborns. CAVH presented important 
advantages over IHD. These were particularly apparent in the 
areas of hemodynamic stability, control of circulating volume, 
and nutritional support. However, CAVH also had serious 
shortcomings that included the need for arterial cannulation 
(or construction of a Scribner arteriovenous shunt) and the 
limited solute clearance that could be achieved even under 
optimal operating circumstances (10 ± 12 mL/min for small 
solutes such as urea). Initial technical modifi cations, such as 
predilution (i.e., the infusion of the replacement solution be-
fore the fi lter instead of after it), did improve creatinine clear-
ance, but the next major technical advance was the creation of 
an additional side port to the hemofi lter. Through this port 
countercurrent dialysate could be infused at slow fl ow rates 
(i.e., 1 L/hr) to achieve additional diffusive solute clearance: 
this modifi ed technique was named continuous arteriovenous 
hemodiafi ltration or hemodialysis (CAVHDF or CAVHD). 
With the arrival of CAVHDF-CAVHD, IHD was used even less 
because uremic control could be achieved in all patients irre-
spective of their weight or catabolic state simply by 
increasing the countercurrent dialysate fl ow rates to 1.5 or 
2 L/hr as necessary.

Venovenous Pumped Techniques
Arteriovenous therapies were simple because they did not 
require a peristaltic blood pump, but the morbidity associated 
with arterial cannulation was substantial. For this reason, ve-
novenous techniques using a double-lumen central venous 
catheter for vascular access were considered preferable and 
safer. Thus, within a few years, continuous venovenous hemo-
fi ltration (CVVH) replaced CAVH because of its improved 
performance and safety. The advance was made possible by 
the use of blood pumps, calibrated ultrafi ltration control 

Chapter 7

Continuous Renal Replacement Therapies
Dinna Cruz, Zaccaria Ricci, Sandra Silva, and Claudio Ronco

CHAPTER CONTENTS

EVOLUTION OF CONTINUOUS THERAPIES   73
The Birth of Continuous Renal Replacement 

Therapies   73
Venovenous Pumped Techniques   73
Recent Advances in Continuous Renal 

Replacement Therapies   74

CLINICAL ASPECTS OF CONTINUOUS RENAL 
REPLACEMENT THERAPIES   76
Fluid Removal   76
Solute Removal and Electrolyte Balance   76

Immunomodulatory Effects   76
Side Effects of Continuous Renal Replacement 

Therapies   77
Clinical Trials Focusing on Mortality   77
Clinical Studies and Renal Recovery   77
Clinical Effects of Hybrid Techniques   78

CONCLUSIONS   78

Ch07_073-080-X5484.indd 73Ch07_073-080-X5484.indd   73 6/18/08 12:26:12 PM6/18/08   12:26:12 PM



74 Acute Renal Failure

systems, and double-lumen venous catheters. In this setting, 
improved safety and reliability were then offered by CVVH or 
continuous venovenous hemodiafi ltration or continuous ve-
novenous hemodialysis. These treatments started to be widely 
used at the end of the 1980s and achieved excellent uremic 
control using high blood fl ows (�150 mL/min) and large 
membrane surface areas (�0.8 m2). To facilitate nursing care, 
ultrafi ltration was soon controlled by devices with reasonable 
precision. Thus, for clinical purposes, ultrafi ltration and rein-
fusion could be fully regulated to achieve the desired thera-
peutic goals. In the late 1980s, specifi c machines for CRRTs 
were designed and a new era of renal replacement in the criti-
cally ill patient began.4 The therapy started to be standardized 
and clear indications began to be defi ned. The evolution of 
technology did not stop, however, and the recent demand for 
higher effi ciency and exchange volumes has spurred new in-
terest in a further generation of machines with better perfor-

mance, integrated information technology, and easy-to-use 
operator interfaces.

Recent Advances in Continuous Renal 
Replacement Therapies
The latest generation of machines available on the market 
today, representing the evolution of the past decade of re-
search and development, is shown in Figure 7-1. Specifi c 
machines have now been designed to permit safe and reli-
able performance of the therapy. These new devices are 
equipped with a user friendly interface that allows for easy 
performance and monitoring. The apparent complexity of 
the circuit is made simple by a self-loading circuit or a car-
tridge that includes the fi lter and the blood and dialysate 
lines. Priming is performed automatically by the machine 
and pre- or postdilution (reinfusion of substitution fl uid 

  Multifiltrate Lynda Diapact CRRT Aquarius Equasmart

 NxStage Prismaflex HF 400 Hygeia Plus Performer LRT

Figure 7-1 The latest generation of continuous renal replacement therapy machines. Top, The Fresenius Multifi ltrate, The 
Bellco Lynda, The B. Braun Diapact CRRT, The Edwards Aquarius, The Medica Equasmart. Bottom, The NxStage, The 
Gambro Prosmafl ex, The Infomed HF 400, The Hygeia Plus, The RAND Performer LRT.
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75 Continuous Renal Replacement Therapies

before or after the fi lter) can easily be performed by chang-
ing the position of the reinfusion line. These new machines 
permit all CRRTs to be performed by programming the 
fl ows and the total amounts of fl uid to be exchanged or 
circulated as a countercurrent dialysate at the beginning of 
the session.

A schematic drawing of different techniques available to-
day for the therapy of the critically ill patient with renal and 
other organ dysfunction is given in Figure 7-2. An important 
advance in the past decade has been the use of either increased 
exchange volumes in hemofi ltration or the combined use of 
adsorbent techniques.5 Early data suggest that high-volume 
hemofi ltration (HVHF) and continuous plasma fi ltration 
coupled with adsorption may have a benefi cial effect on clini-
cal outcome in patients with severe sepsis and septic shock 
(see following discussion).

The effect of different modalities of CRRT on length of 
stay and recovery of renal function in the general popula-
tion is still under evaluation, since the case mix is changing 

in every study and the populations treated are not homoge-
neous. In this fi eld, further research is needed. Adequate 
technical support becomes mandatory, therefore, to fulfi ll 
all these expectations. The evolution of understanding of 
the above-mentioned concepts has led to the improvement 
of technology and the generation of new machines and de-
vices compatible with the demand for increased effi ciency, 
accuracy, safety, performance, and cost/benefi t ratio. At 
present, almost all CRRTs can be delivered in a safe, ade-
quate, and fl exible way, thanks to devices specifi cally 
designed for critically ill patients, to a point that multiple 
organ support therapy is envisaged as a possible therapeutic 
approach in the critical care setting.6 Nevertheless, CRRTs 
cannot be considered simple therapies that can be pre-
scribed and administered by everybody. Thorough educa-
tion and training are quintessential for the personnel 
dealing with these techniques. Dedicated nurses and knowl-
edgeable specialists are required to administer a therapy 
with optimal features of safety and effi cacy.
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Figure 7-2 Techniques available today for renal replacement in the intensive care unit. CAVH, continuous arteriovenous he-
mofi ltration; CHP, continuous hemoperfusion; CPFA, continuous plasmafi ltration coupled with adsorption; CPF-PE, continuous 
plasmafi ltration–plasma exchange; CVVH, continuous venovenous hemofi ltration; CVVHD, continuous venovenous hemodialy-
sis; CVVHDF, continuous venovenous hemodiafi ltration; CVVHFD, continuous venovenous high-fl ux dialysis; D, dialysate; 
HVHF, high-volume hemofi ltration; K, clearance; PF, plasma fi ltrate fl ow; QB, blood fl ow; QD, dialysate fl ow; QF, ultrafi ltration 
rate; R, replacement; SCUF, slow continuous ultrafi ltration; SLEDD, sustained low effi ciency daily dialysis; UFC, ultrafi ltration 
control system; V, venous return.
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76 Acute Renal Failure

CLINICAL ASPECTS OF CONTINUOUS 
RENAL REPLACEMENT THERAPIES

Fluid Removal
CRRT slowly and continuously removes fl uid, mimicking the 
urine output, whereas IHD must extract up to 2 days worth of 
administered fl uid plus excess body water, which may be patho-
logically present in the anuric patient. The intravascular volume 
depletion associated with IHD is due to both the high rate 
of fl uid removal required and the transcellular and interstitial 
fl uid shifts caused by the rapid dialytic loss of solute.7 The ma-
jor consequence of rapid fl uid removal is hemodynamic insta-
bility. Critically ill patients need continuous volume infusions: 
blood and fresh frozen plasma, vasopressors and other continu-
ous infusions, and parenteral and enteral nutrition, which must 
be delivered without restriction or interruption even in hyper-
catabolic patients. In the clinical picture of an anuric patient, 
this means a constant risk of fl uid overload and high daily ul-
trafi ltration requirements. The extreme example of the patient 
who cannot afford intravascular volume shifts is the patient 
with acute respiratory distress syndrome, the septic patient who 
is becoming refractory to vasopressors, or the patient with cere-
bral edema. Furthermore, all critically ill patients tolerate hypo-
tension poorly, with a defi nite risk of cardiac arrest, particularly 
if they are already inotrope dependent. Indeed, the damaged 
kidneys, which have temporarily lost pressure-fl ow autoregula-
tion, may also be threatened with fresh ischemic lesions occur-
ring with each episode of IHD,8 leading to a delay in renal 
recovery. Interestingly, recent reports have suggested a benefi t of 
CRRTs with respect to recovery of renal function (see following 
discussion).

The importance of fl uid balance management is enhanced 
in the specifi c category of patients with decompensated heart 
failure. In fact, it is just such patients who may well respond 
positively to continuous ultrafi ltration with an increase in 
cardiac index, while avoiding a decrease in arterial pressure, 
due to a change in the preload optimizing myocardial con-
tractility on the Starling curve.7 Many patients with congestive 
cardiac failure nonresponsive to conventional therapy are now 
successfully treated in this way.9

In critically ill children, the correction of water overload is 
considered a priority: it has been shown that restoring an 
adequate water content in small children is the main inde-
pendent variable for outcome prediction.10,11 This concept 
is even more important in critically ill neonates in whom 
a relatively larger amount of fl uid must be administered to 
deliver an adequate amount of drug infusion, parenteral/
enteral nutrition, and blood derivates.

Solute Removal and Electrolyte Balance
An attribute of IHD often quoted by proponents is that it is 
highly effi cient at clearing solutes such as urea. In fact, this is 
both a false argument and a disadvantage. The primary ratio-
nale of using continuous therapy is to maintain a more physi-
ologic constant removal of fl uid and solute, among other 
things. In the process, the cumulative clearance of urea and 
creatinine by a continuous method is signifi cantly superior to 
that achieved by IHD administered as often as four times per 
week, even in septic patients. Indeed, IHD six times per week 
would be required to achieve the same uremic control.12

The detailed physiologic impact of better uremic control 
has not been fully elucidated. Uremia causes immunosuppres-
sion with impaired phagocytosis and defective lymphocyte and 
monocyte function, which could well be important in the ICU 
setting. Extrapolating from data established in patients with 
end-stage renal disease, better uremic control is clearly advan-
tageous. In the National Cooperative Dialysis Study, there was 
a higher morbidity, including cardiovascular events and hospi-
talization rate, in patients with end-stage renal disease hemo-
dialyzed to a target average urea concentration of 100 mg/dL 
(36 mmol/L) compared to the group whose target was 50 mg/
dL (18 mmol/L).13 There is, however, uncertainty regarding the 
relative contributions of uremia, malnutrition, and bioincom-
patible membranes in these older studies.14 Furthermore, work 
needs to be done specifi cally on patients with AKI.

A landmark study by Ronco and co-workers15 is at present 
the only randomized trial in AKI that showed that a high (ad-
equate) dialytic dose (metabolic control) improved survival: in 
this study, continuous venovenous postdilution hemofi ltration 
at 35 mL/kg/hr or 45 mL/kg/hr was associated with improved 
survival when compared with 20 mL/kg/hr in 425 critically ill 
patients with AKI.15 This suggests that 35 mL/kg/hr should be 
considered the minimum adequate CRRT dose in patients 
with AKI.

One specifi c comment must be made concerning the differ-
ence between CVVH and all other techniques, including dialy-
sis and the use of diuretics. In all pharmacologic and dialytic 
techniques, the removal of sodium and water cannot be dis-
sociated and the mechanisms are strictly correlated. In particu-
lar, the diuretic effect is based on natriuresis, while ultrafi ltra-
tion during dialysis may result in hypo- or hypertonia, 
depending on the interference with diffusion and removal of 
other molecules such as urea and other electrolytes. In such 
circumstances, water removal is linked to other solutes in pro-
portions that are dependent on the technique used. In CVVH, 
the mechanism of ultrafi ltration produces a fl uid that is sub-
stantially similar to plasma water except for a minimal interfer-
ence due to Donnan effects. In such a technique, ultrafi ltration 
is basically iso-osmotic and isonatremic and water and sodium 
removal cannot be dissociated, with sodium elimination linked 
to the sodium plasma water concentration. However, the so-
dium balance can be signifi cantly affected by the sodium con-
centration in the replacement solution. Sodium removal can 
be dissociated from water removal in CVVH, thus obtaining a 
real manipulation of the sodium pool in the body. This effect 
cannot be achieved with any other technique. The advantage is 
that one can normalize not only plasma concentrations but 
also the electrolyte content in the extracellular and possibly 
intracellular volume.16

Immunomodulatory Effects
One of the most active areas of research in intensive care in 
recent years involves the modulation of the septic response to 
reduce the persistently high mortality in sepsis syndrome and 
the potential benefi t of CRRT. Although there is skepticism 
that any improvement might be due to nonspecifi c changes 
such as fl uid removal or lowering the core temperature in 
febrile patients, there is evidence that cytokines and comple-
ment, among other mediators, are cleared from the blood by 
convection and/or adsorption onto high-fl ux synthetic hemo-
fi lter membranes. There is little doubt that it is important to 
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use biocompatible membranes, and if mediator removal is 
to be effective, it needs to be continuous and convective, not 
intermittent and diffusive.17

HVHF or continuous plasma fi ltration coupled with ad-
sorption (CPFA) has been investigated as potent immuno-
modulatory treatments in sepsis. Since sepsis and systemic 
infl ammatory response syndrome are characterized by a cyto-
kine network that is synergistic, redundant, autocatalytic, and 
self-augmenting, the control of such a nonlinear system can-
not be approached by simple blockade or elimination of some 
specifi c mediators. Therefore, nonspecifi c removal of a broad 
range of infl ammatory mediators by HVHF and CPFA may be 
benefi cial, as recently suggested based on the peak concentra-
tion hypothesis.18 The high dose that characterizes HVHF can 
be delivered by using either a constantly high exchange rate or 
delivering a pulse (for 6–8 hours) of very high-volume hemo-
fi ltration (85–100 mL/kg/hr) followed by standard doses.19 In 
both cases, cytokine half-lives and concentrations are affected, 
the fi rst by the continuous modality and the second by the 
nonspecifi c decapitation of peaks. Therefore, rather than a 
detailed analysis of each molecule involved, we envisage as 
much more interesting and useful a teleologic analysis of the 
impact of HVHF on more integrated events such as monocyte 
cell responsiveness, including apoptosis, neutrophil-priming 
activity, and oxidative burst.18,20 Whether these effects trans-
late into signifi cant changes in end-organ damage by infl am-
matory mediators or result in a reproducible reduction in 
mortality and/or morbidity is still being elucidated.

Side Effects of Continuous Renal 
Replacement Therapies
Although considerable attention has focused on the perceived 
benefi ts of CRRTs, there has been less emphasis on the possi-
bility that CRRT might confer increased risk. As a continuous 
extracorporeal therapy, CRRT often requires continuous anti-
coagulation, which can increase bleeding risk. Conversely, 
clotting of the extracorporeal circuit also occurs frequently 
with CRRTs, which might contribute to blood loss and could 
exacerbate anemia in critically ill patients. The increased sol-
ute transfer associated with the use of CRRTs might enhance 
removal of amino acids, vitamins, catecholamines, and other 
solutes with a benefi cial function in critically ill patients. Con-
tinuous therapies must be continuous to work: how many 
treatments really last more than 18 to 20 hours per day? 
Downtime due to fi lter-circuit-catheter clotting, circuit 
change, frequent replacement solution bag substitution, and 
patient mobility (surgery, diagnostics) should be carefully 
monitored and might signifi cantly affect dialysis dose.21 Also 
of concern are recent reports that technical problems with the 
delivery of CRRTs, including machine malfunction, medica-
tion errors, and compounding errors, might contribute to in-
creased patient morbidity and mortality. Detection of safety 
problems and/or adverse events is particularly diffi cult when 
there are high rates of expected morbidity and mortality in 
the population undergoing a procedure, as is the case with 
CRRTs in critically ill patients with AKI. Currently, few avail-
able studies in the nephrology literature provide substantive 
information on the safety or adverse effects of CRRTs or IHD 
in the critically ill population. After the introduction of new 
technology and devices into medical practice, there is a natu-
ral tendency to assume that the novel therapeutic approach is 

providing benefi t. This is especially the case when a therapy is 
administered to a critically ill patient 24 hours per day and 
becomes part of the typical equipment of an ICU bed: the 
level of attention is probably superior when a dedicated dialy-
sis nurse administers the treatment for few hours during a day 
shift. Nonetheless, a new generation of dedicated CRRT ma-
chines has been recently released with strict safety features 
and the possibility of a high range of prescriptions. In any 
case, the ideal therapy still does not exist and specifi c ICU staff 
training is mandatory before the routine use of such modern 
monitors: there will never be a solution to the unwise use of a 
perfect system.22

Clinical Trials Focusing on Mortality
Four recently published randomized clinical trials and one 
multicenter observational study tested the hypothesis that 
outcomes with CRRTs are superior to those with IHD.23–27

None of these studies showed a superior outcome for CRRTs 
compared with IHD. The results of these studies are surpris-
ing and, in some cases, strongly criticized for methodology 
and group randomization.28 Nevertheless, they certainly do 
not support the belief that CRRTs provide better outcomes 
than IHD. One of the common key points of these recent trials 
can be that IHD has become safer and more effi cacious with 
contemporary dialytic techniques. Furthermore, a liberal and 
extended use of CRRTs might have become less safe and/or 
effi cacious than previously considered or expected. The con-
cept that CRRTs can provide more hemodynamic stability, 
more effective volume homeostasis, and better blood pressure 
support than IHD has been the basis for the assumption that 
CRRTs are superior therapies. Over the past two decades, 
however, technical advances in the delivery of IHD have dra-
matically decreased the propensity of IHD to cause intradia-
lytic hypotension. These advances include the introduction of 
volume-controlled dialysis machines, the routine use of bio-
compatible synthetic dialysis membranes, the use of bicar-
bonate-based dialysate, and the delivery of higher doses of 
dialysis. In an important study, Schortgen29 demonstrated that 
there were a lower rate of hemodynamic instability and better 
outcomes after implementation of a clinical practice algo-
rithm designed to improve hemodynamic tolerance to IHD. 
Recommendations included priming the dialysis circuit with 
isotonic saline, setting dialysate sodium concentration at more 
than 145 mmol/L, discontinuing vasodilator therapy, and set-
ting dialysate temperature to below 37°C. Thus, the original 
rationale for the widely held assumption that CRRTs are supe-
rior therapies may have dissipated over time. Examining the 
results of recently published observational studies and ran-
domized trials reveals no convincing evidence to support 
superiority of CRRTs over IHD in terms of mortality in the 
management of most critically ill patients with AKI.30

Clinical Studies and Renal Recovery
However, is mortality the only relevant endpoint to examine? 
There is a certain tendency to neglect the kidney once it has 
failed, based on the misconception that one can do no further 
harm to an organ that has already failed. However, renal re-
covery is an equally important clinical endpoint. Long-term 
dialysis is not only associated with signifi cant impairment in 
health-related quality of life,31 it is also an expensive therapy, 
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costing on average U.S. $69,751 per year.32 Moreover, chronic 
kidney disease of milder severity (stage 2 or 3) is likewise as-
sociated with adverse patient outcomes and high health care 
costs, suggesting that the presence of any sustained renal im-
pairment is potentially signifi cant.33 Therefore, treatment of 
all patients with intermittent hemodialysis on the presump-
tion of equipoise based on mortality outcomes may be inap-
propriate from both clinical and economic standpoints 
because it disregards potential downstream effects. Better 
rates of renal recovery might save signifi cant resources and 
affect long-term well-being among survivors.

Three observational studies and one randomized, controlled 
study reported renal-related outcomes.23,34–36 In a single-center 
observational study, dialysis independence was signifi cantly 
higher among patients initially treated with CRRTs (87%) ver-
sus IHD (36%).35 Similar results were seen in a Swedish multi-
center study in which 91.7% of patients treated with CRRTs 
were dialysis independent at 3 months compared with 83.5% of 
IHD patients.34 A large international multicenter database con-
fi rmed these fi ndings.36 Unadjusted dialysis dependence at 
hospital discharge was higher after CRRTs (85.5%) than after 
IHD (66.2%). Last, the randomized, controlled trial by Mehta 
and colleagues,23 often quoted as a “negative” trial, found 
CRRTs to be benefi cial regarding renal recovery. Chronic renal 
insuffi ciency at death or hospital discharge was diagnosed in 
17% of patients whose therapy was IHD versus only 4% of 
those whose initial therapy was CRRTs (P � .01). For patients 
receiving an adequate trial of monotherapy, recovery of renal 
function was 92% for CRRTs versus 59% for IHD (P � .01). A 
pathophysiologic explanation for this observation can be easily 
found. In at least one study, a signifi cantly higher incidence of 
hypotension was seen among patients treated with IHD as op-
posed to CRRTs.37 The gentle but effective correction of meta-
bolic and fl uid derangements and the maintenance of a steady 
correction of homeostasis by CRRTs may infl uence the process 
of recovery of the kidney during and after the acute injury 
has occurred. When seen in this light, CRRT is a potentially 
valuable tool to aid renal recovery.

Clinical Effects of Hybrid Techniques
Hybrid techniques have been given a variety of names, such as 
sustained low effi ciency daily dialysis (SLEDD), prolonged 
intermittent daily RRT, extended daily dialysis (EDD), or sim-
ply extended dialysis,38–41 depending on variations in schedule 
and type of solute removal (convective or diffusive). Theo-
retically speaking, the purpose of such therapy would be the 
optimization of the advantages offered by either CRRTs or 
IHD, including effi cient solute removal with minimum solute 
disequilibrium, reduced ultrafi ltration rate with hemody-
namic stability, optimized delivered-to-prescribed ratio, low 
anticoagulant needs, decreased cost of therapy delivery, effi -
ciency of resource use, and improved patient mobility. Initial 
case series have shown the feasibility and high clearances that 
potentially are associated with such approaches. The arrival of 
technology that can be used in the ICU by ICU nurses to 
deliver SLEDD with convective components offers further op-
tions from a therapeutic point of view. One can now easily use 
technology in the ICU to generate ultrapure replacement fl uid 
and administer it as in CRRTs, but at lower cost, in greater 
amounts, and for shorter periods of time, or combine such 
hemofi ltration with diffusion, or use pure diffusion at any 

chosen clearance for a period of time that can encompass a 
given nursing shift, the 9 to 5 maximum staff availability pe-
riod, or the nighttime period.

A recent randomized trial comparing CVVH and EDD 
with fi ltration (EDDf) found that both techniques achieved 
correction of several electrolyte abnormalities present before 
intervention.42 The potential risk of hypophosphatemia in 
CVVH patients suggests the need for vigilance and frequent 
serum phosphate monitoring. Importantly, in all patients, 
hypo- or hyperkalemia/-magnesemia were avoided with the 
prescriptions used. Although the serum sodium was main-
tained within the normal range and was similar in both 
groups, there were signifi cant differences in the chloride con-
centration. The relative hyperchloremia in the EDDf patients 
was almost certainly due to the greater concentration of chlo-
ride in the fl uids used for EDDf (111.8 mmol/L) than in the 
fl uids used for CVVH (100.75 mmol/L). The authors found 
that the two therapies affected metabolic acid-base variables 
differently. First, the concentration of lactate was lower with 
EDDf throughout the study period. This difference was likely 
explained by the use of lactate as buffer during CVVH, com-
pared with bicarbonate during EDDf. Second, despite the 
increase in lactate with CVVH, median pH, bicarbonate, and 
base excess values were all less acidotic with continuous treat-
ment. These fi ndings are consistent with both the lower 
amount of buffer in EDDf fl uids (26 mEq/L) than in CVVH 
(45 mEq/L) and the relative hyperchloremia of these fl uids. 
The effect of hyperchloremia is also likely to explain the dif-
ference in mean apparent strong ion difference between the 
two groups. A decrease in CO2 in response to this metabolic 
acidosis accounted for the lower effective strong ion differ-
ence values observed during EDDf. Conversely, the strong ion 
gap was similar for both treatments, in keeping with likely 
equivalent clearance of unmeasured acids. Although the clin-
ical signifi cance of these differences is uncertain, a higher 
bicarbonate concentration in EDDf fl uids may be desirable.

CONCLUSIONS

Comparing intermittent and continuous therapies can be 
misleading. Besides the diffi culty of conducting a well-
designed, adequately powered, randomized trial (requiring at 
least 1200 patients), continuous and intermittent therapies 
represent a continuum in the management of AKI; thus, sicker 
patients would derive greater benefi t from CRRTs, whereas 
less severely ill patients might take advantage of daily extended 
or intermittent treatments.

The choices today are almost limitless: Should the therapy 
be 3 or 4 hours of IHD with standard settings? Or should it be 
CRRT at 35 mL/kg/hr effl uent fl ow rate? Or should it be 
SLEDD at blood and dialysate fl ow rates of 150 mL/min for 
8 hours during the day? Or should we apply SLEDD for 
12 hours overnight? Or should we add a convective component 
to SLEDD and make it SLEDD with fi ltration? Or should we 
combine CRRT for the fi rst 2 or 3 days when the patient is in 
the hyperacute phase, with SLEDD thereafter as recovery takes 
place? Indeed, from the point of view of the intensivist, the 
modes of RRT are beginning to resemble the modes of me-
chanical ventilation, with ventilator settings seamlessly being 
changed to fi t into the therapeutic goals and patient needs and 
phases of illness. Just as stereotyped approaches to ventilation 
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are anachronistic and inappropriately try to fi t the patient into 
a fi xed therapy rather than tailoring the therapy to the patient, 
so should RRT be adjusted to fulfi ll the needs of the individual 
and his or her illness. Just as the concept of showing that one 
mode of ventilation is better than another seems a lost cause, 
the same might happen with RRT. In the light of current 
knowledge, it is prudent to say that the best RRT for a patient 
is the safest, the simplest, and the more effi cient that the center 
can provide. Until defi nitive data become available, be it about 
mortality or renal recovery, personal experience and local cir-
cumstances remain major determinants in the selection of a 
given RRT mortality.
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Nutritional support is a cornerstone in the complex therapeu-
tic strategies designed to care for the patient with acute renal 
failure (ARF). ARF is a hypermetabolic, proinfl ammatory, and 
pro-oxidative clinical syndrome.1 Metabolism and nutrient 
requirements for ARF patients are affected not only by the 
acutely uremic state per se, but also by the type and intensity 
of renal replacement therapy and by the underlying disease 
process and associated complications. Any nutritional pro-
gram for an ARF patient must take into consideration this 
complex metabolic environment and must be coordinated 
with renal replacement therapy.

ARF is associated with an excess attributable mortality be-
ing interrelated with the systemic immunologic and metabolic 
consequences of ARF, and these factors are aggravated by mal-
nutrition.1,2 The objectives of nutritional therapy are to main-
tain lean body mass and to stimulate immunocompetence and 
repair functions and are aimed at mitigating the infl ammatory 
state while improving oxygen radical scavenging system and 
endothelial functions. Despite the diffi culty of demonstrating 
clear-cut benefi ts of nutritional interventions in the prognosis 
of critically ill patients, an increasing number of investigations 
have led to the conclusion that nutrition improves the course 
of disease and prognosis.3

The principles of nutritional support for ARF differ funda-
mentally from those for patients with chronic kidney disease 
(CKD) because diets or infusions that satisfy minimal require-

ments in CKD will not necessarily be suffi cient for acutely ill 
ARF patients. Specifi cally, it is not renal dysfunction that prin-
cipally determines nutrient needs. Instead, the severity of 
diseases/conditions associated with hypercatabolism, the nu-
tritional state, and the type and frequency of renal replace-
ment therapy determine nutrient requirements.

For many years, parenteral nutrition was the preferred 
route of nutritional support in patients with ARF. During the 
past decade, enteral nutrition has become the primary type of 
nutritional support for ARF patients who can tolerate enteral/
oral feeding.4 It is an unfortunate fact that few systematic 
studies have been conducted of nutritional support in ARF; 
most recommendations thus are necessarily based on expert 
opinion rather then on controlled studies.

METABOLIC ALTERATIONS 
AND NUTRIENT REQUIREMENTS 
IN ACUTE RENAL FAILURE

ARF is associated with a broad pattern of disturbances of 
physiologic functions that exert a pronounced impact on mor-
bidity and mortality. In many cases, ARF is not an isolated event 
but a complication of sepsis, trauma, or multiple organ failure 
so metabolic changes in such patients will be determined by the 
acute uremic state plus the underlying disease process and/or 
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complications (severe infections and organ dysfunction) and by 
the type and intensity of renal replacement therapy. The acute 
loss of excretory renal function affects water, electrolyte, and 
acid-base metabolism and has a profound effect on the milieu 
interieur. There are specifi c alterations in protein, amino acid, 
carbohydrate, and lipid metabolism.5

As noted, the optimal intake of nutrients in ARF patients is 
infl uenced more by the nature of the illness causing ARF, the 
extent of catabolism, and type and frequency of dialysis rather 
than renal dysfunction per se.6 ARF patients present as a het-
erogeneous group of subjects with widely differing nutrient 
requirements, and in individual patients, requirements can 
vary considerably (Box 8-1).

Energy Metabolism and Energy 
Requirements
In contrast to experimental animals, in which ARF is associ-
ated with decreased oxygen consumption (uremic hypome-
tabolism), energy expenditure is normal in patients with 
uncomplicated ARF. However, sepsis or multiple organ fail-
ure will increase oxygen consumption by 30% on average,7 so 
energy metabolism is determined more by the underlying 
disease process than by ARF. There are well-defi ned compli-
cations of administering excessive energy substrates; thus, 
feeding should not exceed actual rates of energy expenditure. 
Complications, if any, from slightly underfeeding are less 
deleterious than those arising from overfeeding. For example, 
increasing energy intake from 30 to 40 kcal/kg body weight 
(BW)/day in ARF patients was shown to increase metabolic 
complications, such as hyperglycemia and hypertriglyceride-
mia, and had no benefi cial effects.8 Since basal energy expen-
diture cannot be measured easily, it should be estimated from 
standard formulas such as the Harris-Benedict equation plus 
corrections for the degree of hypermetabolism (i.e., a stress 
factor). Please note that in most clinical situations, energy 
requirements are 20 to 25 kcal/kg BW/day and rarely higher 
than 130% of basal energy expenditure.

Amino Acid/Protein Metabolism
A hallmark of ARF is excessive protein catabolism and sus-
tained negative nitrogen balance. It is impossible to block or 
compensate for protein losses by nutritional strategies. Hyper-

catabolism causes excessive release of amino acids from skeletal 
muscle, and there is also defective utilization of amino acids in 
the synthesis of muscle protein.9,10 Hepatic gluconeogenesis 
(and ureagenesis) and synthesis of a number of proteins in-
cluding acute phase proteins are all increased. ARF also causes 
an imbalance in amino acid pools in plasma and in the intra-
cellular compartment; the utilization of amino acids after in-
travenous infusion is also defective.11

Release of infl ammatory mediators (e.g., tumor necrosis fac-
tor �, interleukins), endocrine factors (catabolic hormones, 
hyperparathyroidism), circulating proteases, and catabolism 
stimulated by renal replacement therapy each contribute to ac-
celerated protein breakdown in ARF (Box 8-2). A major cata-
bolic factor is insulin resistance, which interrupts the control of 
protein turnover.12 In muscle, both insulin-mediated stimula-
tion of protein synthesis and inhibition of protein degradation 
are depressed in ARF. Metabolic acidosis has been identifi ed 
as one important factor that stimulates protein breakdown.13

Nitrogen losses in ARF patients are augmented if stressful fac-
tors such as inadequate nutrition, infection, trauma, sepsis, and 
thermal injury are present.

Protein and amino acid metabolism is also impaired by the 
loss of renal tissue since several amino acids are synthesized 
and/or metabolized by the kidney.14 Indeed, the loss of kidney 
function can make several amino acids (e.g., tyrosine, argi-
nine, serine, cysteine) conditionally indispensable. Moreover, 
the renal degradation of peptides is retarded in ARF, so ca-
tabolism of peptide hormones and infl ammatory cytokines is 
retarded, a mechanism by which the infl ammatory response 
in ARF is augmented.15

Anticatabolic Strategies in Acute Renal 
Failure
Anticatabolic strategies can be aimed at various targets 
(see Box 8-2). Nutrition is of paramount importance in 
mitigating catabolism. However, hypercatabolism in ARF 
can only be reduced and is not completely suppressed by 
conventional nutritional substrates (including branched-chain 

Activation of amino acid and protein catabolism (espe-
cially in muscle)

Peripheral glucose intolerance/increased gluconeo gen-
esis

Inhibition of lipolysis and altered fat clearance
Depletion of the antioxidant system
Induction of a proinfl ammatory state
Impairment of immunocompetence
Complex endocrine abnormalities: hyperparathyroidism, 

insulin resistance, erythropoietin resistance, resistance 
to growth factors, etc.

Box 8-1 Important Metabolic Abnormalities Induced by 
Acute Renal Failure

Impaired metabolic functions caused by accumulating 
uremic toxins

Endocrine factors
Insulin resistance
Increased secretion of catabolic hormones (catechol-

amines, glucagon, glucocorticoids)
Hyperparathyroidism
Suppression of release/resistance to growth factors

Acidosis stimulation of amino acid and protein catabo-
lism

Acute phase reaction: systemic infl ammatory response 
syndrome (activation of cytokine network)

Release of proteases
Inadequate supply of nutritional substrates
Renal replacement therapy

Loss of nutritional substrates
Activation of protein catabolism

Box 8-2 Protein Catabolism in Acute Renal Failure: 
Contributing Factors
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amino acids). Whether specifi c nutrients such as glutamine 
or lipids can exert a more pronounced benefi t for protein 
balance remains to be shown. Further therapeutic targets 
include hormones (especially the use of insulin and growth 
factors) and mediators (anti-infl ammatory strategies) (see 
later). Finally, the enzyme systems that catalyze protein 
breakdown (e.g., the ubiquitin-proteasome system) poten-
tially can be blocked. Obviously, inhibiting protein catabo-
lism systems should not present a primary target of therapy 
because many metabolic pathways would be impaired. It ap-
pears that more upstream therapeutic interventions aimed 
at mitigating the underlying infl ammatory process will be 
required.

Anti-infl ammatory strategies using anticytokines have 
been reported to limit the release or action of infl ammatory 
mediators in animal experiments. Unfortunately, they have 
not been successful in clinical trials of patients with critical 
illnesses. However, it should be recognized that several 
nutritional factors such as amino acids (glutamine, glycine, 
arginine), �-3 fatty acids and selenium can modify infl am-
matory responses and the release of mediators and can 
mitigate oxidative injury, presenting a promising fi eld in 
nutritional intervention in patients with ARF.

There is hope that the use of growth factors in ARF pa-
tients (e.g., recombinant human growth hormone or insulin-
like growth factor I) would be benefi cial. In sharp contrast to 
fi ndings from animal experiments, available clinical results 
from treating acutely ill patients have been disappointing: a 
multicenter study of insulin-like growth factor I administra-
tion to ARF patients was prematurely terminated because 
of a lack of benefi t; recombinant human growth hormone 
was even associated with increased mortality in critically ill 
patients, many of whom had ARF.16,17

Protein/Amino Acid Requirements
The most controversial question in nutritional support of 
patients with ARF concerns the optimal intake of amino 
acids/protein. Unfortunately, few studies have attempted to 
defi ne requirements. The optimal daily protein or amino acid 
requirement seems to be above the minimum level of 0.6 g of 
protein/kg BW/day recommended for CKD patients or the 
recommended allowance (RDA) of 0.8 g/kg BW/day for nor-
mal subjects. Even for noncatabolic patients during polyuric 
recovery phase of ARF, an amino acid intake of 1 g/kg BW/day 
was found to be necessary to achieve a neutral nitrogen bal-
ance.18 Some studies have tried to evaluate protein/amino ac-
ids requirements in critically ill patients with ARF on continu-
ous renal replacement therapy (CRRT). In these patients, a 
protein catabolic rate of 1.4 to 1.7 g/kg BW/day was ob-
served,6,19,20 and there was an inverse relationship between 
protein and energy provision and protein catabolic rate. Over-
all, the nitrogen defi cit was less in patients receiving nutri-
tional support. A protein intake of about 1.5 g/kg BW/day was 
recommended.

Thus, unless renal insuffi ciency will be brief and there is 
no associated catabolic illness, the intake of protein or amino 
acids should not be lower than 1.0 g/kg BW/day. It should be 
emphasized that hypercatabolism cannot be overcome by 
increasing protein or protein/amino acid intake to more than 
1.5 g. This level is in accordance with general recommenda-
tions for critically ill patients. Any exaggerated protein intake, 

as recently suggested by some authors,21,22 has not proven to 
be benefi cial and simply stimulates the formation of urea and 
other nitrogenous waste products, can induce hyperammo-
nemia, and may aggravate uremic complications. For patients 
treated by hemodialysis/continuous hemofi ltration/perito-
neal dialysis, extra protein/amino acid intake of 0.2 g/kg 
BW/day (again to a maximum of 1.5–1.7 g/kg BW/day) 
should be provided to compensate for losses occurring dur-
ing therapy.

Carbohydrate Metabolism 
in Acute Renal Failure
ARF is characterized by an insulin-resistant state that is closely 
related to the prognosis of the patients.23 Maximal insulin-
stimulated glucose uptake by skeletal muscle is lower, whereas 
the insulin concentration causing half-maximal uptake is nor-
mal, indicating the presence of a postreceptor defect rather 
than impaired sensitivity.24 A second feature of abnormal glu-
cose metabolism in ARF is accelerated hepatic gluconeogene-
sis from the amino acids released during catabolism. Hepatic 
extraction of amino acids and their conversion to glucose and 
urea production all are increased by ARF. In contrast to 
healthy adults, hepatic gluconeogenesis from amino acids and 
thus protein catabolism cannot be completely suppressed by 
exogenous infusions of glucose.25

The metabolism of insulin is grossly abnormal in ARF; 
endogenous insulin secretion is decreased in the basal state 
and during a glucose infusion. Renal insulin catabolism is 
blunted and, surprisingly, insulin catabolism by the liver is 
consistently decreased in ARF.26 As a consequence, many ARF 
patients express hyperglycemia. This is relevant because hy-
perglycemia in critically ill patients is recognized as an impor-
tant determinant of the evolution of complications such as 
infections (but also of kidney injury) and prognosis.27 Nor-
moglycemia must be strictly maintained during nutritional 
support in ARF patients.

Lipid Metabolism in Acute Renal Failure
Profound alterations in lipid metabolism occur in patients 
with ARF; the triglyceride content of plasma lipoproteins is 
increased, whereas total cholesterol and, in particular, high-
density lipoprotein cholesterol are decreased.28 The major 
cause of lipid abnormalities is impaired lipolysis. The activi-
ties of both lipolytic systems, lipoprotein lipase and hepatic 
triglyceride lipase, are decreased to less than 50% of nor-
mal.29 Whether increased hepatic synthesis contributes to 
hypertriglyceridemia in ARF remains unsettled. In contrast 
to CKD, carnitine defi ciency does not participate in the de-
velopment of lipid abnormalities in ARF. Plasma carnitine 
levels in ARF patients are increased due to both increased 
release from muscle tissue and activated hepatic synthesis.30

The nutritional relevance of abnormal lipid metabolism is 
that lipid particles of artifi cial fat emulsions are metabolized 
like very low density lipoprotein lipids; their elimination is 
delayed in ARF. The delayed lipolysis in ARF contrasts with 
other acute illnesses such as surgery, trauma, and sepsis, in 
which fat elimination and utilization are enhanced to cover 
increased energy requirements via the oxidation of free fatty 
acids.31 Moreover, intestinal absorption of lipids is retarded 
in renal failure.
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Micronutrients

Requirements for water-soluble vitamins in patients with ARF 
are increased, mainly because of losses induced by renal re-
placement therapies. Caution should be used in prescribing 
vitamin C because it is a precursor of oxalic acid and an excess 
(�250 mg/day) can result in secondary oxalosis.32 In contrast 
to CKD, the requirements of vitamins A, E, and D (but not 
vitamin K) are increased in patients with ARF, and a daily 
supplement should be provided.33 This is possible because 
most multivitamin preparations for parenteral infusions con-
tain the RDA of vitamins.

Requirements of trace elements are poorly defi ned for ARF 
patients. Parenteral infusions carry the risk of inducing toxic 
effects because the regulation of trace element homeostasis, 
including gastrointestinal absorption and impaired renal 
excretion is impaired in ARF. Nevertheless, selenium concen-
trations in plasma and erythrocytes are consistently decreased 
in patients with ARF and CKD. Selenium supplementation can 
reduce the evolution of organ dysfunctions and ARF and po-
tentially improve prognosis in critically ill patients with sep-
sis.34 Several micronutrients are part of the organism’s defense 
mechanisms against oxygen free radical–induced injury. This is 
relevant because ARF is a pro-oxidative state and profound 
depression in antioxidant-status has been documented in pa-
tients with ARF.35,36 Repletion of the antioxidative system is an 
important aim in nutritional support of renal failure patients.

Electrolytes
Derangements in electrolyte balance in patients with ARF 
are extremely variable, so no standard recommendations can 
be given. Electrolyte requirements not only vary consider-
ably among patients, but it must be noted that abnormalities 
can fundamentally change during the course of the disease.37

Notably, hypokalemia, hypophosphatemia, and hypomagne-
semia are frequently present in ARF patients, especially those 
with nonoliguric ARF and the patients treated by CRRT. 
Nutrition support, especially parenteral nutrition with a low 
electrolyte content, can induce hypophosphatemia and hy-
pokalemia, respectively (the refeeding syndrome).38 Thus, 
electrolyte requirements have to be evaluated in patients 
with ARF on a day-to-day basis.

METABOLIC IMPACT 
OF EXTRACORPOREAL THERAPY

The impact of renal replacement therapies on metabolism is 
manifold. Protein catabolism is caused not only by substrate 
losses, but also by activation of protein breakdown mediated 
by release of leukocyte-derived proteases and infl ammatory 
mediators.39 Potentially, dialysis induces also an inhibition of 
muscular protein synthesis.40 Several water-soluble substances, 
such as vitamins and carnitine, are lost during hemodialysis, 
and it has been suggested that generation of reactive oxygen 
species is augmented during dialysis treatment (Box 8-3).

Recently, CRRT (continuous hemofi ltration and/or con-
tinuous hemodialysis) have been widely used to manage criti-
cally ill patients with ARF. The metabolic consequences of 
these modalities refl ect the continuous mode of therapy and 
the recommended high fl uid turnover.41

One major effect of CRRT is the elimination of small- and 
medium-sized molecules. Amino acid losses can be estimated 
from the volume of the fi ltrate and the average plasma concen-
trations. Usually, amino acid loss accounts for 5 to 15 g of 
amino acid per day, representing approximately 10% to 15% of 
amino acid intake.42 Water-soluble vitamins, such as folic acid 
and vitamins B1, B6, and C are also eliminated during CRRT, so 
their intake should be higher than the RDA to maintain plasma 
concentrations.43 There are also relevant losses of selenium dur-
ing CRRT accounting for as much as twice the daily RDA.44

CLINICAL EXPERIENCES 
WITH NUTRITIONAL SUPPORT 
IN ACUTE RENAL FAILURE

Unfortunately, only a limited number of controlled trials 
on nutritional support in ARF have been done. Few are pro-
spective and fulfi ll minimal requirements in study design with 
respect to patient numbers, defi nition of endpoints, and strati-
fi cation of groups. Early investigations compared nutritional 
support with amino acids plus glucose versus glucose alone.45

Pooled results of the four best studies reveal a mortality rate of 
64% with glucose infusion only compared with a 42% mortal-
ity rate when a more complete parenteral nutrition solution was 
provided.6 Combining these results with other retrospective 
investigations, the data are consistent with the conclusion that 
nutritional support is effective and that sicker patients with 
more complications will derive benefi t from nutritional ther-
apy. Other investigations have evaluated the optimal type of 
amino acid solution and the quantity of amino acids/protein to 
be used. These studies have not generated conclusive results 
with regard to an improved survival rate or an improvement in 

Intermittent Hemodialysis
Loss of water-soluble molecules

Amino acids
Water-soluble vitamins
L-carnitine, etc.

Activation of protein catabolism
Loss of amino acids
Loss of proteins
Cytokine release (tumor necrosis factor �, etc.)

Inhibition of protein synthesis
Increase in eactive oxygen species production

Continuous Renal Replacement Therapy
Heat loss
Excessive load of substrates (lactate, citrate, glucose, 

etc.)
Loss of nutrients (amino acids, vitamins, selenium, etc.)
Loss of electrolytes (phosphate, magnesium)
Elimination of (short-chain) proteins (hormones, potential 

infl ammatory mediators but also albumin)
Metabolic consequences of bioincompatibility (induc-

tion/activation of mediator cascades, of an infl amma-
tory reaction, stimulation of protein catabolism)

Box 8-3 Metabolic Effects of Renal Replacement Therapy in 
Acute Renal Failure
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85 Nutritional Management of Acute Renal Failure

nitrogen balance, but the numbers of patients studied is small 
or no matched control group or patients were not hypercata-
bolic.37,46 This includes some recent investigations using high 
amounts of protein/amino acids in nutritional support in pa-
tients with ARF on CRRT (see previously).22 Most of these 
studies have evaluated parenteral nutrition in patients with 
ARF, but enteral nutrition is now the fi rst line of nutritional 
support. Unfortunately, few systematic studies of the potential 
benefi ts of enteral nutrition in ARF patients are available.4,47,48

In some ways, the ongoing controversy over the effi ciency 
of nutritional support in ARF refl ects a basic misunderstand-
ing of the objectives of nutritional therapy. Nutritional sup-
port presents just one element of a complex pattern of thera-
peutic interventions, so it can be argued that patient survival 
should not be the sole endpoint of a nutritional evaluation. 
Nevertheless, there are reports demonstrating a benefi cial 
effect of timely instituted and qualitatively/quantitatively 
adapted nutritional support on the course of acute disease 
states and patient survival.3

IMPACT OF NUTRITIONAL 
INTERVENTIONS ON RENAL FUNCTION 
AND/OR RECOVERY FROM ACUTE 
RENAL FAILURE

Starvation accelerates protein breakdown and impairs protein 
synthesis in the kidney, whereas refeeding exerts the opposite 
effects. In the experimental animal model, provision of amino 
acids or total parenteral nutrition accelerates tissue repair and 
recovery of renal function. In patients, however, this has been 
much more diffi cult to prove; only one study has reported a 
positive effect of nutrition on the resolution of ARF.45 Available 
evidence, however, suggests that the provision of substrates may 
enhance tissue regeneration and, potentially, renal tubular re-
pair. Conversely, high doses of amino acids can induce toxic 
damage to renal tubules subjected to ischemic or nephrotoxic 
insults.49 In part, this “therapeutic paradox” in ARF is related to 
an increase in metabolic work occurring when oxygen is limited 
(similar observations have been made with glucose infusions 
during renal ischemia). In summary, during the insult phase of 
ARF (similar to the ebb phase after trauma, major operations, 
etc.), exaggerated amounts of nutritional intake can aggravate 
tissue injury and must be avoided. In contrast, certain amino 
acids may be renoprotective. Glycine and, to a lesser degree, ala-
nine have been shown to limit tubular injury in ischemic and 
nephrotoxic experimental models of ARF. Arginine (possibly by 
producing nitric oxide) also is reported to preserve renal func-
tion (but may also accentuate tubular injury) in experimental 
models of ARF.50 In a nephrotoxic model, protein-rich nutri-
tion was shown to limit tubular injury.51 Clinically, high amino 
acid intake was shown to preserve water balance while increas-
ing diuresis and reducing the need for diuretic therapy in pa-
tients with nonoliguric ARF.52

Various other endocrine-metabolic interventions (e.g., 
thyroxine, human growth hormone, epidermal growth fac-
tor, insulin-like growth factor I) can accelerate regeneration 
in experimental ARF. In the rat, insulin-like growth factor I 
accelerates recovery from ischemic ARF and improves nitro-
gen balance. Unfortunately, these approaches have not been 
effective in clinical studies of ARF patients (see previously). 
Nevertheless, a prominent goal in studies of ARF is to stimu-

late renal regeneration by several mechanisms, including 
growth factors, stem cells, and erythropoietin.

PATIENT CLASSIFICATION

Ideally, a nutritional program should be designed for each 
ARF patient because these patients are extremely heteroge-
neous. In practice, it is advisable to distinguish at least three 
levels of dietary requirements according to the severity of 
disease and the extent of protein catabolism associated with 
the underlying disease (Table 8-1). The fi rst group includes 
patients without excess catabolism; they will have a urea ap-
pearance rate of less than 5 g of nitrogen more than nitrogen 
intake. ARF is usually caused by nephrotoxins (e.g., aminogly-
cosides, contrast media, mismatched blood transfusions). In 
most cases, these patients can be fed orally, and the prognosis 
for recovery of renal function and for survival is excellent. A 
second group includes patients with moderate hypercatabo-
lism as signifi ed by a urea appearance rate exceeding nitrogen 
intake by 5 to 10 g of nitrogen per day. These patients fre-
quently suffer from complicating infections, peritonitis, or 
moderate traumatic injuries associated with ARF. Nutritional 
support and dialysis are often required. In the third category 
of patients, ARF occurs in association with severe trauma, 
burns, or overwhelming sepsis. Urea appearance is markedly 
elevated (�10 g/day above nitrogen intake). Treatment strate-
gies are complex and include enteral/parenteral nutrition, 
hemodialysis, and blood pressure or ventilatory support (see 
Table 8-1). Insulin is often required to maintain blood glucose 
concentrations within acceptable levels. Dialysis/continuous 
hemofi ltration is recommended as necessary to maintain fl uid 
balance and a blood urea nitrogen less than 80 mg/dL. The 
mortality rate in this group exceeds 60% to 80%, and in addi-
tion to the severity of the underlying illness, ARF is a major 
independent contributor to poor prognosis.2,53

NUTRIENT ADMINISTRATION

Important questions are which patients require nutritional 
support and when should it be initiated? Both decisions are 
infl uenced by the nutritional state of the patient as well as the 
type and degree of hypercatabolism associated with the un-
derlying illness. During the acute phase of ARF (i.e., within 
the fi rst 24 hours after trauma, surgery, etc.), nutritional sup-
port should be avoided because infusion of large quantities of 
amino acids or glucose during this ebb phase will increase 
oxygen requirements and aggravate tubular injury and the 
degree of renal function loss. If the nutritional status of the 
patient is normal (e.g., based on plasma protein concentra-
tions, anthropometric measurements, and, most importantly, 
clinical judgment) and if the patient will resume a normal diet 
within 5 days, no specifi c nutritional support is necessary. 
However, if there is evidence of lost protein and energy stores, 
nutritional therapy should be initiated regardless of whether 
the patient is likely to eat within 5 days.

For all patients, some estimate of the type and severity of 
complicating diseases should be made. For patients with evi-
dence of protein catabolism (see Table 8-1, groups 2 and 3), nu-
tritional support should be instituted early and dialysis used to 
keep the blood urea nitrogen less than 80 mg/dL. Since metabolic 
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abnormalities associated with ARF generally occur when creati-
nine clearance decreases to less than 50 mL/min, nutritional 
regimens should be designed to counteract specifi c metabolic 
abnormalities if renal function is below this threshold. Thera-
peutic attention must focus on methods that provide an optimal 
nutritional regimen to prevent both the loss of lean body mass 
and hospital-acquired malnutrition and to stimulate immuno-
competence while supporting patients to survive the acute ill-
ness. Nutritional support should be started early and must be 
both quantitatively and qualitatively suffi cient (Fig. 8-1).

Oral Feedings
Oral feedings should be encouraged in all patients who can 
tolerate them. This is required because of the benefi cial ef-
fects of food on the function of the intestine (see later). Ini-
tially, 40 g/day of high-quality protein (e.g., egg protein) 
should be given to provide a daily protein requirement of ap-
proximately 0.6 g/kg BW/day. Protein intake should be in-
creased to 0.8 to 1.0 g protein/kg BW/day if the BUN is 
maintained at less than 100 mg/dL, but patients treated by 
hemodialysis will require a protein intake of 1 to 1.2 g/kg 
BW/day, whereas those treated by peritoneal dialysis will 
need 1.4 g/kg BW/day of protein to counteract losses of both 
amino acids and protein during peritoneal dialysis. Because 
water-soluble vitamins in such diets might be insuffi cient, a 
supplement is recommended.

Enteral Nutrition

Whenever possible, enteral feeding, providing at least a por-
tion of nutritional needs, should be performed.4,47 Even small 
amounts of nutrients serve to maintain normal intestinal 
structure and function and limit bacterial translocation from 
the gut. Enteral feeding also may help prevent the develop-
ment of infections. It also may exert benefi cial effect on kid-
ney function; in experimental ARF, enteral compared with 
parenteral nutrient administration was found to improve re-
nal function.54 In two clinical studies, enteral nutrition was a 
factor associated with an improved prognosis in ARF pa-
tients.22,53 Despite the fact that this practice is used in most 
critical care units, there are few systematic studies on enteral 
nutrition in ARF patients.48

Enteral diets are given through a small (8–10 French) soft 
feeding tube positioned with the tip in the stomach or jejunum, 
and nutrients are administered by pump either intermittently or 
continuously. The gastric contents should be aspirated every 2 to 
3 hours until adequate gastric emptying and intestinal peristalsis 
are established. This will prevent vomiting and bronchopulmo-
nary aspiration and is required because ARF is associated with a 
profound impairment of gastric and intestinal motility. Enteral 
nutrition should be started slowly, and the infusion gradually 
increased over several days until nutritional requirements are 
satisfi ed. Potentially treatable side effects include nausea, vomit-
ing, diarrhea, abdominal distention, and cramping.

Table 8-1 Patient Classifi cation and Nutrient Requirements in Patients with Acute Renal Failure

EXTENT OF CATABOLISM

Mild Moderate Severe

Excess urea appearance 
(above N intake)

�5g 5–10 g �10 g

Examples of clinical settings Drug toxicity Elective surgery ± infection Severe injury or sepsis

Mortality 20% 60% 60%–80%

Dialysis/hemofi ltration 
frequency

Rare As needed Frequent

Route of nutrient adminis-
tration

Oral Enteral and/or parenteral Enteral and/or parenteral

Energy recommendations 
(kcal/kg BW/day)

20–25 20–30 25–30 (35) 

Energy substrates: 
Glucose/fat (g/kg BW/day)

Glucose
3.0–5.0

Glucose � fat (3.0–5.0 glucose, 
0.5–1.0 fat)

Glucose � fat (3.0–5.0 
glucose, 0.8–1.2 fat)

Amino acids/protein 
(g/kg/day)

0.6–1.0 EAA (� NEAA) 1.0–1.4 EAA � NEAA 1.2–1.5 (1.7) EAA �
NEAA

Nutrients used 
Oral/enteral Food Enteral formulas Enteral formulas
Parenteral EAAs � specifi c NEAAs (general or “nephro” solutions) 

Glucose 50%–70% � fat emulsions 10% or 20% 
Glucose 50%–70%

Multivitamin and multitrace element preparations*

*Consider increased micronutrient requirements
BW, body weight; EAAs, essential amino acids; NEAAs, nonessential amino acids.
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Enteral Feeding Formulas

No commercially available enteral diets have been specifi cally 
developed for patients with ARF. The use of conventional tube 
feeding formulas designed for subjects with normal renal func-
tion can be limited by the fi xed composition of nutrients and 
high content of protein and electrolytes (especially potassium 
and phosphates). Specialized ready-to-use liquid diets developed 
for CKD patients or for hemodialysis patients can be used 
for ARF patients. In those patients who do not require extracor-
poral therapy, preparations with a reduced protein content 
(high-quality proteins provided in part as oligopeptides or free 
amino acids) but with a restricted electrolyte concentration can 
be given. For catabolic ARF patients, preparations with a moder-
ate protein content and a reduced electrolyte content present the 
optimal diet currently. Whether enteral diets containing specifi c 
nutrients such as glutamine, arginine, �-3 fatty acids, and nucle-
otides (immunonutrition) will exert advantages in patients with 
ARF remains to be shown.

Parenteral Nutrition
Parenteral nutrition should not be viewed as alternative but 
rather complementary nutritional support because many ARF 
patients are not able to meet their nutritional requirements by 
enteral infusions alone. Moreover, ARF frequently occurs in 

patients with gastrointestinal dysfunction (e.g., pancreatitis) 
or in hypercatabolic patients with multiple organ dysfunction; 
thus, a total or supplementary parenteral nutrient supply may 
become necessary.55

Substrates for Parenteral Nutrition 
in Acute Renal Failure
Amino Acid Solutions

Amino acid solutions containing exclusively essential amino 
acids should no longer be used. There is controversy whether 
parenteral nutrition for ARF patients should consist of general 
amino acid solutions containing essential amino acids plus 
nonessential amino acids in standard proportions or should 
be limited to nephro solutions that contain essential amino 
acids in modifi ed proportions and specifi c nonessential amino 
acids that might be conditionally essential. For example, tyro-
sine is regarded as a conditionally essential amino acid in ARF 
patients, but tyrosine has a low water-solubility index. Conse-
quently, tyrosine is supplied as tyrosine dipeptides such as 
glycyl tyrosine in modern nephro solutions because the con-
jugates increase tyrosine solubility. Glutamine has been termed 
a conditionally essential amino acid in catabolic illness be-
cause it may exert benefi cial effects on renal function and can 
improve survival in critically ill patients. These benefi ts were 

Nutrition Support in ARF

Oral supplementationOral supplementation

Not possible

Not possible

Possible

Possible

Yes

Yes

FUNCTIONAL GI TRACT?

No

No

Enternal nutrition Parenteral nutrition

FULL ENTERAL NUTRITION 
POSSIBLE?

Combination of 
EN and PN

Full enteral nutrition
Gradual replacement 

of PN by EN Full parenteral nutrition

Assess oral tolerance

Improved

Improved
Assess GI function

Not improved Oral nutrition Not improved

Minimal enteral nutrition

Figure 8-1 Flow chart for nutritional support in patients with acute renal failure (ARF). EN, enteral nutrition; GI, gastrointesti-
nal; PN, parenteral nutrition. (Adapted from Druml W, Jadrna K, for the AKE. Recommendations for enteral and parenteral 
nutrition in the adult. Vienna: Austrian Society for Clinical Nutrition, 2008, p 14).
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found to be most pronounced in ARF patients (4 of 24 survi-
vors without, 14 of 23 with glutamine, P � .02).56 Since free 
glutamine is not stable in aqueous solutions, glutamine-
containing dipeptides can be given as a glutamine source for 
parenteral nutrition. Despite considerable investigation, there 
is no persuasive evidence that mixtures enriched with 
branched-chain amino acids exert signifi cant blunting of pro-
tein catabolism and loss of muscle mass.

Energy Substrates: Carbohydrates

Glucose is the main energy substrate in total parenteral nu-
trition. However, when glucose intake is increased to more 
than 3 to 5 g/kg BW/day, the extra glucose is not oxidized 
but instead increases lipogenesis.57 This is undesirable be-
cause it induces fatty infi ltration of the liver and excessive 
carbon dioxide production, yielding hypercarbia. The 
amount of glucose that can be infused is also often limited 
by impaired glucose utilization, a complication of ARF. In 
this case, insulin is needed to maintain normoglycemia. 
Consequently, energy requirements cannot be met by glu-
cose alone unless excessive amounts of insulin are infused; 
thus, a portion of the energy requirement should be covered 
by lipid emulsions. The most suitable means of providing 
energy substrates to critically ill patients is not with glucose 
or lipids, but with glucose plus lipids. Other carbohydrates 
including fructose, sorbitol, and xylitol are available in 
some countries (but not in the United States). They should 
not be used in patients with ARF because they exert adverse 
metabolic effects.

Fat Emulsions

The advantages of intravenous lipids include their high en-
ergy content per gram of lipids and low osmolality, being a 
source of essential fatty acids, and having a low frequency of 
hepatic side effects compared with glucose (i.e., less fatty 
infi ltration of the liver and hyperbilirubinemia) and less car-
bon dioxide production (especially important for patients 
with compromised respiratory function). Altered lipid me-
tabolism caused by ARF should not prevent lipid emulsion 
use; the amount infused should be adjusted to the patient’s 

capacity to use lipids. Usually, 1 g of fat/kg BW/day will not 
increase plasma triglycerides substantially, so approximately 
20% to 30% of energy requirements can be met by lipid infu-
sion. Lipid emulsions are not hyperosmolar and can be 
infused into a peripheral vein.

Conventional lipid emulsions contain large amounts of 
triglycerides with polyunsaturated fatty acids (mainly from 
soy oil). Because of the potential generation of proinflam-
matory and vasoconstrictor eicosanoids from polyunsatu-
rated fatty acids, these lipid preparations are increasingly 
exchanged for emulsions in which soy oil is replaced by 
coconut oil (containing medium triglycerides) and/or olive 
oil or fish oil (containing �-3-fatty acids). For critically ill 
patients, these novel formulas have been associated with a 
mitigation of the inflammatory state, a reduction in the 
length of hospital stay, and potentially an improved prog-
nosis.58,59 This is speculative because systematic investiga-
tions of these newer emulsions in patients with ARF are not 
available. For medium triglyceride–containing emulsions, 
metabolic advantages include a faster elimination from 
plasma, complete carnitine-independent metabolism, and a 
triglyceride-lowering effect. Unfortunately, the defect in li-
polysis characteristic of ARF cannot be circumvented by 
using medium triglycerides.31 Lipids should not be admin-
istered in the presence of hyperlipidemia (e.g., plasma tri-
glycerides � 350 mg/dL) or when there is activated intra-
vascular coagulation, acidosis (pH � 7.25), or impaired 
macro-/microcirculation.

Parenteral Solutions

Standard solutions are composed of amino acids, glucose, and 
lipids with vitamins, trace elements, and electrolytes added 
as required (see Table 8-2). Recently, all-in-one solutions (in 
three-chamber bags) in which all nutrients are present have 
proven effi cacious and gained wider acceptance. If hyperglyce-
mia is present, insulin can be added or administered separately. 
To ensure optimal nutrient utilization and to avoid creating 
metabolic derangements (such as hyperglycemia, hypertriglyc-
eridemia, an excessive increase in the blood urea nitrogen, and 
a mineral unbalance), the infusion should be started at a low 

Table 8-2 Parenteral Nutrition in Acute Renal Failure: Renal Failure Fluid (All-in-One Solution)*

Component Quantity Remarks

Glucose 30%–70% 500 mL In the presence of severe insulin resistance, use glucose 30%

Fat emulsion 10%–20% 500 mL Start with 10%, switch to 20% if triglycerides are �350 mg/dL

Amino acids 6.5%–10% 500 mL General or special nephro amino acid solutions including EAAs 
and NEAAs

Water-soluble vitamins† 2 � RDA Limit vitamin C intake to �250 mg/day

Fat-soluble vitamins† RDA Increased requirements of vitamin E

Trace elements† RDA Plus selenium 100–300 �g/day

Electrolytes As required Caution: hypophosphatemia or hypokalemia after initiation of TPN

Insulin As required Added directly to the solution or given separately

*“All-in-one solution” with all components contained in a single bag, infusion rate initially 50% of requirements, to be increased over a 
period of 3 days to satisfy requirements
†Combination products containing the recommended daily allowances (RDA)
EAAs, essential amino acids; NEAAs, nonessential amino acids; TPN, total parenteral nutrition.
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rate (providing approximately 50% of requirements) and 
gradually increased over several days. Optimally, the solution 
should be infused continuously over 24 hours to avoid marked 
changes in substrate concentrations and to achieve maximal 
utilization for anabolism. Because fl uids are restricted in ARF 
patients, the parenteral nutrition solutions are hyperosmolar 
and hence must be infused through a central venous catheter 
to avoid damage to peripheral veins. The use of special venous 
catheters both as infusion ports and for temporary dialysis ac-
cess is possible, but they carry a signifi cant risk of infection.

COMPLICATIONS AND MONITORING 
OF NUTRITIONAL SUPPORT

Complications and side effects of nutritional support in ARF 
patients do not differ fundamentally from those observed in 
other patient groups. Hypervolemia and electrolyte imbal-
ances, however, can develop rapidly, and altered utilization 
of several nutrients make it unwise to give an exaggerated 
intake of protein or glucose (see previously). If an excess is 
given, metabolic derangements and waste product accumu-
lation will occur. Most complications of nutritional support 
are related to an excess intake of substrates (e.g., hyperglyce-
mia, hypertriglyceridemia, hyperkalemia, an accelerated in-
crease in BUN or in carbon dioxide production). More rare 
is the development of defi ciencies (e.g., minerals, vitamins, 
essential fatty acids). Thus, nutritional therapy in ARF 
patients requires more frequent monitoring than in other 
patient groups (Table 8-3).

SUMMARY

Acute loss of renal function causes complex metabolic abnor-
malities affecting not only water, electrolyte, and acid-base bal-
ance but also amino acid, carbohydrate, and lipid metabolism. 
Moreover, the critically ill ARF patient presents a hypercatabolic, 
proinfl ammatory, and pro-oxidative state. The excess attribut-

able mortality of ARF is tightly interrelated with the systemic 
immunologic and metabolic consequences of ARF, factors that 
are aggravated by malnutrition. Knowledge about the patho-
physiology of these metabolic changes, understanding the meta-
bolic side effects of renal replacement therapies, and improved 
defi nitions of nutritional requirements plus advancements in 
nutritional techniques have improved the success of nutritional 
therapy in ARF. Dietary restrictions based on the principles of 
treating CKD patients have been largely abandoned in favor of 
an approach that is directed at meeting nutrient requirements. 
There is no longer doubt that enteral nutrition is the preferred 
route of meeting nutritional requirements in ARF patients. Even 
small amounts of food can help support intestinal functions 
(and potentially improve renal function). Nevertheless, many 
ARF patients have severe limitations to enteral nutrition and 
require supplementary or even total parenteral nutrition.

Unfortunately, nutritional support has not convincingly 
reduced the morbidity and mortality associated with ARF. We 
believe that future advances in nutritional therapy will not be 
based on a quantitative approach to provide nitrogen and 
energy requirements. Instead, the developments will move 
toward a more qualitative type of metabolic support taking 
advantage of specifi c pharmacologic effects of nutrients.

Table 8-3 A Minimal Suggested Schedule for Monitoring of Nutritional Support

PATIENT METABOLICALLY

Variables Unstable Stable

Blood glucose, potassium 4–6 times/day Daily

Osmolality Daily Once weekly

Electrolytes (sodium, chloride) Daily Three times per week

Calcium, phosphate, magnesium Daily Three times per week

BUN/BUN increase/day Daily Daily

UNA Daily Once weekly

Triglycerides Daily Twice weekly

Blood gas analysis/pH Daily Once weekly

Ammonia Twice weekly Once weekly

Transaminases � bilirubin Twice weekly Once weekly

BUN, blood urea nitrogen; UNA, urea nitrogen appearance rate.
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The high incidence and lack of specifi c early diagnostic tools 
and effective therapeutic approaches to acute kidney injury 
(AKI)/acute renal failure underlie the importance of explora-
tion of novel experimental strategies to make advances in the 
care of patients with this syndrome. This overview is divided 
into four sections. The fi rst section reviews experimental 
models of AKI. The second section discusses general advances 
in the pathophysiology of AKI using current experiment 
models. The third focuses on novel diagnostics and the fourth 
on experimental therapeutics that are promising for clinical 
translation. Owing to space limitations, we have had to be 
selective and focus on recent advances. For more in-depth 
review, we refer the reader to previous editions of this chapter 
as well as to the updated comprehensive AKI chapter in the 
parent textbook.1–3

EXPERIMENTAL MODELS OF ACUTE 
KIDNEY INJURY

Experimental models of AKI can be divided into two catego-
ries: in vivo and in vitro. Studies can be further subdivided 
according to how AKI is simulated: ischemia-reperfusion 
injury (IRI), sepsis, or nephrotoxic agents.

In Vivo
A large number of studies of AKI have been conducted in 
rodents, especially rats. More recently, because of the oppor-
tunity to apply genetic approaches to change the expression 
of proteins in mice, this species has increased in popularity as 
a model. IRI models have been established in mice.4 Mice can 
be genetically engineered with specifi c defi ciencies in cyto-
kines, surface markers, or certain cell populations. When 
dealing with mice, however, it is important to recognize that 
different background strains have strain-specifi c responses to 

AKI, highlighting the importance of using appropriate strain 
controls.5 Age and sex of the animal used also have to be 
considered because the susceptibility to AKI can vary accord-
ing to age or sex.6 Female mice are known to be resistant to 
IRI-induced AKI but more sensitive to cisplatin-induced 
AKI.7 The weaknesses of rodent models include unique 
physiology, size difference from humans, and key immuno-
logic differences that limit applicability to humans. Large 
mammals such as dogs,8,9 pigs, and sheep10 have been used, 
but less commonly than rodents. The pig kidney has many 
similarities to the human kidney, both anatomically and 
physiologically,11 and may be well suited to simulate the he-
modynamic changes encountered during AKI. However, the 
high costs involved in developing and maintaining large 
mammalian models and also ethical issues have limited their 
use. A few newer animal models, such as zebrafi sh12 for neph-
rotoxic drug–induced AKI or Caenorhabditis elegans13–15 for 
understanding cellular response to hypoxia are promising. 
Hentschel and Bonventre16 recently reviewed novel nonro-
dent models of AKI.

IRI-induced AKI models are widely used to simulate both 
native kidney and transplant injury. In mice, IRI is usually 
performed using microvascular clamps on renal pedicles, 
occluding the artery and vein while sparing the ureter. 
Clamping the renal artery alone followed by reperfusion is 
more often used in larger animals. Unilateral renal pedicle 
clamp followed by contralateral nephrectomy is also widely 
used as a variant of this model to study IRI-induced AKI to 
simulate transplant injury more closely. Strict attention to 
temperature during ischemia and surgical technique are re-
quired for reproducibility in the clamp model. A major 
limitation is that most patients with native kidney AKI do 
not undergo IRI in the same manner; the period of ischemia 
is usually not accompanied by abdominal surgery, and it is 
usually in the context of whole-body ischemia. Sepsis-
induced AKI models are usually induced by administration 
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of lipopolysaccharide or cecal ligation and puncture 
(CLP). Although the CLP model may be closer to the clinical 
situation, some laboratories have had diffi culty achieving a 
reliable and reproducible increase in serum creatinine with 
this model. Star and colleagues17 recently refi ned this model 
in aged mice and found that ethyl pyruvate inhibited renal 
and multiple organ damage, even when the ethyl pyruvate 
was administered 12 hours after CLP. Key to this model was 
employing a fl uid resuscitation and antibiotic strategy after 
CLP. The model results in a two- to threefold increase in 
serum creatinine concentration, which is less than the in-
creases frequently seen in patients with sepsis, but it does 
embody many components of similarity to the multiorgan 
disease state of patients with sepsis and AKI. The same 
group subsequently reported a CLP model in aged rats,18

demonstrating that this rat model has more inconsistency 
with development of AKI, defi ned as a doubling of serum 
creatinine. The heterogeneity of response was taken advan-
tage of by the authors as they performed proteomic analysis 
on collected urine from rats that developed AKI and com-
pared patterns with those obtained on urine from rats that 
did not develop AKI.

Many nephrotoxicants pertinent to human disease can be 
reproduced in rodent models. Cisplatin, a common chemo-
therapeutic agent, has many pathophysiologic features that 
overlap with IRI. Other nephrotoxicants such as gentamicin 
have been studied for many years, whereas recently much 
more attention is being devoted to environmental nephro-
toxicants such as cadmium.19 Dosing with various nephro-
toxicants in animals may differ considerably from what it 
takes to produce toxicity in humans. Although some models 
exist for radiocontrast nephropathy, these models are gener-
ally multicomponent and diffi cult to reliably reproduce as 
well as diffi cult to translate from one species to another.20

Thus, given its importance to human exposure, this represents 
an important opportunity to develop more clinically oriented 
disease models in vivo. The recently recognized strong asso-
ciation between gadolinium and nephrogenic systemic fi bro-
sis during CKD and during AKI represents a new opportunity 
for development of models to study gadolinium effects during 
AKI.

In Vitro
Most in vitro studies of AKI have been performed with cell 
culture methods. Hypoxic chambers or chemical anoxia are 
commonly used. Strengths of in vitro approaches are the abil-
ity to tightly control the environment and evaluate the specifi c 
cellular response. However, in vitro conditions are quite dif-
ferent from in vivo conditions, and single cells in isolation do 
not represent the true complex milieu in which a kidney cell 
population responds to injury and repair. Use of immortal-
ized cells in culture, which increases the ease of obtaining cells, 
further distances the cell of study from the human kidney. It 
is important to recognize that cells placed in culture change 
their metabolic characteristics quite dramatically; to the ex-
tent that metabolism is linked to function, many functional 
characteristics would also be expected to change. There are, 
however, situations in which in vitro approaches nicely com-
plement in vivo ones, because the mechanism at the cellular 
level can often be dissected more effectively in vitro. As an 
example, cell culture methods have been very useful in reveal-

ing the molecular mechanisms of apoptosis or regeneration of 
tubular epithelial cells.

ADVANCES IN PATHOPHYSIOLOGY 
OF ACUTE KIDNEY INJURY

In AKI models, there have been at least six main patho-
physiologic themes: (1) imbalance between vasoconstrictive 
and vasodilatory factors, (2) infl ammation, (3) tubular 
dysfunction and intratubular obstruction, (4) cell death by 
necrosis or apoptosis, (5) preconditioning, and (6) organ 
cross talk.

Imbalance between Vasoconstrictive 
and Vasodilatory Infl uences
Although total renal blood fl ow reaches 25% of cardiac output, 
the majority of that fl ow is directed to the renal cortex21 and the 
distribution of renal blood fl ow may be abnormal after isch-
emia even though total renal blood fl ow after ischemia may be 
close to normal.22 The outer medulla is hypoxic under normal 
conditions and is particularly sensitive to further decrements in 
blood fl ow.23 There have been a number of studies exploring 
the balance between renal vasoconstrictive and vasodilatory 
infl uences in AKI and many therapeutic attempts to increase 
renal blood fl ow and ameliorate abnormal redistribution. 
Nitric oxide, endothelin, atrial natriuretic peptide, angiotensin 
II, dopamine, eicosanoids, and platelet-activating factors are 
candidate mediators of the intrarenal balance between vasocon-
striction and vasodilation in postischemic kidneys.1 Recently, 
renal endothelial dysfunction and impaired autoregulation 
during AKI from excess nitric oxide were reported.24 Although 
atrial natriuretic peptide, dopamine, calcium channel blockers, 
and eicosanoid products of phospholipase A2 enzymes, includ-
ing prostaglandins, have been reported to be implicated in the 
pathophysiology of AKI, there is no convincing evidence of 
protective effects in humans.2

Infl ammation
Infl ammation is thought to be of greatest importance for AKI 
at the level of the microvasculature. The fl ow of leukocytes 
through capillaries and small venules can be adversely af-
fected by cell-cell interactions, such as platelet plugging, or 
blood cell–endothelium interactions resulting in leukocyte 
adhesion and transmigration through the endothelial layer. 
The important role of leukocyte-endothelium adhesion mol-
ecules, particularly CD11/CD18, intercellular adhesion mol-
ecule (ICAM)-1, E-selectin, P-selectin, and tissue-type plas-
minogen activator in IRI-induced AKI, has already been 
demonstrated.4,25–30 However, clinical trials with a CD11a/
CD18 or ICAM-1 monoclonal antibody did not demonstrate 
any protective effect.31,32 Several studies have elucidated sig-
nifi cant pathophysiologic roles for T cells during the initia-
tion phase of IRI-induced AKI.33–37 A “hit-and-run” hypoth-
esis regarding T cells was proposed to explain that few T cells 
were detected in the kidneys during the insult phase of IRI-
induced AKI.38 Isolation and assessing phenotypes of lym-
phocytes from the postischemic kidneys36 and confi rmation 
of the existence of T cells in the kidneys within 1 hour of 
IRI39 directly support the “hit-and-run” hypothesis. It was 
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demonstrated that the CD4� T cells have an important 
pathophysiologic role in IRI-induced AKI,34 that CD4 cells of 
the Th1 phenotype are pathogenic, and that the Th2 pheno-
type can be protective.40 The role of T cells, however, is more 
complex than initially expected. Although T-cell depletion 
with thymectomy followed by T cell–depleting antibody ad-
ministration improved the course of experimental IRI,41 mice 
defi cient in both T and B cells were not protected from IRI.42

The role of T-cell receptor in IRI is another important ques-
tion to be solved. The T-cell receptor appears to play a role 
in the full injury response to IRI, although alloantigen-
independent activation in IRI could also participate.36 The 
role of B cells in AKI has had limited study, but there may be 
a role for these cells.43 Natural killer T (NKT) cells are an-
other lymphocyte population that can respond to nonprotein 
antigens and have been implicated in experimental AKI.44

Macrophages are well established to migrate to the kidney 
during AKI and likely play an important role in the cellular 
infl ammatory cascade.45 Interleukin-1–dependent infl amma-
tory cascades46 and alternative complement pathway47 were 
also implicated to have some role in pathogenesis of IRI.

The severity of tubular damage in the outer medulla could 
increase with increasing distance from vascular bundles, which 
is also consistent with the important role of local oxygen gra-
dients.48,49 In experimental AKI models in which vascular 
changes are induced by inactivation of prostaglandin and ni-
tric oxide synthesis in the setting of contrast medium admin-
istration, medullary thick ascending limb of the loop of Henle 
oxygen consumption appears to correlate with tubular dam-
age since furosemide, which inhibits NKCC2 in the medullary 
thick ascending limb of the loop of Henle, confers structural 
and functional protection.50

Tubular Cell Dysfunction 
and Intratubular Obstruction
Coexistence of renal tubular dysfunction and down-regulation 
of tubular sodium transporters, especially NHE3, Na�/K�-
ATPase, and NKCC2 after IRI, has been reported.51–54 More 
recently, NHE activation, followed by renal endothelin-1 
overproduction, seems to play an important role in the 
pathogenesis of IRI-induced AKI, as demonstrated by 
administering pre- and post-treatment of 5-N-ethyl-N-
isopropyl amiloride in mice IRI model.55 Renal tubular dys-
function in sepsis-associated AKI is associated with a marked 
down-regulation of ROMK, NKCC2, ENaC, Na�/K�-ATPase, 
and NHE3, with attenuation of these effects by glucocorti-
coid treatment.56 Peritubular capillary dysfunction and renal 
tubular epithelial cell stress were also found after lipopoly-
saccharide administration in mice using intravital video 
microscopy.57 Reactive nitrogen species were implicated as 
an important mediator in sepsis-induced peritubular dys-
function.58 Protein C may play a role in sepsis-associated 
AKI: a rapid decrease in protein C after sepsis was reported 
with an increase in blood urea nitrogen and expression 
of known markers of renal injury, including neutrophil 
gelatinase–associated lipocalin, CXCL1, and CXCL2 in a 
CLP model of sepsis.59 In experimental settings mimicking 
hyperdynamic sepsis, a marked increase in renal blood fl ow 
with severe renal vasodilatation was observed in a sheep 
model.10 Caspase-1,60–62 Toll-like receptor 4,63 myeloid dif-
ferentiation factor 88,64 heme oxygenase-1,65 thromboxane 

receptor,66 and T-cell modulation of neutrophils via the 
CD28 pathway67 have been implicated in the pathogenesis 
of sepsis-induced AKI.

Cell Necrosis and Apoptosis
Proteins such as prostate apoptosis response-4,68 a leucine 
zipper protein linked to apoptotic cell death in prostate can-
cer and neuronal tissues, and calpain,69 an intracellular 
Ca2�-dependent cysteine protease that is released in the 
extracellular milieu by tubular epithelial cells, were also re-
cently proposed as novel and early mediators of renal tubule 
cell injury following IRI. Various mediators have been shown 
to be involved in cisplatin-induced AKI: T cells,70 Fas and 
tumor necrosis factor (TNF) receptor 1,71 TNF receptor 2,72

caspase-1,73 p53,74 and p21,75 a cell cycle–inhibitory protein. 
Prostaglandin E2 has been implicated in mercury chloride–
induced AKI,76 caspases in glycerol-induced AKI,77 and A1

adenosine receptor in acute radiocontrast nephropathy.78

Fas-associated death domain, an adaptor protein required 
for the transmission of the death signal from lethal receptors 
of the TNF superfamily, and TNF-like weak inducer of apop-
tosis (TWEAK), a member of the TNF superfamily, were 
found to play an important role in apoptosis of renal tubular 
cells in culture.79,80 Extracellular signal–regulated kinase can 
elicit apoptosis in epithelial cells by activating caspase-3 and 
inhibiting Akt pathways, leading to nuclear condensation 
through caspase-3 and histone H2B phosphorylation in 
H2O2-induced renal proximal tubular cell apoptosis during 
IRI.81 Although Bid, a proapoptotic Bcl-2 family protein, was 
shown to be involved in the pathogenesis of ischemic in-
jury,82 apoptosis-antagonizing transcription factor, a leucine 
zipper domain–containing protein, was reported to protect 
renal tubule cells against apoptosis induced by IRI.83

Preconditioning
Over a number of years, it has been appreciated that the kid-
ney can be preconditioned by previous toxin or ischemic ex-
posure so that it is more resistant to subsequent toxins or 
ischemia.84 The mechanisms of this protection are not com-
pletely understood. Inducible nitric oxide synthase is an im-
portant contributor but does not account for all the protec-
tion.85 A complex pattern of hypoxia-inducible transcription 
factor activation appears to play an important role in tissue 
preservation in response to regional renal hypoxia,86 and 
preconditioning activation of hypoxia-inducible transcrip-
tion factor ameliorates ischemic injury.87 A recent study 
demonstrated that activation of heat shock protein-70 by 
heat preconditioning also attenuated ischemic renal injury 
via inhibition of NF-�B–mediated infl ammation.88

Organ Cross Talk
Given that many patients die during AKI of distant organ ef-
fects, a new area of investigation has been the mechanisms of 
distant organ effects of AKI. A major infl ammatory and pro-
apoptotic response occurs in the lung, heart, and brain during 
AKI.89–91 An increase in lung vascular permeability occurs 
during AKI, more severe than the change associated with the 
same increase in serum creatinine caused by an acute removal 
of kidneys, implicating reperfusion products in addition to 
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uremia as the cause. The time after AKI can have an important 
infl uence on the type of extrarenal response because lung re-
sponses can be proinjurious or protective.89 It is also impor-
tant to recognize that pathophysiologic processes in distant 
organs can also infl uence kidney function.92 Further specifi c 
pathophysiologic targets for therapy are discussed later in the 
section on future preventive and therapeutic strategies.

EXPERIMENTAL APPROACHES 
FOR EARLY DIAGNOSIS OF ACUTE 
KIDNEY INJURY

The increase in serum creatinine or decrease in urine output 
is not sensitive enough to reveal early injury events in the 
kidney. There is an important need for novel biomarkers of 
AKI, much like serum troponin can be used to detect early 
acute myocardial injury. Many novel biomarkers such as 
urinary Toll-like receptor 4,93 malondialdehyde,94 keratinocyte-
derived chemokine,95 neutrophil gelatinase–associated lipo-
calin,96 spermidine/spermine (N1-acetyltransferase),97 and 
kidney injury molecule-1,98 a type 1 membrane protein with 
extracellular immunoglobulin and mucin domains, can in-
crease well before an increase in serum creatinine occurs in 
AKI models (Box 9-1). The cyclin-dependent kinase inhibi-
tor p21, a kind of stress-induced gene, and mouse telomerase 
reverse transcriptase could serve as a novel marker for esti-
mating the ischemic period.99 However, the jury is still out 
on the best approach to use one or several urinary or serum 
tests in diagnosing or classifying AKI.100 This topic is covered 
in much greater detail in a review.101

Newer technologies have been embraced to detect novel 
biomarkers: proteomics using special techniques such as dif-
ference in-gel electrophoresis18 and 1H-nuclear magnetic res-
onance spectroscopy.102 Novel imaging approaches are also 
promising for the detection and staging of AKI. A new radio-
metric measurement technique has been developed based on 

intravital fl uorescence microscopy that allows rapid evalua-
tions of renal function in rodent models.103 By using this 
technique, plasma clearance rates of a fl uorescent glomerular 
fi ltration rate marker can be measured in less than 5 minutes 
following a bolus infusion of a fl uorescent dye mixture into 
the bloodstream. Ultrasmall superparamagnetic iron oxide–
enhanced magnetic resonance imaging,104 magnetic resonance 
imaging with dendrimer-based contrast,105,106 and Apo-
Sense,107 a family of small-molecule compounds capable of 
selectively targeting and accumulating within apoptotic/
necrotic cells, have been proposed as imaging techniques for 
diagnosing early renal injury before azotemia develops.

EXPERIMENTAL STRATEGIES 
FOR PREVENTION OR TREATMENT 
OF ACUTE KIDNEY INJURY

The major experimental approach in this fi eld involves the 
application of novel pharmacologic and cell-based therapy 
(Box 9-2). Another approach, although performed by limited 
groups but with great promise, is to use novel devices or in-
novative use of existing approaches, taking advantage of 
advances in bioengineering and tissue engineering.

Growth factors have shown great promise in experimental 
models, but a small study in humans with insulin-like growth 
factor I was not protective.108 That does not exclude, however, 
the possibility for other growth factors to have therapeutic po-
tential. There has been recent interest in applying agents that 
prevent lymphocyte infi ltration into the kidney, such as the 
sphingosine-1-phosphate type 1 receptor agonists FTY720109

and SEW2871,39 which were successful in mice IRI models. Al-
though FTY720 will likely not be used in human transplanta-
tion, similar agents with better side effect profi les have promise. 
Erythropoietin (EPO) and similar agents could have potential 
for human AKI. EPO has been shown to decrease mortality in 
experimental AKI110 and can also provide renoprotection at a 

Novel Biomarkers
Urine

Kidney injury molecule-1
Neutrophil gelatinase–associated lipocalin
Toll-like receptor 4
Malondialdehyde
Keratinocyte-derived chemokine (Gro-�)
Cytokines and chemokines
Urine epigenetics/DNA methylation

Gene
Cyclin-dependent kinase inhibitor p21
Spermidine/spermine (N1-acetyltransferase)
Mouse telomerase reverse transcriptase

Novel Imaging Techniques
Ultrasmall superparamagnetic iron oxide–enhanced MRI
MRI with dendrimer-based contrast
ApoSense technique

Box 9-1 Some Novel Biomarkers and Imaging Techniques 
That Deserve Increased Evaluation for Early Diagnosis of 
Acute Kidney Injury

MRI, magnetic resonance imaging.

Stem cell therapy
Renal tubule assist device or bioartifi cial kidneys

In IRI Models
Sphingosine-1-phosphate type 1 receptor agonists
Erythropoietin
Trimetazidine
Caspase inhibitors
Selectin ligand inhibitors
Antiapoptotic agents
CD4� T cells of the Th2 phenotype
New molecules identifi ed by subtraction/array/

proteomic techniques

In Sepsis-induced AKI Models
Activated protein C
Levosimendan
Ethyl pyruvate

Box 9-2 Experimental Preventive or Therapeutic Agents for 
Acute Kidney Injury

AKI, acute kidney injury; IRI, ischemia-reperfusion injury.
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high dose,111 a low dose,112 and after pretreatment with EPO.113

Endothelial cells are a potential target of the cytoprotective 
effects of EPO.114,115 However no signifi cant change in renal 
outcome was observed in human studies in which EPO was 
administered to acutely ill patients.116 Darbepoetin, a clinically 
used variant of EPO, was reported to have a renoprotective 
effect in IRI-induced AKI.117

Using current immunosuppressive drugs for AKI has been 
limited to date by their nonimmune side effect profi le. Cyclo-
sporine or rapamycin were reported to aggravate damage in 
ischemic organs, negatively affecting posttransplantation re-
covery in a concentration-dependent fashion.118

Cyclosporine also delayed tubular regeneration after IRI. 
Rapamycin delayed but did not prevent renal recovery after 
AKI in rats undergoing renal artery occlusion likely due to 
acquired tubular cell resistance to rapamycin.119 By contrast, 
pretreatment with mycophenolate mofetil led to reduced IRI 
in rats by decreasing the expression of ICAM-1 and infi ltra-
tion of macrophages and lymphocytes, and this is a relatively 
well-understood agent with an acceptable toxicity profi le in 
humans.120

Trimetazidine, an anti-ischemic metabolic agent that in-
hibits fatty acid metabolism, enhanced hypoxia-inducible 
transcription-1� expression and reduced tubulointerstitial fi -
brosis in a pig IRI model.121 Other novel potential therapeutic 
agents include olprinone,122 l-carnosine,123 inhibitory mono-
clonal antibody to mouse factor B124 and CD55/CD59125 for 
targeting complement system, fructose-1,6-diphosphate,126

ghrelin,127 peroxisome proliferator–activated receptor �/�,128

geranylgeranylacetone,129 the oxygen radical scavenger edara-
vone,130 apotransferrin,131 nitric oxide precursor l-arginine,132

�1-acid glycoprotein,133 and the tyrosine kinase inhibitor tyr-
phostin AG126.134 For each of these agents, a rationale can be 
developed for why they might be effective.

Granulocyte colony–stimulating factor was reported to at-
tenuate renal injury in IRI-induced AKI,135,136 cisplatin-
induced AKI,137 and folic acid–induced AKI,138 but to worsen 
renal injury in another setting of IRI-induced AKI.139 Activated 
protein C,140 levosimendan,141 and ethyl pyruvate17 hold prom-
ise for sepsis-induced AKI. Several conventional agents such as 
3-hydroxy-3-methylglutaryl coenzyme A reductase inhibi-
tor,142–144 mineralocorticoid receptor blocker,145,146 minocy-
cline,147 docosahexaenoic acid (all cis 4,7,10,13,16,19 docosa-
hexaenoic acid C22: n-3),148 and magnesium supplementation 
combined with N-acetylcysteine149 have had benefi cial effects 
in animal models and are can didates to test in humans.

Fibrate,150,151 MEK inhibitor,152 peroxisome proliferator–
activated receptor � ligand,153 and antioxidants154 can ame-
liorate renal injury in experimental cisplatin-induced AKI. 
Kallikrein/kinin was reported to have renoprotective effects 
by inhibiting infl ammatory cell recruitment and apoptosis 
through suppression of oxidative stress–mediated signaling 
pathways in gentamicin-induced nephrotoxicity.155

It is important to consider why many pharmacologic 
agents have demonstrated renoprotective effects or therapeu-
tic potentials in animal models, but have failed in human 
clinical trials. Dose and timing of pharmacologic agents could 
be an important factor. In most animal studies, supraphysio-
logic doses, not tolerated by patients, were usually adminis-
tered prior to or very early during the renal insult, whereas 
much smaller doses were administered, usually after estab-
lished AKI, in clinical trials. The difference in physiologic and 

immunologic characteristics and responses between humans 
and animals also has to be considered.

Stem-cell therapy is a novel and promising approach for 
mitigating tissue damage or hastening the healing process af-
ter AKI. Hematopoietic stem cells and mesenchymal stem cells 
were benefi cial in experimental AKI, and the mode of actions 
was initially thought to be from directly repopulating and 
repairing renal tubules.135,156–158 However, more recent reports 
have proposed that the restoration of tubular epithelial cells 
relies on replication of intrinsic tubular cells more than exog-
enous cells.159–161 Recent reports have demonstrated that mes-
enchymal stem cells ameliorated tissue damage after IRI in 
mice,162 and exogenous mesenchymal stem cells traffi cked 
into the kidneys injured by glycerol.163 It is very likely that 
paracrine mechanisms play a key role in the healing effect of 
exogenously administered stem cells. This topic has recently 
been reviewed much more extensively.164

The bioartifi cial renal tubule assist device (RAD) was intro-
duced as a therapeutic approach that combined cell therapy and 
hemodialysis or hemofi ltration.165 The RAD is a cartridge con-
taining living renal proximal tubule cells isolated from deceased 
donor kidneys, grown in confl uent monolayers along the inner 
surface of the hollow fi bers in a conventional hemofi ltration 
cartridge.166,167 The bioartifi cial kidney, consisting of a fi ltration 
device (a conventional high-fl ux hemofi lter) followed in series 
by the RAD, showed promise in acutely uremic dogs after bilat-
eral nephrectomies168,169 and also in septic shock models using 
dogs and pigs.170,171 Continuous bioartifi cial kidney therapy was 
recently tested on a porcine multiple organ dysfunction syn-
drome with AKI model, with measured decrements in serum 
TNF-�, increment of serum interleukin-10, and consequently 
prolonged survival.172 Although controlled trials with a small 
number of patients failed to demonstrate that the RAD could 
confer a survival advantage in sepsis-induced AKI, recent phase 
I/II clinical trials were promising.173,174

In summary, there have been many advances in our un-
derstanding of AKI over the past few years. The current fo-
cus is to translate fi ndings from the laboratory into im-
proved diagnosis, prevention, and treatment for our patients. 
There is a great need and many candidates to evaluate more 
completely.
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Many glomerular and a number of tubulointerstitial diseases 
are the result of immunologic processes that damage the kid-
ney. A variety of immunosuppressive agents have been used in 
the treatment of these diseases and many more are currently 
undergoing study. Only a few of these agents have been studied 
in controlled, randomized trials in any parenchymal renal dis-
ease and virtually none of them are approved by the U.S. Food 
and Drug Administration for the treatment of glomerular dis-
eases. Many medications have been adopted after proving ef-
fective as immunosuppressives in transplantation. Others have 
been studied in rheumatologic and other immunologic disor-
ders. Most have been used in combinations with other drugs 
blocking the immune system, thus making the specifi c role of 
any one agent less clear. Since many are broad-spectrum block-
ers of the immune response, attributing effi cacy in reducing 
proteinuria or prolonging renal survival to one specifi c block-
ing action in the immune cascade is often impossible. In this 
chapter, we present a brief overview of the mechanism of the 
immune responses and then discuss the current and potential 
future medications used for immunosuppressive therapy for 
glomerular and tubulointerstitial diseases.

OVERVIEW OF THE IMMUNE RESPONSE 
AND IMMUNOSUPPRESSIVES

Self-tolerance refers to a lack of immune responsiveness to the 
tissues of one’s own body. Two main mechanisms explaining 
self-tolerance deal with central tolerance and peripheral toler-
ance.1 Central tolerance is the process of the deletion of self-
reactive lymphocytes (B and T cells) during their maturation 
process in bone marrow for the former and thymus for the 
latter. Peripheral tolerance is the process of backup tolerance 
in peripheral tissues to self-reactive T cells that have escaped 
deletion in the thymus.

Autoimmune disease is believed to result from the bypass 
of at least one of the mechanisms of self-tolerance, and the 
mechanism differs from disease to disease. Often there is an 
interaction among immunologic, genetic, and even microbial 
factors. Classically, the immune system has been divided into 
two classes: humoral, mediated by soluble antibody proteins, 
and cellular, mediated by lymphocytes. Immune complex–
mediated glomerulonephritis is a classic humoral response, 
whereas alterations in T-cell function may underlie the patho-
genetic defects in minimal change disease. However, in some 
glomerular diseases such as antineutrophilic cytoplasmic an-
tibody (ANCA)–positive glomerulonephritis, there is evi-
dence of involvement of both humoral and cell-mediated 
limbs of the immune system. This chapter deals with current 
and possibly future immunosuppressive treatments for glo-
merular disease in terms of their mechanisms, effi cacy, and 
toxicities. Although much is known about the mechanisms of 
actions of many immunosuppressive drugs, it is clear that 
most have multiple effects in blockade of the immune 
response. Even monoclonal antibodies may have pleiotropic 
effects. Thus, understanding synergistic immunomodulation 
requires adequate study in animal models and in humans with 
glomerular disease.

Moreover, there is no immunosuppressive agent that does 
not have the potential to produce serious side effects. Some 
adverse reactions are relatively specifi c to a given drug such as 
hair growth and gum hyperplasia with cyclosporine or alope-
cia and hemorrhagic cystitis with cyclophosphamide. How-
ever, it is important to note that along with use of virtually all 
immunosuppressive agents there exists the potential for a 
marked increase in both infection and neoplasia. These factors 
must always be taken into account when one is treating with 
immunosuppressive agents. In treating any individual patient, 
the risks versus benefi ts of the immunosuppressives must be 
weighed.

Chapter 10

Immunosuppressive Agents for the Therapy 
of Glomerular and Tubulointerstitial Disease
Alice Sue Appel and Gerald B. Appel
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IMMUNOSUPPRESSIVE AGENTS

Glucocorticoids
Glucocorticoids (e.g., prednisone, methylprednisolone) have 
been used for many decades as both immunosuppressive and 
anti-infl ammatory agents. They suppress both cell-mediated 
immunity, by inhibiting genes that code for important cyto-
kines including interleukins 1 through 6 and 8 and interferon-
�, and humoral immunity, by diminishing B-cell clonal ex-
pansion and antibody synthesis. At high doses, they also 
directly kill T and B cells, which could account for the power-
ful immunosuppressive effects of pulse steroids.

As long ago as the 1950s, they were used for the treatment 
of idiopathic nephrotic syndrome and lupus nephritis. Cur-
rently, they are commonly used in numerous glomerular 
diseases including minimal change disease, focal glomerulo-
sclerosis, membranous nephropathy, lupus nephritis, and 
rapidly progressive glomerulonephritides, as well as in acute 
interstitial nephritis. They may be used alone or in conjunc-
tion with other immunosuppressants.2

Unfortunately, these agents are associated with many po-
tential adverse effects, and close monitoring for side effects is 
crucial. Toxicities include an increased susceptibility to infec-
tion, impaired glucose metabolism, sodium retention and 
hypertension, accelerated bone loss with accompanying os-
teoporosis (which may be diminished by the use of calcium, 
vitamin D supplements, and bisphosphonates),3 cataracts, 
and cushingoid appearance and other cosmetic effects. The 
latter complication must be strongly considered when treat-
ing young people and others who are especially concerned 
about their appearance since these patients often discontinue 
the use of these drugs rather than tolerate the social conse-
quences of cosmetic changes.

Azathioprine
Azathioprine has been used in humans as an immunosup-
pressant since the early 1960s. It is actually a prodrug, which 
is converted in the body to its active metabolite 6-mercapto-
purine, which acts by inhibiting the formation of phosphori-
bosyl pyrophosphate, an intermediate in purine formation.

Azathioprine has been used to treat many immunologic 
glomerular diseases including lupus, IgA nephropathy, and 
vasculitis. It is the focus of many ongoing studies dealing with 
maintenance of remission in severe proliferative glomerulone-
phritides such as lupus nephritis and ANCA-positive disease.4

Acute myelosuppression with resulting leukopenia, megalo-
blastic anemia, and thrombocytopenia can be caused by azathio-
prine therapy due to the incorporation of azathioprine-derived 
6-thioguanine nucleotides into DNA.5 The metabolite of aza-
thioprine, 6-mercaptopurine, is deactivated by the enzyme thio-
purine S-methyltransferase, and those with a genetic polymor-
phism for thiopurine S-methyltransferase are particularly 
susceptible to such toxicity.5 This genetic abnormality occurs in 
approximately 1 per 220 individuals, and screening for it before 
starting azathioprine therapy has been recommended, although 
rarely practiced clinically.6 Other side effects include nausea, 
vomiting, diarrhea, and hepatotoxicity, although liver function 
tests usually return to normal after discontinuation of the drug. 
Another concern is the interaction between azathioprine 
and allopurinol,7 which results in potentiating the bone marrow 

suppression caused by the azathioprine. This results because 
allopurinol impairs the metabolism of the azathioprine. Both 
drugs should not be used together unless absolutely necessary 
and then only with very great caution. Although it was previ-
ously believed that there was no signifi cant teratogenicity attrib-
utable to azathioprine,8 leukopenia and/or thrombocytopenia 
have been reported in neonates whose mothers had taken aza-
thioprine throughout pregnancy.9

ALKYLATING AGENTS

Cyclophosphamide
Drugs of the nitrogen mustard alkylating agent class of which 
cyclophosphamide is the most commonly used have been 
known to be immunosuppressants since the 1950s.10 Cyclo-
phosphamide is actually a prodrug, converted in the liver by 
mixed-function oxidase enzymes to the active metabolites 
4-hydroxy-cyclophosphamide and phosphoramide mustard. 
The result is the binding of these agents to and the cross-linking 
of DNA, thus inhibiting cell proliferation and function. This 
frequently results in dose-dependent neutropenia and lympho-
penia with reductions of both B cells and CD4� and CD8�

T cells.11

Cyclophosphamide has been used to treat autoimmune glo-
merular diseases, both as intravenous pulses and in an oral 
form. For many years, it was the fi rst-line therapy for severe 
lupus nephritis, and it remains the drug of choice for most pa-
tients with severe crescentic rapidly progressive glomerulone-
phritis whether related to ANCA-positive disease or antiglo-
merular basement membrane disease.4,12–14 Cyclophosphamide 
has also been used to treat steroid-resistant minimal change 
disease and focal glomerulosclerosis, IgA nephropathy, and 
membranous nephropathy.15,16 Because of its toxicity (see “My-
cophenolate Mofetil”), newer immunosuppressants with fewer 
adverse side effects, such as mycophenolate mofetil, are now   
becoming the alternate treatments.

The adverse effects of cyclophosphamide can be severe. 
There is signifi cant dose-dependent bone marrow depression 
with granulocytes, lymphocytes, erythrocytes, and platelets all 
affected. The effect on leukocytes is most pronounced, and the 
aim should be to keep the total white blood cell count greater 
than 3000/mm3. Infections are especially common in those 
who are neutropenic, but major bacterial and fungal infec-
tions can also occur without neutropenia, especially in the 
presence of concomitant treatment with glucocorticoids.

Another important adverse effect of oral cyclophospha-
mide, although rare with intravenous dosing, is hemorrhagic 
cystitis with the increased risk of developing bladder cancer.17

A small percentage of the cyclophosphamide metabolite aldo-
phosphamide is converted to acrolein, which is toxic to bladder 
epithelium. Aggressive hydration should be encouraged to 
prevent this complication. Infertility in both males and females 
may also occur with the use of cyclophosphamide. Clearly, the 
patient’s age and desire to have children must be taken into 
consideration before using this agent. If cyclophosphamide 
remains the drug of choice, a suggestion would be to have the 
patient’s ova or sperm banked before initiation of therapy. 
Also, pregnant women should not be given cyclophosphamide 
unless absolutely necessary because of teratogenicity. Other 
common adverse effects include nausea, hair loss, mouth sores, 
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and hyponatremia due to increased secretion of antidiuretic 
hormone.

Because of the major toxicities of the alkylating agents, a 
strategy that should be strongly considered is induction ther-
apy with cyclophosphamide and then maintenance therapy 
with a less toxic drug such as mycophenolate mofetil and 
azathioprine. Studies are now under way to determine the 
effectiveness of this strategy.4,18

Chlorambucil
Like cyclophosphamide, chlorambucil is a nitrogen mustard al-
kylating agent. It has been used to treat steroid-resistant minimal 
change disease and focal glomerulosclerosis, as part of an alter-
nating monthly regimen with corticosteroids to treat membra-
nous nephropathy, and for several other immune renal diseases.19

Its mechanism of action is primarily binding to and cross-linking 
of DNA, resulting in apoptosis or defective cellular function with 
reductions in both B and T cells (CD4� and CD8�).

The major adverse side effect of chlorambucil is bone mar-
row suppression, causing anemia, neutropenia, and thrombo-
cytopenia. Other toxicities include gastrointestinal distur-
bances, central nervous system side effects including seizures 
and tremors, hepatotoxicity, and infertility. In some studies, it 
was found to have greater toxicity than cyclophosphamide 
and hence it is used infrequently in clinical nephrology at this 
time.20 Chlorambucil should never be used during pregnancy 
due to its strong teratogenic potential.

CALCINEURIN INHIBITORS

This class of immunosuppressive drugs includes cyclosporine 
and tacrolimus (previously known as FK506). The immuno-
suppressive activity of cyclosporine was fi rst noted in 1972, 
and tacrolimus was discovered in 1984.21

Originally used to prevent transplant rejection, the use of 
both drugs as immunosuppressive agents has widely ex-
panded. Both cyclosporine and tacrolimus have been used to 
treat minimal change disease, focal glomerulosclerosis, mem-
branous nephropathy, and as an adjunct to treatment of many 
proliferative glomerulonephritides.22,23

Cyclosporine is a cyclic polypeptide consisting of 11 amino 
acids and tacrolimus is a macrolide lactone. Both exhibit 
similar immunosuppressant mechanisms in their effects on 
both humoral and cell-mediated responses. They act chiefl y 
by inhibiting calcineurin. Cyclosporine fi rst binds to the 
cytoplasmic protein cyclophilin; the cyclosporine-cyclophilin 
com plex then binds to and competitively inhibits the calcium-
sensitive phosphatase calcineurin,24–26 an enzyme that nor-
mally dephosphorylates the nuclear factor of activated T cells. 
T cells are especially sensitive to calcineurin inhibition be-
cause of their low calcineurin content. Tacrolimus binds to FK 
binding protein, an immunophilin, and forms a new complex 
(FK binding protein-12–FK506) that interacts with and inhib-
its calcineurin.24,25 The result of both agents is the inhibition 
of a number of transcription factors, leading to decreased 
production of various cytokines, especially interleukin-2. In 
addition, both cyclosporine and tacrolimus inhibit the activa-
tion of the T-cell transcription factors AP-1 and NK-�B.26

Fortunately, unlike many other immunosuppressive drugs, 
neither cyclosporine nor tacrolimus is myelosuppressive.26

Both cyclosporine and tacrolimus exhibit similar adverse 
side effects. First, both drugs are nephrotoxic and may cause 
acute renal insuffi ciency (usually reversible after lowering or 
discontinuing the medication) or chronic renal insuffi ciency 
(often irreversible).27,28 The acute manifestations may result 
from both renal vasoconstriction (affecting both afferent and 
efferent glomerular arterioles) and tubular toxicity. Rarely, 
hemolytic uremic syndrome may also occur. Hypertension is 
also a common side effect of both drugs, usually appearing 
within weeks of beginning treatment. Reduction in the dose 
often ameliorates the hypertension, but antihypertensive ther-
apy is often required.

Neurological toxicity, particularly with tremor, is also not 
uncommon, especially with tacrolimus at high doses.29–31 Gas-
trointestinal side effects, including loss of appetite, nausea and 
vomiting, and diarrhea, occur and are also more frequently 
noted with tacrolimus.32 On the other hand, both gingival 
hyperplasia and hirsutism occur with cyclosporine but not 
with tacrolimus.33 Tacrolimus may cause alopecia.34,35 Both 
the cosmetic effects of hirsutism and alopecia should be taken 
into account when treating patients who are highly concerned 
with their appearance. Both tacrolimus and cyclosporine are 
associated with an increased risk of developing diabetes. 
Although the data are somewhat confl icting, in general, this is 
more common with tacrolimus than cyclosporine.36–38 Hyper-
kalemia and hypomagnesemia are associated with the use of 
both medications due to renal tubular malfunction. Hyper-
uricemia with resulting gout also may occur with both drugs.

Cyclosporine and tacrolimus are both metabolized by the 
cytochrome P-450 3A enzymes in the liver. Therefore, one 
must be aware that other drugs metabolized by the same sys-
tem, including diltiazem, verapamil, ketoconazole, allopuri-
nol, erythromycin, and numerous others, can result in an el-
evation of cyclosporine and tacrolimus blood levels. Patients 
should also be informed that they should not drink grapefruit 
juice while they are taking cyclosporine or tacrolimus for the 
same reason.39,40 Conversely, certain medications, such as ri-
fampin and phenobarbital, may reduce the level of cyclospo-
rine or tacrolimus by induction of cytochrome P-450. Certain 
statins (simvastatin, lovastatin, and atorvastatin) are metabo-
lized by the cytochrome P-450 3A4 system. Concomitant use 
of these lipid-lowering agents with cyclosporine may increase 
their plasma concentrations and increases the risk of myopa-
thy with possible accompanying rhabdomyolysis.41 (Note that 
rosuvastatin and pravastatin are excreted mainly unchanged 
so that cytochrome P-450 3A inhibitors do not signifi cantly 
increase their plasma concentrations.41) However, because of 
the major cardioprotective effects of the statins, many believe 
that the benefi ts of statin therapy for patients on cyclosporine 
far outweigh the risk of rhabdomyolysis as long as the patients 
are carefully monitored.42–44

To avoid nephrotoxicity and other side effects, serial levels 
of cyclosporine and tacrolimus should be obtained. Trough 
levels are commonly measured just before the next dose of 
the drug.

SIROLIMUS

Sirolimus (rapamycin) is produced from the bacteria Streptomy-
ces hygroscopicus. It was fi rst discovered in a soil sample from 
Easter Island (or Rapa Nui Island, hence the name rapamycin).45
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It is a lipophilic macrolide like tacrolimus but is not a calcineurin 
inhibitor. Like tacrolimus, it fi rst binds to the immunophilin 
FK binding protein-12. However, the sirolimus–FK binding 
protein-12 complex then binds directly in mammals to cytosolic 
protein kinases known as mammalian targets of rapamycin or 
mTOR, resulting in the inhibition of the growth of hematopoi-
etic and lymphoid cells. The mechanism by which it does this is 
thought to be regulation of the cell cycle through inhibition of 
growth factor–related signal transduction,46,47 which results in 
blockade of the G1 to S phase transition. Thus, the major im-
munosuppressive activity of sirolimus is to inhibit proliferation 
of T cells. Therefore, sirolimus acts at a later stage in the immune 
response than the calcineurin inhibitors and may act synergisti-
cally with the latter.

Initial enthusiasm for the use of sirolimus in the treatment 
of glomerular diseases has been tempered by reports of acute 
renal failure in such patients as well as the potential induction 
of focal glomerulosclerosis in patients with renal allografts.48–50

Nevertheless, there are reports of successful use of this agent in 
steroid-resistant focal glomerulosclerosis.51

Unlike cyclosporine and tacrolimus, sirolimus does not ap-
pear to be nephrotoxic. The drug, however, is certainly not 
benign in terms of other side effects. These include hyperlipid-
emia and especially hypertriglyceridemia, nausea and diarrhea, 
elevated liver function tests, and myelosuppression. Sirolimus  
may also impair wound healing so that some prefer to avoid its 
use in the immediate postoperative period.

MYCOPHENOLATE MOFETIL

Mycophenolate mofetil (MMF), derived from the fungus 
Penicillium stoloniferum, is metabolized to its active form 
mycophenolic acid in the liver. Its mechanism of action is to 
inhibit the enzyme inosine monophosphate dehydrogenase, 
crucial for the de novo synthesis of guanosine nucleo-
tides.52,53 Since lymphocytes do not have a salvage pathway 
for purine synthesis but rely entirely on de novo synthesis, 
MMF selectively blocks T- and B-cell proliferation. Unlike 
alkylating agents such as cyclophosphamide, mycophenolic 
acid has little impact on tissues with high proliferative ac-
tivity that possess a salvage pathway for nucleotide synthesis 
(e.g., skin, intestine, bone marrow). This provides a more 
favorable tolerability and toxicity profi le than many other 
commonly used immunosuppressants. MMF may also limit 
glomerular injury and prevent progressive renal scarring 
and fi brosis by inhibiting proliferation of mesangial cells 
and by decreasing lymphocyte migration into renal tissue 
by altering adhesion molecule function with impaired 
glycosylation.52–57 Moreover mycophenolic acid seems to 
lessen the expression of the inducible form of nitric acid 
synthase in the renal cortex58 and may slow the develop-
ment of atherosclerosis.

MMF has been used as a standard component of modern 
immunosuppressive regimens for transplantation. It has been 
shown to be effective in several induction and maintenance 
studies of severe lupus nephritis and is currently being studied 
in focal glomerulosclerosis, IgA nephropathy, membranous 
nephropathy, and as maintenance therapy for ANCA-positive 
glomerulonephritides.18,59–61 It has also proven successful in 
the therapy of steroid-resistant or intolerant acute interstitial 
nephritis.62

The most common adverse effect of MMF is gastrointestinal 
upset including nausea, abdominal cramps, and diarrhea. This 
can often be ameliorated by dividing the daily amount of the 
drug into three or four doses. Leukopenia, which is often re-
sponsive to dose reduction, may be seen. As with all other im-
munosuppressant medications, there is an increased risk of in-
fectious complications.

RITUXIMAB

Rituximab was fi rst approved in 1997 for the treatment of 
B-cell lymphoma. It is a chimeric (mouse-human) antibody, 
60% to 65% human, that binds to the CD20 antigen, a phos-
phoprotein found commonly on B cells but not on stem cells 
or mature plasma cells. Rituximab is composed of the variable 
region of a murine anti-human CD20 monoclonal antibody 
fused to the human IgG1� constant region. Rituximab binds 
to a conformational epitope on CD20 and deletes CD20�

B cells, by a combination of mechanisms, including direct 
complement-mediated cytolysis, antibody-dependent, cell-
mediated cytotoxicity via binding to the Fc� receptor on cyto-
toxic cells, and deregulation of survival pathways with result-
ing apoptosis.63–65 Among the B cells deleted are those 
responsible for the production of self-reactive antibodies.66

Although originally used for the treatment of B-cell lym-
phoma, the use of rituximab has spread as a possible treat-
ment choice for numerous autoimmune diseases. In nephrol-
ogy, it is being actively studied as an immunomodulator in 
lupus and lupus nephritis, Wegener’s granulomatosis, and 
other ANCA-positive rapidly progressive glomerulonephriti-
des.67 It has also been used in membranous nephropathy and 
isolated cases of minimal change disease and focal glomerulo-
sclerosis (see Chapters 19 and 21 for details).

As with other immunosuppressive drugs, rituximab is not 
without adverse side effects. Rituximab is given weekly for four 
consecutive doses of 375 mg/m2 or two doses of 1000 mg given 
2 weeks apart. Infusion more rapidly than over 4 hours or 
without concomitant methylprednisolone can result in allergic 
phenomena with wheezing, shortness of breath, pulmonary 
reactions, and hypotension. Other side effects include reactiva-
tion of hepatitis B and other viral infections. In several lupus 
patients, immune toxicity resulting from the loss of B cells has 
led to activation of JC virus and fatal progressive multifocal 
leukoencephalopathy.68 The effi cacy of rituximab may be abro-
gated by the development of antichimeric antibodies. It is still 
unclear how commonly such antibodies will develop in 
response to this chimeric, partially murine antibody. The 
development of fully humanized anti–B cell monoclonal anti-
bodies is already under way.

OTHER POTENTIAL 
IMMUNOSUPPRESSIVE AGENTS

T lymphocytes require two signals for activation. The fi rst 
signal occurs with presentation of antigen to the T-cell recep-
tor, while the second signal is an interaction of costimulatory 
molecules on T lymphocytes and antigen-presenting cells. 
Blockade of this second costimulatory signal interrupts the 
immune response. A number of agents have been developed 
to modulate the immune system based on this mechanism.
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CD40, a member of the tumor necrosis factor receptor fam-
ily, is expressed on antigen-presenting cells including B cells and 
macrophages.69 The ligand of CD40 is CD154 (CD40 ligand), 
which is expressed on activated CD4� T cells and some CD8�

T cells. Although a murine anti-CD154 analogue was successful 
in murine lupus, results with two different humanized anti-
CD40 monoclonal antibodies (BG9588 and IDEC-131) have 
not been successful in human lupus nephritis.70,71 BG9588 (rip-
lizumab) was associated with unacceptable thromboembolic 
phenomena, and IDEC-131 was ineffective in reaching stated 
endpoints of therapy.

Another costimulatory pathway involves CD28 and 
CD80/86. CD28 is present on T cells and binds to CD80 
(B7-1) and CD86 (B7-2) on antigen-presenting cells. CTLA-
4 competes with CD28 for the same B7 ligands and antago-
nizes CD28-dependent costimulation.69 CTLA4-Ig is a re-
combinant fusion molecule that combines the extracellular 
domain of human CTLA4 with the constant region (Fc) of 
the human IgG1 heavy chain. Two preparations of CTLA4Ig 
have been used clinically to modulate costimulation.72

Abatacept binds CD80 more avidly than CD86 while belata-
cept (LEA29Y) binds even more avidly to both CD80 and 
CD86 and provides more potent inhibition of T-cell activa-
tion. Both agents have been studied in transplantation, and 
trials are ongoing in lupus nephritis. Similar costimulatory 
blockade could prove useful in a number of other immune-
mediated glomerulonephritides.

Mizoribine
Mizoribine, an immunosuppressant agent not approved yet in 
the United States, has been used in Japan for the treatment of 
lupus nephritis and glomerulonephritis. Its active form, 
mizoribine-5-P, selectively inhibits inosine monophosphate 
synthetase and guanosine monophosphate synthetase, resulting 
in blocking synthesis of guanine nucleotides. There is inhibition 
of T-cell activation and proliferation associated with a decease 
in intracellular guanosine triphosphate.73 In Japan, mizoribine, 
in addition to preventing transplant rejection, has been used in 
the treatment of rheumatoid arthritis, steroid-resistant ne-
phrotic syndrome, and systemic lupus nephritis.74–76

The safety profi le of mizoribine has been reported to be as 
safe or safer than that of other immunosuppressant agents. 
Adverse effects have been reportedly less severe with mizorib-
ine than with other such drugs, especially azathioprine.73

There is one report of rhabdomyolysis in a patient also treated 
with a fi brate, and there is warning against the use of both 
drugs together.77 Also, at the highest doses, mizoribine has 
been reported to increase uric acid levels.78

INTRAVENOUS IMMUNOGLOBULIN

Intravenous immunoglobulin (IVIG) has been used to treat 
lupus nephritis, Henoch-Schönlein purpura, and a number 
of other glomerulonephritides.79–81 Almost all studies have 
been small in size, and most have been uncontrolled and 
combined with other therapies. IVIG has a variety of 
immune-modulating actions including acceleration of IgG 
catabolism. Thus, the role of IVIG remains unclear in any 
glomerular disease. Since these agents possess a number of 
potential adverse side effects including acute renal failure, 

especially seen with sucrose-based IVIG, they should be used 
cautiously until their precise role has been clarifi ed.

OTHER MODULATORS OF THE IMMUNE 
RESPONSE

Another area of potential interest is in designer molecules 
that modulate a specifi c element of the immune response. 
For example, LPJ 394, a complex of four oligonucleotides, 
was designed to induce B-cell anergy by binding surface 
immunoglobulin without T-cell help.82 Despite effectively 
reducing anti–double-stranded DNA antibody levels in mu-
rine and human lupus, this agent has not yet been established 
as clinically effective in humans. Antagonists of tumor ne-
crosis factor � are clinically available for the treatment of 
rheumatoid arthritis. They have been associated with severe 
infections including activation of tuberculosis in some pa-
tients and the induction of systemic lupus in some rheuma-
toid patients. They have not proven effective in maintaining 
remissions in ANCA-positive vasculitis.83 As the effector 
limb of the immune system becomes better studied, there 
will clearly be a variety of new targets for the prevention of 
glomerular damage. Potential therapeutic targets include 
cytokines (i.e., interleukin-6, interleukin-10,84 IL-18) B-
lymphocyte stimulator,85–87 interferons (i.e., type I)88–90,
Toll-like receptor (TLR9 blockade),91,92 adhesion molecules, 
and complement components. Agents to modulate these fac-
tors will probably be combined with conventional therapy to 
induce remission in glomerular diseases as well as to main-
tain patients in remission. A major challenge will be under-
standing the interactions between newer immunomodulator 
drugs and currently used immunosuppressives.

References
 1. Kumar V, Cotran RS, Robbins SL (eds): Robbins Basic Pathol-

ogy, 7 ed. Philadelphia: Elsevier, 2003, pp 126–132.
 2. Austin HA III, Klippel JH, Balow JE, et al: Therapy of lupus 

nephritis. Controlled trial of prednisone and cytotoxic drugs. 
N Engl J Med 1986;314:614–619.

 3. Curtis JR, Saag KG: Prevention and treatment of glucocorticoid 
osteoporosis. Curr Osteoporos Rep 2007;5:14–21.

 4. Hossiau FA, Vasconcelos C, D’Cruz D, et al: Immunosuppres-
sive therapy in lupus nephritis: The Euro-Lupus Nephritis Trial, 
a randomized trial of low-dose versus high-dose intravenous 
cyclophosphamide. Arthritis Rheum 2002;46:2121–2131.

 5. Lennard I, Van Loon JA, Weinshilboum RM: Pharmacogenetics 
of acute azathioprine toxicity: Relationship to thiopurine meth-
yltransferase genetic polymorphism. Clin Pharmacol Ther 
1989;46:149–154.

 6. Holme SA, Duley JA, Sanderson J, et al: Erythrolytic thiopurine 
methyltransferase assessment prior to azathioprine use in the 
UK. Q J Med 2002;95:439–444.

 7. Stamp L, Searle M, O’Donnell J, Chapman P: Gout in solid or-
gan transplantation: A challenging clinical problem. Drugs 
2005;65:2593–2611.

 8. Lu CY, Sicher SC, Vasquez MA: Prevention and treatment of re-
nal allograft rejection: New therapeutic approaches and new in-
sights into established therapies. J Am Soc Nephrol 1993;4:
1239–1256.

 9. GlaxoSmithKline, Inc.: Monograph “Imuran,” 2005.
 10. Brock N: The history of the oxazaphosphorine cytostatics. Can-

cer 1996;78:542–547.

Ch10_103-111-X5484.indd Sec1:109Ch10_103-111-X5484.indd   Sec1:109 6/18/08 12:30:30 PM6/18/08   12:30:30 PM



110 Diseases of Glomeruli, Microvasculature, and Tubulointerstitium

 11. Varkila K, Hurme M: The effect of cyclophosphamide on cyto-
toxic T-lymphocyte responses. Immunology 1983;48:433–438.

 12. Illei GG, Austin HA, Crane M, et al: Combination therapy with 
pulse cyclophosphamide plus pulse methylprednisolone improves 
long-term renal outcome without adding toxicity in patients with 
lupus nephritis. Ann Intern Med 2001;135:248–257.

 13. Jayne D, Rasmussen N, Andrassy K, et al: A randomized trial of 
maintenance therapy for vasculitis associated with ANCA. 
N Engl J Med 2003;349:36–44.

 14. Pusey CD: Anti-glomerular basement membrane disease. 
Kidney Int 2003;64:1535–1550.

 15. Ballardie FW, Roberts IS: Controlled prospective trial of pred-
nisolone and cytotoxics in progressive IgA nephropathy. J Am 
Soc Nephrol 2002;13:142–148.

 16. Appel GB: Glomerular diseases and the nephrotic syndrome. In 
Goldman L, Ausiello D (eds): Cecil Textbook of Medicine, 23rd 
ed. Philadelphia, Elsevier, 2008, pp 866–877.

 17. Talar-Williams C, Hijazi YM, Walther MM, et al: Cyclophos-
phamide-induced cystitis and bladder cancer in patients with 
Wegener’s granulomatosis. Ann Intern Med 1996;124:477–484.

 18. Contreras G, Pardo V, Leclercq B, et al: Sequential therapies for 
proliferative lupus nephritis. N Engl J Med 2004;350:971–980.

 19. Ponticelli C, Zucchelli P, Passerini P, et al: A 10-year follow-up of 
a randomized study with methylprednisolone and chlorambucil 
in membranous nephropathy. Kidney Int 1995;48:1600–1604.

 20. Ponticelli C, Altieri P, Scolari F, et al: A randomized study com-
paring methylprednisolone plus chlorambucil versus methyl-
prednisolone plus cyclophosphamide in idiopathic membra-
nous nephropathy. J Am Soc Nephrol 1998;9:444–450.

 21. Borel JF: History of the discovery of cyclosporine and of its 
early pharmacological development. Wien Klin Wochenschr 
2002;114:433–437.

 22. Cattran DC, Appel GB, Hebert L, et al: A multicenter trial of 
cyclosporine in patients with steroid resistant focal and seg-
mental glomerulosclerosis. Kidney Int 1999;56:2220–2226.

 23. Cattran DC, Appel GB, Hebert LA, et al, for the North American 
Nephrotic Syndrome Study Group: Cyclosporine in steroid resis-
tant membranous nephropathy: A randomized trial. Kidney Int 
2001;59:1484–1490.

 24. Weiderrecht G, Lam E, Hung S, et al: The mechanism of action 
of FK506 and cyclosporine A. Ann N Y Acad Sci 1993;696:9–19.

 25. Clipstone NA, Crabtree GR: Calcineurin is a key signaling enzyme 
in T lymphocyte activation and the target of the immunosuppres-
sive drugs cyclosporine A and FK506. Ann N Y Acad Sci 1993;696:
20–30.

 26. Matsuda S, Koyasu S: Mechanisms of action of cyclosporine. 
Immunopharmacology 2000;47:119–125.

 27. Remuzzi G, Piereco N: Cyclosporine-induced renal dysfunction in 
experimental animals and humans. Kidney Int 1995;52:S70–S74.

 28. Porayko MK, Textor SC, Krom RA, et al: Nephrotoxicity of FK506 
and cyclosporine when used as primary immunosuppression in 
liver transplant recipients. Transplant Proc 1993;25:665–668.

 29. Schwartz RB, Bravo SM, First MR, et al: Cyclosporine neurotoxic-
ity and its relationship to hypertensive encephalopathy: CT and 
MR fi ndings in 16 cases. AJR Am J Roentgenol 1995;165:627–631.

 30. Eidelman BH, Abu-Elmagd K, Wilson J, et al: Neurologic 
complications of FK506. Transplant Proc 1991;23:3175–3178.

 31. Wijdicks EF, Wiesner RH, Krom RA: Neurotoxicity in liver 
transplant recipients with cyclosporine immunosuppression. 
Neurology 1995;45:1962–1964.

 32. Mor E, Sheiner PA, Schwartz ME, et al: Reversal of severe FK506 
side effects by conversion to cyclosporine-based immunosup-
pression. Transplantation 1994;58;380–383.

 33. Thorp M, DeMattos A, Bennet W, et al: The effect of conversion 
from cyclosporine to tacrolimus on gingival hyperplasia, hirsut-
ism, and cholesterol. Transplantation 2000;69:1218–1220.

 34. Tricot L, Lebbe C, Pillebout E, et al: Tacrolimus-induced alopecia 
in female kidney-pancreas transplant recipients. Transplantation 
2000;80:1546–1549.

 35. Shapiro J, Jordan ML, Scantlebury VP, et al: Alopecia as a conse-
quence of tacrolimus therapy. Transplantation 1998;65:1284.

 36. First MR, Gerber DA, Hariharan S, et al: Posttransplant diabetes 
mellitus in kidney allograft recipients: Incidence, risk factors, 
and management. Transplantation 2002;73:379–386.

 37. Johnson C, Ahsan N, Gonwa T, et al: Randomized trial of tacro-
limus (Prograf) in combination with azathioprine or mycophe-
nolate mofetil versus cyclosporine (Neoral) with mycophenolate 
mofetil after cadaveric kidney transplantation. Transplantation 
2000;69:534–841.

 38. Neylan JF, for the FK506 Kidney Transplant Study Group: Racial 
differences in renal transplantation after immunosuppression with 
tacrolimus versus cyclosporine. Transplantation 1998;65:515–523.

 39. Fujita K: Food-drug interactions via human cytochrome P450 3. 
Drug Metab Drug Interact 2004;20:195–217.

 40. Dahan A, Altman H: Food-drug interaction: Grapefruit juice 
augments drug bioavailability—mechanism, extent and relevance. 
Eur J Clin Nutr 2004;58:1–9.

 41. Neuvonen PJ, Niemi M, Backman JT: Drug interactions with 
lipid-lowering drugs; mechanisms and clinical relevance. Clin 
Pharmacol Ther 2006;80:565–581.

 42. Vanhaecke J, Van Cleemput J, Van Lierde J, et al: Safety and 
effi cacy of low dose simvastatin in cardiac transplant recipients 
treated with cyclosporine. Transplantation 1994;15:582–585.

 43. Arnadottir M, Eriksson LO, Germershausen JI, Thysell H: Low-
dose simvastatin is a well-tolerated and effi cacious cholesterol-
lowering agent in cyclosporin-treated kidney transplant recipi-
ents: Double-blind, randomized, placebo-controlled study in 
40 patients. Nephron 1994;68:57–62.

 44. Panici V, Manca-Rizza G, Paoletti S, et al: Safety and effects on 
the lipid and C-reactive protein plasma concentration of the 
association of ezetimib plus atorvastatin in renal transplant 
patients treated by cyclosporine-A: A pilot study. Biomed Phar-
macother 2006;60:549–552.

 45. Pritchard DI: Sourcing a chemical succession for cyclosporine 
from parasites and human pathogens. Drug Discovery Today 
2005;19:688–691.

 46. Chung J, Kao CJ, Crabtree GR, et al: Rapamycin-FKBP specifi -
cally blocks growth-dependent activation of and signaling by 
the 70 kd S6 protein kinases. Cell 1992;69:1227–1236.

 47. Morice WG, Brunn GJ, Wiederrecht G, et al: Rapamycin-induced 
inhibition of p34cdc2 kinase activation is associated with 
G1/S-phase growth arrest in t lymphocytes. J Biol Chem 
1993;268:3734–3738.

 48. Cho ME, Hurle JK, Kopp JB: Sirolimus therapy of focal segmental 
glomerulosclerosis is associated with nephrotoxicity. Am J Kidney 
Dis 2007;49:210–217.

 49. Fervenza FC, Fitzpatrick PM, Mertz J, et al: Acute rapamycin 
nephrotoxicity in native kidneys of patients with chronic glo-
merulopathies. Nephrol Dial Transplant 2004;19:1288–1292.

 50. Izzedine H, Brochieriou I, Frances C: Post-transplantation pro-
teinuria and sirolimus. N Engl J Med 2005;353:288–289.

 51. Tumlin JA, Miller D, Near M, et al: A prospective, open-label 
trial of sirolimus in the treatment of focal segmental glomeru-
losclerosis. Clin J Am Soc Nephrol 2006;1:109–116.

 52. Allison AC, Eugui EM: Mycophenolate mofetil and its mecha-
nisms of action. Immunopharmacology 2000;47:85–116.

 53. Appel GB, Radhakrishnan J, Ginzler E: Use of mycophenolate 
mofetil in autoimmune and renal diseases. Transplantation 
2005;80(2 Suppl):S265–S271.

 54. Hauser IA, Renders L, Radeke HH, et al: Mycophenolate mofetil 
inhibits rat and human mesangial proliferation by guanosine 
depletion. Nephrol Dial Transplant 1999;14:58–63.

 55. Badid C, Vincent M, McGregor B, et al: Mycophenolate mofetil 
reduces myofi broblast infi ltration and collagen III deposition in 
rat remnant kidney. Kidney Int 1999;58:51–61.

 56. Allison AC, Eugui EM: Immunosuppressive and other effects of 
mycophenolic acid and an ester prodrug mycophenolate 
mofetil. Immunol Rev 1993;136:5–28.

Ch10_103-111-X5484.indd Sec1:110Ch10_103-111-X5484.indd   Sec1:110 6/18/08 12:30:30 PM6/18/08   12:30:30 PM



111 Immunosuppressive Agents for the Therapy of Glomerular and Tubulointerstitial Disease

 57. Blaheta RA, Lechel K, Wittig B, et al. Mycophenolate mofetil 
impairs transendothelial migration of allogenic CD4 and CD8 
T-cells. Transplant Proc 1999;31:1250–1252.

 58. Lui SL, Tsang R, Wong D, et al: Effect of mycophenolate mofetil 
on severity of nephritis and nitric acid production in lupus-
prone MPR/lpr mice. Lupus 2002;11:411–418.

 59. Ginzler EM, Dooley MA, Aranow C, et al: Mycophenolate 
mofetil or intravenous cyclophosphamide for lupus nephritis. N 
Engl J Med 2005;353:2219–2228.

 60. Cattran DC, Wang MM, Appel GB, et al: Mycophenolate mofetil 
in the treatment of focal segmental glomerulosclerosis. Clin 
Nephrol 2004;62:605–611.

 61. Branten AJ, du Buf-Vereijken PW, Vervloet M, Wetzels JF: My-
cophenolate mofetil in idiopathic membranous nephropathy: 
A clinical trial with comparison to a historic control group 
treated with cyclophosphamide. Am J Kidney Dis 2007;50:
248–256.

 62. Preddie D, Nickolas T, Radhakrishnan J, et al: Use of MMF in 
refractory acute interstitial nephritis. Clin J Am Soc Nephrol 
2006;1:718–721.

 63. Binder M, Otto F, Mertelsmann R, et al: The epitope recognized 
by rituximab. Blood 2006;108:1975–1978.

 64. Maloney DG: Mechanism of action of rituximab. Anticancer 
Drugs 2001;12(Suppl 2):S1–S4.

 65. Liu Y, Zheng M, Lai Z, et al: Inhibition of human B-cell lym-
phoma by an anti-CD20 antibody and its chimeric 
F(ab’)2fragment via induction of apoptosis. Cancer Lett 
2004;205:243–253.

 66. Anolik JH, Barnard J, Cappione A, et al: Rituximab improves 
peripheral B cell abnormalities in human systemic lupus 
erythematosus. Arthritis Rheum 2004;50:3580–3590.

 67. Appel GB, Looney J, Eisenberg RA, et al: Protocol for the lupus 
nephritis assessment with rituximab (LUNAR) study. ASN 
Abstract, 2006.

 68. FDA Alert: Progressive multifocal leukoencephalopathy, Decem-
ber 2006. Available at: www.fda.gov/cder/drug/InfoSheets/HCP/
rituximab.pdf.

 69. Appel GB, Waldman M: Update on the treatment of lupus ne-
phritis. Kidney Int 2006;70:1403–1412.

 70. Biancone L, Deambrosis I, Camussi G: Lymphocyte costimula-
tory receptors in renal disease and transplantation. J Nephrol 
2002;15:7–16.

 71. Kalunian KC, Davis JC Jr, Merrill JT, et al: Treatment of sys-
temic lupus erythematosus by inhibition of T cell costimulation 
with anti-CD154: A randomized, double-blind, placebo-
controlled trial. Arthritis Rheum 2002;46:3251–3258.

 72. Davis JC Jr, Totoritis MC, Rosenberg J, et al: Phase I clinical trial 
of a monoclonal antibody against CD40-ligand (IDEC-131) in 
patients with systemic lupus erythematosus. J Rheumatol 
2001;28:95–101.

 73. Yokota S: Mizoribine: Mode of action and effects in clinical use. 
Pediatr Int 2002;44:196–198.

 74. Yumura W, Suganuma S, Uchida K, et al: Effects of long-term 
treatment with mizoribine in patients with proliferative lupus 
nephritis. Clin Nephrol 2005;64:28–34.

 75. Kuroda T, Hirose S, Tanabe et al: Mizoribine therapy for pa-
tients with lupus nephritis: The association between peak 
mizoribine concentration and clinical effi cacy. Mod Rheumatol 
2007;17:206–212.

 76. Hirayama K, Kobayashi AM, Hashimoto Y, et al: Treatment with 
the purine synthesis inhibitor mizoribine for ANCA-associated 
renal vasculitis. Am J Kidney Dis 2004;44:57–63.

 77. Morimoto S, Fujoka Y, Tsusumi C, et al: Mizoribine-induced 
rhabdomyolysis in a rheumatoid arthritis patient receiving 
benzafi brate treatment. Am J Med 2005;329:211–213.

 78. Stypinski D, Obaidi M, Combs M, et al: Safety, tolerability and 
pharmacokinetics of higher dose mizoribine in healthy male 
volunteers. Br J Clin Pharmacol 2007;63:459–468.

 79. Yu Z, Lennon VA: Mechanism of intravenous immunoglobulin 
therapy in antibody-mediated autoimmune disease. N Engl 
J Med 1999;340:227–228.

 80. Toubi E, Kessel A, Shoenfeld Y: High dose intravenous immu-
noglobulin: An option in the treatment of SLE. Hum Immunol 
2005:66:395–402.

 81. Orbach H, Tishler M, Shoenfeld Y: Intravenous immunoglobulin 
and the kidney—a two-edged sword. Semin Arthritis Rheum 
2004;34:593–601.

 82. Abetimus: Abetimus sodium, LJP 394. BioDrugs 2003;17:212–215.
 83. Huugen D, Tervaert JWC, Heeringa P: TNF-alpha bioactivity-

inhibiting therapy in ANCA-associated vasculitis: Clinical and 
experimental considerations. Clin J Am Soc Nephrol 2006;
1:1100–1107.

 84. Llorente L, Richaud-Patin Y, Garcia-Padilla C, et al: Clinical and 
biologic effects of anti-interleukin-10 monoclonal antibody 
administration in systemic lupus erythematosus. Arthritis 
Rheum 2000;43:1790–1800.

 85. Stohl W, Metyas S, Tan SM, et al: B lymphocyte stimulator over-
expression in patients with systemic lupus erythematosus: 
Longitudinal observations. Arthritis Rheum 2003;48:3475–3486.

 86. Stohl W: Targeting B lymphocyte stimulator in systemic lupus 
erythematosus and other autoimmune rheumatic disorders. 
Expert Opin Ther Targets 2004;8:177–189.

 87. Zhang J, Roschke V, Baker KP, et al: Cutting edge: A role for B 
lymphocyte stimulator in systemic lupus erythematosus. J Im-
munol 2001;166:6–10.

 88. Crow MK: Interferon-alpha: A new target for therapy in sys-
temic lupus erythematosus? Arthritis Rheum 2003;48:2396–
2401.

 89. Baechler EC, Gregersen PK, Behrens TW: The emerging role of 
interferon in human systemic lupus erythematosus. Curr Opin 
Immunol 2004;16:801–807.

 90. Schwarting A, Paul K, Tschirner S, et al: Interferon-beta: A 
therapeutic for autoimmune lupus in MRL-Faslpr mice. J Am 
Soc Nephrol 2005;16:3264–3272.

 91. Leadbetter EA, Rifkin IR, Hohlbaum AM, et al: Chromatin-IgG 
complexes activate B cells by dual engagement of IgM and Toll-
like receptors. Nature 2002;416:603–607.

 92. Anders HJ, Vielhauer V, Eis V, et al: Activation of Toll-like 
receptor-9 induces progression of renal disease in MRL-Fas(lpr) 
mice. FASEB J 2004;18:534–536.

Further Reading
Appel GB: Glomerular disease and the nephrotic syndrome. In 

Goldman L, Ausiello D (eds): Cecil Textbook of Medicine, 23rd 
ed. Philadelphia, Elsevier, 2008, pp 866–877.

Appel GB, Radhakrishnan J, Ginzler E: Use of mycophenolate 
mofetil in autoimmune and renal diseases. Transplantation. 
2005;80(2 Suppl):S265–S271.

Appel GB, Waldman M: Update on the treatment of lupus nephritis. 
Kidney Int 2006;70:1403–1412.

Biancone L, Deambrosis I, Camussi G: Lymphocyte costimulatory re-
ceptors in renal disease and transplantation. J Nephrol 2002;15:7–16.

Matsuda S, Koyasu S: Mechanisms of action of cyclosporine. 
Immunopharmacology 2000;47:119–125.

Maloney DG: Mechanism of action of rituximab. Anticancer Drugs 
2001;12(Suppl 2):S1–S4.

Markowitz G, Appel GB: Use of MMF in refractory acute interstitial 
nephritis. Clin J Am Soc Nephrol 2006;1:718–721.

Orbach H, Tishler M, Shoenfeld Y: Intravenous immunoglobulin 
and the kidney—a two-edged sword. Semin Arthritis Rheum 
2004;34:593–601.

Preddie D, Nickolas T, Radhakrishnan J, et al: Use of MMF in 
refractory acute interstitial nephritis. Clin J Am Soc Nephrol 
2006;1:718–721.

Ch10_103-111-X5484.indd Sec1:111Ch10_103-111-X5484.indd   Sec1:111 6/18/08 12:30:31 PM6/18/08   12:30:31 PM



112

INFLAMMATION AND POINTS 
OF ATTACK FOR ITS MODULATION

Infl ammation can be classically defi ned as the reaction of a 
living vascularized tissue to localized damage,1 and it plays 
a role in both normal repair reactions and the pathogenesis 
of disease. The infl ammatory reactions are usually defi ned 
as acute or chronic based on both their temporal duration 
and the prevailing phenomena occurring. Acute infl amma-
tion, lasting minutes to hours, has its main features in fl uid 
and plasma protein exudation (edema) and leukocyte 
(mainly neutrophil) migration.2 Chronic infl ammation lasts 
longer, is less stereotyped, and is associated histologically 
with the presence of lymphocytes and macrophages as well 
as with the proliferation of small blood vessels and of con-
nective tissue.3 Infl ammatory phenomena are at the basis of 
a number of disease processes of either systemic or organ-
specifi c nature, ranging from classic rheumatic diseases to 
bronchial airway hyperresponsiveness, infl ammatory bowel 
disease, kidney diseases, psoriasis, and atopic eczema. Tissue 
phenomena occurring in infl ammation include modifi ca-
tion of blood fl ow and vessel diameter, changes in vascular 
permeability, leukocyte exudation and phagocytosis, re-
modeling of the extracellular matrix, and cell proliferation. 
Each phase of the infl ammatory reaction is sustained by the 
local production of mediators, including vasoactive amines, 
plasma and tissue proteases, arachidonic acid metabolites, 
cytokines, chemokines and growth factors, lysosomal com-
ponents, and reactive oxygen species, each of which may 
be a theoretical target for drugs or therapeutic interven-
tions. It has recently been appreciated that many of these 
phases may be modulated by diet. Dietary modulation of 

the infl ammatory reaction is thus now achievable as a 
therapeutic option in the treatment of a variety of human 
diseases. Selected dietary components can also be supple-
mented in amounts not easily achieved through the diet, 
thus confi guring truly pharmacologic modalities based 
on dietary components. This chapter reviews the main op-
tions currently available for these interventions, their pro-
posed rationale and mechanism of action, clinical results, 
and some current therapeutic recommendations. Most of 
these are currently based on manipulation of fatty acid (FA) 
intake, but important new notions in this area deal with 
the link of obesity and infl ammation with the consequent 
target of weight loss through restriction of dietary calorie 
intake and the link with salt sensitivity, infl ammation, and 
hypertension.

HIGHLY UNSATURATED AND N-3 FATTY 
ACIDS

Present mainly in seafood, and therefore better known as 
fi sh oils, highly unsaturated FAs of the n-3 series (�-3 FAs) 
are probably the best example of how diet may affect in-
fl ammation. These compounds exert a remarkable variety 
of biologic effects4,5; because of this, they are currently be-
ing tested in a variety of clinical situations as disparate as 
coronary artery disease,6,7 hypertension,8,9 some dyslipid-
emias,10 cancer,11–13 diabetes,14 renal diseases,15 and a num-
ber of infl ammatory states.16 The reader is referred to the 
cited reviews covering their use in these conditions, whereas 
this section focuses on their use in infl ammatory states and 
renal disease.
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113 Dietary Modulation of the Infl ammatory Response

Biologic Properties and Effects of N-3 
Fatty Acids and Their Potential Relevance 
to Infl ammation

Current medical interest in n-3 fatty acids stems from 
observations of the different prevalence of some chronic 
diseases in the Greenland (Eskimo) population relative to 
Western populations.17 Diseases with lower prevalence in 
Inuit compared with control Danes include myocardial in-
farction, from which the main source of interest for these 
compounds as preventive agents in coronary artery disease 
has derived, but also conditions such as psoriasis, bronchial 
asthma, diabetes mellitus, and thyrotoxicosis,17 which share 
a background of infl ammation or a derangement of immu-
nity. Increased nutritional intake of fi sh and marine mam-
mals, providing an increased supply of n-3 FAs, was pointed 
out as the main factor responsible for such differences.18,19

Mammals in general cannot synthesize FAs with double 
bonds distal to the ninth carbon atom (starting counts from 
the methyl end of the carbon chain), although they are able, 
to some extent, to elongate (increase carbon chain length) 
and further desaturate (increase the number of double 
bonds) the aliphatic chain. Two main families of long-chain 
polyunsaturated FAs exist, biologically derived from the 
shortest nonsynthesizable precursors linoleic acid (C18:2 n-6) 

and �-linolenic acid (C18:3) (Fig. 11-1). Linoleic acid is 
abundant in oils from most vegetable seeds such as corn and 
saffl ower. �-Linolenic acid is found in the chloroplasts of 
green leafy vegetables. Humans can desaturate and elongate 
�-linolenic acid to eicosapentaenoic acid (EPA) and, further, 
to docosahexaenoic acid (DHA). However, the elongation 
and desaturation processes are likely to be slow and possibly 
further limited by aging20 and disease conditions.21 For these 
reasons, EPA and DHA are considered, to a large extent, nu-
tritionally essential and nearly exclusively derived from fi sh. 
Fish increase their membrane content by eating the phyto-
plankton rich in either the precursor �-linolenic acid or 
the more elongated compounds EPA and DHA. Fatty fi sh 
living in cold seas (e.g., mackerel, salmon, herring) are par-
ticularly rich in these compounds, which may give them a 
selective advantage in preventing low temperature–related 
loss in membrane fl uidity in cell membranes.20 Concen-
trated formulations of EPA and DHA are now available 
from industrial processing of the body fat from fi sh and are 
undergoing clinical trials as dietary supplements or pharma-
cologic agents.

The n-3 FAs exert a remarkable variety of biologic effects, 
many of which may affect infl ammation and clinical condi-
tions related to their presence (Fig. 11-2). The most important 
of these are now discussed in greater detail.

n-6
ω-6

Linoleic series

n-3
ω-3

 α-Linolenic series

C18:2 n-6 Linoleic acid

 ∆6 desaturase

C18:3 n-6 �-Linolenic acid

elongase

C20:3 n-6  Dihomo-�-linolenic acid

 ∆5 desaturase

C18:4 n-6  Arachidonic acid

elongase

C22:4 n-6

 ∆4 desaturase

C22:5 n-6  Docosapentaenoic acid (n-6)

C18:3 n-3 α-Linolenic acid

 ∆6 desaturase

C18:4 n-3 

 elongase

C20:4 n-3

 ∆5 desaturase

C20:5 n-3 Eicosapentaenoic acid

 elongase

C22:5 n-3 Docosapentaenoic acid (n-3)         C24:5 n-3

 ∆4 desaturase        ∆6 desaturase

C22:6 n-3 Docosahexaenoic acid          C24:6 n-3

elongase

β-Oxidation

Figure 11-1 Metabolism and nomenclature of the main polyunsaturated fatty acid (FA) of the linoleic series (left) and the a-lin-
olenic series (right). The two metabolic pathways, although largely using the same enzymes without appreciable substrate 
specifi city, are entirely distinct and not interconvertible in animals and humans. Regulation of elongase and desaturates is 
largely unknown. Both pathways use the same enzymes for chain elongation and desaturation. Recent fi ndings, however, have 
indicated that formation of docosahexaenoic acid (DHA) from 22:5 n-3 occurs through an initial chain elongation to 24:5 n-3 
(in either mitochondria or peroxisomes), which is in turn desaturated in microsomes at position 6 to yield 24:6 n-3. The chain 
is then shortened via b-oxidation to yield DHA. This novel biosynthetic pathway is commonly referred to as Sprecher’s 
shunt.122 Dihomo-g-linolenic acid is the precursor of prostaglandins of the 1 series. Arachidonic acid is the most common eico-
sanoid precursor; eicosapentaenoic acid is the most common precursor of the prostaglandins of the 3 series and of leukotri-
enes of the 5 series, and the most abundant polyunsaturated FA present in fi sh oil concentrates; DHA is the most abundant n-3 
FA accumulated in tissues (especially in the central nervous system) and in fi sh, and can exert its effects partially by retrocon-
version to eicosapentaenoic acid and partially by itself. See text for further details. (Modifi ed from De Caterina R, Endres S, 
Kristensen S, Schmidt E: n-3 Fatty acids and renal diseases. Am J Kidney Dis 1994;24:397–415.)
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Production of Eicosanoids and Related Lipid 
Mediators

Until recently, the prevailing hypothesis to explain the protean 
effects of n-3 FAs was that their action could be related to the 
different profi le of activities of neosynthesized, soluble lipid 
mediators derived from EPA as opposed to those derived from 
the normally more abundant arachidonic acid (AA) (Fig. 11-3). 

Both AA and EPA are FAs with 20 (in Greek, eicosa) carbon 
atoms and four or fi ve cis double bonds, each one inducing a 
bending of the otherwise linear aliphatic chain. These bendings 
allow the occurrence of a hairpin confi guration and the subse-
quent enzymatic transformation of the FA precursor in a vari-
ety of compounds commonly designated eicosanoids. This 
term now encompasses a number of classes of related com-
pounds, named prostaglandins, thromboxanes (TXs), leukotri-
enes (LTs), hydroxy- and epoxy-FAs, lipoxins, and isoprostanes. 

Primary effects Pathophysiologic
consequences

Anti-inflammatory
end results

Effects on 
intracellular

signal
transduction
pathways (?)

Effects on eicosanoids and 
related lipid mediators

• Decreased platelet and 
mesangial production of TXA2

• Unchanged or increased 
production of vascular PGI2

• Production of an inactive TXA3
and of an active PGI3

• Decreased leukocyte production 
of LTB4, C4, E4, and other 
lipoxygenase metabolites

• Leukocyte production of less 
active 5-series leukotrienes and 
other lipoxygenase metabolites

• Decreased leukocyte production 
of PAF

Eicosanoid-independent inhibition of 
platelet function 

(adhesion, aggregation)

Decreased endothelial and monocyte- 
macrophage production of PDGF

Decreased monocyte production of 
IL-1, IL-2, TNF, and tissue factor

Decreased endothelial expression of 
leukocyte adhesion molecules and 

of secondary cytokines 
(IL-6, IL-8, MCP-1, M-CSF)

Decreased leukocyte chemotaxis

Primary decrease in endothelial 
permeability

Increase in endothelium-dependent 
vasodilation

Decreased vascular responses to 
angiotensin II and norepinephrine

Decrease in fibrinogen concentration

Increase in red blood cell flexibility

Decreased platelet function 
and reduced release of 

vasoconstrictive mediators 
(e.g., serotonin and TXA2)

Reduced leukocyte recruitment

Reduced activity of the 
immune system

Reduced blood pressure

Reduced plasma viscosity

Reduced blood viscosity

Reduced vascular permeability

Reduced vascular tone

Reduced inflammatory 
cell accumulation

Reduced production of 
inflammatory mediators

Reduced vascular 
permeability

Figure 11-2 Biologic effects of n-3 fatty acids (FAs) and the rationale for their anti-infl ammatory use. IL, interleukin; LT, leukotri-
ene; MCP-1, monocyte chemoattractant protein-1; M-CSF, macrophage colony–stimulating factor; PAF, platelet-activating fac-
tor; PDGF, platelet-derived growth factor; PG, prostaglandin; TNF, tumor necrosis factor; TX, thromboxane. See text for details
and references.
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The initial step in the biosynthesis of these compounds is 
thought to be a receptor- or physical perturbation–mediated 
infl ux of Ca2� ions, causing translocation of a cytoplasmic 
phospholipase A2 to the cell membrane.22,23 The enzyme then 
catalyzes the hydrolysis of the esterifi ed AA in the sn-2 posi-
tion.24,25 A variety of phospholipase A2 have now been identi-
fi ed, differing in molecular weight, calcium sensitivity, and the 
specifi city for AA.26 The activity of these enzymes appears to be 
increased by a phospholipase A2–activating protein, which is 
activated by cytokines such as interleukin (IL)-1 and tumor 
necrosis factor (TNF).27 A secretory phospholipase A2 present 
on the surface of mast cells and other cells may also be involved 
in the liberation of AA.28,29

Physical stimuli–or agonist-induced activation of cytoplas-
mic phospholipase A2 leads to a liberation of free AA. When 
EPA partially replaces AA as the polyunsaturated FA in the sn-2 
position of glycerophospholipids, free EPA is produced. AA or 
EPA then becomes available for a variety of enzymes able to 
drive their further metabolism in directions depending on the 
cell type where such activation processes occur (see Fig. 11-1). 
Thus, in platelets and a few other tissues (including the kidney), 
AA is metabolized to TXA2, a powerful vasoconstrictor and in-
ducer of platelet activation. The replacement of EPA leads to the 
production of a much weaker TXA3. On the other hand, in en-
dothelia, products of AA and EPA are the almost equally active 

prostaglandins I2 and I3, both vasodilators and inhibitors of 
platelet activation. In leukocytes, which are pivotal cells in in-
fl ammation, the main metabolism of AA is toward the produc-
tion of LTs, endowed with chemotactic (LTB4) or vaso- or 
bronchoconstrictive and endothelium-permeabilizing proper-
ties (LTC4, LTD4, and LTE4). EPA also acts as a poor substrate for 
AA-metabolizing enzymes, leading to a decreased net produc-
tion of derived compounds (reviewed in De Caterina and Zam-
polli30). Lipoxygenase products of EPA are the weaker corre-
sponding LTs of the 5 series (LTB5, C5, D5, E5) (see Fig. 11-3), 
although, in this regard, the most relevant property of n-3 FA 
incorporation in membrane phospholipids appears to be the 
reduced production of such mediators.31 As a result, a shift in 
the relative abundance of AA and EPA leads to a new balance of 
eicosanoids, favoring vasodilating, antiplatelet, and less proin-
fl ammatory compounds. Elevated TXA2 (by urinary assays of 
metabolites of its hydrolytic product TXB2) has been found in 
patients with systemic lupus erythematosus32 and in a variety of 
renal diseases including chronic glomerular disease,33 diabetic 
nephropathy,34 renal damage caused by cyclosporine,35 renal 
transplant rejection,36 and proteinuric syndromes.37–40 Substi-
tution of EPA for AA reduces platelet41–45 as well as renal pro-
duction of TX.40 In addition, n-3 FAs have been found to reduce 
the gene expression of cyclo-oxygenase-2,46 leading to the net 
reduction in the output of proinfl ammatory prostanoids. In 

5-LO 5-LO
15-HETE            LXA4, LXB4 15-HEPE            LXA5, LXB5

15-LO 12-LO LTB4

*   AA                  LTA4
5-LO

CO LTC4, D4, E4

PGG2, PGH2

TXA2 PGI2       PGE2      PGF2a

DHA 15-LO

12-LO
LTB5

* EPA           LTA5
5-LO

CO
LTC5, D4, E4

PGG3, PGH3

TXA3 PGI3 PGE3 PGF3a

Figure 11-3 An updated schema for the origin of the main eicosanoids deriving from the linoleic series (metabolites of 
arachidonic acid [AA]) and of the �-linolenic series (metabolites of eicosapentaenoic acid [EPA]) with relevance to infl amma-
tion physiology and pathophysiology. The best characterized metabolic pathway, catalyzed by the enzyme prostaglandin 
(PG) H synthase (cyclooxygenase [CO], of which a constitutive form and an inducible form are now known), leads to the 
formation of prostanoids (PGs82) and thromboxanes (TXs) of the 2 series from AA and of the 3 series from EPA. AA and EPA 
also can be metabolized in leukocytes and some connective tissue cells via the enzyme 5-lipoxygenase (5-LO) to leukotrienes 
(LTs) A4 and A5, respectively. These labile intermediates can be converted to the more stable LTB (endowed with potent che-
motactic properties) or by the addition of a peptide residue to the sulfi dopeptide LTs (LTC, LTD, LTE), which are powerful vaso-
constrictors and able to increase vascular permeability. The schema also outlines the possible complex metabolization of 
both AA and EPA toward lipoxins (LXs), which are also endowed with vasoactive properties. Lipoxins arise through the com-
bined action of 5-LO and other LOs (15-LO and 12-LO). Cell-cell interactions, including exchanges of substrates and of inter-
mediate metabolites, are thought to be particularly relevant to the generation of LO metabolites. On the average, metabolites 
derived from EPA are less active than the corresponding species derived from AA, potentially explaining the reduction in 
many cellular responses occurring when n-3 fatty acids are added to the diet. More importantly, EPA is a worse substrate for 
the metabolizing enzymes than AA, leading to a net absolute reduction in the amount of metabolites generated. The schema 
also outlines the bidirectional relationship of EPA and DHA, by which the latter compound may serve as a storage compart-
ment for EPA. The asterisk denotes other potential metabolic conversions of AA and EPA to bioactive compounds, which have 
been recently appreciated in particular organ systems. These include the generation of isoprostanes, �-3 hydroxylation, 
epioxygenase, and cytochrome P-450/allylic oxidation products. 15-HEPE, 15-hydroxypentaenoic acid; 15-HETE, 15-
hydroxytetraenoic acid. (Modifi ed and updated from De Caterina R, Endres S, Kristensen S, Schmidt E: n-3 Fatty acids and 
renal diseases. Am J Kidney Dis 1994;24:397–415.)
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addition, some of the anti-infl ammatory effects of n-3 FAs may 
derive from their conversion, mainly through a cytochrome P-
450–mediated pathway, to oxygenated products that carry po-
tent protective bioactions present in resolving infl ammatory 
exudates and therefore termed resolvins.47–49 Resolvin E1 is bio-
synthesized in vivo from EPA via transcellular biosynthetic 
routes during cell-cell interactions, and thus resolvin E1 is 
formed in vivo during multicellular responses such as infl am-
mation and microbial infections. Resolvin E1 protects tissues 
from leukocyte-mediated injury and counterregulates proin-
fl ammatory gene expression. These newly identifi ed resolvins 
may underlie the benefi cial actions of n-3 polyunsaturated FAs, 
especially in chronic disorders where unresolved infl ammation 
is a key mechanism of pathogenesis.

Overall, these changes may be an explanation for some 
of the anti-infl ammatory, antihypertensive, and renal effects 
of n-3 FAs.

Modulation of Cell Activation and Cytokine 
Production

In addition to changes in eicosanoid metabolism, increased 
attention is being now paid to n-3 FAs as possible modula-
tors of cytokine production. When administered to healthy 
volunteers, n-3 FAs decrease bacterial lipopolysaccharide-
induced production of the proinfl ammatory cytokines IL-1 
and TNF-� from peripheral blood mononuclear cells.50,51 In 
cultured human endothelial cells, the membrane enrichment 
of n-3 FAs, by supplementation of culture medium with 
DHA, reduces the ability of endothelial cells to respond to 
stimulation with bacterial lipopolysaccharide, IL-1, IL-4, or 
TNF in terms of surface expression of the leukocyte adhe-
sion molecules vascular cell adhesion molecule-1, intercel-
lular adhesion molecule-1, and E-selectin, as well as release 
of soluble mediators of endothelial activation, such as IL-6 
and IL-8, which are able to provide positive feedback for the 
amplifi cation of the infl ammatory response.52–55 Similarly, 
n-3 FAs also inhibit the gene expression of cyclooxygenase-
2,46 thereby providing another negative interference on in-
fl ammation. This provides a basis for a reduced responsive-
ness of cells to infl ammatory stimuli, probably due to the 
ability of n-3 FAs to modulate the activation of transcription 
factors (nuclear factor �B),46,52–55 which can coordinate the 
concerted activation of a variety of genes involved in acute 
infl ammation, atherosclerosis, and the modulation of the 
immune response.55–57 Other reported properties of n-3 FAs, 
including the ability to modulate the expression of tissue 
factor by stimulated monocytes,58,59 or of platelet-derived 
growth factor–like proteins in endothelial cells60 or mono-
cytes61 could be due to the same or a similar underlying 
mechanism of action.

Other Biologic Properties of N-3 Fatty Acids Related 
to Modulation of Infl ammation

Other effects of n-3 FAs include reduction of monocyte and 
neutrophil chemotaxis62–65 and leukocyte infl ammatory po-
tential,66 possibly by modulating cytokine and chemokine 
production. Total blood viscosity is reduced by n-3 FAs,67–69

most probably through a combined effect on red blood cell 
deformability20 and plasma viscosity, the main determinant 
of which, concentration of fi brinogen, is favorably reduced 
by these compounds.70–72 In addition, n-3 FAs have been re-
ported to increase endothelium-dependent vasodilation73,74

and to decrease vasoconstrictive responses to angiotensin 
II.75,76 At least some of these effects may be due to a modula-
tion of intracellular signal transduction pathways, partly due 
to the function of FAs as intracellular second messengers 
themselves in cell activation77 (see Fig. 11-2). In general, n-3 
FAs have been found to reduce the increase in intracellular 
calcium in response to agonists. In particular, the enrich-
ment of cellular phospholipids with DHA inhibits calcium 
transients.78–80 In cardiac myocytes, this may occur through 
a modulation of the L-type calcium channel.81 Alternatively, 
changes in agonist-induced increase in intracellular calcium 
may occur through an alteration of the agonist-receptor 
affi nity82 or cell membrane physicochemical characteris-
tics.83,84 Postreceptor signaling pathways and the formation 
of second messengers involved in the mobilization of intra-
cellular calcium may be inhibited by reductions of the pro-
duction of inositol trisphosphate85,86 or by conversion of FAs 
to cytochrome P-450 epoxygenase metabolites.87,88 By some 
of these mechanisms, fi sh oil has been reported protective 
against proteinuria in animal models89 as well as in humans 
with glomerular kidney diseases.40

ESSENTIAL FATTY ACID DEFICIENCY

More than 25 years ago, it was established that essential FA 
(EFA) defi ciency was able to prevent the lethal glomerulone-
phritis that occurs in the New Zealand black � New Zealand 
white model of murine lupus.90 The original report was fol-
lowed by others showing similar results for supplementation 
with n-3 FAs in both the New Zealand black � New Zealand 
white and MRL1pr models of murine lupus.91–93 A proximal 
step in the pathogenesis of the glomerulonephritis in murine 
lupus is the formation of autoantibodies. Suppression of 
such an event did not appear to be involved in these protec-
tive effects. Dietary polyunsaturated FA manipulation was 
found to be effective even when started late in the disease, 
after a full-blown autoantibody response.92 Also, investiga-
tions on the mechanism of action of EFA defi ciency were not 
able to show clear results of suppression of lymphocyte re-
sponses.94 Therefore, it was reasoned that FAs had to act 
distally to the deposition of immune complexes in glomer-
uli. The original hypothesis entertained at that time was that 
the effi cacy of dietary polyunsaturated FA manipulation was 
through diminished levels of active cyclooxygenase metabo-
lites.93 However, several lines of evidence subsequently ar-
gued against such a simplistic explanation. These were 
mainly that (1) pharmacologic inhibition of cyclooxygenase 
in murine lupus did not reproduce the benefi cial effects of 
FA manipulation95 and that (2) EFA deprivation was not 
inevitably accompanied by a decrease in tissue AA or the 
production of cyclooxygenase metabolites.96 Subsequent 
studies in normal glomeruli showed that EFA defi ciency has 
the unique ability to modulate macrophage migration, dra-
matically depleting the resident population of glomerular 
and renal interstitial macrophages.97 The specifi c defi ciency 
of n-6 FAs was responsible for these effects because the ad-
ministration of linoleic acid (18:2 n-6), but not that of 
�-linolenic acid (18:3 n-3), reversed the decrease in macro-
phage population.97 These changes were interpreted as due 
to an attenuated ability of glomeruli from EFA-defi cient 
animals to generate LTB4.98 More recently, it was observed 
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that EFA defi ciency attenuates the immunologic, metabolic, 
and functional alterations accompanying nephrotoxic ne-
phritis, a model of immune-mediated glomerulonephri-
tis.99,100 In this model, multiple mechanisms appear opera-
tive in different phases, including an early role for 
neutrophil-platelet interactions, causing increased glomeru-
lar LTB4 and TX synthesis and consequent proteinuria and 
involving complement and possibly fi brinogen, P-selectin, 
and eicosanoids.101 EFA defi ciency does not alter neutrophil 
infl ux in the glomeruli, but affects the acute increase in glo-
merular LTB4 and TX99 and other neutrophil functions, such 
as the generation of superoxide anion,102 similarly to what 
occurs with n-3 FA supplementation.62 A role for the genera-
tion of platelet-aggregating factor, the production of which 
is also impaired by EFA defi ciency103 as well as by n-3 FA 
supplementation,104 has been postulated.105 In later phases of 
nephrotoxic nephritis, the critical cellular effector system is 
the monocyte macrophage, which appears to mediate the 
increase in glomerular TX production, proteinuria, and the 
decline in renal function.106,107 EFA defi ciency dramatically 
inhibits the elicitation of monocyte macrophages into the 
glomerulus in this model of renal infl ammatory disease, 
and this effect is not attributable to either platelet-aggregating 
factor or LTB5 because it is not inhibited by platelet-
aggregating factor receptor blockade or 5-lipoxygenase inhi-
bition.108 Because no defect in in vitro sensitivity to 
chemotactic agents in monocyte/macrophages from EFA-
defi cient animals is also demonstrable,99 it is likely that glo-
merular production of a monocyte-specifi c chemoattractant 
or monocyte adherence is impaired, similar to what was 
demonstrated with n-3 FA supplementation.52,54 FA manip-
ulation with EFA defi ciency has also been shown to be effec-
tive in decreasing the late glomerulosclerosis,109,110 which is a 
consequence of glomerular injury and infl ammation regard-
less of the initiating insult.111

STUDIES IN HUMANS WITH DIETARY 
MANIPULATION OF FATTY ACID INTAKE

Along with the elucidation of their many biologic properties, 
studies have been performed to explore the potential useful-
ness mostly of dietary supplementation with n-3 FAs in a 
number of pathologic conditions in which infl ammation is 
either the most prominent or an essential component. Such 
conditions include rheumatoid arthritis,112 systemic lupus 
erythematosus113 and other rheumatic diseases,114 ulcerative 
colitis,115–117 Crohn’s disease,118–120 and bronchial asthma.121

Results of the vast majority of these trials have been critically 
reviewed.122,123 Several well-controlled, double-blind trials of 
the effects of n-3 FAs in rheumatoid arthritis have reported 
statistically signifi cant benefi cial effects, which were, however, 
of a small magnitude and modest clinical impact. Such studies 
were conducted with doses in the range of 5 to 6 g/day, with 
minimal side effects, justifying the hypothesis that larger doses 
might possibly have a greater clinical effi cacy. Inconsistent 
results, possibly for similar reasons, have also been reported in 
infl ammatory respiratory diseases (i.e., allergic asthma)124,125

and infl ammatory skin diseases.126–128 Promising, yet not de-
fi nitive, studies have been reported in systemic lupus erythe-
matosus.129 A double-blind, placebo-controlled clinical trial in 
patients with Crohn’s disease at high risk of relapse showed 

that 59% of patients kept on 2.7 g/day of n-3 FAs remained in 
remission compared with 26% in the placebo group.120 This is 
the most promising result obtained so far in this disease cat-
egory. Compared with previous less favorable results obtained 
by others,118,119 the authors hypothesized a better compliance 
in the last study due to a special coating that enhances protec-
tion of the n-3 FA capsules against gastric acidity and the 
consequent occurrence of gastric side effects.120 Also, four 
double-blind, placebo-controlled trials in ulcerative colitis, 
with doses of n-3 FAs ranging between 2.7 and 5.4 g/day, have 
documented moderate clinical improvements, mostly in 
remission induction.115–118 The variable results obtained by 
dietary supplementation with n-3 FAs in different infl amma-
tory conditions can possibly be explained by the variable na-
ture of infl ammation in these conditions. A unitary explana-
tion of these discrepancies is, however, lacking at present.

Studies with Supplementation of N-3 
Fatty Acids in Renal Disease
Against a background of older literature indicating promis-
ing effects in slowing down the progression of glomerular 
sclerosis and reducing proteinuria in various forms of renal 
diseases (reviewed by De Caterina and colleagues15), more 
recent human studies fall in the following two main catego-
ries: (1) studies with intermediate mechanistic endpoints 
showing that in patients on hemodialysis, n-3 FAs may ame-
liorate the lipid profi le by reducing plasma levels of triglycer-
ides, remnant lipoproteins, and, contrary to common expec-
tations, lipid peroxidation130; increase high-density lipoprotein 
cholesterol131; synergize the lipid-lowering effects of statins132;
reduce LT formation133; and increase heart rate variability, a 
prognostic marker of arrhythmic death in these patients,134

and showing that in patients after renal transplantation, n-3 
FAs may have, like in other clinical conditions,8,44 favorable 
effects on blood pressure135 and improvement in cyclosporine 
absorption and metabolism136 and (2) studies with clinical 
endpoints, mostly confi ned to the setting of IgA nephropa-
thy.137 In this disease, a prospective, double-blind trial had 
originally shown benefi cial effects of n-3 FAs.138 This was 
confi rmed in a follow-up of the original cohort of longer 
than 6 years.139 A more recent study in IgA nephropathy has 
confi rmed positive effects.140 Possible differences between 
animal and human studies using fi sh oils are the larger doses 
generally used in animal studies and the different background 
diet, whereby in experimental studies the animals are usually 
placed on a n-3 enriched diet without exposure to competing 
n-6–containing food, whereas human studies have usually 
involved n-3 supplements, with patients usually eating a 
regular diet rich in competing n-6 FAs. Future studies in pa-
tients will have to address the issues of the background diet 
and of the achieved ratio of n-3/n-6 FAs.

VITAMINS AND OTHER NUTRIENTS

There are scanty and occasional reports in the literature of other 
nutrients able to modulate selected examples of infl ammation. 
Thus, plasma levels of pyridoxal-5�-phosphate (vitamin B6) have 
been found to be reduced in patients with rheumatoid arthritis, 
and this reduction is in some way correlated with an increased 
production of the infl ammatory mediator TNF-� by peripheral 
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blood monocytes.141 Antioxidant vitamins, mostly vitamin E142

and �-carotene (vitamin A),143 have occasionally been reported 
to modulate the infl ammatory response in a variety of experi-
mental models and some clinical conditions. Their effects, al-
though with a clear biologic rationale in interfering with redox-
mediated intracellular signal transduction pathways activated by 
cytokines, are weak at best, and their clinical impact appears to 
be minor.

OBESITY AS AN INFLAMMATORY STATE

An effective immune response to infectious agents and the 
capability of repairing tissue damage and storing energy to be 
spent in situations of environmental food deprivation, such as 
during long famine periods, are fundamental functions of liv-
ing organisms. In an evolutionary perspective, it is not unex-
pected that metabolic and immune pathways evolved in an 
interdependent manner and that the immune response and 
metabolic control systems in part share the same cellular 
mechanisms.144 Cytokines, transcription factors, and some 
lipids represent regulatory signals both for the metabolic and 
the immune response to infection. Stimulation of the immune 
system activates metabolic pathways that mobilize stored 
body fuels and in parallel suppresses pathways conducive to 
energy storage, such as the insulin signaling pathway.145 This 
adaptive response serves to provide the energy input required 
to mount and sustain the infl ammatory response (Fig. 11-4). 
Starvation suppresses the immune system, whereas overfeed-
ing and fat excess have an opposite infl uence on the immune 
response. For millennia, starvation and malnutrition have 
been recognized as major risk factors for infection and death. 
In this scenario, the integrated functioning of the infl amma-
tory and the metabolic responses aimed at generating an ap-
propriate response to infectious agents emerged as a trait ad-
vantageous for survival. Although famine still remains a 
problem of considerable dimensions in less economically de-
veloped countries, in most Western countries the major threat 
to human health is now represented by the epidemics of 
obesity-driven diseases such as diabetes, hypertension, and 
dyslipidemia and to related atherosclerotic complications,146

that is, to a set of diseases and complications causally related 
to altered metabolic and immune mechanisms.

TNF-� was the fi rst biochemical link discovered between 
the adipose tissue and immune mechanisms/infl ammation. 
TNF-� alters insulin sensitivity, as shown by the observation 
that the obese TNF-� knockout mouse has better insulin sen-
sitivity than the obese wild-type mouse.147 Beyond TNF-�, fat 
cells are endowed with the ability to express a large series of 
infl ammatory genes. These cells produce a series of com-
pounds involved in adaptive and innate immunity. These in-
clude leptin, a hormone central to immunosuppression asso-
ciated with starvation, and the large, continuously expanding 
repertoire of adipokines, now including, among others, adi-
ponectin, resistin, and visfatin, all identifi ed as fundamental 
factors in the regulation of insulin sensitivity as well as in the 
innate immune response.148 The prototypical innate immu-
nity cell, the macrophage, has similarities with the adipocyte 
because it expresses gene products typical of the adipocyte, 
such as the cytoplasmic FA-binding protein, adipocyte lipid-
binding protein 2, and peroxisome proliferator activated re-
ceptor-�.149–152 Macrophages have lipid-storage capabilities, 
and the lipid-overloaded macrophage is a key factor in the 
processes leading to atherosclerotic plaque formation. Con-
versely, preadipocytes may differentiate into fully functional 
macrophages.153 It is important to note that in obese patients, 
these two cell types, the macrophage and the adipocyte, colo-
calize in adipose tissue,154 thus forming an integrated system 
participating in the innate immune response and in metabolic 
regulation.

Weight Loss and Infl ammation in Obesity
There is substantial evidence that circulating levels of major 
cytokines such as TNF-�, IL-6, and IL-1� as well as C-reactive 
protein (the main infl ammatory penthraxin synthesized in 
the liver) are associated with measures of adiposity, such as 
the waist circumference, the waist-to-hip ratio, and body mass 
index.155 The causal nature of this link has been tested in a 
variety of intervention studies of weight loss in obese patients. 
Weight loss, no matter whether achieved through diet, exer-
cise, or a surgical intervention, is accompanied by a decline in 
the level of C-reactive protein (CRP) and other circulating 
cytokines. The magnitude of the association between body fat 
and infl ammation as well as the dose-response relationship 
between changes in weight loss and changes in CRP have been 
recently examined in a thorough meta-analysis encompassing 
the full series of medical and surgical interventions currently 
applied to induce weight loss.156 Reduction in body weight 
was consistently associated with a decline in CRP level across 
a wide range of weight loss. In the combined analysis of the 
various interventions, the strength of the association was quite 
high because as much as 72% of the variance in CRP change 
was explained by concomitant weight loss, and each kg of 
weight loss corresponded to a decrease in CRP of 0.13 mg/L. 
The largest decreases in CRP level (by 5–10 mg/L) were ob-
served in surgical intervention studies, which achieved the 
most pronounced weight changes (by 30–45 kg). The consis-
tent association between decreases in infl ammatory markers 
and weight loss, observed in diverse lifestyle-related interven-
tions and in surgical studies, supports the hypothesis that 
infl ammation represents one of the relevant mechanisms 
transducing the risk of vascular complications in obesity. 

Positive sodium balance

Extracellular volume expansion 
high sodium concentration

Cytokine cascade    Inflammation    (++)Oxidative stress

(++) Na/K/2CI
(++) Na/H exchange

Angiotensin II type-1 receptor stimulation

Figure 11-4 Mechanisms linking sodium-sensitive hyperten-
sion to infl ammatory signals. See text for further explanations. 
NF-�B, nuclear factor �B.
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Collectively, these studies document that weight loss is prob-
ably the most effective intervention for reducing infl amma-
tion in obese patients.

INFLAMMATION AND HYPERTENSION

Although still overlooked, it is well demonstrated that hyper-
tension per se (i.e., independent of excess weight, obesity, and 
other risk factors) is closely linked to infl ammation. Plasma 
concentrations of IL-6 are signifi cantly associated with blood 
pressure levels in apparently healthy men.157 The propensity at 
mounting amplifi ed infl ammatory responses to hypertensive 
stimuli in hypertensive patients is epitomized by the observa-
tion that in vitro monocytes of these patients show an ampli-
fi ed synthesis of IL-1� in response to angiotensin II.158

Mechanistically, infl ammation may be an integral part of 
the very same process leading to arterial damage in hyperten-
sive patients. Activation of resident cells in the media or the 
adventitia may produce a variety of infl ammatory compounds 
infl uencing the vascular tone. This hypothesis is supported by 
the consistent link between plasma CRP, IL-6, and TNF-� and 
indexes of arterial rigidity.159 Of note, in the Women’s Health 
Study cohort, CRP predicts the future development of hyper-
tension.160 CRP may play a direct role in arterial damage be-
cause it is associated with impaired endothelial function161 and 
because it activates monocytes, vascular smooth muscle, and 
endothelial cells, thereby generating a proatherogenic milieu.

A major regulator of vascular tone, angiotensin II, has now 
also emerged as a major determinant of infl ammation. Mac-
rophages express high levels of angiotensin-converting en-
zyme (ACE). In addition, in experimental atherosclerosis, 
there is a close association between macrophages in the 
intima-media and angiotensin II.162 Angiotensin II, through 
nuclear factor �B, activates the major cytokine cascade, 
including TNF-�, IL-6, and monocyte chemoattractant 
protein-1.163,164 Increased vascular superoxide anion (O2

	)
production and altered vascular relaxation are hallmarks of 
angiotensin II–induced hypertension.165 The association be-
tween infl ammation and cardiovascular damage in experi-
mental models and in humans seems to be causal in nature 
because a variety of studies with angiotensin-converting en-
zyme inhibitors or angiotensin II type 1 receptor blockers 
demonstrated that these drugs not only improve target organ 
damage and the clinical outcome,166–169 but also reduce the 
plasma levels of a variety of infl ammation markers.170 Thus, 
infl ammation is not only a hallmark of established hyperten-
sion, but also an alteration that may precede and predict the 
development of hypertension.

Sodium and Infl ammation 
in Hypertension
It is now well established that sodium may induce hyperten-
sion by mechanism(s) beyond the expansion of extracellular 
volume. High sodium concentration induces cardiac myo-
blast and smooth muscle cell hypertrophy171 and up-regulates 
the angiotensin II type 1 receptor,172 that is, the receptor that 
triggers vasoconstrictive and also proinfl ammatory responses. 
In cells of the proximal tubule, high sodium concentrations 
per se activate nuclear factor �B, which is, as highlighted 
previously, a transcription factor for a variety of proinfl am-

matory cytokines, chemokines, and adhesion molecules. This 
phenomenon is of relevance for intrarenal infl ammation, a 
process now considered a fundamental pathogenetic step in 
salt-sensitive hypertension (see later). Conversely, sodium 
has a direct effect on the production of transforming growth 
factor-� in the kidney cortex of Dahl rats within just 1 day of 
increasing salt intake,173 a phenomenon that may be impli-
cated in the progression of renal disease in this model. Apart 
from its profi brotic effects, transforming growth factor-�
may have a direct effect on blood pressure. Indeed, mice lack-
ing emilin-1, an endogenous inhibitor of transforming 
growth factor-�, have reduced vessel diameter, increased pe-
ripheral vascular resistance, and hypertension.174

Infl ammation appears to be a central mechanism in salt-
sensitive hypertension. Activation of nuclear factor �B and 
up-regulation of TNF-� correlate with hypertension in the 
Dahl salt-sensitive rat,175 and this effect seems to be causally 
implicated in salt-sensitive hypertension because immuno-
suppression by mycophenolic acid ameliorates blood pressure 
in this model.176 Importantly, oxidative stress, a feature of in-
fl ammation, enhances the Na/K/2Cl cotransport and luminal 
Na/H exchange,177 thus favoring salt retention. Furthermore, 
high salt intake triggers oxidative stress by stimulating a fun-
damental enzyme in the control of superoxide anion genera-
tion at the cellular level, reduced nicotinamide adenine dinu-
cleotide phosphate oxidase.178 Overall, there is therefore 
coherent, substantial evidence that, in experimental models, 
salt-induced hypertension is a process characterized by intra-
renal infl ammation and that infl ammation is a key factor 
mediating the effect of salt on blood pressure and on renal 
damage in these models.

Salt Sensitivity and Infl ammation 
in Human Hypertension
Salt sensitivity in humans is recognized as an independent 
driver of cardiovascular events.179 Salt-sensitive patients fre-
quently do not show the physiologic nocturnal blood pressure 
decrease180 and exhibit a greater prevalence of left ventricular 
hypertrophy,181 and clear-cut endothelial dysfunction.182 The 
nondipping pattern of blood pressure183 and left ventricular 
hypertrophy184 are both well-known correlates of a systemic 
low-grade infl ammatory state in essential hypertensive pa-
tients, and salt-induced endothelial dysfunction, a likely con-
sequence of a salt-induced systemic and renal infl ammation, 
is the most probable link between salt sensitivity and athero-
sclerotic complications in these patients. Soluble intercellular 
and vascular cell adhesion molecules and E-selectin are ele-
vated in salt-sensitive hypertensive patients.185 Recent obser-
vations indicate that levels of metalloproteinase-9, an enzyme 
involved in plaque stability, are lower in salt-sensitive than in 
salt-resistant patients, whereas type 1 tissue inhibitor of me-
talloproteinases shows an opposite pattern, suggesting that the 
balance between the two is skewed toward enhanced collagen 
deposition in the vascular wall in salt-sensitive patients.186

Thus, fi ndings in salt-sensitive forms of human hypertension 
appear consistent with data in experimental models. However, 
there is very little information on the effects of manipulating 
salt intake on infl ammation in salt-sensitive patients. In the 
only study performed so far, no change in serum CRP, serum 
intercellular adhesion molecule-1, serum vascular adhesion 
molecule-1, or IL-6 was observed in either salt-sensitive or 
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salt-resistant hypertensive patients 2 weeks after switching 
from a high (250 mmol/day) to a low (50 mmol/day) salt in-
take.186 It should be noted, however, that 2 weeks may be too 
short a time to allow the effect of high salt intake on infl am-
mation to dissipate. Indeed, studies exploring the effect of 
pharmacologic interventions on the main infl ammatory bio-
marker CRP suggest that a substantially longer treatment pe-
riod is needed for the effect of statins on CRP to be fully 
manifest in patients with primary and secondary forms of 
dyslipidemia, coronary heart disease, and renal diseases.187

CONCLUSIONS

Modulation of long-chain polyunsaturated FA intake, mostly 
by increasing the relative proportions of n-3 versus n-6 FAs, is 
probably the clearest example of how diet may modulate in-
fl ammation. It is possible that many of the epidemiologic 
differences in the incidence of infl ammatory diseases among 
different populations can be tracked back to different nutri-
tional intake of selected, quantitatively minor nutritional 
components such as n-3 FAs. An additional important notion 
in the past years has been the role of infl ammation in explain-
ing the link between obesity and cardiovascular risk, whereby 
dietary restriction of calorie intake exerts remarkable anti-
infl ammatory effects likely intervening in the pathogenetic 
events linking excess body weight to cardiovascular risk. Fi-
nally, the link between dietary sodium intake, salt sensitivity, 
and hypertension has been highlighted by recent research. The 
clarifi cation of the mechanisms of action of these dietary 
components and a better documentation of the spectrum of 
clinical possibilities offered by dietary manipulation of the 
intake of such compounds, linking together classic nutritional 
science, molecular biology, epidemiology, and clinical medi-
cine, are a frontier for nutritional research in the years to come 
and are likely to gain a place for these compounds in the 
therapy of infl ammatory disorders.
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Plasma exchange is the removal of plasma from a patient and 
replacement with fresh frozen plasma or a substitute for 
plasma. The procedure is frequently termed plasmapheresis
when solutions other than plasma (e.g., isotonic saline) are 
used as replacement fl uid. Pheresis is derived from the Greek 
word for “to take away.” The terms plasma exchange and plas-
mapheresis are interchangable, and current literature does not 
distinguish between them.

Plasmapheresis was fi rst introduced to nephrology for the 
removal of cryoglobulins in 1967, of alloantibodies in trans-
plantation in 1970, and of antiglomerular basement mem-
brane (GBM) antibodies in anti-GBM disease in 1976.1–3 It 
has become increasingly employed in renal diseases in which 
circulating factors, especially antibodies, are believed to con-
tribute to disease pathophysiology. The strength of the theo-
retical rationale for plasmapheresis varies among indications 
and is complicated by the nonspecifi c nature of plasma ex-
change when potential unidentifi ed pathogenic agents are also 
removed. Plasmapheresis is an invasive and expensive proce-
dure that carries some risk to the patient. The evidence base 
for plasmapheresis remains relatively weak, with only a small 
number of randomized trials with more than 100 patients, 
and no trials in renal disease have been blinded.

MECHANISM OF ACTION

By removal of plasma, plasmapheresis removes any substance 
that exists in the plasma compartment. The rational use of 
plasmapheresis requires identifi cation of the circulating fac-
tor to remove and the serial measurement of the factor to 
guide plasmapheresis dosing. Plasmapheresis is often com-
bined with other treatments to control the target disease. 
For example, in anti-GBM disease, plasmapheresis rapidly 

reduces levels of circulating pathogenic anti-GBM antibod-
ies; renal infl ammation is reduced with steroids and cyclo-
phosphamide suppresses further antibody production.4 Other 
indications include the removal of components other than 
immunoglobulins, such as the removal of prothrombotic von 
Willebrand’s factor (vWF) multimers by plasmapheresis in 
thrombotic thrombocytopenic purpura (TTP).5 In this set-
ting plasma infusion is also benefi cial by replacing a defi cient 
vWF cleaving metalloprotease. Thus, the nature of the re-
placement fl uid may contribute to the therapeutic mecha-
nism of the procedure (Table 12-1).

There are many other potential secondary mechanisms of 
plasma exchange that are less understood and will be of differ-
ent relevance in different disease settings. For example, the 
pathology of small-vessel vasculitis includes infl ammatory 
cytokines and chemokines and microthrombosis. The re-
moval of these factors along with fi brinogen and other coagu-
lation factors may be relevant to the therapeutic effect of 
plasma exchange. In autoimmune settings, prolonged immu-
noregulatory effects of plasmapheresis on lymphocyte activity 
and antibody production have been demonstrated, and plas-
mapheresis improves immune complex clearance.6–8 Until 
these other mechanisms of plasmapheresis are better under-
stood, they cannot be used to support its use in the absence of 
an identifi ed circulating factor or secure clinical evidence.

TECHNICAL CONSIDERATIONS

Plasmapheresis involves withdrawal of venous blood, separa-
tion of plasma from blood cells, and reinfusion of cells plus 
donor plasma or another replacement solution. Plasma and 
blood cells may be separated by centrifugation or membrane 
fi ltration (Fig. 12-1).

Chapter 12

Plasmapheresis in Renal Diseases
David Jayne

CHAPTER CONTENTS

MECHANISM OF ACTION   125

TECHNICAL CONSIDERATIONS   125
Centrifugation Technique   126
Membrane Filtration Technique   126
Selective Plasmapheresis Techniques   126
Anticoagulation   127
Replacement Fluids   128

EFFICACY OF PLASMAPHERESIS IN SPECIFIC RENAL 
DISEASES   128
General Comments   128

Antiglomerular Basement Membrane Antibody 
Disease   128

Antineutrophil Cytoplasm Antibody–Associated 
Vasculitis   129

Lupus Nephritis    129
Cryoglobulinemia   131
IgA Nephropathy and Henoch-Schönlein 

Purpura   132
Focal Segmental Glomerulosclerosis and 

Relapsing Nephrotic Syndrome   132
Thrombotic Microangiopathy   132
Renal Failure Associated with Multiple 

Myeloma   133
Renal Transplantation   134
Other Indications   135

COMPLICATIONS OF PLASMAPHERESIS   135

CONCLUSIONS   136

Ch12_125-139-X5484.indd 125Ch12_125-139-X5484.indd   125 6/18/08 12:31:40 PM6/18/08   12:31:40 PM



126 Diseases of Glomeruli, Microvasculature, and Tubulointerstitium

Centrifugation Technique

The use of centrifugal force causes whole blood to separate into 
various components according to their specifi c gravity, and the 
separation is monitored by sensors on the centrifuge or by com-
puter algorithms.9 Centrifugation can be intermittent or con-
tinuous. With intermittent centrifugation, blood is drawn in 
successive batches and separated. The cycle is repeated as often as 
necessary to remove the desired volume of plasma (usually, the 
equivalent of 1.0–1.5 plasma volumes or 2.5–4.0L during a ses-
sion). The advantages of intermittent centrifugation include 
relative simplicity of operation, portability of the machines, and 
adequacy of a single-needle peripheral venipuncture. The disad-
vantages are slowness (typically � 4 hr) and the relatively large 
extracorporeal blood volume required (�225 mL). With con-
tinuous-fl ow equipment, blood is fed continuously into a rapidly 
rotating bowl in which red cells, leukocytes, platelets, and plasma 
separate into layers. Any layer or layers can be removed, and the 
remainder is returned to the patient withreplacement fl uid (see 
Fig. 12-1A). Continuous-fl ow centrifugation is faster and most 
operations (anticoagulation, collection procedures, fl uid replace-
ment) are automated. Disadvantages include higher cost, relative 
immobility of the equipment, and the requirement of either two 
venipunctures or insertion of a dual-lumen catheter.

Membrane Filtration Technique

Membrane fi ltration technology provides an alternative to cen-
trifugation. The patient’s blood is pumped through a parallel-
plate or hollow-fi ber fi lter at a continuous fl ow rate, typically 
50 to 200 mL/min (see Fig. 12-1B). The membranes usually have 

pores of 0.2- to 0.6-�m diameter, suffi cient to allow passage of 
plasma while retaining cells. Plasma is collected and weighed 
regularly, and the infusion rate of replacement fl uid is adjusted 
manually or automatically to maintain intravascular volume. 
Membrane fi ltration can be performed using conventional he-
modialysis equipment, but with increasing automation, specifi -
cally designed machines are safer and more convenient. Patients 
with acute renal failure can receive hemodialysis and plasma-
pheresis sequentially, using the same machine. In general, plasma 
can be removed at a rate of 30 to 50 mL/min (at a blood fl ow rate 
of 100 mL/min), and the average time required for a typical 
membrane fi ltration is less than 3 hours. The potential disadvan-
tages of membrane fi ltration include activation of complement 
and leukocytes on the artifi cial membrane and the need for a 
large-vein catheter to obtain adequate blood fl ow rates.10

Membrane fi ltration is as safe and effi cient as centrifugal 
plasmapheresis.11 Automated continuous-fl ow centrifugal de-
vices are more expensive than membrane-based fi ltration de-
vices; however, the major costs of plasmapheresis relate to blood 
products, disposable blood lines, fi lters or centrifuge bowls, and 
staff time. In 2007, reimbursement rates for plasmapheresis in 
the United States were more than $1800 per procedure.

Selective Plasmapheresis Techniques

More sophisticated approaches achieve selective removal of 
immunoglobulins or other specifi c molecules. They have the 
joint aims of more effi cient removal of the target factor and 
avoidance of the need for blood factor replacements and their 
associated cost and adverse reactions. In double-fi ltration 
apheresis following conventional plasmapheresis, separated 

Table 12-1 Possible Mechanisms of Action of Plasmapheresis

Mechanism Example of Disease

Removal of Circulating Pathologic Factors

Autoantibodies Anti-GBM antibody disease, ANCA-associated vasculitis

Donor-specifi c antibodies ABO-incompatible transplantation, HLA sensitization

IgA immune complexes Crescentic IgA nephropathy, Henoch-Schönlein purpura

Cryoglobulin Cryoglobulinemia

Myeloma protein Myeloma cast nephropathy

Prothrombotic factors Thrombotic microangiopathy

Replacement of Defi cient Plasma Factors

Antithrombotic or fi brinolytic factor Thrombotic microangiopathy

Effects on the Immune System

Removal of complement products Lupus nephritis

Effect on Immunoregulation
Transplantation

Improvement in reticuloendothelial system function SLE, cryoglobulinemia

ANCA, antineutrophil cytoplasmic antibody; GBM, glomerular basement membrane; HLA, human leukocyte antigen; IgA, 
immunoglobulin A; SLE, systemic lupus erythematosus.
Adapted from Madore F, Lazarus M, Brady H: Plasma exchange in renal diseases. J Am Soc Nephrol 1996;7:
367–386, with permission.

Ch12_125-139-X5484.indd 126Ch12_125-139-X5484.indd   126 6/18/08 12:31:41 PM6/18/08   12:31:41 PM



127 Plasmapheresis in Renal Diseases

plasma is passed through a second fi lter for which the pore size 
can be selected according to the indication. The remaining 
plasma is then returned to the patient.11 More than one plasma 
volume can be treated in one procedure, allowing more com-
plete removal of the target factor. This is of potential use for 
the removal of donor-specifi c antibodies for immediate pre-
transplantation desensitization, for the removal of pathogenic 
antibodies in a seriously ill patient, for patients who cannot 
tolerate plasmapheresis, or for patients in whom conventional 
plasmapheresis provides inadequate target factor removal.

Modifi cations to the double-fi ltration process combine li-
gands for the target protein in the secondary column, so-called 
immunoabsorption. Examples include staphylococcal protein A 
to remove IgG antibodies, blood protein antigens A and B to 
remove anti-A and anti-B antibodies, and l-tryptophan or phe-
nylalanine to remove autoantibodies.12–15 These procedures have 
been used in case series in renal diseases; however, a prospective, 
randomized trial in 44 patients with rapidly progressive glo-
merulonephritis (RPGN) found no difference in outcome be-
tween plasmapheresis and protein A immunoabsorption.16,17

The high cost of secondary columns and complexity of double 
plasma treatment systems is currently limiting their availability, 
but with the increasing costs of blood products, they will 
become more attractive in the future.

Anticoagulation
Both centrifugation and membrane plasmapheresis require an-
ticoagulation to prevent activation of the clotting mechanisms 
within the extracorporeal circuit. The most frequently used an-
ticoagulant for centrifugation procedures is citrate. Acid-citrate 
dextrose is infused continuously at a rate adjusted according to 
the blood fl ow rate. Citrate chelates the divalent cations calcium 
and magnesium and may result in symptomatic hypocalcemia, 
especially with albumin replacement solutions that contain no 
calcium or magnesium. Standard unfractionated heparin is the 
most frequently used anticoagulant for membrane plasmapher-
esis. The required dose of heparin is approximately twice that 
needed for hemodialysis because a substantial amount of the 
infused heparin is removed along with the plasma.
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Figure 12-1 Centrifugal separator (A) and membrane fi ltration (B) systems for plasma exchange. A, Blood is pumped into the 
separator container. As the centrifuge revolves, different blood components are separated into discrete layers, which can be 
harvested separately. Plasma is pumped out of the centrifuge into a collection chamber. Red cells, leukocytes, and platelets are
returned to the patient, along with replacement fl uid. B, Blood is pumped into a biocompatible membrane that allows the fi ltra-
tion of plasma while retaining cellular elements. P, pressure monitor.
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Replacement Fluids

The typical replacement fl uids are fresh frozen plasma, 5% al-
bumin or other plasma derivatives (e.g., cryosupernatant), and 
crystalloids (e.g., 0.9% saline or Ringer’s lactate). The choice of 
fl uid has implications for the effi cacy of the procedure, oncotic 
pressure, coagulation, and spectrum of adverse effects. Albumin 
is usually preferred to plasma because of the risk of hypersensi-
tivity reactions and transmission of viral infections with the 
latter. When directly compared for the treatment of autoim-
mune disease, there was no difference in effi cacy of plasma-
pheresis between albumin or plasma replacement.18 Albumin 
(5%) is either used as 100% volume replacement or diluted 
50:50 (volume/volume) with 0.9% saline. The exact composi-
tion of replacement fl uids is tailored to the needs of the patient. 
For example, plasma is the replacement fl uid of choice in pa-
tients with thrombotic microangiopathy (TMA) because the 
infusion of normal plasma may contribute to the replacement 
of a defi cient plasma factor.5 Plasma or a plasma derivative 
dosed at 6 to 12 mL/kg is used toward the end of the procedure 
in patients at risk of bleeding (e.g., after renal biopsy or those 
with liver disease or disseminated intravascular coagulation) or 
requiring intensive therapy (e.g., daily exchanges for several 
weeks). Alternatively fi brinogen levels can be monitored and 
plasma protein replacement dosed against fi brinogen levels. 
Albumin replacement and plasma replacement are equally 
effective at reducing plasma viscosity.19

EFFICACY OF PLASMAPHERESIS 
IN SPECIFIC RENAL DISEASES

General Comments

Clinical application of plasmapheresis was based initially on 
anecdotal or uncontrolled studies. The past two decades have 
witnessed a more rigorous reexamination of the effi cacy of 
therapeutic plasma exchange.20–23 However, for many disorders, 
there are few prospective, controlled clinical trials with adequate 
statistical power to allow defi nitive conclusions to be reached 
regarding the effi cacy of plasmapheresis. In addition, other fac-
tors complicate the interpretation of published literature. First, 
the natural history of many diseases under investigation (e.g., 
lupus) is characterized by spontaneous exacerbations and remis-
sions, making it diffi cult to evaluate whether any improvement 
is attributable to plasmapheresis. Second, treatment protocols 
vary widely between centers, making the comparison between 

published studies hazardous. Finally, plasmapheresis is often 
combined with other therapies, making it harder to determine 
the value of the intervention. The therapeutic use of plasma-
pheresis in specifi c renal conditions is reviewed with reference 
to the pathogenesis when known, the strength of clinical trial 
evidence, and details of specifi c plasmapheresis regimens. 
Renal diseases in which plasmapheresis has been used include 
the various causes of RPGN, systemic lupus erythematosus, the 
TMAs, multiple myeloma, cryoglobulinemia, and renal trans-
plantation.

Antiglomerular Basement Membrane Antibody 
Disease

Anti-GBM antibody disease (see also Chapter 18) typically pres-
ents as RPGN with or without pulmonary hemorrhage (Good-
pasture’s syndrome). Circulating anti-GBM antibodies are de-
tected in more than 90% of patients, and, in general, disease 
activity correlates with the level of circulating anti-GBM anti-
bodies.24 Before 1975, anti-GBM–induced nephritis had a very 
poor prognosis, and more than 85% of patients treated with 
steroids and cytotoxic drugs progressed to end-stage renal dis-
ease (ESRD).4 Against this background, the results of more than 
20 uncontrolled studies including more than 250 patients, pub-
lished over the past 20 years, suggest that survival rates greater 
than 80% and renal preservation rates greater than 45% may be 
obtained with therapeutic regimens combining plasmapheresis 
and immunosuppressive drugs.4 These results compare favor-
ably with historic data suggesting a patient survival rate of 45% 
and progression to ESRD in 85%. The largest published series 
involved 71 patients, and the outcome is detailed in Table 12-2. 
The chance of renal recovery was particularly poor for the most 
common subgroup, which is those presenting with a serum cre-
atinine greater than 500 �mol/L and an immediate dialysis re-
quirement due to oliguria or anuria. Less than 10% recovered 
renal function, and none of those in this subgroup who had 
100% crescents on renal biopsy recovered. Several other centers 
have also reported that patients with a serum creatinine level 
greater than 500 �mol/L are unlikely to respond to therapy and 
regain renal function.

The specifi c role of plasmapheresis in anti-GBM disease has 
never been properly assessed by prospective, randomized, con-
trolled trials. Only two controlled studies have evaluated the 
effi cacy of plasmapheresis as an adjunct to conventional im-
munosuppressive therapy in this disease.25,26 Although small 
(17 and 20 patients), both studies suggested a benefi t as evi-
denced by faster decrease in anti-GBM antibody titers, lower 
serum creatinine after therapy, and fewer patients progressing 

Table 12-2 Renal Outcome and Survival of 71 Patients with Anti-GBM Disease

PATIENT SURVIVAL RENAL SURVIVAL

Renal Function at Presentation No. of Patients 12 Mo 90 Mo 12 Mo 90 Mo

Creatinine � 500 �mol/L 19 19 (100%) 16 (84%) 18 (95%) 18 (95%)

Creatinine � 500 �mol/L 13 11 (83%) 8 (62%) 9 (82%) 4 (50%)

Dialysis dependent 39 26 (65%) 14 (36%) 2 (8%) 2 (5%)

Total 71 55 (77%) 38 (54%) 29 (53%) 25 (35%)

Data from Levy JB, Turner AN, Rees AJ, Pusey CD: Long-term outcome of anti-glomerular basement membrane anti-
body disease treated with plasma exchange and immunosuppression. Ann Intern Med 2001;134:1033–1042.
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to renal failure. However, the authors were cautious about 
concluding that plasmapheresis had been responsible for the 
improved outcome because the groups receiving plasmapher-
esis had milder disease than the control groups.

Thus, there is good evidence based on an understanding of 
the pathogenesis and from nonrandomized trials with historic 
comparison that plasmapheresis in combination with steroids 
and immunosuppressive drugs improves renal outcome in 
patients with anti-GBM disease but without an immediate di-
alysis requirement. Plasmapheresis can accelerate disappear-
ance of anti-GBM antibody and improve renal function if in-
stituted promptly. Patients with oliguria/anuria and serum 
creatinine greater than 500 �mol/L (5.8 mg/dL) are unlikely to 
recover renal function, especially if the renal biopsy specimen 
demonstrates 100% crescents. Plasmapheresis is hard to justify 
in this setting unless lung hemorrhage is present. Lung hemor-
rhage is a life-threatening manifestation of anti-GBM disease 
and is more common in cigarette smokers. Urgent plasma-
pheresis is required to rapidly reduce anti-GBM levels with 
attention paid to replacement of coagulation factors, without 
which hemorrhage may be exacerbated.

Daily plasmapheresis involving 60 mL/kg phereses is usu-
ally continued for 10 to 12 days with measurement of anti-
GBM levels. The target is to continue plasmapheresis until 
pretreatment levels fall into the normal range. Once this is 
achieved, plasmapheresis may be stopped but anti-GBM 
measurement should continue because an antibody rebound 
may occur in the days following its withdrawal. Late relapse 
of anti-GBM disease is rare.

One third of patients with RPGN and anti-GBM antibodies 
also have antineutrophil cytoplasm antibodies (ANCAs) and 
features of systemic vasculitis.27 Such patients present with se-
vere nephritis and are more likely to have pulmonary hemor-
rhage and are generally older than those with anti-GBM alone. 
The chances of renal recovery appear similar to those in patients 
with anti-GBM alone, and initial management is similar.28 This 
subgroup differs from those with pure anti-GBM disease in that 
relapse may occur during long-term follow-up. Anti-GBM is 
negative at the time of relapse, but ANCA is usually positive.

Antineutrophil Cytoplasm Antibody–Associated 
Vasculitis

The renal lesion in Wegener’s granulomatosis and microscopic 
polyangiitis is a focal, necrotizing glomerulonephritis in as-
sociation with circulating ANCAs with specifi city for protein-
ase 3 (proteinase 3–ANCA) or myeloperoxidase (myeloper-
oxidase-ANCA).29 When disease is limited to the kidney, the 
term renal-limited vasculitis has been used. These syndromes 
are grouped under the term ANCA-associated vasculitis (AAV) 
(see also Chapter 17). The majority of cases have few or no 
immune deposits (pauci-immune), but 30% have appreciable 
immunoglobulin deposition. The pathogenicity of ANCA has 
been demonstrated in vitro and in experimental animals.30

In human disease, ANCAs appear likely to contribute to 
the pathogenesis, but other mechanisms are important and 
ANCAs are not detectable in 5% of pauci-immune crescentic 
glomerulonephritis.31 Plasmapheresis reduces levels of circu-
lating ANCAs and adhesion molecules in vasculitis but has 
little effect on the high cytokine levels.32 The typical clinical 
presentation is with RPGN, but an earlier phase with hematu-
ria, proteinuria, and preserved renal function is often found 
when extrarenal manifestations dominate the presentation. 

Conventional therapy employs the combination of high-dose 
corticosteroids and cyclophosphamide.33

Early randomized, controlled trials evaluated the effi cacy 
of plasmapheresis as an adjunct to immunosuppressive ther-
apy in patients with pauci-immune RPGN and varying de-
grees of renal failure, mostly before the availability of ANCA 
testing (Table 12-3).22,34–40 Two studies randomly assigned 
patients to receive immunosuppressive agents with or without 
plasmapheresis and found no statistically signifi cant differ-
ence between the two groups as judged by serum creatinine or 
dialysis dependence.35,37 Three other studies demonstrated 
better renal outcomes in subgroup analyses of those present-
ing with severe disease.36,38,39 Nonrandomized, controlled 
studies and other case series have indicated a recovery rate of 
75% in those presenting in renal failure with a creatinine level 
greater than 5.8 mg/dL (500 �mol/L); this appears superior to 
that reported in series not using plasmapheresis in which re-
covery rates of 40% to 50% were seen.41–43

A recent study focused on 137 AAV patients presenting 
with a creatinine level greater than 5.8 mg/dL (500 �mol/L) 
who were randomized to either seven plasmapheresis ses-
sions of 60 mL/kg within 14 days or three daily infusions of 
1000 mg of methylprednisolone.22 All patients received oral 
cyclophosphamide and the same oral corticosteroid regi-
men. Renal recovery occurred in 69% of the pheresis group 
and 49% of the control group. Risk of progression to ESRD 
was reduced by pheresis by 24%.44 Thus, this study con-
fi rmed the benefi t of pheresis seen earlier for the subgroup 
of patients presenting in renal failure, and plasmapheresis 
can now be routinely recommended for this indication. In a 
multivariate analysis studying predictive factors for renal 
recovery in this subgroup, the use of plasmapheresis re-
mained associated with an improved outcome even in the 
presence of severe histologic features.45

Uncertainty remains regarding the role of plasmapheresis in 
AAV with RPGN and serum creatinine less than 500 �mol/L. 
Studies that have reported on this varied in the number of plas-
mapheresis sessions, and there is no established measure by 
which to judge how many sessions are needed. There also are no 
data to support or refute using ANCA levels in this setting; 
however, persistence of ANCA, lack of renal improvement as 
judged by urine output and serum creatinine, and activity of 
extrarenal vasculitis suggest that prolonged plasmapheresis may 
be required.

Pulmonary hemorrhage occurring with RPGN is termed 
pulmonary renal syndrome. AAV is the cause in 80% of cases, 
and it has been suggested that the pathogenesis of alveolar 
capillaritis is similar to that occurring in the glomeruli. Lung 
hemorrhage can be life threatening, and plasmapheresis is fre-
quently used for this indication, but no randomized trials have 
addressed this presentation.46,47 Whether plasmapheresis has a 
role for the treatment of other severe extrarenal manifestations 
of vasculitis is unknown, with inconclusive randomized trials 
providing confl icting evidence.34,48

Lupus Nephritis

Nephritis (see also Chapter 15) occurs in one third of patients 
with systemic lupus erythematosus and implies a poor prognosis 
with mortality rate of 12% and risk of progression to ESRD of 
12% at 10 years with poorer outcomes in black populations.49,50

The pathogenesis is complex with dysregulation of cellular, anti-
body, and cytokine/chemokine immune components. A belief in 
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Table 12-3 Randomized Controlled Trials Evaluating the Effi cacy of Plasmapheresis in Treatment of Rapidly Progressive 
Glomerulonephritis and Antineutrophil Cytoplasm Antibody–Associated Vasculitis

Ref.
Disease 
Subgroup

No. of 
Patients

Initial Renal 
Function

No. of 
Phereses

Concomitant 
Therapy Renal Outcome Mortality

Glockner et al37,* RPGN† 26 46% dialysis 11 Steroids Improved GFR:

AZA Pheresis 69% Pheresis 7%

CYC Controls 73% Controls 8%

Cole et al35,* RPGN† 323 4% dialysis 10 Steroids Dialysis requirement:

AZA Pheresis 75% Pheresis 13%

Controls 71% Controls 0%

Pusey et al36 RPGN† 48 39% dialysis 9 Steroids No benefi t for entire 
group

AZA Dialysis subgroup, 
recovery:

CYC Pheresis 91% 
(survivors)

Pheresis 48%

Controls 37% (survi-
vors)

Controls 35%

P �.05

Rifl e and 
Dechelette39,*

RPGN† 79% dialysis 9 Steroids Benefi t for entire 
group

CYC Dialysis subgroup, 
recovery:

Heparin Pheresis 75%

Controls 0%

P �.05

Mauri et al38 RPGN† 22 50% serum 
creatinine
� 800 
�mol/L

6 Steroids No benefi t for entire 
group

CYC Creatinine �800
subgroup, follow-
up creatinine:

Pheresis 728 �mol/L

Controls 1163 �mol/L

P � 0.05

Jayne et al44 AAV 137 Creatinine 
� 500 
�mol/L

7 Steroids Renal recovery at 
3 mo:

At 12 mo:

Controls, IV 
steroid

Pheresis 69% Pheresis 27%

CYC/AZA Controls 49% Controls 24%

P � 0.05

*Studies included patients with immune complex deposits.
†Studies included rapidly progressive glomerulonephritis (RPGN) with or without systemic vasculitis and excluded antiglomerular basement
membrane disease.
AAV, antineutrophil cytoplasm antibody–associated vasculitis; AZA, azathioprine; CYC, cyclophosphamide.
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the pathogenicity of circulating anti–double-stranded DNA anti-
bodies or immune complexes developed from animal models 
inspired interest in plasmapheresis, and case reports and uncon-
trolled case series indicated a potential role in human disease.

The Lupus Nephritis Collaborative Study Group assessed 
the value of plasmapheresis as an adjunct to prednisone and 
cyclophosphamide in 86 patients with severe lupus nephri-
tis.51 Patients underwent plasmapheresis three times weekly 
for 4 weeks and were followed for an average of 136 weeks. 
Plasmapheresis caused a rapid reduction of serum anti–
double-stranded DNA antibodies and cryoglobulins, but 
did not infl uence renal function or mortality. Importantly, 
patients receiving plasmapheresis tended to have a worse 
outcome. Four smaller randomized, controlled trials of 
plasmapheresis have been reported, although some patients 
included in these trials had mild disease (Table 12-4).51–55

Plasmapheresis produced signifi cant reduction in circulat-
ing immune complexes and anti-DNA antibodies, but the 
frequency and degree of partial or complete remission were 
the same in both plasmapheresis and control groups. Ex-
perimental evidence suggesting increased autoantibody 
production after plasmapheresis led to a theory that autore-
active lymphocytes might become more sensitive to cyclo-
phosphamide in this setting.56 Despite encouraging results 
in an uncontrolled study, a randomized, controlled trial 
found no additional benefi t of sequential plasmapheresis 
and high-dose cyclophosphamide when compared with 

conventional cyclophosphamide dosing without plasma-
pheresis, and the sequential group had more severe adverse 
events.56–58

The results of the randomized trials do not exclude a 
beneficial role for plasmapheresis in defined subgroups, 
and no good studies have examined its role in lupus ne-
phritis with RPGN, refractory lupus nephritis, or lupus 
nephritis with TMA. The evidence from TMA in other dis-
ease settings suggests an indication for plasmapheresis, and 
case series of catastrophic antiphospholipid syndrome also 
support its use.59,60 Furthermore, there are uncommon ex-
trarenal lupus manifestations associated with pathogenic 
autoantibodies, such as secondary diabetes with insulin 
receptor antibodies, in which plasmapheresis has been 
helpful.61 Therefore, although plasmapheresis cannot be 
recommended for the routine treatment of severe lupus 
nephritis, it retains a potential role in certain subsets of 
patients.62,63 Infection is the major cause of early mortality 
in SLE, and the possible increased infective risk of immu-
noglobulin removal by plasmapheresis in addition to high-
dose corticosteroids and immunosuppression should be 
considered.

Cryoglobulinemia

Mixed (type II) cryoglobulinemia (see also Chapter 14), refl ect-
ing immune complexes containing monoclonal IgM rheumatoid 
factor and polyclonal IgG that precipitate within the glomerular 

Table 12-4 Randomized, Controlled Trials Evaluating the Effi cacy of Plasmapheresis in the Treatment of Lupus Nephritis

Ref
No. of 
Patients

Disease 
Severity

Initial Renal 
Function

No. of 
Phereses

Concomitant 
Therapy 

Primary 
Endpoint Mortality

ESRD:

Lewis et al51 86 Severe Creatinine 
180 �mol/L

12 Steroids Pheresis 20% Pheresis 25%

Cyclophosphamide Controls 13% Controls 17%

Remission:

Wei et al52 20 Mild GFR � 20 
mL/min

6 Steroids
Antimalarials

Pheresis 55%
Controls 33%

Remission:

Dreksen et al53 20 Refractory GFR mean 
30 mL/min

9 Steroids Pheresis 33%
Control 18%

Remission:

French Group54 12 �50%
crescents

23 Steroids Pheresis 34%
Controls 39%

Serum creatinine:

Clark et al55 39 Mild GFR � 30 
mL/min

Steroids Pheresis 97 
�mol/L

Pheresis 5%

Azathioprine Controls 124 
�mol/L

Controls 0%

ESRD, end-stage renal disease; GFR, glomerular fi ltration rate.
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capillary lumen, is often associated with a proliferative or mem-
branoproliferative glomerulonephritis and a variable but some-
times rapidly progressive course. The majority of cases of type II 
cryoglobulinemia occur in association with chronic hepatitis C 
virus infection.64 It may also be associated with non-Hodgkin’s 
lymphoma or occur in isolation, that is, mixed essential cryo-
globulinemia. Circulating cryoglobulins can be directly mea-
sured, and the level of monoclonal IgM, rheumatoid factor activ-
ity, and complement levels also refl ect disease activity. Proteinuria 
is often of nephrotic range and extrarenal manifestations of sys-
temic vasculitis are typically present.

Because cryoglobulins are restricted to the plasma com-
partment, their levels are rapidly and predictably reduced by 
plasmapheresis. Although case series have shown improved 
renal function in 55% to 87% of patients and improved sur-
vival (�25% mortality rate) compared with historic data 
(�55% mortality rate), the effi cacy has never been subjected 
to a prospective, randomized, controlled clinical trial despite 
30 years of experience.65

Management of cryoglobulinemia should address the un-
derlying cause as well as the infl ammatory manifestations. 
In hepatitis C–associated cryoglobulinemia, control of viral 
replication with interferon-� and ribavirin will abolish cryo-
globulin production. Plasmapheresis increases the clearance of 
interferon-� and dosing may need to be adjusted.66,67 Uremic 
patients tolerate interferon-� poorly and have a high frequency 
of Staphylococcus aureus sepsis. Plasmapheresis and corticoste-
roids may be required in the acute presentation or for the man-
agement of disease fl are, but prolonged therapy is unnecessary 
if viral replication is controlled. In contrast, for mixed essential 
cryoglobulinemia, chronic intermittent plasma exchange may 
be required to control cryoglobulin levels, which are usually 
refractory to conventional immunosuppressives, including cy-
clophosphamide.68 After an intensive course of three to fi ve 
plasmaphereses, measurement of sequential cryoglobulin levels 
will allow the rate of synthesis to be assessed. A return of cryo-
globulins does not necessarily imply return of glomerulone-
phritis or other infl ammatory disease, and long-term therapy 
with corticosteroids and immunosuppression may dissociate 
cryoglobulin levels from disease activity. However, in those 
cases in which active infl ammation persists, long-term inter-
mittent plasmapheresis may be required.67 Intravenous immu-
noglobulin may precipitate a cryoglobulinemic crisis but can be 
administered more safely immediately after plasma exchange. 
Rituximab and other therapeutic monoclonal antibodies are 
showing promise in a proportion of cryoglobulinemic patients 
but will be cleared by plasmapheresis, and their administration 
should also be planned to follow the procedure.69

The requirement for plasmapheresis should be deter-
mined by clinical severity. In subacute presentations with 
preserved renal function, corticosteroids with antiviral ther-
apy in hepatitic C–associated disease or corticosteroids with 
an immunosuppressive in mixed essential disease may be suf-
fi cient. Plasmapheresis is indicated for persistent nephrotic 
syndrome, progressive renal failure, and severe extrarenal 
features, such as polyneuropathy. The frequency of plasma-
pheresis should be guided by the cryocrit, rheumatoid factor 
and complement levels, proteinuria, and serum creatinine. 
Volume should be replaced with albumin and saline and 
not plasma. Patients should be treated in a warm room with 
all infusions heated to 37°C to avoid cold precipitation of 
cryoglobulins. Despite optimal therapy in this subgroup of 

patients, adverse events, including severe infection, are com-
mon and the risk of progression to ESRD is high.

IgA Nephropathy and Henoch-Schönlein 
Purpura

IgA nephropathy and Henoch-Schönlein purpura (HSP) 
(see also Chapter 16) represent a spectrum of manifestations 
of the same disease and are characterized by production of 
aberrantly glycosylated IgA1, circulating IgA rheumatoid 
factors, and IgA-containing immune complexes and mesan-
gial deposition of IgA. Although serum total IgA concentra-
tion is elevated in 33% to 55% of patients, circulating IgA 
levels do not correlate with the severity or activity of dis-
ease. IgA nephropathy has a benign course in 50% to 70%, 
but those with proteinuria, hypertension, and glomerular or 
interstitial scarring follow a slowly progressive course with 
an appreciable risk of ESRD at 20 years. Less frequently, IgA 
nephropathy has a rapidly progressive course with glomeru-
lar necrosis, crescents, and deteriorating renal function. 
This also occurs in 24% of children and 31% of adults with 
HSP, accompanied by extrarenal features of systemic vascu-
litis.70 Plasmapheresis has been employed in this setting in 
small case series.71,72 Roccatello and colleagues71 reported 
on their experience in treating six adults with crescentic IgA 
disease using plasmapheresis in addition to steroids and 
cyclophosphamide. All patients improved in the short term, 
but subsequent deterioration in renal function was ob-
served in more than half of these patients. Sixteen children 
with HSP and severe renal involvement were treated with 
plasmapheresis alone; 15 recovered and one, referred late, 
developed ESRD.73 Reversal of renal histologic activity and 
prevention of chronic changes was observed in six children 
who underwent biopsy before and after plasmapheresis plus 
immunosuppression.74 Unfortunately, the uncontrolled na-
ture of these observations does not permit defi nitive con-
clusions about the effi cacy of plasmapheresis.

There is no consensus or randomized, controlled trials to 
guide either the use of corticosteroids or immunosuppressive 
drugs or plasmapheresis for the treatment of RPGN in IgA 
nephropathy or HSP. A rationale exists for the use of plasma-
pheresis to remove circulating IgA, and existing data are sup-
portive but not conclusive.75

Focal Segmental Glomerulosclerosis and Relapsing 
Nephrotic Syndrome

A circulating pathogenic factor has been partly identifi ed in 
focal segmental glomerulosclerosis (FSGS) that indicates plas-
mapheresis may be an effective treatment.76 Small case series 
of patients with primary FSGS or relapsing nephrotic syn-
drome have reported benefi t with prolonged plasmapheresis 
in a proportion of patients.77–79 Reduction of proteinuria was 
used to determine the effi cacy of plasmapheresis and the need 
for further treatment. The use of plasmapheresis for recurrent 
FSGS is discussed in the following section.

Thrombotic Microangiopathy
TMA (see also Chapter 26) is the renal lesion seen in 
hemolytic-uremic syndrome (HUS) and TTP and is found in 
conjunction with consumptive thrombocytopenia, microangi-
opathic hemolytic anemia, renal failure, and extrarenal organ 
involvement.80 The pathogenesis may involve the accumulation 
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of vWF multimers as a result of a defi ciency of a vWF cleaving 
metalloprotease, ADAMTS 13, or the presence of an inhibitor to 
ADAMTS 13.5 The vWF multimers cause endothelial cell and 
platelet activation and consequent microvascular thrombosis. 
An autoantibody blocking the activity of ADAMTS 13 is pres-
ent in some spontaneous cases and when TMA occurs in 
association with systemic lupus erythematosus.81 Infection-
associated TMA results from a circulating toxin that causes di-
rect endothelial injury and platelet activation. The rationale for 
therapy is the removal of pathogenic autoantibody, vWF multi-
mers, or other pathogenic factors and the replacement of defi -
cient antithrombotic and fi brinolytic factors with normal 
plasma. Plasmapheresis will also remove other circulating pro-
coagulant and infl ammatory factors. Therapeutic plasma ex-
change has been suggested mainly for adult HUS-TTP, although 
some studies have also included cases with childhood diarrhea-
associated HUS.

Most of the evidence in favor of the role of plasmapheresis 
in HUS-TTP originates from uncontrolled or retrospective 
studies and from comparison with historical data.80,82 Before 
the introduction of plasma infusion and plasmapheresis, TTP 
typically progressed rapidly and was almost uniformly fatal 
(93% fatality rate; 79% within 90 days). With plasmapheresis 
using fresh frozen plasma, remission rates of greater than 75% 
and survival rates greater than 85% have been consistently 
reported.82 The underlying cause of TMA infl uences the out-
come with idiopathic or autoimmunity-associated cases hav-
ing a superior outcome when compared to those associated 
with malignancy or bone marrow transplantation.83

Two randomized, controlled trials compared plasma exchange 
with plasma infusion (Table 12-5).84,85 Rock and colleagues84

randomized patients with TTP to either plasma exchange or 
plasma infusion with fresh frozen plasma and observed that pa-
tients receiving plasma exchange had a better response rate and 
superior survival. Although the authors concluded that plasma 
exchange is superior to plasma infusion, interpretation should be 
guarded because patients undergoing plasma exchange received 
three times as much plasma as patients undergoing plasma infu-
sion. Indeed, a smaller multicenter controlled trial did not ob-
serve a difference in outcome when patients were randomized to 
receive either daily infusions of 15 mL/kg of fresh frozen plasma 
or plasma exchange with a mixture of 15 mL/kg of fresh frozen 

plasma and 45 mL/kg of 5% albumin as replacement fl uid (see 
Table 12-5).85 Thus, the exact role of plasma removal and plasma 
infusion in the benefi cial effect of plasma exchange remains con-
troversial. A retrospective analysis has found that mortality in 
TMA is related to low plasmapheresis dosing.86 Predictive factors 
for mortality were age older than 40 years, hemoglobin less than 
9 mg/dL, and fever; the authors suggested that those with a more 
severe prognosis should receive more plasmapheresis, but this has 
not been prospectively examined. A further retrospective review 
of idiopathic TTP found a mortality of 11%, a response to plas-
mapheresis rate of 80%, and an association of low hemoglobin 
with response to plasmapheresis; elevated lactate dehydrogenase 
levels after therapy predicted relapse.83 Persistence of low AD-
AMTS 13 activity or high inhibitor levels after plasmapheresis is 
associated with a poor outcome, and these assays may be useful 
to titrate therapy.81

Plasmapheresis in combination with plasma infusion is now 
widely recommended for TMA regardless of its cause. Therapy 
aims to restore a platelet count to more than 150 � 109 L, with 
a low hemoglobin and elevated lactate dehydrogenase levels in-
dicating a need for a longer treatment course. Typically, daily 
plasmapheresis of 60 mL/kg is required for 7 to 14 days with 
whole plasma or cryosupernatant plasma replacement.82

Renal Failure Associated with Multiple 
Myeloma
See also Chapters 23 and 40.

Renal failure complicates 3% to 9% of cases of multiple 
myeloma, of which 80% to 90% develop ESRD, and their sur-
vival is poor. Renal impairment can be caused by a variety of 
factors, including precipitation of free light chains within renal 
tubules and direct toxicity to tubule epithelium. Other factors 
frequently implicated include hypercalcemia, hyperuricemia, 
amyloidosis, hyperviscosity, infections, and chemotherapeutic 
agents. Measurement of circulating free light chains has shown 
that plasmapheresis is relatively ineffi cient at their removal, 
whereas hemodialysis with protein-leaking dialyzers is more 
effective.87,88 Randomized, controlled trials have evaluated 
plasmapheresis in multiple myeloma but preceded the avail-
ability of free light chain assays (Table 12-6).89,90 Johnson and 
colleagues89 randomized patients to either chemotherapy and 

Table 12-5 Randomized, Controlled Studies Comparing Plasmapheresis and Plasma Infusion in the Treatment of Thrombotic 
Microangiopathy

Ref No. of Patients Diagnosis

Mean Serum 
Creatinine at 
Presentation

No. of 
Phereses Other Therapies Remission Rate* Mortality

Rock et al84 102 (adults) TTP 138 �mol/L 3–36 Aspirin Pheresis 78% Pheresis 22%

Dipyridamole Controls 49% Controls 37%

(P �.05) (P �.05)

Henon85 40 (adults) TTP 278 �mol/L 3–35 Aspirin Pheresis 80% Pheresis 15%

Dipyridamole Controls 52% Controls 3%

(P � ns) (P � ns)

*Remission defi ned as platelet count � 150,000 � 109/L.
TTP, thrombotic thrombocytopenic purpura.
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forced diuresis with or without plasmapheresis and could 
detect only a small and nonsignifi cant benefi t on renal func-
tion despite lowering of plasma concentration of myeloma 
protein. There was no difference in patient survival. In con-
trast, Zucchelli and colleagues90 randomized patients to receive 
steroids and cyclophosphamide with or without plasmaphere-
sis and observed signifi cant improvements in renal outcome 
and patient survival. A similar trend was noted in at least three 
other nonrandomized studies and case series. The Canadian 
Apheresis Group study found no superior outcome of fi ve to 
seven plasmaphereses in 104 patients with acute renal failure at 
the onset of myeloma.23

A decision to use plasmapheresis in multiple myeloma with 
renal failure should be preceded by attention to reversible fac-
tors including volume depletion and hypercalcemia. The role 
of plasmapheresis remains controversial, and the role of free 
light chain assays and their removal by hemodialysis requires 
further attention. While plasmapheresis dosing can be guided 
by renal recovery, existing data suggest that substantial free 
light chain removal requires prolonged therapy.

Renal Transplantation
Investigations of plasmapheresis in renal transplantation 
have focused on desensitization, treatment of rejection, and 
prevention and treatment of recurrent glomerular disease. 
Comparison of studies is complicated by different back-
ground immunosuppressive regimens and variable combi-
nation of plasmapheresis with therapeutic antibodies and 
intravenous immunoglobulin.

Plasmapheresis is increasingly employed to permit desensi-
tization for ABO incompatibility or remove anti-HLA anti-
bodies in sensitized patients. ABO incompatibility is a barrier 
to live kidney donation in 30% to 50% of cases, and removal of 
alloantibodies before and immediately after transplantation in 
combination with immunosuppression, rituximab, intrave-
nous immunoglobulin, or splenectomy has led to graft survival 
rates similar to those of ABO-compatible transplants.15 Proce-
dures have involved conventional plasmapheresis or semiselec-
tive removal of immunoglobulin by double-fi ltration pheresis, 
staphylococcal protein A immunoabsorption, or selective re-
moval of anti-A and anti-B antibodies using a blood group A 
and B antigen column. The dosing of plasmapheresis before 

and after transplantation is titrated against circulating anti-A/
B antibodies.

Approximately 20% of patients waiting for cadaveric trans-
plantation have high titers of preformed cytotoxic antibodies 
that render them at high risk of hyperacute and acute allograft 
rejection. Plasmapheresis and immunoadsorption are also ef-
fective in the removal of cytotoxic anti-HLA antibodies before 
transplantation, permitting successful transplantation.12 Pro-
phylactic plasmapheresis of highly sensitized patients in the 
immediate postoperative period has not shown a major benefi t 
over conventional antirejection prophylaxis.

Evidence supporting removal of donor-specifi c cytotoxic 
antibodies and infl ammatory mediators in humoral rejection 
with prominent vascular injury by plasmapheresis in combi-
nation with other strategies has been controversial, with older 
studies reaching confl icting conclusions and more recent, 
uncontrolled studies reporting benefi ts on long-term graft 
function.91,92 In a comparison with historic controls, the com-
bination of plasmapheresis and intravenous immunoglobulin 
led to superior graft outcomes in humoral rejection than the 
additional use of intravenous immunoglobulin alone.93 The 
recent identifi cation of antibodies targeting the angiotensin II 
receptor type I in association with humoral rejection provides 
a further target for plasmapheresis.94 Circulating antiendothe-
lial antibodies have been identifi ed in certain cases of humoral 
rejection associated with a high risk of graft failure; their re-
moval by plasmapheresis is advocated according to the results 
of several small studies.91,92 Where donor-specifi c or other 
pathogenetic antibodies are identifi ed, dosing of plasmapher-
esis can be titrated against their levels.94 Four randomized, 
controlled trials have been conducted on the effi cacy of plas-
mapheresis in the treatment of established acute rejection 
(Table 12-7).95–98 Blake and colleagues95 randomized 85 pa-
tients to receive conventional antirejection therapy with or 
without plasmapheresis for treatment of all episodes of acute 
rejection occurring within the fi rst 3 months after transplan-
tation. There was no statistically signifi cant difference in 5-year 
actuarial graft survival, although there was a trend toward 
superior graft survival in patients undergoing plasmapheresis. 
Two of these studies96,97 did not observe a signifi cant differ-
ence in graft survival, whereas the third study98 suggested 
a benefi t. Thus, all the data published to date do not support 
the use of therapeutic plasmapheresis for the prevention or 

Table 12-6 Randomized, Controlled Trials Evaluating the Effi cacy of Plasmapheresis in the Treatment of Acute Renal Failure 
Associated with Multiple Myeloma

Ref No. of Patients No. on Dialysis No. of Phereses
Concomitant 
Therapy Renal Recovery Mortality

Johnson et al89 21 12 of 21 3–12 Forced diuresis Pheresis 43% Pheresis 25%*

Steroids Controls 0% Controls 25%

Melphalan (P � .05)

Zucchelli et al90 29 24 of 29 5 Forced diuresis Pheresis 48% Pheresis 34%

Steroids Controls 18% Controls 72%

Cyclophosphamide (P � .05) (P � ns)

*No signifi cant difference for renal recovery or mortality. 
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treatment of acute rejection. The literature on therapeutic 
plasmapheresis in chronic allograft nephropathy is limited to 
a few uncontrolled series, and the results in general have been 
disappointing, with improvement in graft function being, at 
best, modest and usually transient.99

The presence of a circulating pathogenetic factor and the 
high rate of recurrent disease have provided a rationale for 
plasmapheresis in posttransplantation FSGS. Several small 
studies have reported success both in the prevention of recur-
rent disease by pre- and posttransplantation plasmapheresis 
or immunoabsorption and in its treatment, as judged by a 
reduction in proteinuria, after transplantation.77,100–104 Fur-
ther work is required to enable better prediction of the risk of 
recurrent disease, an understanding of plasmapheresis failure 
when it is ineffective, and a guide to plasmapheresis dosing in 
the absence of an accessible biomarker. TMA with or without 
associated HUS occurs de novo post-transplantation or as 
recurrent disease; plasmapheresis has been used in both its 
treatment and prevention.82,105 The role of plasmapheresis in 
other glomerulopathies with a high risk of recurrence, such as 
dense deposit disease, is unclear.

Other Indications
Other indications included hepatitis B–associated polyarteri-
tis, serum sickness, and toxin removal. Polyarteritis nodosa 
associated with hepatitis B infection has been effectively 
treated in an observational study by corticosteroids, plasma 
exchange, and lamivudine. All patients had remission of vas-
culitis and the majority lost hepatitis B early antigen and 
hepatitis B virus DNA from the circulation. Randomized trials 
have not shown a benefi t in polyarteritis nodosa without 
hepatitis B infection.48

Serum sickness reactions after polyclonal or monoclonal 
antibodies, such as antithymocyte globulin, that fail to re-
spond rapidly to corticosteroids, have improved after one or 
two plasmapheresis procedures.106 With increasing use of 
therapeutic monoclonal antibodies, there is a need for a 
study of the role of plasmapheresis in the management of 
severe infusion reactions associated with an antiglobulin 

response or unintended effects of the primary therapeutic 
antibody.

The removal of toxic substances by plasmapheresis is indi-
cated when those substances are not readily removed by he-
modialysis or charcoal hemoperfusion due to high levels of 
protein binding.107 Examples include amanita toxin of ama-
nita phylloides, digoxin in combination with antidigoxin anti-
bodies, tricyclic antidepressants and heavy metals in combina-
tion with chelation agents.108 Plasmapheresis dosing can be 
guided by guided by plasma levels, the volume of distribution 
of the toxin, and clinical parameters.

COMPLICATIONS OF PLASMAPHERESIS

Plasmapheresis is an invasive procedure with potential com-
plications relating to vascular access, the extracorporeal 
procedure itself, the removal of coagulation factors and 
other plasma proteins, and the use of large volumes of 
pooled plasma products. Adverse events of the procedure 
occur in one third of patients, are usually mild, and rarely 
lead to discontinuation or hospital admission.109 They com-
prise fever, urticaria, pruritus, hypocalcemic symptoms, and 
hypotension and are more common with fresh frozen plasma 
volume replacement than with albumin/saline. More severe 
reactions include anaphylaxis, thrombocytopenia, and hem-
orrhage and occur in 0.5% to 3.1% of treated patients.110

The risk of hemorrhage after plasmapheresis is increased in 
the presence of uremia, coagulopathy, and thrombocytope-
nia or after a surgical procedure including renal biopsy. 
Complications of vascular access include hematomas, pneu-
mothorax, thromboses, and catheter infections. Transmis-
sion of chronic viral infections through the use of blood 
products is now very rare, and there is a theoretical risk of 
other infections, including prions. Symptomatic hypocalce-
mia resulting from infusion of citrate (either as the treat-
ment’s anticoagulant or in fresh frozen plasma) complicates 
1.5% to 9% of treatments. Hypotensive episodes occur in 4% 
to 7% of patients and can be triggered by vasovagal episodes, 
delayed or inadequate volume replacement, hypo-oncotic 

Table 12-7 Randomized, Controlled Trials Evaluating the Effi cacy of Plasmapheresis in the Treatment of Acute Allograft 
Rejection

Ref
No. of 
Patients Diagnosis Graft Biopsy

No. of 
Phereses

Concomitant 
Therapy Graft Survival

Blake et al95 85 Acute rejection Vascular or cellular 5 Steroids (IV) Pheresis 64%
Controls 51%

Allen et al97 27 Steroid-resistant
rejection

Vascular 6 Steroids (IV)
Heparin (SC)

Pheresis 18%
Controls 38%

Kirubakaran et al96 24 Acute rejection Vascular 8 Steroids (IV) Pheresis 33%
Controls 75%

Bonomini et al98 44 Steroid-resistant 
rejection

Vascular 3–7 Steroids (IV)
Cyclophosphamide

Pheresis 70%*
Controls 19%

*Statistically signifi cant benefi t of plasmapheresis versus control group (P � .5).
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fl uid replacement, or anaphylaxis. Repeated plasmapheresis 
depletes immunoglobulins and other immune reactants, 
which potentially increases the infective risk, especially in 
immunosuppressed or uremic patients. However, infection 
rates reported from randomized trials in the treatment of 
lupus nephritis and ANCA-associated vasculitis do not sup-
port this contention.22,111,112 Intravenous immunoglobulin 
therapy has been used in the intensive care setting to reduce 
infective risk of immunosuppressed patients, including those 
treated with plasmapheresis, but there is no evidence that 
routine immunoglobulin replacement after a course of plas-
mapheresis is justifi ed.

CONCLUSIONS

Use of plasmapheresis has changed in recent years refl ecting the 
availability of evidence largely obtained from controlled, pro-
spective studies. This evidence supports its use for anti-GBM 
disease, ANCA vasculitis with severe renal failure, refractory 
cryoglobulinemia, thrombotic microangiopathy, and desensiti-
zation before renal transplantation. In contrast, there is no role 
for plasmapheresis in the routine treatment of lupus nephritis 
or allograft rejection. More evidence is required to determine 
whether plasmapheresis is benefi cial in other forms of ANCA 
vasculitis, certain severe lupus subgroups, crescentic IgA ne-
phropathy and HSP, FSGS, multiple myeloma, and humoral 
transplant rejection. Plasmapheresis remains an expensive and 
nonspecifi c therapy in which side effects are common. Newer 
techniques, such as double fi ltration and immunoabsorption, 
offer the opportunity of equal or greater effi cacy and reduced 
toxicity and merit further evaluation.
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An association between glomerulonephritis and infectious 
disease has long been recognized. Glomerular damage occurs 
in infection-associated glomerulonephritis as a result of three 
pathogenic pathways: the direct renal effects of the invading 
microorganism, the sepsis-induced dysregulation of systemic 
circulation and homeostasis, and, most importantly, the in-
nate and adaptive host immune responses to microbial anti-
gens. Current clinical therapies actively target the invading 
organism and provide support for host homeostasis, whereas 
the aberrant host immune response is not directly addressed.

The epidemiology of infectious disease and the problems 
in producing reliable and accurate animal models make in-
fection-associated glomerulonephritis a diffi cult condition 
to study. Despite some advances in our understanding of 
the immunopathogenesis, little impact has been made on 
specifi c immunotherapy, and the treatment of infection-
associated glomerulonephritis remains largely empirical 
rather than evidence based. With these limitations in mind, 
this chapter briefl y reviews recent conceptual advances in 
the understanding of this form of glomerulonephritis and 
then discusses current therapeutic strategies associated with 
specifi c organisms and sites of infection. Approaches to 
management are provided and avenues amenable to future 
research highlighted. Renal diseases caused by infections 

with human immunodefi ciency virus (HIV) and hepatitis B 
virus are covered in Chapter 24 and hepatitis C virus in 
Chapter 14. Drug doses, including correction factors for 
renal dysfunction, are listed in Chapter 91.

RECENT DEVELOPMENTS IN INFECTION-
ASSOCIATED GLOMERULONEPHRITIS

The epidemiology of infection-associated glomerulonephritis 
has changed. Classic poststreptococcal glomerulonephritis 
(PSGN) remains the most common cause of the nephritic syn-
drome in some communities.1,2 Staphylococcal infection has, 
however, become a far more frequent precipitant of glomerulo-
nephritis in developed countries.3 Infective endocarditis is now 
the bacterial infection most frequently associated with glomer-
ulonephritis in developed countries and is predominantly 
caused by staphylococci introduced via needles or surgery.3,4 In 
Europe and North America, hepatitis C is a common cause of 
cryoglobulinemia and membranoproliferative glomerulone-
phritis, whereas on a worldwide scale, hepatitis B and malaria 
persist as dominant causes of the nephrotic syndrome.5

As the epidemiology has evolved, the classifi cation of glo-
merulonephritis resulting from infection has broadened. As the 
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incidence of PSGN in developed countries has decreased, infec-
tion with an increasing number of other microorganisms has 
been associated with glomerular disease. The glomerular lesions 
induced include classic postinfectious exudative endocapillary 
changes, but also mesangioproliferative, mesangiocapillary, cres-
centic, and membranous lesions. The time course varies such 
that clinical glomerulonephritis may become apparent during 
the acute or chronic infective phase or during convalescence. 
Accordingly, the term postinfectious glomerulonephritis is best 
used with specifi c reference to poststreptococcal disease, whereas 
the broader term infection-associated glomerulonephritis is the 
more appropriate nomenclature to apply to the entire spectrum 
of glomerulonephritis that results from infection.

The importance of host immune status is increasingly 
recognized as being central to the development of infec-
tion-associated glomerulonephritis and to the patient’s 
prognosis. Alcoholism is prevalent throughout the world 
and is now well recognized as conferring both an increased 
susceptibility to infection-associated glomerulonephritis 
and a poor prognosis for this condition.3,6 In addition, the 
immune dysregulation induced by chronic viral infections 
may enhance patient susceptibility to glomerulonephritis, 
particularly in the case of infections with hepatitis B, hepa-
titis C, and HIV.

Progress in molecular biologic technology has facilitated 
new insights into the pathogenesis of glomerulonephritis.7

Infectious organisms may produce glomerular damage via 
several mechanisms:

 1. Direct cytopathic effects, e.g., staphylococcal antigens may 
induce glomerular damage in the absence of immuno-
globulin

 2. Engagement of innate immune receptors by microorgan-
isms, such as Toll-like receptor 4 engagement by bacterial 
lipopolysaccharide, causing activation of infl ammatory 
cells and intrinsic kidney cells

 3. Host cell–mediated damage due to the presence of the or-
ganism within renal cells, with subsequent cell surface an-
tigen expression serving to attract cytotoxic T cells

 4. Deposition of circulating immune complexes or cryoglob-
ulins within the glomerulus

 5. Formation of in situ immune complexes to planted infec-
tive antigens

 6. Induction of autoimmunity via the development of cross-
reactive antibodies

 7. Indirect effects of infection mediated by cytokines and 
growth factors8,9

Various infections have been shown to induce glomerular 
damage via these mechanisms, although one major discrep-
ancy exists. Humans incur infection many times a year during 
every year of their life, yet only a minority develop clinical 
nephritis. The reason that only some individuals develop glo-
merulonephritis in response to infection with particular or-
ganisms remains an enigma. Certainly some strains of organ-
ism are more nephrogenic than others (e.g., nephritogenic 
versus nonnephrogenic streptococci). Patient susceptibility 
factors have also been identifi ed, such as complement defi -
ciency, whereas others remain unidentifi ed but inferred, such 
as familial susceptibility to PSGN. It appears likely that several 
infection-dependent and host-dependent factors must inter-
act to produce infection-associated glomerulonephritis.

The diagnosis of infection-associated glomerulonephritis 
should be considered in three broad clinical settings. First, the 
patient who develops renal dysfunction or an abnormal uri-
nary sediment in the context of an infectious illness may have 
infection-associated glomerulonephritis. This should be dif-
ferentiated from renal tract infection, interstitial nephritis 
(due to infection or therapy), preexisting or concurrent renal 
disease, and the indirect effects of fever on urinary protein 
and red cell content. Second, infection-associated glomerulo-
nephritis remains underdiagnosed as a cause of glomerulone-
phritis in the general community and should therefore be 
considered in all patients presenting with glomerular abnor-
malities.10 Risk factors for infection with potentially nephrito-
genic organisms should be sought in the patient history. Ex-
amination for signs of infection such as skin rash, needle 
tracks, and stigmata of endocarditis should be performed. 
Specifi c serologic investigations, tailored to the epidemiology 
of infectious disease relevant to the patient, should be under-
taken. Percutaneous renal biopsy should be performed in all 
cases in the absence of signifi cant contraindications.10 Finally, 
an infection-related exacerbation should be considered in 
patients with preexisting glomerulonephritis who develop an 
unexplained fl are of their disease.7

The likelihood of renal and patient recovery depends on 
host status, control of infection, and the degree of kidney 
damage as assessed by both clinical and biopsy parameters. 
Drug and alcohol withdrawal, malnutrition, immunosuppres-
sion, and concurrent infection (both preexisting and hospital 
acquired) are major contributors to the high rates of morbid-
ity (50%) and mortality (11%) seen in patients with infec-
tion-associated glomerulonephritis.3 Additionally, screening 
tests for concurrent disease, such as HIV and viral hepatitis, 
should be undertaken to avoid diagnostic confusion and to 
optimize management. Cases in which severe crescentic dis-
ease has been present on a renal biopsy sample or in which 
renal dysfunction has persisted or evolved despite clinical 
eradication of infection have prompted the use of immuno-
suppressive therapy: 35 cases of infection-associated glomeru-
lonephritis (including 11 cases of classic PSGN) treated with 
immunosuppressants have been reported3,11–19 (Table 13-1). 
Endocarditis was the most frequently associated infection. 
One controlled trial of prednisolone, cyclophosphamide, di-
pyridamole, and azathioprine in children with crescentic 
PSGN showed no benefi t over placebo.18 All other reports in-
volved uncontrolled therapeutic trials of corticosteroids 
(100%), cyclophosphamide (44%), azathioprine (4%), hepa-
rin (4%), dipyridamole (8%), and plasmapheresis (20%), 
used either singly or in various combinations and always in 
conjunction with antibiotics. Indices of renal function im-
proved in 52% of cases. No specifi c reports of therapy-related 
morbidity or mortality were made; however, 12% of patients 
progressed to terminal renal failure and 8% of patients died of 
multiple complications including renal failure. Thus, based on 
these uncontrolled data, the role of immunosuppressive ther-
apy for infection-associated glomerulonephritis is diffi cult to 
determine. Bearing in mind the potential for positive publica-
tion bias, these results clearly highlight the need to mount a 
prospective, controlled clinical trial to examine the safety and 
effi cacy of immunosuppression in this setting. Until then, this 
form of treatment cannot be broadly recommended, except 
for consideration in cases of severe renal failure unresponsive 
to documented clearance of infection.
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The prognosis for recovery from infection-associated 
glomerulonephritis remains linked to the interaction be-
tween host factors, the infecting organism, and the amount 
of kidney damage that is incurred. Recent therapeutic de-
velopments have made little impact, with the exceptions of 
antibiotic prophylaxis for at-risk populations during epi-
demics of nephritogenic streptococcal infection2 and the 
use of antiviral agents for the treatment of glomerulonephri-
tis associated with hepatitis C and B viruses (see Chapters 
14 and 24). Thus, the prognosis has changed in line with the 
epidemiology. In areas where infection-associated glomeru-
lonephritis remains primarily streptococcal, the prognosis 
remains generally favorable, at least in the short to medium 
term.1,20 However, in communities where the majority of 
cases of infection-associated glomerulonephritis are due to 
staphylococcal infection occurring in alcoholics or intrave-
nous drug abusers, the prognosis is relatively poor for both 
patient and renal survival.3,21

Is resolution of the clinical episode of acute infection-
associated glomerulonephritis all that matters? Long-term 
follow-up studies of survivors of PSGN have revealed evi-
dence of chronic kidney disease on clinical grounds and on 
kidney biopsy in a signifi cant proportion and renal failure 
in a minority.20,22 Whether these fi ndings are applicable 
to all forms of infection-associated glomerulonephritis is 

unknown. Also unknown is whether such asymptomatic 
abnormalities indicate a signifi cant increase in the lifetime 
risk of renal failure, cardiovascular disease, or overall mor-
tality for these patients.7 This information is required in 
order to provide accurate prognostic information for both 
the patient and caring physician and to facilitate the devel-
opment and use of renoprotective strategies during the 
acute and recovery phases of infection-associated glomeru-
lonephritis (see Chapter 62).

BACTERIAL INFECTIONS

Streptococcus
Poststreptococcal Glomerulonephritis

The management of classic PSGN involves three phases: (1) the 
prompt treatment of streptococcal infections in the commu-
nity, (2) the management of the patient with nephritis, and 
(3) the prevention or detection of streptococcal disease and 
PSGN among the patient’s contacts.

Animal data have demonstrated that penicillin given within 
3 days of the onset of streptococcal infection is able to prevent 
the development of nephritis, and although there is no conclu-
sive evidence that antibiotic treatment of pharyngitis or impe-

Table 13-1 Immunosuppressive Treatment of Glomerulonephritis Associated with Bacterial Infection: Published Reports and Trials

Ref. Infection
No. of 
Patients Histology Treatment Outcome

Montseny et al3 Various, unspecifi ed 17 Crescents (12), 
Endo (5)

Prednisone (17), cyclo-
phosphamide (8)

5 resolved, 8 
CRF, 2 ESRD, 
2 deceased

Vanwalleghem et al11 Staphylococcus
aureus prosthesis

1 Crescents, 27% Prednisone Improved

Yamashita et al12 S. aureus pneumonia 1 ? Plasmapheresis, prednisone Improved late 
ESRD

Rovzar et al13 Streptococcus viridans 
endocarditis

1 Crescents, �50% Plasmapheresis, prednisone, 
azathioprine

Improved

McKenzie et al14 Endocarditis 1 Crescents, 60% Plasmapheresis, prednisone Improved

Ayres et al15 Streptococcal endo-
carditis

1 Crescents, 80% Prednison, cyclophospha-
mide, heparin, 
dipyridamole

Improved

McKinsey et al16 S. aureus septicemia 1 Some crescents Prednisone Improved

Kupari and 
Teerenhovi17

Dental abscess 1 Crescents, 80% Plasmapheresis, predni-
sone, cyclophosphamide

Resolved

Roy et al18 PSGN 5 treated, 
5 controls

Crescents, 70%; 
crescents, 65%

Prednisone, azathioprine, 
cyclophosphamide,
dipyridamole

Resolved*

Fairley et al19 PSGN 1 Crescents, 83% Plasmapheresis, prednisone, 
cyclophosphamide, dipyr-
idamole

Resolved

*All patients showed resolution of clinical indicators of renal damage; however, two patients died of causes thought to be unrelated to 
therapy.18

CRF, chronic renal failure; Endo, endoproliferative glomerulonephritis; ESRD, end-stage renal disease; PSGN, poststreptococcal glomerulo-
nephritis.
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tigo in humans is effective in preventing the development of 
PSGN, such treatment seems logical to reduce the streptococcal 
antigenic load. Additionally, antibiotics may prevent the devel-
opment of suppurative complications in the individual and 
hopefully reduce the prevalence of pathogenic streptococci in 
the community. Thus, as the cost and adverse-effect profi le of 
penicillin is favorable, it should be given to patients with clini-
cally probable and/or culture-positive streptococcal pharyngitis 
or impetigo. The appropriate dose for adults is 1.2 million units 
of benzathine benzylpenicillin as a single intramuscular injec-
tion or 250 mg phenoxymethyl penicillin every 6 hours PO for 
10 days. Children should receive half doses, and erythromycin 
should be given to individuals who are allergic to penicillin.

The diagnosis of PSGN is made in a patient who has his-
torical and/or laboratory evidence of antecedent streptococcal 
infection, which was followed by a latent period before the 
development of nephritis. The laboratory fi nding of decreased 
C3 is a sensitive, but not specifi c, supporting feature. Renal 
biopsy is often required for the diagnosis in endemic cases, 
although less so in the epidemic situation, to differentiate 
PSGN from other causes of the nephritic syndrome.

Once the diagnosis is made, patient management involves 
three phases. First, penicillin is given in an attempt to elimi-
nate streptococcal antigenemia. Second, features of the ne-
phritic syndrome are treated supportively. If hypertension or 
signs of volume overload are present, sodium intake should be 
minimized and fl uid intake restricted to 1000 mL/day in mild 
cases and 500 mL/day in moderate to severe cases. Loop 
diuretics should be used to manage edema. Therapy should be 
guided by the maintenance of strict fl uid balance records in-
cluding daily weights. In cases of severe volume overload with 
imminent or actual hypertensive encephalopathy or pulmo-
nary edema, morphine, oxygen, sedation, ventilation, intrave-
nous nitrates, and hydralazine may be required. In this setting, 
urgent hemodialysis including ultrafi ltration is often the most 
effective and physiologic therapeutic maneuver. With good 
supportive care, attention to nutrition, and the treatment of 
intercurrent infection, an acute mortality of less than 1% can 
be expected.20 Resolution is spontaneous and generally com-
plete within several months. Patients with adult-onset, nephrotic-
range, or persistent proteinuria; extensive crescent formation; 
and heavy capillary IgG/C3 deposition on biopsy are an 
exception to this rule and commonly exhibit an incomplete 
renal recovery. A minority will progress to end-stage renal 
failure.20,22

Combined immunosuppressive and anticoagulant therapy 
has been tried in severe PSGN in children and was not found to 
be of benefi t.18 Persisting hypertension should be treated, pref-
erably with an angiotensin-converting enzyme inhibitor. Acute 
PSGN recurs only rarely, due to the development of type-
specifi c, long-lasting, and protective immunity to streptococcal 
M protein.

Management of the patient in the long term is less clearly 
defi ned. Studies of patients up to 20 years after an episode of 
acute PSGN reveal confl icting results but clear trends in terms 
of renal outcome. The vast majority of patients recover acutely, 
but 5% to 60% will show features of subclinical renal dysfunc-
tion (proteinuria or decreased creatinine clearance, fi brosis, and 
glomerulosclerosis on biopsy) or hypertension during the next 
10 to 20 years,20,22 and almost all patients with resolved PSGN 
can be shown to have a decreased renal functional reserve. 
Asymptomatic abnormalities are more common sequelae of 

PSGN in adults than in children. Whether such abnormalities 
indicate a signifi cant increase in the lifetime risk of the develop-
ment of progressive renal failure remains to be determined. It 
would seem prudent to monitor all patients who recover from 
PSGN with annual assessment of blood pressure, urinary pro-
tein excretion, and creatinine clearance. Hypertension should 
be treated aggressively, and the development of proteinuria or 
decreased creatinine clearance should prompt the adoption of 
general measures for the preservation of renal function (see 
Chapter 62).

Epidemics of PSGN continue to occur in communities 
that have relatively poor hygiene and overcrowding. The ad-
ministration of penicillin (2.4 million units IM for adults, 
half dose for children) to all community members during 
such outbreaks appears to be of benefi t.2

Other Streptococcal Infections

Streptococcus viridans has classically been implicated as the ma-
jor cause of subacute bacterial endocarditis, whereas Streptococ-
cus faecalis (enterococcus) is an increasingly recognized cause of 
acute endocarditis. These and other groups of streptococci have 
been documented as causes of proliferative glomerulonephritis, 
both focal and diffuse, in the setting of infectious endocarditis 
and other visceral infections. Principles of diagnosis and man-
agement are similar to those detailed here for staphylococcal 
endocarditis. Antibiotic resistance is becoming problematic. 
The emergence of penicillin-resistant streptococci requires the 
use of penicillin plus an aminoglycoside until bacterial sensi-
tivities are defi ned. Enterococci are generally penicillin insensi-
tive and require combination therapy with ampicillin and low-
dose gentamycin, which act synergistically. Vancomycin is 
indicated if enterococci with high-level penicillin resistance 
are prevalent or are isolated; however, the development of 
vancomycin-resistant enterococci is a major concern and re-
quires consultation with an antimicrobial expert.23 Vigilant 
monitoring of aminoglycoside and vancomycin levels are 
required to avoid toxicity.

Staphylococcus
Staphylococcal Endocarditis

Staphylococcal endocarditis may occur on normal, damaged, 
or prosthetic valves on either the left or the right side of the 
heart. Infection of a previously normal tricuspid valve is par-
ticularly commonly seen in intravenous drug abusers. The 
presentation may be acute, particularly in the case of Staphy-
lococcus aureus infection, or chronic, as is typically seen with 
coagulase-negative staphylococcal endocarditis.

Glomerulonephritis occurs in 20% to 80% of cases of infec-
tive endocarditis and may be recognized at any stage of the 
illness.4 In cases of infective endocarditis complicated by glo-
merulonephritis, circulating immune complexes (90% of 
cases), rheumatoid factors (10%–70%), and cryoglobulins 
(84%–95%) are present, whereas C3 is frequently reduced in 
serum. No serologic marker has consistently been shown to 
have predictive value in identifying the presence or absence of 
glomerulonephritis in patients with endocarditis. Serology 
may be more useful for monitoring therapy, as the persistence 
of circulating immune complexes and C3 depletion, despite 
antibiotic treatment, has been shown to indicate the failure 
of therapy and a high probability of persistent infection and 
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glomerulonephritis.4 Microbiologic identifi cation, including 
the determination of antibiotic sensitivities, is crucial in estab-
lishing a therapeutic plan. Renal biopsy is also crucial to both 
confi rm the diagnosis and provide prognostic information. 
Biopsy specimens may reveal either focal or diffuse prolifera-
tive changes, often accompanied by an exudate of neutrophils. 
Crescents are less commonly seen. Immunostaining reveals 
granular C3 deposition, which is often but not always accom-
panied by IgG or IgM. Staphylococcal antigens have frequently 
been reported within damaged glomeruli in the absence of 
immunoglobulin and rarely in the absence of C3, suggesting 
that staphylococci may induce either direct or complement-
mediated renal injury, independent of immunoglobulin.24

Treatment involves the intravenous administration of bac-
tericidal antibiotics at dosages appropriate for renal function 
(see Chapter 91). The role of surgery is to restore valve func-
tion and remove foci of infection where necessary. This re-
quires an ongoing evaluation of the patient in consultation 
with the involved infectious disease and cardiac teams. The 
persistence of glomerulonephritis, despite the apparent reso-
lution of infection, is an additional indication to reassess the 
affected heart valve with a view to surgery because the surgical 
removal of a sterile vegetation has been associated with im-
provement in renal function.17 Supportive measures for renal 
and cardiac function and the optimization of host nutrition 
and immune status are important components of therapy. As 
summarized in Table 13-1, the use of immunosuppression 
after apparent eradication of infection has been reported; 
however, this approach incurs signifi cant risk of infective 
relapse and further cardiac decompensation. 3,11,13–15

Staphylococcal Septicemia

Proliferative glomerulonephritis was documented in 35% of 
cases of fatal staphylococcal septicemia at autopsy.25 Treat-
ment is similar to that for infectious endocarditis, in addition 
to a rigorous search for primary (e.g., skin, bone, joint) and 
secondary (e.g., heart, lung) sites of infection.

Visceral Abscess

Abscesses within abdominal viscera, bone, joint, lung, and 
other tissues have been associated with infection-associated 
glomerulonephritis. S. aureus, and, less commonly, other or-
ganisms, have been cultured from the abscess fl uid. Although 
blood cultures have frequently been negative in reported cases, 
bacterial antigens have been identifi ed within glomerular de-
posits accompanied by immunoglobulin and complement 
components. Thus, an immune-mediated, infection-associated 
glomerulonephritis occurs that produces a proliferative renal 
lesion associated with a nephritic clinical presentation fre-
quently accompanied by severe acute renal failure.26 Successful 
eradication of the antigen via surgical evacuation and appro-
priate antibiotic therapy has resulted in clinical resolution of 
nephritis in the majority of reported cases.

Shunt Nephritis

Ventriculoatrial shunts, inserted for the treatment of hydro-
cephalus, may rarely become colonized by coagulase-negative 
staphylococci or other organisms of low virulence such as Pro-
pionibacterium acnes.27 Such colonization is associated with the 
development of membranoproliferative glomerulonephritis, 
manifest by heavy proteinuria, hematuria, and renal impair-
ment. The diagnosis may be confi rmed by positive culture of 

blood, cerebrospinal fl uid, or the shunt itself. Removal of the 
shunt, combined with appropriate antibiotic therapy, leads to 
an improvement in renal function in the majority of cases and 
is recommended; however, treatment of the infection with 
antibiotics alone with clearance of infection and restoration of 
renal function has been reported.28

Pneumococcus
Pneumococcal pneumonia, endocarditis, and other infec-
tions have been associated with glomerulonephritis. Im-
mune- mediated renal disease is induced via mechanisms 
similar to those described for staphylococcal infection, 
although pneumococcal capsular antigen has additionally 
been detected within a cryoprecipitate obtained from one 
patient with infection-associated glomerulonephritis. Treat-
ment involves the same principles as discussed for staphylo-
coccal infections. Penicillin is the antibiotic of choice, except 
in areas of drug-resistant pneumococci, for which initial 
treatment with vancomycin plus penicillin is advisable pend-
ing antibiotic sensitivity determination.29

Gram-Negative Bacteria
Salmonella

Although uncommon in typhoid fever, a diffuse proliferative 
infection-associated glomerulonephritis may occur and is 
generally associated with a relatively mild nephritic clinical 
presentation. Glomerulonephritis must be differentiated from 
cystitis, pyelonephritis, and acute tubular necrosis, all of 
which may occur in the context of this illness. In contrast, 
acute infection with various species of Salmonella has been 
associated with the onset of the nephrotic syndrome in pa-
tients with coexistent hepatosplenic schistosomiasis. Nephro-
sis has been found to resolve on the eradication of Salmonella
carriage by treatment with cotrimoxazole or ampicillin.30

Other Bacterial Infections

Glomerulonephritis has been reported following enteritis 
caused by Yersinia entercolitica. Pneumonia or lung abscess 
due to Klebsiella pneumoniae, Haemophilus infl uenzae, Myco-
plasma pneumoniae, Pseudomonas aeruginosa, Chlamydia psit-
taci, and Legionella pneumophila have rarely been reported to 
cause glomerulonephritis. Diarrhea-associated hemolytic-
uremic syndrome from Escherichia coli O157:H7 is discussed 
in Chapter 26. E. coli, meningococci, and other gram-negative, 
gram-positive, and anaerobic bacteria causing septicemia, 
peritonitis, subphrenic abscess, osteomyelitis, meningitis, and 
septic abortion have also been linked to infection-associated 
glomerulonephritis. As a generalization, this rare complica-
tion of infection has been found to resolve after the eradica-
tion of infection with antibiotic treatment and/or surgery.

Mycobacteria
Leprosy

Approximately 10 million people worldwide have leprosy; of 
these, 6% to 8% can be expected to have glomerulonephritis.31

Most commonly, a mesangioproliferative lesion has been 
found on biopsy, with evidence of IgG and C3 deposition on 
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immunofl uorescence microscopy; mycobacterial antigens 
within glomeruli have been documented. Nephritis is gener-
ally clinically mild, with low-grade proteinuria and minimal 
impairment of renal function. Cases of rapidly progressive 
glomerulonephritis have been reported, generally in the con-
text of an episode of erythema nodosum leprae, in which 
spontaneous or treatment-associated systemic immune com-
plex disease occurs, superimposed on the course of previously 
indolent lepromatous leprosy. Standard treatment for ery-
thema nodosum leprae, consisting of 1 mg/kg/day prednisone 
PO, was reported to produce a rapid resolution.31 In general, 
glomerulonephritis due to leprosy responds clinically to bac-
teriologic cure, although drug treatment may be complicated 
by the development of erythema nodosum leprae or drug 
adverse effects.32 Interstitial nephritis and renal amyloidosis 
are also documented in patients with leprosy. As opposed to 
glomerulonephritis, amyloid produces more severe protein-
uria and renal impairment and consequently carries a poor 
prognosis. A recent study with eprosidate, a sulfonated, low 
molecular weight compound similar to heparan sulfate, has 
shown promise in slowing the progression of AA (secondary) 
amyloidosis of the kidney.

Tuberculosis

Tuberculosis may produce direct renal infection and cavita-
tion or glomerular involvement through the development of 
amyloidosis, but has only rarely been reported as a cause of 
glomerulonephritis. Treatment involves antituberculous che-
motherapy and possibly eprosidate33 (see Chapter 37).

SPIROCHETES

Syphilis
The prevalence of syphilis is increasing worldwide. As con-
genital, secondary, and tertiary syphilis have been associated 
with various forms of glomerulonephritis, renal gumma for-
mation, and amyloidosis, the incidence of renal presentations 
of syphilis may also be anticipated to increase. Congenital 
syphilis may result in membranous nephropathy. Acquired 
secondary and tertiary syphilis in adults may also produce a 
nephrotic presentation in association with minimal change or 
membranous features on biopsy. A nephritic presentation 
may also occur, with typical proliferative glomerular changes 
of infection-associated glomerulonephritis seen on biopsy. 
Granular deposition of IgG and C3 is generally demonstrable 
by immunofl uorescence, suggesting an immune complex ba-
sis. Treatment of syphilis with penicillin, 2.4 million units by 
weekly IM injection for 3 weeks, has led to the resolution of 
proteinuria in the majority of cases.34

Leptospirosis
Leptospirosis has been associated with a mesangioproliferative 
glomerulonephritis, but far more commonly induces acute 
interstitial nephritis or acute tubular necrosis in the setting of 
Weil’s syndrome. Regardless of the renal lesion produced, 
treatment involves intensive supportive care and antibiotic 
treatment, which is of proven benefi t if started within the fi rst 
5 days of infection. Doxycycline 200 mg/day PO is effective in 
mild cases. Penicillin, 1.5 million units every 6 hours for 7 days, 

is preferred for severe disease. Exchange transfusion may have 
a role in reducing hyperbilirubinemia, which may contribute 
to the renal toxicity in Weil’s syndrome. The renal lesion is 
entirely reversible on resolution of the infection.35

VIRAL INFECTIONS

Viruses in General
Viral infection is almost ubiquitous in humans. However, 
clinically relevant infection-associated glomerulonephritis 
due to viral infection is rare. Circulating immune complexes 
may be found in the serum of patients at some stage in the 
course of nearly all acute viral infections. Indeed, glomeru-
lonephritis in the setting of viral infection is associated with 
the glomerular deposition of immune complexes. This is 
accompanied by endothelial and/or mesangial cell prolifer-
ation and rarely by extracapillary crescent formation. Why 
only a minority of people develop glomerulonephritis on 
infection with virus is unknown. The probable explanation 
is that multiple virus-dependent factors (nephritogenicity, 
virulence, capacity for immunomodulation and chronicity) 
and host-dependent factors (immune competence, profi le 
of cytokine response, intrinsic kidney cell response) interact 
to determine the glomerular consequences of infection.7,36

The management of acute virus-associated glomerulone-
phritis is directed at clearance of the viral infection, which 
generally occurs spontaneously, and the provision of sup-
portive care when required. The management of chronic 
virus-associated glomerulonephritis additionally involves 
the use of specifi c antiviral or immunomodulatory thera-
pies, as discussed in Chapter 14 for hepatitis C virus and in 
Chapter 24 for hepatitis B virus and HIV.

Viral Hepatitis
Hepatitis A has been reported to cause immune complex me-
sangioproliferative glomerulonephritis. The management of 
this uncommon complication of hepatitis A virus infection is 
supportive, and nephritis resolves with recovery from the in-
fection.

Hantaan Virus
Hantaan and related viruses induce an illness known as nephro-
pathia epidemica or hemorrhagic fever with renal syndrome, 
which is endemic in areas of Southeast Asia and southern 
Europe and appears in epidemics worldwide.37 Spread by the 
inhalation of aerosolized virus-containing particles formed 
from the excreta of infected mice, these viruses induce a spec-
trum of disease that ranges from a mild febrile illness to a life-
threatening disorder. Severe disease is characterized by several 
phases. Initially high fever and myalgias dominate, while facial 
and truncal fl ushing and petechiae develop in association with 
thrombocytopenia. Fever suddenly subsides after several days, 
but profound hypotension develops, associated with oliguric 
acute renal failure. Systemic hypotension, derangements of in-
trarenal vasomotor tone, coagulation, and associated interstitial 
nephritis contribute to renal injury. Membranoproliferative 
glomerulonephritis has been reported; however, glomerular 
involvement is generally minor.
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The diagnosis is confirmed by an increase in titer of 
specific antibody to Hantaan virus between serum samples 
taken 1 week apart. Leptospirosis and scrub typhus should 
be excluded, also on serologic grounds, because these agents 
may produce a similar illness but are amenable to treat-
ment with tetracyclines. Treatment of hemorrhagic fever 
with renal syndrome is supportive only.37 A specific vaccine 
is currently under trial in Korea.

Herpes-Type Viruses
Generally mild and spontaneously resolving acute nephritis 
has been reported as a rare complication of various infec-
tions, including infectious mononucleosis, pneumonitis, en-
cephalitis, and congenital infection with Epstein-Barr virus, 
cytomegalovirus, varicella, and herpes simplex virus. Specifi c 
antiviral therapy is indicated for critical organ infection 
rather than for glomerulonephritis, which tends to resolve 
after control of the infection.

Other Viruses
Smith and colleagues38 reported a 3.8% incidence of glomeru-
lonephritis after nonstreptococcal upper respiratory tract in-
fection in American army recruits. Presumably, the majority 
of these infections were viral in etiology. Recovery was spon-
taneous and clinically complete (except in one patient with a 
history of PSGN) but took up to 12 months in some cases. In 
nephrologic practice, virus-associated glomerulonephritis is a 
far less frequently encountered cause of glomerulonephritis 
than these fi gures would indicate.36 This is probably due to 
underdetection. Given the apparently benign clinical course of 
infection-associated glomerulonephritis after viral upper re-
spiratory tract infection, biopsy does not appear to be indi-
cated except in cases of diagnostic uncertainty. However, the 
degree of renal functional impairment, as documented above, 
does indicate a need for follow-up for evidence of chronic 
kidney disease in such patients. Whether the long-term prog-
nosis of patients with virus-associated glomerulonephritis is 
similar to that for patients with PSGN is unknown.

Human parvovirus B19 has recently been identifi ed as a 
possible cause of non–HIV-associated collapsing glomerulop-
athy. This virus is common and typically causes a mild nonspe-
cifi c illness, but has been associated with red cell aplasia in a 
minority of patients. Parvovirus B19 DNA was identifi ed 
within glomeruli in the majority of cases of supposedly idio-
pathic collapsing glomerulopathy in one study.39 The clinical 
presentation is similar to HIV-associated collapsing glomeru-
lopathy, and progression to renal failure is frequent.

Cases of glomerulonephritis have been reported in associa-
tion with mumps, measles, and enteroviral infections (Coxsackie 
B5 virus and echovirus). Generally, these have produced only a 
mild nephritic illness that resolved spontaneously.

RICKETTSIAL INFECTIONS

Rocky Mountain Spotted Fever
Rocky Mountain spotted fever, in severe cases, results in a 
multiorgan vasculitis involving the central nervous system, 
myocardium, and kidney. Renal involvement is predominantly 

tubulointerstitial because prerenal factors (vasculitis and 
myocardial depression) combine with a perivascular intersti-
tial nephritis to produce acute renal failure. Glomerular in-
volvement has been described but is overshadowed by the 
interstitial lesions. Glomerulonephritis has been reported in 
which a nephritic illness, associated with typical postinfec-
tious changes on biopsy samples, occurred 2 weeks after an 
acute episode of Rocky Mountain spotted fever. Spontaneous 
resolution occurred.40

Q Fever
Immune complex mesangioproliferative glomerulonephritis 
has been reported in cases of both endocarditis and sepsis due 
to Coxiella burnetii. Antiphospholipid and anti-DNA autoanti-
bodies have been detected in the sera of these patients, suggest-
ing that the development of antibodies to Coxiella antigens 
cross-reactive to host antigens may have a role in the pathogen-
esis of Q fever. The diagnosis is based on clinical features and 
confi rmed by serology. Treatment is with doxycycline 100 mg/
day PO for 1 week for sepsis, or longer for endocarditis, in 
which surgical removal of the vegetation, with or without valve 
replacement, is often required. Renal manifestations have been 
reported to resolve with cure of the infection.41

Scrub Typhus
Rickettsia tsutsugamushi, like other rickettsias, has a predilection 
for the endothelium. Glomerulonephritis has been reported as 
a rare sequela of scrub typhus. The clinical illness produced is 
similar to that seen in infections with leptospirosis and Hantaan 
virus and should be distinguished on epidemiologic and sero-
logic grounds. Treatment with doxycycline 100 mg/day PO for 
1 week is benefi cial at any stage of the illness.

FUNGAL INFECTIONS

Mucocutaneous candidiasis has been reported as a cause of 
immune complex–mediated membranoproliferative glomer-
ulonephritis. Proteinuria and renal function improved on 
clearance of the infection.42

Clinical renal involvement may occur in disseminated his-
toplasmosis. Proliferative glomerulonephritis, associated with 
the presence of circulating immune complexes, has been re-
ported in a case of acute primary disseminated histoplasmosis. 
Renal manifestations resolved following spontaneous recovery 
from the infection.43 However, disseminated infection in im-
munocompromised or nonresolving patients does require 
therapy with antifungal agents.

PARASITIC INFECTIONS

Malaria
Falciparum Malaria

Transient glomerulonephritis may be a common sequela of 
infection with Plasmodium falciparum, but it is generally 
mild and undetected. Glomerulonephritis has been demon-
strated in 18% of patients with fatal falciparum malaria.44
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Renal failure is a signifi cant contributor to the mortality of 
severe falciparum infection; however, acute renal failure in 
this setting is usually due to acute tubular necrosis, which 
results from shock, renal vasoconstriction, intravascular co-
agulation, direct tubular toxicity, and hyperbilirubinemia.8

Treatment with intravenous quinine and supportive care in-
cluding hemodialysis is benefi cial. Exchange transfusion, 
designed to reduce parasite load and hyperbilirubinemia, has 
been reported to be benefi cial in selected situations. Elimina-
tion of the parasite is accompanied by the resolution of renal 
abnormalities in surviving patients.44

Quartan Malaria

The incidence of childhood nephrotic syndrome is 20 to 60 
times more frequent in areas where infection with Plasmodium 
malariae is endemic in comparison with nonendemic areas. A 
small percentage of patients, mainly children, with quartan 
malaria develop an immune complex glomerulonephritis. His-
tologically, this is characterized initially by glomerular capillary 
wall thickening due to subendothelial immune complex depo-
sition, which evolves to produce capillary collapse and diffuse 
mesangial sclerosis. The characteristic clinical presentation is 
with the nephrotic syndrome. Disease progression is the rule, 
with the development of hypertension and progressive renal 
failure leading to death in 3 to 5 years. Neither antimalarial 
treatment nor immunosuppressive therapies have been shown 
to improve the renal outcome in this condition. Thus, the main 
therapeutic hope for the future is prevention, either through 
the development of a vaccine for P. malariae or by decreasing 
the prevalence of the organism.5

Schistosomiasis
Chronic schistosomiasis caused by infestation with Schisto-
soma haematobium (endemic in Africa and the Middle East) 
or Schistosoma mansoni (Africa, South America, and the 
Middle East) has been associated with immune complex glo-
merulonephritis.45

Schistosomiasis due to S. haematobium has been associated 
with membranoproliferative glomerulonephritis and minimal 
change disease, which responded clinically to antischistosomal 
treatment. However, the vast majority of cases of renal disease 
seen in association with S. haematobium are due to coinfec-
tion with Salmonella species, as indicated by the presence of 
fever and isolation of the organism from blood cultures. In 
this setting, proteinuria and renal impairment have been 
shown to respond to treatment of the salmonellosis, with or 
without antischistosomal treatment.30 Antischistosomal treat-
ment is indicated because persistence of the schistosomiasis 
renders these patients susceptible to recurrences of renal dis-
ease on reexposure to Salmonella.

Glomerular involvement in S. mansoni infestation is rela-
tively common. Although rarely reported during the earlier 
hepatointestinal phase, glomerulopathy is seen in 12% to 15% of 
patients who develop hepatosplenic disease. Glomerulonephritis 
is due to immune complex disease. A mesangioproliferative or 
membranoproliferative lesion may be seen on biopsy and may 
evolve to focal glomerulosclerosis. Patients are frequently ne-
phrotic. Hypertension and progressive renal failure may develop. 
Treatment with prednisone, with or without cyclophosphamide, 
has induced occasional remissions, whereas treatment with anti-
schistosomal drugs has been unsuccessful in altering the course 

of the renal disease. Amyloidosis may also occur as a complica-
tion of chronic schistosomiasis.45

Other Parasites
Toxoplasmosis has rarely been associated with glomerulone-
phritis. Whether nephritis will be increasingly recognized in 
the setting of toxoplasmosis associated with acquired immu-
nodefi ciency syndrome and other immunocompromised 
states remains to be seen.

Visceral leishmaniasis has been associated with a mild ne-
phritic illness due to mesangioproliferative glomerulonephri-
tis; however, this occurrence is rare and a direct causal link has 
not been fi rmly established.

Filariasis due to Wuchereria bancrofti has been shown to 
produce glomerulonephritis with antigen and specifi c anti-
body demonstrable within glomeruli. Filariasis caused by 
Onchocerca volvulus and Loa loa has also been linked to vari-
ous types of glomerulonephritis, largely by way of immune 
complex deposition. Additionally, microfi lariae have been 
demonstrated within glomerular capillaries in association 
with eosinophilic tubulointerstitial nephritis. The presenta-
tion of acute fi larial nephropathy is generally nephritic and is 
responsive to treatment with diethylcarbamazine. Chronic fi -
larial nephropathy more commonly produces a nephrotic 
presentation and responds poorly to antifi larial drugs.5

SUMMARY AND FUTURE DIRECTIONS

Infection with various microbes can cause glomerulonephritis 
in humans. The percentage of infectious illnesses that result in 
a clinically apparent episode of infection-associated glomeru-
lonephritis is, however, very small. While the underdiagnosis 
of infection-associated glomerulonephritis10 may account for 
a fraction of this discrepancy, it is clear that a complex interac-
tion of host- and microbe-related factors are involved in de-
termining whether an individual develops glomerulonephritis 
as a consequence of infection with a particular organism. Such 
factors remain to be elucidated.

Fortunately, the vast majority of cases of infection-associated 
glomerulonephritis resolve after either spontaneous or treat-
ment-induced clearance of the underlying infection. A few pa-
tients incur progressive renal disease. In some cases, this is 
caused by a failure of, or a delay in, the clearance of infection. In 
others, progression may occur despite microbiologic cure. The 
mechanisms behind progressive disease also remain unclear. As 
a consequence, therapeutic approaches have been limited to the 
provision of supportive care and the use of uncontrolled em-
pirical trials of therapy based on regimens that have been suc-
cessful in the treatment of other forms of glomerulonephritis. 
Advances in specifi c therapy for infection-associated glomerulo-
nephritis will require a better understanding of the pathogenetic 
mechanisms involved. In the interim, if empirical therapies are 
to be used, then surely it is time for a coordinated effort in 
mounting a controlled trial of, for example, immunosuppres-
sion in infection-associated glomerulonephritis.

Little is known of the long-term consequences of infec-
tion-associated glomerulonephritis, with the exception of the 
follow-up studies of patients after PSGN by Baldwin22 and 
Rodriguez-Iturbe20 and more recently of patients with infec-
tion-associated glomerulonephritis of various etiologies by 

Ch13_140-150-X5484.indd 147Ch13_140-150-X5484.indd   147 6/18/08 12:32:15 PM6/18/08   12:32:15 PM



148 Diseases of Glomeruli, Microvasculature, and Tubulointerstitium

Montseny and colleagues.3 The diligent work of these teams 
has clearly indicated that a signifi cant proportion of patients 
manifest hypertension, proteinuria, and progressive renal fail-
ure as long-term sequelae of infection-associated glomerulo-
nephritis. The risk of developing chronic kidney disease for 
patients with mild or subclinical infection-associated glo-
merulonephritis is unknown. What is clear is that patients 
with infection-associated glomerulonephritis should be fol-
lowed long term in order to screen for the development of late 
sequelae amenable to management by conventional renopro-
tective measures (see Chapter 62). Whether treatment after 
the acute episode of infection-associated glomerulonephritis 
with, for example, angiotensin-converting enzyme inhibitors 
would retard the development of late sequelae is unknown.

In conclusion, several general principles are applicable to 
the treatment of infection-associated glomerulonephritis, 
and these are depicted as a treatment algorithm in Figure 
13-1. First, prevention should be attempted. This can be ac-
complished by decreasing the prevalence of infection with 
nephritogenic organisms in the community, as has been 
partially achieved in the case of PSGN in developed coun-
tries. Prevention remains a diffi cult issue for many other 
infections such as neonatal hepatitis B and malaria. Atten-
tion to host-dependent risk factors for the development of 
infection-associated glomerulonephritis, such as alcoholism 
and intravenous drug abuse, are diffi cult but potentially 
modifi able problems of public health. Second, the treat-
ment of cases of infection-associated glomerulonephritis 
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nonexclusive IgA IF
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clinical and 
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Infection-associated glomerulonephritis
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Eliminate infection
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Figure 13-1 Diagnosis and management of infection-associated glomerulonephritis. CIC, circulating immune complex; CRP, 
C-reactive protein; c/w, combined with; ESR, erythrocyte sedimentation rate; GFR, glomerular fi ltration rate; Hb, hemoglobin; 
HIV, human immunodefi ciency virus; PSGN, poststreptococcal glomerulonephritis; WCC, white cell count. *Anecdotal 
evidence only, see text. †See Chapter 62.
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should involve the identifi cation and elimination of the in-
fecting organism, combined with supportive care of the 
patient. Contacts who may be at risk of infection with the 
same organism should be identifi ed, screened, and given 
prophylactic treatment if indicated. Long-term follow-up of 
the patient is indicated. Finally, coordinated investigation 
into the pathogenesis, natural history, and therapy of this 
heterogeneous group of disorders is to be supported.
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CLINICAL FEATURES, PATHOLOGY, 
AND PATHOPHYSIOLOGY

Hepatitis C virus (HCV) infection may be associated with the 
systemic syndrome of mixed cryoglobulinemia or with renal-
limited immune complex disease characterized by type 1 
membranoproliferative glomerulonephritis (MPGN).

Cryoglobulinemia is a pathologic condition in which the 
blood contains immunoglobulins that precipitate reversibly in 
the cold. Two types of mixed cryoglobulinemia (MC), which 
are composed of at least two immunoglobulins, have been 
described. In both types, a polyclonal IgG is bound to another 
immunoglobulin that is an antiglobulin (i.e., it acts as an anti-
IgG rheumatoid factor). The important difference between 
these two types of MC is that in type II MC, the antiglobulin 
component, which is usually of the IgM class, is monoclonal, 
whereas in type III MC, it is polyclonal.

It was demonstrated relatively recently that HCV infection 
can be associated with the clinical syndrome, fi rst described by 
Meltzer and colleagues1 in 1966, characterized by purpura, 
weakness, arthralgia, and, in some cases, glomerular lesions. 
This had previously been defi ned as essential mixed cryo-
globulinemia because an underlying or associated disease had 
not been found. HCV induces dysregulation of B lymphocytes 
toward the production of polyclonal (type III MC) or mono-
clonal (type II MC) rheumatoid factors with cryoprecipitable 
properties. This leads to a form of membranoproliferative 
glomerulonephritis called cryoglobulinemic glomerulone-
phritis that occurs only when type II MC with an IgM�
monoclonal rheumatoid factor is induced by HCV infection. 
This lesion is characterized by intense monocyte infi ltration 
and subendothelial and/or intraluminal deposition of the 
cryoglobulins.2,3

Consistent data on the pathogenesis of HCV-related MC 
suggest that lymphotrophic HCV bound via CD81 receptor can 
induce cryoprecipitable IgM� rheumatoid factor production.4,5

In fact, B cells, protected from apoptosis by HCV-dependent 
gene translocation, develop oligoclonal monotypic lymphopro-
liferation.6 As a consequence, cells expressing oligo- or mono-
clonal rheumatoid factor infi ltrate the portal tracts, spleen, 
bone marrow,7 and renal interstitium (personal observation).

Several studies have pointed out the pivotal role of HCV 
and IgM� in the formation, transport, deposition, and re-
moval from circulation of cryoprecipitable immune com-
plexes. Immune complexes are formed by HCV–anti-HCV 
polyclonal IgG (and/or unbound IgG) and IgM� rheumatoid 
factor.8 IgM� is critical for cryoprecipitation and for glomeru-
lar deposition. In fact, cryoprecipitable IgM� has been shown 
to have high affi nity, in vivo and in vitro, for cellular fi bronec-
tin, a normal constituent of the glomerular mesangium.9,10 In 
addition, due to the IgM� component, these immune com-
plexes also escape the normal immune complex erythrocyte 
transport system11 and have a direct impact on hepatic and 
splenic macrophages, which are unable to process them due 
to abnormalities in the biogenesis of lysosomal enzymes.12

Although it has been less well studied, it is likely that HCV-
associated MPGN arises from similar mechanisms.

Isolated proteinuria with microscopic hematuria is the 
most frequent presenting renal syndrome in both MC and 
MPGN and is sometimes associated with signs of moderate 
chronic renal insuffi ciency or, less frequently, proteinuria in 
the nephrotic range. An acute nephritic syndrome, often 
with macroscopic hematuria, severe proteinuria, hyperten-
sion, and a sudden increase in blood urea nitrogen, is 
present at the onset of the renal disease in approximately 
25% of patients, sometimes complicated by acute oliguric 
renal failure. Arterial hypertension is frequently found at the 
time of the apparent onset of renal disease, even in patients 
without nephritic syndrome. Renal and extrarenal vasculitis 
are frequently present in MC. The corresponding histologic 
picture is of a membranoproliferative glomerulonephritis 
with less conspicuous intraluminal deposits and monocyte 
infi ltration, sometimes with a lobular pattern, whereas im-
munofl uorescence shows capillary wall deposits of IgM, 
IgG, and C3 that are sometimes segmental.3,13 Electron mi-
croscopy shows subendothelial electron dense deposits. 
Sometimes intraluminal deposits with an organized sub-
structure can be found. A minority of patients present with 
isolated urinary abnormalities and may have a rather non-
specifi c picture of mild segmental mesangial proliferation, 
without signifi cant monocyte infi ltration and capillary wall 
alterations.
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In nearly one third of patients, even in those who present 
with an acute nephritic syndrome or severe nephrotic syn-
drome, spontaneous remission of renal symptoms may occur. 
In one third of patients, the renal disease has a rather indolent 
course and, despite the persistence of urinary abnormalities, 
does not progress to renal failure for several years. In as many 
as 20% of patients, recurrent reversible clinical exacerbations 
such as nephritic syndrome and nephrotic syndrome occur 
during the course of the disease and are sometimes associated 
with fl are-ups of systemic signs of the disease.

If a moderate degree of renal insuffi ciency is not already 
present at clinical onset, it is frequently found during later 
stages of the disease. However, progression to end-stage renal 
failure is less common than was believed in the past, even 
after multiple relapses. Chronic uremia developed in only 
10% of patients reported in the literature, usually several 
years after the onset of renal symptoms. The most frequent 
causes of death in patients with essential MC are cardiovas-
cular and cerebrovascular accidents, hepatic failure, infection, 
and systemic vasculitis.13,14

TREATMENT

Antiviral Therapy of Hepatitis C Virus 
Infection in Patients with Mixed 
Cryoglobulinemia and Moderate Renal 
Involvement
The currently recommended therapy of HCV infection in pa-
tients without MC or renal involvement is a combination of 
formulations of interferon (IFN)-alfa and ribavirin.15–18 IFN-
alfa is a cytokine that has an important function in the innate 
antiviral immune response. It should be administered three 
times per week subcutaneously, usually at the dose of 3 million 
units (mU). Ribavirin is an oral nucleoside analogue with 
broad activity against viral pathogens. It is administered orally 
twice daily at the total dose of 800 to 1200 mg. The overall rate 
of sustained virologic response, defi ned as the absence of HCV 
RNA in serum at least 6 months after the discontinuation of 
therapy, is low (�20%) with the separate use of the two drugs, 
but their combination has led to a marked improvement in this 
rate (as much as 40%–45%).

A further improvement in the rate of sustained virologic 
response was obtained recently with the development of a 
long-acting IFN, pegylated IFN, produced by the covalent at-
tachment of polyethylene glycol to the IFN molecule. With its 
increased half-life, this drug can be given as a weekly dose. 
Two pegylated IFN formulations are currently approved for 
the treatment of hepatitis C: alfa-2a, whose recommended 
weekly dose is 180 µg SC, and alfa-2b, whose recommended 
dose is 1.5 �g/kg body weight/week SC.

The currently recommended regimen for the treatment of 
chronic HCV is the combination of weekly subcutaneous in-
jections of pegylated IFN or three times per week subcutane-
ous injections of IFN-alfa, and twice-daily oral doses of riba-
virin. The optimal duration of therapy and dose of ribavirin 
vary according to the HCV genotype. Although patients with 
genotype 2 or 3 infection can receive 24 weeks of combination 
therapy with a dose of 800 mg/day ribavirin, patients with 
other genotypes, especially genotype 1, should receive ribavi-
rin for 48 weeks at a daily dose of 1000 mg (if their body 

weight is �75 kg) or 1200 mg (if their weight is �75 kg). The 
weekly dose of IFN-alfa or pegylated IFN does not change 
according to the genotype.

With the use of these regimens, overall sustained virologic 
response rates are 75% to 80% among patients with HCV 
genotype 2 or 3 infection and 40% to 50% among those with 
genotype 1. The response rate is lower in black patients.

Both IFN-alfa and ribavirin have adverse effects. The most 
common side effects of IFN-alfa and pegylated IFN are muscle 
aches and fatigue, but there are sometimes also psychological 
side effects such as depression, anxiety, irritability, sleep dis-
turbances, and diffi culty concentrating. The most common 
serious side effect of ribavirin is hemolytic anemia, especially 
if renal insuffi ciency is present, and is the major reason for 
dose reduction. Ribavirin is also teratogenic, and strict adher-
ence to an effective means of birth control is mandatory for 
both women and men who receive this drug.

The available literature suggests that the antiviral therapy 
may be effective even when cryoglobulinemia and moderate 
renal involvement complicate the viral infection. As early as 
1993 to 1994, three controlled trials19–21 were published on the 
effect of IFN-alfa, administered alone, in HCV infection com-
plicated by MC, sometimes associated with moderate signs of 
renal involvement. The trial of Ferri and colleagues20 was a 
crossover, controlled trial in 26 patients with documented HCV 
infection and clinically active MC (purpura, liver, and/or neu-
rological involvement) but without evident signs of renal in-
volvement. The trial alternated 6 months with IFN-alfa therapy 
(2 mU daily for a month, then every other day for 5 months) 
and 6 months without IFN-alfa therapy. The majority of pa-
tients were on low-dose steroid treatment before the trial, and 
this medication was continued during the trial. A signifi cant 
improvement of purpura, together with a reduction of cryo-
globulins and transaminases, was reported during treatment 
compared with periods without treatment; however, rebound 
was commonly observed during these drug-free intervals. In 
three patients, signs of renal involvement appeared during the 
treatment period. In the randomized, controlled trial of Misiani 
and colleagues,21 53 patients with HCV-associated type II MC, 
three fourths of whom had some mild renal involvement, were 
assigned to receive either symptomatic therapy or IFN-alfa for 
6 months (1.5 mU/day for 1 week, then 3 mU three times 
weekly for the next 23 weeks). Many patients in both sub-
groups were also receiving low-dose steroid treatment before 
the start of the trial and continued to take it. IFN-alfa eradi -
cated the viremia in 60% of patients, improved the systemic 
signs of the disease, and reduced the cryocrit, although no 
benefi cial effects on liver damage were documented. With re-
gard to the renal disease, only a small but constant decrease in 
serum creatinine was reported, without signifi cant change in 
proteinuria. Despite these benefi cial effects in 60% of treated 
patients, none became completely free of the abnormalities that 
characterize MC, and all patients relapsed after IFN-alfa was 
discontinued. In the randomized, controlled trial by Dam-
macco and colleagues,19 65 patients with type II MC due to 
HCV infection were assigned to four groups: group A, 3 mU of 
natural IFN-alfa three times per week for 1 year; group B, IFN-
alfa as in group A plus 16 mg oral 6-methylprednisolone (MP) 
on non-IFN-alfa days; group C, 16 mg/day of MP only; group 
D, no treatment. A good response, arbitrarily defi ned as de-
crease in the cryocrit to less than 50% associated with improve-
ment of systemic signs, was obtained in approximately half the 
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patients given IFN-alfa alone or IFN-alfa plus MP, but in only 
17% of those given the steroid alone. As in the previous trials, 
the favorable effect was limited to patients in whom HCV RNA 
became negative (42% and 50%, respectively, in group A and 
group B). In patients treated with MP only, despite the demon-
stration of clinical and biochemical remission in a minority of 
patients, a signifi cant increase of HCV RNA levels was demon-
strated at the end of the treatment in 5 of 13 patients. Recur-
rence of signs of MP was a frequent phenomenon after discon-
tinuation of the trials, but clinical relapse was delayed in 
patients receiving the combined treatment (IFN-alfa plus MP) 
compared with those treated with IFN-alfa alone.

Many subsequent studies8,22–26 have confi rmed the effi cacy 
of antiviral therapy (IFN-alfa with or without ribavirin) in 
controlling the extrarenal clinical manifestations of cryoglobu-
linemia, suggesting that improvement in cryoglobulinemia-
related symptoms can be achieved even without complete 
biochemical or virologic responses and that the presence of 
cryoglobulins does not affect the response to antiviral treat-
ment in patients with HCV infection.

More recently, some uncontrolled studies in patients with 
cryoglobulinemia and moderate renal involvement have been 
performed in small numbers of patients, confi rming the ef-
fi cacy of antiviral therapy, especially if IFN-alfa has been 
combined with ribavirin.

Sabry and colleagues,27 in a prospective, uncontrolled 
study, treated 20 patients with HCV-related glomerulonephri-
tis (17 MPGN) with IFN-alfa with or without ribavirin. All 
patients received IFN 9 mU/week. In the case of persistent 
HCV RNA at 3 months, ribavirin (15 mg/kg/day) was added 
to the treatment. Four of 20 patients became HCV RNA nega-
tive within 3 months and did not receive ribavirin. Only one 
of the remaining 16 patients who received ribavirin became 
HCV RNA negative. A reduction of the ribavirin dose was 
necessary in seven patients because of an adverse event, espe-
cially hemolytic anemia. Proteinuria and HCV RNA levels 
decreased, while serum complement and albumin levels in-
creased signifi cantly. Renal function remained stable. No data 
are provided regarding the long-term outcome of the renal 
disease. Bruchfeld and colleagues28 treated seven patients with 
glomerulonephritis and vasculitis and chronic renal insuffi -
ciency (glomerular fi ltration rate between 10 and 65 mL/min) 
with a combination of IFN-alfa (pegylated IFN in two cases) 
and ribavirin. Plasma levels of ribavirin were monitored be-
cause of the renal insuffi ciency to avoid overdosing. Six of 
seven patients became HCV RNA (polymerase chain reaction) 
negative and four of seven were in virologic and renal remis-
sion at the time of publication. One of seven maintained viro-
logic and partial renal remission. One patient who did not 
tolerate IFN had a renal remission, but relapsed virologically 
and had a minor vasculitis fl are-up after 9 months. Only one 
patient with vasculitis had low-dose immunosuppression 
therapy in addition to antiviral therapy. The average daily 
ribavirin dose was 200 to 800 mg. Alric and colleagues29

treated 18 patients with HCV-related cryoglobulinemic 
MPGN with combined therapy of standard or pegylated IFN 
and ribavirin. After treatment of the acute phase with steroids 
and/or plasma exchange, antiviral therapy was started in 18 of 
25 patients; 7 of these patients did not receive anti-HCV 
therapy, 14 patients received standard IFN-alfa (3 mU three 
times per week) plus ribavirin 600 to 1000 mg/day, and 4 re-
ceived pegylated IFN-alfa 2 (1.5 �g/kg/week) plus ribavirin 

600 to 1000 mg/day. The mean duration of antiviral therapy 
was 18 months (range, 6–24 months). The patients were fol-
lowed after antiviral therapy for a mean of 16.7 months 
(range, 6–30 months). Sustained virologic response was ob-
served in 67% of cases (pegylated IFN had virologic response 
in three of four patients). After treatment, cryoglobulin levels 
and proteinuria decreased, while serum albumin level in-
creased in responders compared with nonresponders and to 
the seven patients who did not receive antiviral treatment. 
Renal function remained stable in all three groups. Cryo-
globulins persisted for a long period after HCV RNA clear-
ance. The authors recommend treating patients for at least 
48 weeks and to continue the antiviral therapy even in the 
absence of a decrease in HCV RNA concentration of 2 log at 
week 12. To avoid adverse effects, especially hemolysis, ribavi-
rin dose should be adapted to creatinine clearance.

In conclusion, the available experience suggests that in 
patients with HCV infection and MPGN or glomerulonephri-
tis associated with MC, if there is not an acute fl are-up of the 
disease and even if some impairment of the renal function 
exists, antiviral treatment with a combination of IFN-alfa and 
ribavirin is the most valid treatment. When it induces a sus-
tained virologic response, it probably reduces the infection of 
B cells by the HCV and consequently the production of cryo-
globulins and their glomerular and vascular deposition. We 
propose the schema shown in Table 14-1.

Therapy of Acute Exacerbations 
of Cryoglobulinemic Glomerulonephritis 
and Renal Vasculitis
Acute fl are-ups of the renal disease, characterized by an 
acute nephritic syndrome or a nephritic syndrome with less 
rapid functional deterioration, usually associated with re-
currence of the systemic signs of MC (purpura, arthralgia, 
visceral vasculitis), may occur despite the widespread use of 
antiviral drugs. In our opinion, they deserve the same ag-
gressive therapy that was used before the viral etiology of the 

Table 14-1 Antiviral Therapy in Hepatitis C Virus–Associated 
Cryoglobulinemic Glomerulonephritis or Membranoproliferative 
Glomerulonephritis with Moderate Renal Involvement

Drug Dose Duration

Interferon-� 3 million units 3 times 
weekly SC

 or

Peginterferon-2� 180 �g once weekly SC 48 wk*

 or

Peginterferon-2� 1.5 �g/kg body weight 
once weekly SC

 plus

Ribavirin 800–1200 mg/day in 
2 oral doses

*Treatment can be discontinued after 24 weeks if virus genotype is 
2 or 3 or if hepatitis C virus (HCV) RNA is still detectable, and after 
12 to 16 weeks if HCV RNA is already undetectable by week 4.
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disease became evident. Although these acute manifestations 
of cryoglobulinemic glomerulonephritis and vasculitis are in 
some cases spontaneously reversible, in past years, nephrolo-
gists who did not aggressively treat this clinical condition 
observed that irreversible complete loss of renal function 
can occur. Before the viral origin of essential MC was shown, 
such misfortunes prompted investigators to use the same 
anti-infl ammatory and cytotoxic drugs that successfully 
treated other types of rapidly progressive glomerulonephri-
tis as well as antineutrophil cytoplasmic antibody-positive 
renal vasculitis. Although data from uncontrolled trials us-
ing oral steroids and/or cyclophosphamide were initially 
discouraging, subsequent experience with a regimen based 
on high-dose intravenous methylprednisolone pulses at the 
beginning of the steroid treatment,30 eventually adminis-
tered with cyclophosphamide, led nephrologists to consider 
this regimen probably more effi cacious because it frequently 
induced a rapid improvement in the systemic signs of the 
disease, a progressive regression of the impaired renal func-
tion (often with normalization of glomerular fi ltration rate 
or serum creatinine), and a decrease in proteinuria.3

Plasma exchange or cryofi ltration apheresis has been added 
in more severe cases. Indeed, although a precise relationship 
between the level of circulating cryoglobulins and severity of 
renal damage induced by their intraglomerular deposition has 
not been confi rmed by many investigators, the rationale for 
sharply reducing their level in the blood with such methods 
appears convincing. Signifi cant amounts of cryoproteins can 
be removed with this technique, which may prevent local 
cryoprecipitation in small renal vessels, restore reticuloendo-
thelial system functions that have been saturated by the 
chronic overload of circulating cryoglobulins, and remove 
from the blood potentially toxic mediators of infl ammation. 
Many uncontrolled studies have reported rapid improvement 
in serum creatinine, proteinuria, and cryocrit after plasma-
pheresis or cryofi ltration.31–34 However, in most trials, this 
treatment was combined with corticosteroids and cyclophos-
phamide (to avoid rebound production of cryoglobulins by 
B cells), so that it is diffi cult to assess whether the benefi cial 
effects were attributable to the plasmapheresis per se, to the 
concomitant immunosuppression, to the combination of the 
two treatments, or to spontaneous recovery.

Over the past 20 years in two renal units in Milan, we have 
routinely used a therapeutic regimen that includes steroids 
(short courses of intravenous methylprednisolone pulses, fol-
lowed by oral prednisone), cyclophosphamide (especially when 
signs of renal and/or systemic vasculitis were present), and, in 
the most acute cases, plasmapheresis.3 No evident signs of 
worsening of liver involvement, as indicated by the level of 
hepatic enzymes, were found in more than 50 patients treated 
as described, nor was there an increased incidence of serious 
infectious complications, although increasing viral load has 
been demonstrated after the use of cyclophosphamide.

Obviously a controlled trial is now mandatory to inves-
tigate the effect of IFN-alfa or other antiviral drugs given 
alone compared with the same antiviral drugs combined 
with anti-infl ammatory and cytotoxic drugs plus plasma-
pheresis. Such a trial must establish, by scientifi cally rigor-
ous procedures, the superiority of the combination treat-
ment, but at the same time must seek to identify the possible 
adverse effects on the course of the viral disease and its 

organ complications (especially liver and nervous system), 
monitoring also the serum level of viremia by measurement 
of HCV RNA.

Very recently, rituximab, a human-mouse chimeric 
monoclonal antibody that binds to B-cell surface antigen 
CD20, has been used in noncontrolled studies on small 
numbers of patients in substitution of cyclophosphamide to 
eliminate the infected B cells that induce oligoclonal mono-
typic lymphoproliferation and production of type II cryo-
globulins. This drug, which is effective and well tolerated in 
patients with B-cell non-Hodgkin’s lymphoma, is expected 
to interfere with monoclonal IgM production, cryoglobulin 
synthesis, and their renal deposition. Single cases of such 
treatment have been described,35,36 and Roccatello and col-
leagues37 described a case series of six patients with HCV-
related cryoglobulinemic glomerulonephritis treated with 
rituximab. One patient received the standard four weekly 
doses, whereas the other fi ve received two additional doses 
after 1 and 2 months. Patients invariably showed a decrease 
in proteinuria, together with a decrease in rheumatoid fac-
tor, IgM levels (with unaffected levels of IgG and IgA), and 
cryocrit. A signifi cant increase in C4 levels was observed 
while modifi cations of renal function were not signifi cant. 
Normalization of bone marrow was also observed in three 
cases examined. The clinical symptoms purpura, arthralgia, 
weakness, and paresthesia improved in all cases. No substan-
tial changes in liver enzymes or viral load were observed. 
Although controlled, randomized studies are required to 
defi ne the exact indication and dose of rituximab and the 

Table 14-2 Treatment of Hepatitis C Virus–Associated 
Cryoglobulinemic Glomerulonephritis and Vasculitis in the 
Presence of Severe Acute Signs of Renal Involvement

Drug Dose Duration

Interferon-� plus 
ribavirin

Schedule as in Table 
14-1

6–12 mo

plus

Steroids 0.75–1 g/day methylpred-
nisolone IV for 
3 consecutive days, 
followed by oral pred-
nisolone (0.5 mg/kg 
body weight/day, ta-
pered over a few weeks 
until small maintenance 
doses are achieved)

6 mo

plus

Cyclophosphamide 2 mg/kg body weight 3–6 mo

plus

Plasmapheresis Exchange of 3 L of 
plasma 3 times weekly

2–3 wk

The anti-infl ammatory and immunosuppressive therapy indicated 
may be substituted in most severe cases of type II cryoglobulinemia 
and nephritis with rituximab (375 mg/m2 IV on days 1, 8, 15, and 
22 and eventually two more doses 1 and 2 months later).
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long-term effect on liver function, anti-CD20 therapy seems 
a promising tool in the treatment of acute exacerbation 
of HCV-related cryoglobulinemic glomerulonephritis and 
should be preferred to cyclophosphamide. Patients are cur-
rently being enrolled in such a study at the National Institute 
of Allergy and Infectious Diseases.

In conclusion, in the presence of acute signs of renal in-
volvement, intensive anti-infl ammatory and cytotoxic treat-
ment must be combined with the antiviral therapy described. 
The suggested protocol is summarized in Table 14-2.
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BACKGROUND

Systemic lupus erythematosus (SLE) is a complex systemic 
disease that develops from a massive overproduction of poly-
clonal antibodies and impaired clearance of immune com-
plexes. Many of the antibodies are autoreactive, either from 
loss of self-tolerance or from antigenic cross-reactivity, and 
are used as criteria for the diagnosis of SLE.1 Renal disease 
results from deposition of pathogenic immune complexes and 
infi ltration of lymphoid cells within glomeruli, interstitium, 
and extraglomerular vessels. These humoral and cellular com-
ponents, along with a host of soluble mediators, evoke a cas-
cade of infl ammation, cell death or proliferation, vasculopa-
thy, and fi brogenesis.2,3 Cumulative evidence indicates that 
complex interactions between environmental factors and dis-
ease susceptibility genes contribute to the pathogenesis of SLE 
and lupus nephritis.

It is well recognized that renal involvement adversely affects 
the prognosis of SLE. Indeed, patients often consider kidney 
disease to be one of the most dreaded complications of SLE. 
The empathic physician can help the patient realize that the 
prognosis of lupus nephritis is not uniformly grave and that 
effective therapies are available for many forms of the disease.4–9

Patients should know that prognosis varies greatly among the 
many clinical and pathologic forms of lupus renal disease.7–9

Delineation of the specifi c type of renal involvement is 
critical to effective clinical management.10 This process de-
pends on diligent surveillance of patients for hypertension and 
other clinical and serologic evidence of lupus activity as well as 
periodic screening by appropriate renal function tests. Urinaly-
sis is clearly one of the most cost-effective methods to detect 
renal involvement, but special efforts on the part of the clini-
cian are usually needed to verify routine clinical laboratory 
assessment of urine sediment.11 Proteinuria is conveniently as-

sessed by measures of protein-to-creatinine ratios on random 
urine specimens. Renal biopsies are indicated to help delineate 
the exact type and severity of pathologic lesions early in the 
course of lupus nephritis.12,13 A particularly noteworthy study 
has shown that deferral of renal biopsy is commonly associated 
with a delay in implementation of cytotoxic drug therapy.14

Thus, information from early renal biopsy has a substantive 
impact on the development of a comprehensive treatment plan 
for patients with lupus nephritis. Management of hypertension 
and the secondary complications of lupus nephritis are ad-
dressed elsewhere in this volume.

The present chapter focuses on immunosuppressive drug 
treatment of the various pathologically defi ned forms of lupus 
nephritis in adults, with an emphasis on class III and IV. The clas-
sifi cation system to describe the pathology of lupus nephritis was 
recently revised.15,16 One of the goals for the new International 
Society of Nephrology/Renal Pathology Society classifi cation was 
to provide a more standardized approach to renal biopsy inter-
pretation that would facilitate the comparison of data across 
centers. Some of the changes from the earlier World Health Or-
ganization classifi cation schemes17 include the elimination of the 
normal biopsy category and the subgroups Va–Vd of class V 
membranous; use of (A) and (C) for designation of active and 
chronic lesions; and the addition of subcategories within diffuse 
lupus nephritis (class IV) for predominantly segmental (IV-S) 
and predominantly global (IV-G) lesions. It is important to keep 
these differences in mind and to use caution when trying to com-
pare the results of more recent outcome studies based on the 
newer International Society of Nephrology/Renal Pathology So-
ciety classifi cation with older studies using the older World 
Health Organization classifi cation schemes. A review of the 
strengths and weaknesses of the new classifi cation system (as well 
as some of the controversies that have emerged) has recently been 
published.18
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REVIEW OF CLINICAL TRIALS

Animal Studies
Important insights into the pathogenesis and treatment of 
lupus nephritis have emerged from studies of murine models 
of SLE (e.g., NZB/W, SWR/NZB, MRL/lpr, BXSB). The natu-
ral history of SLE is known most precisely from studies of 
murine models in which death from progressive lupus nephri-
tis occurs predictably unless interdicted by effective immuno-
suppressive treatments. Comparable knowledge about the 
natural history of human SLE and lupus nephritis is defi cient 
because of the effects of the host of disease-modifying inter-
ventions used in this condition. The different strains of lupus-
prone mice appear to have distinct immunologic defects that 
may have counterparts in the diverse mechanisms underlying 
human SLE.19,20 Several strains of lupus mice succumb within 
a relatively narrow window of time from complications of 
lupus nephritis; the strain-specifi c predictable natural history 
has made them apt subjects for testing new therapies.21

Box 15-1 presents a highly simplifi ed overview of experi-
mental therapies that have been tested in the murine models 
of lupus nephritis. The therapies have been ranked according 
to their impact on survival (mostly representing amelioration 
of lupus nephritis). As noted, many therapeutic interventions 
have a favorable effect on the course of these models. Cyclo-
phosphamide has one of the highest therapeutic indices. 
Particularly intriguing is a recent study showing that combi-
nation of cyclophosphamide and the costimulation inhibitor 
CTLA4-Ig had a dramatic effect on the advanced stages of 
murine lupus nephritis.22,23 Gene therapy is a more complex 
process that perhaps will offer future prospects for defi nitive 
treatment and perhaps a cure for SLE and lupus nephritis.

Human Studies
Although there is general consensus that the outlook for 
patients with lupus nephritis has improved greatly over the 
past half century, there remains substantial controversy 
about which factors are principally responsible for this im-
provement in prognosis.24–26 A particularly confounding is-
sue is the tremendous diversity in prognosis among patients 
in different geographic centers. Descriptions of natural his-
tory of lupus nephritis range from dismal odds of renal 
survival despite aggressive immunosuppressive treatment in 
some populations27–30 to excellent long-term survivals with 
only modest immunosuppressive therapy in other popula-
tions.7,8,25,31 Thus, studies must be of suffi cient duration in 
order to understand important differences in the biology of 
SLE and the impact of various interventions on the natural 
history of lupus nephritis among different demographic 
populations.32,33 Indeed, studies of therapies for lupus ne-
phritis have been plagued by historical evidence that several 
immunosuppressive drug regimens, including corticoste-
roids alone, achieve comparable short- and intermediate-
term renal survival outcomes. Thus, reliable attributions of 
treatment effi cacy must be based on the results of prospec-
tive, randomized, controlled, long-term clinical trials in lu-
pus nephritis.34

Box 15-2 presents a synopsis of the controlled therapeu-
tic trials since 1975 that constitute the foundation for our 
current recommendations for treatment of proliferative 

lupus nephritis. The reader may be surprised to learn that 
fewer than 1200 patients have been enrolled in these vari-
ous clinical trials to date. Results of the common treatment 
regimens (drug, route of administration, duration) are 
grouped together in this box. The criteria for renal disease, 
the specific treatment regimens, and the conclusions sug-
gested by these major therapeutic trials are presented for 
each study.

Corticosteroids

The merit of high-dose corticosteroids in patients with vari-
ous forms of lupus nephritis has never been rigorously proven 
by modern clinical trial methodology. There have been no 
controlled clinical trials proving the benefi t of corticosteroids 
over supportive therapy in lupus nephritis, nor have there 
been any studies directly comparing conventional prednisone 

Box 15-1 Overview of Experimental Treatments and Survival 
in Murine Lupus Nephritis

Major Benefi t
Cyclophosphamide
T-B cell costimulation inhibitors (anti-CD154 [CD40L], 

CTLA4-Ig, and other B7 inhibitors)
Total lymphoid irradiation
Bone marrow transplantation
Gene therapy

Moderate Benefi t
Sex hormones (in females): Castration, androgens, estro-

gen antagonists, bromocriptine
Chemical immunosuppression: Glucocorticoids, azathio-

prine, mycophenolate mofetil, methotrexate, cyclosporin 
A, tacrolimus, sirolimus, deoxyspergualin, ornithine de-
carboxylase inhibitors, dimethylthiourea, 5-azacytidine

Infl ammation modulators: Prostaglandin E analogues, 
free radical scavengers, platelet-activating factor re-
ceptor antagonists, thromboxane synthase and recep-
tor antagonists, nitric oxide synthase inhibitors, endo-
thelin A receptor antagonists, phosphodiesterase 
inhibitors, 3-hydroxy-3-methylglutaryl coenzyme A re-
ductase inhibitors

Cytokine and chemokine antagonists against: Interferon 
gamma, soluble interferon gamma receptors, 
interleukin-2 receptors, interleukin-6, interleukin-6 re-
ceptors, interleukin-10, tumor necrosis factor, B-cell 
activating factor, transforming growth factor �, soluble 
interleukin-4 receptors, macrophage chemoattractant 
protein, fractalkine

Monoclonal antibodies against: Nephritogenic idiotypes, 
T and B cells, complement

Cell therapy with transfer of T regulatory cells
Anticoagulants: Heparin, heparinoids
Fibrinolytic agents: Ancrod
DNA-related agents: Recombinant murine DNase, bacterial 

DNA immunization, synthetic oligonucleotide conjugate 
(LJ-394 DNA toleragen), anti-DNA antibody-based pep-
tide (to manipulate regulatory and suppressor T-cell popu-
lations)

Dietary manipulation: Protein, calorie, and fat restriction; 
vitamin D3, fi sh oil, and fl axseed supplements
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Azathioprine: Extended Oral Therapy
Austin and Colleagues (1986)38 and Steinberg and Steinberg (1991)44

Renal disease: Active urinary sediment with lupus nephritis (mostly proliferative) on biopsy. Treatment: Prednisone 
versus prednisone plus azathioprine until major drug toxicity, renal failure, or sustained remission of nephritis. Con-
clusions: Azathioprine did not decrease risk of ESRD compared with prednisone alone during 10 or more years of 
observation.

Azathioprine plus Cyclophosphamide Combination: Extended Oral Therapy
Austin and Colleagues (1986)38 and Steinberg and Steinberg (1991)44

Renal disease: Active urinary sediment with lupus nephritis (mostly proliferative) on biopsy. Treatment: prednisone versus 
prednisone plus azathioprine and cyclophosphamide combination until major drug toxicity, renal failure, or sustained 
remission of nephritis. Conclusions: After 5 years of observation, azathioprine plus cyclophosphamide signifi cantly de-
creased the risk of ESRD compared with prednisone alone.

Cyclophosphamide: 6 Months of Oral Therapy
Donadio and Colleagues (1978)36 and Donadio and Colleagues (1982)37

Renal disease: Severe proliferative lupus nephritis on biopsy with clinical evidence of progression. Treatment: Prednisone 
versus prednisone plus oral cyclophosphamide for 6 months. Conclusions: The short course of cyclophosphamide signifi -
cantly improved the probability of a stable renal course over the fi rst 4 years of observation, but there was no difference 
in late risk of renal failure.

Cyclophosphamide: Oral Therapy Extended Until Complete Remission
Austin and Colleagues (1986)38 and Steinberg and Steinberg (1991)44

Renal disease: Active urinary sediment with lupus nephritis (mostly proliferative) on biopsy. Treatment: Prednisone versus pred-
nisone plus cyclophosphamide until major drug toxicity, renal failure, or sustained remission of nephritis. Conclusions: After 
5 years of observation, cyclophosphamide signifi cantly decreased the risk of ESRD compared with prednisone alone.

Cyclophosphamide: Extended Quarterly Intravenous Pulse Therapy
Austin and Colleagues (1986)38 and Steinberg and Steinberg (1991)44

Renal disease: Active urinary sediment with lupus nephritis (mostly proliferative) on biopsy. Treatment: Prednisone versus 
prednisone plus pulse cyclophosphamide until major drug toxicity, renal failure, or sustained remission of nephritis. Con-
clusions: After 5 years of observation, cyclophosphamide signifi cantly decreased the risk of ESRD compared with pred-
nisone alone and was less toxic than regimens containing daily cyclophos phamide.

Cyclophosphamide: Monthly and Quarterly Pulse Therapies
Boumpas and Colleagues (1992)45

Renal disease: Active urinary sediment, reduced renal function, or severely active lupus nephritis on biopsy. Treatment:
Monthly pulse methylprednisolone for 6 months versus monthly pulse cyclophosphamide for 6 months versus monthly pulse 
cyclophosphamide for 6 months followed by quarterly pulse cyclophosphamide for 2 years. Conclusions: Treatment with 
the extended course of pulse cyclophosphamide signifi cantly decreased the probability of doubling serum creatinine 
compared with pulse methylprednisolone; relapse after initial improvement of nephritis was increased after the short 
course compared with the extended course of pulse cyclophosphamide.

Sesso and Colleagues (1994)46

Renal disease: Severe lupus nephritis. Treatment: Pulse methylprednisolone versus pulse cyclophosphamide each given 
monthly for 4 months followed by two quarterly pulse treatments. Conclusions: At 18 months, no difference in probability 
of doubling creatinine or developing ESRD.

Combination Pulse Methylprednisolone and Cyclophosphamide
Gourley and Colleagues (1996)47 and Illei and Colleagues (2001)48

Renal disease: Active urinary sediment, proteinuria, proliferative lupus nephritis on biopsy. Treatment: Pulse methylpredniso-
lone monthly for at least 1 year versus pulse cyclophosphamide monthly for 6 months and then quarterly versus combina-
tion pulse methylprednisolone and cyclophosphamide therapy. Conclusions: Renal remission was least likely with pulse 
methylprednisolone therapy; remissions tended to be established more rapidly with combination pulse methylprednisolone 
and cyclophosphamide therapy.

Cyclophosphamide: Low- versus High-Dose Pulse Therapy with Azathioprine Maintenance
Houssiau and Colleagues (2002)107 and Houssiau and Colleagues (2004)108

Renal disease: Proliferative lupus nephritis. Treatment: High doses (�1.5 g) pulse cyclophosphamide monthly for 6 months 
followed by two quarterly doses versus low doses (0.5 g fi xed dose) of pulse cyclophosphamide every 2 weeks for six 
doses. Conclusions: After median follow-up of 6 years, there were no substantive differences in the proportions of favor-
able and unfavorable renal outcomes.

Box 15-2 Synopsis of Controlled Immunosuppressive Drug and Plasma Exchange Trials in Lupus Nephritis since 1975

Continued
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Cyclophosphamide versus Azathioprine Induction
Grootscholten and Colleagues (2006)49 and Grootscholten and Colleagues (2007)109

Renal disease: Proliferative lupus nephritis (mostly class IV). Treatment: Pulse cyclophosphamide (750 mg/m2) monthly for 
6 months and then quarterly for seven doses versus azathioprine with pulse methylprednisolone (1 g for 3 days repeated 
at 2 and 6 weeks); all received oral corticosteroids; after 2 years, all received azathioprine and low-dose prednisone for 
3 years. Conclusions: After 2 years, there were no differences in cumulative incidence of complete or partial renal remis-
sions; however, after median follow-up of 5.7 years, there were more relapses, a trend toward a higher incidence of 
doubling of serum creatinine, and more progression of chronic renal histopathologic lesions in the azathioprine arm.

Mycophenolate Mofetil versus Cyclophosphamide Induction
Chan and Colleagues (2000)56 and Chan and Colleagues (2005)55

Renal disease: Proliferative lupus nephritis with more than 1 g/day proteinuria. Treatment: Mycophenolate with a switch to 
azathioprine at 12 to 24 months versus daily oral cyclophosphamide with a switch to azathioprine at 6 months. Conclu-
sions: At 12 months, there were no differences in favorable or unfavorable renal outcomes between the two treatment 
arms; after an additional year of follow-up into the azathioprine maintenance phase of treatment, patients who initially 
received mycophenolate had signifi cantly more relapses than did patients receiving cyclophosphamide induction therapy; 
however, after an extended median follow-up of 63 months, there were no differences in favorable and unfavorable renal 
outcomes between treatment arms.

Ginzler and Colleagues (2005)58

Renal disease: Focal proliferative, diffuse proliferative, and/or membranous with relatively mild renal insuffi ciency. Treat-
ment: Mycophenolate (target dose 3 g/day) for 6 months versus monthly pulse cyclophosphamide (0.5–1 g/m2) for six 
doses; all received oral corticosteroids. Conclusions: At 24 weeks, there were more complete and overall (complete plus 
partial) remissions in the mycophenolate treatment arm; at 3-year follow-up, there was a nonsignifi cant trend toward more 
renal failure and death in the cyclophosphamide treatment arm.

Ong and Colleagues (2005)57

Renal disease: Proliferative lupus nephritis. Treatment: Mycophenolate for 6 months versus monthly pulse cyclophosphamide 
for six doses; all received oral corticosteroids. Conclusions: After 6 months, there were no substantive differences in the 
proportions of favorable and unfavorable renal outcomes or renal histology on repeat biopsy between treatment arms.

Maintenance: Cyclophosphamide Versus Mycophenolate versus Azathioprine
Contreras and Colleagues (2004)50

Renal disease: Focal or diffuse proliferative lupus nephritis. Treatment: All received induction with monthly pulse cyclophos-
phamide (four to seven doses) and corticosteroids and then maintenance with mycophenolate (0.5–2 g/day) versus 
azathioprine (1–3 mg/kg/day) versus IV cyclophosphamide (quarterly) for 25 to 30 months. Conclusions: Maintenance 
with azathioprine or mycophenolate was superior to cyclophosphamide in preventing renal failure and death; relapse-free 
survival was highest in the mycophenolate arm.

Maintenance: Azathioprine versus Cyclosporine
Moroni and Colleagues (2006)110

Renal disease: Proliferative or membranous lupus nephritis. Treatment: All received induction with oral cyclophosphamide 
and corticosteroids for 3 months and then maintenance with cyclosporine versus azathioprine for 2 to 4 years. Conclu-
sions: There was no difference in number of lupus fl ares, decrease in proteinuria, or change in renal function between 
treatment arms.

Plasma Exchange: With Short-Course Oral Cyclophosphamide
Lewis (1992)111

Renal disease: Proliferative or mixed membranous and proliferative lupus nephritis on biopsy. Treatment: Prednisone and 
daily oral cyclophosphamide (8 weeks) only versus prednisone and cyclophosphamide combined with three times weekly 
plasmapheresis for 4 weeks. Conclusions: Plasmapheresis does not improve the clinical outcome in severe lupus nephritis 
compared with that achieved with prednisone and cyclophosphamide alone.

Plasma Exchange: With Synchronized Intravenous Pulse Cyclophosphamide
Wallace and Colleagues (1998)112

Renal disease: Active proliferative lupus nephritis. Treatment: Prednisone and six cycles of monthly high-dose pulse cyclo-
phosphamide versus prednisone and six monthly cycles of synchronized plasma exchanges (3 consecutive days) followed 
by high-dose pulse cyclophosphamide. Conclusions: Changes in SLE activity and renal outcomes were comparable in 
both treatment groups; addition of plasma exchange to a regimen of corticosteroids and pulse cyclophosphamide is not 
indicated in severe SLE.

Box 15-2 Synopsis of Controlled Immunosuppressive Drug and Plasma Exchange Trials in Lupus Nephritis since 1975—cont’d
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with methylprednisolone pulse therapy. Indeed, it is unlikely 
that prospective clinical trials comparing placebo and low-
dose and high-dose corticosteroids for lupus nephritis will 
ever be performed, because of the potentially confounding 
effects of the standard clinical practice of using high-dose 
corticosteroids as fi rst-line treatment for the myriad of extra-
renal manifestations and complications of SLE. The best 
advice for the practitioner is not to withhold corticosteroids 
for fear of complications, but rather to test regularly the feasi-
bility of reducing doses (preferably to alternate day) and to be 
willing to substitute alternative immunosuppressive drug 
strategies if clinical response is delayed. Physicians treating 
patients with SLE and lupus nephritis should always be 
inclined to reduce doses of corticosteroids to the lowest neces-
sary for disease control in order to minimize risk of their 
insidious complications.

The issue whether to use corticosteroids as sole immuno-
suppressive therapy for the fi rst bout of lupus nephritis has 
never been resolved. Practices differ considerably, with some 
arguing that due to the low probability of satisfactory complete 
remission occurring with corticosteroids alone, one should 
proceed straight to combination therapy including corticoste-
roids and a cytotoxic drug as initial therapy, particularly in 
proliferative lupus nephritis. Others would argue that because 
corticosteroids occasionally (�10% of cases) may lead to com-
plete remission, one may consider a limited course of high-dose 
corticosteroids to be rational for previously untreated patients 
(and those lacking more ominous features such as crescents or 
fi brinoid necrosis on renal biopsy). The common temptation is 
to prolong the use of corticosteroids when there is improve-
ment but objectively only partial remission. In our opinion, it is 
prudent to move to alternative therapy and avoid reliance on 
corticosteroids unless there is clear-cut complete remission 
within a time frame before substantive corticosteroid toxicities 
supervene.

Cyclophosphamide

Daily oral cyclophosphamide has been used as part of sev-
eral regimens for the treatment of lupus nephritis. Conclu-
sions about effi cacy and toxicity have differed dramatically, 
depending mostly on the duration of cyclophosphamide 
administration and on the measure of renal outcome. Short-
term cyclophosphamide therapy (2–6 months) has been 
shown to be more effi cacious than prednisone alone in 
decreasing activity and stabilizing lupus nephritis.35,36 How-
ever, the short course of cyclophosphamide did not elimi-
nate the subsequent risk of renal failure.37 On the other 
hand, continuation of cyclophosphamide until the patients 
achieved sustained remission was shown to decrease the risk 
of late renal failure.38

The cumulative toxicity of extended courses of daily cy-
clophosphamide provides a substantial argument against the 
use of protracted daily cyclophosphamide therapy for lupus 
nephritis39—a conclusion that emerges from studies of sys-
temic vasculitis.40 Intermittent pulse therapy has become the 
preferred method for administering cyclophosphamide, in-
cluding treatment of children with lupus nephritis.41,42 This 
approach is based mostly on experience in oncology where it 
has long been practice to use high, intermittent dosing as a 
method of maximizing the therapeutic index of cyclophos-
phamide as well as other chemotherapeutic drugs. Pulse 

cyclophosphamide was tested extensively in murine and hu-
man lupus nephritis during the 1970s. The prolongation of 
survival in lupus mice was dramatic.1 Demonstration of 
comparable benefi t of cyclophosphamide in a human cohort 
with moderately severe lupus nephritis required a protracted 
period of observation and analysis of multiple endpoints, 
including urinary fi ndings, stabilization of renal pathology,43

and ultimately decreased risk of renal failure as measures of 
favorable outcome.38,44

After demonstration of the effi cacy of prolonged courses 
of quarterly pulse cyclophosphamide, a subsequent trial was 
designed to evaluate shorter (6 months), more intense regi-
mens of monthly pulse cyclophosphamide and monthly 
pulse methylprednisolone for patients with severe prolifera-
tive lupus nephritis (presence of renal insuffi ciency, necro-
sis, and/or cellular crescents). Neither of these regimens was 
as effective in preserving renal function or in preventing 
lupus relapses over a 5-year period as was monthly pulse 
cyclophosphamide followed by 2 years of quarterly mainte-
nance pulse therapy.45 Neither this study nor the study by 
Sesso46 showed any short-term (i.e., 18 months) differences 
in renal function outcomes among patients treated with 4 to 
6 months of pulse methylprednisolone versus pulse cyclo-
phosphamide.

The most recent National Institutes of Health clinical trial 
comparing extended courses of pulse methylprednisolone 
alone, pulse cyclophosphamide alone, and the combination of 
pulse therapies showed that renal remission was achieved 
somewhat more rapidly with combination pulse therapy and 
was least likely with pulse methylprednisolone alone.47,48 In 
short, neither pulse methylprednisolone (in either short or 
extended courses) nor short courses of pulse cyclophospha-
mide are as effi cacious as extended courses of pulse cyclo-
phosphamide in reducing risk of renal progression or in 
achieving sustained remission of lupus nephritis.

Nonetheless, pulse cyclophosphamide is not universally 
effective in controlling lupus nephritis. Furthermore, admin-
istration of cyclophosphamide is moderately burdensome for 
the patient, and cumulative doses of cyclophosphamide pose 
substantial risk of permanent gonadal toxicity. All these con-
cerns have prompted a continued search for more effective, 
simple, and safe induction and maintenance immunosuppres-
sive drug regimens for lupus nephritis. Two agents that have 
been tested most extensively in this regard are azathioprine 
and mycophenolate mofetil.

Azathioprine

The majority of studies indicate that azathioprine adds margin-
ally to the effi cacy of prednisone alone. Several studies have 
shown that azathioprine was not as effi cacious as cyclophos-
phamide, measured by improvement of urine sediment, pro-
teinuria, lupus activity, and serologies. A recently completed 
controlled trial in the Netherlands also concluded that an in-
duction regimen of azathioprine (with pulse methylpredniso-
lone) is inferior to pulse cyclophosphamide in preserving renal 
function and preventing renal relapses.49 However, azathioprine 
appears to be effi cacious as maintenance therapy and continues 
to be used in many centers around the world for this purpose, 
often after patients have had substantial improvement or 
achieved remission of lupus nephritis with cyclophosphamide 
(or other) therapy. A controlled clinical trial in the United States 
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suggests that azathioprine is as effective as quarterly pulse cyclo-
phosphamide for maintenance therapy.50

Mycophenolate Mofetil

Mycophenolic acid was initially tested and shortly abandoned 
for treatment of several autoimmune diseases in the 1960s. 
Following its reformulation as mycophenolate mofetil, it was 
brought to the fi eld of solid organ transplantation as a poten-
tial advance over traditional azathioprine. Based principally 
on studies showing greater effi cacy of mycophenolate over 
azathioprine in reducing transplant rejection, several investi-
gators began exploring the use of mycophenolate in lupus 
nephritis (particularly for patients averse or refractory to cy-
clophosphamide).51–54 Among the most attractive attributes of 
mycophenolate is its lack of gonadal and urinary bladder tox-
icity (compared with cyclophosphamide). Several random-
ized, controlled trials have compared mycophenolate with 
cyclophosphamide for induction therapy of active lupus ne-
phritis.55–58 The combined results of these trials have shown 
that mycophenolate has at least equal effi cacy as and less 
toxicity than cyclophosphamide (oral and IV pulses) for in-
duction therapy. Based on these encouraging fi ndings, many 
clinicians have already adapted the routine use of mycopheno-
late for induction. However, potentially important limitations 
need to be highlighted and addressed before this therapy can 
be widely accepted for the treatment of severe lupus nephritis. 
The effi cacy of mycophenolate in patients with rapidly pro-
gressive crescentic glomerulonephritis, signifi cantly impaired 
renal function at presentation (creatinine clearance � 30 
mL/min) and poor prognostic indicators on biopsy is still 
unproven, as these patients were excluded from the studies. 
Follow-up was relatively short; longer term observational data 
are needed to determine the relapse rate and long-term renal 
survival in patients treated with mycophenolate compared 
with cyclophosphamide for which long-term data have been 
demonstrated. Optimal doses for induction are also not 
known; many patients may not be able to tolerate the higher 
doses used in some trials due to gastrointestinal side effects, 
which might adversely affect outcomes. Pharmacokinetic 
studies may help to fi nd the ideal doses. Finally, fewer than 
200 patients have been treated with mycophenolate for induc-
tion therapy (and directly compared with cyclophosphamide) 
in randomized, controlled trials. Data from a greater number 
of patients are eagerly awaited.

Mycophenolate appears to be a reasonable option for 
maintenance therapy. Recent data support the effi cacy and 
safety of mycophenolate after induction with pulse cyclo-
phosphamide50 or higher doses of mycophenolate.55 The op-
timal doses and duration of mycophenolate for maintenance 
therapy are not known. It is also unclear whether mycophe-
nolate is superior to azathioprine for maintenance. At least 
based on one study, they perform equally well.50 The cost of 
mycophenolate may be a practical limitation, particularly if 
long-term maintenance is necessary, and may make the less 
expensive azathioprine more attractive if similar effi cacy is 
confi rmed in subsequent trials.

Many of these issues will perhaps be addressed by two 
trials that are currently in progress. One multicenter interna-
tional trial will compare mycophenolate with standard pulse 
cyclophosphamide for induction therapy in patients with 
severe lupus nephritis. Patients with a satisfactory response 
after 6 months of induction will be randomized to mainte-

nance with either mycophenolate or azathioprine. Another 
trial will be comparing effi cacy of mycophenolate mofetil 
and azathioprine as remission-maintaining treatment for 
proliferative lupus nephritis.

Plasma Exchange

Plasma exchange and immunosuppressive drug therapy have 
had theoretical appeal as a method to rapidly eliminate patho-
genic immune complexes and to inhibit production of auto-
antibodies.59,60 Early uncontrolled studies claimed remarkable 
effectiveness of this dual approach, but this has not been con-
fi rmed by controlled therapeutic trials. Neither plasma 
exchange combined with conventional prednisone and cyclo-
phosphamide61 nor plasma exchange synchronized with 
high-dose pulse cyclophosphamide has been found to be su-
perior to immunosuppressive drug therapy alone.

SPECIFIC RECOMMENDATIONS

Assessment of Prognosis and Selection 
of Patients for Treatment
Lupus nephritis is extremely heterogeneous, both clinically 
and pathologically. Many variables affect renal prognosis, and 
a composite of risk factors can be used in justifying treatment 
strategies. Box 15-3 contains a selected list of factors associ-
ated with adverse prognosis and high risk of renal progression 
in lupus nephritis.62–66 Some of these factors may be evident at 
presentation and remain static; others change substantially 
during the course of lupus nephritis. Although the impact of 
each factor is different and not easily compared, in general, the 
greater the number of factors present at any one time, the 
more unfavorable is the renal prognosis and the stronger are 
the indications for aggressive immunosuppressive therapy.

Some comments regarding the impact of race on prognosis 
seem timely. Black race and Hispanic ethnicity have been 
shown to be associated with poor prognosis of lupus nephri-
tis.28–30,62,65,67,68 Some studies suggest that black patients with 
proliferative lupus nephritis respond much less favorably than 
other racial groups to pulse cyclophosphamide30 and other 
interventions.69 Although this issue clearly warrants contin-
ued study, the reader should be mindful that diverse racial 
mixes may contribute to reported differences in course, prog-
nosis, and treatment responses among studies from different 
centers around the world.

Treatment Options
Treatment of severe lupus nephritis is generally divided into an 
initial phase of induction, which is critical to minimize the 
active immune mediated infl ammatory processes, followed by a 
prolonged maintenance phase aimed at reducing the risk of re-
lapse. The various treatment options and practical recommen-
dations for management of lupus nephritis are presented in 
condensed format in Boxes 15-4 to 15-7. Nearly all the com-
monly available immunosuppressive drugs have been used in 
management of lupus nephritis, and, as described previously, 
only some have been subjected to scientifi cally rigorous com-
parisons. Cyclophosphamide still has the most solid evidence 
of effi cacy for induction of severe lupus nephritis, but mycophe-
nolate is certainly an option for those strongly opposed to 
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Demographic
Black race, Hispanic ethnicity, male gender,* extremes of 

age at onset of SLE,* limited access to health care, 
poverty.

Clinical
Hypertension, severe extrarenal (especially neuropsychi-

atric) lupus activity, failure to achieve or marked delay 
to renal remission, multiple relapses of lupus nephritis, 
pregnancy.

Laboratory
Nephritic urinary sediment, azotemia, anemia, thrombo-

cytopenia, thrombotic microangiopathy (with or with-
out antiphospholipid antibodies), hypocomplemente-
mia (especially falling levels), high anti-DNA (especially 
increasing titers), persistent severe nephrotic syndrome 
(atherosclerotic and thrombotic diathesis).

Renal Pathology
Contracted kidney size,† proliferative glomerulonephritis 

(classes III and IV), mixed membranous (class V) and 
proliferative (classes III and IV) glomerulonephritis, cellu-
lar crescents, fi brinoid necrosis, very high activity index, 
moderate to high chronicity index,† combinations of ac-
tive (e.g., cellular crescents) and chronic histologic fea-
tures (e.g., interstitial fi brosis), subendothelial deposits.

Box 15-3 Factors Associated with Adverse Prognosis and 
High Risk of Renal Progression in Lupus Nephritis

*There is controversy regarding the level of impact of these prog-
nostic factors.
†These prognostic factors per se are not indications for treatment.

has been reached on the optimal approaches to gonadal protec-
tion during cytotoxic drug therapy. While fertility status is nor-
mally a supercharged issue, the high-risk patient should be 
thoughtfully counseled not to risk compromise of both future 
health and fertility (due to renal failure) by rejecting effective 
therapy for lupus nephritis. Nevertheless, the lowest effective 
dose and duration of cyclophosphamide should be considered, 
and alternative agents can be used during maintenance. Malig-
nancy in SLE has been overblown in the past; indeed, cancer 
diathesis is quite low for both SLE and its treatment with im-
munosuppressive drugs.75–78

Box 15-6 provides a set of practical guidelines for treat-
ment of proliferative lupus nephritis. The recommendations 
are organized by severity of disease, induction therapies, and 
maintenance regimens as well as alternative approaches to 
treatment. Box 15-7 contains guidelines and recommenda-
tions for treatment of lupus membranous nephropathy.79,80

Relapses of Lupus Nephritis
One of the most perplexing and frustrating aspects of 
the natural history of SLE is its remitting and relapsing course. 
Although we now have more treatment options from which to 
choose, modern treatment neither cures lupus nor completely 
prevents exacerbations. Furthermore, each major exacerba-
tion is expected to leave residual and cumulative irreversible 
(often subclinical) damage. Approximately one third to one 
half of patients have a relapse of nephritis after achieving par-
tial or complete remission of proliferative lupus nephritis.45,81–

89 Nephritic exacerbations clearly have adverse effects on renal 
prognosis, while proteinuric exacerbations have much less 
prognostic importance.82 These observations argue in support 
of strategies to minimize probabilities of fl ares of nephritis. 
One controlled trial has suggested that increases in anti-DNA 
activity predict impending fl ares, which could be averted by 
pre-emptive boosts in corticosteroid therapy. While many 
agree with the general value of monitoring anti-DNA (or 
other serologic) activity, most clinicians would use this infor-
mation as motivation to intensify clinical screening for sup-
portive signs of lupus activity before boosting therapy. This 
would include assessment of renal function, quantifi cation of 
proteinuria, dipstick analysis, and microscopy of urine. Nev-
ertheless, it still may be diffi cult to distinguish between inac-
tive, chronic “fi xed” injury and active renal infl ammation that 
necessitates treatment. Renal biopsy is an important tool in 
reassessing disease activity. In fact, some advocate protocol 
biopsies to assess disease immunologic activity that may be 
subclinical. However, the procedure is not without risk, and 
repeated biopsies may not be practical in the clinical setting. 
Several recent preliminary studies have identifi ed candidate 
urinary biomarkers that are associated with lupus disease ac-
tivity.90,91 Although these observations need confi rmation, 
such fi ndings raise the possibility that noninvasive monitoring 
using proteomic profi ling assays may help to predict impend-
ing relapse and allow more timely intervention.90,92,93

Systemic Lupus Erythematosus 
and End-Stage Renal Failure
None of the current regimens for treatment of lupus nephritis 
are fully effective in preventing renal failure. However, severe 
glomerulonephritis with uremia is not synonymous with 

cyclophosphamide or with less severe forms of nephritis. At 
present, it appears that one can justifi ably choose among several 
options of maintenance therapy including quarterly pulse cyclo-
phosphamide, azathioprine, and mycophenolate.

Box 15-4 contains general comments on various choices of 
immunosuppressive agents, adjunctive therapies for second-
ary complications of lupus nephritis, and a selective overview 
of experimental therapies for proliferative and membranous 
lupus nephropathies.

Box 15-5 provides practical advice for administration of 
pulse cyclophosphamide therapy. Pulse cyclophosphamide was 
initially administered during an overnight hospital stay with the 
intent of ensuring bladder protection through brisk diuresis and 
control of nausea and vomiting. The newer serotonin receptor 
antagonists (e.g., ondansetron, granisetron) have revolutionized 
nausea control and have allowed the safe administration of pulse 
cyclophosphamide in the outpatient setting. Some risk of com-
plications of pulse cyclophosphamide remains even with careful 
dose adjustment and meticulous monitoring. Herpes zoster in 
this patient population is aggravating but rarely life threatening. 
The risk of gonadal toxicity is dependent on age and total 
dose.70–72 Encouraging data from several pilot studies suggest 
that premature ovarian failure may be reduced by suppressing 
ovarian function by an analogue of gonadotropin-releasing hor-
mone.72–74 One such regimen involves monthly intramuscular 
injections of depot leuprolide acetate at least 10 days before 
pulse cyclophosphamide infusion. Unfortunately, no consensus 
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Immunosuppressive Drug Therapy
Prednisone: Initiate at 1.0 mg/kg/day, continue for no more than 8 weeks (except when extreme clinical conditions mandate), 

taper to alternate-day therapy in doses of 0.25 mg/kg every other day, use alternative immunosuppressive drugs rather than 
continued daily prednisone therapy whenever possible, maintain assiduous surveillance and protection against steroid-in-
duced osteoporosis (i.e., exercise, calcium, bisphosphonates).

Methylprednisolone pulse therapy: Initiate at 1.0 g/m2 for 3 days for severe activity (rapidly progressive renal failure, 
crescentic glomerulonephritis) with option to repeat pulse doses at monthly intervals; pulse methylprednisolone is usually 
used in conjunction with pulse cyclophosphamide.

Cyclophosphamide: Intermittent pulse therapy has the highest therapeutic index, conventional daily cyclophosphamide 
therapy (2 mg/kg/day) mostly avoided or used for less than 3 months (see Box 15-5 for details on administration of pulse 
cyclophosphamide).

Azathioprine: Alternative agent in SLE; mostly used for extrarenal disease, in mild lupus nephritis, as maintenance after 
period of improvement induced by cyclophosphamide or mycophenolate, or as a steroid-sparing agent in patients who 
require sustained high doses of prednisone or in those unwilling to accept/tolerate cyclophosphamide treatment.

Mycophenolate mofetil: Results are encouraging for use of this drug as an alternative to cyclophosphamide, for both induc-
tion and maintenance therapy for proliferative lupus nephritis; expense may be rate limiting; few data are available re-
garding the value of mycophenolate in membranous lupus nephropathy.

Cyclosporine: Alternative immunosuppressive drug with limited, if any, role in proliferative lupus nephritis; more favorable 
evidence of use in lupus membranous nephropathy; generally used in low doses (e.g., �5 mg/kg/day); tends to aggra-
vate hypertension and dyslipidemia and worsen renal function; cosmetic side effects (gum hypertrophy, hypertrichosis) 
are other concerns for its use in young patients with SLE.

Tacrolimus: Another calcineurin inhibitor that shares similar immunosuppressive actions with cyclosporine. Associated with fewer 
cosmetic side effects than cyclosporine; limited data regarding role in proliferative lupus nephritis; may have benefi t in lupus 
membranous nephropathy; membranous dose titration may be problematic in patients with impaired renal function.

Intravenous immunoglobulins: Expensive, short-term therapy; mostly used in lupus for immune-mediated thrombocytopenia 
or refractory central nervous system disease; immunosuppressive properties (e.g., suppression of pathogenic anti-DNA 
idiotypes) under study.

Plasma exchange: Controlled trials have not demonstrated benefi t of plasmapheresis in lupus nephritis; mostly used for mi-
croangiopathic complications of lupus such as vasculopathy of superimposed thrombotic thrombocytopenic purpura.

Methotrexate: Mostly used as adjunct or alternative anti-infl ammatory therapy for extrarenal manifestations of SLE; use in 
lupus nephritis very limited and mostly anecdotal.

Hydroxychloroquine: Mostly used as adjunct for preventing and alleviating extrarenal manifestations of SLE; it also appears 
to protect against major disease fl ares in SLE (including fl ares of nephritis) and has been shown to be effective in reduc-
ing the risk of damage accrual in SLE patients. Inexpensive and widely available even in developing countries. Although 
serious side effects are rare, retinopathy is an important ophthalmologic complication of therapy—a baseline eye ex-
amination and periodic screening are necessary to recognize ocular toxicity and to act accordingly to avoid permanent 
vision loss; a task force of the American Academy of Ophthalmology has recently published recommendations113 regard-
ing the intervals for screening, which vary depending on age of the individual, daily and cumulative doses, duration of 
treatment, coexisting renal or liver disease, and concomitant retinal disease.

Rituximab: Favorable results for proliferative lupus nephritis have been reported in small observational studies, case series, and 
several pilot studies. Improvement in renal function, proteinuria, serologic activity, and histology has been described even 
in lupus patients refractory to other conventional immunosuppressives. The data are still limited for both proliferative and 
membranous lupus nephritis; controlled trials (in progress) are needed to confi rm these preliminary results. Development of 
neutralizing human antichimeric antibodies may infl uence the effi cacy of B-cell depletion. In general, rituximab has an at-
tractive safety profi le but in December 2006, the U.S. Food and Drug Administration issued an alert based on two spontane-
ous reports of fatal progressive multifocal leukoencephalopathy in patients with SLE who had received rituximab therapy. 
Although extremely rare, candidates for rituximab should be counseled on the possible occurrence of progressive multifocal 
leukoencephalopathy, and there should be enhanced surveillance for the development of neurological symptoms.

Adjunctive Therapies for Secondary Complications of Renal Disease
Angiotensin antagonists (converting-enzyme inhibitors and receptor antagonists): Glomerular proteinuria persisting after 

control of active nephritis may be decreased by these agents (this must be balanced against their potential adverse effects 
on glomerular fi ltration rate and serum potassium).

Antihypertensives: Treatment of hypertension and drug choices follows standard guidelines; use blood pressure goals 
appropriate for age of patient (see chapter on hypertension).

Lipid-lowering drugs: These are used for control of hyperlipidemia of nephrotic syndrome. In addition, SLE and lupus 
nephritis confer a higher risk of accelerated atherosclerosis independent of traditional risk factors. Usually start 

Box 15-4 Therapeutic Options for the Management of Lupus Nephritis
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Box 15-4 Therapeutic Options for the Management of Lupus Nephritis—cont’d

• Estimate glomerular fi ltration rate (GFR) by standard methods.
• Calculate body surface area (m2) by standard methods.
• Cyclophosphamide (CY) dosing and administration:

Initial dose CY is 0.75 g/m2 (important note: start with 0.5 g/m2 of CY if glomerular fi ltration rate is less than one third 
of expected normal).

Administer CY in 150 mL normal saline IV over 30 to 60 minutes (alternative: equivalent dose of pulse CY may be taken 
orally in highly motivated and compliant patients).

• Obtain white blood cell count at days 10 and 14 after each CY treatment (note: advise patient to delay prednisone until 
after blood is drawn to avoid transient acute steroid-induced leukocytosis).

• Adjust subsequent doses of CY to keep nadir white blood cell count above 1500/µL (increase CY to maximum dose of 
1.0 g/m2 unless white blood cell count nadir falls below 1500/µL).

• Repeat CY doses monthly (every 3 weeks in patients with extremely aggressive disease) for 6 months and then quarterly 
for 1 year after remission is achieved (defi ned by inactive urine sediment, proteinuria � 1 g/day, normalization of 
complement [and ideally anti-DNA], and a state of minimal or no activity of extrarenal lupus).

• Protect bladder against CY-induced hemorrhagic cystitis:
Induce diuresis with 5% dextrose and 0.45% saline (e.g., 2 L at 250 mL/hr) and encourage frequent voiding; continue high-

dose oral fl uids through 24 hours; counsel patients to return to clinic if they cannot sustain ingestion of enteral fl uids.
Give mesna (Mesnex) (each dose 20% of total CY dose) intravenously or orally at 0, 2, 4, and 6 hours after CY dosing 

(note: use of mesna strongly urged whenever sustained diuresis may be diffi cult to achieve or if pulse CY is given in 
an outpatient setting).

If patients are anticipated to have diffi culty with sustaining diuresis (e.g., severe nephrotic syndrome) or with voiding, insert 
a three-way Foley catheter with continuous bladder fl ushing with standard antibiotic irrigating solution (e.g., 3 L) for 
24 hours to minimize risk of hemorrhagic cystitis.

• Antiemetics (usually administered orally):
Dexamethasone (Decadron), 10-mg single dose, plus:
Serotonin receptor antagonists: e.g., granisetron (Kytril) 1 to 2 mg with CY dose (usually repeat dose in 12 hours); alter-

natives in this class include ondansetron, dolasetron, palonosetron, and tropisetron
• Monitor fl uid balance during diuresis. If patient develops progressive fl uid accumulation, use diuretics to re-establish fl uid 

balance.
• Complications of pulse CY

Expected: Nausea and vomiting (central effect of CY), mostly controlled by serotonin receptor antagonists; transient hair 
thinning (rarely severe at CY doses � 1 g/m2).

Common: Signifi cant infection diathesis only if leukopenia not carefully controlled; modest increase in herpes zoster (very 
low risk dissemination); infertility (male and female); amenorrhea proportional to age of the patient during treatment 
and to the cumulative dose of CY.

Rare: Syndrome of inappropriate antidiuretic hormone (SIADH) (occasionally produces severe hyponatremia during the 
24 hours following CY administration in the context of positive fl uid balance); transient hepatocellular injury with 
severe elevations in bilirubin and transaminases (very rare).

Box 15-5 Recommendations for Administration and Monitoring of Pulse Cyclophosphamide Therapy

3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors and/or fi bric acid derivatives if nephrotic syndrome 
persists for more than 2 to 3 months; 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors may also have im-
munomodulatory properties that are independent of their serum lipid–lowering properties and may help decrease 
proteinuria (see Chapter 25, “Management of Complications of Nephrotic Syndrome”).

Bone protection: Patients with SLE often have low bone mineral density compared with healthy patients. In addition to 
traditional risk factors, other contributors are long duration of glucocorticoid use, cyclophosphamide, possibly use of 
gonadotropin-releasing-hormone agonists, and systemic infl ammation. Usually start calcium and vitamin D if patients are 
taking steroids or bisphosphonates if osteopenia or osteoporosis is present on dual-energy x-ray absorptiometry scan.

Thrombotic diathesis: Aspirin should be used if high-titer antiphospholipid antibodies are present; warfarin (Coumadin) antico-
agulation should be used if there are thrombotic events related to antiphospholipid syndrome or severe nephrotic syn-
drome.
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I. Recommended Initial Treatments
 A. Moderate disease: defi ned by limited number and severity of risk factors (see Box 15-3)
 1. Prednisone (1.0 mg/kg/day): limited trial (up to 8 weeks)
 a. If complete response occurs, including clearing of cellular casts and proteinuria, normalization of complement, 

and minimal lupus activity, simply taper prednisone to alternate day (�0.25 mg/kg) and monitor for fl ares of 
nephritis.

 b. If there is no or an incomplete response to prednisone or nephritis worsens, start monthly pulse cyclophospha-
mide or mycophenolate as outlined in section II. (Do not delay this therapeutic decision beyond 8 weeks be-
cause of a partial response to prednisone.)

or
 2. Moderate dose prednisone (0.5 mg/kg/day tapered) plus mycophenolate (target dose 2–3 g/day) for 6 or more 

months followed by a maintenance regimen (section IV)
 B. Severe disease: defi ned by presence of a constellation of high-risk factors (Box 15-3)
 1. Prednisone (1.0 mg/kg/day tapered) plus:
 a. Monthly pulse cyclophosphamide (0.75 g/m2; 0.5 g/m2 if GFR is less than one third normal) for 6 months; 

increase dose of cyclophosphamide by up to 0.25 g/m2 increments, to maximum of 1.0 g/m2 unless total leu-
kocytes fall below 1,500/µL at the 10–14 day nadir point; synchronize with monthly pulse methylprednisolone 
(1 g/m2)

 or
 b. Although unproven as an effective alternative in the context of high risk severe disease, mycophenolate has 

been increasingly used as an alternative induction therapy; target dose 2.0–3.0 g/day for 6 or more months 
followed by a maintenance regimen (section IV).

II. Alternative Induction Treatment Regimens
 A. Induction therapy: prednisone (1.0 mg/kg/day tapered) plus:
 1. Pulse methylprednisolone 1.0 g/m2/day for three doses; may repeat pulses at 4-week intervals and continue 

without additional adjunctive therapy for 6 to 12 months if there is steady progress toward remission.
 2. Daily oral cyclophosphamide, 2 mg/kg/day for 2 to 6 months (risk of gonadal and urinary bladder toxicities 

greater than pulse cyclophosphamide therapy).
 3. Oral pulse cyclophosphamide, ranging from 0.5 g weekly to 1.0 g/m2 monthly (used only in highly motivated, 

fastidiously compliant patients).

II. Recommended Transition to Maintenance Immunosuppressive Drug Therapy or Early Discontinuance of Pulse 
Cyclophosphamide Therapy (at 6 Months)
 A. In selected patients, cyclophosphamide may be stopped and treatment continued with alternate-day prednisone 

(0.25 mg/kg) alone. Such patients have exquisitely responsive nephritis (defi ned by complete clearing of cellular 
casts and proteinuria, normal complement, and minimal lupus activity within the fi rst 6 months). Limited duration of 
cyclophosphamide therapy is also important for patients giving high priority to maintaining fertility while accepting 
the risk of low-grade activity of lupus nephritis.

 B. The majority of patients with proliferative lupus nephritis will not be in full remission at 6 months. Convert this group 
to maintenance therapy using one of the regimens outlined in section IV.

Note: Microscopic hematuria often does not clear for several months, even when most other clinical parameters have remitted; 
by itself, microscopic hematuria is usually not a suffi cient reason to abandon a particular therapeutic program.

IV. Options for Maintenance Therapy
 A. Alternate day prednisone (�0.25 mg/kg) plus:
 1. Azathioprine, 2 mg/kg/day or
 2. Mycophenolate mofetil, 1.0–2.0 g/day or
 3. Pulse cyclophosphamide every 3 months (doses adjusted by same guidelines used during the induction therapy 

phase).

V. Duration of Therapy
 A. Cyclophosphamide: Continue quarterly maintenance cyclophosphamide treatments for 1 year after remission of lupus 

nephritis is achieved (defi ned by inactive urine sediment, proteinuria � 1 g/day, normalization of complement [and 
ideally anti-DNA], and a state of minimal or no activity of extrarenal lupus). Patients with isolated fi xed proteinuria 
or persistently elevated anti-DNA (i.e., without other supportive signs of active lupus nephritis) may be considered in 
remission. If uncertainty persists, fi ndings from a repeat renal biopsy may be extremely useful in defi ning status of 
renal disease and indications for ongoing therapy.

 B. Alternate-day prednisone: Tapered in very small increments to discontinuance if the patient has been in sustained 
complete remission for more than 3 years.

 C.  Azathioprine and mycophenolate: Maintenance for at least 18 to 24 months with subsequent tapering. Would consider 
criteria described in section V, A, when evaluating duration of maintenance therapy with azathioprine or mycophenolate.

Box 15-6 Treatment of Diffuse (and Severe Focal) Proliferative Lupus Nephritis
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irreversible end-stage renal failure in lupus nephritis. The 
rate of evolution of renal failure has very important implica-
tions for treatment. Rapidly progressive renal failure, usually 
due to necrotizing and crescentic glomerulonephritis, is often 
reversible with effective treatment. Patients with evidence of 
active nephritis (specifi cally, nephritic urine sediment), even if 
oliguric and in advanced renal failure, warrant treatment with 
pulse methylprednisolone, prednisone, and pulse cyclophos-
phamide for approximately 3 months into maintenance dialysis 
therapy.

This disease profile can be contrasted with that of pa-
tients who progress slowly and insidiously to irrever -
sible end-stage renal failure. In the latter case, one should 
avoid the desperate and injudicious use of aggressive im-
munosuppressive drug therapy in the setting of “burned 
out” lupus (e.g., renal failure in context of contracted kid-
neys and urine sediment showing predominantly broad, 
waxy casts). Conversely, a substantial proportion of pa-
tients on maintenance hemodialysis continue to manifest 
or experience flares of lupus activity, which are clearly 
indications for continued treatment.25,94,95 A cautious, in-
cremental prescription of prednisone and immunosup-
pressive drug therapy in such patients is warranted in order 
not to increase susceptibility to major infections in the 
uremic host.

Kidney transplantation is a viable alternative for patients 
with end-stage renal disease (ESRD) caused by lupus ne-

phritis. Clinically active lupus is uncommon, but evidence 
of recurrence of lupus nephritis in the allograft is increas-
ingly recognized, although it is a rare cause of allograft 
loss.96–99 Indeed, a recent analysis of data from a large-scale 
transplant registry demonstrated that patients with end-
stage renal disease due to lupus nephritis have similar graft, 
patient, and functional graft survival rates compared with 
the general transplant recipient population.100 Nevertheless, 
it is advisable to avoid transplantation during an acute lu-
pus fl are.

FUTURE DIRECTIONS

Experimental Therapies
There are tremendous interest and excitement for use of novel 
therapies in lupus that allow for more selective targeting of the 
immune cell subsets, cellular signaling, and molecular path-
ways believed to be important in disease pathogenesis. Based 
on encouraging results in lupus mice (see Box 15-1), many 
biologically based therapies have rapidly evolved from the 
laboratory to clinical practice. Open-label studies have con-
fi rmed the effi cacy of some of these therapies for human SLE 
and lupus nephritis and have led to controlled trials of these 
agents alone or in combination with conventional immuno-
suppression agents. Box 15-8 lists some of the therapies that 
are currently being tested for lupus nephritis in randomized, 
controlled trials.

There are a number of novel therapies that are candi-
dates for further testing in lupus mice (see Box 15-1) 
and eventual application to human SLE and lupus nephri-
tis. Translational work has begun employing different 
methods aimed at overhauling the disordered immune sys-
tem of patients with severe and conventional treatment-
refractory SLE. Recent availability of therapeutic granulo-
cyte colony–stimulating factor has allowed immunoablative 
regimens involving extreme doses of cyclophosphamide 
(e.g., 200 mg/kg) with or without adjunctive fludarabine, 
total body irradiation, antithymocyte globulin, and stem-
cell rescue therapy to be tested.101–106 The original hope of 
stem-cell transplantation was “going for the cure” in pa-
tients with severe lupus. Initial results were encouraging in 
SLE patients with refractory life-threatening multiorgan 
disease, but these immunoablative and reconstituting 
regimens are associated with substantial morbidity, high 
costs, and not insignificant risk of failure, relapse, and 
death. Whether this approach represents a definitive ad-
vance over more conventional immunosuppressive thera-
pies will need to be answered in ongoing randomized, 
controlled trials. With the availability of an increasing 
number of newer immunosuppressive agents and biologic 
products, stem-cell transplantation is not the first consid-
eration, and judicious selection of appropriate patients is 
important.

Unanswered Questions
Several issues remain to be addressed in future clinical trials. 
These include, among others: (1) studies of the comparative 
benefi ts of recycling short-term, intense immunosuppressive 
drug treatment for relapses versus long-term, low-intensity 

 I. Mixed membranous and proliferative nephropathies:
Treat as proliferative lupus nephritis (see Box 15-6)

II. Membranous nephropathy with nephrotic range protein-
uria

 A. First-line treatment is usually high-dose, alternate-
day prednisone (e.g., 1–2 mg/kg) for 2 months; 
taper to approximately 0.25 mg/kg alternate 
days within 3 to 4 months

 B. Optional adjuncts to prednisone therapy
 1. Cyclosporine, �5 mg/kg/day
 2. Pulse cyclophosphamide, �1 g/m2 every 1 to 

3 months
 3. Pulse methylprednisolone alternating with cy-

clophosphamide: pulse methylprednisolone, 
1.0 g/day for 3 days followed by 27 days of 
prednisone (0.5 mg/kg/day) alternating with 
30 days of cyclophosphamide 2 mg/kg/day; 
three cycles of each therapy over a 6-month 
period

 4. Oral cyclophosphamide, 2 mg/kg/day
III. Membranous nephropathy with nonnephrotic protein-

uria: Treat according to extrarenal disease activity; 
consider angiotensin antagonists to minimize protein-
uria and statins for hyperlipidemia; monitor patients 
carefully for evidence of progression to nephrotic 
syndrome or to mixed membranous and proliferative 
nephropathy.

Box 15-7 Treatment of Lupus Membranous Nephropathy*

*Also see Chapter 21, “Idiopathic Membranous Nephropathy.”
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maintenance therapies to avert relapses and minimize cumula-
tive renal damage in lupus nephritis; (2) identifi cation of main-
tenance therapy with the best therapeutic index; (3) appropriate 
use of biologically based therapies; (4) treatment of severe re-
lapses while on maintenance immunosuppression; (5) treat-
ment of refractory lupus; (6) assessment of risks and benefi ts of 
early treatment of mesangial disease; and (7) studies to defi ne 
the optimal treatment of lupus membranous nephropathy.

Mycophenolate mofetil
Azathioprine
Tacrolimus
Sirolimus
Abatacept (CTLA4-Ig: blockade of T cell costimulation)
Rituximab (anti-CD20)
LJP 394/abetimus (to reduce circulating autoantibodies)
Infl iximab (inhibition of tumor necrosis factor �)
Autologous and allogeneic stem-cell transplantation

Box 15-8 Agents (or Approaches) Currently Being Tested 
Alone or in Combination in Randomized Trials for Lupus 
Nephritis
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BACKGROUND

IgA Nephropathy
IgA nephropathy (IgAN) is a common pattern of glomeru-
lonephritis defined by mesangial IgA deposition.1 Recur-
rent macroscopic hematuria is the most frequent clinical 
presentation and typically occurs in the second and third 
decades of life. Other patients present with microscopic 
hematuria, proteinuria, and slowly progressive renal fail-
ure. Clinical features at the time of diagnosis indicating a 
poor prognosis include proteinuria greater than 1 g/24 hr 
and arterial hypertension.2 Adverse histopathologic fea-
tures include glomerular sclerosis, tubular atrophy, and 
interstitial fibrosis.2 Rapidly progressive renal failure is 
unusual; it may result from acute tubular necrosis as a 
consequence of macroscopic hematuria or superimposed 
crescentic nephritis. Recurrent IgA deposition after trans-
plantation is common and may be associated with slowly 
progressive graft failure.3

Henoch-Schönlein Nephritis
Henoch-Schönlein purpura (HSP) is a systemic vasculitis 
with characteristic rash, abdominal pain, and arthralgia; it is 
particularly common in childhood but may occur at any age. 
Tissue IgA deposition is a hallmark of HSP. The nephritis that 
accompanies HSP (HS nephritis) may be histologically indis-
tinguishable from IgAN,4 although a nephritic/nephrotic pre-
sentation with relatively rapid progression to renal failure is 
more common than in IgAN. It is probable that IgAN is a 
monosymptomatic form of HSP.1,4

Disease Mechanisms in IgA Nephropathy 
and Henoch-Schönlein Nephritis
IgAN and HSP share many abnormalities of the IgA immune 
system.4 Exaggerated polymeric IgA1 responses are typical, al-
though increases in circulating IgA1 are modest. Most evidence 
suggests that the increased polymeric IgA1 originates from 
the bone marrow rather than the mucosa.5 The mechanism of 
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mesangial IgA deposition is not understood, although IgAN and 
HS nephritis are often regarded as immune complex diseases. 
Altered O-glycosylation of IgA1 may promote mesangial IgA 
deposition.6,7 Mechanisms of ongoing infl ammation and scar-
ring are probably common to other forms of chronic glomeru-
lonephritis without IgA deposition. There is increasing evidence 
of genetic susceptibility to IgAN and HSP, for example, the 
high prevalence of urinary abnormalities in fi rst- and second-
degree relatives of those with IgAN and the substantial number 
of multiplex families, in some of which both HSP and IgAN 
occur.8–10

TREATMENT APPROACHES

Therapeutic Strategies
With this background, the following approaches to treatment 
of IgAN could be considered:

• Decrease production of nephrogenic IgA.

• Prevent glomerular IgA deposition or promote its removal.

• Alter early immune and infl ammatory events that follow 
IgA deposition.

• Alter later nonspecifi c events that promote progressive 
renal failure.

• Prevent recurrent disease after transplantation.

Therapeutic Endpoints
It is also important to consider how the success of any thera-
peutic intervention might be judged.

Hematuria

Reduction of episodes of macroscopic hematuria is a clear-cut 
goal but should not be taken to represent the loss of all disease 
activity. Properly controlled studies are needed since the natu-
ral history of IgAN is that macroscopic hematuria becomes 
less common with time without intervention.

Proteinuria

Reduction in proteinuria is an attractive short- and long-term 
goal. If patients are nephrotic, the clinical benefi ts of reducing 
proteinuria and correcting serum albumin are unequivocal. 
However, treatment trial strategy often selects patients using 
nonnephrotic proteinuria as a marker of poor prognosis. The 
benefi t of modest decreases in proteinuria, even if statistically 
signifi cant, is uncertain unless accompanied by preservation 
of renal function.

Prevention of Renal Failure

Prevention of end-stage renal disease (ESRD) is the ulti-
mate goal. However, IgAN is usually so slowly progressive 
that surrogate markers are required to provide data within 
an acceptable time frame. Doubling of serum creatinine or 
decrease in glomerular fi ltration rate (GFR) can be comple-
mented by histologic data from serial renal biopsies.

Problems of Study Design
Study Group Heterogeneity

It cannot be certain that patients with mesangial IgA deposi-
tion always share a common disease process, but, at present, it 
remains the defi ning criterion for these studies. Renal histology 

can be useful in study recruitment to minimize heterogeneity, 
but this will be less useful if the interval between biopsy and 
recruitment is prolonged. Furthermore, the choice of histo-
logic criteria remains controversial. An international consen-
sus on a pathologic classifi cation for IgAN would be of great 
value in selection for therapeutic trials; the International IgA 
Nephropathy Network with the Renal Pathology Society, under 
the auspices of the International Society of Nephrology, are 
currently developing such a consensus, which it is expected will 
be announced in 2008.11 Another factor to be considered in 
any trial design is the frequency of subclinical IgA nephropathy 
in supposedly “healthy” control populations. This may be as 
high as 16% in certain Asian populations.12 Patients with HSP 
have been excluded from most available studies; it is therefore 
still uncertain whether any strategies developed for IgAN are 
indeed applicable to HS nephritis.

Risk versus Benefi t

In slowly progressive disease, the balance of risk versus benefi t 
if prolonged treatment is considered is often unfavorable. Acute 
immune interventions are also not easy to plan. If there is cres-
centic nephritis with renal failure, intensive treatment is justifi -
able; more often, visible hematuria is clinically striking but 
transient and produces no functional renal impairment, weak-
ening the justifi cation for therapy. In any case, clinically appar-
ent hematuria is likely to represent the tip of an iceberg of on-
going injury, so that shaping and timing the intensity of therapy, 
even if rational treatments were available, are diffi cult.

The good prognosis for many patients, particularly those 
with isolated hematuria, argues against their involvement in 
prolonged studies of therapies with potential adverse effects. 
Conversely, the selection of patients by proteinuria can intro-
duce heterogeneity because proteinuria may refl ect both 
active immune injury and fi xed chronic damage. Any study 
using proteinuria as an entry criterion will provide therapeu-
tic guidance for only a minority of patients with IgAN.

Randomized, Controlled Trials

The need for randomized, controlled trials (RCTs) of adequate 
power to answer questions about the prevention of chronic 
renal failure in IgAN is pressing. The use of historic controls 
is of limited value because earlier cohorts of patients may not 
be comparable, for example, because of changing attitudes 
over recent years in accepted blood pressure (BP) targets and 
in the use of medications that interrupt the renin-angiotensin 
system. It is disappointing, despite the prevalence of IgAN and 
consensus about its defi nition and natural history, that there 
are so few published RCTs. Available studies are clearly de-
fi ned in this chapter as RCTs and are shown in the tables. 
Those available in 2006 have been critically reviewed.13,14

There have been no RCTs in HS nephritis.

Age of Subjects

There is no specifi c evidence that IgAN is a distinctive disease 
process when onset is in childhood rather than in adulthood; 
nevertheless, the application to adult practice of trial fi ndings 
in children remains uncertain.15

Defi ning Early and Late Disease

The distinction between early infl ammatory processes in 
IgAN and later nonspecifi c processes leading to renal failure 
is not easily made and is somewhat artifi cial. In a disease as 
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indolent as IgAN, such processes will inevitably be concur-
rent. Diagnosis, defi ned by the time of renal biopsy, may be 
many years after the onset of the disease. RCTs of corticoste-
roids and immunosuppressive regimens have mostly recruited 
patients with proteinuria and preserved renal function, 
whereas studies of fi sh oil have in general recruited those 
with proteinuria and impaired excretory function.

TREATMENT OF IgA NEPHROPATHY

Decreasing IgA Production
Decreasing Mucosal Antigen Challenge

Attempts have been made in uncontrolled studies to modify 
food antigen intake or alter mucosal permeability pharmaco-
logically. These have been of little benefi t.16 There is no role 
for prophylactic antibiotics.

Tonsillectomy

Tonsillectomy may help to prevent episodic macroscopic he-
maturia in the short term, and proponents of tonsillectomy 
argue that it also gives long-term renal protection. This view 
is supported by two large retrospective studies from Japan, 
although benefi t was not apparent until 10 years after tonsil-
lectomy.17,18 The concomitant use of other treatment modali-
ties and changing therapeutic goals during the follow-up pe-
riod make these data diffi cult to interpret; a retrospective 
study from Germany suggests no benefi t of tonsillectomy.19

Preliminary data from a prospective Japanese RCT of tonsil-
lectomy combined with steroids versus steroids alone has re-
ported improvement in hematuria and proteinuria in the 
tonsillectomy group, but no difference in doubling of serum 
creatinine at 24 months.20

Phenytoin

Phenytoin reduces serum IgA levels and was given in an RCT 
for 2 years, but it produced no benefi t for renal function or 
proteinuria nor in renal histology in repeat biopsies after 
treatment.21

Other Approaches to Decreasing IgA Production

There are no other known strategies for reducing relevant IgA 
production. There is no evidence that any immunosuppressive 
treatment used in IgAN alters circulating IgA levels, although 
the possibility cannot be excluded that a number of immune 
manipulations may reduce a specifi c subset of nephritogenic 
polymeric IgA1 molecules. However, no intervention is known 
to modify the abnormal IgA1 O-glycosylation found in IgAN.

Prevention and Removal of IgA Deposits
The ideal treatment for IgAN would remove IgA from the 
glomerulus and prevent further IgA deposition. This remains a 
remote prospect while IgA deposition is so poorly understood. 
Such a treatment would also need to be extremely safe because 
it would require application to large numbers of patients with 
benign disease unless reliable early markers of progression risk 
were available. The high prevalence of recurrent IgA deposi-
tion after transplantation suggests that conventional immuno-
suppression does not prevent IgA deposition even if it may 
alter subsequent infl ammatory events.

Alteration of Immune and Infl ammatory 
Events That Follow IgA Deposition
Rapidly Progressive Renal Failure Associated 
with Crescentic IgA Nephritis
In this uncommon situation, the risk-benefi t balance is most 
strongly in favor of intensive immunosuppressive therapy 
because if crescentic IgA nephritis is not treated, there will 
almost inevitably be rapid progression to ESRD. Unfortu-
nately, there are no available RCTs.

A number of case series have been reported, and these 
have been reviewed by Tumlin and Hennigar.22 The largest 
single-center experiences in adults are nine cases reported by 
McIntyre and colleagues,23 12 reported by Roccatello 
and colleagues,24 12 reported by Tumlin and colleagues,25

and 16 reported by Harper and colleagues.26 Reports in 
19 children have been reviewed.15 Treatment in the majority 
of cases has included prednisolone and cyclophosphamide, 
often combined with plasma exchange. It is not possible to 
make fi rm conclusions from these data. The decision to treat 
is usually made based on histologic evidence of aggressive 
glomerular injury, and most reports include some patients 
with preserved renal function at the time that treatment is 
initiated as well as those with rapidly progressive renal fail-
ure. Early clinical response is favorable as in other crescentic 
nephritis, but medium-term results may be disappointing: 
60% of treated patients reached ESRD by 12 months in one 
series27 and 25% reached ESRD over longer follow-up in 
another.26 However, a subset of patients has been reported 
with circulating IgG antineutrophil cytoplasm antibody who 
have a more favorable response to immunosuppressive ther-
apy, similar to that seen in other types of antineutrophil cy-
toplasm antibody–positive crescentic nephritis.28

An RCT of immunosuppressive treatments in crescentic 
IgAN would be particularly valuable, but this is an uncom-
mon condition and such a trial may never be achieved. Based 
on the available evidence, the use of corticosteroids and cyclo-
phosphamide is justifi ed, but there is insuffi cient information 
to recommend the addition of plasma exchange.

Early Treatment with Immunosuppressive/
Anti-infl ammatory Regimens

Interventions have been made in IgAN soon after diagnosis in 
those with active disease, even when renal function is still 
preserved. Treatments have included corticosteroids, cyclo-
phosphamide, azathioprine, mycophenolate mofetil, and 
pooled human immunoglobulin. In some studies, they have 
been combined with antiplatelet agents and warfarin. The 
great majority of such studies are restricted to those with pro-
teinuria greater than 1 g/24 hr, an arbitrary threshold known 
to be associated with signifi cant risk of progression. The 
minority with nephrotic syndrome have been excluded from 
most studies.

Corticosteroids
There has been interest in the potential role of corticosteroids 
for many years, supported mostly by evidence from uncon-
trolled trials. In adults with heavy proteinuria,29 corticoste-
roids appeared to preserve renal function if initial creatinine 
clearance was more than 70 mL/min, and the same group 
reported 10-year follow-up in moderate proteinuria that sug-
gests decreased risk of ESRD with corticosteroids.30
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However, there have been few RCTs of corticosteroids 
(Table 16-1). Three months of treatment in children with low-
grade proteinuria showed no benefi t.31 Four months of treat-
ment in nephrotic adults showed no overall benefi t,32 although 
there was a minority with very minor histologic changes who 
responded rapidly to treatment (see “Nephrotic Syndrome 
and IgA Nephropathy”).

An RCT evaluated 12 months of corticosteroids with anti-
platelet agents in nonnephrotic proteinuria with preserved 
renal function33; the control group also received antiplatelet 
agents. There was a decrease in proteinuria and improvement 
in histology, but the design and power of the study prevented 
investigation of any possible protection of renal function.

A larger RCT of 6 months of treatment with corticosteroids 
showed not only a decrease in proteinuria but also a signifi cant 
decrease in the risk of a twofold increase in serum creatinine 
or of ESRD.34 Further analysis showed that the benefi t was 
sustained for as long as 10 years of follow-up.35 Angiotensin-
converting enzyme (ACE) inhibitors were not used in all 
patients in this study but were used in equal proportions in 
both corticosteroid-treated patients and control subjects, 
although achieved BP was not in line with current recommen-
dations. Remarkably, the authors also report a lack of steroid 
adverse effects despite the substantial dose over 6 months.

This study remains the only evidence from an RCT that 
corticosteroids prevent renal failure in IgAN with proteinuria 
of more than 1 g/24 hr. However, the benefi t must be viewed in 
context; analysis shows that the protection was no greater than 
that afforded by female gender,36 emphasizing the need to un-
derstand better the many factors that contribute to the highly 
variable natural history of IgAN. A more recent RCT in which 
BP was well controlled without renin-angiotensin system 
blockade showed only a modest decrease in proteinuria with 
low-dose corticosteroids and no protection of the GFR.37 It is 
unclear whether this lack of renoprotection was due to 
the lower dose of corticosteroid or a genuine lack of effect in 
patients managed to current BP targets.

The recent review of immunosuppressive treatments for 
IgAN by the Cochrane Renal Group suggests that corticoste-
roid therapy may be effective in decreasing proteinuria and 
the risk of ESRD, although lack of available data meant that 
the meta-analysis was unable to evaluate the infl uence of 
renin-angiotensin system blockade or achieved BP in the 
analysis.38

An interim analysis of a study to assess the additional ben-
efi t of azathioprine with corticosteroids has recently reported 
no improvement in renal outcome at 36 months when aza-
thioprine (1.5 mg/kg/day) is added to prednisone.39 Unfortu-
nately, this study did not have a control group not receiving 
corticosteroids.40 A second study is under way to investigate 
the additional benefi ts of 6 months of treatment with cortico-
steroids in patients with IgAN with proteinuria greater than 
1 g/24 hr receiving long-term ACE inhibitor therapy.41

Cyclophosphamide
Cyclophosphamide (Table 16-2) has been used in combina-
tion with warfarin and dipyridamole in two RCTs that are 
not consistent. Two studies of very similar design both 
showed modest decrease in proteinuria,42,43 but the preserva-
tion of renal function in one study43 could not be confi rmed 
in the other.42 The use of cyclophosphamide in patients at 
very high risk of progression (ESRD predicted in all cases 

within 5 years) is supported by a single study. Patients 
received cyclophosphamide followed by azathioprine in con-
junction with high-dose prednisolone and were followed 
for at least 2 years.44 Notably, BP control and use of renin-
angiotensin system blockade in this trial fell well outside 
current recommendations. Previous RCTs of cyclophospha-
mide in less severe, slowly progressive IgAN have shown no 
consistent benefi t (reviewed by Feehally45), and this is sup-
ported by the Cochrane Renal Group meta-analysis that 
failed to show any signifi cant renal survival benefi t from 
those RCTs incorporating cyclophosphamide, cyclosporine, 
or other cytotoxic agents, although there was a signifi cant 
decrease in daily proteinuria.38

Cyclophosphamide has not been used alone in IgAN. In 
any case, many physicians, including us, regard the risk of cy-
clophosphamide as unacceptable in young adults with IgAN. 
Further studies have therefore assessed the combination 
of warfarin and dipyridamole without cyclophosphamide 
(“Antiplatelet Agents”).

Azathioprine
In an open study of children with aggressive disease, azathio-
prine (see Table 16-2) with prednisolone appeared to preserve 
renal function.46 In a long-term, retrospective study, azathio-
prine with prednisolone preserved renal function, but unfor-
tunately the control group is not comparable.47 A nonran-
domized trial of azathioprine or chlorambucil in adults 
showed no benefi t with either agent.48 An RCT in children 
with 2 years of treatment with prednisolone and azathioprine 
(combined with antiplatelet agents) showed a decrease in pro-
teinuria and lessening of active glomerular injury on repeat 
renal biopsy.49 However, all subjects had preserved renal func-
tion at recruitment, and the rather short duration of follow-
up precluded any investigation of an effect on preservation of 
renal function.

Cyclosporine
Cyclosporine (see Table 16-2) was used in one RCT.50 There 
was a reversible decrease in proteinuria, but this occurred in 
parallel with a decrease in creatinine clearance, suggesting that 
the changes were a hemodynamic effect of cyclosporine rather 
than an immune-modulating effect.

Lefl unomide
Lefl unomide (see Table 16-2) was used in one RCT.51 In this 
short trial, there was a signifi cant decrease in proteinuria with 
lefl unomide, but the trial lasted only 28 weeks, and the study 
was not designed to evaluate an effect on preservation of renal 
function.

Mycophenolate Mofetil
Two RCTs report no benefi t from mycophenolate mofetil 
(Table 16-3) in patients either at risk of progression (hyper-
tensive and/or proteinuria � 1 g/24 hr and/or decreased GFR 
within 5 years of diagnosis)52 or with more advanced disease 
(mean serum creatinine at entry 2.6 mg/dL).53 Both of these 
studies achieved rigorous BP control with use of an ACE in-
hibitor. In two separate RCTs, mycophenolate mofetil did de-
crease proteinuria over an 18-month follow-up period; how-
ever, neither study demonstrated a change in the rate of renal 
decline.54,55 Again both studies achieved tight BP control with 
ACE inhibition.
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178 Diseases of Glomeruli, Microvasculature, and Tubulointerstitium

The relatively small size and short duration of the studies 
so far available justify further evaluation, and other studies are 
in progress.56

Mizoribine
A recent retrospective study in Japan showed that mizorib-
ine, which blocks purine synthesis in a manner similar to 
that of mycophenolate mofetil, resulted in a signifi cant de-
crease in proteinuria when given to 20 pediatric patients in 
combination with prednisone, warfarin, and dipyridamole.57

This was signifi cantly better than the decrease in proteinuria 
seen in 21 historic control patients who were given only 
prednisolone, warfarin, and dipyridamole or in 20 historic 
control patients who also received IV pulses of methylpred-
nisolone. Follow-up renal biopsies in the mizoribine-treated 
patients showed no progression of chronic lesions, whereas 
the other two sets of patients had a signifi cant increase in the 
chronicity index.

Pooled Human Immunoglobulin
The immunomodulatory and anti-infl ammatory effects of 
pooled human immunoglobulin are poorly defi ned but have 
some benefi t in uncontrolled studies in systemic vasculitis 
and lupus. Open studies of immunoglobulin have been re-
ported in both severe IgAN (heavy proteinuria with decreas-
ing GFR)58 and moderate IgAN (persistent proteinuria with 
GFR � 70 mL/min).59 Proteinuria decreased, deterioration 
in GFR slowed in the severe group, and histologic activity 
scores decreased when repeat renal biopsies were available. 
There have been no confi rmatory studies or prospective, 
controlled trials of this treatment since 1995. Pooled human 
immunoglobulin administration is associated with acute 
kidney injury; however, those studies reporting its use in 
IgAN have not reported an excessive occurrence of osmotic 
nephropathy.60

Nephrotic Syndrome in IgA Nephropathy

Nephrotic syndrome occurs in only 10% of IgAN. In many of 
these patients, the heavy proteinuria is a manifestation of sig-
nifi cant structural glomerular damage and progressive renal 
dysfunction. However, a small minority, both adults and chil-
dren, have nephrosis with minimal glomerular change on renal 
biopsy, although there are IgA deposits with hematuria; pro-
teinuria remits promptly in response to corticosteroids.32 In 
these patients, two common glomerular diseases may coincide: 
minimal change nephrotic syndrome and IgAN.61,62 This ob-
servation justifi es a trial of high-dose corticosteroids, using a 
regimen appropriate for minimal change disease, in IgAN with 
nephrotic syndrome and preserved renal function when light 
microscopy shows minimal glomerular injury. However, there 
is no evidence to support prolonged exposure to corticoste-
roids if there is not a prompt response, or their use in nephrotic 
syndrome in the presence of signifi cant glomerular infl amma-
tion. Unfortunately, all recent RCTs of corticosteroids in IgAN 
have excluded those with nephrotic-range proteinuria, so there 
is little evidence to inform treatment choices for nephrotic 
IgAN with signifi cant histologic glomerular injury.

Treatment of Slowly Progressive IgA Nephropathy
There is little to suggest that the events of progressive glo-
merular injury are unique to IgAN. The growing experimental 
evidence on mesangial injury and its resolution under the in-
fl uence of growth factors and cytokines seem to be applicable 
to mesangial glomerulonephritis, whether or not there are IgA 
deposits. The adverse infl uence of hypertension and the likely 
role of proteinuria in progression likewise are common to all 
glomerular diseases.

Treatments available are nonspecifi c. They are reported as 
treatments for IgAN, but it is more precise to regard them as 
treatments for chronic glomerular disease, of which IgAN is the 

Table 16-3 Randomized, Controlled Trials of Mycophenolate Mofetil Treatment in IgA Nephropathy

Ref. Entry Criteria
No. on Active 
Treatment

Treatment Period 
(mo) Outcomes Comments

Maes et al52 UP � 1 g/24 hr and/or 
IC 20–70 mL/min 
and/or BP � 140/90

21 36 No effect on protein-
uria, no effect on de-
crease in GFR

Target BP 125/75; 
100% use ACEI

Chen et al54 UP � 2 g/24 hr 
Lee grade IV/V

62 18 Proteinuria reduced 
(mean, 3.2–0.6 
g/24 hr); no effect 
on decrease in GFR

Target BP 130/80; 
100% use ACEI/
ATRA

Tang et al55 UP � 1 g/24 hr 20 6 Proteinuria reduced 
(mean, 1.8–1.1 
g/24 hr); no effect 
on decrease in GFR

Target BP 125/85; 
100% use ACEI/
ATRA

Frisch et al53 UP 1–3 g/24 hr with 
2 of: male, BP � 

150/90, Cr � 4 
mg/dL, GScl/TI 
fi brosis

17 12 No effect on proteinuria 
or on decrease in 
GFR

Target BP 130/80; 
100% use ACEI/
ATRA

ACEI, angiotensin-converting enzyme inhibitor; ATRA, angiotensin receptor antagonist; Cr, serum creatinine; GFR, glomerular fi ltration 
rate; GScl, glomerulosclerosis; IC, inulin clearance; TI, tubulointerstitial; UP, urine protein excretion.
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179 IgA Nephropathy and Henoch-Schönlein Purpura

most common and most easily defi ned. (The immunosuppres-
sive stratagems reviewed previously may be equally nonspecifi c 
in their effi cacy.) The main approaches include treatment of 
hypertension and the use of antiplatelet agents, anticoagulants, 
fi sh oil, and 3-hydroxy-3-methylglutaryl coenzyme A reductase 
inhibitors.

Predicting Risk of Progression
At diagnosis, conventional clinical and histologic criteria 
predict cohorts of patients with a poor prognosis.2 Further 
refi nement of such analyses to improve prediction of out-
come early in follow-up for the individual patients would be 
valuable to identify those who will do badly even if they show 
none of the known adverse features at diagnosis. This would 
help to identify those who require more intensive therapy.63

Genetic markers for risk of progression have been studied, in 
particular I/D polymorphisms of the ACE gene.10 However, 
the association between the ACE DD genotype or any other 
currently available genetic marker and risk of progression is 
not reliable enough to infl uence treatment strategies for the 
individual patient or to inform stratifi cation in design of 
treatment trials.

Antiplatelet Agents
The main studies are summarized in Table 16-4. Two studies 
of dipyridamole/warfarin in combination with cyclophospha-
mide produced confl icting results (see Table 16-2). In the 
study in children given azathioprine and corticosteroids, all 
subjects received dipyridamole/warfarin, so no effect of these 
agents can be inferred.49 Two RCTs of dipyridamole/warfarin 
alone are inconsistent: There was no benefi t in one,64 but 
some decrease in proteinuria and protection from renal im-
pairment in the other.65

Hypertension and the Role of Inhibitors of the Renin 
Angiotensin System
There is compelling evidence of the benefi t of lowering BP 
in the treatment of chronic progressive glomerular dis-
ease.66 In IgAN, evidence is accumulating that casual clinic 
BP measurements may underestimate the early impact of 
hypertension as judged by ambulatory BP monitoring and 
echocardiographic evidence of increased left ventricular 
mass.67 The impact of the early active management of BP on 
the long-term cardiovascular morbidity and mortality of 
these patients will be considerable, independent of any ef-
fect on the preservation of renal function. There is also 
powerful evidence of the primary role of ACE inhibitors in 
chronic proteinuric renal disease in view of their additional 
benefi ts in decreasing proteinuria and preserving renal 
function.68 However, specifi c evidence of the role of ACE 
inhibitors in IgAN is scant (Table 16-5). Short-term ran-
domized studies in normotensive proteinuric IgAN confi rm 
that an ACE inhibitor decreases proteinuria to the same 
degree as an angiotensin receptor antagonist (ATRA), an 
effect potentiated by indomethacin.69,70 A recently com-
pleted placebo-controlled RCT of ACE inhibitors in IgAN 
with proteinuria greater than 1 g/24 hr and creatinine clear-
ance greater than 50 mL/min/1.73 m2 reported a signifi cant 
decrease in proteinuria and preservation of renal function 
independent of systolic or diastolic BP.71 Likewise a recent 
RCT of 109 patients reported benefi t with an ATRA (valsar-
tan) both in decreasing proteinuria and slowing the rate 

of renal deterioration, although the investigators were un-
able to demonstrate a signifi cant improvement in their 
primary endpoints of doubling of serum creatinine or 
ESRD at 2 years.72 The combination of an ACE inhibitor 
and ATRA produces a signifi cant additional decrease in 
proteinuria.73 Indirect evidence of the benefi t from such a 
combination in IgAN is provided by the COOPERATE 
study in which an ATRA was given in combination with an 
ACE inhibitor for nondiabetic proteinuric renal disease. An 
additional decrease in proteinuria was achieved with no 
further lowering of BP; 131 of the patients in this large 
study had IgAN.74

The only two RCTs of ACE inhibitors in hypertensive IgAN 
showed no benefi t, although this may be attributable to the 
relatively short follow-up in one study75 and the inclusion of 
patients with advanced disease in the other.76 However, two 
retrospective studies in IgAN demonstrated the benefi t of using 
ACE inhibitors for hypertension compared with �-blockers77

and a wide range of other agents.78

ACE inhibitors in combination with ATRA are recom-
mended as the preferred treatment for hypertensive IgAN and 
should also be considered for normotensive IgAN with sig-
nifi cant proteinuria (�1 g/24 hr).

Fish Oil
The available studies are summarized in Table 16-6. The favor-
able effects of supplementing the diet with �-3 fatty acids in 
the form of fi sh oil include decreases in eicosanoid and cyto-
kine production, changes in membrane fl uidity and rheology, 
and decreased platelet aggregability. These features should 
signifi cantly decrease the adverse infl uence of many mecha-
nisms thought to affect progression of chronic glomerular 
disease. Fish oil treatment does not have the drawbacks associ-
ated with immunosuppressive treatment. It is safe apart from a 
decrease in blood coagulability, which is not usually a practical 
problem, and an unpleasant taste with fl atulence, which may 
make compliance diffi cult.

The study of Donadio and colleagues79 provides con-
vincing evidence of protection with 6 months of treatment 
with fi sh oil (12 g/day). However, an unexpected fi nding 
was that fi sh oil did not signifi cantly decrease proteinuria, 
which is a major risk factor for progression and which has 
been decreased in all other studies of agents that are reno-
protective in IgAN. The benefi t was sustained in a longer 
follow-up of the same cohort, although treatment alloca-
tions were not always sustained after the original trial pe-
riod was completed.80 A further study showed no difference 
in outcome between a high (24 g/day) and low (12 g/day) 
dose of fi sh oil; once again, proteinuria did not decrease 
during follow-up.81 However, these studies confl ict with the 
smaller study of Bennett and colleagues,82 which showed no 
benefi t from fi sh oil. Pettersson and colleagues83 may have 
failed to show benefi t because of the short follow-up period 
of 6 months. A meta-analysis of these studies suggests that 
the available evidence does not yet give unequivocal support 
for the use of fi sh oil.84 A recent RCT shows no benefi t after 
2 years of treatment with fi sh oil compared with placebo, 
although a subsequent post hoc analysis of the data in the 
study revealed a dose-dependent decrease in proteinuria in 
the fi sh oil group.85

A further confi rmatory study of fi sh oil would be of great 
value.
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Ref. Entry Criteria
No. on Active 
Treatment Treatment Period (mo) Outcomes Comments

Hamazaki et al94 No details 10 12 Renal function 
stabilized

Randomization not 
described

Bennett et al82 Proteinuria 17 24 No benefi t

Cheng et al95 Cr 2–6 mg/dL 11 10 (8–12) No benefi t Advanced renal 
impairment at 
recruitment

Petterson et al83 UP � 0.5 g/24 hr 15 6 No benefi t

Cr � 2.8 mg/dL

Donadio et al79,80 UP � 1 g/24 hr
Cr � 3 mg/dL

55 24 Fish oils lessened 
deterioration in 
renal function

Proteinuria
unchanged;
poor prognosis 
in control group

Donadio et al81 UP 1.7–3.6 g/24 hr
Cr 1.5–4.9 mg/dL

73 (high vs. 
low dose)

24 No difference 
between high-
dose and low-
dose fi sh oils

No control group 
not receiving 
fi sh oils; protein-
uria unchanged

Hogg et al85 UP/C � 0.5
eGFR � 50 mL/min

32 (fi sh oil)
33 (steroids)

24 No difference 
between fi sh 
oil, prednisone, 
or placebo in 
rate of de-
crease in GFR

Signifi cantly 
higher UP/C in 
fi sh oil group at 
start of trial

Cr, serum creatinine; eGFR, estimated glomerular fi ltration rate; UP, urine protein excretion; UP/C, urine protein-to-creatinine ratio.

Table 16-6 Fish Oil Treatment in IgA Nephropathy

3-Hydroxy-3-Methylglutaryl Coenzyme A Reductase 
Inhibitors

One small RCT showed that 6 months of treatment with the 
3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitor 
fl uvastatin resulted in a 41% decrease in proteinuria with no 
effect on the GFR.86 Further prolonged studies are needed to 
confi rm this effect.

Posttransplantation Recurrence

Mesangial IgA deposition after transplantation is common, 
occurring in as many as 50% of patients whose primary 
renal disease was IgAN.3 Graft survival is no worse in regis-
try data than for other primary renal diseases; however, re-
cent data indicate that IgA deposition is accompanied by 
the slow onset of glomerular injury, indistinguishable histo-
logically from disease in native kidneys and often at the 
same tempo. There is no substantial evidence that any par-
ticular immunosuppressive regimen decreases the risk of 
recurrent IgA deposits or prevents any subsequent glomeru-
lar injury.87 One study in Chinese patients suggests that the 
risk of recurrence may be higher in a transplant from a liv-
ing related donor than in a transplant from a live unrelated 
donor or a cadaver, but numerous other studies do not sup-
port this.88 Based on current evidence, there is no need to 
recommend any restriction in the use of living as opposed 
to cadaveric donors.

TREATMENT OF HENOCH-SCHÖNLEIN 
NEPHRITIS

There are no prospective RCTs to guide the treatment of 
HS nephritis. Most available data are for children. Most thera-
peutic studies of IgAN exclude those with HSP so it is uncer-
tain whether a number of potential treatments have a role in 
HS nephritis. Available studies usually include children whose 
renal abnormalities have been severe or persistent enough to 
warrant referral to a nephrologist.

Many patients have transient nephritis during the early 
phase of HSP that spontaneously remits and requires no treat-
ment. It has been proposed that early use of corticosteroids in 
HSP may prevent nephritis,89 but this has not been confi rmed 
in other nonrandomized studies.15

Rapidly Progressive Renal Failure due 
to Crescentic Nephritis
Crescentic nephritis is more common in HSP than in IgAN, 
particularly early in the course. There is little information on 
treatment in adults; fi ve studies report experience in 81 chil-
dren.15 Regimens are variable and include corticosteroids and 
cyclophosphamide, with the addition of pulse methylpred-
nisolone in some cases; two studies used plasma exchange 
alone. Precise entry criteria varied in the extent of proteinuria, 
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183 IgA Nephropathy and Henoch-Schönlein Purpura

IgA nephropathy 
and

Henoch-Schönlein purpura 
ProteinuriaMacroscopic 

hematuria

Preserved GFR

Acute tubular necrosis Crescentic nephritis

<1 g / 24 hr

>1 g / 24 hr

Acute kidney 
Injury

Progressive 
chronic kidney 

diseaseNo specific treatment 
required

No role for antibiotics 
or tonsillectomy

Renal
biopsy

Treatment 
determined by 

proteinuria

If clinically nephrotic and minimal 
changes on renal biopsy, treat as 
minimal change disease

Otherwise:

•  Target BP ≤ 125/75 mm Hg
•  ACEI and ATRA agents of choice
•  Manage individual cardiovascular risk

•  If progressive decline in GFR despite 
BP ≤ 125/75 mm Hg on maximal RAS 
blockade and Cr < 1.5 mg/dL
consider

   Prednisone 0.5 mg/kg alternate days
  for 6 mo

   Fish oil 12 g daily for 6 mo

• Target BP ≤ 125/75 mm Hg
• ACEI and ATRA agents of choice
• Manage individual cardiovascular risk

Supportive treatment 
only

No specific treatment 
required

Induction
• Cyclophosphamide 2 mg/kg/day for 8 wk
• Prednisone 0.5–1.0 mg/kg/day for 8 wk
*no evidence favoring IV or PO route

Maintenance
• Azathioprine 2.5 mg/kg/day
• Prednisone in reducing dose

Figure 16-1 Treatment algorithm for the management of IgA nephropathy and Henoch-Schönlein purpura. ACEI, angiotensin-
converting enzyme inhibitor; ATRA, angiotensin receptor antagonist; BP, blood pressure; Cr, creatinine; GFR, glomerular 
fi ltration rate; RAS, renin-angiotensin system.

renal impairment, and histologic injury. Short-term outcomes 
are encouraging; for example, Oner and colleagues90 report 
that 11 of 12 children had a normal GFR at 3 months despite 
a GFR less than 40 mL/min and more than 60% crescents at 
presentation. However, in the middle term, 20% of reported 
cases had an adverse outcome including ESRD.15

Active Henoch-Schönlein Nephritis 
without Renal Failure

In less aggressive HS nephritis, there is little information. Cor-
ticosteroids alone have never been shown to be benefi cial.15

Apparently promising fi ndings with combination therapy of 
corticosteroids, cyclophosphamide, and antiplatelet agents 
have been reported only in small nonrandomized studies.15 A 
recent nonrandomized study reported that the combination 
of prednisolone and azathioprine preserved renal function 
and improved histologic appearance, but this relied on com-
parison with historic controls.91 There are only fi ve patients 
with HS nephritis included in the promising studies of pooled 
immunoglobulin.58,59

Slowly Progressive Renal Failure

Although the renal histology and clinical course of slowly 
progressive HS nephritis and IgAN may be indistinguishable, 
patients with HS nephritis have not been included in the RCTs 
of corticosteroids, fi sh oil, or antiplatelet agents.

Transplant Recurrence

Graft recurrence of HS nephritis is common. There is some 
evidence that it is more common and more likely to cause 
graft loss in children receiving kidneys from living related 
donors than in those receiving cadaver kidneys,92 although 
this is not confi rmed in adults.93 No treatment is known to 
decrease risk of recurrence.

TREATMENT RECOMMENDATIONS

Based on the evidence reviewed here, specifi c treatment rec-
ommendations are described in Figure 16-1 for the different 
clinical patterns of IgAN and HS purpura.

The most controversial issue remains the treatment of 
IgAN with proteinuria greater than 1 g/24 hr. Physicians are 
increasingly using corticosteroids when there is preserved 
renal function (serum creatinine � 1.5 mg/dL) and fi sh oils 
when there is more renal impairment (serum creatinine �
1.5 mg/dL). However, in our opinion, the case is not yet made 
for either of these therapies. Tight control of BP and de-
creased proteinuria with ACE inhibitors in combination with 
ATRAs should be the fi rst line of treatment. If physicians 
wish to consider additional therapy with fi sh oil or cortico-
steroids, this should be contemplated only if proteinuria 
persists at more than 1 g/24 hr on maximal renin angiotensin 
system blockade with BP less than 125/75 mm Hg.
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FUTURE DIRECTIONS

Specifi c treatment to prevent mesangial IgA deposition is the 
ideal goal but remains a remote prospect until the fundamen-
tals of the disease mechanism are understood. It seems unlikely 
that controlled trials of crescentic IgAN or crescentic HS ne-
phritis will ever be mounted. Prevention of slowly progressive 
renal failure remains the most promising fi eld, particularly as 
this may inform the management of chronic glomerular dis-
ease other than that associated with IgA deposition. Further 
studies confi rming the value of fi sh oil and corticosteroids are 
required. The value of combining ACE inhibitors and ATRAs 
requires formal confi rmation in prospective studies, as does 
the potential role for 3-hydroxy-3-methylglutaryl coenzyme 
A reductase inhibitors. Other low-risk strategies need to be 
developed from an understanding of the mechanisms of pro-
gressive renal scarring.
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BACKGROUND

Systemic vasculitis comprises a spectrum of diseases affect-
ing small- and medium-sized blood vessels and can cause 
severe acute renal failure through glomerular, interstitial, 
and vascular damage. The diseases can be classifi ed by the 
size of the blood vessel affected and the organs involved and 
include microscopic polyangiitis (MP), Wegener’s granulo-
matosis (WG), renal limited vasculitis, and Churg-Strauss 
syndrome. Pauci-immune glomerulonephritis is the classic 
histologic diagnosis accompanying all these conditions and 
allows them to be distinguished clearly from systemic lupus 
erythematosus, Goodpasture’s syndrome, and primary glo-
merulonephritides with crescentic pathology and rapidly 
progressive course, because in all these latter conditions, 
immune deposits are a major feature of the renal histology. 
Other diseases can also have vasculitic features such as 
Henoch-Schönlein purpura, essential cryoglobulinemia, 
rheumatoid arthritis, and Behçet’s syndrome, but are not 
considered further here. It is vital that all patients with rap-
idly progressive glomerulonephritis (RPGN) have a formal 
diagnosis confi rmed because the potential treatments and 
outcomes are very different in all these diseases. Most of the 
vasculitic diseases, especially those affecting the kidneys, are 
associated with the presence of circulating antineutrophil 
cytoplasm antibodies (ANCAs), and the generic term 
ANCA-associated vasculitis is often used. This can be help-
ful because there is a huge overlap between, for example, 
WG and MP, and the treatments may be similar, particularly 
in severe disease with renal involvement. This is less true for 
localized disease, although induction treatments remain 
very similar. In general, most patients with pauci-immune 
crescentic glomerulonephritis behave as if they have vascu-
litis, have serum ANCA, and are thus treated as a renal-
limited vasculitis. In all vasculitides, renal damage is irre-
versible without treatment and historically has led to 
signifi cant mortality and the need for renal replacement 
therapy. Immunosuppression has had a major impact and 

allows most patients to survive and recover renal function. 
Until recently, however, treatment recommendations were 
based on case series with all their inherent problems be-
cause of a paucity of controlled clinical trials. Fortunately, 
over the past 5 years, a series of high-quality randomized, 
controlled trials have been completed on which treatment 
decisions can now be based.

DIAGNOSIS

An accurate diagnosis in patients with RPGN is critically 
important because both the nature of the therapy and the 
response to treatment will be very different depending on 
the precise diagnosis. All patients presenting clinically with 
RPGN or evidence of vasculitis should have a renal biopsy 
and appropriate serologic investigations performed as a mat-
ter of urgency.1 Assays for anti–glomerular basement mem-
brane (GBM) antibodies, ANCAs, lupus serology, and com-
plement are particularly important, as well as measures of an 
acute-phase response. ANCAs should be assessed by indirect 
immunofl uorescence on ethanol-fi xed neutrophils with con-
fi rmation of the antigen specifi city by enzyme-linked im-
munosorbent assay against purifi ed proteinase 3 and myelo-
peroxidase. The renal biopsy sample should be carefully 
analyzed for the presence of segmental necrosis and for any 
immune deposits. Patients with pauci-immune glomerulo-
nephritis usually do have some deposition of complement 
C3 and immunoglobulin within the mesangium and along 
the capillary loops, and it is important to try to localize and 
quantitate the immune deposits to distinguish those patients 
with truly pauci-immune disease from those who may have 
underlying primary glomerulonephritis.2 There is now good 
evidence that in patients with vasculitis, the presence and 
proportion of normal glomeruli are an important predictor 
of renal outcome, in addition to both acute and chronic tu-
bulointerstitial damage.3 Increasing numbers of patients 
with crescentic nephritis are being recognized as having both 
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ANCAs and anti-GBM antibodies, so-called double-positive 
patients.4 The outcome in these patients is unclear, but in 
our experience may be poor and more like that seen with 
anti-GBM disease. Thus, all anti-GBM antibody-positive 
patients or those with linear immunoglobulin deposited 
along the GBM on renal biopsy should have ANCA assays 
performed because this might infl uence subsequent man-
agement.

CLINICAL TRIALS

The heterogeneity of crescentic glomerulonephritis con-
founded many early trials of therapy because studies in-
cluded patients with diseases as diverse as postinfectious 
nephritis, SLE, WG, and renal-limited vasculitis, and very 
few studies clearly separated patients into appropriate diag-
nostic groups. More recently, trials in vasculitis have been 
very specifi c about recruiting patients with clearly defi ned 
disease, usually based on ANCA serology. Trials in renal dis-
ease have generally included patients with ANCA-associated 
vasculitis regardless of the precise clinical diagnosis, whereas 
extrarenal studies have been careful to select patients usually 
with WG. Patients in such studies have been separated ac-
cording to the extent of disease (localized or generalized) 
and severity (organ threatening, life threatening) and based 
on therapy as initial (induction) or maintenance treatment. 
This has been extremely useful in allowing a better defi nition 
of the precise place for various therapies.

Historically, the outcome of patients with vasculitis was 
dramatically improved with the introduction of oral 
immunosuppression as induction therapy, particularly the 
addition of cyclophosphamide to corticosteroids, as de-
scribed by Fauci and colleagues5,6 and others,7,8 at the Na-
tional Institutes of Health for patients with WG. A similar 
regimen was subsequently applied to patients with MP7,9

and has become standard induction therapy for patients 
presenting with RPGN from renal vasculitis. Introduction 
of cytotoxic therapy allowed 75% of patients to achieve 
remission, and more than 85% to survive the acute illness, 
however at the cost of significant longer term morbidity 
including infections, bone marrow suppression, and can-
cer. Treatments used for therapy in vasculitis have evolved 
from oral and intravenous steroids, oral and intravenous 
cyclophosphamide, plasma exchange (PE), azathioprine, 
and methotrexate to mycophenolate mofetil (MMF), inflix-
imab, etanercept, rituximab, and deoxyspergualin, among 
others.10

We concentrate here on treatments supported by good 
evidence and briefl y discuss newer treatments as yet lacking 
controlled trials. A key feature of all recent trials has been to 
recognize the difference between induction of remission in 
patients presenting acutely, maintenance of remission after 
initial control of disease, and management of relapses, and 
between disease threatening vital organs and more localized 
disease, because the relative balance of risks and benefi ts and 
the need for intensive acute intervention are clearly different 
in the two circumstances. Most nephrologists see patients 
with more severe vasculitis with acute renal failure and 
RPGN, whereas rheumatologists often see patients with more 
localized and non–organ-threatening disease.

Induction Treatments
Plasma Exchange
The rationale for the use of PE in MP, WG, and pauci-
immune glomerulonephritis was initially based on the simi-
larity of the renal pathology to Goodpasture’s syndrome, 
namely severe focal necrotizing crescentic nephritis and the 
presumed immune complex etiology. The identifi cation of 
ANCAs in these conditions strengthens the rationale for 
the use of PE, although the precise role of the autoantibod -
ies in the pathogenesis of these diseases is not yet clearly 
defi ned. Six controlled trials of the value of PE in non–anti-
GBM RPGN have been performed.11–16 Glockner and colle-
agues11 could not demonstrate any additional benefi t of 
twice-weekly PE in 14 patients with crescentic RPGN com-
pared with 12 controls treated with oral prednisolone, cyclo-
phosphamide, and azathioprine. However, the patients in-
cluded in this study were a heterogeneous group, including 
those with WG, polyarteritis nodosa, systemic lupus erythe-
matosus, scleroderma, and idiopathic RPGN. Furthermore, 
patients with oliguria were excluded, and three patients in 
the control group were subsequently successfully treated 
with PE.

The Hammersmith Hospital controlled trial of PE only treated 
patients with WG, MP, or idiopathic RPGN, and randomized 
48 patients to conventional treatment with oral steroids, cyclo-
phosphamide, and azathioprine, either with or without intensive 
PE (at least fi ve exchanges in the fi rst 7 days).12 In this study, PE 
was of no additional benefi t in patients with moderate or severe 
renal disease who were not dialysis dependent at presentation. 
However, 10 of 11 dialysis-dependent patients receiving PE dis-
continued dialysis compared with only three of eight receiving 
oral immunosuppression alone. Although ANCAs were not rou-
tinely measured at that time, these patients fell into diagnostic 
categories now associated with ANCAs. Rifl e and Dechelette13

also showed a benefi t of PE in dialysis-dependent patients: 6 of 
8 patients receiving PE recovered renal function but none of six 
treated with drugs alone.

The Canadian Apheresis Study Group14 added PE to in-
duction therapy of intravenous methylprednisolone followed 
by oral prednisolone and azathioprine. This study excluded 
patients with systemic disease and included one patient with 
postinfectious RPGN in the PE group. There was no demon-
strable benefi t of PE in the non–dialysis-dependent patients. 
However, in dialysis-dependent patients, a nonsignifi cant 
trend in benefi t was evident: three of four patients receiving 
PE discontinued dialysis compared with two of seven in the 
control group. Zauner and colleagues15 prospectively ran-
domized 39 patients with non–anti-GBM crescentic nephri-
tis to receive PE in addition to standard immunosuppression 
(pulsed methylprednisolone, oral steroids, and oral cyclo-
phosphamide): 6 of 11 dialysis-dependent patients recovered 
renal function overall but with no difference in outcome 
between the two groups. Combining the results from these 
early controlled trials clearly demonstrates a signifi cant ben-
efi t of PE only in dialysis-dependent patients. In total, 25 of 
31 dialysis-dependent patients (81%) treated with PE had 
independent renal function at follow-up compared with 8 of 
25 (32%) treated with immunosuppressive drugs alone. A 
number of single-center cohort studies have shown very 
similar results for renal recovery with PE.
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The small size of these early trials and the combined out-
comes suggesting a benefi t from PE in patients with severe 
disease16 led the European vasculitis study group (EUVAS) to 
embark on the prospective, randomized, controlled MEPEX 
trial comparing the use of intravenous methylprednisolone (3 
g over 3 days) with PE (seven exchanges in 2 weeks) in 137 
patients with serum creatinine greater than 5.8 mg/dL and a 
new diagnosis of ANCA-associated systemic vasculitis.17 All 
patients received oral prednisolone and oral cyclophospha-
mide. At 3 months, 49% of patients treated with methylpred-
nisolone compared with 69% of those treated with PE were 
alive and independent of dialysis. PE was also associated with 
a signifi cantly decreased risk of progression to end-stage 
renal disease at 12 months (19% versus 43%). Complications 
and overall survival were identical.

The evidence now seems very strong that patients with 
ANCA-associated vasculitis and RPGN and a serum creati-
nine greater than 5.8 mg/dL have a signifi cantly better out-
come if treated with PE in addition to cyclophosphamide and 
oral steroids rather than the widely used alternative of intra-
venous steroids. This is not necessarily true of all the vasculi-
tides, for example, Churg-Strauss syndrome,18 or for patients 
with less severe ANCA-associated renal vasculitis (creatinine 
� 5.8 mg/dL). Patients with vasculitis and pulmonary hemor-
rhage have very high mortality rate and also seem to benefi t 
from PE regardless of the serum creatinine level, although 
there are no randomized trials in this setting.

Alternatives to PE have been investigated in some centers. 
Stegmayr and colleagues19 conducted a randomized, con-
trolled trial of PE versus protein A immunoadsorption in 
44 patients with RPGN and more than 50% crescents: 7 of 
10 dialysis-dependent patients discontinued dialysis, with no 
difference between the two antibody removal strategies.

Intravenous Methylprednisolone

Intravenous methylprednisolone has also been advocated for 
the initial therapy of crescentic glomerulonephritis. There has 
now been one controlled study in patients with severe renal 
failure (the MEPEX study) comparing intravenous methylpred-
nisolone with PE as induction therapy.17 As noted above, ste-
roids were signifi cantly less effective than PE, although half the 
patients treated with intravenous methylprednisolone were able 
to discontinue dialysis by 3 months. There have been no con-
trolled trials of oral versus intravenous steroids. Bolton and 
Sturgill20 reported good results in dialysis-dependent patients 
with pauci-immune RPGN or vasculitis (excluding WG), with 
14 of 19 dialysis-dependent patients treated with intravenous 
methylprednisolone coming off dialysis. However, this study 
used very large doses of methylprednisolone (30 mg/kg/day for 
3 days, maximum 3 g/day). Andrassy and colleagues21 also used 
intravenous methylprednisolone successfully at much lower 
doses (250 mg/day for 3 days), enabling 11 of 12 dialysis-
dependent patients with WG to recover renal function. In con-
trast, Garrett and colleagues22 reported improved renal function 
in only 7 of 17 (41%) patients with ANCA-associated RPGN 
treated with high-dose intravenous steroids.

Other Treatments for Induction of Remission

Patients with generalized disease but with serum creatinine less 
than 5.8 mg/dL are often labeled as having generalized organ-
threatening disease. These patients historically were treated 

with oral cyclophosphamide and oral or intravenous steroids, 
with remission rates between 7% and 100%. However, it 
became clear that treatment-related morbidity was a signifi -
cant issue, and over the past decade, trials have focused on 
identifying less toxic regimens.

Intravenous cyclophosphamide has been tested in several tri-
als in place of oral cyclophosphamide, in view of the successful 
use of this treatment modality in patients with severe systemic 
lupus erythematosus.23–25 There are now 10 non-randomized 
cohort studies and three randomized trials suggesting equal ef-
fi cacy of the intravenous route but a lower cumulative dose and 
thus less likelihood of toxicity, especially infections.10 A meta-
analysis in 200126 confi rmed a lower infection rate but also sug-
gested an increased risk of relapse in patients treated intrave-
nously, probably also because of the lower cumulative dose. The 
EUVAS group therefore conducted a prospective, randomized, 
controlled trial in 160 patients with ANCA-associated vasculitis 
and serum creatinine less than 5.8 mg/dL comparing oral cyclo-
phosphamide 2 mg/kg/day with intravenous pulses 15 mg/kg 
every 2 weeks for 6 weeks, and then every 3 weeks for a further 
seven pulses (CYCLOPS study). Preliminary results suggest both 
treatments were equally effi cacious, and as yet no differences in 
outcomes have emerged.

Intravenous cyclophosphamide may be less effi cacious in 
successfully limiting severe renal infl ammation.25,27 Guillevin 
and colleagues25 and Haubitz and colleagues27 both reported 
an inferior rate of recovery from dialysis dependence in pa-
tients treated with intravenous cyclophosphamide compared 
with the response to oral therapy, and Aaserod and col-
leagues28 demonstrated an increased relapse rate in more 
than 108 patients treated with intravenous compared with 
oral cyclophosphamide.

Cotrimoxazole alone may be able to induce remission in 
patients with WG localized to the upper airways. Two small 
nonrandomized studies have shown signifi cant benefi ts,29,30

with the majority of patients attaining remission. Cotrimoxa-
zole is well tolerated with few adverse effects. Nephrologists 
will see very few patients with such limited disease.

Methotrexate has been used in place of cyclophospha-
mide in a number of patients with WG but without severe 
crescentic nephritis because methotrexate should be avoided 
in renal failure.31,32 Three small uncontrolled studies achieved 
remission rates of as high as 75%, but with high relapse rates 
(as high as 57%) and signifi cant toxicity.10 Most recently, a 
EUVAS randomized, prospective, controlled trial included 
95 patients with generalized non–organ-threatening disease 
and minimal renal involvement treated with weekly oral 
methotrexate (�25 mg/wk) compared with cyclophospha-
mide, in addition to oral steroids.33 Complete remissions 
were achieved in 90% and 94% of patients with methotrex-
ate and cyclophosphamide, respectively (not signifi cant), 
although patients were slower to achieve remission when 
treated with methotrexate. Toxicity was no different between 
the two groups. Relapses were very common, probably 
because all treatments were stopped at 12 months, and 
occurred in 69% of those treated with methotrexate and 
42% of those receiving cyclophosphamide. Methotrexate, 
therefore, is certainly an alternative to cyclophosphamide in 
this setting, especially if patients do not have rapidly pro-
gressing disease. It is likely to have less long-term toxicity, 
but needs to be continued for more than 1 year.
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Most recently, patients have been treated with tumor 
necrosis factor–blocking agents. A pilot study of infl iximab 
in patients with acute disease (including those with renal 
involvement, but serum creatinine � 5.8 mg/dL) showed 
signifi cant benefi t in inducing remission (88% of patients), 
although there was concern over the risk of infections.34

These results were not replicated in a larger trial of the al-
ternative tumor necrosis factor blocker etanercept, which 
was studied in a prospective, randomized, controlled trial of 
181 patients with WG without major renal involvement.35

Patients were randomized to receive etanercept in addition 
to either cyclophosphamide or methotrexate and steroids. 
Seventy percent of patients achieved remission, with no 
benefi t from etanercept, and relapse rates were very high 
(�50%) regardless of the use of etanercept. Patients in this 
study had their baseline immunosuppression (steroids) de-
creased rapidly, and most came off immunosuppressive 
drugs completely over the fi rst year, despite being at high 
risk of relapse. There was also a concern over the possibility 
of an increased risk of cancer in patients receiving etaner-
cept in this study.

A handful of cases of severe crescentic nephritis respond-
ing to cyclosporine have also been reported.36,37 The use of 
intravenous immunoglobulin (IVIG) appears to be more suc-
cessful. Jayne and Lockwood38 treated 26 patients with WG, 
MP, and rheumatoid vasculitis in whom disease was refractory 
to conventional steroid and cytotoxic therapy. IVIG was given 
as Sandoglobulin at a total dose of 2 g/kg over 5 days. By 
2 months, 50% of the patients had achieved a full remission, 
and the remainder had a partial remission of their disease. 
After 1 year of follow-up, 19 of 26 patients were still in remis-
sion and one patient had died of overwhelming sepsis. How-
ever, most of these patients were still on oral cyclophospha-
mide or azathioprine and oral prednisolone. A subsequent 
randomized, controlled trial of IVIG (2 g/kg total dose) in 
34 patients with ANCA-associated vasculitis demonstrated 
modest treatment responses (14 of 17 patients improved com-
pared with 6 of 17 placebo treated).39 Benefi t was not main-
tained in the long term, and a reversible increase in serum 
creatinine was a common complication. Richter and col-
leagues40 reported much less promising results in nine 
patients with ANCA-associated vasculitis who had responded 
incompletely to conventional therapy. No patient achieved a 
complete remission with IVIG. The major concern regarding 
the use of IVIG has been the frequent (usually reversible) de-
terioration in renal function in patients with an initial creati-
nine greater than 200 �mol/L.41 Such nephrotoxicity and 
questionable effi cacy make it diffi cult to justify the use of 
IVIG as preferred treatment in patients with severe crescentic 
nephritis. This contrasts with the successful use of IVIG in 
another vasculitis, Kawasaki disease.

Mycophenolate has been used to treat patients with a variety 
of immune-mediated nephritides, usually for chronic disease. 
Stassen and colleagues42 used MMF for induction of remission 
in 32 patients with active WG who could not be treated with 
cyclophosphamide for various reasons. Mycophenolate was used 
at 1000 mg twice daily together with oral steroids at 1 mg/kg/day. 
Seventy-eight percent of patients achieved complete remission, 
19% a partial remission, and only one patient did not respond; 
however, more than 60% had a subsequent relapse. Relapses 
occurred in patients with complete and partial remissions 6 to 
14 months after starting treatment. Adverse effects included 

leukopenia, anemia, abdominal pain, and diarrhea and were 
usually dose related.

Rituximab (an anti-CD20 antibody that eliminates B lym-
phocytes) has been investigated in a very small number of pa-
tients with vasculitis and appears promising.43 Retreatment 
may be needed as B cells reconstitute after 6 to 9 months, and 
a randomized trial comparing rituximab with cyclophospha-
mide for induction (RAVE) is in progress. Deoxyspergualin has 
also been reported to be benefi cial in small numbers of pa-
tients, but has to be given as a daily subcutaneous injection and 
causes predictable transient leukopenia.44

Maintenance Therapy
Long-term maintenance therapy is usually required for cres-
centic nephritis associated with ANCAs. As many as 50% of 
patients will have a relapse with systemic or local disease.9 In 
the Hammersmith series, use of long-term maintenance ther-
apy and tailoring treatment according to ANCA status have 
decreased the relapse rate at 5 years from 53% to 22%.9 The 
majority of patients in this series were still taking a cytotoxic 
agent in the third year, usually azathioprine. Some recent trials 
have stopped all immunosuppression by 12 months, for ex-
ample, the Wegener’s Granulomatosis Etanercept Trial of etan-
ercept in WG35 and the EUVAS trial of methotrexate and cyclo-
phosphamide in nonrenal WG,33 and relapses occurred in 
more than 50% of patients within the next year, mostly in the 
fi rst 6 months after cessation of immunosuppression. Relapses 
are not trivial, can be life and organ threatening, and expose 
patients to signifi cantly more immunosuppression with in-
creased treatment-related toxicity. Long-term immunosup-
pression is therefore crucial, but the precise duration of treat-
ment remains uncertain, and although we have some evidence 
now about best drugs for maintenance therapy, the place for 
newer immunosuppressive agents is unclear (Table 17-1).

Cyclophosphamide and Azathioprine

The long-term use of cyclophosphamide has been associated 
with signifi cant adverse effects,45 whereas azathioprine is usu-
ally well tolerated with a reduced risk of hematologic or uro-
thelial malignancy. The CYCAZAREM randomized, controlled 
trial in 144 patients with ANCA-associated vasculitis and re-
nal disease (serum creatinine � 5.8 mg/dL) clearly demon-
strated that 3 months of cyclophosphamide followed by a 
switch to oral azathioprine was as effective as cyclophospha-
mide continued for 9 months after induction of remission.46

Relapse rates (15.5% and 13.7%, respectively), mortality rates, 
and end-stage renal disease were identical in both arms of the 
study, and there was a trend toward less severe complications 
in patients receiving azathioprine as long-term maintenance 
therapy. There should therefore no longer be a place for the 
routine use of long-term cyclophosphamide as maintenance 
therapy in ANCA-associated RPGN, with the exception of 
rare patients who are truly cyclophosphamide dependent and 
have a relapse after switching to all other agents.

Other Agents

In patients taking azathioprine who have a relapse or who are 
intolerant of it, the use of methotrexate or MMF as mainte-
nance therapy may be considered. Mycophenolate is a more 
potent immunosuppressive agent than azathioprine and may 
therefore be more effective than azathioprine in the mainte-
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nance of remission in systemic vasculitis. Data are, however, 
currently confl icting. In a pilot study of 11 patients with WG 
or MP,47 MMF after standard induction therapy was effective 
in maintenance of remission in almost all patients. In con-
trast, in a second study of 14 patients with WG who had been 
treated with daily cyclophosphamide and steroids to induce 
remission,48 MMF was well tolerated but relapses occurred in 
43% of cases. An ongoing EUVAS trial is randomizing patients 
to either azathioprine or MMF after remission induction. 
Methotrexate may also be used effectively to maintain remis-
sion in patients with nonrenal disease initially treated by cor-
ticosteroids and cyclophosphamide. This immunosuppressive 
protocol is attractive because it combines the effi cacy of cyclo-
phosphamide in inducing remission together with methotrex-
ate as a drug with a more favorable long-term toxicity profi le. 
Langford and colleagues49 reported on 31 patients treated in 
this way who achieved a relapse rate of only 16% at 2 years.

Cyclosporine and deoxyspergualin are also agents that could, 
in theory, provide useful maintenance immunosuppression; 
however, data are limited to small uncontrolled case series. 

Refractory disease has also been treated with anti–T-lymphocyte 
antibodies. Lockwood and colleagues50 used a combination of 
two humanized monoclonal antibodies, Campath 1H directed 
against CDw52 and an anti-CD4 antibody, in four patients and 
achieved a sustained remission in three. Antithymocyte globulin 
has also achieved a favorable response in a few patients with re-
fractory WG, but, again, relapses were common. In view of the 
probable importance of ANCAs in the pathogenesis of vasculitis, 
semi-specifi c removal of these antibodies has been attempted 
using l-tryptophan immunoadsorption51 and, more specifi cally, 
with myeloperoxidase-bound immunosorbent columns to re-
move antimyeloperoxidase ANCAs.52 Therapy against tumor 
necrosis factor using infl iximab showed promise in the treat-
ment of chronic disease in a small prospective pilot study of 
16 patients, with most patients achieving remission despite 
chronic active disease.34 Lefl unomide has been studied in both 
pilot studies and a randomized trial compared with methotrex-
ate. Unfortunately, this trial was stopped early as a result of high 
relapse rates in the methotrexate arm. Lefl unomide seemed ef-
fective at controlling vasculitis, but toxicity was a signifi cant 

Table 17-1 Drugs Commonly Used in Systemic Vasculitis

Drug Doses Used Duration of Use Adverse Effects

Methylprednisolone
and oral predniso-
lone

15 mg/kg IV, maximum 
dose 1 g/day 
1 mg/kg/day PO, 
maximum 60 mg

Intravenous given for 3 days; 
oral continued for at least 
1 yr, usually longer, but with 
decrease in dose; 20 mg by 
6 wk, and 10 mg by 6 mo

Infections, hyperglycemia, edema, 
osteonecrosis, peptic ulcer, 
psychosis, depression, hyperten-
sion, osteoporosis, myopathy, 
weight gain, bruising

Cyclophosphamide
(Cytoxan) (IV)

15 mg/kg every 2 wk �3, 
then every 3 wk. Alter-
natively, 0.5 g/m2, max-
imum 1 g/m2; decrease 
dose in elderly and if 
GFR � 50 mL/min

12–25 wk Infections, leukopenia, thrombo-
cytopenia, bone marrow sup-
pression, hemorrhagic cystitis, 
carcinoma of the bladder lym-
phoma, sterility, amenorrhea

Cyclophosphamide
(PO)

2 mg/kg/day, reduced to 
1.5 mg/kg/day in 
elderly and decreased 
GFR

3–6 mo Infections, leukopenia, thrombo-
cytopenia, bone marrow sup-
pression, carcinoma of the 
bladder, lymphoma, sterility, 
amenorrhea

Azathioprine (lmuran) 2 mg/kg/day At least 9 mo after induction, 
but often up to 5 yr

Hypersensitivity, leukopenia, 
bone marrow suppression, 
myelodysplasia, malignancies, 
hepatic dysfunction, pancreati-
tis; levels of thiopurine methyl-
transferase should ideally be 
checked before use

Methotrexate 10–25 mg once weekly At least 12 mo, possibly 
longer

Leukopenia, bone marrow 
suppression, hepatic dysfunc-
tion, rashes, lung toxicity

Mycophenolate mofetil 500 mg bid–1.5 g bid At least 12 mo Leukopenia, anemia, gastrointes-
tinal disturabance especially 
diarhhea, infections, malig-
nancies (in combination with 
other immunosuppressants)

GFR, glomerular fi ltration rate.
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problem (neuropathy, leukopenia, hypertension). Finally, at least 
two patients with severe disease have received immunoablation 
with autologous bone marrow stem-cell transplantation, both 
of whom were apparently well 6 months after the procedure. 
Cotrimoxazole has also been used in maintenance therapy and 
shown to reduce the risk of relapse signifi cantly, especially in 
WG and especially in patients with extrarenal disease.

In view of the potential toxicity of immunosuppressive 
therapy and uncertainty over duration of treatment needed, 
there would clearly be benefi t in identifying patients at higher 
risk of relapse because this might allow targeting of long-term 
therapy. There is some evidence that patients with persistent 
ANCA titers and those with anti–proteinase 3 as opposed to 
myeloperoxidase antibodies have an increased risk of relapse, 
and patients with a substantial increase in ANCA titers may 
also be more likely to have a relapse over the coming weeks.53

Interrogation of immunologic tests can therefore provide 
some help in guiding maintenance therapy.

Outcome
Crescentic ANCA-positive vasculitis causing RPGN should be 
controlled with conventional prednisone and cyclophospha-
mide therapy in more than 70% of patients.9 Levy and 
Winearls54 reported patient survival rates at 1 and 3 years of 
86.3% in 31 patients with crescentic glomerulonephritis (of 
various etiologies) and an overall renal survival rate of 78%. 
Of these 31 patients, 20 were dialysis dependent at presenta-
tion. In the Hammersmith series of 73 patients with WG or 
MP and an initial creatinine value greater than 500 �mol/L
(�5.8 mg/dL) who were treated with oral steroids, cyclophos-
phamide, and PE, 73% were alive with improved renal func-
tion 2 months after presentation.9 Stegmayr and colleagues19

treated patients with severe renal failure and RPGN in a simi-
lar fashion (with PE or immunoadsorption) and were able to 
show that 70% came off dialysis. Gordon and colleagues55 re-
ported 82% survival at 3 months in 150 patients with small-
vessel vasculitis treated with steroids and oral or intravenous 
cyclophosphamide, whereas Aaserod and colleagues28 showed 
74% and 75% patient and renal survival at 5 years, respec-
tively, with 55% patients coming off dialysis. In the MEPEX 
trial of severe ANCA-associated renal disease,17 70% of pa-
tients treated with PE were alive and off dialysis at 3 months. 
Renal recovery usually occurs within 1 month but can be de-
layed substantially after the initiation of therapy (as long as 
6 months). In the CYCAZAREM trial, most patients were in 
remission by 3 months,46 but a further 16% achieved remis-
sion between 3 and 6 months after starting treatment with 
cyclophosphamide. In this study, the relapse rate was approxi-
mately 15% at 18 months; 85% of patients therefore were free 
of disease activity at this point. In contrast, the randomized 
trial of methotrexate and cyclophosphamide in nonrenal 
vasculitis withdrew all therapy by 12 months, and relapses 
occurred in more than 50% of patients.

Patients with extensive interstitial damage found on their 
initial renal biopsy sample, marked glomerulosclerosis, or a 
long history of untreated disease may respond to initial induc-
tion therapy but subsequently have declining renal function 
and ultimately require renal replacement therapy.3,15,56,57 In-
creasing age and lack of normal glomeruli on renal biopsy have 
also been associated with a worse outcome.3 Patients who 

achieve a serum creatinine of less than 200 �mol/L (2.3 mg/dL) 
are subsequently much less likely to require renal support. 
Patients who suffer relapses of disease with further renal dam-
age are at risk of long-term renal failure, hence, the need to 
prevent relapses and maintain prolonged remission.

SPECIFIC RECOMMENDATIONS 
FOR TREATMENT

It is critically important that a specifi c diagnosis is made in all 
patients with clinical presentation with RPGN and a renal bi-
opsy sample showing light microscopic changes of crescentic 
glomerulonephritis. It also helpful to establish ANCA specifi c-
ity and the spectrum of organ and vascular bed involvement. 
For example, the recommended treatment regimen will vary 
considerably between a patient with anti-GBM disease present-
ing on dialysis (see Chapter 18) and a patient with MP present-
ing similarly, and long-term therapy may differ between a pa-
tient with WG and anti–proteinase 3 ANCA and one with MP 
and a myeloperoxidase ANCA that has become undetectable. 
However, it is also important to recognize that as many as 10% 
of patients with pauci-immune crescentic glomerulonephritis 
will have a negative test for ANCAs and should be treated in the 
same way as those with ANCA-positive systemic vasculitis be-
cause they have the same renal prognosis.

We recommend that ANCA-positive patients presenting with 
a creatinine value less than 5.8 mg/dL should be treated with oral 
prednisolone (1 mg/kg/day, 60 mg maximum dose) and intrave-
nous cyclophosphamide (15 mg/kg, 1.2 g maximum dose) every 
2 weeks for the fi rst three infusions and subsequently every 
3 weeks for seven further pulses, with a dose decrease in those 
older than 60 years old and those with a GFR less than 50 
mL/min. White blood cell counts should be measured 10 to 
14 days after each cyclophosphamide dose, and the dose should 
be decreased if the white blood cell count has decreased to less 
than 3 � 109/L. Oral cyclophosphamide is a reasonable alterna-
tive and is given at 2 mg/kg/day (150 mg maximum) for 
3 months, unless disease is not controlled (6 months maxi-
mum), but may be associated with a higher risk of infections. We 
do not routinely use intravenous methylprednisolone but many 
centers do, and no trials have addressed this. Oral steroids should 
be decreased slowly so that patients are on 20 mg/day by ap-
proximately 3 months. All patients should receive prophylactic 
cotrimoxazole 960 mg three times per week, oral antifungals 
while on cyclophosphamide or high-dose steroids, omeprazole 
(or alternative) and alendronate, calcium supplements, and vita-
min D as bone prophylaxis during steroid therapy.

Patients who present with a creatinine value greater than 
5.8 mg/dL or who are dialysis dependent should receive urgent 
PE using human albumin solution (see Chapter 12) in addition 
to prednisone and cyclophosphamide. Fresh frozen plasma 
should be added to the replacement fl uids within 3 days of renal 
biopsy or in the presence of bleeding. PE should be repeated 
frequently and regularly to provide at least seven 4-L exchanges 
within the fi rst 2 weeks. If PE is unavailable or delayed in such 
cases, treatment should begin with intravenous methylpredniso-
lone (15 mg/kg/day, 1 g/day maximum), which should be given 
for three consecutive days; however, this is not an optimal sub-
stitute for PE. All patients with pulmonary hemorrhage should 
receive PE as well as prednisolone and cyclophosphamide as 
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described previously. Some physicians prefer oral cyclophospha-
mide in this context based on the MEPEX trial.

Patients with minimal renal involvement can be treated 
with methotrexate either from induction of therapy or after 
initial treatment with cyclophosphamide, but response is 
slower, and treatment certainly needs to be continued for 
more than 18 months.

Beginning 1 week after initiation of therapy, oral predniso-
lone should be slowly decreased so that patients are receiving 
20 mg by 6 weeks and 10 mg by 5 to 6 months after the initial 
diagnosis. Cyclophosphamide should only be used for 3 months 
in most patients and subsequently changed to oral azathioprine 
(2 mg/kg/day) (as shown by the Cycazarem trial47). Renal func-
tion, urine sediment, and white blood cell count should be 
closely monitored, as should infl ammatory markers and 
ANCAs. In our view, treatment should be continued for at least 
2 years, and longer if there has been any evidence of disease re-
lapse, high titer serum ANCA, or persistent proteinase 3 ANCA. 
Early cessation of treatment leads to higher relapse rates. In pa-
tients with myeloperoxidase ANCA and well-controlled disease, 
some physicians would attempt earlier withdrawal of therapy.

Patients with resistant disease can be treated with MMF, 
IVIG, rituximab, infl iximab, lefl unomide, or deoxyspergualin in 
centers with experience with these agents. Relapses can be 
treated in the same way as induction therapy; however, many 
centers try to avoid large cumulative cyclophosphamide doses 
and may use alternative agents. However, severe renal relapses 
usually do require aggressive induction therapy to prevent ir-
reversible damage. Harder to treat is low-grade chronic grum-
bling disease, and in this setting, MMF, infl iximab, rituximab, 
and methotrexate may all be useful.

RECURRENCE AFTER TRANSPLANTATION

Despite optimal therapy, approximately 20% of patients 
with renal vasculitis will develop end-stage kidney failure.58

In such cases, kidney transplantation has been shown to be 
an effective treatment option using standard antirejection 
protocols (reviewed in Schmitt and van der Woude58); how-
ever, approximately 17% of patients will experience a relapse 
of renal or extrarenal vasculitis.59 Such relapses are generally 
responsive to treatment with cyclophosphamide, and recent 
studies have reported excellent 5-year patient and graft sur-
vival.60 Importantly, ANCA titers at the time of transplanta-
tion do not appear to predict the likelihood of relapse.58–60

Thus, in patients with advanced renal failure and extensive 
scarring found on the renal biopsy sample with little or no 
clinical or histologic activity, reduction or withdrawal of 
cytotoxic therapy should be considered in preparation for 
transplantation. Immunosuppression should not be stopped 
if there is any evidence of extrarenal disease activity (Boxes 
17-1 and 17-2).

FUTURE DIRECTIONS

Over the past 5 years the treatment of vasculitis has been 
dramatically improved by the completion of multicenter, 
prospective, randomized, controlled trials that have been 
adequately powered to answer important questions. Such tri-
als will continue and will test the use of rituximab, MMF, 
monoclonal antibodies directed against T-cell and endothe-
lial antigens, proinfl ammatory cytokines, etc., many of which 
have been shown to be effective in animal models. As the 
molecular mechanisms involved in crescentic glomerulone-
phritis are dissected, it will be possible to design more specifi c 
forms of immunotherapy, such as analogue peptides involved 
in the major histocompatibility complex–T-cell receptor tri-
molecular complex. Minimizing toxicity while retaining 
treatment potency is a major aim of new therapies as well as 
reducing relapse rates. Whether this will be achievable re-
mains to be seen.

Box 17-1 Treatment Algorithm for Acute Vasculitis with Renal Involvement (Creatinine � 5.8 mg/dL)

PR3 ANCA, anti–proteinase 3 antineutrophil cytoplasm antibody.

Induction
Cyclophosphamide, 15 mg/kg IV (every 2 wk for 3 doses, 

then every 3 wk). Alternatively, 2 mg/kg/day PO.
Prednisolone 1 mg/kg/day PO (maximum 60 mg); de-

crease to 45 mg after 1 wk, then 30 mg, then more slowly 
(at 2-wk intervals)

Methylprednisolone 500 mg–1 g IV for 3 days is used in 
some units

Prophylactic cotrimoxazole 960 mg PO 3 times per week; 
omeprazole, oral nystatin, weekly alendronate, calcium, 
and vitamin D

Maintenance
Azathioprine 2 mg/kg/day PO; after 3 mo, oral cyclo-

phosphamide if in full remission. If disease activity not 
fully controlled or PR3 ANCA remains positive, may 
need 6 mo of oral cyclophosphamide before switching. 
Continue for at least 18 mo and usually much longer. If 
using IV cyclophosphamide, switch to oral azathioprine 
after 10 pulses.

Patients intolerant of azathioprine can use mycophenolate 
mofetil 1–3 g/day or methotrexate (titrated up to 25 mg 
once weekly) if renal function good (creatinine, 1.7 
g/dL).

Oral prednisolone continued; 20 mg by 3 mo and 10 mg 
by 6 mo; continue 5–10 mg for at least 1 yr.

Prophylactic oral cotrimoxazole continued in Wegener’s 
granulomatosis only; omeprazole, calcium, and vita-
min D
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(Creatinine � 5.8 mg/dL) or Patients with Pulmonary 
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PR3 ANCA, anti–proteinase 3 antineutrophil cytoplasm anti-
body.

Induction
Plasma exchange 4 L for human albumin solution 5%, at 

least 7 exchanges in 2 weeks. Use fresh plasma if 
ongoing pulmonary hemorrhage, recent surgery, or 
within 3 days of renal biopsy

If plasma exchange not available, methylprednisolone 
500 mg–1 g for 3 days

Cyclophosphamide 2 mg/kg/day PO or 15 mg/kg 
IV (every 2 weeks for 3 doses, then every 3 weeks)

Prednisolone 1 mg/kg/day; decrease to 45 mg after 
1 week, then 30 mg, then more slowly (at 2-week 
intervals)

Prophylactic cotrimoxazole 960 mg PO 3 times weekly, 
omeprazole, oral nystatin, weekly alendronate, cal-
cium, and vitamin D

Maintenance
Azathioprine 2 mg/kg/day PO; after 3 months, oral 

cyclophosphamide if in full remission. If disease activ-
ity not fully controlled or PR3 ANCA remains positive, 
may need 6 months of oral cyclophosphamide before 
switching. Continue for at least 18 months and usually 
much longer. If using IV cyclophosphamide, switch to 
oral azathioprine after 10 pulses.

Patients intolerant of azathioprine can use mycopheno-
late mofetil 1–3 g/day

Oral prednisolone continued; 20 mg by 3 mo and 
10 mg by 6 mo; continue 5–10 mg for at least 1 yr.

Oral prednisolone continued; should be on 20 mg by 
3 months and 10 mg by 6 months; continue 5–10 mg 
for at least 1 year

Prophylactic oral cotrimoxazole continued in Wegener’s 
granulomatosis only; omeprazole, calcium, and 
vitamin D
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BACKGROUND

Goodpasture’s syndrome, or antiglomerular basement mem-
brane (anti-GBM) disease, is an uncommon but usually severe 
disease caused by autoimmunity to a component of certain 
basement membranes, now identifi ed as NC1 domain of the 
�3 chain of type IV collagen (�3[IV]NC1). Autoantibodies 
with specifi city for �3(IV)NC1 (usually simply referred to as 
anti-GBM antibodies) have generally been used to defi ne the 
disorder, although conventional assays for them are negative 
in rare patients.1 Anti-GBM antibodies had been used for 
nearly 100 years to induce experimental nephritis before the 
human disease was identifi ed, and Goodpasture’s syndrome 
remains one of the few types of human nephritis in which 
there is considerable understanding of the mechanisms lead-
ing to renal injury. It was also the fi rst type of infl ammatory 
glomerulonephritis for which rational rather than empirically 
based treatment was developed and shown to be effective. 
This was a landmark because similar therapy was then applied 
to other types of rapidly progressive glomerulonephritis 
(RPGN) in which it was often even more effective. Goodpas-
ture’s syndrome and its pathogenesis have been reviewed in 
detail by Turner and Rees.2

Clinical and Pathologic Features
Ernest Goodpasture reported a single patient with lung hem-
orrhage and RPGN in 1919. In retrospect, his patient, like 
most with this syndrome, probably had systemic vasculitis. 
Surveys carried out since the introduction of assays for anti-
neutrophil cytoplasm antibodies (ANCAs) have shown that 
the various types of systemic vasculitis account for about two 
thirds of cases of lung hemorrhage with RPGN, whereas 
Goodpasture’s syndrome with anti-GBM antibodies accounts 
for most of the remaining third.

Typical patients present with fulminant disease of short du-
ration, although minor symptoms, particularly of lung disease, 
may have been present for weeks or occasionally much longer. 
The phenomenon of a sudden crescendo in disease intensity is 
common, and it is often only when this occurs that the disease 
is diagnosed. In such patients, the time window in which treat-
ment can salvage renal function, or even life, is short, and rapid 
diagnosis and treatment are essential if this is to be achieved.

As well as the classic presentation of Goodpasture’s syn-
drome, patients may present with renal disease alone or with 
pulmonary disease alone. As the symptoms of minor renal dis-
ease are nonspecifi c, it is common for presentation with iso-
lated renal disease to be late. Lung hemorrhage, conversely, may 
cause hemoptysis at a relatively early stage, and patients will 
often seek medical attention at a time when signs of renal in-
volvement may be minimal, although at least microscopic he-
maturia is usually present. This is important because anti-GBM 
assays are more likely to be negative in patients with isolated 
pulmonary disease.3 Hemoptysis is a poor guide to the severity 
of pulmonary hemorrhage, and patients may become hypoxic 
and anemic (typically an iron defi ciency anemia if hemorrhage 
has been occurring for some time) in the absence of gross he-
moptysis. Occasionally patients present with subacute renal 
disease, leading to nephrotic syndrome with hematuria and 
variable renal impairment. Very mild or rapidly progressive re-
nal disease is much more common. This clinical description 
was originally based on studies of patients of European Cauca-
soid descent, but recent large series from China confi rm that 
patients from there have similar clinical features.4

Pathologically, the renal disease is of varying severity, but 
characteristically the glomerular crescents appear to be of a 
similar age. Even when the diagnosis appears to be obvious, 
renal biopsy is important for prognostic reasons and thus for 
guiding therapy. In the lung, the appearance is one of alveolar 
hemorrhage without specifi c features.
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Diagnosis
Diagnosis rests on the demonstration of anti-GBM antibodies, 
either fi xed to basement membranes of affected organs or in the 
circulation. Because systemic vasculitis may have a similar clini-
cal picture and even overlap with Goodpasture’s syndrome, 
measurement of ANCAs is essential whenever the diagnosis is 
contemplated. The most sensitive technique for detection of 
antibodies is direct immunohistologic examination of a renal 
biopsy sample. Although linear fi xation of immunoglobulin is 
described in a number of other circumstances, the concurrence 
of linear antibody fi xation and crescentic nephritis occurs only 
in Goodpasture’s syndrome or in systemic vasculitis associated 
with Goodpasture autoantibodies.2 However, there are two cir-
cumstances in which renal biopsy samples from patients with 
Goodpasture’s syndrome may fail to show linear deposition 
of immunoglobulin: fi rst, on rare occasions when the intensity 
of glomerular injury is so severe that the GBM is completely 
destroyed, and second, in reports of exceptional patients whose 
initial renal biopsy specimen shows crescentic glomerulonephri-
tis without linear staining who subsequently develop typical 
Goodpasture’s syndrome with circulating anti-GBM antibody 
linear deposition of IgG.1,3 Direct immunohistology of lung 
biopsy samples is less reliable because antibody binding may 
be patchy.

Immunoassays for circulating anti-GBM antibodies are 
valuable, but their reliability varies.5 High titers of antibodies 
are usually found in patients with fulminant or rapidly pro-
gressive disease, and false-negative results should, in these 
circumstances, be very uncommon. False positives are occa-
sionally found, according to the quality of the antigen used as 
the ligand. False-negative results are most likely in patients 
with relatively low antibody titers. These are typically those 
with isolated lung disease or minor or slowly progressive renal 
disease. False-negative results may also be encountered in the 
post-transplantation anti-GBM disease that occurs in some 
patients with Alport’s syndrome, even in the presence of fl orid 
disease. This is because anti-GBM antibodies in this setting 
are alloantibodies directed against the NC1 domain of the �5
collagen chain that is mutated in Alport’s syndrome rather 
than because the �3(IV)NC1 that is targeted by the autoanti-
bodies is Goodpasture’s syndrome6,7 (described later).

As many as one third of patients who present with anti-
GBM antibodies also have positive assays for ANCAs, usually 
but not always perinuclear ANCA with specifi city for myelo-
peroxidase.4,8 Some of these have clear evidence of small-
vessel vasculitis or pulmonary hemorrhage, whereas many do 
not. The implications for clinical management of double 
positivity are discussed later.

Basis of Lung Hemorrhage
Lung hemorrhage occurs in approximately 50% of patients at 
some stage, but, unlike renal injury, its severity and incidence 
correlate poorly with antibody titers. There is clear evidence 
from epidemiologic and anecdotal observations and from ani-
mal models that local injury to the lung has a powerful infl uence 
on whether pulmonary hemorrhage occurs, and this is likely to 
account for these observations. Several surveys have confi rmed a 
close association of lung hemorrhage with cigarette smoking. 
Anecdotally, other inhaled substances, notably gasoline and 
other volatile organic compounds, also appear to precipitate 

pulmonary hemorrhage. Pulmonary or other infection and vol-
ume overload have also been associated with lung hemorrhage.

Circulating anti-GBM antibodies have direct access to the 
GBM through the fenestrae in the endothelium of glomerular 
capillaries. Alveolar capillaries are not fenestrated, and in ex-
perimental animals, anti-GBM antibodies that are normally 
excluded from the alveolar basement membrane gain access to 
it after lung injury induced by gasoline, oxygen toxicity, or the 
cytokines interferon alfa and interleukin-2.2

Measurement of the transfer factor corrected for the pa-
tient’s lung volume and hemoglobin (kCO) can be useful for 
detecting the occurrence of subclinical pulmonary hemor-
rhage and is most useful if related to an initial value.

Alport Post-transplantation 
Antiglomerular Basement 
Membrane Disease
Renal transplantation in Alport’s syndrome is generally suc-
cessful, and the overall graft survival rate is at least as good as 
for other patients. However, as many as 5% may develop cres-
centic nephritis in the allograft with linear binding of immu-
noglobulin to the GBM.9 In the majority of cases, the graft is 
lost, and retransplantation has been unsuccessful. Typically, 
the disease develops some months after a fi rst or second al-
lograft and is recognized late, at a stage when the glomeruli 
have already been destroyed. In subsequent allografts, the 
disease develops within weeks or even days, and progresses 
much more rapidly. A few patients have shown less aggressive 
disease and retained their allografts in these circumstances.10

Disease is limited to the donor organ.
Most patients with Alport’s syndrome lack the network of 

tissue-specifi c type IV collagen chains (�3/�4/�5) that make 
up the collagen framework of normal GBM. They are replaced 
by �1/�2 chain type IV collagen, the isoforms that form the 
collagen component of most basement membranes in the 
body. This seems to be inadequate for long-term structural 
stability in the GBM, or the cochlea, although Alport lungs do 
not seem to suffer from the absence of �3/�4/�5 from the 
alveolar basement membrane. Antibodies in Alport anti-GBM 
disease are therefore directed toward components of the 
donor GBM that are missing from their own basement mem-
branes, and are therefore allo- rather than autoantibodies. 
Most cases of Alport’s syndrome can be attributed to muta-
tions of the gene encoding the �5 chain of type IV collagen, 
located on the X chromosome, and our work shows that the 
usual target of alloantibodies in Alport anti-GBM disease is 
the NC1 domain of �5 chain type IV collagen.6 This is distinct 
from the Goodpasture antigen, which is carried on the 70% 
homologous NC1 domain of the �3 chain of type IV collagen, 
and explains why immunoassays optimized to detect the auto-
antibodies of spontaneous Goodpasture’s syndrome may fail 
to detect the alloantibodies of Alport anti-GBM disease.7

RATIONALE AND RESULTS OF THERAPY

Development of Current Regimens
Before the 1970s, a variety of treatments had been suggested for 
Goodpasture’s syndrome, ranging from the use of corticoste-
roids and azathioprine to bilateral nephrectomy, the latter as a 
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last resort for intractable pulmonary hemorrhage.2 None had 
been consistently successful. The observation of Wilson and 
Dixon11 that 12.5% of patients survived 1 year or more with 
functioning kidneys after an episode of Goodpasture’s syndrome 
affecting lungs and kidneys was in keeping with other series of 
the era.2 At that time, based on the demonstration that circulat-
ing autoantibodies in the disease were directly pathogenic, a 
potentially highly toxic combination treatment was devised and 
tested in several patients.12,13 The combination had three ele-
ments: Intensive plasma exchange was undertaken to remove 
autoantibodies. Cytotoxic therapy, based on cyclophosphamide, 
was administered to prevent their resynthesis. Corticosteroids 
were given as an adjunctive anti-infl ammatory agent. The initial 
results were spectacularly good in a group of patients who had 
previously had an extremely poor prognosis. Lung hemorrhage 
was arrested, usually within days, and recovery or preservation 
of renal function was reported. The initial studies were extended, 
and similar regimens applied elsewhere met with equally im-
pressive results,14–17 and this has become the standard treatment 
for Goodpasture’s syndrome. None of these studies was 
controlled, but the improvement in renal function was dramati-
cally different from previous experience and temporally related 
to the start of treatment.

Effectiveness and Outcome
In subsequent years, the limits of the effectiveness of this 
therapy and its potential hazards have been delineated. The 
major cause of morbidity has been infection, often related to 

neutropenia. The cytotoxic therapy employed in the fi rst se-
ries comprised both cyclophosphamide and azathioprine. 
This usually led to leukopenia, and in recent years most have 
used cyclophosphamide alone without any obvious loss of 
effectiveness. Some have used signifi cantly less intensive regi-
mens, with less cyclophosphamide and/or less plasma ex-
change. It has been our impression, supported to some extent 
by published results, that this has been less effective, although 
fair comparison of series from different centers and countries 
is extremely diffi cult (Table 18-1).13,14,16–19

The mortality of Goodpasture’s syndrome is now much 
improved, but renal survival remains poor. The reason for this 
is the late stage at which treatment is instituted in most pa-
tients. Early treatment is of course diffi cult in a disease that 
evolves rapidly and is normally only diagnosed when that 
evolution occurs, but there is a very clear relationship between 
the severity of renal disease at presentation and the outcome 
(see Table 18-1 and Fig. 18-1).

The renal prognosis was originally reported to be better in 
patients presenting simultaneously with ANCAs as well as anti-
GBM antibodies,20–22 but more extensive experience has shown 
that this is not always the case. Some double-positive patients 
have low titers of anti-GBM antibodies that are relatively tran-
sient, whereas others have anti-GBM titers similar to those typi-
cally found in single-positive patients, and it is this that seems to 
be the critical determinant of prognosis.8,23,24 Some double-
positive patients have clear evidence of vasculitis outside the 
kidneys and lungs, and most have anti–myeloperoxidase auto-
antibodies, and in the latter group, the anti-GBM response is a 

Table 18-1 Results of Treatment in Series Using Immunosuppression and Plasma Exchange

% WITH INDEPENDENT 
RENAL FUNCTION AT ONE 

YEAR ACCORDING TO INITIAL 
CREATININE LEVEL

Authors

No. of 
Patients in 
Study

�600 
�mol/L

�600 
�mol/L Notes on Treatment Given

Briggs et al, 1979 15 36 (4/11) 0 (0/4) Only 4 of 15 received plasma exchange

Simpson et al, 1982 12 70 (7/10) 0 (0/2) 8 of 12 received plasma exchange

Johnson et al, 1985 17 69 (7/13) 0 (0/4) Less cyclophosphamide than in Table 18-2; half 
received plasma exchange, but only every 
third day and using frozen plasma

Walker et al, 1985 22 82 (9/11) 18 (2/11) Slightly less cyclophosphamide and plasma 
exchange than in Table 18-2

Herody et al, 1993 22 93 (13/14) 0 (0/15) Variable amounts of plasma exchange and differ-
ent immunosuppressive regimens were used

Hammersmith, 1975–1999 71 95 (18/19) 15 (8/52) As in Table 18-2, except early patients also 
received azathioprine 1 mg/kg/day

Cui et al, 1997–2002 69 61 (14/23) 2 (1/46) Beijing; follow-up at least 6 mo; treatment in-
cluded pulsed methylprednisolone; only 
31 received plasma exchange

Untreated patients have been excluded. Treated patients are divided into two groups according to their creatinine level at the time treat-
ment started or at presentation if this is not available (number in each group in parentheses); 600 �mol/L–6.8 mg/dL. The percentage 
of patients who were alive and not requiring dialysis at 1 year is shown.
Reproduced with permission from Turner AN, Rees AJ: Antiglomerular basement membrane antibody disease. In Cameron JS, Davison AM, 
Grunfeld J-P, et al (eds): Oxford Textbook of Clinical Nephrology, 3rd ed. Oxford, UK: Oxford University Press, 2003, pp 647–666.
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secondary phenomenon in most, occurring in response to GBM 
damage caused by small-vessel vasculitis. Other patients, how-
ever, clearly develop ANCA-associated disease after presenting 
with anti-GBM disease and even after its successful treatment.25

This emphasizes the need for prolonged immunologic monitor-
ing in patients with anti-GBM disease.

Autoantibody levels are usually rapidly suppressed by these 
treatments and usually remain so after only a short period of 
therapy. Recurrences are then uncommon. Interestingly, they 
seem to be particularly likely to occur in patients with lung 
disease but only minor renal disease.13 In untreated patients 
(those with end-stage renal disease but no lung disease), anti-
bodies may persist for 1 or 2 years or even longer. The immune 
response is therefore usually ultimately self-limiting, but treat-
ment speeds the turn-off of autoantibody synthesis.26

Role of Individual Treatment Components
Historical evidence suggests that corticosteroids alone, or aza-
thioprine alone or in combination with corticosteroids, are 
not effective.2 Anecdotal accounts of plasma exchange given 
alone describe rapid resynthesis of autoantibodies.26 The only 
randomized, controlled trial in Goodpasture’s syndrome ad-
dressed the role of plasma exchange.18 Although the results 
showed a better outcome in those receiving plasma exchange, 
the plasma exchange group had less severe renal disease than 
the drugs-only group, and the authors were justifi ably cau-
tious about making fi rm conclusions. Both the plasma ex-
change and cyclophosphamide regimens used in that report 
were less intensive than recommended here, and this may be 
refl ected in the slightly disappointing results (only 69% of 
patients with creatinine � 6.8 mg/dL recovered renal func-
tion; see Table 18-1). Nevertheless, the study did usefully show 
that patients with mild renal disease could do well with oral 
cyclophosphamide and prednisolone alone.

Pulses of intravenous methylprednisolone have been widely 
used in RPGN of other types, and in Goodpasture’s syndrome 
they have sometimes been used in place of plasma exchange 
after an initial encouraging report.27 The nonrandomized study 
of Bolton and Sturgill28 of the use of pulses of methylpredniso-
lone in crescentic nephritis of various types included 17 pa-
tients with Goodpasture’s syndrome, but most of these had 
advanced disease requiring dialysis. The report only discusses 
effects on renal function. Of the four nonoliguric patients who 
were treated, only two retained renal function, although meth-
ylprednisolone was given without other immunosuppression. 
Williams and colleagues29 reported failures of pulse corticoste-
roid therapy in arresting pulmonary hemorrhage; Johnson and 
colleagues thought that it may stop pulmonary hemorrhage but 
that it had no impact on renal disease.18 Of major concern in 
the use of very high doses of corticosteroids is the increased risk 
of secondary infections, sometimes opportunistic, but usually 
common bacterial infections. There is clear evidence in Good-
pasture’s syndrome and in animal models that infections may 
precipitate or exacerbate lung hemorrhage and aggravate renal 
injury. We do not believe that the safety and effi ciency of high-
dose steroids have been established as an alternative to plasma 
exchange in this disease, in which there is a clear basis for re-
moving autoantibodies.

Other Effects of Current Regimens
Although the original rationale for current treatment regimens 
was to control autoantibody levels, it is clear that therapy does 
substantially more than this. Plasma exchange depletes clotting 
factors, complement components, and other known and un-
known mediators of renal damage, as well as circulating anti-
bodies. Although immunoadsorption against protein A re-
moves immunoglobulins much more specifi cally and appears 
to be equally effective clinically, it has been undertaken in only 
a few patients, and no real comparison has been made. Simi-
larly, cyclophosphamide suppresses antibody resynthesis but 
also has profound effects on cell-mediated immunity. It is effec-
tive in other autoimmune diseases where there is no evidence of 
a role for autoantibodies. It is not possible to disentangle these 
effects of the treatments from the originally intended ones.

Other Agents for Goodpasture’s 
Syndrome
Although cyclosporine, deoxyspergualin, and anti–T-
lymphocyte antibodies have been effective in animal models 
of Goodpasture’s syndrome, there is little to suggest that 
they will be more effective than conventional therapy in the 
clinic. Cyclosporine has not been uniformly successful in 
the few patients reported and cannot be recommended. 
Anti–B-cell therapy with rituximab has obvious rational 
appeal, and there is at least one report of its use in Good-
pasture’s syndrome with apparent success,30 but clearly 
more data are needed.

Post-transplantation Antiglomerular 
Basement Membrane Disease
Renal transplantation undertaken in the presence of anti-GBM 
antibodies has been associated with recurrence of the disease 
in the allograft, although this has not occurred in all instances. 
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Figure 18-1 Response to treatment of a dialysis-requiring 
patient with Goodpasture’s syndrome (renal disease only, no 
lung hemorrhage). This patient had 85% crescents but very 
acute disease. Such a response is unusually good, but many 
instances have been reported (see text). GBM, glomerular 
basement membrane.
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With the wide availability of immunoassays for anti-GBM an-
tibodies, recurrence now seems to be rare. More frequent is 
the development of post-transplantation anti-GBM disease in 
patients in whom the original renal diagnosis was Alport’s 
syndrome.9 In a proportion of patients, this diagnosis may not 
have been made beforehand because of a lack of knowledge of 
family background, new mutations, or autosomal recessive 
disease. Typical patients are deaf and have developed end-stage 
renal failure at a relatively young age. They are more likely to 
have a large gene deletion as the causative mutation. Once the 
disease has developed, the graft is usually lost despite treat-
ment, although often the disease is recognized late and initial 
treatments have often been those used for immunosuppres-
sion. Thus, many failures of high-dose corticosteroids are 
recorded, as are some for antilymphocyte antibodies. In those 
very few reported instances in which the graft has been 
retained, the treatments used were not particularly unusual.

Children, Pregnancy, and the Elderly
Goodpasture’s syndrome is very rare in childhood, but has 
been reported in those as young as 2 years of age. Lung hem-
orrhage is rare. The reported numbers are very small, but 
there is evidence that response to treatment can be at least as 
good as that of adults.

Three case reports suggest that the fetus may not be directly 
harmed by maternal anti-GBM disease, although placental 
transfer of the autoantibodies is to be expected. The fetus will 
clearly be harmed by maternal pulmonary hemorrhage and 
renal failure, however, and the prevention of these will usually 
be the main concern. Anti-GBM disease in the elderly is less 
likely to be accompanied by lung hemorrhage, but anti-GBM 
antibodies are more likely to be associated with ANCAs in this 
age group. The prognosis for renal survival in these circum-
stances is better, although elderly patients are more susceptible 
to leukopenia and infection, as well as to other complications 
of therapy. Doses of cyclophosphamide should be decreased in 
older patients. The risks of starting or continuing aggressive 
treatment need to be balanced with these risks.

SPECIFIC RECOMMENDATIONS

Drug Treatment and Antibody Removal
None of the components of currently accepted therapy for 
Goodpasture’s syndrome has been subjected to analysis by 
rigorous controlled trials, nor are they now likely to be. The 
recommendations made here are therefore based on theoreti-
cal considerations, including the observation that the autoan-
tibodies are directly pathogenic and that this is therefore at 
least in part an antibody-mediated disease, and on observa-
tions of the effects of this and similar treatments. Our regimen 
for acute severe disease is shown in Table 18-2. The protocol is 
more intensive than that used by some, but an intensive regi-
men is required to suppress autoantibody levels as rapidly as 
possible. Some patients may not require such aggressive ther-
apy, perhaps those with slight lung hemorrhage and no or 
minimal, nonprogressive renal disease. It is our practice to use 
full treatment for all patients with severe lung hemorrhage or 
with signifi cant but potentially recoverable renal disease. The 
risk of very rapid acceleration of disease is real and can be 
devastating.

A separate question is whether some patients with severe 
renal damage but no lung hemorrhage should not be given 
immunosuppressive treatment or plasma exchange. Given 
that most dialysis-dependent patients or even those with cre-
atinine greater than 600 �mol/L (6.8 mg/dL) do not recover 
renal function, there is a strong case for nontreatment in 
these circumstances.31 There are several important caveats to 
following this policy. First, lung hemorrhage may occur as a 
late development in response to infection, toxic exposure, or 
other stimuli and should be guarded against and looked for. 
Second, some patients with ANCAs as well as anti-GBM an-
tibodies have a better renal prognosis with treatment, unless 
the renal biopsy sample shows advanced scarring, and may be 
at risk of extrarenal vasculitis. Third, there is strong evidence 
that treatment shortens the duration of anti-GBM antibody 
synthesis and consequently not treating lengthens the inter-
val before renal transplantation is possible, sometimes to 

Table 18-2 Treatment Recommendations for Acute Goodpasture’s Syndrome

Prednisolone 1 mg/kg/24 hr PO. Decrease at weekly intervals to achieve one sixth of this dose by 8 wk (for a start-
ing daily dose of 60 mg, weekly decreases to 45, 30, 25, 20, 15, 12.5, 10 mg). Maintain this dose 
to 3 months, stop by 4 months.

Cyclophosphamide 2 mg/kg/24 hr PO, rounded down to the nearest 50 mg. Administer by daily IV injection if unable to 
take orally.

Plasma exchange Daily exchange of 4 L of plasma for 5% human albumin for 14 days or until the circulating antibody is 
suppressed. In the presence of pulmonary hemorrhage or within 48 hours of an invasive procedure, 
300–400 mL of fresh frozen plasma is given at the end of each treatment. If white blood cell count less 
than 3.5, stop cyclophosphamide until it recovers. Resume at lower dose if cessation has been necessary.

Monitoring Daily blood count during plasma exchange and while antibody titer still elevated. At least twice weekly 
during fi rst month and weekly thereafter. Baseline kCO, with further measurements as indicated. Daily 
coagulation tests during plasma exchange to monitor for signifi cant depletion of clotting factors. Ini-
tially, daily checks of renal and hepatic function and glucose.

Prophylaxis against 
complications of 
treatment

Oral nystatin or similar for 1 month. H2 antagonist during corticosteroid therapy. Prophylaxis against 
pneumocystis infection during cyclophosphamide therapy. Avoid other antibiotics unless indicated. 
Close monitoring for signs of infection with full investigation of any fever.

kCO, transfer factor corrected for the patient’s lung volume and hemoglobin.
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years, because antibody levels subside slowly. Whether treat-
ment with cyclophosphamide and prednisolone (but not 
plasma exchange) accelerates the disappearance of anti-GBM 
antibodies in comparison with no treatment has not been 
clearly shown. Fourth, some patients in these circumstances 
have recoverable disease, as shown by patients in several se-
ries and case reports and as illustrated in Figure 18-1. Some 
have been shown on renal biopsy to have acute tubular necro-
sis, so that the nephritis was not as severe as perceived clini-
cally. Others had a very acute and recent onset of severe dis-
ease, and the biopsy sample appearance was notable for the 
very cellular (and uniform) crescents affecting most or all 
glomeruli. Renal biopsy is therefore an essential part of the 
assessment of such patients, and if there is any doubt, it is 
safer to commence treatment until further information is 
available. There is little hazard from a few days of treatment, 
but much to lose by delaying.

The specifi c contribution of plasma exchange to disease 
that is not immediately life threatening or rapidly progres-
sive is uncertain, as discussed previously. However, it allows 
more rapid control of anti-GBM antibody levels and thus 
decreases the risk of an acceleration of disease activity. Im-
munoadsorption against protein A may permit even more 
rapid control of autoantibody levels,32 but it is even more 
labor intensive and there are no data to suggest it may be 
more effective.

As discussed earlier, the risks consequent to the use of 
pulses of methylprednisolone may outweigh potential bene-
fi ts, and there are no data to suggest they are an adequate 
substitute for intensive plasma exchange in severe disease. The 
use of other therapeutic agents must be regarded as experi-
mental in the absence of adequate reported data.

Supportive Treatment
As in other severe illnesses, it is likely that attention to details 
other than the primary therapy may be critical in determining 
outcome. These include details of respiratory, renal, and other 
supportive care.

Lung hemorrhage is precipitated or exacerbated by fl uid 
overload, pulmonary or remote infections, and pulmonary 
irritants and toxins. Experimentally, this includes oxygen 
toxicity, so in the intensive care setting, inspired oxygen ten-
sion should be kept as low as possible compatible with ade-
quate tissue oxygenation. Patients should be persuaded to 
stop cigarette smoking.

Infections are the major cause of morbidity and mortality 
after the fi rst few days. These can be minimized by avoidance 
of nonessential intravascular lines and obsessive adherence 
to protocols for the care of those that are in place. Neutro-
phil counts should be monitored carefully and cyclophos-
phamide dose adjusted accordingly. Prophylactic agents 
should be given as indicated (see Table 18-2). Granulocyte-
macrophage colony–stimulating factor can be useful for 
severe neutropenia.

Post-transplantation Antiglomerular 
Basement Membrane Disease
Recurrences of spontaneous Goodpasture’s syndrome are 
exceptionally uncommon and should respond to treatments 
similar to those used for the disorder in native kidneys. 

As described earlier, anti-GBM disease that occurs after 
transplantation in patients with Alport’s disease is different 
in that the response is to an alloantigen, not an autoantigen, 
and there are very few examples of effective therapy on 
which to base recommendations.9,10 It is important to ap-
preciate the low sensitivity of standard assays for anti-GBM 
antibodies in these circumstances as it seems very likely that 
here, as in spontaneous Goodpasture’s syndrome, early rec-
ognition and aggressive treatment aimed at suppressing the 
antibody response must be critical to success. Renal biopsy, 
including immunofl uorescence examination to identify 
GBM-fi xed immunoglobulin, is usually the quickest way to 
make the diagnosis, and antibody titers can be followed 
subsequently by using an assay based on crude antigen or by 
sending samples to a center with access to recombinant or 
highly purifi ed antigens. Intensive plasma exchange appears 
to be a critical part of management, and anti–T-cell thera-
pies do not appear to be powerfully effective when used 
alone. There are obvious problems in using antilymphocyte 
antibodies in combination with plasma exchange. By anal-
ogy with spontaneous anti-GBM disease, cyclophospha-
mide is likely to be substantially better at suppressing dis-
ease than azathioprine. We are aware of one notable success 
using mycophenolate mofetil after cyclophosphamide had 
to be stopped because of bone marrow toxicity. Rituximab 
would be an obvious therapeutic option, but its use in this 
setting has not yet been reported.

FUTURE DIRECTIONS

Familiarity with treatment regimens and improvements in 
intensive care have improved death rates in anti-GBM dis-
ease, but there has been little further improvement in renal 
outcome since combination therapy was fi rst described. 
Indeed, physicians’ familiarity with immunosuppressive 
regimens and the much wider availability of plasma ex-
change has reduced the rate of referral of patients with 
this and similar diseases to centers where there is more 
accumulated experience. This may not be in patients’ best 
interests.

At present, improved outcomes are heavily dependent on 
rapid recognition and diagnosis and early institution of 
currently available therapies. It is interesting to speculate 
why treatment at apparently similar stages of disease is less 
effective in Goodpasture’s syndrome than in other types of 
RPGN. It may be that although they appear histologically 
similar, the underlying structural damage is more severe in 
Goodpasture’s syndrome, or there may be other factors to 
be understood, which could be controlled by additional 
therapies. Specifi c immunoadsorption may become a way to 
remove anti-GBM antibodies without rendering the patient 
hypogammaglobulinemic,33 although there is no reason 
to think that it should be any more effective or technically 
simpler than immunoadsorption against protein A, which 
removes most IgG. Therapies directed against B cells, such 
as rituximab, could be more effective, though.

Work in models of anti-GBM disease has suggested ways in 
which the infl ammatory response may be down-regulated by 
agents that interfere with the localization of leukocytes to 
the infl amed glomerulus or by decreasing their activation 
state once there. Examples in models of anti-GBM disease 
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include interference with leukocyte adhesion, infusions of 
interleukin-1 receptor antagonist, and infusions of cytokines 
such as interleukin-4 and interleukin-6, which alter the balance 
of endogenous synthesis of proinfl ammatory cytokines and 
their inhibitors.34 Several of these approaches could be applica-
ble to human disease. Because of the rarity of Goodpasture’s 
syndrome it is unlikely that randomized clinical trials in that 
disease alone can be viable, even between multiple centers. How-
ever, it remains a disease where information about the immune 
and infl ammatory responses is so much greater than in other 
types of nephritis, from work in human and in model systems, 
that further therapies are likely to spring from it.
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BACKGROUND

Minimal change disease (MCD) is an idiopathic glomerular 
disease that accounts for 70% to 90% of cases of idiopathic 
nephrotic syndrome in children and 10% to 15% of cases in 
adults.1 The name MCD has largely superseded the older 
terms lipoid nephrosis, nil disease, and idiopathic nephrotic 
syndrome. The disorder is characterized by the rapid onset of 
severe, symptomatic nephrotic syndrome with well-preserved 
renal function, almost normal glomerular histology except for 
generalized podocyte effacement, and a remarkable sensitivity 
to treatment with glucocorticoids. Because relapse is common 
and repeated courses of glucocorticoids are associated with 
signifi cant toxicities, MCD remains one of the major thera-
peutic challenges in clinical nephrology.

Clinical Features
The clinical presentation of MCD is that of a pure nephrotic 
syndrome with heavy proteinuria, hypoalbuminemia, hyper-
lipidemia, and edema formation. Albumin is the predomi-
nant urine protein, although moderately selective or nonse-
lective proteinuria has been observed in a signifi cant 
proportion of adults with MCD.2 Urinalysis reveals lipiduria, 
and mild microscopic hematuria may occur, especially in 
adults. Macroscopic hematuria is rare, and red blood cell 
casts are not present. Renal tubular cells and granular casts 
may be seen in the acute renal failure that occurs occasion-
ally in association with MCD. Moderate hypertension is 
present in 13% to 30% of cases and is more frequent in 
adults.1,2 Serum creatinine may be slightly increased at the 
time of presentation.2,3 The increase in blood pressure and 
creatinine typically resolves with remission of the nephrotic 
syndrome. Adults are more likely to develop acute renal fail-
ure than are children.3–5 The renal failure is usually reversible 
and often preceded by severe edema formation. Histologic 
evidence of ischemic tubular injury has been observed in 

many cases, but the mechanism of the acute renal failure is 
not known.1

The course of MCD is characterized by multiple remis-
sions and relapses of the nephrotic syndrome and a marked 
sensitivity to glucocorticoid therapy. In children, the fre-
quency of relapses tends to decrease with age, and in most 
cases, the episodes cease after several years. The long-term 
renal outcome of MCD is good, and less than 5% of patients 
develop end-stage renal disease.6 In general, the course of the 
disease is similar in children and adults. Age-related differ-
ences in the response to treatment and the frequency of re-
lapses are discussed in detail in subsequent sections of this 
chapter.

Pathology
Because the diagnosis of MCD is in many respects a diagnosis 
of exclusion, a challenge lies in avoiding misclassifying lesions 
of focal and segmental glomerular sclerosis (FSGS) as MCD. 
Such misclassifi cation has obvious implications for interpret-
ing clinical studies. Those histologic features that should raise 
suspicion for FSGS are noted in the discussion that follows.

By light microscopy, the glomeruli in MCD usually appear 
normal. There may be a slight increase in mesangial cellular-
ity, and the visceral epithelial cells may be swollen. The capil-
laries are patent, and the walls are not thickened. Dilatation of 
the glomerular capillaries is common and may be due to loss 
of compliance of the capillary wall resulting from epithelial 
cell alterations. Glomerular size is usually normal. Enlarged 
but otherwise normal-appearing glomeruli may be predictive 
of steroid-unresponsiveness or subsequent development of 
FSGS.7 Doubly refractile lipid droplets and periodic acid–
Schiff-positive protein droplets may be seen in the cells of the 
proximal tubule. Focal tubular atrophy and mild segmental 
interstitial fi brosis are accepted by some authorities as features 
of MCD; however, if tubulointerstitial changes are diffuse or 
severe, it is likely that FSGS is present. In adults, particularly  
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elderly patients, vascular changes may be present but are 
thought to be due to associated conditions such as hyperten-
sion rather than MCD.

The results of immunofl uorescence studies are negative for 
immunoglobulin or complement deposition in most cases of 
MCD. Mesangial IgM, IgG, or C3 deposits have been reported 
in as many as 20% of cases of MCD in some series and are 
thought by most investigators to be the result of nonspecifi c 
trapping of circulating immunoglobulins.1 It has been sug-
gested that heavy mesangial IgM deposition, especially in 
conjunction with some degree of mesangial hypercellularity, 
may be a marker of glucocorticoid unresponsiveness and/or 
subsequent development of FSGS. However, this idea remains 
controversial.

Electron microscopy reveals the major morphologic fea-
tures of MCD: effacement of the glomerular visceral epithelial 
cell (podocyte) foot processes and obliteration of the slit-pore 
complex. These abnormalities are not specifi c for MCD and 
occur in other conditions associated with heavy proteinuria. 
The extent of the foot process effacement and obliteration of 
the slit-pore complex does not correlate with the amount of 
proteinuria, but has been shown to correlate with the decrease 
in glomerular fi ltration rate.8 Other electron microscopic fea-
tures of the podocytes include hypertrophy, increased num-
bers of pinocytic vesicles and intracytoplasmic lipid and pro-
tein droplets, and microvillous transformation of their free 
surfaces.1 The endothelial cells lining the capillary loop show 
normal fenestration, and the glomerular basement membrane 
is usually of normal thickness.

Pathogenesis
The cause of MCD is unknown. Experimental animal models 
developed to analyze the mechanisms underlying proteinuria 
and clearance studies in humans suggest that there is a loss of 
both charge selectivity and size selectivity of the glomerular 
fi lter.9 Changes in the anionic composition of the glomerular 
capillary wall are thought to underlie the impairment in 
charge selectivity and may, in fact, produce defects in size se-
lectivity as well.10 Whether the primary abnormality occurs in 
the glomerular basement membrane or in the visceral epithe-
lial cells is not clear. Epithelial cell injury, which is the pre-
dominant histologic feature of MCD, may be either the cause 
or the result of loss of the anionic constituents of the glo-
merular capillary wall. An immunologic basis of MCD and, 
more specifi cally, a disorder of T-lymphocyte function, is 
suggested by the response to immunosuppressive agents, by 
the association of minimal change lesions with Hodgkin’s 
disease, and by multiple alterations in the in vitro function of 
T cells of MCD patients.1 The observation that supernatants 
of cultured lymphocytes from patients with MCD can in-
crease capillary wall permeability and induce loss of glomeru-
lar polyanions has led to a search for vascular permeability 
factors secreted by the T cells of these patients.11,12

An unresolved question is whether MCD and FSGS repre-
sent two distinct clinicopathologic entities or whether they are 
variants of a single disease process. The differences in respon-
siveness to glucocorticoids and in long-term renal outcome 
support the former view. The demonstration of FSGS lesions 
in subsequent biopsy specimens from patients with an initial 
histologic diagnosis of MCD has been offered as evidence 
that MCD can progress to FSGS. However, the possibility of 

histologic misclassifi cation due to sampling error limits the 
conclusions that can be drawn from such observations.

TREATMENT

The impetus for treating MCD arises mainly from the conse-
quences of the nephrotic state, which include malaise from 
anasarca as well as a predisposition to infection, thrombosis, 
malnutrition, and possibly atherogenesis. Prior to the avail-
ability of antibiotics and glucocorticoids, the mortality of ne-
phrotic syndrome was greater than 50%, with the majority of 
the deaths during this period resulting from infection.13 It has 
been argued that proteinuria itself may be nephrotoxic and 
contribute to progressive renal injury. Indeed, in MCD, as in 
other glomerulopathies, the attainment of remission of ne-
phrotic syndrome is associated with good long-term renal 
outcome.6,14 Although it is not known whether remission of 
nephrotic syndrome serves as a favorable prognostic indicator 
or whether it actually affects the outcome, the latter possibility 
has been offered as an additional reason to treat MCD.15

Because persistent nephrotic syndrome is considered espe-
cially harmful in children, most pediatric nephrologists 
promptly treat the fi rst episode and relapses.16 The decision to 
begin treatment in adults is somewhat more complicated be-
cause the consequences of the nephrotic syndrome may be less 
signifi cant, and the therapy is generally less well tolerated.

Terminology
The course of MCD is often described in terms of the re-
sponse to glucocorticoid treatment. The classifi cation scheme 
outlined in Box 19-1 evolved from experience with children 
with idiopathic nephrotic syndrome but is used in the adult 
literature as well. However, as will become clear later in this 

Steroid Responsive
Complete remission of proteinuria within 8 weeks of 

initiating glucocorticoid treatment

Frequently Relapsing
Initially steroid responsive but relapses at rate of two per 

6 months or six per 18 months

Steroid Dependent
Initially steroid responsive but relapse during tapering 

of glucocorticoids or within 2 weeks of discontinuing 
glucocorticoids

Steroid Resistant
No remission within 8 weeks of initiating glucocorticoid 

treatment

Complete Remission
Reduction in urinary protein excretion to � 4 mg/hr/m2

or 0 trace by urine dipstick for 3 consecutive days

Relapse
Reappearance of proteinuria � 4 mg/hr/m2 for 3 con-

secutive days

Box 19-1 Classifi cation of Minimal Change Disease Based 
on Response to Glucocorticoid Treatment
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207 Minimal Change Disease

chapter, the defi nition of steroid-resistant disease should 
probably differ for children and adults. The criteria for com-
plete remission and relapse shown in Box 19-1 were estab-
lished by the International Study of Kidney Disease in Chil-
dren (ISKDC).17 Although the defi nitions of these outcomes 
are relatively uniform in subsequent studies, some variation 
does exist. Consequently, the ability to generalize from the 
fi ndings is somewhat limited. Interpretation of the literature 
is also complicated by the inclusion of patients with primary 
glomerulopathies other than MCD.

Natural History of Untreated Minimal 
Change Disease
A clear understanding of the natural history of a disease 
facilitates both the interpretation of uncontrolled treatment 
trials and clinical decisions regarding the use of therapies 
with potential toxicities. Unfortunately, the natural history 
of untreated MCD has been diffi cult to establish because the 
use of glucocorticoids is extremely widespread and data 
from the preglucocorticoid era is limited by infrequent his-
tologic classifi cation. Spontaneous remissions do occur in 
MCD and have been reported in 10% to 75% of patients 
who received only supportive therapy.18–22 The accuracy of 
these estimates is limited by the small numbers of untreated 
patients and, in many cases, the lack of randomization. 
Although the occurrence of spontaneous remissions has led 
some investigators to recommend a period of observation 
before starting treatment, this is impractical because such a 
remission may not happen until months or years after the 
onset of disease.

Treatment with Glucocorticoids

Results in Children

Table 19-1 summarizes selected studies that evaluate gluco-
corticoid therapy for childhood MCD.17,23–27 Although there 
are no controlled trials directly comparing glucocorticoid 
therapy with supportive therapy as initial treatment of child-
hood MCD, the overwhelming consensus is that both the 
likelihood and the rapidity of remission are increased with 
glucocorticoids. In the ISKDC, a multicenter, prospective, 
uncontrolled trial, 93% of children achieved complete remis-
sion with an 8-week course of prednisone.17 The dose of 
prednisone used in this study was arbitrarily set at 60 mg/m2/
day (up to 80 mg/day) for 4 weeks followed by 4 weeks of in-
termittent prednisone at 40 mg/m2 for three consecutive days 
out of seven. Subsequently, the Arbeitsgemeinschaft für Pädia-
trische Nephrologie (APN), a large multicenter study from 
Germany, and a single-center study in Japan both showed that 
a prolonged course of alternate-day prednis(ol)one, given 
after an initial course of daily prednis(ol)one, resulted in fewer 
relapses than a short alternate-day course25 or the intermittent 
regimen used in the ISKDC trial.26 The prolonged regimens 
were not associated with an increase in the cumulative dose or 
toxicity of glucocorticoids. Bagga and colleagues27 found a 
trend toward a longer duration of fi rst remission with an ini-
tial 16-week course of prednisolone daily for 8 weeks and al-
ternate days for 8 weeks compared with an initial 8-week 
course. However, the total number of relapses during a 2-year 
follow-up period did not differ between the two groups, and 

the cumulative glucocorticoid dose was greater in the pro-
longed therapy group than in the standard therapy group.

Even with more intensive initial treatment protocols, as 
many as 60% of children will have a relapse within 12 months,27

and approximately 40% will have a frequently relapsing 
course28 (see Box 19-1). Thus, the major challenge in MCD is 
managing frequently relapsing disease. Using individual fre-
quently relapsing children as their own controls, the APN 
compared alternate-day prednisolone with intermittent pred-
nisolone (in both cases after 4 weeks of daily therapy) in fre-
quent relapsers and found a lower relapse rate with alternate-
day therapy.23 However, neither treatment was completely 
satisfactory. Forty-three percent of the alternate-day group suf-
fered at least one relapse during the 6-month treatment period 
(compared with 72% in the intermittent group), and almost all 
patients had a relapse during the subsequent 6 months. The 
use of intravenous methylprednisolone pulse therapy followed 
by low-dose oral prednisone produced a similar remission rate 
and relapse rate as the 60 mg/m2/day standard therapy but was 
associated with fewer glucocorticoid-associated adverse ef-
fects.24 This study included both children and adults. Although 
the effi cacy data were analyzed separately for adults and chil-
dren, the adverse events were analyzed together. Given age-
related differences in glucocorticoid toxicities, the conclusions 
that can be drawn from such an analysis are somewhat limited. 
Induction therapy with alternate-day glucocorticoids has not 
been studied in children.

Results in Adults

Table 19-2 summarizes results of studies evaluating gluco-
corticoid treatment of MCD in adults.2,5,21,29–31 All except 
one of these studies are retrospective analyses. It should be 
noted that there was marked variation in the treatment regi-
mens used, particularly with regard to duration and tapering 
schemes. Remission of nephrotic syndrome was achieved in 
70% to 97% of adults treated with glucocorticoids in these 
studies, a remission rate similar to that of children. However, 
the time to remission after starting treatment was longer in 
the adults. In the study by Nolasco and colleagues,2 60% of 
adults were in remission within 8 weeks of starting treat-
ment, and 73% were in remission within 16 weeks. Similar 
results were reported by Korbet and colleagues.3 The experi-
ence of Fujimoto and colleagues4 differed somewhat in that 
a higher percentage (76%) were in remission within 8 weeks, 
and by 16 weeks, 90% of adults achieved remission. The 
more rapid response to glucocorticoid treatment in the 
study by Fujimoto and colleagues may have been due to 
the younger age of the patients (mean age, 27.7 years in the 
study by Fujimoto and colleagues versus 40.7 and 42 years in 
the research by Korbet and colleagues and by Nolasco and 
colleagues, respectively). The analysis by Korbet and col-
leagues does, in fact, suggest that the time to remission after 
initiation of glucocorticoids is shorter in younger adults 
than in older adults. It is also possible that genetic and envi-
ronmental factors may infl uence the outcome. Meyrier and 
Simon18 pooled all the published cases of adults treated with 
glucocorticoids between 1961 and 1987 and found that of 
302 patients, 74.8% had complete remission, 7% had partial 
remission, and 18.2% had no response. The lower rate of 
complete remission in the pooled data may be due to shorter 
duration of treatment and the inclusion of patients treated 
for relapses as well as initial disease.

Ch19_205-219-X5484.indd 207Ch19_205-219-X5484.indd   207 6/18/08 12:38:52 PM6/18/08   12:38:52 PM



208 Diseases of Glomeruli, Microvasculature, and Tubulointerstitium

Ta
bl

e 
19

-1
 

St
ud

ie
s 

of
 G

lu
co

co
rti

co
id

 T
re

at
m

en
t o

f M
in

im
al

 C
ha

ng
e 

D
is

ea
se

 in
 C

hi
ld

re
n

RE
SU

LT
S†

CO
M

PL
ET

E 
RE

M
IS

SI
O

N
 (%

)
RE

LA
PS

E 
(%

)

Re
f.

D
es

ig
n

C
lin

ic
al

 
Se

tti
ng

*
M

ea
n 

Fo
llo

w
-u

p
Tr

ea
tm

en
t

C
on

tr
ol

Rx
C

nt
rl

Rx
C

nt
rl

C
om

m
en

ts

IS
KD

C
17

(N
�

 3
63

)
Pr

os
pe

ct
iv

e,
un

co
nt

ro
lle

d
In

iti
al

 e
pi

so
de

8 
w

k
Pr

ed
ni

so
ne

 d
ai

ly,
 

th
en

 in
te

rm
itt

en
t‡

93
N

A

A
PN

23

(N
�

 4
8)

Pr
os

pe
ct

iv
e,

co
nt

ro
lle

d,
ra

nd
om

iz
ed

Fr
eq

ue
nt

ly
re

la
ps

in
g

12
 m

o
Pr

ed
ni

so
ne

 d
ai

ly
 

th
en

 a
lte

rn
at

e 
da

y#

Pr
ed

ni
so

ne
 d

ai
ly,

 
th

en
 in

te
rm

itt
en

t§
N

A
N

A
43

P
�

 .0
5

72
Re

la
ps

e 
ra

te
s 

re
fe

r 
to

 th
os

e 
du

rin
g 

tre
at

m
en

t p
er

io
d;

 
no

 s
ig

ni
fi c

an
t d

iff
er

en
ce

 
du

rin
g 

su
bs

eq
ue

nt
 6

 m
o

Im
ba

sc
ia

ti
et

 a
l24

(N
�

 6
7)

Pr
os

pe
ct

iv
e,

co
nt

ro
lle

d,
ra

nd
om

iz
ed

In
iti

al
 e

pi
so

de
 

or
 r

el
ap

se
18

 m
o

IV
 p

ul
se

 th
en

 lo
w

-
do

se
 p

re
dn

iso
ne

¶
Pr

ed
ni

so
ne

 h
ig

h 
do

se
ıı

94
97

68
64

Ti
m

e 
to

 r
es

po
ns

e 
w

as
 s

ho
rte

r 
in

 th
e 

IV
 m

et
hy

lp
re

dn
is

o-
lo

ne
 g

ro
up

A
PN

25

(N
�

 6
1)

Pr
os

pe
ct

iv
e,

co
nt

ro
lle

d,
ra

nd
om

iz
ed

In
iti

al
 e

pi
so

de
8 

m
o

Pr
ed

ni
so

ne
, s

ho
rt 

du
ra

tio
n**

Pr
ed

ni
so

ne
, s

ta
n-

da
rd

 d
ur

at
io

n††
81

P
�

.0
01

59

U
ed

a 
et

 a
l26

(N
�

 4
6)

Pr
os

pe
ct

iv
e,

co
nt

ro
lle

d,
ra

nd
om

iz
ed

In
iti

al
 e

pi
so

de
3.

8 
yr

Pr
ed

ni
so

lo
ne

 d
ai

ly,
 

th
en

 lo
ng

 ta
pe

r‡‡
Pr

ed
ni

so
lo

ne
 d

ai
ly

 
th

en
 s

ho
rt 

in
te

r-
m

itt
en

t##

10
0

10
0

29
62

Re
la

ps
e 

ra
te

 w
as

 s
ig

ni
fi -

ca
nt

ly
 lo

w
er

 in
 th

e 
lo

ng
-

du
ra

tio
n 

gr
ou

p 
w

ith
in

 fi 
rs

t 
6 

m
o 

af
te

r 
tre

at
m

en
t

Ba
gg

a 
et

 a
l27

(N
�

 5
1)

Pr
os

pe
ct

iv
e,

co
nt

ro
lle

d,
ra

nd
om

iz
ed

In
iti

al
 e

pi
so

de
28

 m
o

Pr
ed

ni
so

lo
ne

 p
ro

-
lo

ng
ed

 d
ai

ly,
 

th
en

 a
lte

rn
at

e 
da

y§§

Pr
ed

ni
so

lo
ne

 s
ta

n-
da

rd
 d

ai
ly,

 th
en

 
al

te
rn

at
e 

da
y¶¶

10
0

10
0

73
91

O
nl

y 
pa

tie
nt

s 
w

ith
 re

m
iss

io
n 

by
 4

 w
k 

w
er

e 
in

cl
ud

ed
; c

u-
m

ul
at

iv
e 

ste
ro

id
 d

os
e 

w
as

 
sig

ni
fi -

ca
nt

ly
 g

re
at

er
 in

 th
e 

pr
ol

on
ge

d 
da

ily
 g

ro
up

*S
ee

 B
ox

 1
9-

1 
fo

r 
ge

ne
ra

l d
efi

 n
iti

on
 o

f f
re

qu
en

tly
 r

el
ap

si
ng

 d
is

ea
se

. C
rit

er
ia

 in
 s

tu
di

es
 m

ay
 v

ar
y 

so
m

ew
ha

t f
ro

m
 th

os
e 

in
 B

ox
 1

9-
1.

† P
 v

al
ue

 is
 s

ho
w

n 
if 

di
ffe

re
nc

e 
is

 s
ig

ni
fi c

an
t (

P
�

 .0
5)

.
‡ P

re
dn

is
on

e 
60

 m
g/

m
2 /

da
y 

in
 d

iv
id

ed
 d

os
es

 fo
r 

4 
w

ee
ks

, t
he

n 
40

 m
g/

m
2 /

da
y 

in
 d

iv
id

ed
 d

os
es

 3
 c

on
se

cu
tiv

e 
da

ys
 o

ut
 o

f 7
 fo

r 
4 

w
ee

ks
.

# P
re

dn
is

on
e 

60
 m

g/
m

2 /
da

y 
in

 d
iv

id
ed

 d
os

es
 u

nt
il 

re
m

is
si

on
, t

he
n 

pr
ed

ni
so

ne
 3

5 
m

g/
m

2  
on

 a
lte

rn
at

e 
da

ys
 fo

r 
6 

m
on

th
s.

§ P
re

dn
is

on
e 

60
 m

g/
m

2 /
da

y 
in

 d
iv

id
ed

 d
os

es
 u

nt
il 

re
m

is
si

on
, t

he
n 

40
 m

g/
m

2 /
da

y 
in

 d
iv

id
ed

 d
os

es
 3

 c
on

se
cu

tiv
e 

da
ys

 o
ut

 o
f 7

 fo
r 

6 
m

on
th

s.
¶ M

et
hy

lp
re

dn
is

ol
on

e 
20

 m
g/

kg
/d

ay
 IV

 fo
r 

3 
da

ys
, p

re
dn

is
on

e 
20

 m
g/

m
2 /

da
y 

fo
r 

4 
w

ee
ks

, t
he

n 
20

 m
g/

m
2  

on
 a

lte
rn

at
e 

da
ys

, a
nd

 ta
pe

r 
of

f o
ve

r 
4 

m
on

th
s.

ıı P
re

dn
is

on
e 

60
 m

g/
m

2 /
da

y 
fo

r 
4 

w
ee

ks
, t

he
n 

40
 m

g/
m

2  
on

 a
lte

rn
at

e 
da

ys
, a

nd
 ta

pe
r 

of
f o

ve
r 

4 
m

on
th

s.
**
Pr

ed
ni

so
ne

 6
0 

m
g/

m
2 /

da
y 

un
til

 r
em

is
si

on
, t

he
n 

pr
ed

ni
so

ne
 4

0 
m

g/
m

2  
on

 a
lte

rn
at

e 
da

ys
 u

nt
il 

se
ru

m
 a

lb
um

in
 is

 �
3.

5 
g/

dL
. R

el
ap

se
 tr

ea
te

d 
w

ith
 s

am
e 

re
gi

m
en

.
††

Pr
ed

ni
so

ne
 6

0 
m

g/
m

2 /
da

y 
fo

r 
4 

w
ee

ks
, t

he
n 

pr
ed

ni
so

ne
 4

0 
m

g/
m

2  
on

 a
lte

rn
at

e 
da

ys
 fo

r 
4 

w
ee

ks
. F

or
 r

el
ap

se
, 6

0 
m

g/
m

2 /
da

y 
un

til
 r

em
iss

io
n,

 th
en

 4
0 

m
g/

m
2  

al
te

rn
at

e 
da

ys
 fo

r 
4 

w
ee

ks
.

‡‡
Pr

ed
ni

so
lo

ne
 6

0 
m

g/
m

2 /
da

y 
fo

r 
4 

w
ee

ks
, t

he
n 

pr
ed

ni
so

lo
ne

 6
0 

m
g/

m
2  

on
 a

lte
rn

at
e 

da
ys

 fo
r 

4 
w

ee
ks

, t
he

n 
ta

pe
r 

of
f o

ve
r 

5 
m

on
th

s.
##

Pr
ed

ni
so

lo
ne

 6
0 

m
g/

m
2 /

da
y 

fo
r 

4 
w

ee
ks

, t
he

n 
pr

ed
ni

so
lo

ne
 4

0 
m

g/
m

2 /
da

y 
fo

r 
3 

co
ns

ec
ut

iv
e 

da
ys

 o
ut

 o
f 7

 fo
r 

4 
w

ee
ks

.
§§

Pr
ed

ni
so

lo
ne

 2
 m

g/
kg

/d
ay

 fo
r 

4 
w

ee
ks

, t
he

n 
1.

5 
m

g/
kg

/d
ay

 fo
r 

4 
w

ee
ks

, t
he

n 
1.

5 
m

g/
kg

 o
n 

al
te

rn
at

e 
da

ys
 fo

r 
4 

w
ee

ks
, t

he
n 

1.
0 

m
g/

kg
 o

n 
al

te
rn

at
e 

w
ee

ks
.

¶¶
Pr

ed
ni

so
lo

ne
 2

 m
g/

kg
/d

ay
 fo

r 
4 

w
ee

ks
, t

he
n 

1.
5 

m
g/

kg
 o

n 
al

te
rn

at
e 

da
ys

 fo
r 

4 
w

ee
ks

.
A

PN
, A

rb
ei

tsg
em

ei
ns

ch
af

t f
ür

 P
äd

ia
tri

sc
he

 N
ep

hr
ol

og
ie

; C
nt

rl,
 c

on
tro

l g
ro

up
; I

SK
D

C
, I

nt
er

na
tio

na
l S

tu
dy

 o
f K

id
ne

y 
D

is
ea

se
s 

in
 C

hi
ld

re
n;

 N
A

, n
ot

 a
va

ila
bl

e;
 R

x,
 tr

ea
tm

en
t.

Ch19_205-219-X5484.indd 208Ch19_205-219-X5484.indd   208 6/18/08 12:38:52 PM6/18/08   12:38:52 PM



209 Minimal Change Disease

Ta
bl

e 
19

-2
 

St
ud

ie
s 

of
 G

lu
co

co
rti

co
id

 T
re

at
m

en
t o

f M
in

im
al

 C
ha

ng
e 

D
is

ea
se

 in
 A

du
lts

RE
SU

LT
S

C
O

M
PL

ET
E 

RE
M

IS
SI

O
N

 (
%

)

Re
f.*

D
es

ig
n

C
lin

ic
al

 S
et

tin
g

M
ea

n 
Fo

llo
w

-u
p 

(y
r)

Tr
ea

tm
en

t
C

om
pl

et
e 

Re
m

is
si

on
 (

%
)

W
ee

k
Re

la
ps

e 
(%

)
C

om
m

en
ts

8
16

28

Bl
ac

k 
et

 a
l21

(N
�

 3
1)

†
Pr

os
pe

ct
iv

e,
co

nt
ro

lle
d

In
iti

al
 e

pi
so

de
�

2
Pr

ed
ni

so
ne

da
ily

‡
80

N
A

N
A

Lo
w

 d
os

es
 o

f p
re

dn
iso

ne
 u

se
d;

 
co

m
pl

et
e 

re
m

iss
io

n 
ra

te
 e

sti
m

at
ed

 
(re

fe
rs

 to
 tr

ea
te

d 
pa

tie
nt

s 
on

ly
)

W
an

g 
et

 a
l5

(N
�

 1
09

)
Re

tro
sp

ec
tiv

e,
un

co
nt

ro
lle

d
In

iti
al

 e
pi

so
de

 
or

 r
el

ap
se

2.
0

Pr
ed

ni
so

lo
ne

 
al

te
rn

at
e 

da
y#

83
N

A
N

A
Yo

un
g 

ag
e 

at
 o

ns
et

 (8
2%

 h
ad

 o
ns

et
 o

f 
di

se
as

e 
be

fo
re

 a
ge

 3
0)

N
ol

as
co

 e
t a

l2

(N
�

 7
5)

§
Re

tro
sp

ec
tiv

e,
un

co
nt

ro
lle

d
In

iti
al

 e
pi

so
de

7.
5

Pr
ed

ni
so

ne
 

da
ily

¶
77

60
73

77
76

Si
gn

ifi 
ca

nt
ly

 h
ig

he
r r

el
ap

se
 ra

te
 in

 
yo

un
ge

r p
at

ie
nt

s 
(a

ge
 �

 4
5)

N
ai

r 
et

 a
l29

(N
�

 5
8)

Re
tro

sp
ec

tiv
e,

un
co

nt
ro

lle
d

In
iti

al
 e

pi
so

de
3.

0
Pr

ed
ni

so
lo

ne
 

al
te

rn
at

e 
da

yıı
93

82
93

N
A

31
M

ea
n 

ag
e 

of
 p

at
ie

nt
s 

lo
w

 (2
7.

7 
yr

)

Ko
rb

et
 e

t a
l3

(N
�

 3
4)

Re
tro

sp
ec

tiv
e,

un
co

nt
ro

lle
d

In
iti

al
 e

pi
so

de
5.

3
Pr

ed
ni

so
ne

 
da

ily
**

91
51

77
85

65
Si

gn
ifi 

ca
nt

ly
 lo

ng
er

 ti
m

e 
to

 a
ch

ie
ve

 r
e-

m
is

si
on

 in
 o

ld
er

 p
at

ie
nt

s 
(a

ge
 �

 4
0)

Fu
jim

ot
o 

et
 a

l4

(N
�

 3
3)

Re
tro

sp
ec

tiv
e,

un
co

nt
ro

lle
d

In
iti

al
 e

pi
so

de
3.

9
Pr

ed
ni

so
lo

ne
 

da
ily

††
97

76
97

N
A

34
Yo

un
g 

ag
e 

at
 o

ns
et

 (2
7.

7 
yr

)

N
ak

ay
am

a 
et

 a
l30

(N
�

 6
2)

‡‡
Re

tro
sp

ec
tiv

e,
un

co
nt

ro
lle

d
In

iti
al

 e
pi

so
de

N
A

Pr
ed

ni
so

lo
ne

 
da

ily
##

93
67

77
84

62
Fi

ve
 o

f 6
2 

pa
tie

nt
s 

ha
d 

sp
on

ta
ne

ou
s 

re
-

m
iss

io
n;

 re
sp

on
se

 ra
te

s 
re

fe
r t

o 
tre

at
ed

 p
at

ie
nt

s 
on

ly

W
al

dm
an

 e
t a

l31

(N
�

 9
5)

Re
tro

sp
ec

tiv
e,

un
co

nt
ro

lle
d

In
iti

al
 e

pi
so

de
2.

5
Pr

ed
ni

so
ne

 d
ai

ly
 

or
 a

lte
rn

at
e 

da
y§§

70
50

¶¶
80

88
73

.1
ııı

ı
N

o 
de

te
ct

ab
le

 d
iff

er
en

ce
s 

in
 o

ut
co

m
e 

be
tw

ee
n 

da
ily

 a
nd

 a
lte

rn
at

e-
da

y 
gr

ou
ps

*O
nl

y 
pa

tie
nt

s 
tre

at
ed

 w
ith

 g
lu

co
co

rti
co

id
s 

al
on

e 
ar

e 
in

cl
ud

ed
.

† S
tu

dy
 c

om
pa

re
d 

pr
ed

ni
so

ne
 w

ith
 s

up
po

rti
ve

 tr
ea

tm
en

t i
n 

va
rie

ty
 o

f g
lo

m
er

ul
ar

 d
is

ea
se

s.
 O

nl
y 

pa
tie

nt
s 

w
ith

 m
in

im
al

 c
ha

ng
e 

di
se

as
e 

in
cl

ud
ed

 in
 th

e 
ta

bl
e.

 U
na

bl
e 

to
 d

et
er

m
in

e 
sp

on
ta

ne
ou

s 
re

m
is

si
on

 r
at

e 
fro

m
 d

at
a 

be
ca

us
e 

so
m

e 
co

nt
ro

l g
ro

up
 p

at
ie

nt
s 

re
ce

iv
ed

 p
re

dn
is

on
e 

du
rin

g 
fo

llo
w

-u
p.

‡ P
re

dn
is

on
e 

do
se

 v
ar

ie
d 

(m
ea

n 
in

iti
al

 d
os

e,
 2

6 
m

g/
da

y)
; t

re
at

m
en

t d
ur

at
io

n 
6 

to
 4

8 
m

on
th

s.
# P

re
dn

is
ol

on
e 

60
 m

g/
da

y 
fo

r 
1 

w
ee

k,
 th

en
 1

20
 m

g 
on

 a
lte

rn
at

e 
da

ys
 u

nt
il 

re
m

is
si

on
, a

nd
 ta

pe
re

d 
of

f o
ve

r 
10

 to
 1

6 
m

on
th

s.
§ E

xt
en

si
on

 o
f C

am
er

on
 e

t a
l33

¶ P
re

dn
is

on
e 

60
 m

g/
da

y 
fo

r 
1 

w
ee

k,
 th

en
 4

5 
m

g/
da

y 
fo

r 
4 

w
ee

ks
 a

nd
 ta

pe
r 

of
f o

ve
r 

3 
to

 1
5 

w
ee

ks
; m

ea
n 

du
ra

tio
n 

of
 tr

ea
tm

en
t 1

3 
w

ee
ks

.
ıı P

re
dn

is
ol

on
e 

2 
m

g/
kg

 (m
ax

im
um

, 1
20

 m
g)

 o
n 

al
te

rn
at

e 
da

ys
 fo

r 
6 

to
 1

2 
w

ee
ks

, t
he

n 
ta

pe
re

d 
of

f o
ve

r 
12

 w
ee

ks
.

**
Pr

ed
ni

so
ne

�
 6

0 
m

g/
da

y 
fo

r 
1 

to
 3

 m
on

th
s 

an
d 

ta
pe

re
d 

of
f o

ve
r 

1 
to

 4
0 

m
on

th
s;

 m
ea

n 
du

ra
tio

n 
of

 tr
ea

tm
en

t 8
.1

 m
on

th
s.

††
Pr

ed
ni

so
lo

ne
 1

 m
g/

kg
/d

ay
 fo

r 
4 

to
 8

 w
ee

ks
, t

he
n 

ta
pe

re
d 

of
f o

ve
r 

ap
pr

ox
im

at
el

y 
9 

m
on

th
s.

‡‡
Fi

ve
 p

at
ie

nt
s 

ha
d 

sp
on

ta
ne

ou
s 

re
m

is
si

on
 a

nd
 a

re
 n

ot
 in

cl
ud

ed
 in

 th
e 

ta
bl

e.
##

Pr
ed

ni
so

lo
ne

 6
0 

m
g/

da
y 

in
 m

os
t o

f t
he

 p
at

ie
nt

s,
 ta

pe
re

d 
af

te
r 

re
m

is
si

on
 to

 a
 m

ai
nt

en
an

ce
 d

os
e 

of
 5

 m
g/

da
y;

 m
ea

n 
du

ra
tio

n 
of

 tr
ea

tm
en

t 3
.5

 y
ea

rs
.

§§
D

ai
ly

 d
os

e 
w

as
 a

pp
ro

xi
m

at
el

y 
1 

m
g/

kg
; a

lte
rn

at
e-

da
y 

do
se

 w
as

 a
pp

ro
xi

m
at

el
y 

2 
m

g/
kg

.
¶¶

Pe
rc

en
ta

ge
s 

ar
e 

es
tim

at
ed

 fr
om

 s
ur

vi
va

l c
ur

ve
s 

an
d 

re
fe

r 
to

 c
om

pl
et

e 
or

 p
ar

tia
l r

em
is

si
on

.
ııı

ı In
cl

ud
es

 p
at

ie
nt

s 
w

ith
 in

iti
al

 c
om

pl
et

e 
or

 p
ar

tia
l r

em
is

si
on

.
N

A
, n

ot
 a

va
ila

bl
e.

Ch19_205-219-X5484.indd 209Ch19_205-219-X5484.indd   209 6/18/08 12:38:53 PM6/18/08   12:38:53 PM



210 Diseases of Glomeruli, Microvasculature, and Tubulointerstitium

The results of these studies suggest that similar propor-
tions (70%–80%) of adults and children have at least one re-
lapse. However, adults appear to be less likely than children 
to have frequently relapsing or steroid-dependent disease 
(21% in Nolasco and colleagues2 compared with 40% in the 
ISKDC32).

Initial treatment of MCD with alternate-day glucocorticoids 
has been evaluated in adults.5,22,29,31 Nair and colleagues29 retro-
spectively analyzed the outcomes of 58 adults treated with pred-
nisolone 2 mg/kg (with maximum of 120 mg) as a single dose 
every 48 hours. Tapering began once remission was achieved. In 
contrast to the experience described previously with daily pred-
nisone, 82% of patients in this study were in remission within 
6 weeks, 93% were in remission within 12 weeks, and only 31% 
of patients had a relapse during the follow-up period. The low 
relapse rate has been attributed to the more gradual tapering 
regimen used for many of the patients in this study. The experi-
ence of Wang and colleagues5 using alternate-day prednisolone 
in Malaysian adults with MCD was less impressive. Remission 
occurred in 78% of 109 patients, but in many cases, it was not 
achieved until 6 or more months of treatment. Waldman and 
colleagues31 found no difference in remission rate, relapse rate, 
or time to relapse in a retrospective comparison of adults treated 
with daily versus alternate-day glucocorticoids. The rationale for 
alternate-day treatment is to decrease the adverse effects of the 
glucocorticoids. Although Nair and colleagues29 and Wang and 
colleagues4 commented in the reports of their studies that the 
adverse effects were low using an alternate-day regimen, this 
claim has not been substantiated by a prospective comparison 
with daily dosing.

Treatment with Alkylating Agents
Results in Children

The use of therapies other than glucocorticoids has generally 
been reserved for those patients with frequently relapsing, 
steroid-dependent, or steroid-resistant MCD. Table 19-3 sum-
marizes selected studies evaluating the effi cacy of cyclophos-
phamide and chlorambucil in such patients.2,28,33–40 In a 
prospective, controlled study, the ISKDC compared cyclophos-
phamide with intermittent prednisone in children with fre-
quently relapsing nephrotic syndrome and found a lower 
relapse rate in the cyclophosphamide group than in the pred-
nisone group (48% versus 88%).28 Although this result is con-
sistent with the fi ndings of earlier studies41,42 and supports the 
use of alkylating agents in frequently relapsing disease, separate 
analyses were not performed for the patients with MCD and 
FSGS, thus preventing fi rm conclusions regarding MCD per se. 
Furthermore, the intermittent prednisone regimen used in this 
study has been shown to be less effective than alternate-day 
therapy in preventing a relapse.23

Alkylating agents appear to be less effective in steroid-
dependent disease than in frequently relapsing disease. In one of 
the APN studies, children with frequently relapsing and 
steroid-dependent disease were treated with either cyclophos-
phamide and prednisone or chlorambucil and prednisone.37

Such treatment produced a remission rate of 72% in those 
with frequently relapsing disease, but only 28% in the patients 
with steroid-dependent disease. There is controversy as to 
whether an increase in the duration of the alkylating agent treat-
ment improves the response in steroid-dependent disease. In a 

separate study of steroid-dependent children with MCD, the 
APN found that a 12-week course of cyclophosphamide was as-
sociated with a higher 2-year relapse-free rate (67%) than was an 
8-week course (22%).38 However, Ueda and colleagues39 found 
no difference in the 5-year relapse-free rates in patients with 
steroid-dependent MCD treated for 8 or 12 weeks (24% and 
25%, respectively).

There are fewer studies of alkylating agents for steroid-
resistant MCD. This probably refl ects the relative rarity of 
steroid resistance in true MCD. Uncontrolled studies suggest 
that steroid-resistant patients with MCD may respond to cy-
clophosphamide43,44; however, in the ISKDC, the early nonre-
sponsive patients (i.e., those whose disease had not remitted 
after 8 weeks of prednisone) treated with cyclophosphamide 
plus prednisone did not show a greater remission rate than 
those treated with prednisone alone.28 It should be noted, 
however, that among those who did respond, the remission 
occurred earlier in the cyclophosphamide group than in the 
prednisone group (mean interval between beginning of treat-
ment and remission was 38.4 and 95.5 days, respectively). 
In the one study in which they were directly compared, chlo-
rambucil and cyclophosphamide appeared to be equally effec-
tive in frequently relapsing MCD and equally ineffective in 
steroid-dependent disease.37

Results in Adults

In comparison with children, fewer data are available for 
adults with regard to the response of MCD to alkylating 
agents. The retrospective analysis by Nolasco and colleagues2

showed that 69% of adults treated with cyclophosphamide 
achieved remission. Moreover, 58% of those who had a remis-
sion did so within 8 weeks of the initiation of therapy. The 
duration of remission was longer after treatment with cyclo-
phosphamide than with prednisone in this series. Two thirds 
of those who responded to cyclophosphamide were still in 
remission 4 years after treatment. In a small prospective, con-
trolled study, Al-Khader and colleagues35 treated eight adult 
patients with MCD with cyclophosphamide and compared 
the outcome with that in eight patients treated with support-
ive therapy (diuretics). Seven of those treated with cyclophos-
phamide attained remission, whereas two of the control pa-
tients had a spontaneous remission. None of the patients in 
either group who achieved remission had a relapse during a 
mean follow-up period of 6 years. Although this appears to be 
an impressive outcome, six patients required treatment for 
longer than 1 month to achieve remission, and it is possible 
that an equally good result would have been obtained with 
glucocorticoids.

Toxicity of Alkylating Agents

The bulk of the data in children and adults suggests that cyclo-
phosphamide or chlorambucil therapy, in conjunction with 
glucocorticoids, will induce remissions of longer duration than 
those resulting from glucocorticoids alone in patients with 
frequent relapses, and that these drugs may thus decrease glu-
cocorticoid requirements in steroid-dependent patients. The 
major toxicities of these agents include reversible alopecia, 
susceptibility to viral and fungal infections, gonadal failure, 
and late development of malignancy. Cyclophosphamide can 
cause hemorrhagic cystitis, and chlorambucil has been associ-
ated with the development of seizures. The risk of irreversible 
gonadal failure increases with patient age (particularly for 
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women) and cumulative dose. Gonadal failure is usually 
reversible if the total cumulative dose of cyclophosphamide or 
chlorambucil is less than 200 mg/kg or 10 mg/kg, respectively. 
Most cases of late malignancies after treatment with these 
agents have occurred in patients treated for at least 1 year. The 
risk of malignancy with short-term therapy with chlorambucil 
or cyclophosphamide is not known. The steroid-sparing effect 
of alkylating agents has been considered a justifi cation for their 
use in cases of frequently relapsing and steroid-dependent 
disease. Although patients who enter prolonged remission after 
such therapy will be spared further steroid toxicity, there is a 
risk of additive toxicity in those who have a relapse or fail 
to respond. Therefore, alkylating agents should be limited 
to those patients with severe steroid toxicity or uncontrolled 
disease.

Treatment with Calcineurin Inhibitors
Multiple small uncontrolled studies suggesting benefi cial 
effects of cyclosporin A (CyA) in patients with frequently 
relapsing or steroid-dependent MCD provided the rationale 
for the larger trials summarized in Table 19-4.45–51 All but one 
of these studies included patients with FSGS as well as MCD, 
and in most cases, separate analyses of the patients with 
MCD were not performed. Two multicenter, randomized, 
controlled studies by Ponticelli and colleagues45,46 showed 
that CyA at doses of 5 mg/kg/day in adults and 6 mg/kg/day 
in children is highly effective in maintaining remission in 
steroid-dependent or frequently relapsing nephrotic syn-
drome (88% with CyA compared with 68% with cyclophos-
phamide) and is capable of producing at least a partial remis-
sion in 60% of steroid-resistant cases. In the steroid-responsive 
patients, the relapse rate and glucocorticoid requirement 
were decreased during treatment with CyA. However, in both 
of these studies, as well as in a more recent study by El-
Husseini and colleagues,50 relapse occurred in approximately 
70% of patients after CyA was discontinued. A limited expe-
rience with tacrolimus for MCD does not suggest an advan-
tage of this agent over CyA.52,53

The need for prolonged courses of treatment with CyA, 
owing to the high relapse rate after its discontinuation, has 
raised concern about chronic cyclosporine nephrotoxicity. 
Somewhat to the surprise of those involved in the early trials 
of CyA treatment of MCD, the drug appeared to be well tol-
erated in the short term, with no discernible alteration in 
serum creatinine or glomerular fi ltration rate measure-
ments.54 It must be recognized, however, that histologic 
changes have been documented in the absence of changes in 
the serum creatinine level. Habib and Niaudet55 reviewed se-
rial renal biopsy specimens from 42 children with nephrotic 
syndrome (35 with MCD and 7 with FSGS) treated with CyA 
for 4 to 63 months. Tubulointerstitial lesions developed in 
24 patients, and none of the 9 patients with extensive lesions 
had a decrease in the glomerular fi ltration rate.

Although the high relapse rate and potential nephrotoxic-
ity of CyA have relegated it to third-line therapy after gluco-
corticoids and alkylating agents for steroid-dependent or 
steroid-resistant disease, the results of a long-term study by 
Meyrier and colleagues48 in adults with MCD and FSGS give 
cause to reconsider this position. The essential fi ndings in this 
study are that adults with MCD (confi rmed on repeat biopsy) 
can be treated with CyA for an extended period (as long as 

78 months) without loss of renal function and with scant 
histologic evidence of CyA nephrotoxicity as long as the dose 
does not exceed 5.5 mg/kg/day. Not only did this treatment 
produce complete remission during CyA therapy in 19 of 
22 (86%) of these steroid-dependent or steroid-resistant pa-
tients, remission was sustained (for 5 months to 6 years) in 
10 patients in whom CyA was discontinued after 1 to 5 years. 
In this study, the factors that were most predictive of histo-
logic CyA nephrotoxicity included dose greater than 5.5 
mg/kg/day, the presence of renal insuffi ciency before treat-
ment, and the percentage of glomeruli with lesions of FSGS 
on pretreatment biopsy specimen. A similar paucity of CyA 
nephrotoxicity in adult MCD was reported by Ittel and col-
leagues.49 Although these authors did not observe permanent 
remission in their patients, they were able to maintain partial 
or complete remission in 15 patients with steroid-dependent 
or steroid-resistant MCD for 7 to 91 months. Only one patient 
showed mild interstitial fi brosis suggestive of CyA toxicity. 
CyA trough whole blood levels were kept at 50 to 150 ng/mL 
at a mean dose of approximately 4.5 mg/kg/day.

Evaluations of the nephrotoxicity of long-term CyA treat-
ment in children with MCD have included small numbers of 
patients and have had varied results. Inoue and colleagues56

found histologic evidence of CyA toxicity in 7 of 13 children 
after a 2-year course of treatment for steroid-dependent 
MCD. The changes were considered moderate or severe in fi ve 
of the patients. Much lower rates of CyA toxicity have been 
reported by others. Gregory and colleagues57 performed biop-
sies on 12 of 22 children with steroid-dependent or steroid-
resistant nephrotic syndrome after 12 to 41 months of CyA 
treatment. Two patients, both with IgM nephropathy, had 
progression of interstitial fi brosis and tubular atrophy present 
on pre-CyA biopsy specimens. None of the other patients had 
histologic evidence of nephrotoxicity. Hino and colleagues58

found mild tubular atrophy with striped interstitial fi brosis in 
2 of 13 children on whom a biopsy was performed after 12 to 
43 months of CyA treatment, and Kano and colleagues59

found such changes in only 1 of 14 children treated with low-
dose CyA (1.6–3.1 mg/kg/day) for 2 years. In both of these 
studies, there was no apparent correlation between either the 
CyA dose or mean trough level and the development of histo-
logic changes, and the serum creatinine did not increase after 
CyA treatment in those patients with biopsy evidence of 
nephrotoxicity. The stability of the serum creatinine was par-
ticularly noteworthy in the study by Hino and colleagues58

because creatinine values were available at 2 to 10.5 years after 
completion of the CyA treatment.

Thus, although it has yet to be determined whether pro-
longed treatment with CyA is curative or simply sustains re-
mission until the disease “burns out,” it is reasonable to con-
sider maintenance CyA as an alternative to cyclophosphamide 
in adults with severe steroid-dependent, steroid-resistant, or 
even frequently relapsing disease, especially those in their re-
productive years. Indeed, some authorities argue that short-
term, low-dose CyA might even be preferable to glucocorti-
coids as fi rst-line therapy.

Treatment with Mycophenolate Mofetil
Although there are as yet no controlled studies to support the 
use of mycophenolate mofetil (MMF) in MCD, several small 
case series in children and adults60–64 and personal experience 
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in adults have shown that remission can be maintained in a 
high proportion of patients with steroid-dependent or fre-
quently relapsing MCD, including patients who have had a 
relapse after discontinuation of CyA treatment. In the series of 
MMF-treated adults with proteinuric glomerular diseases 
reported by Choi and colleagues,60 fi ve of six patients with 
steroid-dependent MCD were able to discontinue steroid use. 
Likewise, durable remission, decrease in relapse rate, and ste-
roid sparing have been reported in children with steroid- and 
CyA-dependent or frequently relapsing MCD.61,64 Unfortu-
nately, MMF does not appear to be any better than CyA in 
effecting a cure, as a high proportion of patients had a relapse 
after MMF treatment was discontinued.61,64 Given that MMF 
is generally better tolerated and is less toxic than CyA and cy-
clophosphamide, it would be the preferred choice in patients 
who require long-term maintenance therapy to prevent re-
lapse if future studies confi rm the current experience. Unfor-
tunately, MMF has not proved to be effective in inducing re-
mission in steroid-resistant MCD in more than a few anecdotal 
cases.61,64

Treatment with Azathioprine, 
Levamasole, and Rituximab
Most of the data on the use of azathioprine in MCD comes 
from anecdotal reports, and the general view is that this drug 
has limited value in the treatment of this disease. In the only 
controlled study examining its use in MCD, Abramowicz and 
colleagues65 found that azathioprine was ineffective in 31 chil-
dren with steroid-resistant nephrotic syndrome (only 5 of the 
patients had MCD). More promising results were reported by 
Cade and colleagues66 who treated 13 adults (8 with MCD) 
with prolonged courses (4 years) of azathioprine and found 
that all the patients had a progressive decrease in proteinuria 
and ultimately achieved complete remission. The results of 
this study and the decreased toxicity profi le of azathioprine 
compared with the alkylating agents led some investigators 
to argue for further evaluation of its effi cacy in MCD.18 How-
ever, interest in azathioprine has lessened in recent years as 
experience with MMF has accrued for a variety of glomerular 
diseases.

Levamisole, an immunopotentiating drug, has been used as 
a steroid-sparing agent in children with frequently relapsing 
MCD. The British Society of Pediatric Nephrology performed 
a controlled study of 61 children treated with levamisole 
or placebo after a steroid-induced remission.67 Fourteen of 
31 patients treated with levamisole were in remission at the 
end of a 3- to 4-month treatment period compared with three 
of 30 patients treated with a placebo. However, discontinuation 
of the drug was associated with a rapid relapse, and only four 
of the responders were still in remission at the end of the study. 
A second controlled trial of levamisole found that treatment 
with this drug resulted in a statistically nonsignifi cant increase 
in the proportion of patients with a sustained glucocorticoid-
induced remission.68 Multiple uncontrolled studies suggest a 
potential role for this drug as a steroid-sparing agent, but ad-
equately powered randomized trials are needed to evaluate its 
long-term effi cacy and safety.69

Rituximab is a monoclonal antibody directed against 
CD20, a cell-surface molecule on B lymphocytes. A case report 
of attainment of a long-lasting remission with rituximab of 
frequently relapsing MCD in a 23-year-old woman who had 

previously been treated with glucocorticoids, CyA, cyclophos-
phamide, MMF, and basiliximab (an anti-CD25 antibody di-
rected against T lymphocytes) suggests a possible role for 
B cells in MCD, a disease that has generally been viewed as 
resulting from disordered T-lymphocyte function.70

SPECIFIC RECOMMENDATIONS

Although maintaining MCD patients free of urine protein 
could probably be accomplished in more than 90% of cases 
using prednisone, cyclophosphamide, or CyA, such regimens 
are associated with signifi cant toxicity. Thus, the therapeutic 
challenge of this disease is to identify the treatment with the 
highest probability of producing a sustained remission with 
the lowest risk of toxicity. The literature reviewed earlier is 
helpful in this regard but is not conclusive. Individual patient 
variation remains a major factor in choosing among treat-
ment options. Therefore, the recommendations that follow 
(summarized in Figs. 19-1 and 19-2) should be viewed as fl ex-
ible guidelines rather than defi nitive treatment protocols.

Regardless of the specifi c therapy used, symptomatic man-
agement of nephrotic patients should include dietary sodium 
and fl uid restriction to prevent further edema formation. Di-
uretics may be necessary before specifi c therapy takes effect, and 
high doses are often required because of the marked sodium 
avidity that accompanies nephrotic syndrome. Angiotensin-
converting enzyme inhibitors may decrease proteinuria in ne-
phrotic patients and thus may have a role during initial man-
agement or in steroid-resistant patients; however, one should be 
alert to the possibility of an acute reduction in the glomerular 
fi ltration rate from alterations in intrarenal hemodynamics. To 
prevent glucocorticoid-induced osteoporosis, we recommend a 
daily intake (either through diet or supplements) of 1500 mg of 
calcium and 400 to 800 IU of vitamin D (with age-appropriate 
decreases in children) for all patients during glucocorticoid 
therapy. Additionally, for adult patients receiving long-term 
glucocorticoid treatment, it is appropriate to obtain a baseline 
bone mineral density measurement and to consider further 
prophylactic treatment with bisphosphonates.71 Although the 
risk of accelerated atherogenesis in patients with MCD is de-
bated, the use of lipid-lowering agents, preferably 3-hydroxy-
3-methylglutaryl coenzyme A reductase inhibitors, should be 
considered in hyperlipidemic patients with sustained protein-
uria. Nephrotic patients are also at risk for thromboembolic 
disease; however, routine anticoagulation is not recommended 
for patients with MCD.

Almost all children with idiopathic nephrotic syndrome 
should be treated empirically with glucocorticoids because of 
the high probability that they have MCD. A typical regimen 
for a fi rst attack is as follows: prednisone 60 mg/m2/day with 
a maximum of 80 mg/day, given as a single daily dose for 
4 weeks. The dose is reduced to 35 to 40 mg/m2 every other 
day for the subsequent 4 weeks and then tapered off over an 
additional 4 weeks. A more gradual tapering scheme consist-
ing of alternate-day dosing at 60 mg/m2 for 8 weeks after the 
initial 4 weeks of daily therapy, with tapering over an addi-
tional 4 to 6 weeks, such that the total duration of therapy is 
approximately 4 to 5 months, is preferred by some. A decrease 
in proteinuria will occur in most children after 2 weeks of 
treatment. If proteinuria persists in a child after 4 weeks of 
treatment, a renal biopsy should be performed.
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Since MCD accounts for only 10% to 15% of cases of 
nephrotic syndrome in adults, a renal biopsy should be per-
formed before initiating therapy. If secondary causes of 
MCD have been eliminated, we recommend treatment with 
prednisone at 1 mg/kg as a single daily dose. Because the 
response to glucocorticoids occurs less rapidly in adults than 
in children, the prednisone therapy should be continued for 
12 weeks before the disease is considered to be steroid resis-
tant. A progressive shift to alternate-day dosing beginning at 
1 mg/kg should be started 1 week after proteinuria remits 
and tapered off over 2 to 3 months. Initial treatment with 
alternate-day prednisone at 2 mg/kg, with a maximum dose 
of 120 mg every other day, may also be effective and have 
fewer side effects, but there is less published experience with 
such a regimen.

Treatment of MCD relapses must take into account their 
frequency and the severity of glucocorticoid-related toxici-
ties. A fi rst relapse in either a child or adult can usually be 
treated with a second course of prednisone with tapering 
beginning as soon as remission occurs. We recommend 
gradual, rather than rapid, tapering of the second course of 
prednisone therapy because available data suggest that this 
results in a lower probability of a subsequent relapse. How-

ever, this approach may not necessarily result in a lower 
cumulative glucocorticoid dose.

If a relapse occurs during prednisone tapering, the predni-
sone dose should be increased immediately to the level at 
which remission occurred. In most cases, remission will result, 
and a relatively rapid taper can begin. As the dose at which the 
relapse occurred is approached, the rate of tapering should be 
made more gradual in order to decrease the likelihood of a 
second relapse. We recommend that the patient or parent 
monitor the urine for protein by using a dipstick during the 
taper to facilitate early detection of relapse.

In some cases of frequently relapsing or steroid-dependent 
MCD, remission can be sustained with long-term, low-dose, 
alternate-day prednisone therapy. However, the doses required 
to maintain remission may be intolerably high, in which case 
alkylating agents should be considered. Indeed, elderly patients 
may tolerate cyclophosphamide better than glucocorticoids. 
Although cyclophosphamide and chlorambucil appear to have 
similar effi cacy, we prefer cyclophosphamide 2 mg/kg/day for 
8 to 12 weeks for frequently relapsing disease and 12 weeks for 
steroid-dependent disease. Prednisone is usually administered 
with cyclophosphamide, although this may not necessarily im-
prove effi cacy. Patients are often already taking glucocorticoids 

Nephrotic syndrome
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60 mg/m2/day; 

maximum 80 mg/day
AND Supportive therapy: 

salt restriction, diuretics

Remission Continue for 4 wk Steroid resistance

Begin prednisone 
taper 35–40 mg/m2 on
alternate days for 4–8 
wk, then taper off over 
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Occasional
relapse

Sustained
relapse

Frequent relapses or 
steroid dependence

Prednisone as 
before

Renal biopsy

Minimal change 
disease confirmed

Induce remission with 
prednisone

Renal biopsy

Minimal change 
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Cyclosporine 
4–5 mg/kg/day

OR Cyclophosphamide
2 mg/kg/day
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on alternate days
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indefinitely

† *Continue for 1 
yr, then taper

Continue for total 
of 12 wk Slow taper

Figure 19-1 Treatment algorithm for children with minimal change disease. *Renal biopsy should be performed to evaluate 
for cyclosporine toxicity before continuing cyclosporine treatment beyond 1 year. †Patients who relapse after withdrawal of 
cyclosporine may be maintained on mycophenolate mofetil.
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when the decision is made to start therapy with an alkylating 
agent. A potential benefi t of inducing a remission with gluco-
corticoids before starting cyclophosphamide therapy is that it 
may allow the high fl uid intake required for protection against 
cystitis. The usual dose of chlorambucil is 0.1 to 0.2 mg/kg/day. 
The cumulative doses of cyclophosphamide and chlorambucil 
should be kept to less than 200 mg/kg and 10 mg/kg, respec-
tively, to avoid gonadal toxicity. The leukocyte count should be 
monitored during treatment with alkylating agents with dose 
adjustments as needed to maintain the count between 2000 and 
5000 cells/mm3.

CyA is a reasonable option for patients who have a relapse 
after one or two courses of cyclophosphamide therapy, and we 
believe that it is a good alternative to an alkylating agent in 
young adults. The dose of CyA should be initiated at 4 to 
5 mg/kg/day in adults and 4 to 6 mg/kg/day in children and 
adjusted to maintain a whole blood trough level by monoclo-
nal antibody assay of 100 to 150 ng/mL. Treatment should be 
continued for 1 year and then tapered. If a relapse occurs, CyA 
should be restarted at the dose that maintained remission but 
in adults should not exceed 5.5 mg/kg/day. If a response to 
CyA has not occurred within 3 to 4 months, the drug should 
be discontinued. It is important to note that the optimal dose 

for long-term CyA therapy in children has not been estab-
lished. In the studies describing outcomes with CyA treatment 
for longer than 1 year, many of the children had mean trough 
levels that were less than 100 ng/mL. Steroid-dependent pa-
tients may require low doses of prednisone together with CyA 
to maintain remission and are more likely than those with 
frequent relapses to have a relapse after discontinuation of 
CyA therapy. Serum creatinine and creatinine clearance should 
be monitored periodically during administration of CyA; 
however, early CyA nephrotoxicity may not be accompanied 
by changes in these measurements. Therefore, repeat renal 
biopsy to look for nephrotoxicity is advisable in patients re-
quiring treatment with CyA for more than 1 year.

At present, MMF has a role as maintenance therapy in pa-
tients who experience a relapse whenever CyA or cyclophos-
phamide are discontinued, but if results of several case series 
are confi rmed, it may become the treatment of choice in pa-
tients with frequent relapses or steroid-dependent patients.

Steroid-resistant MCD is rare. Children who have ne-
phrotic syndrome that does not remit with prednisone should 
undergo renal biopsy, as it is likely that they actually have 
FSGS. Adults who have presumed MCD based on a biopsy 
performed before treatment may actually have had FSGS that 
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Supportive therapy:
salt restriction, diuretics, ACEI/ARB
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Minimal change disease Mild symptoms Continue supportive therapy

Remission
Severe symptoms Steroid resistance 

(no remission after 12 wk)

Prednisone taper 
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Taper off over 2–3 mo
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relapse

Sustained
remission

Frequent relapses or 
steroid dependence

Prednisone as 
before 

Induce remission with 
prednisone

Mycophenolate
1.0 g twice daily

Cyclosporine 
4–5 mg/kg/day

Cyclosphamide
2 mg/kg/day

Prednisone
low dose on alternate days

Continue 
indefinitely

Continue for 1 yr, 
then taper*

Continue for total 
of 12 wk Slow taper

†

Cyclosporine 
4–5 mg/kg/day

Cyclophosphamide
2 mg/kg/day

No remission No remissionRemission Remission

Consider
cyclosphamide

Continue for 1 yr, 
then taper*

Continue for total 
of 12 wk

Consider
cyclosporine

Prednisone
1 mg/kg/day

OR OR OR

Figure 19-2 Treatment algorithm for adults with minimal change disease. *Renal biopsy should be performed to evaluate for 
cyclosporine toxicity before continuing cyclosporine treatment beyond 1 year. †Patients who relapse after withdrawal of cyclo-
sporine may be maintained on mycophenolate mofetil. ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin recep-
tor blocker.
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was not apparent on the initial biopsy specimen. Steroid-
resistant MCD can be treated with alkylating agents or with 
CyA using the regimens described for frequently relapsing or 
steroid-dependent disease, but such patients are less likely to 
respond.

In conclusion, despite many years of accumulated experi-
ence with immunosuppressive agents, the treatment of fre-
quently relapsing MCD remains a challenge. The approach 
that we have outlined favors a shift from repeated courses of 
high-dose glucocorticoids or alkylating agents to a mainte-
nance type of treatment with longer courses of low-dose, 
alternate-day glucocorticoids, CyA, or MMF. In the fi nal 
analysis, however, treatment must be customized for each 
patient based on clinical characteristics, disease course, and 
treatment-associated toxicities.
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Focal segmental glomerulosclerosis (FSGS) is a clinicopatho-
logic entity defi ned by proteinuria and segmental glomerular 
scars involving some but not all glomeruli. It is a leading cause 
of nephrotic syndrome in adults and is the predominant cause 
of end-stage renal disease (ESRD) among children.1 The inci-
dence of FSGS has been increasing over the past two decades, 
with idiopathic FSGS responsible for 3.3% of incident ESRD 
cases in the United States. FSGS accounts for 7% to 35% of 
glomerular lesions in children and adults undergoing renal 
biopsy for nephrotic syndrome.2–7 Additionally, the preva-
lence of FSGS in nephrotic black patients is two to four times 
that in white patients (50%–60% vs. 20%–25%).6,7

Few clinical features distinguish patients with new-onset 
idiopathic nephrotic syndrome due to minimal change ne-
phropathy (MCN) versus FSGS. FSGS is distinguished from 
MCN by a higher frequency of hematuria and a poorer re-
sponse to immunosuppressive drug therapies. Although pa-
tients with FSGS are more likely to have subnephrotic protein-
uria than those with MCN, FSGS patients have a higher 
frequency of persistent nephrotic syndrome and a greater risk 
of progression to ESRD. It often progresses over several years to 
renal insuffi ciency and hypertension. Approximately 50% of 
patients with idiopathic FSGS progress to ESRD within 10 years 
of diagnosis. The progressive nature of this lesion and the high 
recurrence rate in transplanted kidneys have made the treat-
ment of primary FSGS a serious concern to nephrologists.

FSGS, defi ned by the characteristic pathologic fi ndings, is a 
complex syndrome associated with multiple etiologies and vari-
able clinical severity (Table 20-1).8 FSGS can be classifi ed into 
idiopathic, genetic, and reactive forms (the last including post-
adaptive and medication-associated FSGS). Idiopathic FSGS 
accounts for 10% of all children presenting with nephrotic syn-
drome.9 Although FSGS generally carries a poor prognosis, 
considerable heterogeneity exists in clinical features, renal his-
tology, and outcome. The existing data guiding the treatment of 
FSGS are mostly drawn from patients with the idiopathic form, 
and signifi cant uncertainty exists regarding the optimal therapy 
approach for postadaptive and genetic forms of FSGS.

ETIOLOGY

FSGS is a disease of podocytes with diverse causes. Until re-
cently, the understanding of glomerular injury in FSGS has 
been limited to more broad concepts and little has been known 
about biochemical components essential for the glomerular 
fi ltration barrier. At the core of pathogenesis of MCN and 
FSGS, podocyte dysfunction has now been demonstrated as 
having a particular importance in mediating glomerular perm-
selectivity. The recent series of discoveries has identifi ed spe-
cifi c proteins that are critical to podocyte function, including 
cellular signaling and maintenance of cytoskeletal structure. 
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221 Focal Segmental Glomerulosclerosis and Collapsing Glomerulopathy

Idiopathic Forms Genetic Forms Reactive Forms

Minimal change 
nephropathy

Idiopathic
Steroid sensitive
Steroid resistant

Nonsyndromic
NPHS2

Syndromic
DYSF (limb-girdle muscular

dystrophy 2B)

Reactive
Hodgkin’s disease
Immunogenic stimuli
Medication associated
Nonsteroidal anti-infl ammatory agents, 

gold, penicillamine, lithium, interferon 
alfa and beta, pamidronate

Focal segmental 
glomerulosclerosis

Idiopathic Nonsyndromic
NPHS1 � NPHS2
NPHS2
ACTN4
CD2AP
TRPC6
WT1
mtDNA tRNALeu

PLCE1
Syndromic

WT1 (Frasier)
mtDNA tRNALeu (MELAS)
PAX2 (renal-coloboma 

syndrome with 
oligomeganephronia)

LMX1B (nail-patella)
COQ2
ITGB4
COL4A3, A4, A5 (Alport’s)
GLA (Fabry’s)

Postadaptive
Reduced nephron mass
Renal dysplasia, surgical renal mass re-

duction, refl ux nephropathy, chronic 
interstitial nephritis

Initially normal nephron mass
Obesity, increased muscle mass, sickle 

cell anemia, cyanotic congenital 
heart disease, hypertension*

Medication associated
Cyclosporine, tacrolimus, interferon 

alfa, lithium, pamidronate

Diffuse mesangial 
sclerosis

Idiopathic Nonsyndromic
NPHS1 (Congenital nephrotic 

syndrome, Finnish type)
WT1
NPHS2
PLCE1

Syndromic
LAMB2 (Pierson)
WT1 (Denys-Drash)

Collapsing
glomerulopathy

Idiopathic Nonsyndromic
COQ2

Syndromic
ZMPSTEZ4
Action myoclonus renal 

failure

Infection
Viruses (HIV-1, parvovirus B19,* 

CMV*)
Others (Loa loa fi liariasis,* visceral 

leishmaniasis,* Mycobacterium
tuberculosis*)

Disease associations
Adult Still’s disease,* thrombotic 

microangiopathy, multiple myeloma*
Medication

Interferon alfa, pamidronate

*Disease associations for which causation has not been clearly established. The primary podocytopathies are organized into four mor-
phologic patterns and three etiologic categories. Named syndromes are shown. The genes, encoded proteins, and syndrome abbrevia-
tions are as follows: ACTN4, �-actinin-4; CD2AP, CD2-associated protein; CMV, cytomegalovirus; COL4, type IV collagen; COQ2,
coenzyme Q synthetase 2; DYSF, dysferlin; GLA, �-galactosidase A; HIV-1, human immunodefi ciency virus type 1; ITGB4, B4-integrin;
LAMB2, laminin B2 chain; LMX1B, Lim homeobox transcription factor 1B; MELAS, mitochondrial myopathy, encephalopathy, lactic aci-
dosis, and strokelike episodes; mtDNA, mitochondrial DNA; NPHS1, nephrin; NPHS2, podocin; PAX2, paired homeobox protein 2; 
PLCE1, phospholipase C�; TRPC6, transient receptor potential cation channel, member 6; WT1, Wilms’ tumor-1. 
Reprinted with permission from Barisoni L, Schnaper HW, Kopp JB: A proposed taxonomy for the podocytopathies: A reassessment of the 
primary nephrotic diseases. Clin J Am Soc Nephrol 2007;2:529–542.

Table 20-1 Taxonomy of the Podocytopathies
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222 Diseases of Glomeruli, Microvasculature, and Tubulointerstitium

This exciting and rapidly expanding fi eld of podocyte biology 
should provide new avenues to gain better understanding of 
molecular mechanisms underlying foot process effacement, 
proteinuria, and progressive glomerulosclerosis.

Experimental and clinical studies have shown that podocyte 
injury can occur from the mutations in podocyte proteins, 
toxins, viral infections, immunologic factors, and injury from 
preexisting or ongoing insults (such as obesity and possibly 
hypertension). Thus, although some forms of FSGS refl ect in-
nate abnormalities, others result from the adaptive process of 
various injuries, including previous glomerular injury.

Idiopathic Focal Segmental 
Glomerulosclerosis

Like MCN, some cases of idiopathic FSGS may have an im-
munogenic component in the setting of genetic susceptibility. 
In some cases of idiopathic FSGS, circulating permeability 
factor may lead to proteinuria, as suggested by a case of a ne-
phrotic mother who transmitted the factor to her child in 
utero.10 In addition, rapid recurrence of proteinuria after 
transplantation in some cases supports the hypothesis that 
circulating factor increases the permeability of the glomerular 
fi ltration barrier. Permeability factor studies over the past de-
cade, however, have produced confl icting data with limited 
clinical applicability.

Postadaptive Focal Segmental 
Glomerulosclerosis

Postadaptive FSGS, or secondary FSGS, arises as a consequence 
of structural adaptation (glomerular hypertrophy) and/or 
functional adaptation (glomerular hyperperfusion and hyper-
fi ltration) to either reduced nephron mass or particular disease 
states (obesity, sickle cell anemia, cyanotic congenital heart 
disease, and others). The term postadaptive FSGS was selected 
to emphasize that there is believed to be a phase of adaptation 
that includes glomerular hyperfi ltration and glomerulomegaly 
and that the adaptive phase is followed by the focal and seg-
mental scarring and absolute decrease in podocyte numbers 
that characterize FSGS. The diagnosis of postadaptive FSGS 
remains a challenge, given that there are no pathologic hall-
marks unique to this form. As the postadaptive form may have 
different responses to therapy, however, the distinction from 
the other forms of FSGS becomes important.

Currently available methods to identify postadaptive FSGS 
include measuring glomerular size, evaluating the degree of 
foot process effacement on electron microscopy, and deter-
mining the fraction of glomeruli with perihilar sclerosis (Table 
20-2). Glomerulomegaly may be one of the few distinguishing 
features of postadaptive FSGS, particularly in obese patients. 
Obesity is associated with increased renal blood fl ow, glomeru-
lar fi ltration rate (GFR), and microalbuminuria, features that 

Feature Utility Limitations

High risk clinical setting

1. Reduced nephron mass: renal dysplasia, ureteral 
refl ux

2. Initially normal renal mass: sickle cell 
anemia, cyanotic congenital heart disease

�� The life-time incidence of postadaptive
FSGS in these uncommon or rare conditions is proba-

bly relatively high, although precise incidence fi g-
ures are not available

Moderate- or low-risk clinical setting: obesity, 
hypertension

� These are common clinical conditions, for which the 
lifetime incidence of postadaptive FSGS is probably 
low; idiopathic FSGS may also occur in these indi-
viduals.

Nephrotic proteinuria without edema or 
hypoalbuminemia

� This pattern is more common is postadaptive FSGS but 
also occurs in idiopathic FSGS130

Perihilar FSGS variant: at least one glomerular showing 
perihilar hyalinosis and perihilar hyalinosis and/or 
sclerosis involving � 50% glomeruli

�� Sensitivity and specifi city remain to be determined

Glomerulomegaly (average glomerular 
diameter � 185 �m)

��� Requires a suffi cient number of glomeruli (probably 
5–10), multiple levels (possibly 4), and measurement 
of glomeruli cut at or near hilus.131

Podocyte foot process effacement � There are signifi cant group differences between idio-
pathic FSGS and postadaptive FSGS, but there is 
considerable overlap between the groups, so this 
has limited utility in a particular cases

When confronted with a renal biopsy specimen that shows FSGS, no history suggesting a genetic cause of FSGS (onset in childhood,
family history of FSGS, extrarenal manifestations), and no use of FSGS-associated medication, the pathologist and clinician must weigh 
the likelihood of idiopathic FSGS versus postadaptive FSGS. Multiple features must be considered in making this distinction.
FSGS, focal segmental glomerulosclerosis.
Reprinted with permission from Schnaper HW, Robson AM, Kopp JB: Nephrotic syndrome: Minimal change nephropathy, focal segmental 
glomerulosclerosis, and collapsing glomerulopathy. In Schrier RW (ed): Diseases of the Kidney and Urinary Tract: Clinicopathologic
Foundations of Medicine, 8th ed. Philadelphia: Lippincott Williams & Wilkins, 2006, pp 1585–1672.

Table 20-2 Clinical and Pathological Recognition of Postadaptive Focal Segmental Glomerulosclerosis
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223 Focal Segmental Glomerulosclerosis and Collapsing Glomerulopathy

it shares with diabetes mellitus. The mechanisms for these re-
nal abnormalities are not well understood, but the relationship 
between metabolic syndrome and the risk of renal disease has 
been well established in recent years. Contributing factors 
likely include increased renal venous pressure, hyperlipidemia, 
and increased production of vasoactive and fi brogenic sub-
stances by adipocytes, including angiotensin II, insulin, leptin, 
and transforming growth factor �1.

It remains unclear whether glomerulomegaly is a necessary 
precursor lesion to postadaptive FSGS and whether there is a 
specifi c genetic susceptibility to developing postadaptive 
FSGS, as most obese people do not develop glomerulopathy. 
Whether an individual threshold body mass index for the ap-
pearance of glomerulomegaly and FSGS exists is unknown. 
More research is required to understand the molecular path-
ways by which increased fat/muscle mass or body mass index 
lead to glomerular hyperfi ltration.

Another differentiating pathologic feature of postadaptive 
FSGS from idiopathic FSGS is the extent of foot process efface-
ment. Kambham and colleagues11 found that obesity associated–
glomerulopathy in the setting of a body mass index greater than 
30 kg/m2 has a mean foot process effacement of 40% (range, 
10%–100%), whereas idiopathic FSGS patients have a mean foot 
process effacement of 75% (range, 30%–100%). Although there 
were signifi cant differences in the group means for the extent of 
podocyte foot process effacement in idiopathic FSGS versus post-
adaptive FSGS, there was much overlap, so the utility of particu-
lar diagnostic criteria (such as podocyte foot process effacement 
� 50% in the former and � 50% in the latter) is limited.12

Another difference in renal histology is that the initial le-
sion in postadaptive FSGS is preferentially localized to the 
hilum. Rat models of FSGS that are characterized by increased 
transcapillary hydraulic pressure, for example, possibly em-
phasizing the susceptibility of podocytes to injury under in-
creased vascular wall tension.13,14 Although intriguing, the 
application of such knowledge is limited in clinical practice, 
given the diffi culty of correctly identifying the location of the 
sclerosis in limited number of glomeruli. It remains to be de-
termined whether the perihilar variant of idiopathic FSGS 
also arises as a consequence of glomerular overload from an 
unrecognized risk factor or biologic process.

Postadaptive FSGS may have a milder clinical course; in com-
paring obesity-related FSGS and idiopathic FSGS, Khambam and 
colleagues11 reported that the patients with obesity-associated 
glomerulopathy had lower levels of proteinuria and a more indo-
lent course (progression to ESRD 4% vs. 42%). By contrast, Praga 
and colleagues15 found that the outcome in obesity-related dis-
ease was almost as poor as that of idiopathic FSGS. In this study, 
80% of patients had nephrotic range proteinuria at presentation 
or on follow-up. The level of proteinuria correlated with the body 
mass index. Despite high proteinuria, hypoalbuminemia and 
edema were absent, unlike in patients with idiopathic FSGS. The 
fi nal diagnosis of postadaptive FSGS will depend on carefully 
integrated data that refl ect on medical history, comorbidities, 
family history, medication history, and the renal pathology.

Genetic Focal Segmental 
Glomerulosclerosis
One of the areas of intense research has focused on the podo-
cytopathy that underlies FSGS. Investigations illustrating the 
gene mutations altering protein structure or function crucial 

to podocytes represented major progress (Table 20-3). The 
fi rst of the recent discoveries began with the cloning of 
NPHS1, the gene that encodes nephrin and is mutated in con-
genital nephrotic syndrome.16 Nephrin localizes to the slit dia-
phragm and plays a critical role in glomerular permselectiv -
ity. Mutations in ACTN4, the gene encoding �-actinin 4, an 
actinfi lament cross-linking protein important for cytoskeletal 
function and highly expressed in the glomerular podocyte, 
cause an autosomal dominant form of FSGS.17 Mutations in 
NPHS2, the gene encoding podocin that is an integral podo-
cyte protein, causes autosomal recessive FSGS with early onset 
(age typically younger than 20 years) and rapid progression 
to ESRD.18 Another example leading to defective slit dia-
phragm is deletion of CD2-associated protein; it leads to ne-
phrotic proteinuria in mice and possibly humans.19 Some 
mutations may lead to altered traffi cking or intracellular re-
tention of the abnormal proteins, suggesting that potential 
targets for future therapy include chaperones to ameliorate 
processing defects.20 Recent studies suggest that approximately 
20% of children with idiopathic FSGS have inherited defects 
in podocyte proteins that underlie their diseases.21

PATHOLOGY

The characteristic renal pathology of FSGS includes segmental 
areas of podocyte damage and detachment and solidifi cation of 
glomerular capillaries associated with a marked local increase in 
collagen accumulation. In many cases, the scar contains areas of 
hyalinosis. Adhesions or synechiae to Bowman’s capsule are 
common. The uninvolved portions of the glomeruli with seg-
mental sclerosis and the remaining glomeruli in the biopsy are 
essentially normal.

Immunofl uorescence typically shows deposits of IgM and 
C3 within the segmental scars and concentrated in the hyali-
nosis lesions. The major ultrastructural fi nding in nonscle-
rotic glomerular capillaries is foot process effacement, which 
varies from mild to severe. In general, the degree of fusion 
correlates with the severity of proteinuria.

D’Agati and colleagues22 have proposed a working classifi -
cation (the Columbia classifi cation) for idiopathic FSGS that 
comprises fi ve categories: collapsing variant, tip lesion, cellular 
lesion, perihilar variant, plus a fi nal category for those cases 
that do not have the diagnostic criteria for the other categories, 
not otherwise specifi ed, corresponding to classic FSGS. These 
distinctive pathologic subtypes of FSGS may represent differ-
ences in pathogenesis. Collapsing FSGS is a form of FSGS that 
has been associated with viral infections, notably human im-
munodefi ciency virus, and follows a particularly aggressive 
course. Patients with the collapsing variant of idiopathic FSGS 
have a strikingly poor renal survival, with 70% probability of 
ESRD at 2 years.23 Because the collapsing variant signifi cantly 
differs histologically and clinically from other variants, some 
investigators argue that collapsing glomerulopathy (CG) 
should be a separate entity from FSGS altogether.8

CLINICAL PRESENTATION AND COURSE

The presenting feature in all patients with FSGS is proteinuria, 
frequently resulting in the nephrotic syndrome, although many 
patients, particularly adults, may present with nonnephrotic 
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Gene Gene Product Function
Inheritance 
Chromosome Renal Syndrome Pevalence Extrarenal Findings

NPHS1 Nephrin Slit-diaphragm 
complex

AR 19q13.1 Congenital nephrotic syn-
drome, infantile onset FSGS

Insuffi cient data None

NPHS2 Podocin Slit-diaphragm 
complex

AR 1q25-31 FSGS onset � 20 yr Up to 20% of familial or 
sporadic pediatric 
FSGS

None

CD2AP CD2-associated
protein

Slit-diaphragm
complex

AD 6 FSGS onset � 20 yr 2 reported cases, 1 with 
family history

None

ACTN4 �-actinin-4 Cytoskeleton AD 19q13 FSGS onset � 20 yr 3 reported families None

TRPC6 Transient receptor, 
cationic, 6

Channel AD 11q21-q22 1 reported family None

PLCE1 Phospholipase C� Signaling protein 10q23 DMS or FSGS, onset age 
�4 yr

7 reported families None

WT1 Wilms’ tumor-1 Transcription 
factor

AD 11p13 DMS or less commonly FSGS 
(Denys-Drash syndrome), 
FSGS (Frasier syndrome)

Uncommon Wilms’ tumor, 
gonadal
abnormalities

ITGB4 �1 integrin Matrix protein 
receptor

AR 17q11-qter Congenital FSGS Uncommon Epidermolysis bullosa, 
pyloric atresia

LAMB2 Laminin beta 2 Basement 
membrane
component

AR 3p21 Congenital mesangial 
sclerosis

5 reported cases Ophthalmic defects 
(Pierson syndrome)

PAX2 Pax2 homeobox 
protein

Transcription 
factor

AR 10q24.3-25.1 Renal dysplasia, oligome-
ganephronia

Ophthalmic defects 
(coloboma)

mtDNA Mitochondrial 
tRNALeu

Protein synthesis Maternal FSGS �40 reported cases MELAS syndrome, 
diabetes mellitus, 
cardiomyopathy

Galloway-Mowat
syndrome

Unknown Unknown AR DMS or FSGS, congenital, 
infancy, or early childhood

Microcephaly, 
hypotonia

Action myoclonus–
renal failure 
syndrome

Unknown Unknown AR Collapsing glomerulopathy, 
onset 9–30 yr

9 families Myoclonus, seizures

AD, autosomal dominant; AR, autosomal recessive; DMS, diffuse mesangial sclerosis; FSGS, focal segmental glomerulosclerosis; MELAS syndrome, myocardial myopathy, encepha-
lopathy, lactic acidosis, and strokelike episodes.
Reprinted with permission from Schnaper HW, Robson AM, Kopp JB: Nephrotic syndrome: Minimal change nephropathy, focal segmental glomerulosclerosis, and collapsing glomeru-
lopathy. In Schrier RW (ed): Diseases of the Kidney and Urinary Tract: Clinicopathologic Foundations of Medicine, 8th ed. Philadelphia: Lippincott Williams & Wilkins, 2006, 
pp 1585–1672.

Table 20-3 Genetic Causes of Human Podocyte Diseases

C
h20_220-238-X

5484.indd
224

C
h20_220-238-X

5484.indd   224
6/18/08

12:39:20
P

M
6/18/08   12:39:20 P

M



225 Focal Segmental Glomerulosclerosis and Collapsing Glomerulopathy

range proteinuria (�3.5 g/day). In addition, microscopic he-
maturia, hypertension, and renal insuffi ciency are common 
presenting features.

The clinical course and prognosis of FSGS patients are in-
fl uenced by their presenting features, the histologic character-
istics, and response to the therapy. The presence of nephrotic 
range proteinuria (�3.5 g/day) has been consistently associ-
ated with poor outcome, with 50% of patients reaching 
ESRD within 6 to 8 years (Table 20-4).24 Massive proteinuria 
(�10 g/day) is predictive of even worse outcome, with the 
possibility of reaching ESRD within 3 years of the diagno-
sis.25,26 In contrast, nonnephrotic patients tend to have more 
favorable prognosis, with renal survival of greater than 
80% after 10 years. Additional clinical features of prognostic 
signifi cance include serum creatinine at presentation and 
race. Patients presenting with serum creatinine greater than 
1.3 mg/dL have signifi cantly higher risk of renal demise, irre-
spective of the degree of proteinuria.24,27 Some investigators 
have also noted that black race portends a poorer prognosis 
with more rapid decline toward ESRD.6 Others argue that 
there is no racial difference in renal survival when the analysis 
is restricted only to nephrotic patients.28

Another important predictor of renal outcome is the re-
sponse to therapy. A retrospective study evaluating a long-
term outcome in both children and adults suggested that the 
achievement of complete remission is the most signifi cant fac-
tor determining the clinical course; in both age groups, those 

with complete remission had a renal survival rate of 100% at 
10 years.29 Those without a complete remission generally pro-
gressed with a 10-year renal survival rate of 62% in adults and 
58% in children. Achievement of partial remission and its 
maintenance are also important, with implications for both 
slowing the progression rate and improving renal survival.30

The prognostic importance of histology in FSGS has also 
been extensively studied.23,31-33 The degree of interstitial fi -
brosis (	20%) has been demonstrated consistently to pre-
dict poor renal outcome. In addition, the presence of diffuse 
mesangial hypercellularity has been associated with more 
rapid decline of renal function, but this relationship has not 
been uniformly confi rmed in larger studies. The distinct 
pathologic variants of FSGS, as described by D’Agati,12 have 
also been studied to explain the variable clinical course. 
Among the fi ve pathologic variants of idiopathic FSGS (col-
lapsing, cellular, glomerular tip lesion, perihilar, and not 
otherwise specifi ed), collapsing FSGS has the highest rate of 
renal insuffi ciency at presentation with chronic tubulointer-
stitial disease, fewest remissions, and highest rate of ESRD.23,33

In contrast, patients with tip lesion FSGS tend to be older 
and have the highest remission rate and lowest rate of ESRD. 
Retrospective analysis has revealed that cellular FSGS also 
portends poorer prognosis.31 Patients with the cellular lesion 
are more often black and severely proteinuric and appear to 
have higher risk of progressing to ESRD, with poor response 
to treatment.

Location, Year Population

Average 
Observation 
(yr)

Complete 
Remission 
(%)

Persistent 
Renal 
Abnormalities 
(%)

CKD 
(%)

ESRD 
(%)

Nonrenal 
Death (%)

Lost to 
Follow-up
 (%) Ref.

London, 1978 12 children, 
28 adults

9.5 10 18 20 50 2 0 132

Quebec, 1981 32 children 8 24 40 4 20 12 0 133

Southwest
United States, 
1985

75 children 4.8 11 37 23 21 0 8 134

Hong Kong, 
1991

2 children, 
30 adults

6.8 9 16 135

Ontario,
Canada,
1998

38 children, 
55 adults

11 42
22

13
24

11
13

34
42

0
(4)

0 136

Christchurch,
New Zealand, 
2000

165 adults 6.9 29 8 16 44 46

All reports that included at least 30 patients provided group outcomes after an average duration of more than 4 years. Most patients
appear to have had idiopathic focal segmental glomerulosclerosis (FSGS), but some reports included a limited number of postadaptive
FSGS or focal global glomerulosclerosis. Children are defi ned as individuals younger than 15 to 18 years at the time of initial presen-
tation, depending on reference. When data are presented for children and adults separately, the data for children are presented fi rst. 
Chronic kidney disease (CKD) is defi ned as an impaired glomerular fi ltration rate. The proportion of patients experiencing nonrenal 
deaths is shown in parentheses when these patients are also included in another category. Empty cells indicate that no data were pro-
vided from the report. 
Reprinted with permission from Schnaper HW, Robson AM, Kopp JB: Nephrotic syndrome: Minimal change nephropathy, focal segmental 
glomerulosclerosis, and collapsing glomerulopathy. In Schrier RW (ed): Diseases of the Kidney and Urinary Tract: Clinicopathologic
Foundations of Medicine, 8th ed. Philadelphia: Lippincott Williams & Wilkins, 2006, pp 1585–1672.

Table 20-4 Long-Term Outcome in Focal Segmental Glomerulosclerosis
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226 Diseases of Glomeruli, Microvasculature, and Tubulointerstitium

The ability to accurately delineate the prognostic signifi cance 
of these pathologic variants of idiopathic FSGS will require 
careful analysis of long-term data of large numbers of patients. 
The multivariate analyses of all the clinical and histologic fea-
tures of FSGS suggest that only the achievement of a remission 
in proteinuria is the independently signifi cant predictor of 
ESRD. Improving our understanding of the pathophysiology 
and developing more effective therapy, therefore, is critical to 
reduce the profound morbidity associated with FSGS.

TREATMENT OF FOCAL SEGMENTAL 
GLOMERULOSCLEROSIS: BACKGROUND

The goal of treatment of all podocyte diseases is to reduce 
proteinuria to normal or to the lowest level possible. Regard-
less of the choice of immunosuppressive therapy, angiotensin-
converting enzyme (ACE) inhibitors and angiotensin receptor 
blockers, given their antiproteinuric and antifi brotic effects, 
are important components of the treatment of FSGS. Hyper-
lipidemia and hypertension should also be aggressively treated 
in nephrotic patients. The following section focuses on the 
effi cacy of immunosuppressive agents.

Initial Therapy of Idiopathic Focal 
Segmental Glomerulosclerosis
Glucocorticoids

Glucocorticoids remain the main therapeutic agent in ne-
phrotic FSGS, as for MCN. Because children undergo renal bi-
opsy only if they have not responded to glucocorticoids, they 
may be considered steroid resistant by the time they are diag-
nosed as having FSGS. Compared with the response rates in 
MCN, the initial response to conventional doses of glucocorti-
coid therapy for idiopathic FSGS is poor. The initial treatment 
for primary FSGS in children has followed the regimen outlined 
for the treatment of primary nephrotic syndrome by the Inter-
national Study of Kidney Disease in Children. This consists of 
prednisone 60 mg/m2/day (up to 80 mg/day) for 4 to 6 weeks, 
followed by 40 mg/m2/day (up to 60 mg/day) every other day 
for an additional 4 to 6 weeks, and then discontinued.2 Although 
this regimen has been found to be satisfactory for the treatment 
of children with the highly steroid-sensitive lesion of minimal 
change glomerulopathy, the data suggest that it may be inade-
quate for those with primary FSGS.

Although pediatric studies of MCN have suggested that 
longer durations and higher doses of glucocorticoids result in 
signifi cant decrease in the relapse rate,34–40 the optimal dura-
tion of steroid therapy is not known. Retrospective studies of 
FSGS have suggested that treatment beyond 6 months does not 
appear to be benefi cial.29,41 The best predictor of long-term 
prognosis remains complete remission because the 15-year 
renal survival rate in both children and adults with complete 
remission was 100% compared with 51% in those who remain 
unresponsive.29 Half of the unresponsive patients had doubled 
their serum creatinine by 4 years. Based on these data, experts 
recommend that nephrotic children with idiopathic FSGS be 
treated with glucocorticoids for up to 6 months. The overall 
duration of the initial prednisone dose and rapidity of the 
steroid taper depend on whether and how quickly a complete 
or partial remission is attained.

Korbet and colleagues,41–44 who have analyzed the effi cacy 
of steroid therapy in adults with FSGS, have noted that the 
highest complete remission rates (�30%) were observed in 
cases treated for longer than 5 months and the lowest rates 
(�20%) in patients treated for 2 months or less. Table 20-5 
summarizes the results of uncontrolled clinical trials evalu-
ating the effi cacy of glucocorticoid therapy in FSGS.28,29,45–51

These trials include different durations of glucocorticoid 
therapy, and the overall response rate is typically less than 
50%. Importantly, relapse rates are high, from 38% to 67%, 
although some of these patients may be brought to a second 
remission by additional glucocorticoid therapy or other 
therapies.

Because of the possibility of a delayed response, cortico-
steroid treatment must be suffi ciently long. Among ne-
phrotic adult patients with FSGS, approximately 30% may 
enter complete remission after a course of daily prednisone 
given at a dose of 1 mg/kg/day for at least 4 months.44 Given 
the comorbidities associated with long-term high-dose pred-
nisone therapy, many providers start a slow taper of predni-
sone after 8 to 12 weeks. Patients who are refractory to ste-
roid therapy tend to have a signifi cant risk of progression to 
ESRD. Many FSGS patients thus require cytotoxic agents or 
calcineurin inhibitors to either decrease steroid use or 
achieve remission.

Mechanisms of Glucocorticoid Effi cacy
Glucocorticoids exert potent anti-infl ammatory effects on 
leukocytes and inhibit expression of cytokines and adhes-
ion molecules. Their effectiveness in a noninflammatory 
disease such as MCN or FSGS is thus diffi cult to under-
stand. Given the recently discovered signifi cance of the 
podocyte biology in the pathogenesis of nephrotic syn-
drome, multiple studies have investigated whether the ther-
apeutic mechanism of glucocorticoids may be through a 
direct protective effect on podocytes. Using immortalized 
human podocytes, Xing and colleagues52 demonstrated 
that dexamethasone enhanced and accelerated podocyte 
maturation, with an especially striking effect on up-regulat-
ing expression of nephrin. Nephrin, a podocyte protein that 
plays a key role in regulating signaling pathways, is a critical 
component of the slit diaphragm regulating glomerular 
permselectivity. Dexamethasone also down-regulates cyclin 
kinase inhibitors, augmenting podocyte survival. In addi-
tion, dexamethasone treatment led to the down-regulation 
of vascular endothelial growth factor, which is normally 
produced by podocytes but is up-regulated in patients 
with MCN. Other studies have also suggested similar pro-
tective effects of glucocorticoids on podocytes to enhance 
recovery. Dexamethasone has been shown to increase intra-
cellular levels of adenosine 5′ triphosphate through up-
regulation of mitochondrial genes, thereby allowing proper 
glycosylation of nephrin.53 Other possible therapeutic 
mechanisms of glucocorticoids include enhancing recovery 
of podocytes via actin fi lament stabilization and preventing 
podocyte apoptosis.54,55 Therefore, the therapeutic effects 
of corticosteroids may stem from their direct action on 
podocytes to promote repair and survival rather than on 
their immunosuppressive effect. It is possible that the 
benefi t seen with other immunosuppressive agents may 
also be explained by their direct action on podocyte 
physiology.
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therapy for 6 months led to 76% decrease in proteinuria 
compared with no change in the placebo group.62 Another 
pediatric prospective, randomized study also suggested that 
cyclosporine is more effective in decreasing proteinuria com-
pared with chlorambucil, with nearly all patients achieving a 
decrease in proteinuria with complete remission in 23% of 
the cohort.63 In one retrospective study, cyclosporine led to 
remissions in 40% of steroid-resistant patients.60

A randomized, controlled trial demonstrated that cyclospo-
rine is also effi cacious in inducing remission in steroid-resistant 
adult FSGS patients. Cattran and colleagues64 compared cyclo-
sporine treatment plus low-dose prednisone with placebo plus 
prednisone and monitored the patients for a mean of 4.2 years. 
By 26 weeks, 69% (12% complete and 57% partial) of the treat-
ment group versus 4% of the placebo group achieved remission 
of their proteinuria. Relapses were common, however, occur-
ring in 40% of those who had achieved remission by 1 year and 
60% by 18 months. Despite this high relapse rate, renal function 
was better preserved in the cyclosporine group; the patients 
treated with cyclosporine were half as likely to experience 50% 
decrease in their creatinine clearance from baseline. These re-
sults suggest that cyclosporine is an effective therapeutic agent 
in the treatment of steroid-resistant cases of FSGS. In the pedi-
atric literature, limited data also suggest that a combination of 
steroids and cyclosporine improves the chance of complete 
remission from 14% with cyclosporine monotherapy to 24% 
with the combination.65

There is more limited experience with tacrolimus in steroid-
resistant FSGS patients. In an uncontrolled, prospective trial 
involving steroid-dependent and steroid-resistant FSGS pa-
tients, tacrolimus therapy led to an overall response rate of 
90%, with 50% of the patients achieving complete remission 
and 40% of the patients achieving partial remission.66 Tacro-
limus therapy was, however, associated with small increases in 
blood glucose, systolic blood pressure, and serum creatinine. 
Furthermore, as seen with cyclosporine, there was a relapse of 
nephrotic syndrome in 80% of patients.

Despite recent reports of encouraging short-term success 
in induction of remission in steroid-resistant FSGS, long-term 
use of calcineurin inhibitors is associated with nephrotoxicity, 
progressive interstitial fi brosis, and glomerulosclerosis even in 
patients who remain in partial remission.67 Given their addi-
tional adverse effects on metabolic profi le and blood pressure, 
it is diffi cult to assess whether calcineurin inhibitors improve 
long-term renal survival. Attempts have been made to intro-
duce newer therapies to treat steroid-resistant FSGS, including 
mycophenolate mofetil (MMF) and sirolimus.

Mycophenolate Mofetil

After the successful use of MMF in the treatment of lupus ne-
phritis, there has been a growing interest in using this agent 
to treat other proteinuric glomerular disorders. Several small 
and uncontrolled trials suggest that MMF may be benefi cial in 
patients with FSGS. Choi and colleagues68 reported that 
MMF can facilitate steroid withdrawal in otherwise steroid-
dependent MCN patients and signifi cantly decrease protein-
uria in FSGS patients. A recent prospective study evaluated the 
effi cacy of MMF to induce remission in nephrotic patients who 
are both steroid and cyclosporine dependent or resistant.69

After 6 months of MMF therapy, steroid sparing was achieved 
in 71% of steroid-dependent patients and 42% remained in 
remission. In steroid-resistant patients, 20% achieved complete 

Treatment of Steroid-Refractory 
or Steroid-Resistant Patients
Cytotoxic Agents
The rationale for using alkylating agents, as with the use of 
other immunosuppressive agents, is based on the hypothesis 
that FSGS is a T cell–driven immunologic disease and on 
empirical data on response. The most common indication for 
cytotoxic agents such as cyclophosphamide or chlorambucil 
is steroid dependence. Steroid resistance, in contrast, is highly 
predictive of resistance to alkylating agents, particularly in 
adults. Although alkylating agents may yield complete remis-
sion in 51% of steroid-sensitive children, they may be effec-
tive in only approximately 17% of children who are steroid 
resistant.44

In a randomized, controlled trial involving 60 steroid-
resistant FSGS children, the effi cacy of prednisone, dosed at 
40 mg/m2 on alternate days for a period of 12 months, and 
the same prednisone regimen plus a 90-day course of daily 
cyclophosphamide dosed at 2.5 mg/kg were compared.56 In 
both groups, 25% of the children had complete resolution of 
proteinuria, but those who were treated with cyclophospha-
mide were 1.6 times more likely to experience a decrease in 
renal function, suggesting that cyclophosphamide therapy 
for children with steroid-resistant FSGS may be potentially 
harmful.

In contrast, there are multiple uncontrolled studies report-
ing variably benefi cial effects of cyclophosphamide in steroid-
resistant pediatric patients, with the rate of complete remis-
sion ranging from 22% to 66%.57–59 A recent retrospective 
study with a follow-up period of more than 10 years suggested 
that cyclophosphamide leads to complete remission in 43% of 
steroid-resistant children.60 The mean duration to enter com-
plete remission was 46 days (range, 8–78 days). More than 
60% of the patients who achieved complete remission, how-
ever, suffered relapses requiring further immunosuppressive 
therapy with chlorambucil, vincristine, cyclosporine, or a sec-
ond course of cyclophosphamide.

Considering the paucity of data from controlled trials and 
the long-term toxicity, cytotoxic agents are considered mostly 
ineffi cient and possibly hazardous in FSGS patients with ste-
roid resistance. The effi cacy of alkylating agents, however, may 
partly depend on certain host factors. In a recent South African 
retrospective analysis of 223 children, the authors noted that a 
majority of steroid-resistant Indian children treated with pred-
nisone and cyclophosphamide achieved complete remission, 
whereas only a minority of steroid-resistant black children re-
sponded to the same combination.61 It is unclear whether the 
difference in the response truly refl ects inherent host differ-
ences such as race or uncontrolled biases in a retrospective 
study design. The data regarding effi cacy of alkylating agents 
stem mostly from uncontrolled studies or retrospective analy-
sis, making it diffi cult to draw fi rm conclusions. Nonetheless, 
cytotoxic agents may be an option for some steroid-resistant 
nephrotic patients who have otherwise exhausted other op-
tions or have contraindications to other medications.

Calcineurin Inhibitors

The generally accepted therapy for patients with steroid-
resistant FSGS at the present time is cyclosporine in both 
children and adults. In a randomized, double-blind, placebo-
controlled trial in steroid-resistant children, cyclosporine 
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remission. Withdrawal of MMF, however, resulted in immedi-
ate relapse in 47%.

MMF may also be used as an adjunctive therapy in those 
who are resistant to steroids or cyclosporine or to maintain 
longer remission in those who relapse frequently.70 In 
another prospective pediatric study including steroid-
dependent MCN and FSGS, MMF therapy led to 70% reduc-
tion in relapse rate (from 6.6 to two episodes per year) after 
1 year.71 After discontinuation of MMF treatment, however, 
68% of patients had an increased frequency of relapses and 
recurrence of steroid dependence, requiring treatment with 
other medications. Long-term therapy with MMF, therefore, 
may result in signifi cant steroid sparing and a decrease in 
relapse rates in patients with steroid dependence or in 
those who are unresponsive to other immunosuppressive 
therapies, with a response similar to that to cyclosporine. 
The data, however, are based on small, uncontrolled 
trials, and further systematic studies are necessary to better 
understand the indications and effi cacy of MMF in the treat-
ment of FSGS. Furthermore, the available current data 
do not allow direct comparisons of short- and long-term 
effi cacy and safety between MMF and other treatment 
options.

Sirolimus

Sirolimus, approved for use in organ transplantation by the U.S. 
Food and Drug Administration in 1999, has antiproliferative 
and immunosuppressive effects that may be benefi cial in FSGS. 
Sirolimus blocks mesangial, endothelial, and vascular smooth 
muscle cell proliferation.72–74 Sirolimus also reduces expression 
of fi brosis-associated genes in the renal ischemia reperfusion 
injury model75 and exerts antifi brotic effects in an experimental 
model of hepatic fi brosis.76 Furthermore, preclinical studies 
and early transplantation literature suggested that sirolimus 
may lack nephrotoxicity, unlike calcineurin inhibitors.

To determine the effi cacy of sirolimus in decreasing pro-
teinuria, Tumlin and colleagues77 conducted a prospective, 
open-label trial of 21 patients with idiopathic, steroid-
resistant FSGS. After 6 months of therapy, sirolimus induced 
complete remission in 19% and partial remission in 38%. 
The GFR was maintained only among the responders, whereas 
the nonresponders had a mean decrease in the GFR of 3 
mL/min/1.73 m2 during the 6 months.

This favorable effect of sirolimus, however, was not con-
fi rmed in two other clinical studies, neither of which was 
controlled. Fervenza and colleagues78 evaluated the safety 

First Author, Location, Year Design No. of Patients
Black 
Subjects (%) Duration of Therapy

Agarwal, India, 1993 Prospective 65 children, adults 
(23 lost)

0 High-dose 8-12 wk, 
taper to 6 mo

Rydel, Illinois, 1995 Retrospective 30 adults 63 High-dose 4-8 wk, total 
therapy mean, 5 mo

Cattran, Ontario, 1998 Retrospective 18 adults 0 Median, 5 mo; range, 2–50

Ponticelli, Italy, 1999 Retrospective 53 adults 0 A) mean, 24 wk; B) mean, 
19 wk

Chitalia, New Zealand, 1999 Retrospective 28 28 High-dose 6–8 wk to 12 wk

Stiles, Washington, DC, 2001 Retrospective 12 83 Mean, 4 mo

Pokhariyal, Lucknow, India, 2003 Retrospective 83 (12 lost) 0 Mean, 3 mo

Franceschini, North Carolina, 
2003

Retrospective 36 adults 31 Daily or alternate days 
for mean of 9 mo

Smith, Bethesda, MD, 2003 Prospective 14 adults 50 Pulse oral dexamethasone 
for 8 mo

Table 20-5 Clinical Trials of Glucocorticoid Therapy for Adults with Focal Segmental Glomerulosclerosis: Regimen, 
Remission, Relapse, and Long-Term Outcome

The results of nine uncontrolled studies are summarized. The number of patients treated with glucocorticoids in each study in shown (No). The 
study of Agarwal et al.45 included children and adults; the other studies only included adults or, alternatively, only the data from adults are 
included here. All studies except the study of Cattran et al.29 stated that one or more forms of postadaptive focal segmental glomerulosclerosis 
and human immunodefi ency virus-type 1–associated nephropathy were excluded. The duration of high-dose glucocorticoid therapy (generally 
prednisolone or prednisone 1 mg/kg/day) is shown. In the study of Ponticelli et al,49 patients received either regimen A, prednisone 
1 mg/kg/day for 8 weeks, followed by a taper to a mean of 24 weeks, or regimen B, three doses of intravenous methylprednisolone, followed 
by prednisolone 0.5 mg/kg/day for 8 weeks, and then a taper to a mean of 19 weeks. The defi nitions of complete remission and 
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229 Focal Segmental Glomerulosclerosis and Collapsing Glomerulopathy

and effi cacy of sirolimus in treating patients with primary 
glomerular diseases, including FSGS. Of the 11 patients, 
6 developed acute renal failure within 6 weeks of starting 
sirolimus, with improvement after stopping sirolimus. One 
patient recovered renal function after discontinuation of 
the drug but again deteriorated with rechallenge, further 
strengthening the causal relationship between sirolimus and 
acute renal failure. In a prospective, open-label study by 
Cho and colleagues,79 sirolimus therapy was associated with 
precipitous fall in GFR in fi ve of six steroid-resistant FSGS 
patients. In three patients, a decrease in the GFR was also 
associated with more than a twofold increase in proteinuria, 
raising concerns that sirolimus may be harmful in some 
patients with long-standing FSGS.

The discrepancies among the studies may partly refl ect 
differences in study populations. The mechanism underly-
ing sirolimus nephrotoxicity is not clear but appears to 
involve direct tubular injury. In pathologic conditions char-
acterized by ischemic or chronic tubular injury such as de-
layed graft function or long-term calcineurin-inhibitor 
therapy, hindrance of tubular regeneration by sirolimus 
may severely impair renal recovery. Future studies may help 

defi ne the role of sirolimus in glomerular disease and pro-
vide better understanding of the risk factors for sirolimus 
nephrotoxicity.

Other Treatment Considerations
Aggressive control of blood pressure (mean arterial pressure 
of � 92 mm Hg or � 130/80 mm Hg) and the use of ACE 
inhibitors have been shown to decrease proteinuria and the 
rate of decrease in the GFR by as much as 50% in patients with 
primary glomerulopathies, including FSGS.80–82 In addition, 
combining ACE inhibitors with angiotensin receptor blockers 
may safely slow the progression of nondiabetic renal disease 
compared with monotherapy.83

While blood pressure control and angiotensin antago-
nists are benefi cial in decreasing proteinuria and progres-
sion of renal disease, they rarely lead to remission of ne-
phrotic syndrome.81 Therefore, there is an urgent need for 
development of more effective therapy options for treating 
patients with FSGS. The potential future options for treat-
ment of fi brotic renal diseases are listed in Table 20-6. 
Agents that block fi brotic pathways or mitigate profi brotic 

COMPLETE REMISSION PARTIAL REMISSION

Defi nition % Defi nition %
Complete � Partial 
Remission (%) Relapse Follow-up Status Ref.

�0.3 g/day 18 2 g/day 15 33 ND ESRD: 5% (34 mo) 45

�0.25 g/day 33 �2.5 g/day 17 50 From CR or 
PR: 67%

CR: 30%, PR: 16%, 
ESRD: 20% (79 mo)

28

�0.2 g/day 44 ND ND ND From CR: 
38%

CR: 44%, 
CKD/ES RD: 50% 
(155 mo)

29

�0.2 g/day 40 �2 g/day 19 59 From CR or 
PR: 55%

ND 49

�0.3 g/day 21 ND ND ND ND ND 46

�0.2 g/day 0 �3 g/day 42 42 ND ND 51

�0.3 g/day 25 �2 g/day or 
50% decrease 
if subnephrotic

25 50 ND ND 48

�0.6 g/day ND ND ND ND ND CR: 11% ESRD: 
18% (18 mo)

47

�0.3 g/day 7 �2 g/day 29 36 From CR or 
PR: 60%

CR: 7%, PR: 14% 
(20 mo)

50

partial remission are shown. The percentage of subjects in CR is derived from each study; for the study of Agarwal et al.,45 23 patients were 
lost, without endpoint determination, and the calculation of outcome was made here on an intent-to-treat basis (rather than as follow-up). The 
mean duration of follow-up is shown and the percentage of patients in remission are shown. CKD, chronic kidney disease; ESRD, 
end-stage renal disease; ND, no data provided.
Reprinted with permission from Schnaper HW, Robson AM, Kopp JB: Nephrotic syndrome: Minimal change nephropathy, focal segmental 
glomerulosclerosis, and collapsing glomerulopathy. In Schrier RW (ed): Disease of the Kidney and Urinary Tract: Clinicopathologic Founda-
tions of Medicine, 8th ed. Philadelphia: Lippincott Williams & Wilkins, 2006, pp 1585–1672.
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Class Agent Molecular Target or Pathway Animal Model Ref. Proteinuria Matrix Human Use

Small molecules Bosentan ETA, ETB receptor antagonist Ren-2 transgenic rats 137 Reduced Reduced Approved

Darusentan ETA receptor antagonist Puromycin (rate) 138 Reduced Reduced IND

Thiazolidine-diones PPAR-
 agonist Remnant nephron (rat) 139 Approved

Eplerenone Mineralocorticoid-receptor Uninephrectomy plus NaCl (rat) 140 Reduced ND Approved

Isotretinoin Retinoid acid receptor Thy-1 nephritis (rat) 141 Reduced Reduced Approved

Gefi tinib EGF-receptor tyrosine 
kinase inhibitor

L-NAME–induced
hypertension (rat)

142 Reduced Approved

Pirfenidone TGF-� expression? TNF 
signaling?

Remnant nephron, KIST mouse 143 Reduced Reduced IND

Tranilast TGF-� antagonist Remnant nephron 144 Reduced Reduced IND

AVE 7688 ACE and NEP inhibitor Remnant nephron 145 Reduced Reduced Preclinical

CDK inhibitors Cell cycle HIV-transgenic mouse 146 Preclinical

Fasudil Rho-kinase inhibitor Dahl rat 147 Reduced Reduced Preclinical

Prolyl hydroxylase inhibitors Collagen cross-linking Chronic allograft nephropathy 
(mouse)

148 ND Reduced Preclinical

BX471 CCR1 antagonist Adriamycin 149 No effect Reduced Preclinical

Peptides IFN-
 Fibroblasts Remnant nephron 150 Reduced Reduced Approved

Bone morphogenetic protein 7 Possible TGF-� antagonist COL4A3 null mutation mouse 151 Reduced Reduced IND

Hepatocyte growth factor Possible TGF-� antagonist ICGN mouse 152 Preclinical

Relaxin Not defi ned Remnant nephron (rat) 153 ND Reduced Preclinical

Decorin (proteoglycan) Binds TGF-� Thy-1 nephritis 154

Monoclonal
antibodies and 
others

Etanercept, infl ixamab Binds TNF-� No data ND Approved

Anti-TGF-�
Sulodexide (GAG)

Binds TGF-� Puromycin 155 ND Reduced IND

Unknown No data ND IND

“Approved” denotes approved by the U.S. Food and Drug Administration (FDA) for a nonrenal indication. “IND” denotes under study for any indication under the Investigational New Drug 
process of the FDA.
ACE, angiotensin-converting enzyme; CCR1, chemokine receptor; CDK, cyclin-dependent kinase; EGF, endothelial growth factor; ET, endothelin; GAG, glycoscaminoglycan; IFN-
, interferon 
gamma; L-NAME, NG-nitro-L-arginine methylester; ND, not determined; PPAR, peroxisome proliferator-activated receptor; TGF, transforming growth factor; TNF, tumor necrosis factor.

Table 20-6 Potential Novel Therapies for Progressive Glomerulosclerosis
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231 Focal Segmental Glomerulosclerosis and Collapsing Glomerulopathy

effects of various cytokines may serve an important role. 
Pirfendione, for example, is a potent inhibitor of transform-
ing growth factor �, and a small pilot study has suggested 
that it may slow the decrease in the GFR in FSGS patients.84

The safety and effi cacy of various antifi brotic agents will 
need to be defi ned through controlled clinical trials in the 
future. Currently, a prospective, randomized, open-label 
trial sponsored by the National Institutes of Health is ongo-
ing to compare two treatment regimens in children and 
adults with steroid-resistant FSGS: cyclosporine versus the 
combination of MMF and dexamethasone over 52 weeks. 
The treatment regimens in both arms also include ACE in-
hibitor therapy and alternate-day low-dose prednisone. The 
results are expected within the next year.

Treatment of Postadaptive Focal 
Segmental Glomerulosclerosis
ACE inhibitors and angiotensin receptor blockers are im-
portant in treating postadaptive FSGS. Praga and col-
leagues81 showed that captopril therapy over 12 months 
decreased proteinuria to a greater extent in postadaptive 
FSGS (associated with decreased nephron mass and refl ux 
nephropathy) compared with idiopathic FSGS. In addition, 
Praga and colleagues85 studied 17 patients with obesity-
associated proteinuria with more than 1 g/day. Captopril 
therapy in eight patients decreased proteinuria by 79% 
(mean, 3.4 g/day decreasing to 0.7 g/day); interestingly, 
weight loss in nine patients (mean body mass index de-
creasing from 37 kg/m2 to 33 kg/m2) was associated with a 
similar decrease in proteinuria by 86%. It is, however, un-
clear whether the decrease in proteinuria with angiotensin 
antagonist therapy can be maintained.15 Early treatment 
with ACE inhibitors appears to preserve renal function in 
obesity-associated FSGS, although appropriate controls are 
lacking. When the diagnosis of postadaptive FSGS is not 
clear and/or patients are signifi cantly symptomatic from 
nephrotic proteinuria, the therapeutic approach for idio-
pathic FSGS is generally applied.

CURRENT THERAPEUTIC 
RECOMMENDATIONS

Idiopathic Focal Segmental 
Glomerulosclerosis
The available data suggest that the initial therapy for idio-
pathic FSGS, unless there are signifi cant contraindications, 
should be glucocorticoids at 1 mg/kg/day (maximum 80 
mg/day) or 2 mg/kg every other day (maximum 120 mg/kg 
every other day) (Fig. 20-1). Glucocorticoids should be ad-
ministered long enough to avoid a premature diagnosis of 
steroid resistance. Many experts recommend a decrease in 
dose after 2 to 4 months, particularly for those who have not 
shown a signifi cant decrease in urine protein. Those who do 
not respond to 16 weeks of glucocorticoid therapy are then 
diagnosed with steroid resistance and progress to other 
therapies. Ultimately, the duration of the initial prednisone 
dose and rapidity of the steroid taper will depend on 
whether and how rapidly a complete or partial remission is 
attained.

For those who are steroid responsive but become steroid 
dependent or steroid resistant, cyclosporine should be tried, 
either as a monotherapy or in addition to a low-dose predni-
sone (0.15 mg/kg, maximum 15 mg/day). The typical starting 
dose of cyclosporine is 3 to 4 mg/kg/day given in two divided 
doses and is generally continued for at least 6 months after 
attaining complete remission. Some patients require long-
term therapy with a low dose (2–3 mg/kg) of cyclosporine to 
maintain the remission. The utility of calcineurin inhibitors 
in patients with a GFR less than 40 mL/min/1.73 m2, signifi -
cant renal vasculopathy, or signifi cant tubulointerstitial fi -
brosis is unclear, given the concern for the nephrotoxicity of 
these agents. While there are fewer data to suggest effi cacy of 
other immunosuppressive agents, these may be considered, 
particularly in patients who have contraindications to pred-
nisone or cyclosporine. Patients with frequently relapsing or 

Nephrotic proteinuria in children

4–6 wk of glucocorticoid therapy

Renal biopsy

Nephrotic proteinuria in adults

Renal biopsy

Exclude NPH52 mutations

Diagnosis of idiopathic FSGS

Initial therapy

Children:

Daily prednisone 60 mg/m2/day
(up to 80 mg/day) for 4–6 wk, 

followed by 40 mg/m2/day 
(up to 60 mg/day) every other 

day for 4–6 wk

Initial therapy

Adults:

Daily prednisone 1 mg/kg/day 
(up to 80 mg/day) for 4–6 mo

or
Alternate-day prednisone 

2 mg/kg/day (up to 120 mg/day) 
for 4–6 mo (may start dose 

reduction after 2–4 mo)

Glucocorticoid dependence

• Cyclophosphamide 
2 mg/kg/day for 8–12 wk

or
• Cyclosporine

• Mycophenolate mofetil

Glucocorticoid resistance

• Cyclosporine (dose adjusted 
to maintain 12-hr trough level 
between 125 and 175 ng/mL) 

with or without low-dose 
prednisone

or
• Mycophenolate mofetil 

(to be filtrated to maximal 
tolerated dose up to 2–3 g/day) 

with or without low-dose 
prednisone

Figure 20-1 Therapy of idiopathic focal segmental glomer-
ulosclerosis (FSGS) in children and adults. The selection of 
initial therapy and subsequent therapies is shown. The diag-
nosis of genetic FSGS, postadaptive FSGS, and adaptive 
FSGS should be considered, in which case therapeutic rec-
ommendations will differ (see text). Patients with persistent 
proteinuria are typically started on angiotensin-converting 
enzyme inhibitors or angiotensin receptor blockers before, 
during, or after the fi rst course of glucocorticoids. The dose 
and duration of glucocorticoid therapy must be modifi ed 
based on patient factors including age, obesity, diabetes, 
osteoporosis, and other conditions.
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steroid-dependent FSGS may also receive some benefi t from 
cyclophosphamide. Until more data are available, it is diffi -
cult to recommend the use of sirolimus for the treatment of 
FSGS at this time.

Postadaptive Focal Segmental 
Glomerulosclerosis
Immunosuppressive therapy is generally contraindicated. The 
therapeutic approach is focused on treating the underlying 
cause whenever possible. In addition, aggressive control of 
hypertension and hyperlipidemia, and ACE inhibitors and 
angiotensin receptor blockers, should be used.

Genetic Focal Segmental 
Glomerulosclerosis
Pediatric patients with homozygous or compound heterozy-
gous NPHS2 mutations are refractory to glucocorticoids 
(defi ned as 6 weeks of therapy) and have only limited re-
sponsiveness to cyclosporine.86 By contrast, NPHS2 homozy-
gous and compound heterozygous mutations were absent in 
124 children with steroid-sensitive nephrotic syndrome. Im-
munosuppressive treatment is thus of limited benefi t in 
children with NPHS2 homozygous and compound heterozy-
gous mutations. It would also likely be prudent to withhold 
aggressive immunosuppression, particularly glucocorticoids, 
in patients with ACTN4, CD2AP, TRPC6, and mitochondrial 
DNA mutations.

Reactive Focal Segmental 
Glomerulosclerosis
FSGS associated with medication is probably best managed 
by withdrawing the implicated medication and instituting 
conservative therapy.

Limitations
Currently, there are no clinical characteristics that can reliably 
predict the response to a given therapy. Furthermore, there are 
no published data to determine the balance between the risks 
and benefi ts of immunosuppressive therapy in many patient 
subgroups. Examples include patients with subnephrotic pro-
teinuria at presentation, especially those with proteinuria less 
than 2 g/day, patients with postadaptive FSGS, and those with 
idiopathic FSGS who are at signifi cantly increased risk of 
toxicity associated with glucocorticoid therapy, including 
those with obesity, diabetes mellitus, severe osteoporosis, or 
advanced age.

RECURRENT FOCAL SEGMENTAL 
GLOMERULOSCLEROSIS

In 1972, Hoyer and colleagues87 published the fi rst report of a 
rapid recurrence of idiopathic nephrotic syndrome in three 
patients after renal transplantation. It is now well established 
that 15% to 50% of patients with FSGS undergoing renal 
transplantation have a recurrence of the disease, with the aver-
age rate of 25% to 30%. The clinical course and outcome have 
been well documented in both pediatric and adult patients.88,89

In a retrospective study analyzing recipients of 78 allografts 
over a 10-year period, FSGS recurred in approximately 30% of 
allografts within a mean of 7.5 months (range, 0.5–44 months) 
after transplantation.88 Once the diagnosis was made, ESRD 
eventually developed in 56% of the allografts within an aver-
age of 23.7 months (range, 1–65 months). For those who lost 
their fi rst allograft to recurrent FSGS, the study suggested an 
even higher risk of a second recurrence of 80%. Risk factors 
associated with the recurrence of FSGS include young age at 
initial diagnosis (younger than 15 years), rapid progression of 
the initial disease (�3 years from diagnosis to ESRD), white 
race, mesangial hyperplasia, and recurrence in previous 
allograft within 1 year of transplantation. Patients younger 
than 5 years of age have a 50% likelihood of a recurrence ver-
sus only 10% to 15% in patients older than 30 years.90 None 
of these factors, however, is highly predictive in an individual 
patient.

Although those with genetic causes of FSGS would not be 
expected to have a recurrence of FSGS after transplantation, 
multiple reports have described a recurrence in approximately 
10% of patients with homozygous or compound heterozy-
gous NPHS2 mutations.86,91–93 The mechanism underlying 
this recurrence is unclear. Recurrence has not been reported in 
patients with FSGS associated with mutations in ACTN4 or 
TRPC6, although it is premature to draw any conclusions at 
the present time.94,95

Pathogenesis
The pathogenesis of recurrent FSGS remains unknown. Be-
cause prompt institution of plasma exchange after early diag-
nosis of recurrence can be associated with reversal of epithe-
lial foot process effacement and remission of proteinuria, a 
circulating permeability factor has long been suspected to 
initiate injury in recurrent FSGS. Consistent with this hy-
pothesis, rats infused with the serum of a patient with recur-
rent FSGS develop proteinuria, suggesting that the permea-
bility factor is present in the circulation of FSGS patients and 
that it can reproduce the glomerular injury when transferred 
into a normal host.96 After more than 20 years of research, 
however, the identity of the permeability factor remains 
obscure.

Further complicating the attempt to identify the permeabil-
ity factor is the possibility that the glomerular injury in FSGS 
patients may stem from the loss of an inhibitor that normally 
blocks the permeability effect in normal individuals. To deter-
mine whether normal serum improves the glomerular albu-
min permeability in FSGS, Sharma and colleagues97 incubated 
isolated rat glomeruli in a mixture of medium containing 
FSGS serum and normal human serum. Normal human serum 
prevented the increase in glomerular albumin permeability, 
and this protective effect diminished as the concentration of 
normal serum was decreased, suggesting the presence of an 
inhibitor in the normal serum. Further support for the role of 
inhibitor loss leading to increased glomerular permeability was 
provided by Coward and colleagues.98 The investigators found 
that the addition of nephrotic FSGS plasma to isolated human 
podocytes led to an altered distribution of the slit-diaphragm 
proteins, including selective down-regulation of nephrin and 
synaptopodin and disruption of intracellular calcium signal-
ing. The altered distribution of nephrin induced by nephrotic 
plasma could be reversed by co-incubation with nonnephrotic 
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plasma. This work demonstrates that nephrotic plasma seems 
to be defi cient in factors critical for maintaining the physio-
logic function of the podocyte slit-diaphragm complex.

Given the recurrence of proteinuria after transplantation 
in genetic forms of FSGS, it is also intriguing to question 
whether there is an interaction between the molecular de-
fects of the slit diaphragm and permeability factor or whether 
certain genetic defects actually refl ect the loss of certain 
plasma factors that regulate permselectivity. Due to the surge 
of interest in podocyte biology stemming from the discovery 
of disease-associated podocyte genes, the subject of recur-
rent FSGS provides opportunities to further understand the 
pathogenesis and thus develop better alternative therapy 
options.

Treatment
There are no systematic controlled trials to guide the treat-
ment of recurrent FSGS. Clinical practice is based on relatively 
small series. Immunoabsorption and plasma exchange with 
or without cyclophosphamide, cyclosporine, glucocorticoids, 
and intravenous immunoglobulin have been used with lim-
ited success.

Plasma Exchange

Although several reports have suggested that plasma exchange 
can markedly decrease proteinuria in some cases of recurrent 
FSGS, long-term remission has been diffi cult to achieve.88,99–101

A single course of plasma exchange or immunoabsorption 
may be associated with variable degrees of decrease in protein-
uria in approximately half of the cases.102–104 Although there 
are no systematic studies to suggest the optimal dosing and 
frequency of plasma exchange, analysis of 44 cases suggests 

that the median number of treatments to response is nine.105

Based on this review, the standard clinical practice is to start 
early treatment after diagnosis with a regimen of three daily 
plasmapheresis treatments followed by six treatments on an 
every-other-day basis. Unfortunately, most patients experience 
a relapse, and their renal disease progresses. Children, in par-
ticular, often require a maintenance schedule of plasma ex-
change to sustain remission.

The limited effi cacy of plasma exchange has led investiga-
tors to a trial of cyclophosphamide in children, either with or 
without plasma exchange. The available data suggest that ad-
dition of cyclophosphamide to plasma exchange may lead to 
sustained remission in 50% to 80% of cases (Table 20-7).106–111

These studies do not allow fi rm conclusions, however, given 
their small size, lack of controls, and often retrospective 
design.

High-dose cyclosporine has also been used in pediatric 
patients with recurrent FSGS. Salomon and colleagues112 ad-
justed intravenous cyclosporine dose to achieve trough levels 
of 250 to 350 ng/mL in 17 cases of recurrence. In 14 cases 
(82%), proteinuria completely disappeared after a mean of 
3 weeks. The long-term graft survival at 1 and 5 years was 
92% and 70%, respectively. Similar results have been pub-
lished using oral cyclosporine in children.113 The safety data 
in the long term, however, have not been systematically stud-
ied, and it is unknown whether any benefi t that may be 
drawn from the prolonged survival of renal graft outweighs 
the potential complications from the more intensifi ed im-
munosuppression. Furthermore, there are no published data 
regarding the effi cacy of cyclophosphamide or cyclosporine 
in adults. Prophylaxis against recurrent FSGS remains a ma-
jor challenge, and currently there are no methods to reliably 
decrease the risk of recurrence.

Authors Design Population Treatment No.
Complete 
Response

Partial 
Response

No 
Response

Long-Term 
Response, 
Mean No. of 
Years (Range)

Cochat et al107 Prospective Children PE � CTX 
3 mo

3 3 0 0 3 CR 
(1 retreatment)

Kershaw et al109 Prospective? Children CTX 2–3 mo 3 3 0 0 2 CR (1 relapse)

Dall’ Amico 
et al108

Retrospective Children PE � CTX 
2 mo

11 9 0 2 7 CR

Cheong et al106 Retrospective Children PE � CTX 
3 mo

6 3 3 0 2 CR

Saleem et al111 Prospective
case series

Children PE � CTX 
2 mo (IVIG 
in 2 of 
3 children)

3 0 2 1 (death 
after 
4 mo)

2 PR, 3.25 
(3.0–3.5)

Nathanson
et al110

Retrospective Children Variable (PE, 
IV, CyA, 
CTX)

14 6 5 3 7 CR, 8.1 (1–14)

CR, complete remission (generally defi ned as proteinuria � 500 mg/day); CTX, cyclophosphamide; CyA, cyclosporin A; IVIG, intravenous 
immunoglobulin; PE, plasma exchange; PR, partial remission (generally defi ned as proteinuria � 2 g/day).

Table 20-7 Use of Increased Immunosuppression for Recurrent Focal Segmental Glomerulosclerosis
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COLLAPSING GLOMERULOPATHY

In 1984, human immunodefi ciency virus–associated ne-
phropathy was fi rst recognized as a clinical syndrome and its 
characteristic histologic features, including podocyte swelling 
and proliferation, were fi rst characterized.114 The term CG, 
however, was not introduced until 1986. The discovery of id-
iopathic CG soon followed in 1986 by Weiss and colleagues,115

with subsequent reports from elsewhere within the United 
States and Europe.116–120 Since its fi rst recognition, CG has 
quickly become increasingly common.117 Although such an 
epidemiologic pattern strongly suggests a new environmental 
agent, possibly a virus or toxin, the cause remains unknown.

Idiopathic CG typically presents with a sudden onset of 
heavy proteinuria, although some patients have subnephrotic 
proteinuria. Patients have a strikingly poor renal survival, with 
a 70% probability of ESRD at 2 years, although this is not 
invariably the case.23 Some patients report a virus-like pro-
drome occurring before presentation, with symptoms that may 
include fever, cough, and diarrhea. Parvovirus B19 infection 
has been linked with CG, although controversy remains about 
the strength and specifi city of the association.121–123 CG has 
also been associated with certain medications, including pami-
dronate124 and interferon alfa.125 The mechanism is unknown.

The pathophysiology of CG remains unclear, although the 
underlying pathogenic event appears to be injury to podocytes. 
Podocytes are postmitotic cells in the normal human kidney, 
and it has been proposed that depletion of podocytes may be 
critical in the development of FSGS. Unlike the depletion of 
podocytes as seen in FSGS, however, both human immunode-
fi ciency virus–associated and idiopathic CG are characterized 
by podocyte dysregulation and proliferation.126 In contrast to 
MCN and other glomerulopathies, podocytes undergo charac-
teristic, irreversible ultrastructural changes in CG, including 
the loss of maturity markers such as synaptopodin. This phe-
notypic dysregulation of podocytes is associated with cell 
proliferation, a feature not seen in other glomerular diseases, 
including idiopathic FSGS. Because CG signifi cantly differs 
histologically and clinically from other variants, some investi-
gators argue that CG should be a separate entity from FSGS 
altogether.8

There are no published prospective, controlled studies that 
have examined effi cacy of therapy in CG. Unfortunately, the 
response rate in CG is even lower than that for FSGS, with 
only 9.6% of patients achieving long-term remission and 
15.2% of patients achieving partial remission.127 As there is no 
evidence-based treatment of CG, the current therapeutic 
strategies derive from the empirical approach used for FSGS. 
According to the available data, response to steroids, cyclospo-
rine, and cyclophosphamide is very poor.116,117,119 Limited data 
suggest that early, aggressive treatment may achieve higher 
remission rates, particularly in patients with better preserved 
renal function (serum creatinine concentrations � 2.0 mg/dL 
and � 20% interstitial fi brosis on renal biopsy).119,128,129

CONCLUSIONS

MCN, FSGS, and CG represent a complex syndrome with 
multifactorial causes that culminate in podocyte injury. Al-
though both disorders are considered to have immunologic 
basis, recent discoveries of the genetic defects associated with 

podocytopathy have increased the complexity underlying the 
pathogenesis. Although the diagnosis of MCN and FSGS re-
quire careful pathologic examination, considerable variability 
exists in renal histology, and this heterogeneity may refl ect the 
diverse causes and clinical outcomes of the diseases. The 
therapeutic responses and prognosis of MCN and FSGS are 
equally as heterogeneous, refl ecting the fact that these disor-
ders do not represent a single clinical or pathologic entity. 
Most of the patients with MCN and some of those with FSGS 
are steroid sensitive. The remaining patients with MCN and a 
larger proportion of those with FSGS and CG are steroid re-
sistant. Steroid resistance is generally associated with poor 
long-term response with other available therapies, denoting 
more refractory cases. Much work is needed to better under-
stand the pathophysiology, which may allow identifi cation 
and development of more specifi c therapy options in the 
future. Some of the possible future therapy options are sum-
marized in Table 20-6. Particular areas of interest include 
molecular pathways involved in initiating podocyte injury and 
recurrence of nephrotic syndrome after renal transplantation, 
the molecular determinants of steroid sensitivity, and the re-
lationship between the various histologic variants and clinical 
outcome.
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Membranous nephropathy is a common cause of adult-onset 
nephrotic syndrome, accounting for as many as 33% of cases 
in which a biopsy was performed to determine the cause of 
the nephrotic syndrome.1,2 Characteristic changes in a renal 
biopsy specimen include diffuse glomerular capillary wall 
thickening and subepithelial and/or intramembranous electron-
dense deposits (described further by Falk and colleagues3). 
Various medications and toxins as well as certain rheumato-
logic, neoplastic, and infectious diseases account for approxi-
mately 20% of membranous nephropathy from developed 
countries.4 The underlying cause (e.g., neoplasia or systemic 
lupus erythematosus) may not be evident at presentation in 
some patients, requiring an ongoing evaluation to ferret out a 
specifi c and, it is hoped, treatable disorder.4 Treatment of sec-
ondary membranous nephropathy is beyond the scope of this 
chapter.

NATURAL HISTORY

Despite evidence that immunologic mechanisms induce glo-
merular injury in membranous nephropathy, immunosup-
pressive drug treatments are not justifi ed for all patients with 
this disorder. The clinical course of idiopathic membranous 
nephropathy is highly variable. Although patients with non-
nephrotic proteinuria have a favorable prognosis, du Buf-
Vereijken and colleagues5 analyzed 10 studies published dur-
ing the past 25 years and estimated that nearly 50% of patients 
with the nephrotic syndrome experienced a decline in renal 
function. Cattran and colleagues6 observed that on average 
approximately 20% of patients in 12 studies progressed to 
end-stage renal disease within 10 years. Conversely, spontane-
ous remissions of nephrotic proteinuria occur in approxi-
mately one third of cases within 5 years.7,8

Patients with persistent proteinuria and hyperlipidemia are 
at increased risk of cardiovascular and thromboembolic com-
plications of the nephrotic syndrome. Ordonez and colleagues9

found that patients with the nephrotic syndrome had a fi vefold 
increased risk of myocardial infarction (after statistical adjust-
ment for hypertension and cigarette smoking) compared with 

age- and sex-matched control subjects who participated in the 
same health plan. Thus, the nephrotic syndrome is an indepen-
dent risk factor for accelerated coronary artery disease. The 
nephrotic syndrome due to membranous nephropathy is also 
associated with an increased risk of thromboembolic compli-
cations.10,11

Survival data compiled by Hogan and colleagues12 illus-
trate the potential morbidity and mortality attributed to idio-
pathic membranous nephropathy. A pooled analysis was con-
ducted to estimate renal survival, defi ned as the probability of 
not progressing to end-stage renal failure and not succumbing 
to death due to kidney disease or cardiovascular events associ-
ated with persistent nephrotic syndrome. Employing this ap-
proach, the probability of renal survival was 86% at 5 years, 
65% at 10 years, and 59% at 15 years.

PROGNOSTIC INDICATORS

Generalizations about the prognosis of patients with idio-
pathic membranous nephropathy are of limited value because 
the natural history of this disorder is highly variable. To refi ne 
estimates of prognosis and to derive relatively objective crite-
ria for instituting therapeutic interventions, investigators have 
sought to identify high-risk subgroups of patients. Several 
potentially important prognostic factors have been examined 
including age, gender, renal function, kidney pathology, and 
the quantity and types of urinary proteins.13 Neugarten and 
colleagues14 reported a meta-analysis of 21 studies that showed 
that men with membranous nephropathy experience signifi -
cantly more rapid deterioration of renal function than women. 
Zent and colleagues15 compared renal outcomes in 74 elderly 
patients (60 years of age and older) with membranous ne-
phropathy with outcomes observed in 249 younger patients. 
Although the elderly patients were signifi cantly more likely to 
develop chronic renal insuffi ciency than the younger patients, 
there was no difference in the rate of change in renal function 
or the probability of complete remission in the two groups. 
Thus, elderly patients with membranous nephropathy are 
more likely to develop chronic renal insuffi ciency because of 
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an age-related decrease in renal function reserve at baseline 
rather than more severe membranous nephropathy. These 
observations were extended by Troyanov and colleagues16 who 
reported that patients with interstitial fi brosis, tubular atro-
phy, vascular sclerosis, and focal segmental glomerulosclerosis 
lesions had a lower creatinine clearance at presentation and 
were more likely to progress to renal failure. Conversely, these 
chronic histologic features were not correlated with the rate of 
decline in renal function, nor did they predict the probability 
of remission in patients treated with immunosuppressive 
agents. Furthermore, they observed that the stage and pattern 
(i.e., synchronicity) of electron-dense deposits did not predict 
the rate of renal function deterioration or renal function sur-
vival. The extent of C3 deposition did correlate with the rate 
of renal function decline but not with renal survival, remis-
sions of proteinuria, or response to immunosuppressive drug 
therapy.

Clinical observations acquired during a period of time are 
likely to be stronger predictors of long-term renal function 
outcome than those obtained at a single time point. Thus, in-
creased serum creatinine at presentation is associated with an 
increased risk of renal failure, but may refl ect age-related 
changes in renal reserve or readily reversible functional altera-
tions rather than indicate the severity of the membranous ne-
phropathy. Patients observed to have declining renal function 
due to membranous nephropathy are at particularly high risk 
of progressive deterioration in renal function.17 Furthermore, 
persistent high-grade proteinuria is more predictive than a 
comparable degree of proteinuria at a single point in time. 
Pei and colleagues18 observed that persistent severe proteinuria 
(�8 g/day for � 6 months) was associated with a 66% proba-
bility of progression to chronic renal insuffi ciency. Less severe 
proteinuria for longer periods was also associated with an in-
creased risk of developing chronic renal insuffi ciency. In pa-
tients with a moderate level of persistent proteinuria (�4 g/day 
for �18 months), the predictive value of persistent proteinuria 
was enhanced substantially by considering additional prognos-
tic factors, namely, creatinine clearance at the start of persistent 
proteinuria and the rate of change in creatinine clearance dur-
ing the period of persistent proteinuria.

Concern that prolonged observation might delay therapy 
excessively in some patients has prompted Cattran and col-
leagues19 to reassess the predictive models by employing a 
6-month period of observation for all levels of persistent pro-
teinuria. A mathematical model was derived and validated by 
employing data from two additional distinct populations of 
patients. The algorithm uses the highest level of proteinuria 
that persisted for a 6-month interval as well as the initial value 
and the rate of change in creatinine clearance during the pe-
riod of persistent proteinuria. The equation and examples of 
how to calculate the probability of progression to chronic re-
nal insuffi ciency are described by Cattran and colleagues.19

Based on this equation, Cattran8 identifi ed low-, medium-, 
and high-risk groups of patients. Patients with normal renal 
function and proteinuria 4 g/day or less for 6 months are at 
low risk (�5%) of renal function decline during the next 
5 years. Patients with normal renal function and persistent 
proteinuria between 4 and 8 g/day for 6 months (despite op-
timal doses of angiotensin-converting enzyme [ACE] inhibi-
tors and/or angiotensin receptor blockers [ARBs]) are in-
cluded in the medium-risk group. High-risk patients are 
identifi ed by declining renal function and/or by persistent 

severe proteinuria (8 g/day) or more despite optimal conser-
vative management.

Observation of patients for the evolution of time-dependent 
prognostic factors is recommended for some, but not all, cases 
of idiopathic membranous nephropathy. Patients who present 
with combinations of ominous time-independent features (in-
cluding impaired renal function and/or very severe proteinuria 
[�10 g/day]) should be considered for treatment without pro-
longed observation in an effort to reduce the risks of irrevers-
ible renal parenchymal injury as well as cardiovascular and 
thromboembolic complications of the nephrotic syndrome. 
Quantifi cation of specifi c urinary proteins at presentation may 
enhance predictions of clinical outcomes and obviate the need 
for extended observation before recommending immunosup-
pressive therapy. Bazzi and colleagues20 showed that levels of 
urinary IgG and �1-microglobulin were signifi cantly associated 
with the probabilities of remission and progression and could 
identify those most likely to benefi t from immunosuppressive 
therapy. Branten and colleagues21 have confi rmed and extended 
these observations. They have also shown that previously estab-
lished cutoff values for urinary �2-microglobulin and IgG ex-
cretion are useful predictors of renal insuffi ciency in patients 
with membranous nephropathy. It will be important to con-
tinue to study the predictive value of these and other urinary 
markers in diverse populations of patients with membranous 
nephropathy.

CLINICAL TRIALS AND SPECIFIC 
RECOMMENDATIONS

General Strategy
Patients with membranous nephropathy should be treated 
with doses of ACE inhibitors and/or ARBs that have been 
titrated to reduce proteinuria as much as possible and to 
achieve optimal blood pressure control without excessive in-
creases in serum creatinine and/or potassium.22 Whereas the 
response to ACE inhibitors is not consistent in this population, 
modulation of intrarenal hemodynamic parameters may de-
crease proteinuria by as much as 50%23–25 and may decrease 
the risk of progressive glomerulosclerosis as well. A meta-
analysis of 11 randomized, controlled trials showed that ACE 
inhibitors reduced the risk of progressive renal function dete-
rioration in patients with nondiabetic kidney disease after 
statistical adjustment for levels of systolic blood pressure and 
proteinuria.26 The analysis also showed that the risk of kidney 
disease progression was lowest in patients whose systolic blood 
pressure was controlled in the range of 110 to 129 mm Hg and 
whose protein excretion rate was less than 2 g/day at follow-up 
visits. If these goals cannot be achieved with an ACE inhibitor, 
the combination of an ACE inhibitor and an ARB may be ben-
efi cial.27 In a randomized, controlled trial that included 
336 patients with nondiabetic renal disease, Nakao and col-
leagues28 showed that the combination of an ACE inhibitor 
and an ARB decreased proteinuria and protected renal func-
tion more effectively than either drug alone. The risk of hyper-
kalemia was not increased by combination therapy compared 
with ACE inhibitor monotherapy. The ACE inhibitor and ARB 
monotherapy arms appeared to be equally effective. The inci-
dence of hyperkalemia and nonproductive cough was lowest 
in the ARB monotherapy group, so ARBs appear to be a 
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reasonable alternative for patients with membranous nephrop-
athy who cannot tolerate ACE inhibitors. Studies in other 
populations of nephrotic patients suggest that a low-protein 
diet may augment the hemodynamic effect of blocking the re-
nin-angiotensin system.29

It is important to address coronary risk factors in patients 
with the nephrotic syndrome.30 Whereas ACE inhibitors may 
decrease proteinuria and partially correct hyperlipidemia,31

specifi c lipid-lowering agents are often indicated as well. 
3-Hydroxy-3-methylglutaryl coenzyme A reductase inhibitors 
are widely used for this purpose and typically lead to 30% to 
45% decreases in low-density lipoprotein cholesterol.32–34

Concern for the morbidity and mortality associated with 
pulmonary embolism has led to interest in the possible role 
of prophylactic anticoagulation for patients with severe ne-
phrotic syndrome due to membranous nephropathy (serum 
albumin � 2.0–2.5 g/dL).11 By decision analysis, the risks of 
life-threatening complications of pulmonary embolism ap-
pear to outweigh those associated with prophylactic antico-
agulation.10 However, data from prospective, randomized 
clinical trials are not available to support this approach.

Patients with membranous nephropathy should be care-
fully evaluated and started on an individualized regimen of 
conservative therapies directed at the symptoms and risks of 
the nephrotic syndrome. Unless there are pressing indications 
to start immunosuppression sooner, patients should be 
followed for at least a month on a stable regimen of ACE in-
hibitors and/or ARBs to assess the response to this interven-
tion. Cattran8 recommends observation for 6 months on con-
servative therapies to clarify whether the patient needs 
immunosuppressive treatment; immunosuppression should 
start sooner in high-risk patients who manifest declining renal 
function or other serious complications. It is generally agreed 
that patients who have low-grade proteinuria (�3.5 or 4 
g/day) and normal renal function after the initial assessment 
and conservative interventions have a low risk of renal func-
tion deterioration and should be followed without immuno-
suppression. At the opposite end of the clinical spectrum, there 
is consensus that patients with the nephrotic syndrome and 
declining renal function due to membranous nephropathy 
should receive immunosuppressive agents.5,8,13

Treatment for patients with normal renal function and ne-
phrotic proteinuria has prompted an interesting debate. Some 
investigators have recommended that immunosuppressive 
treatments should only be used in patients who develop renal 
insuffi ciency or severe intolerable nephrotic syndrome (persis-
tent proteinuria � 8 g/day).5,35,36 Others have recommended 
that patients with nephrotic proteinuria (�3.5 or 4 g/day) de-
spite conservative measures should receive immunosuppressive 
agents.8,13 Torres and colleagues35 identifi ed 19 patients with 
nephrotic proteinuria plus the recent onset of renal insuffi -
ciency (serum creatinine � 1.5 mg/dL) and treated them with 
oral prednisone for 6 months accompanied by chlorambucil 
(0.15 mg/kg/day) for the fi rst 14 weeks. At the end of follow-up 
(average 52 months), only 36% were in a complete or partial 
remission. The probability of renal survival was 90% at 7 years 
compared with 20% for a group of historical controls who 
had been managed conservatively. du Buf-Vereijken and 
colleagues37 treated 65 patients with renal insuffi ciency (serum 
creatinine � 1.5 mg/dL or � 50% increase in serum creatinine) 
with cyclophosphamide (1.5–2.0 mg/kg/day) for 1 year and 
concurrent corticosteroids (1 g/day IV methylprednisolone for 

3 days at the beginning of the fi rst, third, and fi fth months plus 
prednisone 0.5 mg/kg every other day for the fi rst 6 months). At 
the end of follow-up (average 51 months), 72% were in a com-
plete or partial remission. Renal survival was 74% at 7 years. 
Treatment-related complications were reported in 66% of 
patients, mainly due to bone marrow depression and infection. 
These studies illustrate the concern that delaying immunosup-
pressive therapy until renal dysfunction has evolved may 
decrease the probability of remission and increase the risk of 
treatment-related complications. In a recent review, du Buf-
Vereijken and colleagues5 indicate that the threshold serum 
creatinine value of 1.5 mg/dL typically indicates signifi cant re-
nal function impairment, especially in elderly patients. They 
now seek to start immunosuppression earlier (at lower serum 
creatinine values) in high-risk patients by estimating the glo-
merular fi ltration rate based on the Modifi cation of Diet in 
Renal Disease study equations and by assessing other prognos-
tic factors such urinary �2-microglobulin and IgG. Considering 
that an increased serum creatinine and chronic histologic 
changes indicate a poor prognosis, moderate- to high-risk pa-
tients should be identifi ed as effi ciently as possible before the 
patient experiences an irreversible loss of renal function reserve 
or serious complications of the nephrotic syndrome.

Nephrotic Syndrome without Renal 
Insuffi ciency
The value of alternate-day oral glucocorticoid monotherapy 
has been studied in three randomized controlled trials.38–40

Corticosteroids alone failed to increase the rate of long-
term remissions of proteinuria in each of these controlled 
trials. Furthermore, corticosteroids appeared to prevent 
deterioration in renal function only in the U.S. collaborative 
trial; the apparent effi cacy of corticosteroid therapy in this 
study may refl ect the unusually high incidence of adverse 
outcomes in the control group. The aggregate impression is 
that corticosteroid monotherapy offers only marginal ben-
efi ts, if any. Consequently, investigators have sought to 
identify alternative immunosuppressive drug regimens that 
might be more benefi cial. Several studies support the value 
of cytotoxic drug regimens that combine corticosteroids 
with either chlorambucil or cyclophosphamide for the treat-
ment of patients with idiopathic membranous nephropathy, 
nephrotic syndrome, and well-preserved renal function 
(Table 21-1).

Chlorambucil

The most convincing evidence has emerged from the multi-
center, prospective, randomized clinical trials of Ponticelli and 
colleagues.41–44 They have shown that a 6-month regimen of 
alternate-month corticosteroids and chlorambucil decreases 
the risk of deterioration in renal function as well as the dura-
tion of the nephrotic syndrome. Ten-year renal survival was 
92% in the treatment group compared with 60% among the 
controls.44 The recommendation to employ chlorambucil and 
methylprednisolone for this subset of patients is supported by 
well-controlled clinical observations. However, a substantial 
number of patients are unable to tolerate the regimen. Ponti-
celli and colleagues44 reported that 4 of 42 patients in one 
study had to discontinue this therapy because of adverse ef-
fects (two because of peptic ulcers that developed while 
on methylprednisolone, one because of pneumonia, and one 
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because of gastric intolerance to chlorambucil). The potential 
advantage of this approach must be balanced against the risks 
of malignancy, gonadal toxicity, reversible myelosuppression, 
infection, gastrointestinal intolerance, and hepatotoxicity as-
sociated with chlorambucil. Furthermore, patients should be 
informed that the long-term toxicities of this and other cyto-
toxic drug regimens for membranous nephropathy have not 
been fully defi ned.

Cyclophosphamide
Because most nephrologists are more familiar with cyclophos-
phamide than chlorambucil, Ponticelli and colleagues45 con-
ducted a multicenter controlled clinical trial to compare the 
effi cacy and toxicity of these two alkylating agents when alter-
nated with corticosteroids for the treatment of idiopathic 
membranous nephropathy. The two regimens appeared to be 
equally effective, and both are recommended for the treatment 

Table 21-1 Selected Randomized, Controlled Trials of Cytotoxic Drug Therapies and Calcineurin Inhibitors

Ref. Baseline Treatment Outcome

Alternate-Month Corticosteroid and Cytotoxic Drug Therapy

Ponticelli et al41,42,44 Plasma creatinine � 150 �mol/L;
proteinuria � 3.5 g/day

Methylprednisolone alternating 
monthly with chlorambucil 
(N � 42) vs. control (N � 39) 
for 6 mo

Treatment favored remission 
of nephrotic syndrome 
and preservation of renal 
function

Ponticelli et al43 Plasma creatinine � 150 �mol/L;
proteinuria � 3.5 g/day

Methylprednisolone alternating 
monthly with chlorambucil 
(N � 45) vs. methylpredniso-
lone alone (N � 47) for 6 mo

Combination drug regimen 
associated with earlier 
remission of the nephrotic 
syndrome

Ponticelli et al45 Plasma creatinine � 150 �mol/L;
proteinuria � 3.5 g/day

Methylprednisolone alternating 
monthly with either chlorambu-
cil (N � 50) or cyclophospha-
mide (N � 45) for 6 mo

Regimens were equally 
effective in inducing 
remission of the nephrotic 
syndrome and preserving 
renal function

Reichert et al62 Nephrotic syndrome and 
deteriorating renal function

Methylprednisolone alternating 
monthly with chlorambucil 
(N � 9) vs. monthly pulse 
cyclophosphamide and pulse 
methylprednisolone every 
2 mo (N � 9) for 6 mo

Renal function improved 
on chlorambucil regimen 
but not on pulse 
cyclophosphamide

Jha et al46 Nephrotic syndrome � 6 mo; 
average MDRD GFR �
80 mL/min

Methylprednisolone alternating 
monthly with cyclophospha-
mide (N � 47) vs. control 
(N � 46) for 6 mo

Treatment favored remission 
of nephrotic syndrome 
and preservation of renal 
function

Calcineurin Inhibitors

Cattran et al75 Declining renal function; 
persistent proteinuria �
3.5 g/day

Cyclosporine (N � 9) vs. 
placebo (N � 8)

Average proteinuria and 
rate of renal function 
deterioration were 
decreased in the cyclo-
sporine group, but not 
the placebo group

Cattran et al48 Creatinine clearance � 42 mL/
min/1.73 m2; nephrotic-range 
proteinuria despite at least 
8 wk of prednisone �
1 mg/kg/day

Cyclosporine � low-dose predni-
sone (N � 28) vs. placebo 
(N � 23) � low-dose predni-
sone

Complete or partial remis-
sions of proteinuria in 
75% of the cyclosporine 
group and 22% of the 
placebo group; relapse 
occurred after 50% of 
remissions

Praga et al52 Nephrotic syndrome � 9 mo; 
Cockroft-Gault eGFR �
50 mL/min/1.73 m2

Tacrolimus monotherapy 
(N � 25) vs. control (N � 23) 
for 18 mo

Treatment favored remission 
of nephrotic syndrome 
and preservation of renal 
function

Cockroft-Gault eGFR, estimated glomerular fi ltration rate by the Cockroft-Gault formula; MDRD GFR, glomerular fi ltration rate calculated by 
the Modifi cation of Diet in Renal Disease study formula.
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of this subset of patients (Box 21-1). The authors observed a 
complete or partial remission of nephrotic syndrome in 
82% of patients in the chlorambucil group and 93% of pa-
tients in the cyclophosphamide group. Approximately 30% of 
patients in each group experienced a relapse between 6 and 30 
months after stopping treatment. Renal function tended to 
improve and then stabilize in both treatment groups. Notably, 
fewer patients stopped therapy prematurely because of ad-
verse events in the cyclophosphamide group (4.5%) than in 
the chlorambucil group (12%).

More recently, Jha and colleagues46 reported a random-
ized, controlled trial comparing a 6-month regimen of al-
ternate-month prednisolone and cyclophosphamide to sup-
portive treatment in adults with the nephrotic syndrome for 
at least 6 months. Remissions occurred signifi cantly more 
frequently in the treatment group (72%) compared with 
the controls (35%). The 10-year dialysis-free survival rate 
was 89% in treated patients compared with 65% in controls 
(P � .016). Thus, cytotoxic drug therapy in this study ap-
pears to be associated with a renal survival advantage that is 
comparable with that observed by Ponticelli and col-
leagues.44 Although these prospective, controlled trials pro-
vide evidence that cytotoxic drug therapy is more effective 
than supportive treatments or corticosteroids alone, Ponti-
celli and colleagues47 report that patients randomized to a 
potentially less toxic regimen of synthetic corticotropin 
therapy experienced outcomes comparable with those seen 
in the patients randomized to cytotoxic drugs. This obser-
vation underscores the need for additional randomized, 
controlled trials to compare the effi cacy and toxicity of 
cytotoxic drugs with those of other regimens described in 
this chapter.

Calcineurin Inhibitors
A randomized clinical trial reported by Cattran and col-
leagues48 compared a 6-month course of cyclosporine with 
placebo in 51 patients with steroid-resistant idiopathic mem-
branous nephropathy, nephrotic-range proteinuria, and a cre-
atinine clearance of at least 42 mL/min/1.73 m2. Adverse effects 
of cyclosporine included reversible decline in renal function, 

an increased occurrence and severity of hypertension, and 
nausea. Two patients in each group progressed to renal insuf-
fi ciency, defi ned as a doubling of serum creatinine. A complete 
or partial remission of proteinuria evolved by week 26 in 
75% of the cyclosporine group and 22% of the control group 
(P � .001). By week 72, relapse occurred in approximately 
40% of patients in each group. The authors questioned whether 
the high relapse rate observed in this study was related to the 
dose (3.5 mg/kg/day) or the duration of treatment (6 months 
rather than 1 year).

Fritsche and colleagues49 analyzed data from the German 
Cyclosporine in Nephrotic Syndrome Study Group in an ef-
fort to estimate the optimal duration of cyclosporine therapy 
for idiopathic membranous nephropathy. They observed that 
complete remissions occurred up to 20 months after starting 
cyclosporine; the median treatment period before a complete 
remission was 225 days in this study. At present, there is insuf-
fi cient information to determine the optimal duration of cy-
closporine therapy for idiopathic membranous nephropathy. 
The high-risk characteristics of these patients justify a 6- to 
12-month course of cyclosporine if the patient can be fol-
lowed very closely (initially weekly, then biweekly). The risk of 
chronic cyclosporine nephrotoxicity can be decreased by ini-
tiating treatment at 3 mg/kg/day or less50 and by frequent dose 
adjustments to avoid clinical and laboratory signs of toxicity. 
Once a complete or partial remission of proteinuria has been 
achieved, it is reasonable to taper the dose to approximately 
1 to 1.5 mg/kg/day in an effort to maintain remission with a 
lower risk of nephrotoxicity. Alexopoulos and colleagues51

observed that relapses occurred signifi cantly more often 
among patients on low-dose cyclosporine monotherapy com-
pared with those on combination low-dose cyclosporine and 
prednisolone. Cyclosporine trough levels less than 100 ng/mL 
appeared to increase the risk of relapse. Most relapses re-
sponded to a temporary increase in cyclosporine and/or pred-
nisolone dose.

Recently, Praga and colleagues52 reported a randomized, 
controlled trial evaluating tacrolimus monotherapy in patients 
with Cockroft-Gault estimated glomerular fi ltration rate of 
50 mL/min/1.73 m2 or more and the nephrotic syndrome for 

Recommended Approaches
Alternate-month corticosteroids and cyclophosphamide for 

6 months
Months 1, 3, and 5: methylprednisolone 1 g/day IV for 
3 days followed by 0.4 to 0.5 mg/kg/day orally for 
27 days
Months 2, 4, and 6: cyclophosphamide 2.0 to 2.5 mg/
kg/day (initial dose) orally for 30 days 

Alternate-month corticosteroids and chlorambucil for 
6 months
Months 1, 3, and 5: methylprednisolone (as above)
Months 2, 4, and 6: chlorambucil 0.2 mg/kg/day (initial 
dose) orally for 30 days

Alternative Approaches
Cyclosporine 3.5 mg/kg/day in two divided doses (initial 

dose) and low-dose prednisone for 6 to 12 months
Tacrolimus monotherapy 0.05 mg/kg/day in two divided 

doses (initial dose), initial target trough 3 to 5 ng/mL, in-
crease target trough to 5 to 8 ng/mL if remission not 
achieved within 2 months

Mycophenolate mofetil 1 to 2 g/day in two to three divided 
doses for 6 to 24 months; attempt to taper off corticoste-
roids

Synthetic corticotropin 1 mg IM every other week (initial 
dose), gradually increase to 1 mg IM twice weekly for 
1 year (see Ponticelli and colleagues47 and Berg and col-
leagues79)

Rituximab four weekly intravenous infusions of 375 mg/m2

Box 21-1 Proposed Immunosuppressive Treatments for Idiopathic Membranous Nephropathy: Nephrotic Syndrome without 
Renal Insuffi ciency
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at least 9 months despite treatment with maximally tolerated 
doses of ACE inhibitors or ARBs. The tacrolimus target trough 
was initially 3 to 5 ng/mL and was increased to 5 to 8 ng/mL 
after 2 months if the patient was persistently nephrotic. After 
treatment for 12 months, tacrolimus was tapered off over 
6 months. The patients treated with tacrolimus were signifi -
cantly more likely than controls to achieve a remission by 
18 months (94% vs. 35%) and to have stable renal function. No 
patient in the tacrolimus group had a nephrotic relapse during 
drug tapering, but 47% had a relapse on average 4 months after 
tacrolimus was withdrawn.

Mycophenolate Mofetil

Several case series have described mycophenolate mofetil (MMF) 
treatment for patients who had previously failed to achieve a 
satisfactory response on corticosteroids, cytotoxic drugs, and/or 
cyclosporine. Miller and colleagues53 treated 16 nephrotic pa-
tients and observed a 50% decrease in proteinuria in six patients 
and a sustained partial remission in two patients. MMF was 
discontinued due to adverse events in two patients (one had 
persistent diarrhea and the other had varicella-zoster infection). 
Choi and colleagues54 treated 17 patients and reported that 
2 achieved a complete remission and 8 had a partial remission. 
Corticosteroids and cyclosporine were successfully withdrawn in 
14 of 15 patients who had been steroid or cyclosporine depen-
dent. MMF was discontinued in three patients because of ad-
verse events (severe erosive gastritis, pneumonia, and squamous 
cell cancer). Additional study is needed to determine the role of 
MMF in this condition.

Rituximab

Remuzzi and colleagues55 and Ruggenenti and colleagues56,57

have described an innovative approach using rituximab 
(375 mg/m2 infusions weekly for 4 weeks) to treat patients with 
the nephrotic syndrome for at least 6 months despite ACE in-
hibitor therapy. The average protein excretion rate decreased 
signifi cantly from 9.1 g/day to 4.6 g/day in eight patients with 
mild or no chronic tubulointerstitial lesions but did not im-
prove signifi cantly in six patients with more severe chronic 
histologic changes. The authors recommend a prospective trial 
to compare the effi cacy and toxicity of rituximab with other 

less specifi c immunosuppressive treatments in patients with 
mild or no chronic tubulointerstitial changes.

Nephrotic Syndrome with Renal 
Insuffi ciency
Several immunosuppressive drug regimens have been pro-
posed for the treatment of nephrotic patients with impaired 
and declining renal function (Box 21-2); none is clearly supe-
rior. Pulse methylprednisolone regimens have yielded favor-
able short-term outcomes in some patients, but long-term 
outcomes have been less satisfactory.58 Combining corticoste-
roids and azathioprine has led to inconsistent results in this 
population of patients.59–61

Chlorambucil

Although there is considerable experience using alternate-
month corticosteroids and chlorambucil for patients with well-
preserved renal function, efforts to apply this regimen to pa-
tients with a decreased glomerular fi ltration rate have met with 
discordant results and a relatively high incidence of adverse 
events. To address this issue, modifi ed dose schedules have been 
studied for azotemic patients62–65 and for elderly patients who 
are likely to have impaired renal functional reserve.66,67 A de-
creased dose of chlorambucil (�0.12 mg/kg/day) appears to 
ameliorate toxicity in patients with impaired renal function.68

Concerns regarding the toxicity of corticosteroids in these pa-
tients has led several investigators to omit pulse methylpred-
nisolone or to use alternate-day rather than daily oral predniso-
lone. Because the aggregate experience suggests that intravenous 
pulse methylprednisolone may contribute to favorable short-
term outcomes in patients with declining renal function,58,64,65

0.5- to 1-g doses of pulse methylprednisolone are recom-
mended rather than omitting this component of the therapy 
(see Box 21-2).

Cyclophosphamide

Several regimens that combine corticosteroids and cyclo-
phosphamide may be considered for the treatment of ne-
phrotic patients with impaired renal function (see Box 21-2). 
There is evidence that cyclophosphamide can be substituted 

Recommended Approaches
Cyclosporine 3.5 mg/kg/day in two divided doses (initial 

dose) for 12 months
Alternate-month corticosteroids and cyclophosphamide for 

6 months
Months 1, 3, and 5: methylprednisolone 0.5 to 1.0 
g/day IV for 3 days followed by 0.4 mg/kg/day (or 1 
mg/kg every other day) orally for 27 days
Months 2, 4, and 6: cyclophosphamide 1.5 to 2.0 
mg/kg/day (initial dose) orally for 30 days

Alternate-month corticosteroids and chlorambucil for 
6 months

Months 1, 3, and 5: methylprednisolone (as above)
Months 2, 4, and 6: chlorambucil 0.12 mg/kg/day 

(initial dose) orally for 30 days

Alternative Approaches
Cyclophosphamide 1.5 to 2 mg/kg/day (initial dose) for 

1 year plus prednisone 0.5 mg/kg every other day for 
2 to 6 months, then taper to 0.25 mg/kg every other day 
for the duration of therapy; consider methylprednisolone 
1 g/day IV for 3 days at the beginning of months 1, 
3, and 5

Mycophenolate mofetil 0.5 to 2 g/day in two to three di-
vided doses plus low-dose prednisone for 6 to 12 months

Box 21-2 Proposed Immunosuppressive Treatments for Idiopathic Membranous Nephropathy: Nephrotic Syndrome with Renal 
Insuffi ciency
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for chlorambucil in the regimen of Ponticelli and colleagues 
for patients with well-preserved renal function, but this 
approach has not been rigorously evaluated in patients with 
impaired and declining renal function. Intuitively, this ap-
pears to be a reasonable (but unproven) approach given the 
extensive experience employing cyclophosphamide for the 
treatment of severe glomerular diseases and the relatively 
brief (3 months) exposure to a cytotoxic drug in the regimen 
of Ponticelli and colleagues.

Alternatively, several groups37,69–72 have studied daily oral 
cyclophosphamide and corticosteroids for a year or more in 
patients with declining renal function. Renal function stabilized 
or improved and at least partial remissions of nephrotic pro-
teinuria were observed in most patients treated by investigators 
in the Netherlands,37 Toronto,69,70 and Pittsburgh.71 These re-
sults were superior to those observed among concurrent (non-
randomized) control subjects,69,70 but serious complications of 
treatment were observed including leukopenia, infections, 
amenorrhea, and cancer. Extended oral cyclophosphamide reg-
imens for the treatment of Wegener’s granulomatosis have been 
associated with an 11-fold increase in the incidence of lympho-
mas and a 33-fold increase in bladder cancers.73

In an effort to reduce the toxicity of cytotoxic drug regi-
mens, several investigators have evaluated intermittent pulse 
regimens of cyclophosphamide and methylprednisolone for 
high-risk patients with progressive disease. Falk and col-
leagues74 observed that an intensive regimen of monthly pulse 
cyclophosphamide (for 6 months), pulse methylprednisolone 
(for 3 days), and alternate-day prednisone (starting at 1 mg/kg) 
was not superior to alternate-day prednisone alone (starting 
at 2 mg/kg) for patients with deteriorating renal function or 
persistent proteinuria associated with morbid complications.

A few prospective studies have compared cytotoxic drug 
regimens for the treatment of patients with nephrotic syn-
drome and declining renal function. Reichert and colleagues62

showed that a 6-month regimen of alternate-month methyl-
prednisolone and chlorambucil was more effective than a 
6-month regimen of monthly pulse cyclophosphamide and 
alternate-month pulse methylprednisolone. Branten and col-
leagues72 reported that daily oral cyclophosphamide and 
corticosteroids for 1 year was more effective than alternate-
month methylprednisolone and chlorambucil for 6 months. 
Stable renal function and remissions of proteinuria were ob-
served more frequently after cyclophosphamide treatment 
for 1 year. Treatment was modifi ed, interrupted, or termi-
nated prematurely because of adverse effects signifi cantly 
more frequently in the chlorambucil group than in the cyclo-
phosphamide group. Although 60% of the patients were 
randomly assigned to their treatment groups, this was a com-
plex study in which some patients were not randomized 
concurrently and others were not randomized at all. Addi-
tional studies are needed to compare the risks and benefi ts of 
various cytotoxic drug regimens for nephrotic patients with 
declining renal function.

Cyclosporine

Future studies should include comparisons of the long-term 
effi cacy and toxicity of cyclosporine and cytotoxic drug regi-
mens. There has been interest in cyclosporine for patients with 
idiopathic membranous nephropathy, persistent nephrotic-
range proteinuria, and declining renal function since Cattran 
and colleagues75 reported the results of a controlled clinical 

trial in which 17 patients with these characteristics were ran-
domized to receive either cyclosporine (initially 3.5 mg/kg/day 
in two divided doses) or placebo for 12 months. Proteinuria 
and the rate of decline in creatinine clearance decreased sig-
nifi cantly in the cyclosporine group (but not in the placebo 
group). Improvement in renal function and proteinuria was 
sustained in 75% of patients for a mean follow-up period of 
21 months after cyclosporine was discontinued. Six of the nine 
cyclosporine-treated patients experienced elevations in serum 
creatinine (�30%) that reversed in fi ve after a decrease in dose. 
Cyclosporine-treated patients also tended to require additional 
antihypertensive medication to maintain adequate blood pres-
sure control. Geddes and Cattran76 have recommended cyclo-
sporine as preferred immunosuppressive therapy for patients 
with high-grade proteinuria and renal insuffi ciency. Con-
versely, Ponticelli and Villa77 have underscored the nephrotoxic 
potential of cyclosporine and have suggested that patients with 
impaired renal function (creatinine clearance � 60 mL/min), 
severe hypertension, or severe interstitial fi brosis and tubular 
atrophy should not receive cyclosporine.

SUMMARY

Clearly, the optimal immunosuppressive therapy for patients 
with persistent high-grade proteinuria and renal insuffi ciency 
has not been determined. Meta-analyses published to date do 
not resolve this issue.12,78 New studies46,52 have been reported 
since those meta-analyses were performed, so this discussion 
focuses on data from individual studies, especially random-
ized, controlled trials. Box 21-2 depicts several recommended 
treatments. Although the recommendation to offer cyclospo-
rine to patients with impaired renal function has been de-
bated,76,77 evidence supporting this approach includes a small, 
randomized, controlled clinical trial.75 Toxicities are largely 
reversible if the cyclosporine dose is adjusted in response to 
early signs of toxicity detected by very close follow-up of these 
patients. Studies supporting the use of alternate-month corti-
costeroid and cytotoxic drug therapy in patients with renal 
dysfunction include a small, randomized, controlled clinical 
trial62 and several uncontrolled case series.63–65,68 Renal func-
tion has tended to improve or stabilize at least transiently, and 
toxicity has been modulated by dose reduction. Alternative 
cytotoxic drug regimens have been studied as well. Intermit-
tent pulse cyclophosphamide has not proven to be effec-
tive.62,74 Daily oral cyclophosphamide and corticosteroids for 
1 year or more have been employed as salvage therapy for 
patients with progressive renal failure. Evidence supporting 
this approach includes a nonrandomized trial with concur-
rent controls,69,70 a clinical study that included randomized 
and nonrandomized patients,72 and uncontrolled case se-
ries.37,71 Although Branten and colleagues72 noted fewer short-
term adverse effects among patients receiving daily oral cyclo-
phosphamide and corticosteroids for 1 year than among those 
treated with alternate-month chlorambucil and corticoste-
roids for 6 months, it is the long-term toxicities of extended 
courses of daily oral cytotoxic drug therapy that prompt the 
greatest concern. Thus, an extended course of daily oral cyclo-
phosphamide and corticosteroids should be reserved for pa-
tients manifesting progressive renal insuffi ciency who under-
stand and accept the potential long-term toxicities of this 
approach.
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At present, the choice of cyclosporine, cytotoxic drug 
therapy, or no immunosuppression should refl ect the priori-
ties of the individual patient as well as comorbid conditions 
that might affect the risk profi le of each approach. Further-
more, attention should be focused on the comprehensive 
management of cardiovascular risk factors that are frequently 
observed in this population of patients. Modulation of non-
immunologic factors that infl uence the rate of progression of 
chronic renal disease are likely to contribute to quality of life 
and to extend survival by delaying the need for dialysis. Thus, 
dietary modifi cations, diuretics, ACE inhibitors, angiotensin 
II receptor antagonists, and lipid-lowering agents are impor-
tant therapeutic interventions that should be considered in all 
patients with membranous nephropathy to decrease the mor-
bidity and mortality associated with the nephrotic syndrome.
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NEW INSIGHTS INTO PATHOGENESIS 
AND RATIONAL BASIS FOR TREATMENT

Membranoproliferative glomerulonephritis (MPGN) is an 
uncommon disease, although its prevalence varies and is re-
portedly much higher in less prosperous countries.1–5 It most 
often affects older children or young adults who present with 
acute nephritis, nephrosis, or abnormal urine analysis. Based 
on differences resolved by electron microscopy, three types of 
MPGN are recognized, a simple classifi cation belying consid-
erable etiologic heterogeneity. MPGN type 1 and some cases 
of MPGN type 3 are immune complex diseases and may be 
associated with infection, systemic lupus erythematosus, or 
malignancy, although in other instances, MPGN type 3 
appears to be unrelated to immune complex deposition.6–9

Serum complement profi les refl ect classic pathway activation 
in at least some cases of MPGN types 1 and 3.10,11 Interest-
ingly, the incidence of MPGN type 1, the most common vari-
ant of the three, is decreasing in a number of countries for 
reasons that are unclear but may refl ect changing patterns of 
infectious disease.1,3,12 MPGN type 1 can be triggered by 
hepatitis C virus infection, an observation made primarily in 
Japan and the United States; this association is less frequent in 
some parts of Europe.13,14 (See Chapter 14 for detailed discus-
sion and treatment of hepatitis C virus–associated renal dis-
ease). Unrecognized pathogens may be causally linked to 
many cases of idiopathic MPGN types 1 and 3. MPGN type 2 
(more appropriately known as dense deposit disease [DDD]) 
is characterized by intramembranous glomerular basement 
membrane (GBM) deposits of unknown composition, but C3 
deposition without immunoglobulin is another consistent 
glomerular abnormality.15

A series of observations in animals defi cient in the com-
plement regulator factor H (CFH) and a few families segre-
gating mutations in the same gene have defi nitively estab-
lished dysregulation of the alternative pathway (AP) of 

complement as a pathogenetic mechanism for DDD.15–18

These studies validate earlier hypotheses based on the fre-
quency of C3 hypocomplementemia and C3 nephritic fac-
tors ([CeNeFs] autoantibodies that stabilize the C3 conver-
tase) in a signifi cant proportion of MPGN patients together 
with rare examples of DDD in individuals with acquired AP 
dysfunction (Fig. 22-1).19,20 Patient data, however, indicate 
that familial AP dysregulation may be associated with all 
types of MPGN.21–24 The complexity of CFH-associated re-
nal disease is revealed by its association with atypical hemo-
lytic uremic syndrome (aHUS)25 (see Chapter 26 for detailed 
discussion and treatment of aHUS): homozygous CFH mu-
tations associated with decreased CFH serum levels are ob-
served in some patients with DDD, whereas heterozygous 
mutations, especially of the C-terminus of CFH, are found 
in patients with aHUS.26 Interestingly, some aHUS patients 
have decreased CFH serum levels, and there are reports of 
not only sequential development of MPGN type 1 and aHUS 
in a single individual but also of MPGN patients with muta-
tions or polymorphisms in regions of the CFH gene usually 
associated with aHUS.27–29

The functional importance of the polymorphisms in CFH 
(and CFH-related protein 5) that have been linked to DDD 
can be inferred from their overrepresentation in individuals 
with age-related macular degeneration, another condition 
strongly associated with the complement cascade and indeed 
identical retinal abnormalities arise prematurely in some pa-
tients with DDD.27,30 Mutations in other CFHR genes, such as 
CFRH1 and CFRH3, have been described in aHUS but re-
main to be examined in MPGN.31 The potential infl uence of 
AP dysregulation on the classic complement pathway may 
also be relevant because experimental models of immune 
complex glomerulonephritis emphasize the impact of AP 
amplifi cation on complement activation triggered through 
the classic pathway.32–34 It is feasible that mutations or 
polymorphisms in genes encoding AP-regulatory proteins 
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contribute to the development of MPGN types 1 and 3 in 
individuals exposed to stimuli that incite IC deposition.

Genetic predisposition to MPGN may arise through muta-
tions in other components of the complement system includ-
ing membrane cofactor protein (MCP, CD46), and various 
factors in the classic and terminal pathways.29,35 The mecha-
nisms underlying these associations remain to be determined 
but may include susceptibility to infection and impaired IC 
processing and clearance, which are likely to be important in 
MPGN types 1 and 3. Finally, MPGN has been linked to genes 
seemingly unrelated to complement regulation (X-linked 
MPGN and LMNA associated with partial lipodystrophy and 
DDD in the absence of C3NeF or hypocomplementemia).36,37

The prognosis for patients with MPGN is guarded, with 
40% to 50% requiring permanent renal replacement therapy 
in many series with extended follow-up (�10 years). The 
impact of treatment has been at best limited (no signifi cant 
effect on renal survival in most trials), and recurrence with 
graft loss is frequent in transplant recipients.14,38–41 A review 
of published data in 1999 advocated corticosteroid and anti-
platelet therapy for selected children and adults with MPGN, 

respectively, but the evidence for these recommendations is 
not compelling.42 There have been no subsequent sizable or 
prospective, randomized trials of treatment of MPGN, and, 
given the decreasing incidence of at least MPGN type 1, there 
are obstacles to future studies. Nevertheless, the remarkable 
developments in understanding the molecular basis for 
MPGN hold the promise of novel, targeted therapies that can 
be rapidly translated into patient care. As we learn more 
about the pathophysiology of MPGN, there may also be ra-
tionale for replacing current histologic classifi cations with 
pathogenetic descriptions to recognize homogeneous condi-
tions with logical targets for treatment.43 On that basis, we 
believe that there is good reason to collect DNA from all in-
dividuals with “idiopathic” MPGN and to perform CFH ge-
notyping in at least all individuals with DDD, irrespective of 
serum complement levels because these are not invariably 
depressed in the context of abnormal complement regula-
tion. Every opportunity should be taken to understand the 
basis of these increasingly uncommon conditions if we are 
to avoid relying solely on the results of historical trials in 
patient treatment. Herein we briefl y review evidence relating 

Figure 22-1 Membranoproliferative glomerulonephritis (MPGN) is caused by dysregulation of the alternative pathway (AP) of 
complement activation in some individuals, particularly those with dense-deposit disease (DDD). Normally, the AP is constitu-
tively active at low levels through the hydrolysis of the thioester in C3 to C3(H2O). Hydrolyzed C3 combines with factor B, and 
in the presence of factor D, C3(H2O)Bb is formed. This intermediate convertase leads to the production of C3a and C3b from 
C3, and C3b enters the C3bBb amplifi cation loop, which is indicated by the curved arrow. Amplifi cation by fl uid phase 
C3bBb occurs with low effi ciency because free C3b is rapidly inactivated by factors H and I. However, C3b can also bind 
covalently to surfaces or to IgG as a covalent dimer. C3bC3bIgG is partially protected from inactivation by factors Hand I by 
steric hindrance and is 7 to 10 times more effi cient in generating a C3 convertase than surface-bound monomeric C3b. On sur-
faces or on IgG in the fl uid phase, C3 convertase can become a C5 convertase by acquiring an additional C3b in its vicinity, 
which increases affi nity for C5. Since factor H is required to control levels of C3b in the fl uid phase, the Cfh�/� mouse mutant 
develops DDD. Factor B is also critical to the formation of C3bBb, and consequently the Cfh�/�. Cfb�/� mouse mutant does 
not develop DDD. In the Cfh�/�.C5�/� mouse mutant and the Cfh�/� mouse mutant treated with anti-C5 antibodies, the 
degree of kidney disease is decreased compared with the degree of kidney disease seen in the Cfh�/� mutant. This decrease 
is due to the prevention of C5a formation. The complement-regulating properties of factor H are as a decay-accelerating factor 
(destabilizing C3bBb) and as a cofactor for factor I. In addition to regulating the AP in the fl uid phase, factor H binds polyan-
ionic surfaces and regulates attached C3bBb. The glomerular basement membrane (GBM) lacks constitutive membrane-bound 
complement regulators and is particularly dependent on factor H for protection from the AP. GAGs, glycosaminoglycans.
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to classical treatments of MPGN and highlight experimental 
data that point toward future directions in therapy.

WHEN IS TREATMENT 
OF MEMBRANOPROLIFERATIVE 
GLOMERULONEPHRITIS NECESSARY?

The aggressive natural history and low (�5%) spontaneous 
remission rate of MPGN suggest that treatment is desirable. 
Indeed, data from Japan, where early detection of MPGN has 
been possible through school urinary screening programs, 
suggest that treatment can be highly effective.44 In most 
countries, however, there is a delay in diagnosis, and, coupled 
with the uncertain effi cacy, long duration, and potential tox-
icity of immunosuppressant protocols, treatment decisions 
can be diffi cult. Identifying patients with perceived adverse 
prognostic features is desirable, but the evidence base on 
which these decisions can be made remains limited. For ex-
ample, heavy proteinuria and/or the presence of the ne-
phrotic syndrome have been highlighted as markers of poor 
outcome in many but not all studies.14,38,39,41,45,46 Similarly, 
the impact of impaired renal function, hypertension, hypo-
complementemia, C3NeF, and histologic features of DDD 
have also been contested.38,40,41,47–49 A recent retrospective 
series of 70 children and adults from Ireland used a multi-
variate analysis to show that nephrosis-range proteinuria, 
interstitial fi brosis, cellular crescents, and mesangial prolif-
eration are independently associated with end-stage renal 
disease, which ranged from 12% for those with the most fa-
vorable composite histologic features to 92% for those with 
nephrosis-range proteinuria and cellular crescents at 10-year 
follow-up. DDD was associated with a comparatively worse 
outcome, but this was not independent of histologic param-
eters, an observation that is consistent with early reports.45 In 
a retrospective series of 53 U.K. children, nephrotic syndrome 
and 20% chronic damage or more on biopsy at presentation 
predicted a worse outcome as did renal function at 1 year but 
not initial renal function.46 MPGN type also did not predict 
outcome in this series.

Given our current understanding of the role of angiotensin 
II and proteinuria in progressive kidney disease, meticulous 
blood pressure control and generic strategies to decrease albu-
minuria based on angiotensin-converting enzyme (ACE) in-
hibitors or angiotensin II antagonists seem prudent in all 
patients with MPGN.50 Smoking cessation, dietary salt restric-
tion, and statin therapy where appropriate should not be over-
looked. In practice, a high proportion of patients with MPGN, 
particularly children, continue to receive immunosuppressive 
therapy, which is most often corticosteroid based.46,51

CORTICOSTEROID THERAPY

During the past 35 years, there have been a number of trials of 
prolonged steroid therapy for MPGN, primarily conducted in 
children. Methylprednisolone and alternate-day prednisolone 
have been the most often used treatments, but the results are not 
persuasive. In the largest randomized trial of extended alternate-
day prednisolone in proteinuric children with MPGN (N � 80), 
improved renal survival in the treatment group at 130 months 
was marginal (62% vs. 12%, P � .07) and even less clear at 

earlier time points.52 Among 71 children treated predominantly 
with extended alternate-day prednisolone in uncontrolled stud-
ies by West and colleagues,53 10- and 20-year renal survival rates 
were 82% and 56%, respectively, from disease onset. Notably 
subcapsular cataracts and growth failure occurred in 11 and 
17% respectively. The same authors have suggested that MPGN 
type 3 is less responsive to alternate-day prednisolone than 
MPGN type 1, but the mean GFR of the two groups at entry was 
signifi cantly different, which may have infl uenced outcome.54

Patients with DDD in general do not respond to corticosteroid 
therapy,9 although children with juvenile acute nonproliferative 
glomerulonephritis, which may be a distinct entity or a rare 
crescentic variant of DDD, have been suggested to benefi t.55,56

Data on the treatment of adult MPGN with steroids are 
extremely limited.

ANTIPLATELET AGENTS 
AND ANTICOAGULANTS

Antiplatelet and anticoagulant therapies have been advocated in 
MPGN based on platelet activation and reduced half-life. In a 
crossover trial (N � 18), unpaired analysis of warfarin plus 
dipyridamole versus placebo showed stabilization of serum cre-
atinine and decreased proteinuria in the treatment group com-
pared with the placebo group. However, analysis of patients 
completing crossover did not support an overall benefi t of treat-
ment, and there were signifi cant risks, with a 37% hemorrhagic 
complication rate and one death from intracranial hemorrhage.57

Encouraging results at 1 and 4 years from a randomized trial 
(N � 40) of aspirin plus dipyridamole versus placebo were not 
maintained in longer term follow-up (10-year renal survival rate 
was 49 ± 11.5% with treatment versus 41 ± 11% with placebo, 
not signifi cant).58,59 A subsequent study comparing aspirin 
plus dipyridamole to placebo for nephrotic adults with MPGN 
(N � 18) reported a signifi cant decrease in proteinuria with treat-
ment and no excess bleeding.60 Sizable but comparable decreases in 
blood pressure were achieved in the two groups, and more patients 
in the placebo arm received ACE inhibitors. Serum creatinine was 
unchanged at 36 months in both arms of the study.

CYTOTOXIC THERAPIES

A number of largely uncontrolled trials have combined cyclo-
phosphamide with anticoagulant or antiplatelet treatments 
since the 1970s.61,62 Although none of these studies demon-
strates a convincing advantage and serious adverse effects were 
not uncommon, cytotoxic agents are probably still in use be-
cause in two cohort studies that commenced in the 1980s, 11% 
and 17% of children received cyclophosphamide.46,51 Pub-
lished data on the use of newer agents such as mycophenolate 
mofetil are extremely limited and are insuffi ciently well con-
trolled to permit any defi nitive conclusions to be reached.63

PLASMA EXCHANGE

Interest in the use of plasma exchange and infusion has been 
renewed by increased understanding of the role of dysregu-
lated complement activation in MPGN. There are no sizable 
or controlled trials of these therapies, but case reports in both 
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MPGN and aHUS signal its potential effi cacy where defi cien-
cies or mutations in circulating complement regulators such 
as CFH are implicated.64–66 The half-life of factor H is 
approximately 6 days, and thus plasma infusions of 10 to 
20 mL/kg every 14 days have been described.

KIDNEY TRANSPLANTATION

Concern persists over comparatively high rates of recurrence 
and consequent graft loss in patients undergoing transplanta-
tion for MPGN. MPGN type 1 and DDD recur in at least 
approximately 30% and approximately 50% of allograft re-
cipients, respectively.67–69 United States Renal Data System 
data on graft loss with MPGN type 1 (N � 1574) demon-
strate that the 5-year incidence of graft failure due to recur-
rent disease has increased from 3.5% in 1988 to 1994 to 7.2% 
in 1995 to 2003 (P � .02), whereas graft loss from other 
causes has decreased.70 Five-year graft survival in North 
American children with DDD has been reported to be less 
favorable than that of pediatric allograft recipients as a whole 
(50.0 ± 7.5% vs. 74.3 ± 0.6%, P � .001) with 14.7% of grafts 
lost to recurrent disease.51 Glomerular crescents on trans-
plant biopsy samples were associated with graft loss in that 
study. Little and colleagues14 reported that crescents on native 
renal biopsy were negatively correlated with allograft survival 
in a multivariate analysis and that this adverse histologic pa-
rameter accounted for a trend toward worse outcome of pa-
tients with DDD.

POTENTIAL THERAPEUTIC TARGETS 
IN THE COMPLEMENT CASCADE

Animal models of DDD and available human data provide 
clear rationale for attempting to correct uncontrolled acti-
vation of the alternative complement pathway in patients. 
The replacement of defi cient or defective CFH by plasma 
infusion or exchange has been discussed and is likely to be 
most appropriate when CFH levels are decreased or geno-
typing identifi es mutations known to impair CFH protein 
function. In the future, administration of purifi ed or re-
combinant CFH may become feasible. Plasma exchange will 
also deplete circulating nephritic factors, although at pres-
ent, there is limited evidence to suggest that removal of 
C3NeF is benefi cial. Nephritic factors capable of stabilizing 
the AP convertase were fi rst recognized more than 30 years 
ago, but their importance has remained in doubt because 
neither hypocomplementemia nor the presence/persistence 
of C3NeF appear to have prognostic value in most series, 
and there is no evidence to suggest that nephritic factors 
form part of the immune deposits in patients with 
MPGN.47,49 Nevertheless, because it is now clear that abnor-
mal stabilization of the AP convertase (through CFH defi -
ciency or defect) is suffi cient to incite disease, interest in 
nephritic factors has been revived.

Considerable heterogeneity exists in the function of 
C3NeFs, which may well be relevant to the selection of pa-
tients most likely to benefi t from therapeutic intervention 
targeting these autoantibodies.71–73 Meyers, West, and col-
leagues74,75 have argued that an autoantibody (terminal 
pathway NeF), which stabilizes the C3/5 convertase is largely 

restricted to patients with MPGN type 3 and is likely to have 
pathogenetic signifi cance, although others have disputed 
that it is invariably present. The serum complement profi le 
and composition of glomerular immune deposits in patients 
with terminal pathway NeF and MPGN type 3 typically re-
semble those seen with factor H defi ciency (in both humans 
and animals) with marked activation of the terminal path-
way.7,11,16,17,22,76 In contrast, the C3NeF found in more than 
80% patients with DDD (C3 amplifying NeF) stabilizes the 
C3 convertase but not the C3/C5 convertase. West and col-
leagues77 have demonstrated that glomerular immune de-
posits in at least some patients with DDD are derived from 
circulating C3 convertase that is not accompanied by C5 
deposition and consequently their pathologic signifi cance is 
unknown. Mice defi cient in both CFH and C5 still develop 
proteinuria implying that C3 deposition alone is suffi cient to 
damage the GBM, although the severity of renal disease is 
greater in mice with intact C5 expression.78 Nephritic factors 
are least frequently observed in patients with MPGN type 1 
but may still occur and can stabilize both AP and classic 
pathway convertases.8,79–81 Once the pathogenetic signifi -
cance of these various nephritic factors is better compre-
hended, there will be a clearer rationale for plasma exchange 
and B cell–targeted therapies (e.g., rituximab) in selected 
patients.82

As we have indicated (see Fig. 22-1), AP dysregulation of 
various origins impinges on the terminal complement path-
way, which leads to assembly of the membrane attack com-
plex and production of the anaphylatoxin C5a, and this 
identifi es another potential therapeutic target. Preventing 
C5 activation has a protective effect in CFH-defi cient mice 
and a humanized monoclonal anti-C5 antibody, eculizumab, 
has been shown to be clinically effi cacious in another dis-
ease defi ned by defective complement regulation, paroxys-
mal nocturnal hemoglobinuria.78,83 There is a clear rationale 
for considering eculizumab in patients with MPGN and 
documented abnormal AP activation (in particular, those 
with DDD, CFH dysfunction associated with any clinico-
pathologic variant of MPGN, or MPGN type 3 with termi-
nal pathway C3NeF). There is also reason to consider eculi-
zumab in patients with MPGN types 1 and 3 associated with 
IC deposition and/or classic pathway activation because 
again recruitment of the terminal pathway may well incite 
glomerular injury. Notably, there has been interest in the 
use of eculizumab to treat both lupus nephritis and mem-
branous nephropathy in which similar mechanisms are 
operational, although experience in membranous nephrop-
athy suggests that adequate dosing may be critical to achieve 
benefi t.84,85 Careful exclusion of occult infection is essential 
before considering modulation of this arm of the innate 
immune system.

Correction of complement dysregulation is theoretically 
possible through liver transplantation, and combined kid-
ney/liver transplantation have been reported in patients 
with recurrent aHUS.86 Perioperative plasma exchange 
is probably advisable given the apparent increased potential 
for graft thrombosis in the setting of CFH defi ciency.87

It seems likely that such strategies will be attempted in 
MPGN.

Finally, the GBM may be another potential therapeutic tar-
get in MPGN even when the precipitants of complement acti-
vation cannot be readily identifi ed. Complement activation is 
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known to cause loss of heparin sulfate from cells and extracel-
lular matrices and could mediate GBM injury during ischemia 
reperfusion.88 Furthermore, polymorphisms in the CFH gene 
that may affect its interaction with heparin and other glycos-
aminoglycans have been described in patients with DDD, and 
up-regulation of GBM-associated heparanase occurs in the 
context of DDD.27,89 Therefore, the effi cacy of sulodexide, a 
highly purifi ed glycosaminoglycan now being tested in diabetic 
nephropathy where the glycosaminoglycan composition 
of GBM is also altered may be relevant to MPGN.90 Potential 
indications for these new therapeutic options are shown in 
Figure 22-2.

SUMMARY

The treatment of MPGN remains a clinical challenge be-
cause the available evidence base is limited in scope and of-
fers only qualifi ed endorsement for conventional treatments. 
At least some forms of MPGN are becoming less common 
and the current classifi cation system may benefi t from re-
structuring. The importance of the alternative complement 
pathway in DDD is clear and is potentially amenable to novel 
therapeutic manipulations. Furthermore, these same obser-
vations may well be pertinent to many cases of MPGN types 
1 and 3: patients with terminal pathway C3NeF exhibit overt 

AP dysregulation, activation of the terminal complement 
pathway through either classic pathways or APs probably 
mediates glomerular damage, and polymorphisms in AP-
regulator genes could infl uence amplifi cation of classic path-
way activation. At present, the comparative benefi ts of treat-
ments such as plasma infusion/exchange, eculizumab, and 
rituximab have not been examined, and although plasma 
infusion/exchange seems most logical for patients with iden-
tifi ed CFH defi ciency or functional mutation, defi nitive 
protocols cannot be offered. However, we believe that these 
options are therapeutically attractive and should be consid-
ered in the context of the limited effi cacy of conventional 
therapies. A key question that remains to be addressed is 
the appropriate timing for the use of newer complement-
modulating therapies. Reserving treatment for patients who 
have not responded to generic treatments may decrease cost 
and risk of treatment-related adverse events in patients with 
disease that has a favorable natural history, but at the same 
time irreversible glomerular scarring and recruitment of 
nonimmunologic mechanisms of injury may occur, thus 
limiting the effectiveness of new treatments in those with 
more aggressive disease. Clearly there is a need for further 
investigation of pathogenetic mechanisms, and this may well 
be the most successful strategy for improving outcomes in 
uncommon diseases for which the organization of large, 
controlled therapeutic trials is problematic.

Kidney biopsy consistent with MPGN

Classic causes of secondary MPGN excluded

CH50, APH50, C3, C3d, C4, FH Quantify proteinuria C3NeF assay CFH mutation screening

Serologic tests of complement 
show activation of the AP

Treatment

Nonspecific: BP 
control – ACE 

inhibitors or ARBs

Specific

Eculizumab Sulodexide ? Rituximab ?

Pathologic mutation

No Yes

Plasma exchange
or infusion

Figure 22-2 Flow diagram for the diagnostic evaluation and possible treatment of idiopathic membranoproliferative glomer-
ulonephritis (MPGN) in which there is evidence of dysregulation of alternate pathway (AP) activity (e.g., dense-deposit dis-
ease). Diagnosis requires a renal biopsy, which must show pathognomic electron-dense deposits. Serologic tests should in-
clude C3 (expected to be low), C3d (a breakdown product of C3, expected to be increased), C4 (may be low), and CH50 
and APH50, two general tests of activity of the classic and APs, respectively. Screening should also include assaying C3NeF 
and determining levels and the nucleotide sequence of factor H. The rationale for the treatment options presented is discussed 
in the text. Serologic markers of AP activity and serologic and urinary markers of kidney function should be monitored regu-
larly. Suggested drug regimens are eculizumab 600 mg IV once weekly for 4 weeks followed by maintenance dosing with 
900 mg IV every 2 weeks (based on its use in paroxysmal nocturnal hemoglobinuria57); sulodexide 200 mg/day PO; ritux-
imab 375 mg/m2 IV weekly for 4 weeks (based on its use in hepatitis C virus–associated cryoglobulinemia and idiopathic 
membranous nephropathy; monthly maintenance doses may also be considered). ACE, angiotensin-converting enzyme; ARBs, 
angiotensin receptor blockers; BP, blood pressure.
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USEFUL LINKS

www.fh-hus.org. The interactive factor H atypical hemolytic 
uremic syndrome mutation database and website that in-
cludes information on MPGN associated mutations for 
both professionals and patients.

genome.uiowa.edu/ddd. The newly established Dense De-
posit Disease Outcome Database intended to provide 
physicians with real-time data on treatment outcomes of 
patients with DDD.
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Several disorders fall into the broad category of fi brillary 
and monoclonal immunoglobulin-associated kidney diseases 
(Table 23-1). Fibrillary kidney diseases include all types of amy-
loidosis that affect the kidney, fi brillary glomerulonephritis 
(GN), and immunotactoid glomerulopathy. Monoclonal 
immunoglobulin–associated kidney disorders include AL amy-
loidosis, light-chain or heavy-chain deposition disease (LCDD 
and HCDD, respectively), and myeloma cast nephropathy. There 
is probably a monoclonal immunoglobulin component in at 
least some cases of immunotactoid glomerulopathy, and thus, 
like AL amyloidosis, this disorder should be considered both fi -
brillary and monoclonal immunoglobulin–associated. Type I 
and II cryoglobulinemias are monoclonal immunoglobulin–
associated diseases that are covered in Chapter 14.

AMYLOIDOSIS

Classifi cation, Clinical Features, 
and Kidney Histology
Amyloidosis is a group of diseases in which proteins that are 
normally soluble form insoluble fi brils in tissues. The fi brils 
have a specifi c structure that renders them morphologically 

indistinguishable regardless of the protein from which they 
form. Amyloid fi brils are composed of four to six protofi la-
ments with a high �-pleated sheet content that interact in a 
highly ordered manner. The ultrastructure of amyloid fi brils 
is responsible for the binding by Congo red dye and the 
amyloid-defi ning birefringence when Congo red–stained 
fi brils are viewed under polarized light.1

The amyloidoses are classifi ed based on the precursor pro-
tein that forms the fi brils and by the distribution of amyloid 
deposition as either systemic or localized. Localized amyloidosis 
refers to disease in which the amyloid is deposited only at the 
site of synthesis of the amyloidogenic protein. Localized disease 
does not affect the kidney and is not covered in this chapter. The 
major types of systemic amyloidosis are immunoglobulin light 
chain (AL), amyloid A (AA), the familial or hereditary amyloi-
doses, senile systemic amyloidosis, and �2-microglobulin amy-
loidosis (Table 23-2). Immunoglobulin heavy chain (AH) amy-
loidosis is extremely rare and is not discussed separately from 
the much more common AL amyloidosis. Senile systemic and 
�2-microglobulin amyloidosis do not affect the kidney and also 
are not discussed further in this chapter.

The clinical manifestations of amyloidosis depend on the 
organs involved.2 Organ involvement can be widespread, as 
is frequent in AL amyloidosis, or restricted to one or two 
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Table 23-1 Fibrillary and Monoclonal Immunoglobulin Diseases of the Kidney

Disease

Fibril 
Diameter and 
Orientation

Congo 
Red 
Staining

Detectable 
Monoclonal 
Immunoglobulin 
Protein*

Urinary 
Findings Kidney Pathology

Extrarenal 
Manifes-
tations

Amyloidosis 8–10 nm, 
randomly
arrayed

Yes AL or AH: yes†;
light-chain
isotype more 
often � than 
�; other amy-
loidoses: no

Albumin,
usually
nephrotic
range

Mesangial expansion 
and/or nodules, weakly 
PAS positive; reactivity 
by IF to single light-chain 
isotype; fi brils by EM

Yes

Fibrillary 
glomerulone-
phritis

15–20 nm, 
randomly 
arrayed

No Usually not Albumin, 
nephrotic or 
subnephrotic
range; micro-
scopic hema-
turia

Mesangial expansion by 
PAS-positive material, 
capillary wall thicken-
ing, double contours; re-
activity by IF to Ig, light 
chains, complement, 
usually without restriction 
to single heavy-chain 
subclass or light-chain 
isotype; fi brils by EM

Rare

Immunotactoid
glomerulopathy

30–60 nm 
microtu-
bules, orga-
nized
parallel
distribution

No Sometimes‡ Albumin, ne-
phrotic, or 
subnephrotic 
range; micro-
scopic hema-
turia

Mesangial expansion with 
PAS-positive material, mild 
mesangial hypercellular-
ity, thickening of glomeru-
lar capillary walls; reactiv-
ity by IF to complement 
and Ig; can be restricted 
to single heavy-chain sub-
class and light-chain iso-
type; electron-dense de-
posits with substructure 
and fi brils by EM

Rare

Light or heavy 
chain deposi-
tion disease

No fi brils No Usually§;
light-chain
isotype more 
often � than �

Albumin, often 
nephrotic 
range, unless 
isolated 
tubular in-
volvement; 
microscopic 
hematuria in 
some patients

Strongly PAS-positive nod-
ular glomerulosclerosis; 
reactivity by IF along 
glomerular and tubular 
basement membranes to 
single light-chain isotype 
(LCDD) or immunoglobu-
lin class (HCDD); large, 
granular electron-dense 
deposits along basement 
membranes and in me-
sangium

Yes

Myeloma cast 
nephropathy

No fi brils No Yes; high 
plasma cell 
burden; light-
chain isotype 
more often �
than �

Light-chain
proteinuria

Intratubular highly 
refractile and often frac-
tured casts, interstitial 
infl ammatory cells and 
fi brosis

Yes

*Methods for detection of monoclonal immunoglobulin protein include serum immunofi xation electrophoresis and urine immunofi xation 
electrophoresis, quantitative serum-free light-chain assay, and bone marrow biopsy.
†Plasma cell burden is usually low, unless occurring in conjunction with multiple myeloma.
‡Lymphoproliferative disorder is evident in some patients. 
§Plasma cell burden is usually low, unless occurring in conjunction with multiple myeloma. Serum immunofi xation electrophoresis or urine 
immunofi xation electrophoresis usually reveals monoclonal protein but in some cases the only evidence of monoclonality is single light chain 
isotype or heavy chain class in tissue biopsy.
EM, electron microscopy; HCDD, heavy-chain deposition disease; IF, immunofl uorescence; LCDD, light-chain deposition disease; PAS,
periodic acid-Schiff.
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organs or tissue types (see Table 23-2). The kidney is the most 
common site of amyloid deposition for AL, AA, apoA1, and 
apoA2 amyloidosis and also is often involved in fi brinogen A�
disease. Nephrotic syndrome with progressive loss of glomeru-
lar fi ltration rate and eventual development of end-stage renal 
disease (ESRD) is the typical clinical course for amyloid ne-
phropathy, although nonproteinuric disease does occur when 
amyloid deposition is confi ned to the tubulointerstitium or 
vasculature. Nephrotic syndrome from amyloidosis can be se-
vere with urinary protein excretion in the range of 10 to 20 
g/day, marked hypoalbuminemia, and diuretic-resistant ana-
sarca. Amyloid deposition in the heart produces a restrictive 
cardiomyopathy with thickening of the ventricular walls. Be-
cause the wall thickening is caused by an infi ltrative rather than 
a hypertrophic process, the electrocardiographic signal typically 
is of low voltage. The fi nding of low voltage on the electrocar-
diogram can help distinguish amyloid heart disease from hy-
pertensive heart disease. Autonomic nervous system involve-
ment typically causes orthostatic hypotension, impaired motility 
of the gastrointestinal tract manifested as early satiety, diarrhea 
or constipation, and erectile dysfunction. Hepatic involvement 
is characterized by an enlarged liver and elevated alkaline phos-
phatase blood concentration, but preserved liver function in 
most cases. Sensory neuropathy, soft-tissue amyloid deposition, 
and ecchymoses from capillary fragility are other common dis-
ease manifestations in some, but not all, types of amyloidosis.

Amyloid can deposit anywhere in the kidney. Glomerular 
involvement tends to predominate but is not always present, 
particularly in certain types of hereditary amyloidosis. By light 
microscopy, glomerular amyloid appears as amorphous mate-
rial in the mesangium and capillary loops. Mesangial deposits 
can produce nodules that resemble lesions of diabetic nephrop-

athy or LCDD. However, in contrast to diabetic nephropathy or 
LCDD, nodules in amyloid-associated nephropathy stain weakly 
with periodic acid–Schiff because they are composed of amy-
loid protein rather than extracellular matrix. Amyloid deposi-
tion in the tubulointerstitium produces tubular atrophy and 
interstitial fi brosis. By electron microscopy, amyloid fi brils ap-
pear to be randomly arrayed without an ordered orientation; 
they are nonbranching and have diameters of 8 to 10 nm.

Light or electron microscopic examination of a kidney 
biopsy specimen does not enable determination of the type of 
amyloidosis. Immunofl uorescence examination can, but does 
not necessarily, reveal deposition of a single light-chain iso-
type in AL amyloidosis and should be negative for reactivity 
against intact immunoglobulins or complement. AA protein 
can be detected by immunofl uorescence or immunohisto-
chemistry with commercially available antibodies.3

Treatment of Amyloidosis
AL Amyloidosis

AL amyloidosis is the most common of the systemic amyloid-
oses. The disease course varies substantially among patients; 
however, in general, AL disease tends to progress more rapidly 
than other types of amyloidosis and, if not effectively treated, 
is usually fatal. There have been tremendous advances in the 
treatment of AL amyloidosis during the past decade, and it is 
now possible to produce remission of the hematologic disease, 
or at least a reduction in the production of the amyloidogenic 
light chain, in a signifi cant proportion of patients.

Current treatments for AL amyloidosis are summarized in 
Table 23-3.4–17 The treatments are all directed at the clonal 

Table 23-2 Types of Systemic Amyloidosis

Disease Amyloidogenic Protein Organ Involvement

AL amyloidosis Monoclonal immunoglobulin light 
chain or fragment

Kidney, heart, liver, gastrointestinal tract, spleen, 
nervous system, soft tissue, thyroid, adrenal gland

AH amyloidosis Monoclonal immunoglobulin heavy 
chain or fragment

Rare; kidney involvement predominates in the small 
number of reported cases

AA amyloidosis Serum amyloid A fragment Kidney, liver, gastrointestinal tract, spleen, autonomic 
nervous system, thyroid

Hereditary amyloidoses

Transthyretin amyloidosis Transthyretin Peripheral nervous system, heart, vitreous opacities; 
kidney involvement is not typical

Fibrinogen A� amyloidosis Fibrinogen A� chain Kidney, liver, spleen; hypertension is common; 
kidney involvement is predominantly glomerular

Apolipoprotein A1 amyloidosis Apolipoprotein A1 Kidney, liver, heart, skin, larynx; kidney involvement is 
predominantly medullary

Apolipoprotein A2 amyloidosis Apolipoprotein A2 Kidney

Lysozyme amyloidosis Lysozyme Kidney, liver, gastrointestinal tract, spleen, lymph 
nodes, lung, thyroid, salivary glands

Gelsolin amyloidosis Gelsolin Cranial nerves, cornea

Senile systemic amyloidosis Transthyretin (wild type) Heart, soft tissue

Dialysis-related amyloidosis �2-microglobulin Osteoarticular tissue; less commonly involves gastroin-
testinal tract, blood vessels, heart
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Table 23-3 Treatments for AL Amyloidosis

REPRESENTATIVE STUDIES (REF.)

Regimen Study Description Result Utility

Cyclic oral melphalan 
with prednisone

Skinner et al,4 N � 100 
(2 treatment groups)

Randomized, controlled trial of 
melphalan/prednisone/colchi-
cine vs. colchicine

Extended survival from 7 to 12 mo Reserve for patients unable to tolerate 
more effective treatments

Kye et al,5 N � 220 
(3 treatment groups)

Randomized, controlled trial of 
melphalan/prednisone/colchi-
cine vs. melphalan/prednisone 
vs. colchicine

Extended survival from 8 to 18 mo

IV high-dose melpha-
lan and autolo-
gous stem cell 
transplantation
(HDM/SCT)

Comenzo et al,6 N � 25 Single-center observational study Established feasibility of the approach

Dispenzieri et al,7 N � 126 Single-center case-control study of 
HDM/SCT vs. oral melphalan/
prednisone

4-yr survival 71% vs. 41% in HDM/SCT 
and melphalan/prednisone groups, 
respectively

Reasonable to consider as fi rst-line 
treatment for selected patients

Treament at centers specializing in amy-
loidosis is recommended because of 
treatment-associated toxicity

Skinner et al,8 N � 312 Single-center observational study Complete hematologic response: 40%; 
median survival: 4.6 yr; TRM: 13%

Goodman et al,9 N � 92 Multicenter observational study Median survival: 5.3 yr; TRM: 23%

Sanchorawala et al,10

N � 53
Single-center observational study 

of tandem transplantation
5 of 17 patients (31%) who had 2nd 

HDM/SCT converted from partial to 
complete hematologic response

Jaccard et al,11 N � 100 Multicenter randomized, open-la-
bel trial of HDM/SCT vs. oral 
melphalan plus dexamethasone

Median survival: 22.2 and 56.9 mo in 
HDM/SCT and melphalan/dexametha-
sone groups, respectively; TRM with 
HDM/SCT was 24% (higher than that 
seen in most single-center studies)

Oral melphalan 
with high-dose 
dexamethasone

Palladini et al,12 N � 46 Single-center observational study 
of patients not eligible for 
HDM/SCT

33% had complete hematologic response; 
median time to response; 4.5 mo

First-line treatment for patients too ill to 
tolerate HDM/SCT or for patients re-
ceiving treatment at center that does 
not specialize in amyloidosis

Jaccard et al,11 N � 100 Multicenter, randomized, open-la-
bel trial of HDM/SCT vs. oral 
melphalan plus dexamethasone

Median survival: 22.2 and 56.9 mo in 
HDM/SCT and melphalan/dexametha-
sone groups, respectively, TRM with 
HDM/SCT was 24% (higher than that 
seen in most single-center studies)

Duration of hematological response 
and tolerability of repeated courses 
of dexamethasone not established

Continued
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plasma cells producing the amyloidogenic light chain. Treat-
ment effi cacy is usually evaluated based on the hematologic 
response and patient survival. A complete hematologic re-
sponse is defi ned as the absence of detectable monoclonal 
light chain by serum and urine immunofi xation electrophore-
sis, normal serum concentrations or ratios of � and � light 
chains by a quantitative nephelometric assay, and a bone 
marrow biopsy specimen without increased plasma cells or 
evidence of plasma cell clonality. Because the toxicities of the 
treatments differ in both quality and severity, selection of 
treatment requires careful consideration of the distribution of 
organ involvement and the level of organ dysfunction in an 
individual patient.

For many years, the standard treatment of AL amyloidosis 
consisted of repeated cycles of oral melphalan with 
prednisone.4,5 Although such treatment has been shown in 
randomized, controlled trials to extend survival, its benefi t is 
modest, increasing median survival by only approximately 5 
to 10 months (see Table 23-3). Multiple cycles of treatment 
are required before there is benefi t; during this period, pro-
gression of organ dysfunction is likely. Importantly, attain-
ment of a complete hematologic response is exceedingly rare 
with this approach. Although the use of cyclic oral melpha-
lan and prednisone is appropriate for patients who cannot 
tolerate more aggressive alternatives, the regimen has been 
replaced, to a large extent, by more effective treatments.

High-dose melphalan and autologous stem-cell trans-
plantation (HDM/SCT) is currently viewed by many as the 
treatment most likely to produce a complete hematologic 
remission.7,8,18 This treatment approach consists of mobili-
zation of peripheral stem cells using growth factor, typically 
granulocyte colony–stimulating factor, collection of stem 
cells with leukopheresis, intravenous administration of my-
eloablative doses of melphalan, and infusion of the stem cells 
to support bone marrow recovery. In single-center series, 
complete hematologic remission rates with this approach 
range from to 25% to 67%, and median survival, in those 
studies that reported it, is approximately 5 years.8,19–24 The 
eligibility criteria for treatment with HDM/SCT vary among 
these series, and it is important to recognize that in most of 
the studies, the treatment was conducted at referral centers 
with particular expertise in treating patients with amyloido-
sis. Treatment-associated mortality appears to be higher in 
multicenter studies than in single-center studies, probably 
because in the former, many of the patients received care 
at centers that do not have extensive experience treating 
amyloidosis.9,25

The toxicities of HDM/SCT include those associated 
with the chemotherapy (e.g., mucositis, cytopenia, infec-
tion, bleeding), as well as toxicities related to stem-cell mo-
bilization and collection. The administration of growth 
factor for stem-cell mobilization can cause substantial fl uid 
retention that is poorly tolerated in patients with heart in-
volvement or severe nephrotic syndrome. Collection of 
stem cells can trigger arrhythmias or hemodynamic altera-
tions, particularly in individuals with heart involvement. 
Treatment-related mortality is substantially higher when 
HDM/SCT is used for AL amyloidosis (approximately 14% 
in amyloidosis referral centers) than when used for multiple 
myeloma (�5%), undoubtedly because of the underlying 
organ dysfunction in patients with amyloidosis.26 Advanced 

cardiac disease, reduced renal function, hypotension from 
autonomic nervous system dysfunction, involvement of 
more than two organs, and poor performance status by on-
cologic assessment scales are predictors of treatment-asso-
ciated morbidity and mortality with HDM/SCT.

For patients who have a partial, but not complete, hema-
tologic response to HDM/SCT, tandem cycles of high-dose 
melphalan can be performed if adequate stem cells for two 
courses of chemotherapy are collected initially. A single-
center study evaluating this approach in 53 patients was 
recently published.10 Twenty-seven (55%) of the enrolled 
patients attained a complete hematologic response after the 
fi rst cycle of high-dose melphalan and thus did not undergo 
tandem transplantation. Of the 22 patients who did not 
achieve a full response after initial treatment, 17 received a 
second treatment with HDM/SCT. One of these patients 
died during the peritransplantation period, and fi ve (31%) 
achieved a complete hematologic response. These fi ndings 
suggest that for some individuals, a second stem-cell trans-
plantation can convert a partial hematologic response to a 
full response.

An alternative to myeloablative doses of melphalan with 
stem-cell transplantation that is gaining increasing atten-
tion is cyclic oral melphalan with high-dose dexamethasone 
(40 mg/day), typically administered for 4 consecutive days 
every 4 weeks. Experience with this approach was initially 
reported by Palladini and colleagues12 in a study of 46 pa-
tients who were not eligible for HDM/SCT. Fifteen patients 
(33%) had a complete hematologic response and 31 (67%) 
had a partial hematologic response after a median of four 
cycles. The treatment was well tolerated in this series, al-
though fl uid retention, particularly in patients with amyloid 
cardiomyopathy or nephrotic syndrome, and myopathy are 
potential problems associated with repeated courses of 
high-dose dexamethasone. A multicenter, randomized trial 
comparing HDM/SCT to cyclic oral melphalan with dexa-
methasone was recently published.11 The trial randomized 
50 patients to each treatment arm. Median survival, the 
primary endpoint of the trial, was 22.2 months in the 
HDM/SCT group compared with 56.9 months in the cyclic 
oral melphalan with high-dose dexamethasone group, a 
statistically signifi cant and clinically important difference. 
Importantly, 47% of the 38 patients in the melphalan plus 
dexamethasone group who received at least three cycles of 
melphalan with high-dose dexamethasone had a complete 
hematologic response, suggesting that the treatment ap-
proach can, at least temporarily, eradicate the clonal plasma 
cells. This study is the fi rst multicenter, randomized trial 
comparing two different treatments for AL amyloidosis, and 
that alone makes it important. Although the fi ndings of the 
trial suggest that the effi cacy of oral melphalan with high-
dose dexamethasone is as good as or better than that of 
HDM/SCT, it is important to note that (1) the treatment-
related mortality with HDM/SCT was higher in this trial 
than that observed in single-center studies carried out at 
referral centers, (2) the median survival with HDM/SCT 
was substantially lower in this trial than in several previ-
ously reported single-center experiences, and (3) the dura-
bility of hematologic response after discontinuation of mel-
phalan/dexamethasone was not reported. Clarifi cation of 
the respective roles of HDM/SCT and oral melphalan with 

Ch23_257-271-X5484.indd 262Ch23_257-271-X5484.indd   262 6/18/08 12:42:21 PM6/18/08   12:42:21 PM



263 Amyloidosis and Other Fibrillary and Monoclonal Immunoglobulin-Associated Kidney Diseases

dexamethasone should emerge over the next few years with 
additional experience and additional studies.

Thalidomide is an immunomodulatory agent with activity 
against plasma cells that has been used either alone or in com-
bination with dexamethasone for patients with AL amyloid-
osis who either are too ill to undergo HDM/SCT or have not 
responded to the treatment. Although the drug appears to 
have some effi cacy, it has been found to be poorly tolerated in 
patients with AL amyloidosis.13,14 Lenalidomide is a thalido-
mide analogue that patients with amyloidosis seem to tolerate 
better as it is less sedating and less likely than thalidomide 
to cause peripheral neuropathy. Small studies suggest that 
lenalidomide has effi cacy in AL amyloidosis.16,17 Bortezomib, 
a proteosome inhibitor approved for the treatment of multiple 
myeloma, is starting to be studied as a treatment for AL amy-
loidosis, but its effi cacy has not been established.

An important fi nding from the HDM/SCT experience is 
that improvements in function of affected organs can occur in 
AL amyloidosis and that the improvements are much more 
likely for patients who achieve a complete hematologic response 
than for those with persistent hematologic disease. With regard 
to kidney disease, substantial reductions in proteinuria and 
other features of nephrotic syndrome occur in the majority of 
patients if production of the amyloidogenic light chain is 
halted.27,28 Because of the variability among patients in the rate 
of decline in GFR, as well as high mortality rates among pa-
tients who do not respond to treatment, it has been more dif-
fi cult to evaluate the impact of hematologic response on pro-
gression of renal impairment; such studies are under way.

AA Amyloidosis

AA amyloidosis occurs in the setting of long-standing infl am-
mation when a proteolytic fragment of the acute phase reactant 
serum amyloid A forms amyloid. The most common infl am-
matory conditions underlying AA amyloidosis are rheumatoid 
arthritis, familial Mediterranean fever, infl ammatory bowel 
disease, and chronic infections such as osteomyelitis. The cur-
rent treatment approach for AA amyloidosis is to treat the un-
derlying infl ammatory disease and thereby reduce production 
of serum amyloid A. In familial Mediterranean fever, a disease 
associated with a high rate of development of AA amyloidosis, 
lifelong treatment with colchicine to inhibit familial Mediter-
ranean fever–associated infl ammation prevents amyloidosis in 
many patients.29 Marked reductions in proteinuria have been 
reported in individuals with AA amyloidosis–associated kidney 
disease from a variety of underlying infl ammatory conditions 
after treatment with cytotoxic agents or tumor necrosis factor 
receptor blockers.30–32 These functional improvements are pre-
sumed to be due to suppression of serum amyloid A production 
and resultant decrease in AA amyloid formation. However, it is 
possible that these agents also have additional antiamyloid ef-
fects through suppression of cytokine production or by altering 
the expression of specifi c mediators of amyloid fi bril–induced 
cellular toxicity.

For many individuals with AA amyloidosis, adequate sup-
pression of serum amyloid A production is not possible. Fibril-
logenesis inhibition using small molecules that have structural 
similarity to glycosaminoglycan moieties is a treatment ap-
proach that is currently under investigation. Because of the role 
of glycosaminoglycans in promoting amyloid fi bril formation 
and tissue deposition, interfering with interactions between 

glycosaminoglycans and amyloidogenic proteins or fi brils 
should decrease new amyloid formation and might promote 
degradation of existing amyloid deposits. A multicenter, ran-
domized placebo-controlled trial of 183 individuals with AA 
amyloidosis–associated kidney disease found that eprodisate 
treatment reduced the risk of a composite endpoint of renal 
decline or death.33 The results of this trial are promising; how-
ever, the drug is not yet approved for use by either the U.S. Food 
and Drug Administration or the European Agency for the 
Evaluation of Medicinal Products.

Hereditary Amyloidoses

Because transthyretin (TTR) is synthesized by the liver, pro-
duction of amyloidogenic variants of TTR can be eliminated 
by orthotopic liver transplantation. The abnormal amyloido-
genic TTR variant disappears from the circulation after the 
liver is removed and replaced with a liver expressing only wild-
type TTR. Orthotopic liver transplantation has been per-
formed in more than 660 individuals with TTR amyloidosis 
and is considered the defi nitive treatment for the disease.34

Unfortunately, amyloid deposition sometimes persists because 
wild-type TTR can deposit as amyloid at sites of preexisting 
amyloid deposits. Nonetheless, disease progression usually is 
slowed, and in many patients, clinical manifestations improve 
after liver transplantation. There is substantially less experience 
using liver transplantation for fi brinogen A� amyloidosis, a 
disease that is more likely than TTR amyloidosis to involve the 
kidney. Case reports describe individuals with fi brinogen A�
disease who have undergone combined liver and kidney trans-
plantation.35–37 In all these patients, liver and kidney failure 
from amyloid disease was present, as fi brinogen amyloidosis, 
in contrast with TTR disease, often involves the liver. Out-
comes were considered satisfactory without evidence of amy-
loid in the transplanted organs at 2 to 6 years. Liver transplan-
tation is not appropriate for lysozyme amyloidosis because 
lysozyme is synthesized by polymorphonuclear cells and mac-
rophages. Similarly, for apolipoprotein AI amyloidosis, because 
apolipoprotein AI is synthesized by the intestine in addition to 
the liver, amyloid formation would be anticipated to continue 
after liver transplantation, although perhaps at a slower rate.

The renal response to orthotopic liver transplantation has 
been evaluated in a small series of patients with TTR amyloid-
osis and kidney involvement.38 Proteinuria did not change 
signifi cantly in these patients, but serum creatinine levels re-
mained relatively stable over several years. Although these 
patients had histologically evident renal amyloid, the clinical 
manifestations were mild before liver transplantation, limiting 
extrapolation of the fi ndings to patients with more pro-
nounced kidney manifestations.

Amyloidosis-Associated End-Stage 
Renal Disease
For any of the types of amyloidosis, dialysis dependence should 
not preclude aggressive treatment aimed at reducing ongoing 
amyloid production. Although amyloidosis-associated ESRD is 
not reversible, treatment can prevent progression of extrarenal 
disease. Concern has been expressed about the appropriateness 
of offering HDM/SCT to dialysis-dependent patients with 
AL amyloidosis because of treatment-associated toxicities. How-
ever, experience with treating selected patients with HDM/SCT 
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suggests that both the hematologic response rate and treatment-
associated mortality are similar in dialysis-dependent patients 
compared with the overall population of patients undergoing 
this treatment.39 Furthermore, attainment of a complete hema-
tologic response has enabled subsequent kidney transplantation 
in some of these patients.

Because of the likelihood of recurrence of amyloid nephrop-
athy in renal allografts, under most circumstances, kidney 
transplantation should be restricted to patients with inactive 
disease, that is, those in whom ongoing amyloid production has 
been eliminated with treatment. However, proceeding with 
kidney transplantation might be reasonable if disease is limited 
to the kidney and if the progression to ESRD occurred over 
many years rather than rapidly.

Summary of Treatment 
Recommendations for Amyloidosis
The treatments that are currently available for amyloidosis all 
target the source of the amyloidogenic protein. For AL amy-
loidosis, treatments are directed against the clonal plasma 
cells, the source of the amyloidogenic immunoglobulin light 
chains. It is now clear that cyclic oral melphalan and predni-
sone, the main treatment for this disease for many years, is less 
effective than newer, more aggressive approaches such as 
HDM/SCT, oral melphalan with high-dose dexamethasone, 
and possibly lenalidamide-based regimens. Because of the 
variability of organ involvement and severity of organ dys-
function, as well as the toxicities associated with different 
treatment regimens, decisions about which approach to use 
must be individualized. Because of the unique toxicities asso-
ciated with HDM/SCT in patients with AL amyloidosis, it is 
our opinion that, for most patients, HDM/SCT should be 
performed only at centers with experience caring for patients 
with amyloidosis. The relative benefi ts of HDM/SCT and oral 
melphalan with high-dose dexamethasone are not clear at 
present but should emerge as additional experience accumu-
lates. For AA amyloidosis, the goal of treatment should be to 
suppress the underlying infl ammatory disease. If regulatory 
approval for eprodisate is obtained, this drug will provide an 
additional treatment option for patients with AA amyloidosis. 
For hereditary TTR amyloidosis, a disease that sometimes in-
volves the kidney, orthotopic liver transplantation is an effec-
tive treatment. The much more limited experience with liver 
transplantation for fi brinogen A� disease suggests that it is 
reasonable to consider the approach, possibly in conjunction 
with kidney transplantation.

LIGHT-CHAIN DEPOSITION DISEASE

Nomenclature, Clinical Features, 
and Histology
LCDD is a plasma cell disorder in which monoclonal light 
chains deposit in glomerular and tubular basement mem-
branes. The light chains do not form fi brils. Related but much 
rarer disorders are HCDD and light and heavy chain deposi-
tion disease (LHCDD). In HCDD, monoclonal heavy chains 
form deposits similar to those seen in LCDD, and in LHCDD 
both monoclonal heavy and monoclonal light chains form 
deposits. The pathogenesis of these disorders is probably 

similar, and as a group, they are often referred to as monoclo-
nal immunoglobulin deposition diseases (MIDD). The dis-
cussion that follows is restricted for the most part to LCDD but 
probably is applicable to all forms of MIDD.

LCDD can occur in association with multiple myeloma or in 
the absence of an overt plasmacytosis. In some patients, the 
plasma cell burden is suffi ciently low that restricted expression 
by plasma cells of light chains of one isotype is not evident. Ad-
ditionally, in some patients, the combination of a low plasma 
cell burden and a high avidity of the monoclonal light chain for 
tissue can result in the absence of detectable monoclonal light 
chain in the serum or urine even with sensitive immunofi xation 
studies or quantitative free light-chain assays. In such cases, the 
evidence of a plasma cell dyscrasia may be limited to the kidney 
biopsy fi ndings. However, usually a monoclonal light chain is 
detected by serum or urine immunofi xation electrophoresis. 
The light chain is more often � than �.

Most patients with LCDD have proteinuria, which is often in 
the nephrotic range. The urinary protein is composed mostly of 
albumin; thus, patients often have other manifestations of ne-
phrotic syndrome. Light chain deposition can be restricted to 
the tubular basement membranes, in which case proteinuria 
will be minimal. Microscopic hematuria is present in some pa-
tients. Many patients have renal impairment at the time of 
diagnosis, and progression to ESRD is frequent. The rate of 
decline in GFR varies. Most patients progress to ESRD over 
many months to years; however, rapid progression can occur. 
Importantly, small series suggest that recurrence in renal al-
lografts is nearly universal.40 Extrarenal disease is present in a 
substantial proportion of patients but is often not appreciated. 
The liver and heart are probably the most common sites of ex-
trarenal disease, but clinical or histologic evidence of light-
chain deposition in many other tissues has been reported.41–44

The kidney biopsy fi ndings in LCDD usually involve both 
the glomeruli and tubules. Mild mesangial expansion with 
thickened glomerular capillary walls or full-blown nodular 
glomerulosclerosis can be seen by light microscopy. In con-
trast to amyloidosis, the nodules are strongly periodic acid–
Schiff positive because they are composed of extracellular 
matrix rather than the light chains. Thickened tubular base-
ment membranes and interstitial fi brosis are often evident. 
By immunofl uorescence, deposition of light chain of a single 
isotype is present along the capillary walls, mesangium, and 
tubular basement membranes. The staining often has a linear, 
ribbon-like appearance. Electron microscopy reveals granu-
lar, and often large, deposits along glomerular and tubular 
basement membranes and, to a lesser extent, in the mesan-
gium. The glomerular capillary deposits are predominantly 
subendothelial.44,45

Treatment of Light-Chain Deposition 
Disease
Until recently, LCDD occurring in the absence of multiple 
myeloma was viewed by many as a renal-limited disorder 
rather than a systemic disease. An appreciation for the poor 
renal prognosis, the frequency of extrarenal involvement, and 
the disease pathogenesis has altered this perception at least to 
some extent. Aggressive treatment directed at the clonal 
plasma cells, although not in widespread use, is beginning to 
be recognized as a justifi ed approach to the management of 
this disease.46

Ch23_257-271-X5484.indd 264Ch23_257-271-X5484.indd   264 6/18/08 12:42:22 PM6/18/08   12:42:22 PM



265 Amyloidosis and Other Fibrillary and Monoclonal Immunoglobulin-Associated Kidney Diseases

The published experience with HDM/SCT for LCDD is 
limited to a few case reports and two small case series. Royer 
and colleagues47 reported the outcomes of 11 patients with 
LCDD or HCDD treated with HDM/SCT. Ten of the patients 
had multiple myeloma, seven patients had extrarenal mani-
festations, and four patients were dialysis dependent. 
Six patients had a complete hematologic response after 
HDM/SCT, and a decrease in proteinuria or improvement in 
renal function occurred in four patients. Extrarenal manifes-
tations improved in the six patients who had heart or liver 
involvement. A description of the outcomes after HDM/SCT 
of nine patients with LCDD without multiple myeloma was 
included in a recent publication.46 Seven of the patients had 
a complete hematologic remission. One of the patients was 
dialysis dependent at the time of treatment and underwent 
kidney transplantation after attaining a hematologic remis-
sion. All the patients were alive at a median follow-up of 
17 months. Several reports have documented regression of 
histologic lesions in the kidney, heart, and liver after treat-
ment, suggesting that end-organ damage from LCDD is 
potentially reversible.48,49

Summary of Treatment 
Recommendations for Light-Chain 
Deposition Disease
The results from the admittedly limited experience treat -
ing LCDD with high-dose chemotherapy, together with the 
poor prognosis associated with untreated disease, provides 
a compelling argument for aggressive treatment of this 
disorder. Additional experience with HDM/SCT as well as 
the use of alternative treatments that have been found to be 
effective for AL amyloidosis or multiple myeloma should 
enable refi nement of treatment approaches, a decrease in 
treatment-related toxicities, and improved outcomes for this 
disease.

MYELOMA CAST NEPHROPATHY

Multiple Myeloma and the Kidney
Multiple myeloma is a hematologic malignancy that results 
from clonal expansion of plasma cells in the bone marrow. The 
clinical manifestations of multiple myeloma result from both 
the high burden of proliferating plasma cells as well as from 
the immunoglobulin molecules secreted by the clonal plasma 
cells. Kidney disease in the setting of multiple myeloma 
can be caused by the plasma cells themselves (e.g., hyper-
calcemia-induced acute renal failure) or the secreted monoclo-
nal immunoglobulin molecules. Most myeloma-associated 
immunoglobulin-mediated kidney disease is caused by light 
chains or light-chain fragments. However, intact mono -
clonal immunoglobulin molecules can cause type I cryoglob-
ulinemia or noncryoglobulinemic proliferative GN, and 
monoclonal heavy chains can cause HCDD or AH amyloido -
sis. Two of the light-chain–associated disorders, AL amyloido -
sis and LCDD, are discussed in separate sections of this chap -
ter; this section of the chapter addresses myeloma cast 
nephropathy, the most common myeloma-associated light-
chain disorder. Fanconi syndrome resulting from damage 
to proximal tubular cells by fi ltered light chains is an addi -

tional light-chain–mediated kidney process that can occur in 
multiple myeloma.

Diagnosis, Clinical Features, and Kidney 
Histology
The diagnosis of multiple myeloma requires the combination 
of a bone marrow biopsy with a cellular composition of at 
least 10% plasma cells, demonstration of a monoclonal im-
munoglobulin protein in the blood or urine, and myeloma-
related end-organ damage such as renal insuffi ciency, hyper-
calcemia, anemia, and lytic bone lesions. Diagnostic criteria 
and staging systems have been published by the International 
Myeloma Working Group.50,51 Although a defi nitive diagnosis 
of cast nephropathy requires a kidney biopsy, the diagnosis is 
often made based on clinical suspicion.

Cast nephropathy typically occurs in individuals with a 
high plasma cell burden and a high concentration of mono-
clonal light chains in the serum and urine. Thus, unlike AL 
amyloidosis or LCDD, cast nephropathy usually occurs in the 
presence of overt multiple myeloma. Patients with cast ne-
phropathy present with an increased serum creatinine con-
centration that can be either acute or chronic. Proteinuria is 
present but, because the urinary protein is composed of light 
chains and not albumin, the urine dipstick will be negative for 
protein, and nephrotic syndrome will not be present. The 
presence of nonalbumin urinary protein in a patient with 
multiple myeloma and renal impairment makes cast nephrop-
athy a more likely diagnosis than myeloma-associated AL 
amyloidosis or LCDD, both of which usually, but not always, 
cause high-grade albuminuria (see Table 23-1). Many factors 
have been implicated as triggers of cast nephropathy; these 
include volume depletion, hypercalciuria, low urine pH, 
diuretics, and intravenous administration of radiographic 
contrast media.

The major histologic fi ndings of cast nephropathy are casts 
within distal tubules, tubular dilatation, and tubular atrophy. 
By light microscopy, the casts are eosinophilic and refractile 
and often appear fractured. Macrophages and, in some cases, 
giant cells are often present in the interstitium surrounding the 
occluded tubules. The interstitial infl ammation and fi brosis 
contribute to the renal failure in patients with cast nephropa-
thy and may be more important in terms of long-term renal 
prognosis than the intratubular obstruction. By immunofl uo-
rescence, the casts show reactivity to immunoglobulin light 
chain of the same isotype as that of the circulating monoclonal 
protein.

Treatment of Cast Nephropathy
The main objectives in treating cast nephropathy are to mini-
mize the propensity of fi ltered light chains to form intratubu-
lar casts, to decrease production of the light chains by the 
clonal plasma cells, and to enhance removal of the light chains 
from the circulation. Aggressive hydration to increase urinary 
fl ow will decrease the concentration of the light chains in the 
tubular fl uid. Alkalinization of the urine by administration of 
sodium bicarbonate in an effort to decrease cast formation is 
often recommended; however, it should be recognized that the 
benefi t of raising urine pH depends on the characteristics of 
the specifi c light chain. Decreasing production of light chains 
is accomplished with chemotherapy. Although a detailed 
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discussion of chemotherapeutic regimens for multiple myeloma 
is beyond the scope of this chapter, issues that have particular 
relevance to cast nephropathy or to the treatment of patients 
with renal failure are addressed. Removal of light chains with 
plasma exchange or hemodialysis has received recent attention 
and is the major focus of this section of the chapter.

Plasma Exchange for Cast Nephropathy

The objective of plasma exchange is to rapidly remove circulat-
ing light chains and prevent ongoing renal injury before che-
motherapy effectively eliminates or decreases monoclonal light-
chain production. Case reports from as far back as 30 years ago 
have documented the use of plasma exchange to treat acute re-
nal failure due to cast nephropathy.52–58 Over the subsequent 
years, case series and small controlled trials have suggested a 
benefi t of plasma exchange in this setting. Key features of these 
studies are summarized in Table 23-4.59–65

With the exception of the study by Movilli and colleagues,65

all the small retrospective studies that compared renal out-
comes in patients who received plasma exchange in addition 
to chemotherapy with those for patients who received chemo-
therapy alone reported a benefi t of plasmapheresis. The limi-
tations of all these studies include their retrospective nature, 
the lack of randomization to treatment approach, and small 
sample size. In addition, for several of the studies, follow-up 
was too short to allow assessment of long-term outcomes.

One of the fi rst randomized, controlled trials of plasma ex-
change evaluated 29 patients with multiple myeloma and acute 
renal failure. Fifteen patients were randomized to plasma-
exchange treatment in addition to cyclophosphamide therapy 
and glucocorticoids, whereas the control group received only 
cytotoxic therapy and glucocorticoids. Among dialysis-depen-
dent patients, 11 of 13 in the plasma exchange group compared 
with 2 of 11 in the group receiving chemotherapy alone were 

Table 23-4 Representative Studies of Plasma Exchange for Myeloma Cast Nephropathy

Study (Ref.) Design Treatment Findings

Pozzi et al,59 N � 50 Retrospective review Chemotherapy/plasma exchange 
vs. chemotherapy

Recovery of renal function occurred 
in 61% of patients who received 
plasma exchange compared with 
27% of patients who received che-
motherapy alone

Misiani et al,60 N � 23 Retrospective review Chemotherapy/plasma exchange 8 of 10 patients with acute renal fail-
ure had recovery of renal function; 
11 of 13 patients with chronic re-
nal failure had improvement in re-
nal function

Zucchelli et al,61

N � 29
Randomized trial Plasma exchange/chemotherapy vs. 

chemotherapy
11 of 15 patients in the plasma ex-

change group compared with 2 of 
14 patients in the control group 
had improved renal function; 1-
year survival rates were 66% and 
28% in the plasma exchange and 
control groups, respectively

Johnson et al,62 N � 21 Randomized trial Plasma exchange/hydration/
chemotherapy vs. hydration/che-
motherapy

10 of 11 patients in plasma ex-
change group compared with 5 of 
10 patients in control group had 
improved renal function

Moist et al,63 N � 26 Retrospective review Hydration/plasma exchange/
chemotherapy

15 of the 26 patients had improved 
renal function by 3 mo

Clark et al,64 N � 97 
(104 patients ran-
domized; 97 patients 
included in analyses)

Randomized,
controlled,
multicenter trial

Plasma exchange/conventional ther-
apy vs. conventional therapy

No statistically signifi cant difference 
between groups in the composite 
outcome of death, estimated 
glomerular fi ltration rate � 30 
mL/min/1.73m2 or dialysis depen-
dence; 42% of dialysis-dependent 
patients in the plasma exchange 
group compared with 37% of dialy-
sis-dependent patients in the control 
group became dialysis independent 
(difference not statistically signifi cant)

Movilli et al,65 N � 55 Retrospective review Plasma exchange vs. no plasma 
exchange

No difference between groups in 
renal or patient survival
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able to discontinue dialysis. Patient survival at 1 year was also 
higher in the plasma exchange group. The authors concluded 
that plasma exchange provides both renal and overall survival 
benefi t. Interestingly, the dialysis-dependent patients in the 
plasma exchange group were treated with hemodialysis, whereas 
the patients in the control group received peritoneal dialysis. 
This source of bias might be expected to favor the plasma ex-
change group if hemodialysis is more effective than peritoneal 
dialysis at removing light chains.

A second trial randomized 11 patients to plasmapheresis 
and 10 patients to control therapy.62 A greater number of pa-
tients in the plasmapheresis group than in the control group 
had a favorable renal response. There was no survival differ-
ence at 1 year. Drawbacks of this study are its small sample size, 
heterogeneity of plasma exchange regimens, and exclusion 
from the trial of patients with melphalan-resistant disease.

The Canadian Apheresis Group performed a multicenter 
trial that evaluated 104 patients with newly diagnosed multi-
ple myeloma and acute renal failure.64 Patients were randomly 
assigned to conventional therapy plus four to seven plasma 
exchange treatments or conventional therapy alone. Approxi-
mately 30% of patients in both groups were dialysis depen-
dent at study entry. During follow-up, 66% and 50% of dialy-
sis-dependent patients in the plasma exchange group and 
control group, respectively, were able to discontinue dialysis, 
and approximately 20% of patients in both groups initiated 
dialysis. There was no difference between treatment groups in 
the composite endpoint of death, dialysis dependence, or 
severe renal impairment at 6 months, and the investigators 
interpreted the trial as showing no benefi t of plasma exchange. 
This trial had several strengths including its multicenter na-
ture and the sample size that was substantially larger than that 
of earlier randomized trials. However, the study has been 
criticized because approximately 20% of patients did not have 
detectable monoclonal light chain in the urine, and biopsy 
documentation of cast nephropathy was not required. If cast 
nephropathy was not the cause of renal failure in many of the 
patients, the ability to detect a benefi t of plasma exchange 
would be reduced.

In summary, there is not strong evidence supporting a role 
for plasma exchange in cast nephropathy. Although earlier 
retrospective case series and small randomized trials suggested 
a benefi t, a more recent, larger multicenter, randomized trial 
found similar outcomes among patients treated with or with-
out plasma exchange. It is possible that because of a more 
rapid decrease in production of the pathogenic light chains, 
current chemotherapeutic approaches have lessened the im-
pact of plasma exchange. It is also possible that plasma 
exchange, at least as currently performed, is not suffi ciently 
effective at removing light chains.66 The recent availability of 
a quantitative assay for measuring serum light-chain concen-
trations should enable better assessment of effi cacy of inter-
ventions aimed at light-chain removal.

Hemodialysis for Cast Nephropathy

The molecular weight of light chains (approximately 25 kD 
for � and � light-chain monomers and 50 kD for � dimers) 
precludes their passage through the pores of conventional or 
high-fl ux hemodialyzer membranes. However, adsorption of 
light chains by dialyzer membranes has been demonstrated, so 
it is possible that some light-chain removal does occur with 
standard hemodialysis treatments. Indeed, one of the limita-

tions of the studies of plasma exchange is that they did not 
standardize the dialyzer membranes or dialysis regimens for 
those patients who were dialysis dependent. A recently pro-
posed approach to the treatment of cast nephropathy is the 
use of “superfl ux” or “protein-leaking” dialyzer membranes.67

These membranes have pore sizes that are substantially larger 
than high-fl ux membranes. In the only published study evalu-
ating large-pore dialyzers for cast nephropathy, the mean in 
vitro decreases in � and � light-chain concentrations by a su-
perfl ux dialyzer were 96% and 94%, respectively, after 4 hours. 
Use of the dialyzers in a small number of patients with acute 
renal failure from cast nephropathy suggested that extended 
daily dialysis in combination with chemotherapy might be 
more effective at light-chain removal than is plasma exchange. 
The fi ndings from this pilot study are intriguing, but as the 
authors acknowledge, further study is required to establish a 
role of such dialyzers in the treatment of cast nephropathy.

Chemotherapy for Multiple Myeloma: 
Kidney-Specifi c Issues

The general approach to treating patients with newly diag-
nosed multiple myeloma is to start with an induction regimen 
such as thalidomide and dexamethasone to decrease the 
plasma cell burden, followed by high-dose chemotherapy 
(usually melphalan) with SCT. Although SCT extends survival 
and results in a hematologic remission in a substantial pro-
portion of patients, most patients eventually experience a re-
lapse and require additional treatment. Tandem SCT, thalido-
mide, lenalidomide, dexamethasone, and bortezomib, all of 
which are discussed in the AL amyloidosis section, are cur-
rently being used as salvage treatment for patients with resis-
tant or relapsed disease or as initial treatment in individuals 
who are not eligible for SCT.68

A general observation is that multiple myeloma patients with 
renal impairment have greater treatment-associated toxicity and 
decreased overall survival than those with preserved renal func-
tion.69–71 There are several potential contributors to the relatively 
poor outcomes. Renal impairment may be a marker of high tu-
mor burden or aggressive disease. Additionally, renal failure in-
creases susceptibility to infection, bleeding, and other complica-
tions of chemotherapy. Finally, renal failure often excludes 
patients from aggressive treatments or leads to administration of 
lower and therefore less effective doses of drugs.

For many of the agents used to treat multiple myeloma, 
optimal dosing in patients with renal impairment has not 
been determined. For example, although melphalan elimina-
tion is the result of degradation and very little is excreted by 
the kidney, studies evaluating pharmacokinetics of melphalan 
in individuals with renal impairment have yielded confl icting 
results.72 Some studies suggest that melphalan clearance is 
decreased in the setting of renal failure and others have not. 
Moreover, information about clearance of many of these 
drugs by hemodialysis or peritoneal dialysis is limited or non-
existent. Most centers decrease the dose of melphalan when 
it is administered as part of a myeloablative regimen from 
200 mg/m2 to 140 or 100 mg/m2 in individuals with signifi -
cant renal impairment. Thalidomide clearance is not depen-
dent on renal function. Lenalidomide dosing is adjusted based 
on renal function, but there is little information to guide dos-
ing in patients undergoing dialysis.73 Clearance of bortezomib 
is dependent on both the liver and the kidney, and decreased 
dosing may be required if the creatinine clearance is less than 
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30 mL/min. Bisphosphonates, which are typically adminis-
tered long term to patients with multiple myeloma, are con-
traindicated when the glomerular fi ltration rate is decreased, 
and among patients with multiple myeloma and normal renal 
function, rare complications of bisphosphonate treatment 
include focal and segmental glomerulosclerosis, collapsing 
glomerulopathy, and acute tubular necrosis.74–76

Kidney Transplantation in Multiple Myeloma

Malignancy is generally a contraindication for kidney trans-
plantation; however, for multiple myeloma, combined kidney 
and allogeneic stem-cell transplantation from the same donor 
has been performed in a small number of individuals. Three 
case reports describe a total of seven patients with multiple 
myeloma and ESRD who underwent dual kidney and stem-cell 
transplantation from HLA-identical siblings.77–79 These pa-
tients all received nonmyeloablative preparative therapy with 
intravenous cyclophosphamide, antithymocyte globulin, and 
thymic irradiation with the goal of attaining donor-specifi c 
allotolerance and temporary chimerism. Long-term patient 
and renal survival in six of these patients has been maintained, 
even in the presence of donor marrow rejection.79

Summary of Treatment for Cast 
Nephropathy
Multiple myeloma is a common malignancy with frequent 
kidney involvement. The goal of treatment is to eliminate the 
malignant clone of plasma cells using cytotoxic agents, im-
munomodulatory agents, and proteosome inhibitors. A ben-
efi t of plasma exchange in conjunction with anti–plasma cell 
treatment for cast nephropathy has not been demonstrated, 
although one could argue that it might be helpful to some 
individuals and that its utility has not been adequately as-
sessed. The use of superfl ux hemodialysis to remove light 
chains may have benefi t, but experience with this approach is 
limited to a single pilot study.

FIBRILLARY GLOMERULONEPHRITIS 
AND IMMUNOTACTOID 
GLOMERULOPATHY

Classifi cation, Clinical Features, 
and Kidney Histology
Fibrillary GN and immunotactoid glomerulopathy are rela-
tively rare disorders in which immunoglobulin-containing 
fi brillary deposits are present in the mesangium and glo-
merular capillary walls. The fi brils do not stain with Congo 
red dye, thereby distinguishing them from amyloid. The 
major discriminating features between fi brillary GN and im-
munotactoid glomerulopathy are the size and distribution 
patterns of the fi brils. In fi brillary GN, the fi brils are 15 to 
20 nm in diameter and deposit in what appears to be a ran-
dom array. In immunotactoid glomerulopathy, the fi brils are 
actually microtubules with hollow centers and diameters of 
30 to 60 nm. The microtubules deposit in organized, parallel 
arrays providing a substructure to the deposits evident by 
electron microscopy.80 Although there is controversy about 
whether the two disorders differ pathogenetically,81 it does 
appear that immunotactoid glomerulopathy is more likely 

than fi brillary GN to occur in association with a lymphopro-
liferative disorder. Additionally, the microtubules of immu-
notactoid glomerulopathy are often composed of what ap-
pears to be monoclonal immunoglobulin molecules, whereas 
the immunoglobulin components of the fi brils of fi brillary 
GN more often appear to be polyclonal, albeit with some 
restriction of the heavy-chain subtype.

The clinical manifestations of fi brillary GN and immuno-
tactoid glomerulopathy are similar. Proteinuria is always pres-
ent and is often in the nephrotic range, microscopic hematuria 
is common, and patients are often hypertensive. Creatinine is 
often elevated at presentation. The rate of decline of renal func-
tion is variable; in several series, approximately 50% of patients 
with fi brillary GN or immunotactoid glomerulopathy had pro-
gressed to ESRD within 2 to 4 years.80,82–84 Extrarenal manifes-
tations of these disorders are rare, but patients with associated 
lung, heart, or liver involvement have been reported.85,86

Renal histologic fi ndings vary but are predominantly glo-
merular. In both fi brillary GN and immunotactoid glomeru-
lopathy, light microscopy usually reveals mesangial expansion 
with periodic acid–Schiff-positive material and focal or diffuse 
glomerular capillary wall thickening with double contours or 
spikes. Proliferative GN, sometimes with cellular or fi brocel-
lular crescents, can occur. Immunofl uorescence reveals com-
plement and immunoglobulin heavy and light chains in the 
mesangium and along capillary walls. In fi brillary GN, the im-
munoglobulin appears to be polyclonal, although subtyping 
suggests some restriction to IgG subtypes 1 and 4. In a substan-
tial proportion of biopsy specimens from patients with immu-
notactoid glomerulopathy, the immunoglobulin deposits 
appear to be monoclonal intact immunoglobulin (usually 
IgG �). By electron microscopy, the deposits are present in the 
mesangium, within the glomerular capillary walls, and rarely 
in the tubular basement membranes or interstitium. Ultra-
structural examination reveals fi brils or microtubules in the 
same location as the electron-dense deposits. The glomerular 
capillary fi brils are usually within the basement membrane but 
can also have a subepithelial or subendothelial distribution.

Both fi brillary GN and immunotactoid glomerulopathy 
have been found in association with systemic diseases such as 
diabetes mellitus, solid tumors, human immunodefi ciency 
virus, and hepatitis C, but pathophysiologic links between the 
systemic illnesses and the glomerulopathy are not established. 
Lymphoproliferative disorders with or without a circulating 
paraprotein are present in some patients with immunotactoid 
glomerulopathy.80,87–91

Treatment of Fibrillary Glomerulonephritis 
and Immunotactoid Glomerulopathy
There are no established treatments for fi brillary GN or 
immunotactoid glomerulopathy. The published experience 
regarding treatment of these disorders is restricted to case 
reports and small series. Because of the apparent involvement 
of immunoglobulin, various immunosuppressive therapies 
have been tried. Case reports and anecdotal evidence suggest 
that glucocorticoids alone or in combination with cyclophos-
phamide, cyclosporine, or plasma exchange may occasionally 
be effective.80,83,84,89,92–97 However, the response rate is proba-
bly less than 10%,84 and among those who do respond with 
remission of nephrotic syndrome, many relapse after treat-
ment is discontinued.89 Some authors have suggested that 
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steroid treatment may be particularly helpful for patients 
with preserved renal function94 and that more aggressive 
treatment with cyclophosphamide therapy should be at-
tempted if there are cellular crescents and/or diffuse prolif-
eration on kidney biopsy.95 It is our opinion that evaluation 
for an underlying lymphoproliferative disorder with bone 
marrow biopsy and immunofi xation electrophoretic studies 
of the serum and urine should be performed in all individu-
als with a histologic diagnosis of fi brillary GN or immuno-
tactoid glomerulopathy. If there is evidence of an associated 
lymphoproliferative disorder, treating the underlying malig-
nancy may have a benefi cial effect on the kidney process.80

Kidney Transplantation
Individuals with fi brillary GN or immunotactoid glomeru-
lopathy have undergone kidney transplantation. Recurrence 
of disease in the allograft has been reported in approximately 
50% of patients in small case series.82,98–100 However, it appears 
that despite recurrent disease, deterioration of allograft func-
tion is slow, perhaps because of the administration of immu-
nosuppressive therapies.82,99

Summary of Treatment 
Recommendations for Fibrillary 
Glomerulonephritis and Immunotactoid 
Glomerulopathy
There is no specifi c treatment for fi brillary GN or immunotac-
toid glomerulopathy. All patients with these disorders should 
undergo evaluation for a lymphoproliferative disorder with 
bone marrow biopsy, immunofi xation electrophoresis of the 
serum and urine, and quantitative serum-free light-chain as-
say. If a disorder is identifi ed, appropriate chemotherapy should 
be administered. In the absence of an underlying hematologic 
disease, we recommend supportive care but do not believe that 
evidence justifi es the use of immunosuppressive or cytotoxic 
agents. Kidney transplantation should be considered if there is 
progression to ESRD because adequate renal function may be 
sustained even in the setting of recurrent disease.
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HEPATITIS B VIRUS AND RENAL DISEASE

Background
Hepatitis B virus (HBV), a partially double-stranded circular 
DNA hepadnavirus fi rst discovered in 1966,1 is a major cause 
of acute and chronic hepatitis, cirrhosis, and hepatocellular 
carcinoma. An estimated 350 million people are chronically 
infected with HBV worldwide.2 Although HBV remains en-
demic in Southeast Asia and sub-Saharan Africa with reported 
prevalence rates of 3% to 26%,3 the United States has signifi -
cantly lower levels of infection with a prevalence rate of less 
than 0.5% or approximately 1.25 million chronic carriers.4

Since the implementation of a national vaccination strategy in 
1991, the incidence of HBV infection in the United States has 
decreased by an estimated 80%.5 Continued universal vacci-
nation of the general populations in the United States and 
Western Europe should ultimately eliminate incident HBV 
infection in those areas.

Hepatitis B Virus–Associated Renal Disease

An association between HBV and renal disease was fi rst rec-
ognized in 1971 when hepatitis B surface antigen (HBsAg) 
was demonstrated in immune complexes deposited in the 
glomeruli of a 53-year-old man with membranous nephrop-
athy.6 Since then, HBV has been associated with a variety of 
renal diseases, including membranous nephropathy (MN), 

membranoproliferative glomerulonephritis (MPGN), mes-
angial proliferative glomerulonephritis, IgA nephropathy, 
and polyarteritis nodosa (PAN) (Table 24-1). The frequency 
of HBV-associated renal disease correlates with the preva-
lence of HBV in the general population and is higher in 
countries where HBV is endemic. Although there are few data 
documenting the actual prevalence of HBV-associated renal 
disease, it is thought to affect only a small percentage of the 
large number of chronic carriers worldwide.7

Pathogenesis

The pathogenesis of HBV-associated renal disease is classically 
believed to be mediated by the formation of circulating im-
mune complexes composed of viral antigens and host antibod-
ies that are passively trapped within the glomerular basement 
membrane.8 Alternatively, studies demonstrating the presence 
of HBV DNA and RNA in the glomeruli and renal tubular 
epithelial cells of patients with HBV-associated glomerulone-
phritis suggest HBV-associated renal disease could be the result 
of local expression of viral antigens with subsequent in situ 
immune complex formation.9,10 Although HBsAg, hepatitis B 
core antigen, and hepatitis B early antigen (HBeAg) have all 
been identifi ed in the glomerular deposits of patients with 
HBV-associated renal disease, HBeAg is considered the most 
highly correlated with HBV-associated nephropathy, particu-
larly HBV-associated MN (HBV MN).10–12 The pathogenic role 
of HBeAg in HBV-associated renal disease is supported by the 
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remission of proteinuria that typically occurs with clearance of 
the HBeAg and seroconversion to anti-HBe.13,14

Indications for Renal Biopsy

All patients with suspected HBV-associated renal disease 
should undergo a kidney biopsy to confi rm the diagnosis and 
rule out other virally mediated renal diseases (e.g., cryoglobu-
linemic glomerulonephritis secondary to hepatitis C virus) 
that may be present in co-infected individuals. Magnetic reso-
nance angiography may be preferred over a percutaneous 
renal biopsy or conventional angiography in diagnosing renal 
disease in HBV-associated PAN because it avoids both the 
potential to puncture a renal arterial aneurysm and the risk of 
radiocontrast-induced nephrotoxicity; however, care should 
be taken in using gadolinium-containing contrast agents in 
patients with severe renal insuffi ciency due to their reported 
association with nephrogenic systemic fi brosis.15

Membranous Nephropathy

HBV MN is most often observed in children, predominantly 
males, living in HBV endemic areas.16,17 Patients typically 
present with proteinuria, commonly in the nephrotic range 
and often complicated by the nephrotic syndrome. Serologic 
studies in the majority of patients reveal hepatitis B surface 
and hepatitis B early antigenemia. The natural course of HBV 
MN in children has been associated with a 30% to 60% rate 
of spontaneous remission,11 and the overall prognosis is con-
sidered favorable with one retrospective study reporting a 
cumulative probability of remission in 84% of children after 
10 years.13 In contrast, adult-onset HBV MN has a poorer 
prognosis and spontaneous remission is rare. In one study 
of 21 patients, 29% developed progressive renal failure and 
10% required long-term renal replacement therapy after a 
mean follow-up of 60 months.18

Membranoproliferative Glomerulonephritis

HBV MPGN is the most common HBV-associated renal disease 
in adults.16 Both type I and III MPGN have been described in 
the setting of HBV but not type II (dense deposit disease).10

HBV MPGN usually occurs in the absence of cryoglobulins, 
and most reported cases of HBV associated with cryoglobulin-
emia involves patients co-infected with the hepatitis C virus or 
patients who presented before hepatitis C virus testing was 
available.19 Spontaneous improvement is rare, and prognosis 
with this lesion is poorer than with HBV MN.

Polyarteritis Nodosa

Patients with HBV-associated PAN typically present with fe-
ver, rash, abdominal pain, new-onset or severe hypertension, 
mononeuritis multiplex, hematuria, and renal failure. The 
clinical manifestations of HBV-associated PAN are essentially 
the same as PAN in HBV-negative patients except that malig-
nant hypertension, renal infarction, and orchiepididymitis 
may be more common in the setting of HBV.20 The character-
istic renal lesions of PAN are aneurysms of the medium-sized 
arteries of the kidney.21,22 Serologic studies typically reveal 
high levels of HBV DNA and the absence of antineutrophil 
cytoplasmic antibody. Wild-type HBV, characterized by 
HBeAg, accounts for most but not all cases.23 Proteinuria, 
elevated serum creatinine, and gastrointestinal involvement 
confer the highest mortality, with death usually following 
gastrointestinal hemorrhage, infarction, or perforation.24

Treatment
Antiviral Therapy

Antiviral therapy is the cornerstone of treatment for HBV-
related kidney disease. Although our experience is limited to 
earlier antiviral agents, such as interferon alfa (IFN-�) and 
lamivudine (Table 24-2), newer nucleoside/nucleotide ana-
logues are available and more are in development. Optimal 
treatment of HBV-related renal disease may require several 
antiviral agents, either alone or in combination, and we rec-
ommend consulting a hepatologist or an infectious disease 
specialist before initiating therapy.

Nucleoside/Nucleotide Analogues
Nucleoside/nucleotide analogues act on the HBV polymerase 
to inhibit viral DNA replication.25 There are currently three 
nucleoside/nucleotide analogues approved for the treatment 
of chronic hepatitis in patients with HBV: lamivudine (3TC), 
adefovir, and entecavir25 (Table 24-3). Lamivudine (3TC), a 
cytosine analogue reverse transcriptase inhibitor developed in 
1989, was the fi rst nucleoside analogue approved for the treat-
ment of HBV in 1998 and has been demonstrated to lower 
HBV DNA levels, induce seroconversion, and yield an hepatic 
histologic response.26 Several anecdotal case reports have 
demonstrated the effi cacy of lamivudine in HBV-associated 
renal disease.27–30 A recent Chinese cohort study compared 
10 patients with biopsy-proven HBV MN treated with oral 
lamivudine (100 mg/day) versus 12 historic controls from the 
pre–lamivudine era.31 The baseline demographics and clinical 
characteristics of both groups were similar, and all patients 
received either an angiotensin-converting enzyme inhibitor 
or an angiotensin II receptor blocker.31 After 12 months of 

HBV HCV HIV

Minimal change disease �/� �/� �

IgA nephropathy �/� �/� ��

Membranous nephropathy ��� � �

MPGN �� �� �

MPGN plus cryoglobulinemia �/� ��� �/�

MesPGN �� �� �/�

Focal and segmental �/� �/� ���

glomerulosclerosis

Polyarteritis nodosa ��� � �

Thrombotic microangiopathy � �/� ��

�/�, case reports without clear association; �, isolated case re-
ports; ��, occasional reports; ���, common association. HBV, 
hepatitis B virus; HCV, hepatitis C virus; HIV, human immunodefi -
ciency virus; MesPGN, mesangial proliferative glomerulonephritis. 
MPGN, membranoproliferative glomerulonephritis.

Table 24-1 Estimated Frequency of Glomerular Diseases 
Associated with Viral Hepatitis and Human Immunodefi ciency 
Virus
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therapy, 60% of lamivudine-treated patients were in complete 
remission (defi ned as having �300 mg of proteinuria/day) as 
compared with 25% of patients in the control group.31 Fur-
thermore, the cumulative 3-year renal survival rate was 100% 
in the lamivudine-treated group compared with 58% in the 
control group.31 There are few data involving the use of nucle-
oside analogues for the treatment of HBV PAN; however, in 
one as yet unpublished report, of 10 patients treated with 
oral lamivudine (100 mg/day) as part of an HBV PAN regi-
men (which includes initiation corticosteroid therapy for 
1–2 weeks), nine recovered and seven achieved HBeAg/Hbe 
antibody seroconversion.23 Although there are no data concern-
ing the use of the newer antivirals in the treatment of HBV-
associated renal disease, given the direct role of the virus in the 
pathogenesis of the renal lesions and the increased incidence of 
resistance with prolonged lamivudine use (15%–20% per year 

with an estimated 70% at 5 years), it is reasonable to 
assume that adefovir and entecavir, in combination with lami-
vudine or as monotherapy, should play key roles in the treat-
ment of HBV-associated nephropathy.25 Of note, in higher 
doses (30–120 mg), adefovir is associated with renal tubular 
toxicity; however, this complication has not been reported 
in the lower doses (10 mg) proposed for long-term HBV 
therapy.32

Interferon
A meta-analysis of 16 randomized, controlled trials in which 
subcutaneous IFN-� was used to treat patients with chronic 
HBV (without known renal disease) showed benefi t with 
high-dose (more than 15 million units/m2 per week) IFN-�
therapy for 3 to 6 months.33 A retrospective National Insti-
tutes of Health study of 15 patients with chronic HBV and 

Design Treated (N) Control (N) Therapy Outcome Comment Ref.: Disease

Retrospective 15 None IFN-� Decreased proteinuria 
and HBeAg clear-
ance in 53%

Better response with 
MN than MPGN

32: HBV MN 
and MPGN

Prospective,
randomized

20 20 IFN-� 100% proteinuria 
resolution, 80% 
HBeAg cleared

All subjects were 
children with 
steroid-resistant
disease

33: HBV MN

Retrospective 6 None IFN-� 100% PAN recovery, 
66% HBeAg 
cleared

Concomitant ste-
roids and PE

34: HBV PAN

Retrospective 10 12 Lamivudine 
100 mg/day

60% in remission by 
1 yr, 100% renal 
survival at 3 yr

All patients on ACEI 
or ARB

41: HBV MN

Retrospective 10 None Lamivudine 
100 mg/day

70% HBeAg cleared Concomitant ste-
roids and PE

23: HBV PAN

Retrospective 8 11 Protease inhibitor Slower decline 
in CrCl

Only 6 biopsy-proven 
cases, ACEI and 
prednisone in some

84: HIVAN

Retrospective 26 10 HAART Renal survival 
improved

Higher baseline Scr 
in controls

85: HIVAN

Prospective, 
nonrandomized

12 8 Fosinopril 
10 mg/day

SCr and proteinuria 
improved

Controls refused 
ACEI

88: HIVAN

Retrospective 9 9 Captopril 
6.25–25 mg tid

Renal survival 
improved

One suicide in ACEI 
group

89: HIVAN

Retrospective 20 None Prednisone SCr improved in 
17/20 60 mg/day

Infectious complica-
tions common

90: HIVAN

Retrospective 15 87 Prednisone 
1 mg/kg/day

Renal survival 
improved

No signifi cant 
improvement in 
proteinuria

91: HIVAN

Retrospective 13 8 Prednisone 
60 mg/day

Renal survival 
improved

No mortality benefi t, 
increased hospital 
days

92: HIVAN

ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; CrCl, creatinine clearance; HAART, highly active anti-
retroviral therapy; HBeAg, hepatitis B early antigen; HBV, hepatitis B virus; HIVAN, HIV-associated nephropathy; IFN-�, interferon alfa; MN, 
membranous nephropathy; MPGN, membranoproliferative glomerulonephritis; PAN, polyarteritis nodosa; PE, plasma exchange; SCr, serum
creatinine.

Table 24-2 Summary of Intervention Trials for Hepatitis B Virus– and Human Immunodefi ciency Virus–Related Renal Disease
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glomerulonephritis (10 patients with HBV MN, 4 patients 
with HBV MPGN, 1 with unknown biopsy result) treated with 
16 weeks of daily or alternate-day subcutaneous IFN-�2b
(5 million units) demonstrated resolution of HBeAg and re-
duction in proteinuria in eight patients (53%).34 Of note, all 
eight responders had HBV MN, whereas four of the seven 
nonresponders were the patients with known HBV MPGN.34

An open trial of 40 Chinese children with heavy proteinuria 
and biopsy-proven steroid-resistant HBV MN also showed 
benefi t with IFN-� therapy.35 Patients were randomized to 
three times weekly subcutaneous IFN-�2b (5 or 8 million 
units, based on weight) versus supportive treatment alone.35

After 12 months of therapy, proteinuria resolved in 100% of 
patients in the IFN-�–treated group compared with only 
10% of patients in the control group.35 Furthermore, although 
80% of the IFN-�–treated patients became HBeAg negative, 
none of the patients in the control group achieved seroconver-
sion.35 In a review of 41 patients with HBV PAN, approxi-
mately 30% of whom had either renal failure or the nephrotic 
syndrome, six patients received treatment with IFN-�2b in 
addition to a short course of steroids and plasma exchange 
therapy.36 All the IFN-�–treated patients recovered from PAN 
and 66% demonstrated HBeAg seroconversion.36

Adjunctive Therapy

Corticosteroids
Use of corticosteroids in vitro and in vivo promotes HBV 
replication and transcription, and up-regulates viral antigen 
expression, including HBsAg and HBeAg.37–39 Although there 

are few published data regarding corticosteroid use in HBV 
MPGN, HBV MN responds poorly to corticosteroid therapy, 
and even a short course of corticosteroids may exacerbate 
hepatocellular injury in an HBV-infected patient.11,13,40 Corti-
costeroid therapy should therefore be avoided in HBV MN 
and HBV MPGN. However, a short course (2 weeks) of corti-
costeroids (oral prednisone 1 mg/kg), with or without pulse 
methylprednisolone (15 mg/kg for 1–3 days), rapidly tapered 
after 1 week and withdrawn completely by the end of 2 weeks 
and followed by plasma exchange and antiviral therapy, is 
recommended to control the life-threatening manifestations 
of HBV PAN.41,42

Plasma Exchange
Alternate-day plasma exchange is used to clear immune com-
plexes in HBV PAN and is part of the protocol described 
previously.36,41,42 The duration of plasma exchange therapy 
should be tailored to the severity of the PAN manifestations.

Hepatitis B Virus and Renal Replacement 
Therapy
Management of Hepatitis B Virus in End-Stage Renal 
Disease

The incidence and prevalence of HBs antigenemia in U.S. he-
modialysis patients has decreased dramatically since the 
1970s43,44 as a result of improved adherence to infection con-
trol practices, strict segregation of HBsAg-positive patients 

Antiviral Agents (HBV) Creatinine Clearance (mL/min) Recommended Dose

Lamivudine �50 300 mg once daily

30–49 150 mg once daily

15–29 150 mg fi rst dose, then 100 mg once daily

5–14 150 mg fi rst dose, then 50 mg once daily

�5 50 mg fi rst dose, then 25 mg once daily

Adefovir �50 10 mg once daily

20–49 10 mg q 48 hr

10–19 10 mg q 72 hr

Hemodialysis 10 mg once weekly (after hemodialysis)

Entecavir �50 Treatment naive: 0.5 mg once daily

Lamivudine refractory: 1 mg once daily

30–49 Treatment naive: 0.25 mg once daily

Lamivudine refractory: 0.5 mg once daily

10–29 Treatment naive: 0.15 mg once daily

Lamivudine refractory: 0.3 mg once daily

�10 Treatment naive: 0.05 mg once daily

Lamivudine refractory: 0.1 mg once daily

Hemodialysis Dose for creatinine clearance

�10 (after hemodialysis)

Table 24-3 Dosing Recommendations for Anti–Hepatitis B Virus–Approved Agents in Renal Impairment
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and their hemodialysis equipment from HBV-susceptible 
(HBsAb-negative) patients, and routine vaccination of HBV-
susceptible patients and staff. Routine serologic testing for 
HBV (monthly HBsAg) in all HBV-susceptible hemodialysis 
patients is recommended to rapidly detect and isolate newly 
infected patients.43 Due to what is likely an impaired cellular 
immune response, seroconversion after conventional HBV 
vaccination is suboptimal in dialysis patients compared with 
the general population (50%–73% versus � 90%), and it is 
therefore recommended that end-stage renal disease (ESRD) 
patients receive a four-dose (40 �g/dose) vaccination schedule 
as opposed to the conventional three-dose (20 �g/dose)
schedule.45 Diagnosing active liver disease in an HBV-positive 
ESRD patient is complicated by the fact that dialysis patients 
tend to have lower transaminase levels as compared with non-
uremic patients and a liver biopsy is often the only way to 
correctly grade the degree of hepatic damage.45 Although the 
impact of HBV infection on ESRD mortality may often be 
overshadowed by cardiovascular disease and other comor-
bidities, cirrhosis imparts a 35% increased risk of death in 
ESRD patients,45,46 and antiviral treatment should be consid-
ered in all HBV-infected ESRD patients.

Management of Hepatitis B Virus in Renal 
Transplantation

Although immunosuppressive therapy is known to increase vi-
ral replication and worsen underlying liver disease,47 there are 
confl icting data regarding the effect of chronic HBV infection 
on patient and graft survival after renal transplantation. Earlier 
studies comparing HBsAg-positive and HBsAg-negative kidney 
transplant recipients reported no difference in patient survival 
and demonstrated no difference or an increase in graft sur-
vival.47–50 More recently, a large French case-control study com-
paring long-term outcomes in HBV-infected versus noninfected 
kidney transplant recipients demonstrated that, in addition to 
age and biopsy-proven cirrhosis, HBsAg positivity was inde-
pendently associated with decreased 10-year patient and graft 
survival rates.51 A recent meta-analysis of six retrospective co-
hort studies also concluded that HBsAg-positive renal trans-
plant recipients have decreased patient and graft survival rates.52

Therefore, although HBsAg is not a contraindication to renal 
transplantation, most centers perform a liver biopsy before 
transplantation, and antiviral therapy should be initiated if 
there is histologic evidence of active disease. Furthermore, a 
post-transplantation immunosuppressive regimen that avoids 
the use of antilymphocyte globulin is recommended because it 
may trigger fulminant hepatic failure in HBV-infected renal 
transplant recipients.53 Nucleoside/nucleotide analogues are 
currently the agents of choice in the treatment of both pre- and 
post-transplantation HBV, as IFN-� is poorly tolerated in pa-
tients on dialysis and may precipitate graft rejection in the post-
transplantation setting.54 Lamivudine therapy before renal 
transplantation (prophylactic), at the time of renal transplanta-
tion (preemptive), and after renal transplantation in response 
to recurrent hepatic dysfunction (reactive)53,55,56 have all proven 
successful, as measured by the elimination of serum HBV DNA, 
but data suggest that prophylactic or preemptive lamivudine 
use may be superior. One nonrandomized study reported a re-
currence of viremia in 10% of patients treated with lamivudine 
before or at the time of renal transplantation compared with 
42% of patients in the group not treated with lamivudine.55

Another small retrospective study reported that 100% of 

patients prophylactically or preemptively treated with lamivu-
dine remained negative for HBV DNA compared with 50% of 
untreated patients.57 However, due to the risk of developing 
antiviral resistance with prolonged use and the risk of poten-
tially inducing a hepatitis fl are with antiviral withdrawal, the 
optimal timing and duration of pretransplantation lamivudine 
therapy require further study.

HUMAN IMMUNODEFICIENCY VIRUS 
AND RENAL DISEASE

Background
The human retrovirus human immunodefi ciency virus (HIV) 
type 1 (HIV) was discovered in 1983,58 2 years after the fi rst 
published reports of acquired immunodefi ciency syndrome 
(AIDS).59 In 2006, an estimated 40 million people were living 
with HIV infection worldwide, with nearly 25 million affected 
individuals living in sub-Saharan Africa.60

HIV-Associated Renal Disease

The spectrum of kidney disease associated with HIV infec-
tion includes acute renal failure, electrolyte abnormalities, 
medication nephrotoxicity, and glomerular disease. This 
section focuses on the glomerular diseases associated with 
HIV infection, primarily HIV-associated nephropathy 
(HIVAN) and HIV-associated immune complex disease 
(see Table 24-1).

Pathogenesis

The pathogenesis of HIVAN involves HIV infection of the 
kidney. HIV mRNA and DNA can be detected in tubular 
and glomerular epithelial cells in biopsy tissue from pa-
tients with HIVAN,61,62 and mouse models expressing HIV 
transgenes develop kidney disease that closely resembles 
human HIVAN.63–65 Two specifi c retroviral genes, HIV nef
and vpr, contribute to the pathogenesis of HIVAN.66,67 The 
strong association with black race also suggests a role 
for host genetic factors, and studies in the mouse model 
have identifi ed a potential genetic susceptibility locus on 
chromosome 3.68

Indications for Renal Biopsy

Kidney biopsy is required for the defi nitive diagnosis of HIV-
infected patients with signifi cant proteinuria or renal failure of 
unknown etiology because a signifi cant proportion of patients 
with suspected HIVAN will have an alternative diagnosis.69

This is particularly true in the aging antiretroviral-treated HIV 
population in the United States and Western Europe, in whom 
comorbid kidney disease due to diabetes, hypertension, or viral 
hepatitis is increasingly common.

HIV-Associated Nephropathy

Classically, HIVAN presents with heavy proteinuria and 
progressive renal failure, with the rapid onset of ESRD in 
the absence of treatment. Hypertension and edema may be 
less common than in other rapidly progressive glomerular 
diseases, and ultrasonography often reveals normal or in-
creased kidney size. Although presentation can occur at 
any time, HIVAN is most often a complication of advanced 
HIV infection.70 The epidemiology of HIVAN is most 
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remarkable for the striking predominance of black race, 
with nearly 90% of the ESRD attributed to HIV occurring 
in blacks.60 Classic renal pathology includes focal and 
segmental glomerulosclerosis with capillary collapse, tubu-
lar microcystic dilatation, and interstitial infi ltration.69 En-
dothelial tubuloreticular inclusions, a characteristic fi nding 
in untreated cases of HIVAN, are uncommon in highly 
active antiretroviral therapy (HAART)–treated patients. 
The glomerular lesion of HIVAN is distinguished by podo-
cyte proliferation rather than podocyte loss.71 When these 
characteristics are found in aggregate, the diagnosis of 
HIVAN is highly likely; however, similar pathology has been 
reported in HIV-negative patients and has been associ -
ated with the bisphosphonate pamidronate.72 HIV testing 
should be offered to all patients with suggestive biopsy 
fi ndings.

HIV-Associated Immune Complex Disease

A variety of glomerular diseases are described in HIV-infected 
patients, including minimal change disease, IgA nephropathy 
or other mesangial proliferative glomerulonephritis, MN, 
MPGN, and crescentic glomerulonephritis. In contrast to 
HIVAN, patients with HIV-associated immune complex dis-
ease are more likely to have hematuria, hypocomplementemia, 
mild to moderate proteinuria, and a more indolent course. 
Unlike HIVAN, immune complex glomerular disease is not 
strongly associated with black race.73,74 Although evidence 
supporting a pathogenic role for HIV has been demonstrated 
in rare cases,75 the relationship between HIV infection and 
immune complex disease is not well established. Because of 
the association with hepatitis B and C viruses, immune com-
plex disease should prompt serologic testing for hepatitis virus 
co-infection.

HIV and Thrombotic Microangiopathy

The classic pentad of microangiopathic hemolytic anemia, 
thrombocytopenia, renal dysfunction, neurological signs, 
and noninfectious fever is found in a minority of HIV-in-
fected patients with thrombotic microangopathy.76 Microan-
giopathic hemolytic anemia, thrombocytopenia, and in-
creased serum lactate dehydrogenase are required to establish 
the diagnosis.76 Before the introduction of HAART, the 1-
year mortality rate after the development of HIV-related 
thrombotic microangiopathy approached 100%.76–78 This 
complication is increasingly rare in populations with access 
to HAART.79

Treatment
Antiretroviral Therapy

Treatment of the underlying cause is a primary principle 
in the management of secondary glomerular disease. Im-
provement in HIVAN has been demonstrated in patients 
receiving HAART, and the annual incidence of ESRD attrib-
uted to HIV decreased substantially after the widespread 
introduction of HAART.60 Pre- and post-HAART kidney 
biopsies in two severe HIVAN cases demonstrated dramatic 
improvement in renal pathology, with associated improve-
ment in kidney function.61,80 Although HAART-related im-
provements have also been reported in HIV-related pediatric 
nephrotic syndrome and MN,81,82 the benefi t of HAART in 

non-HIVAN kidney disease is less clear.83 The role of HAART 
in the treatment of HIV-related kidney disease is primarily 
supported by epidemiologic data and cohort studies,84,85

with no data from rigorous clinical trials. Randomized, pla-
cebo-controlled clinical trials are no longer ethical given the 
established benefi ts of HAART for HIV infection, and expert 
guidelines recommend consideration of HAART in all 
patients with HIV and chronic kidney disease based on ex-
isting data.86

Nephrologists involved in the care of HIV patients should 
be familiar with HAART agents with potential nephrotoxic 
effects, as well as those agents that require dose adjustment 
in patients with reduced kidney function. For example, the 
protease inhibitors indinavir and atazanavir have been as-
sociated with nephrolithiasis and obstructive nephropathy, 
and the nucleotide reverse transcriptase inhibitor tenofovir 
has been associated with Fanconi syndrome and acute renal 
failure.87 In general, the nucleoside and nucleotide reverse-
transcriptase inhibitors require dose adjustment in patients 
with a decreased glomerular fi ltration rate, whereas protease 
inhibitors and most nonnucleoside reverse-transcriptase in-
hibitors do not require dose adjustment.87 Interested readers 
are encouraged to consult recent review articles and package 
inserts because of the rapid pace of antiretroviral drug 
development.

Adjunctive Therapy: Angiotensin System Blockade 
and Corticosteroids

Nonrandomized studies of adult HIVAN patients have 
shown improvements in proteinuria and delayed progres-
sion using angiotensin-converting enzyme inhibitors (see 
Table 24-2).88,89 Because of the known benefi ts of angioten-
sin system blockade in other proteinuric kidney diseases, 
many nephrologists consider these agents the standard of 
care for the treatment of HIVAN. As such, randomized 
clinical trials are unlikely to be performed, and current 
guidelines recommend these agents for fi rst-line therapy of 
hypertension or proteinuria in patients with HIV and chronic 
kidney disease.86

Case reports and retrospective series have shown improve-
ment in kidney function and modest improvement in protein-
uria with corticosteroids in adults with HIVAN.90–92 The pre-
sumed role of corticosteroids is improvement in interstitial 
infl ammation.93,94 The potential risks of therapy and un-
known long-term effects make these third-line agents in se-
lected cases (see Table 24-2).

HIV and Renal Replacement Therapy
Management of HIV in End-Stage Renal Disease

HIVAN is an important cause of ESRD in young African 
Americans, who represent 90% of the incident ESRD cases 
attributed to HIV in the United States.60 The prevalence of 
HIV infection in the dialysis population varies with center 
location and the demographics of the local ESRD population. 
Voluntary HIV testing should be offered to all new dialysis 
patients because HAART may be associated with improved 
survival and potential improvement in kidney function. Sur-
vival of HIV-positive dialysis patients has dramatically im-
proved in the HAART era,95 with similar outcomes with 
peritoneal dialysis and hemodialysis.96
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Effects of HIV in Renal Transplantation

With improved long-term survival in the HAART era, kidney 
transplantation is now a reasonable alternative in selected pa-
tients with preserved immune function and undetectable viral 
load on HAART.97,98 Ongoing studies are investigating whether 
the long-term survival advantage conferred by kidney trans-
plantation in the general ESRD population is also realized in 
patients with HIV. Communication between transplantation 
nephrologists and HIV providers is essential to avoid signifi -
cant interactions between antiretroviral and immunosuppres-
sive agents. Potential transplant recipients should be referred 
to a transplantation center with experience in the evaluation 
and management of HIV-positive recipients.
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BACKGROUND

Nephrotic syndrome (NS) is a clinical complex characterized 
by proteinuria of more than 3.5 g/1.73 m2/24 hr (in practice 
� 3.0–3.5 g/24 hr), hypoalbuminemia, edema, hyperlipid-
emia, and lipiduria.1–4 The key component is proteinuria, 
which results from altered permeability of the glomerular 
fi ltration barrier, namely the glomerular basement mem-
brane and podocytes with their slit diaphragms. Proteinuria 
sets in motion a series of homeostatic and compensatory 
mechanisms that result in the clinical features of NS.1,2 These 
features can occur with lesser degrees of proteinuria or may 
be absent even in patients with massive proteinuria. Al-
though the diseases and pathogenic mechanisms underlying 
NS are diverse, the result is alteration in the charge- and/or 
size-selective properties of the glomerular capillary wall such 
that permeability to albumin and other intermediate-sized 
macromolecules is enhanced.3,4

Management of NS focuses on (1) treatment of the caus-
ative disease where possible, generally with a combination of 
immunosuppressive drugs such as corticosteroids, cytotoxic 
agents, and calcineurin inhibitors, and (2) treatment of the 
complications that are responsible for much of the morbidity 
associated with this condition. In this chapter, we discuss 
management of the complications of NS. Specifi cally, we ad-
dress the treatment of hypoalbuminemia, edema, hyperlipid-
emia, abnormalities of calcium homeostasis, thromboembolic 
phenomena, and increased susceptibility to infection. It must 
be stressed that in many areas, there is a dearth of prospective, 
controlled clinical trials, so that recommendations on treat-
ment remain somewhat empirical. Where there is controversy 
or inadequate data regarding the management of a particular 
problem, the authors’ view is presented.

HYPOALBUMINEMIA/PROTEINURIA

It is becoming increasingly clear that proteinuria per se may 
be deleterious to the kidney and play a role in the progression 
of renal disease.5 The rate of progression is increased in pa-
tients with heavy proteinuria, and interventions that reduce 
urinary protein excretion have been demonstrated to slow the 
rate of decline of glomerular fi ltration rate (GFR) in both dia-
betic and nondiabetic renal disease.6,7 The sequelae of hypoal-
buminemia include an increased risk of acute renal failure 
(from renal hypoperfusion and fi ltration failure), systemic 
and renal drug toxicity (because of alterations in free and 
protein-bound drug levels), enhanced platelet aggregability, 
hyperlipidemia, and edema formation.1 Protein malnutrition 
is an important complication, particularly in children in 
whom normal growth and development may become stunted. 
Although outside the scope of this chapter, drug dosing needs 
to be approached with care in patients with NS, especially 
those with hypoalbuminemia and impaired renal function.8

Not only will hepatic and renal clearances be affected, but the 
range of therapeutic levels will need to be lowered for drugs 
having a high degree of protein binding because therapeutic 
ranges are typically based on total drug concentration rather 
than the bioactive free portion.

In general, the greater the magnitude of the proteinuria, 
the lower the serum albumin concentration. However, this 
relationship is not constant, and many patients do not develop 
hypoalbuminemia even in the presence of persistent heavy 
proteinuria. Other factors that may contribute to decreased 
serum albumin levels in patients with nephrotic-range pro-
teinuria include an inappropriately low rate of hepatic albu-
min synthesis and, although controversial, an increased rate of 
renal albumin catabolism.1
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Management

Therapeutic strategies employed to decrease proteinuria and 
increase serum albumin levels include manipulations of di-
etary protein intake and treatment with a combination of 
angiotensin-converting enzyme inhibitors (ACEIs), angioten-
sin receptor blockers (ARBs), nonsteroidal anti-infl ammatory 
drugs (NSAIDs), and aldosterone antagonists. The antipro-
teinuric mechanisms are thought to involve both hemody-
namic and local factors affecting glomerular permselectivity 
characteristics. These measures may confer substantial benefi t 
in patients with severe NS, for whom much of the morbidity 
derives from persistent heavy proteinuria. Furthermore, a de-
crease in proteinuria may be associated with slowing of the 
rate of progression of the underlying renal disease (see later).

Manipulation of Dietary Protein Intake

Although early reports advocated the use of high-protein diets 
to treat hypoalbuminemia, more recent work has called into 
question the rationale and effi cacy of such an approach. In 
general, it appears that a high-protein diet results in increases 
in the rates of both hepatic albumin synthesis and urinary 
protein loss such that the plasma albumin level fails to in-
crease and may actually decrease.1,9,10 Furthermore, a high 
protein intake, by increasing glomerular capillary pressures, 
has been implicated in the progression of a variety of renal 
diseases.11

Early studies suggested that ingestion of a low-protein diet 
may reduce urinary protein loss, although this effect was offset 
by a concomitant decline in hepatic albumin synthesis, so that 
serum albumin concentrations were not consistently in-
creased.9,12,13 Recent studies have failed to show a consistent 
effect of dietary protein restriction on proteinuria. In a ran-
domized, crossover trial, Remuzzi and colleagues14 found that 
protein restriction (0.6 mg/kg/day) had no effect on renal he-
modynamics or proteinuria in nephrotic patients with mem-
branous nephropathy. D’Amico and colleagues15 reported 
similarly disappointing results with a protein-restricted diet 
that was supplemented with essential amino acids and con-
tained a high ratio of polyunsaturated to saturated fats. At 
variance with these results, Giordano and colleagues16 reported 
a signifi cant decrease in proteinuria (38%) and a small but 
signifi cant increase in serum albumin in seven patients with 
NS ingesting a low-protein diet for 4 weeks (0.55 g/kg/day plus 
1 g of dietary protein per gram of daily protein excretion). 
Walser and colleagues17 studied 16 nephrotic patients fed a 
very low protein diet (0.33 g/kg/day) supplemented with 10 to 
20 g/day of essential amino acids for an average of 10 months. 
All patients had a decrease in proteinuria and an increase in 
serum albumin. Indeed, for the fi ve patients with an initial 
GFR higher than 30 mL/min, the response was especially dra-
matic, with the serum albumin increasing from 2.5 to 3.8 g/dL 
and proteinuria declining from 9.1 to 1.9 g/day.

Debate also continues about the potential risk of increasing 
protein malnutrition by restriction of dietary protein intake in 
patients who are already severely hypoalbuminemic.13,18,19 A 
lack of patient tolerability and the need for close nutritional 
monitoring are additional factors that may dissuade prescrip-
tion of such regimens.

Until the benefi ts and potential risks of dietary protein ma-
nipulation are further clarifi ed, it would appear reasonable to 
advise a moderate dietary protein intake of 0.8 to 1.0 g/kg/day 

in adults. In children, a greater intake, of approximately 1.2 g/
kg/day, may be preferable to avoid the hazards of growth retar-
dation. Several studies suggest a lack of risk with such moder-
ate restriction. Lim and colleagues20 showed that nephrotic 
patients ingesting 0.84 g/kg/day protein maintained a positive 
nitrogen balance of 0.5 g/day. Similarly, Maroni and col-
leagues21 demonstrated positive nitrogen balance in a group of 
patients consuming 0.8 g/kg/day protein plus 1 g protein per 
gram of urine protein. Giordano and colleagues22 showed that 
the rate of synthesis of IgG was unchanged in seven 
nephrotic patients whose protein intake was decreased from 
1.2 to 0.66 g/kg/day. Finally, to achieve optimal nutrition, an 
adequate energy intake (�35 kcal/kg/day) must also be ensured.

Angiotensin Antagonists

ACEIs can decrease proteinuria by as much as 50% in a variety 
of proteinuric states without decreasing GFR or effective renal 
plasma fl ow.23,24 The mechanism of this effect is still debated, 
but appears to entail both hemodynamic and structural fac-
tors. Structural factors may predominate because the maximal 
antiproteinuric effect takes 4 to 8 weeks to develop. This 
would also explain why short-term infusion of angiotensin 
reversed the renal and systemic hemodynamic effects of ACEIs 
without affecting the decrease in proteinuria.25 Moreover, 
ACEIs have been shown to decrease selectively the fractional 
clearance of large molecular weight dextrans, suggesting a di-
rect improvement in the size-selective properties of the fi ltra-
tion barrier.26,27 Whether this effect is mediated via inhibition 
of angiotensin or other angiotensin-independent effects of 
ACEIs is not yet clear.

The antiproteinuric effect of ACEIs is dose dependent and 
apparently independent of changes in systemic blood pres-
sure. Other antihypertensive agents that lower blood pressure 
to a comparable degree do not similarly decrease proteinuria. 
The degree of decrease in proteinuria varies considerably 
among patients, and some may not respond at all. Impor-
tantly, the antiproteinuric effect of ACEIs appears to depend 
on sodium restriction. Heeg and colleagues23 showed that a 
high sodium intake (200 mmol/day) abrogated the decrease in 
proteinuria mediated by lisinopril during a period of low salt 
intake (50 mmol/day). Buter and colleagues28 demonstrated 
that addition of a thiazide diuretic to patients ingesting a 
high-sodium diet can reverse the blunting effect of a high so-
dium intake on the decrease in proteinuria. Finally, the effects 
of ACEIs tend to be greater in patients with higher baseline 
proteinuria, probably because of the greater room for a mea-
surable reduction.29

It is now well established that ACEIs slow the progression 
of both diabetic and nondiabetic renal disease.6,7,30–37 In the 
REIN trial of ACEIs in proteinuric renal disease, the renopro-
tective effect of ramipril correlated with the observed decrease 
in proteinuria.6 Four recent meta-analyses involving the same 
pool of 1860 nondiabetic patients from 11 randomized, con-
trolled trials analyzed closely the benefi cial effect of ACEIs in 
slowing the progression of renal disease, an effect that again 
was more pronounced in patients with higher levels of base-
line proteinuria.34–37 These meta-analyses suggest that pro-
teinuria may be a specifi c marker identifying patients with 
renal disease for whom ACEIs possess an added benefi t over 
other antihypertensive agents that lower blood pressure to a 
comparable degree.34–36 Indeed, the specifi c benefi t of ACEIs 
appeared to be limited to patients with signifi cant proteinuria 
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(�500 mg/day).37 Among patients at high risk of progression 
of renal disease, but lacking signifi cant proteinuria (�500
mg/day), ACEIs showed no advantage over other antihyper-
tensive regimens.37

Although debate continues as to the superiority of ACEIs 
versus ARBs,38,39 it appears that, at optimal doses, the antipro-
teinuric and renoprotective effects of these two classes of 
drugs are fairly equivalent.40,41 In the COOPERATE study of 
263 patients with nondiabetic renal disease and proteinuria 
exceeding 300 mg/day, an ACEI (trandolapril 3 mg/day) and 
an ARB (losartan 300 mg/day) were equally effective in pre-
venting a doubling of creatinine and/or end-stage renal dis-
ease.40 ACEIs and ARBs not only lowered proteinuria equiva-
lently (�45% decrease of median maximum), but their effects 
occurred with similar kinetics and were sustained for the 
3 years of the study.40 The recent ROAD study compared an 
ACEI (benazepril) and an ARB (losartan), each dosed accord-
ing to one of two regimens: conventional (benazepril 10 mg/
day vs. losartan 50 mg/day) or optimal (benazepril up to 
200 mg/day [median, 100 mg/day] vs. losartan up to 40 mg/
day [median, 20 mg/day]).41 The study population of 
339 nondiabetic patients with chronic renal insuffi ciency and 
proteinuria (�1 g/day) were followed for a median of 
3.7 years. The ACEI and ARB performed equivalently for all 
endpoints. Optimal doses of each agent were more effective 
than conventional doses in decreasing proteinuria (50%–55% 
vs. 35%–40%).41 Compared with conventional doses, optimal 
doses also decreased by approximately 50% the number of 
patients reaching the combined primary endpoint of death, 
end-stage renal disease, and/or doubling of creatinine.41 Im-
portantly, the number of adverse events, such as hyperkalemia 
and acute decreases in the GFR, did not differ between pa-
tients given an ACEI and ARB or between conventional and 
optimal dosing.41 The ROAD study suggests that ACEIs and 
ARBs may currently be used at doses that incompletely inhibit 
the renin-angiotensin-aldosterone axis.

Given that ACEIs and ARBs antagonize the effects of angio-
tensin through different mechanisms and have distinct effects 
beyond the renin-angiotensin-aldosterone axis,39 a clear ratio-
nale exists for using these drugs in combination. Most studies 
examining this issue (including several meta-analyses and sys-
tematic reviews) have indicated a superiority of a combination 
of an ACEI and ARB over either agent alone.39,40,42–73 The major 
endpoint in these studies, most of which were of short duration 
(�6 months), was proteinuria reduction, although blood pres-
sure lowering and renoprotection were also examined in sev-
eral.39,40,72,73 Overall, the data are most convincing for patients 
with nondiabetic proteinuric renal disease, largely based on the 
COOPERATE study39,40,72 because of its superior design (parallel 
group vs. crossover), longer duration (3 years vs. �1 year), larger 
sample size (263 patients), and clearly defi ned endpoints. Among 
patients receiving combination therapy with ACEI and ARB 
(trandolapril plus losartan), 11% reached the combined primary 
endpoint (end-stage renal disease and/or doubling of creatinine) 
compared with 23% of patients who received either agent alone. 
A similar advantage was observed for lowering of proteinuria 
(�76% reduction in median maximum change for combination 
therapy versus �45% reduction for either agent alone). Al-
though it seems likely that a similar result will apply to diabetic 
patients with proteinuric renal disease, available studies involv-
ing diabetic patients preclude a defi nitive conclusion because of 
their short duration (�12 weeks).73

These studies unfortunately leave unresolved the basis for 
the superiority of combination therapy. Two major possibili-
ties, not mutually exclusive, exist: an additive benefi t may be 
attributable to nonoverlapping pharmacologic effects of 
ACEIs and ARBs39 or to suboptimal dosing as individual 
agents.41 The latter important possibility has been inade-
quately addressed. As discussed earlier, titrating the dose of an 
ACEI or ARB upward led to signifi cant further renoprotection 
and decreases in proteinuria.41 On average, this added benefi t 
was obtained by a doubling of the daily dose of either agent. 
Until the basis for the superiority of combined therapy is de-
termined, we recommend that an ACEI and an ARB be used 
together at conventional doses, especially in patients with 
nondiabetic proteinuric renal disease. ACEIs and ARBs have a 
number of important adverse effects in patients with renal 
disease, including a decrease in the GFR and hyperkalemia. 
Although the prevalence of these adverse effects does not ap-
pear to be increased by combination therapy, patients should 
be monitored carefully after the introduction of an ACEI and 
an ARB, either alone or in combination.

Nonsteroidal Anti-infl ammatory Drugs

NSAIDs decrease proteinuria to a comparable degree as 
ACEIs.74,75 The mechanism of action is not clear, although the 
decrease in proteinuria likely depends on inhibition of renal 
prostaglandin synthesis. In a small study of seven nephrotic 
patients, a signifi cant correlation was observed between the 
decrease in proteinuria and decreased renal prostaglandin E2

excretion.76 Indomethacin improved the profi le of fractional 
dextran clearance and decreased fl ux through the shunt path-
way, a major source of abnormal proteinuria in NS.77

The benefi cial effect of NSAIDs occurs more rapidly than 
that of ACEIs (1–3 days). In some studies, decreased protein-
uria is associated with decreases in both the GFR and effective 
renal plasma fl ow.75 Sodium depletion enhanced both the 
antiproteinuric effect and the decrease in the GFR.74 Although 
lisinopril and indomethacin had an additive effect in decreas-
ing proteinuria, the combination produced a pronounced 
decrease in the GFR and signifi cant hyperkalemia.75 In an-
other study, indomethacin had an additive antiproteinuric 
effect in combination with either the ACEI enalapril or the 
ARB irbesartan.78 No adverse effect on renal hemodynamics 
was seen with short-term administration.78 NSAIDs have a 
number of adverse renal effects, including hyperkalemia, 
acute renal failure, and salt and water retention. In general, we 
recommend that ACEIs and ARBs be used as preferred anti-
proteinuric agents and that NSAIDs be reserved for patients 
who are refractory to other measures.

Aldosterone Antagonists

Addition of the aldosterone antagonist spironolactone at 
25 mg/day to the regimen of nondiabetic patients with 
chronic renal disease and proteinuria (�1 g per gram of cre-
atinine per day) led to a decrease in both proteinuria (�50%)
and the rate of decrease in the estimated GFR (�30%) after 
1 year compared with a control group not given spironolac-
tone.79 Before the start of the study, patients had been stably 
treated with conventional doses of an ACEI and an ARB, ei-
ther alone or in combination. Baseline aldosterone levels 
correlated with the level of proteinuria and predicted the 
degree of proteinuria decrease, in support of the authors’ 
contention that ACEIs and/or ARBs incompletely inhibit 
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aldosterone synthesis.79 Similar results were observed in a 
smaller study of diabetic patients.80

Although these results are encouraging, it remains unclear 
whether circulating aldosterone in the presence of an ACEI 
and/or an ARB represents true escape or merely incomplete 
inhibition of the renin-angiotensin-aldosterone axis from sub-
optimal doses of an ACEI and/or an ARB. Also, the addition of 
spironolactone is not without risk, especially of hyperkalemia. 
Although the addition of spironolactone to an ACEI and/or an 
ARB increased serum potassium from a mean of 4.2 mEq/L at 
baseline to 5.0 mEq/L after 12 months of treatment, this neces-
sitated discontinuation of the drug in only a few patients.79

Conversely, serious hyperkalemia from the combination of 
spironolactone and an ACEI has been previously reported.81

Measures to Ablate Renal Function in Refractory 
Nephrotic Syndrome

Therapeutic ablation of renal function may be considered in 
occasional patients with refractory complications of NS, par-
ticularly when renal function is already depressed. A variety of 
measures have been used, including medical nephrectomy with 
high doses of NSAIDs, percutaneous transfemoral emboliza-
tion using artifi cial agents or autologous blood clot, balloon 
occlusion of the renal arteries, and surgical nephrectomy.82–85

Bilateral renal arterial embolization with autologous blood clot 
is probably the safest of the methods but should be considered 
only as a last resort in intractable cases.85

EDEMA

Edema is one of the most common symptoms of NS and often 
the reason patients come to medical attention. Fluid accumu-
lates predominantly in areas of dependency or low tissue pres-
sure. Hence, periorbital edema is common in the morning 
and leg edema at the end of the day. Pleural effusions and as-
cites occur frequently. Pulmonary edema does not occur in 
the presence of normal cardiac function, although in patients 
with very low plasma oncotic pressure (�8 mm Hg), minor 
elevations in left atrial fi lling pressure may lead to pulmonary 
congestion, despite the normally protective low-pressure fea-
tures of the pulmonary circuit.3

The classic theory of edema formation in NS postulates that 
hypoalbuminemia leads to decreased intravascular oncotic pres-
sure, with leakage of extracellular fl uid from the blood into the 
interstitium and a decrease in blood volume. Hypovolemia then 
leads to activation of both the renin-angiotensin-aldosterone 
axis and the sympathetic nervous system, as well as release of 
antidiuretic hormone and suppression of atrial natriuretic pep-
tide, thereby signaling the kidney to retain salt and water.86

However, it is now clear that this classic theory applies to a mi-
nority of patients because the majority of patients with estab-
lished NS have normal or even elevated blood volumes and 
stimulation of the renin-angiotensin-aldosterone axis is not 
consistently present.87,88 Hence, primary renal sodium retention 
must also contribute to edema formation, although the factors 
responsible for this sodium avidity and the role of hypoalbu-
minemia in its genesis remain unclear.88,89 Given the heterogene-
ity of NS in terms of patient age, the underlying pathophysio-
logic process, and the level of renal function, it is likely that 
different mechanisms of sodium retention exist in different 
patients.88,90

Management

Treatment of edema involves restriction of dietary sodium and 
the judicious use of diuretics (see Chapter 33). Considerable 
improvement should be possible for nearly all patients. For 
many patients, however, complete resolution of edema is not 
only unattainable but also undesirable because of the risk of 
volume contraction. In cases of mild edema, dietary sodium 
restriction to 100 to 150 mEq/day may be suffi cient by itself. 
Restriction to less than 100 mEq/day is indicated in patients 
with more severe edema. Compliance with sodium restriction 
can be ascertained by measuring 24-hour urinary excretion of 
sodium. Institution of diuretic therapy is indicated in patients 
with symptomatic edema unresponsive to sodium restriction.

Furosemide pharmacokinetics and pharmacodynamics are 
often abnormal in patients with NS, many of whom show a de-
gree of diuretic resistance. Although the following discussion 
focuses on the loop diuretic furosemide, similar principles apply 
to nearly all other diuretics in common clinical use, including 
the loop diuretic bumetanide, the thiazide diuretics, and the 
potassium-sparing diuretics amiloride and triamterene. The di-
uretic effect of furosemide depends on binding to, and inhibi-
tion of, a specifi c transporter located in the luminal membrane 
of the loop of Henle. Because furosemide is highly protein 
bound (�90%), it cannot enter the urine by glomerular fi ltra-
tion. Entry into the urine occurs instead via secretion by the 
proximal tubule. Binding of furosemide to albumin aids secre-
tion in two ways: (1) because of its tight association with albu-
min, furosemide is restricted to the vascular space and therefore 
has a higher rate of delivery to the kidney and (2) optimal secre-
tion of furosemide may depend on the presence of albumin.

Thus, several mechanisms probably account for the di-
uretic resistance observed in patients with NS and hypoalbu-
minemia.91,92

 1. Oral bioavailability may be decreased because of bowel 
wall edema and impaired absorption.

 2. In the presence of hypoalbuminemia, furosemide will be 
incompletely bound to albumin and therefore diffuse out 
of the vascular space, thereby decreasing delivery of furose-
mide to the kidney.93

 3. Even that fraction of furosemide that makes it into the 
urinary space may be limited in effi cacy because tubular 
furosemide may bind to fi ltered albumin, thereby limiting 
the availability of free drug to interact with its receptor on 
the luminal brush border.94

 4. Short-term hemodynamic and long-term renal structural 
changes may further diminish the diuretic response to furo-
semide. Structural changes include hypertrophy of distal 
tubular cells, leading to enhanced sodium reabsorption at 
sites distal to the loop, as well as intrinsic changes in the 
activity of the target of furosemide, the Na�/K�/2Cl– co-
transporter.95 In some instances, resistance may refl ect the 
coexistence of renal impairment, with resulting impaired 
secretion of furosemide into the proximal tubular lumen.96

 5. A continued high dietary sodium intake and the ingestion of 
NSAIDs may also cause an inadequate diuretic response.

A recent study casts doubt on the contribution of urinary 
protein binding of loop diuretics to diuretic resistance in NS.97

In this study, coadministration of sulfi soxazole with furose-
mide was used to displace furosemide from binding to urinary 
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albumin, but failed to enhance the natriuretic effect. Moreover, 
despite an observed increase in the volume of distribution of 
furosemide, there was no decrease in the rate of diuretic excre-
tion, thereby questioning the pharmacodynamic role of hypo-
albuminemia per se. These results suggest that normal renal 
compensatory mechanisms to diuretic use and/or a primary 
increase of sodium avidity may play a predominant role in the 
diuretic resistance of NS.

Dosing recommendations for diuretics in NS are empiri-
cally derived and will vary according to the degree of diuretic 
resistance.92,98 Short-term diuretic resistance may be over-
come by increasing the diuretic dose and frequency of ad-
ministration, or by switching to a continuous intravenous 
infusion. Long-term resistance may require sequential neph-
ron blockade through the combined use of loop and distal 
diuretics. In many cases, a lack of appreciation of the phar-
macokinetic properties of diuretics can lead to improper 
dosing and seeming resistance in an otherwise responsive 
patient.99 We have reviewed extensively the pharmacology 
and principles of diuretic use as well as strategies to overcome 
resistance extensively elsewhere.99

Some authors advocate intravenous coadministration of 
furosemide and albumin for patients with severe refractory 
edema. The use of such a regimen presumes that pharmacoki-
netic factors contribute importantly to diuretic resistance. In 
the most successful study, an equimolar infusion of salt-poor 
albumin (40 mg furosemide premixed with 6 g of salt-poor 
albumin) increased recovery of furosemide from the urine 
and led to an enhanced diuretic response.93 More recent stud-
ies have provided less encouraging results.100 Fliser and 
colleagues101 infused 60 mg furosemide plus 200 mL of 20% 
human albumin to a group of nephrotic patients. The rate of 
urinary furosemide excretion was unchanged, suggesting that 
the observed modest increase in sodium excretion and urine 
volume was secondary to alterations in renal hemodynamics. 
Other workers failed to fi nd any potentiation of furosemide by 
intravenous albumin.102–104 Some of this lack of effect may be 
due to the fact that the albumin and furosemide were not 
admixed before infusion or that furosemide was administered 
at submaximal doses. In addition, in some studies, the natri-
uretic response to furosemide alone was substantial, suggest-
ing that the patients studied may not have been truly diuretic 
resistant. Taken together, these studies are consistent with a 
critical role for primary sodium retention in the pathophysi-
ology of the edema of NS. Based on current evidence, we 
recommend that the combination of furosemide and albumin 
should be reserved for patients with refractory edema. When 
used in combination, the drugs should probably be admixed 
before intravenous administration.

If the response to furosemide alone is inadequate, a thiazide 
diuretic can be added. The combination of two drugs acting at 
different sites may yield a synergistic response with enhanced 
natriuresis.105 Thiazide diuretics are generally ineffective in the 
presence of renal impairment (GFR � 20–30 mL/min). Some 
patients may show an exaggerated response to the combination 
of a thiazide and loop diuretic, and severe volume contraction 
and dangerous hypokalemia can result. Careful monitoring for 
the fi rst few days is therefore essential. Metolazone may also be 
useful in the treatment of nephrotic edema, either alone or 
combined with a loop diuretic.106

As discussed previously, activity of the renin-angiotensin-
aldosterone system is highly variable in patients with NS, so 

that the response to aldosterone antagonists is highly incon-
sistent.86 Aldosterone antagonists may be most useful in 
conjunction with loop diuretics to prevent hypokalemia. 
Conversely, hyperkalemia is always a risk with this class of 
diuretics, particularly in patients with diminished renal 
function.

Intravenous infusion of salt-poor albumin is also some-
times employed for the treatment of intractable nephrotic 
edema and in some patients appears to restore diuretic respon-
siveness (300 mL of 15% albumin infused over 45 minutes, 
followed by a furosemide bolus to establish a diuresis, given on 
alternate days).107 This treatment is expensive, and any benefi t 
is short-lived because the injected albumin is rapidly excreted 
in the urine or redistributes to extravascular tissue spaces. De-
spite these considerations, some authors recommend that a 
therapeutic trial of 50 to 75 g of albumin be undertaken over 2 
to 3 days in patients in whom diuretics have effected no im-
provement in their edema or in whom complications of 
diuretic therapy preclude further increases in drug dose.2 As 
the infusion of hyperoncotic albumin can precipitate pulmo-
nary edema in patients with severe hypoproteinemia and any 
degree of cardiac impairment, patients should be monitored 
closely during therapy. The use of ultrafi ltration for the treat-
ment of edema resistant to standard therapy has also been 
described.108

All patients must be monitored carefully for adverse ef-
fects of diuretic therapy. Particular attention should be paid 
to intravascular volume and renal perfusion because of the 
risk of precipitating prerenal failure. Changes in orthostatic 
blood pressure, neck vein distention, and the ratio of blood 
urea nitrogen to serum creatinine may be helpful in assess-
ing renal perfusion. In patients who have evidence of volume 
depletion and in whom diuretics exacerbate a prerenal state, 
bed rest and the use of support stockings may help mobilize 
edema.

HYPERLIPIDEMIA

A host of abnormalities of lipid metabolism exist in patients 
with NS.109–112 These include elevations in all the following: total 
plasma cholesterol, very low density lipoprotein, intermediate-
density lipoprotein, low-density lipoprotein (LDL), and lipopro-
tein (a). Triglyceride levels may also be elevated, particularly in 
patients with very heavy proteinuria. Although levels of high-
density lipoprotein (HDL) are variable, the distribution among 
subclasses is altered such that HDL2 is decreased and HDL3 is 
increased. Elevated levels of apoproteins B, C, and E have also 
been shown, whereas the levels of apoproteins AI and AII, the 
major apoproteins in HDL, have been reported as normal. 
Qualitative abnormalities in lipoprotein composition are also 
described.109

The mechanisms of hyperlipoproteinemia in NS have not 
been fully elucidated. Increased hepatic synthesis of apopro-
tein B–containing lipoproteins, stimulated by decreased 
plasma oncotic pressure, may be an important factor.109 In 
general, however, decreased lipid catabolism is thought to play 
a more important role than hepatic overproduction of lipo-
proteins.113–115 Depletion of endothelium-bound lipoprotein 
lipase and alterations in the binding capacity of very low den-
sity lipoprotein are thought to contribute importantly to de-
creased catabolism.115 Lowered plasma viscosity, decreased 
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oncotic pressure, decreased plasma tonicity, urinary loss of 
liporegulatory substances, and decreased lipoprotein lipase 
activity may all play a role in the genesis of hyperlipidemia.2

Although the same lipid abnormalities in nonnephrotic 
populations have been associated with an increased inci-
dence of cardiovascular disease, there is controversy as to 
whether these fi ndings can be extrapolated to NS. Most re-
ports on cardiovascular disease in NS are small, retrospec-
tive, and lacking in appropriate control groups, perhaps ac-
counting for their confl icting results.116,117 A more recent 
retrospective study of 142 patients with NS documented a 
5.5-fold increased risk of myocardial infarction after con-
trolling for other risk factors such as hypertension and 
smoking.118 Hyperlipidemia has also been implicated in ac-
celerating glomerular injury.109,119 Indeed, similar patho-
physiologic mechanisms are thought to contribute to 
progression of both glomerulosclerosis and atherosclero-
sis.120 Such considerations provide an additional rationale 
for the treatment of nephrotic hyperlipidemia. Until the re-
sults of prospective, controlled trials dictate otherwise, it 
seems prudent to treat severe and/or prolonged hyperlipid-
emia, particularly in patients with other cardiovascular risk 
factors.113,121

Management
The approach to management of nephrotic hyperlipidemia 
is similar to that for nonnephrotic patients and consists of 
dietary measures, oral lipid-lowering agents, and modifi ca-
tion of associated risk factors such as smoking and hyper-
tension.110,121,122 Available studies are small, mostly uncon-
trolled, and of short duration. Most studies were designed 
to test short-term effi cacy and safety of specifi c therapeutic 
interventions rather than long-term benefi ts in cardiac or 
progressive renal disease. Thus, recommendations regard-
ing treatment are based on limited data, much of which 
awaits confi rmation in long-term, prospective, controlled 
studies.

Dietary Manipulations

Given the magnitude of hyperlipidemia seen in association 
with NS, dietary measures alone, unless highly restrictive, are 
usually ineffective as sole therapy.15,122–124 Institution of a 
moderately restricted diet, low in cholesterol (�300 mg) and 
fat, with a high ratio of polyunsaturated to saturated fats, dur-
ing the run-in phase of small trials of lipid-lowering agents 
failed to effect any signifi cant improvement in lipid parame-
ters.125–127 More impressive results have been reported with 
more restricted diets. After 6 months on a diet low in choles-
terol (�200 mg), low in fat (�30% total calories), and rich in 
polyunsaturated fatty acids, total and LDL cholesterol de-
creased by 24% and 27%, respectively.15 A vegetarian soy-
based diet low in fat and protein and essentially cholesterol 
free decreased total cholesterol by 28% and LDL by 33% in 
20 nephrotic patients over an 8-week period.128 It is doubtful 
that such strict diets would be tolerated by most patients with 
NS. Moreover, the long-term safety of such diets has not been 
assessed. Uncontrolled human studies have suggested that a 
diet high in long-chain �-3 polyunsaturated fatty acids (e.g., 
enriched in fi sh oil) may decrease total plasma triglycerides 
and cholesterol as well as decrease proteinuria.129,130 As other 
studies have failed to confi rm this effect,123 further evaluation 

is needed before the routine use of fi sh oil supplementation 
can be recommended.

Pharmacologic Therapy

A variety of agents have been used in the treatment of 
nephrotic hyperlipidemia, including bile acid sequestrants, 
fi bric acid derivatives, probucol, and 3-hydroxy-3-methylglutaryl 
coenzyme A reductase inhibitors. The bile acid sequestrants 
cholestyramine and colestipol lowered LDL cholesterol by 
19% to 32% and total cholesterol by 8% to 20%.131,132 How-
ever, these drugs are not ideal fi rst-line agents because of a 
high incidence of gastrointestinal adverse effects and a ten-
dency to increase triglyceride levels. The fi bric acid derivative 
gemfi brozil decreased triglycerides by 51%, total cholesterol 
by 15%, and LDL by 12.5%, while increasing HDL by 18%, in 
a 6-week randomized, double-blind, placebo-controlled trial 
in 11 patients.133 Addition of the resin colestipol led to further 
improvements in lipid parameters, but the combination was 
poorly tolerated. Gemfi brozil alone was well tolerated, al-
though one patient developed a markedly elevated creatine 
phosphokinase after vigorous exercise. Clofi brate, an older fi -
bric acid derivative, has been associated with severe adverse 
effects in patients with renal impairment and should be 
avoided.134 The use of probucol effected a moderate decrease 
in total and LDL cholesterol in two studies, but decreases also 
occurred in HDL cholesterol.133,135

3-Hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) re-
ductase inhibitors decrease hepatic cholesterol production by 
inhibiting the rate-limiting enzyme involved in cholesterol 
synthesis. These agents decrease total cholesterol, LDL choles-
terol, and very low density lipoprotein triglycerides, and in 
some studies also increase HDL cholesterol.124–127,131,136–148 Li-
poprotein (a) levels were decreased in one study in patients 
with high baseline levels,145 but they were unchanged in two 
other studies.127,144 In general, HMG-CoA reductase inhibitors 
are well tolerated and appear to be safe in studies up to 2 years 
in duration. Occasional patients have developed mild asymp-
tomatic increases in aspartate aminotransferase125,137 or cre-
atine phosphokinase,124,126,140,141,144,147 but in most instances, 
these did not necessitate withdrawal of the drug. In a recent 
meta-analysis of studies on the treatment of nephrotic hyper-
lipidemia, HMG-CoA reductase inhibitors were found to be 
the most effective therapy.149

Data from experimental studies in vitro and in animal 
models suggest that the pleiotropic effects of statins may have 
additional benefi ts by decreasing proteinuria and delaying the 
progression of renal disease.150,151 However, conclusive data to 
support these fi ndings in humans are lacking. In a meta-
analysis of 12 trials in which lipid-lowering agents were 
administered to patients with proteinuric renal diseases, a 
signifi cant reduction in the rate of decrease of the GFR was 
observed that correlated with study duration.152 A nonsignifi -
cant trend toward a decrease in proteinuria was also found. A 
number of other small studies of up to 2 years’ duration also 
demonstrated a decrease in proteinuria with statin treat-
ment.124,146 However, this is not a consistent fi nding.138,140

More recently, a prospective, controlled study by Bianchi and 
colleagues153 looked at the effects of treatment with atorvas-
tatin for 1 year in a group of 56 patients with proteinuria and 
chronic kidney disease. A signifi cant decrease in proteinuria 
and slowing of the rate of decrease in the GFR were observed 
that were additive to the effects of an ACEI or an ARB.
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No large randomized trials have specifi cally looked at pro-
gression of renal disease as a primary outcome, but a slowing 
of the decrease in the GFR has been suggested in post hoc 
analyses of subgroups of patients in large cardiovascular trials. 
A recent meta-analysis of 15 placebo-controlled, randomized 
trials found a signifi cant decrease in proteinuria with statins, 
the effect being more pronounced in subjects with higher 
baseline protein excretion.154 A secondary analysis of data 
from the Cholesterol and Recurrent Events trial found that 
pravastatin signifi cantly slowed the rate of decline in renal 
function in subjects with a GFR less than 40 mL/min and in 
those with a GFR less than 50 mL/min who also had protein-
uria.155 In contrast, an analysis of data from the PREVEND 
cohort study and the PREVEND-IT trial failed to demonstrate 
an effect of statin therapy on either proteinuria or GFR.156 In 
a recent meta-analysis of 27 trials in 39,704 participants, a 
modest effect of statins in decreasing proteinuria and slowing 
the rate of loss of renal function was observed.157 There was 
considerable heterogeneity among trials, and the observed 
decrease in the rate of loss of renal function was confi ned to 
patients with cardiovascular disease. No effect was seen in 
patients with other causes of chronic kidney disease, such as 
hypertension, diabetes mellitus, or glomerulonephritis.157 The 
true role of statins as renoprotective agents awaits confi rma-
tion in long-term trials specifi cally designed to look at 
prespecifi ed renal endpoints.

Finally, there is some evidence to suggest that antiprotein-
uric treatment with ACEIs may be accompanied by an improve-
ment in lipid parameters. Keilani and colleagues158 reported 
13% and 15% decreases in total and LDL cholesterol, respec-
tively, in a group of patients with moderate proteinuria without 
NS. A reduction in lipoprotein (a) also occurred, but only three 
patients had frankly elevated levels at the start of the trial. The 
combination of an ACEI and an NSAID effected decreases in 
total cholesterol, LDL cholesterol, and lipoprotein (a) in nine 
patients with nephrosis-range proteinuria.159 These alterations 
in lipid parameters correlated with decreases in proteinuria.

A reasonable approach to the management of nephrotic 
hyperlipidemia is to institute therapy with an HMG-CoA re-
ductase inhibitor in conjunction with a low-cholesterol diet. 
Modifi cation of other risk factors, such as smoking and obe-
sity, is also important. If this regimen is inadequate, a bile acid 
sequestrant may be added as long as triglyceride levels are not 
excessive. If triglycerides are very high and/or HDL levels are 
low, a fi bric acid analogue such as gemfi brozil could be added. 
Although these strategies will undoubtedly lower lipid levels, 
whether they will translate into a decrease in cardiovascular 
morbidity or a slowing of progression of renal disease awaits 
confi rmation in long-term controlled trials.

ABNORMALITIES OF CALCIUM 
HOMEOSTASIS

Hypocalcemia (both total and ionized) and secondary hy-
perparathyroidism have been variably described in NS. Po-
tential mechanisms include decreased intestinal absorption 
of calcium and a blunted calcemic response to parathyroid 
hormone.1 Moreover, levels of 25-hydroxycholecalciferol 
(25-OH-D), the precursor of the active vitamin, are de-
creased in most patients with NS, probably because of loss 
of this metabolite in the urine bound to its vitamin D 

carrier protein.160,161 Levels of the physiologically active 
1,25-dihydroxycholecalciferol (1,25-[OH]2-D) are more 
variable, being normal in some studies and low in others.1

Despite these alterations in calcium and vitamin D metabo-
lism, studies have yielded confl icting data regarding the inci-
dence of bone disease in patients with NS.161,162 In one study, 
bone structure was largely normal among patients with nor-
mal renal function. Severe demineralization and bone resorp-
tion occurred only in association with deterioration of renal 
function.163 Nevertheless, bone abnormalities were more pro-
nounced in patients with NS than in a control group with 
comparable azotemia but lacking proteinuria. Others have re-
ported evidence of osteomalacia and secondary hyperparathy-
roidism even in patients with normal renal function.164 A more 
recent study of 30 adults with NS and normal renal function 
documented normal bone histology in one third of patients 
and osteomalacia in 57% of the group.161 The presence of os-
teomalacia correlated with the degree of proteinuria and the 
duration of NS.161 It seems clear that the potential for osteoma-
lacia exists in these patients and may increase as renal failure 
supervenes. The known deleterious effects of glucocorticoids 
on bone mineral density may be of relevance in patients who 
receive prolonged or frequent courses of steroids for treatment 
of NS. It is of interest in this regard that a recent study of bone 
density in a group of 60 children and adolescents with steroid-
sensitive NS, who had received an average of 23,000 mg pred-
nisone, failed to show evidence of osteoporosis.165 Bone min-
eral content of the lumbar spine and of the whole body were 
not different from a group of 195 control subjects.165

Management
Treatment with oral vitamin D therapy should be prescribed 
for patients with evidence of osteomalacia or secondary hy-
perparathyroidism, patients with persistently low serum ion-
ized calcium levels, patients in whom progressive renal insuf-
fi ciency is anticipated, and patients who have unremitting or 
frequently relapsing NS.166 Unfortunately, there is little infor-
mation available on the optimal formulation or dose for vita-
min D replacement in NS. In one study, vitamin D3 (25 mg) 
was administered daily for a period of 4 to 52 weeks to nine 
nephrotic patients with documented low levels of 25-OH-D 
and 1,25-(OH)2-D.167 Normalization of 25-OH-D levels 
occurred in eight of nine patients, and normalization of 
1,25-(OH)2-D levels in fi ve patients in whom the baseline se-
rum creatinine was normal. Serum calcium levels should be 
monitored closely in patients on vitamin D replacement 
therapy. Measurement of bone mineral density should be 
considered in patients with persistent NS, particularly if they 
have received high doses of corticosteroids or have additional 
risk factors for osteoporosis.

HYPERCOAGULABILITY 
AND THROMBOEMBOLISM

Numerous defects in coagulation factors, clotting inhibitors, 
the fi brinolytic system, and platelet function have been in-
voked to explain the hypercoagulable state that exists in pa-
tients with NS.168–171 There is a distinct lack of uniformity 
among the various studies. In general, levels of fi brinogen, 
factor V, factor VII, and �2-antiplasmin are increased, 
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whereas those of factor IX, factor XI, factor XII, antithrom-
bin III, plasminogen, and �1-antitrypsin are decreased. 
Disturbances in platelet physiology that could promote clot-
ting include increased aggregability, increased levels of �-
thromboglobulin (a protein released at the time of platelet 
aggregation), and increased levels of von Willebrand’s factor. 
The cause of enhanced platelet aggregability is most likely 
multifactorial, with hypoalbuminemia, hyperlipidemia, and 
hyperfi brinogenemia all playing a role.172 Despite these mul-
tiple abnormalities, a direct relationship has yet to be estab-
lished between any specifi c defect and the occurrence of 
thromboembolic complications.173

Approximately 20% (range, 8%–44%) of adult NS patients 
develop thromboembolic complications other than renal vein 
thrombosis (RVT). As many as 50% of these episodes are 
clinically silent.168 Arterial thromboses occur much less fre-
quently than venous thromboses and have been described in 
the pulmonary, femoral, mesenteric, and coronary arteries. 
The incidence of RVT varies in different series from 2% to 
60%, with an average of 35%. RVT is most common in mem-
branous nephropathy.174 Chronic RVT is usually asymptom-
atic and can only be diagnosed with certainty by renal venog-
raphy, although computed tomography is also useful 
diagnostically and is less invasive.171 Long-term follow-up of 
established cases indicates that chronic RVT is generally be-
nign, with a low incidence of thromboembolic episodes in 
patients who are anticoagulated.174,175 Moreover, there appear 
to be no adverse effects on renal function or the degree of 
proteinuria.2 Acute RVT is less frequent. Patients usually pres-
ent with fl ank pain and tenderness, macroscopic hematuria, 
and deterioration in renal function. Routine venography is 
not recommended in NS patients. Venography should be re-
served for patients with features suggestive of acute RVT, an 
unexplained rapid deterioration in renal function, or symp-
toms suggestive of an acute thromboembolic event such as 
pulmonary embolus.

Management
Management of the thrombotic tendency in NS involves pre-
ventive measures such as avoiding immobilization or volume 
depletion, both of which increase the risk of clotting. Patients 
with a history of thromboembolism before the onset of NS 
should receive prophylactic anticoagulation if they are immo-
bilized or have other major risk factors for clotting. In patients 
who experience an episode of thrombus or embolus, antico-
agulants should be continued for as long as the nephrotic state 
persists.169 Intravenous heparin followed by warfarin is the 
standard treatment for acute RVT.169,174,175 The international 
normalized ratio must be carefully monitored in nephrotic 
patients as warfarin kinetics are affected by NS, and dose ad-
justment may be necessary with changes in serum albumin 
level.176 Recent case reports describe successful treatment of 
RVT with low molecular weight heparin continued in the 
outpatient setting.177,178 Fibrinolytic therapy, both systemic 
and local, has been successfully used in isolated patients,179–182

but does not appear to be superior to standard anticoagulant 
therapy. A more recent report described successful treatment 
of RVT with percutaneous catheter-directed thrombectomy in 
seven cases of acute RVT followed by thrombolysis in fi ve 
cases.183 Such direct percutaneous approaches are probably 
best reserved for patients with acute symptomatic RVT.171

The issue of prophylactic anticoagulation in NS is contro-
versial. Prophylaxis with the low molecular weight heparin 
enoxaparin was recently studied in 55 adult patients for periods 
of 2 to 48 months.184 No thrombotic episodes occurred during 
therapy, as evidenced by renal vein Doppler ultrasonography, 
lower leg Doppler ultrasonography, and lung ventilation-
perfusion scintigraphy. There were no documented adverse ef-
fects, and patients found self-administration of the once-daily 
dose to be tolerable. Some authors advocate the use of prophy-
laxis in patients with membranous nephropathy because these 
are the patients at highest risk of thrombotic complica-
tions.4,185,186 A recent study using a decision analysis model 
concluded that the benefi ts of prophylactic anticoagulation 
begun at the time of diagnosis of NS due to membranous ne-
phropathy outweighed the risks of bleeding.185 Despite the 
arguments in favor of prophylactic anticoagulation, its routine 
use in all nephrotic patients cannot be recommended. Further 
prospective, controlled studies are indicated to determine both 
the necessity and optimal prophylactic anticoagulant regimens 
for patients with NS.

INCREASED SUSCEPTIBILITY 
TO INFECTION

A number of immunologic abnormalities have been docu-
mented in patients with NS. These include depressed immu-
noglobulin levels due to urinary loss, impaired antibody 
generation, defective opsonization due to depressed levels of 
complement factor B, and abnormalities of cell-mediated 
immunity.1 In many patients, nonspecifi c depression of im-
mune responses may occur because of malnutrition, vitamin 
D defi ciency, or immunosuppressive therapy. These abnor-
malities may result in an increased susceptibility to infec-
tion, with the peritoneum and lungs being the sites most 
frequently involved.

Before the introduction of antibiotics, pulmonary, men-
ingeal, or peritoneal infection with encapsulated organisms, 
such as Streptococcus, Haemophilus, and Klebsiella species, 
was a common cause of death, particularly in children. In 
recent years, the incidence of infection with these agents has 
decreased, although adult patients continue to display 
an increased incidence of infection with gram-negative 
bacteria.187

Management
Aggressive antibiotic therapy should be instituted at the fi rst 
suspicion of infection. Prophylactic use of antibiotics, pneu-
mococcal vaccine, or intravenous administration of hyperim-
munoglobulin should be considered in high-risk cases. Vac-
cination should be given whenever possible during periods of 
remission because NS may impair the antibody response to 
vaccination.188 Despite an adequate initial response to vacci-
nation, many vaccinated patients do not maintain adequate 
antibody titers over time.189,190 Nonetheless, pneumococcal 
vaccination is still recommended for children older than 
2 years of age and for adults with severely depressed immu-
noglobulins, particularly if NS is likely to be persistent or if 
renal failure supervenes.1,2 Although intravenous immuno-
globulin has been used in NS,187 insuffi cient data preclude 
specifi c recommendations.
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BACKGROUND

The term thrombotic microangiopathy (TMA) defi nes a lesion 
of vessel-wall thickening (mainly arterioles and capillaries), in-
traluminal platelet thrombosis, and partial or complete obstruc-
tion of the vessel lumina. Depending on whether renal or brain 
lesions prevail, two pathologically indistinguishable, but some-
how clinically different, entities have been described: hemolytic 
uremic syndrome (HUS) and thrombotic thrombocytopenic 
purpura (TTP). Injury to the endothelial cell is the central and 
likely inciting factor in the sequence of events leading to TMA. 
Loss of physiologic thromboresistance, leukocyte adhesion to 
damaged endothelium, complement consumption, abnormal 
von Willebrand factor (vWF) release and fragmentation, and 

increased vascular shear stress may then sustain and amplify the 
microangiopathic process. Intrinsic abnormalities of the com-
plement system and of the vWF factor pathway may account for 
a genetic predisposition to the disease that may play a para-
mount role in particular in familial and recurrent forms. Due to 
their poor outcome and response to treatment, these congenital 
(genetic) forms are considered separately from acquired forms, 
whose outcome is strongly dependent on the possibility to treat 
or remove the underlying cause. The pathogenesis of acquired 
forms is only briefl y reviewed to provide the background to 
different specifi c treatments. Mechanisms of genetic forms 
are discussed in more detail because they have been clarifi ed 
only recently and will certainly have major relevance in identify-
ing specifi c treatment modalities in the next few years. Forms 
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without a recognized genetic predisposition or precipitating 
agent are referred to as idiopathic forms and discussed separately 
from acquired and genetic forms (Table 26-1).

ACQUIRED

These are by far the most common forms of TMA. Toxins, au-
toantibodies, pregnancy, systemic diseases, and drugs have been 
associated with TMAs that may present with the clinical fea-
tures of both HUS and TTP. In most of these cases, early recog-
nition and removal or treatment of the underlying condition is 
therefore of paramount importance to achieve remission.

Shiga Toxin–Associated Thrombotic 
Microangiopathy
Shiga toxin (Stx)–associated HUS (Stx-HUS), the most frequent 
form of TMA, may follow infection by certain strains of Esche-
richia coli or Shigella dysenteriae, which produce a powerful exo-
toxin (Stx).1 The term Shiga toxin was initially used to describe 
the exotoxin produced by S. dysenteriae type 1. Then, some 
strains of E. coli (mostly the serotype O157:H7) isolated from 
human cases with diarrhea were found to produce a toxin similar 
to the one of S. dysenteriae. This toxin was subsequently given 
different names such as Shiga-like toxin for its similarities with 
Stx or verotoxin for its cytopathic effect on Vero cells (i.e., African 
green monkey kidney cells). The terms Shiga-like toxin and vero-
toxin should now be abandoned and only the term Stx should be 
used to encompass the exotoxins produced both by S. dysenteriae
and E. coli. After food contaminated by Stx-producing E. coli or 

S. dysenteriae is ingested, the toxin is released in the gut and may 
cause watery or most often bloody diarrhea because of a direct 
effect on the intestinal mucosae. When Stx, via the intestinal 
mucosae, reaches the systemic circulation, full-blown HUS may 
develop. Stx-HUS is usually considered a disease with a good 
outcome, with complete recovery in approximately 90% of cases. 
However, a recent meta-analysis of 49 studies including 3476 
patients showed that 12% of patients die during the acute phase 
of the disease or remain dialysis dependent, 16% have residual 
kidney insuffi ciency with glomerular fi ltration rate values rang-
ing from 5 to 80 mL/min/1.73 m2, 15% are proteinuric, and 10% 
are hypertensive.2 Age younger than 2 years, severe gastrointesti-
nal prodromes, elevated white blood cell count, and anuria early 
in the course of the disease are predictors of the severity of HUS. 
Anuria for more than 10 days or the need for dialysis in the acute 
phase, as well as proteinuria at 12-month follow-up have been 
associated with an increased risk of chronic renal failure in the 
long term. Patched cortical necrosis or involvement of more than 
50% glomeruli are further predictors of poor outcome.

Diagnosis rests on detection of E. coli O157:H7 in stool 
cultures. Serologic tests for antibodies to Stx and O157 lipo-
polysaccharide can be done in research laboratories, and tests 
are being developed for rapid detection of E. coli O157:H7 and 
Stx in stools.

Undercooked ground beef is the most common source of 
infection, but ham, turkey, cheese, unpasteurized milk, juice, 
water, and fresh vegetables irrigated with contaminated water 
have also been implicated. Secondary person-to-person contact 
is an important way to spread infection in institutions, particu-
larly day-care centers and nursing homes. Infected patients 
should be excluded from day-care centers until two consecutive 

Forms Clinical Features

Acquired

Shigatoxin associated HUS

Neuraminidase associated HUS

Immune-mediated ADAMTS-13 defective activity associated TTP (often recurrent)

Immune-mediated CFH defective activity associated HUS (recurrent)

Pregnancy associated HUS, TTP, HELLP syndrome

Systemic disease associated HUS, TTP

Drug associated HUS, TTP

Bone marrow and solid organ transplantation associated HUS (de novo or recurrent)

Genetic

CFH, CFI, MCP abnormalities associated HUS (often recurrent and familial)

ADAMTS-13 defi ciency associated HUS, TTP (often recurrent and familial)

Abnormal cobalamin metabolism associated HUS

Others HUS, TTP (often recurrent and familial)

Idiopathic HUS, TTP

CFH, complement factor H; CFI, complement factor I; HELLP, hemolysis, elevated liver enzymes, and low platelet count; HUS, hemolytic
uremic syndrome; MCP, membrane cofactor protein; TTP, thrombotic thrombocytopenic purpura.

Table 26-1 Classifi cation of Thrombotic Microangiopathies

Ch26_294-312-X5484.indd 295Ch26_294-312-X5484.indd   295 6/18/08 12:45:32 PM6/18/08   12:45:32 PM



296 Diseases of Glomeruli, Microvasculature, and Tubulointerstitium

stool cultures are negative for E. coli O157:H7 to prevent further 
transmission. However, the most important preventive measure 
in child-care centers is supervised hand washing.

Supportive Therapy

In children, the mortality rate from typical Stx-HUS has signifi -
cantly decreased over the past 40 years, probably as the result of 
better supportive management of anemia, renal failure, hyper-
tension, and electrolyte and water imbalance. Intravenous iso-
tonic volume expansion as soon as an E. coli O157:H7 infection 
is suspected, that is, within the fi rst 4 days of illness, even before 
culture results are available, may limit the severity of kidney 
dysfunction and the need for renal replacement therapy.3 Bowel 
rest is important for the hemorrhagic colitis associated with Stx-
HUS. Antimotility agents should be avoided because they may 
prolong the persistence of E. coli in the intestinal lumen and 
therefore increase patient exposure to Stx. The use of antibiotics 
should be restricted to the very limited number of patients pre-
senting with bacteremia4 because in children with E. coli enteri-
tis, they may increase the risk of HUS by 17-fold.5 A possible 
explanation is that antibiotic-induced injury to the bacterial 
membrane might favor the acute release of large amounts of 
preformed toxin. Alternatively, antibiotic therapy might give E.
coli O157:H7 a selective advantage if these organisms are not as 
readily eliminated from the bowel as are the normal intestinal 
fl ora. Moreover, several antimicrobial drugs, particularly the 
quinolones, trimethoprim, and furazolidone, are potent induc-
ers of the expression of the Stx 2 gene and may increase the 
level of toxin in the intestine. Although the possibility of a cause-
and-effect relationship between antibiotic therapy and increased 
risk of HUS has been challenged by a recent meta-analysis of 
26 reports,6 there is no reason to prescribe antibiotics because 
they do not improve the outcome of colitis, and bacteremia is 
rare in Stx-HUS. However, these considerations do not necessar-
ily apply to many cases of bloody diarrhea, in particular in South 
America and India, that are precipitated by E. coli strains differ-
ent from O157:H7 or by other bacteria, such as Shigella dysen-
tery type 1. For instance, when hemorrhagic colitis is caused by 
Shigella dysentery type 1, early and empirical antibiotic treat-
ment shortens the duration of diarrhea and decreases the inci-
dence of complications and the risk of transmission by shorten-
ing the duration of bacterial shedding. Thus, in developing 
countries where Shigella is the most frequent cause of hemor-
rhagic colitis, antibiotic therapy should be started early and even 
before the involved pathogen is identifi ed.

Careful blood pressure control and renin-angiotensin sys-
tem blockade may be particularly benefi cial long-term treat-
ment for those patients who suffer chronic renal disease after 
an episode of Stx-HUS. A study in 45 children with renal se-
quelae of HUS followed for 9 to 11 years documented that early 
restriction of proteins and use of angiotensin-converting en-
zyme inhibitors may have a benefi cial effect on long-term renal 
outcome, as documented by a positive slope of 1/Cr values over 
time in treated patients.7 In another study, treatment with 
angiotensin-converting enzyme inhibitors for 8 to 15 years after 
severe Stx-HUS normalized blood pressure, reduced protein-
uria, and improved the glomerular fi ltration rate.8

Shiga Toxin Binding
An oral Stx binding agent composed of repeated synthetic 
carbohydrate determinants that mimic the Stx receptor linked 
to colloidal silica (Synsorb Pk) has been developed with the 

rationale of inhibiting intestinal absorption of the toxin. 
However, after preliminary studies showing that the drug is 
well tolerated and effectively binds the toxin, a prospective, 
randomized, double-blind, placebo-controlled clinical trial of 
145 children with diarrhea-associated HUS failed to demon-
strate any benefi cial effect of treatment on disease outcome.9

This may have been because the drug is only effective in the 
gut and in most cases, Synsorb was administered only after the 
onset of HUS and target organs had been already exposed to 
Stx. Alternatively, impaired gastrointestinal motility may have 
limited delivery of the drug to the distal intestine were E. coli
localize, or the affi nity of Synsorb may be too low to compete 
with endogenous receptors. Whatever the explanation, this 
study suggests that strategies aimed at interfering with gastro-
intestinal absorption of Stx may have limited ability to pre-
vent or limit HUS in children with gastrointestinal O157:H7 
infection unless given before the onset of HUS to all those 
affected by an outbreak of diarrhea.

Plasma Manipulation and Other Specifi c Treatments
No specifi c therapy aimed at preventing or limiting the mi-
croangiopathic process has been proved to affect the course 
of Stx-HUS in children. Two prospective, controlled trials 
found that plasma therapy may limit short-term renal 
lesions, but does not affect long-term renal outcome and 
patient survival10,11 (Table 26-2). Heparin and antithrom-
botic agents may increase the risk of bleeding and should be 
avoided. Whether tissue type plasminogen activator, dis-
criminating between fi brin and fi brin-bound plasminogen, 
gives a better risk-benefi t profi le in the treatment of HUS is 
worth investigating.

The effi cacy of specifi c treatments in adult patients is dif-
fi cult to evaluate because most information is derived from 
uncontrolled series that may also include non–Stx-HUS cases 
(see Table 26-2). In particular, no prospective, randomized 
trials are available to defi nitely establish whether plasma infu-
sion or exchange may offer some specifi c benefi t compared 
with supportive treatment alone. However, comparative anal-
yses of two large series of patients treated12 or not treated13

with plasma suggest that plasma therapy may dramatically 
decrease overall mortality of Stx E. coli O157:H7–associated 
HUS. These fi ndings lead us and others to consider plasma 
infusion or exchange suitable for adult patients, in particular, 
in those with severe renal insuffi ciency and central nervous 
system involvement.

Rescue Treatments

Bilateral Nephrectomy
In occasional patients, increased shear stress and platelet activa-
tion in the damaged renal microvasculature may sustain the 
microangiopathic process even after the precipitating factor has 
been exhausted.1 In these rare cases, persistent thrombocytope-
nia associated with severe refractory hypertension and signs of 
hypertensive encephalopathy may put the patient in imminent 
danger of death. In such dramatic cases, bilateral nephrectomy 
was followed within 2 weeks by complete hematologic and 
clinical remission.14

The rationale of the procedure rests on evidence that re-
moving the kidneys eliminates a major site of vWF fragmen-
tation, which would limit platelet activation and protect pa-
tients from the further spreading of microvascular lesions.14

However, bilateral nephrectomy is irreversible and should be 
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considered only for patients in whom all other approaches 
have failed. Potential candidates are patients who are plasma 
resistant (defi ned as � 20 procedures with no improvement 
of clinical and laboratory fi ndings) or plasma dependent 
(patients who have to be continuously infused with plasma to 
remain in remission and in whom the platelet count invari-
ably drops, with signs of hemolysis, within a few days after 
plasma is discontinued).

Nephrectomy should not be considered unless a renal bi-
opsy specimen, obtained as soon as the platelet count in-
creases, even transiently, with plasma to a level where the 
procedure is safe, shows chronic diffuse lesions associated 
with signs of the disease, meaning arteriolar thrombosis and 
myointimal proliferation. Finally, nephrectomy should be 
considered only in the presence of life-threatening signs such 
as major neurological dysfunction or coma or uncontrolled 
bleeding as a consequence of refractory thrombocytopenia.

Kidney Transplantation
Kidney transplantation should be considered as an effective 
and safe treatment for those children who progress to end-
stage renal disease (ESRD). Indeed, the outcome of renal 
transplantation is good in children with Stx-HUS, recurrence 
rates range from 0% to 10%,15,16 and graft survival at 10 years 
is even better than in control children with other diseases.17

Neuraminidase-Associated Thrombotic 
Microangiopathy
This is a rare but potentially fatal disease that may complicate 
pneumonia or, less frequently, meningitis caused by Strepto-
coccus pneumoniae. Neuraminidase produced by S. pneu-
moniae, by removing sialic acid from the cell membranes, ex-
poses Thomsen-Friedenreich antigen to preformed circulating 
IgM antibodies.18 Then, binding of circulating preformed IgM 
antibodies to this cryptic antigen exposed on platelet and en-
dothelial cell surface would cause platelet aggregation and 
endothelial damage. Binding of IgM antibodies to the antigen 
expressed on circulating erythrocytes may also explain why 
Coombs-positive hemolytic anemia is so frequently reported 
in patients with neuraminidase-induced HUS. The clinical 
picture is usually severe, with respiratory distress, neurological 
involvement, and coma.

Therapy

The outcome is greatly dependent on the effectiveness of 
antibiotic therapy. In theory, plasma, either infused or ex-
changed, is contraindicated because adult plasma contains 
antibodies against the Thomsen-Friedenreich antigen that 
may accelerate polyagglutination and hemolysis.18 Thus, 
patients should be treated only with antibiotics and washed 
red cells. In some cases, however, plasma therapy, occasion-
ally in combination with steroids, has been associated with 
recovery.

Thrombotic Microangiopathy Associated 
with Immune-Mediated Defective Activity 
of Complement Regulatory Proteins
Recurrent, atypical HUS has been recently reported19 in three 
children with circulating IgG autoantibodies against comple-
ment factor H (CFH), a circulating glycoprotein that modu-

lates the activity of the alternative complement pathway (see 
“Thrombotic Microangiopathy Associated with Congenital 
Defects” and Chapter 30) (Fig. 26-1). Anti-CFH antibodies 
were captured by enzyme-linked immunosorbent assay using 
purifi ed human factor H–coated plates. Subsequent studies 
in fi ve unrelated patients found that the binding epitopes 
for CFH autoantibodies localize in the cell-binding C termi-
nus of CFH.20

Of interest, the children showed an increased titer of circu-
lating antinuclear antibodies, a fi nding that supports the pos-
sibility of an autoimmune pathogenesis of the disease. One 
child had two recurrences with pancreas and liver involve-
ment, progressed to ESRD, and eventually required a bilateral 
nephrectomy to control refractory hypertension. The other 
two children recovered from the fi rst episode with plasma 
exchange, then had four and three relapses, respectively, and 
recovered again with plasma exchange. These two children 
were maintained on long-term therapy with a steroid and 
azathioprine, respectively.

Treatment

Available information is insuffi cient to provide clear guide-
lines for treatment of this rare form of HUS. Conceivably, 
however, when anti-CFH autoantibodies are detected, plasma 
exchange and steroids or other immunosuppressive agents 
should be considered with the rationale of removing the 
pathogenic antibody from the circulation as soon as possible 
and inhibiting its synthesis.

Thrombotic Microangiopathy Associated 
with Immune-Mediated Defi ciency of von 
Willebrand’s Factor–Cleaving Protease 
(ADAMTS-13) Activity
This is an immune-mediated, nonfamilial form of TMA that 
most likely accounts for the majority of cases so far reported as 
acute idiopathic or sporadic TTP. The disease is characterized 
by a severe defi ciency of a plasma metalloprotease, ADAMTS-
13, that in normal individuals cleaves ultralarge vWF multim-
ers as soon as they are secreted21 and in TTP patients is inhib-
ited by a specifi c autoantibody that develops transiently and 
tends to disappear during remission.22–25 These inhibitory 
anti-ADAMTS-13 antibodies, characterized either as IgG or 
IgM and IgA, have been detected in 50% to 90% of patients 
with acquired TTP.25,26 Recent studies found inhibitory anti-
protease antibodies reacting against the cysteine-rich and spacer 
domains of recombinant ADAMTS-13 in all considered pa-
tients with acquired TTP.25 In some cases, the antibodies were 
directed only against these epitopes, but in the majority of 
plasma samples from TTP patients, different combinations 
of antibodies against the propeptide, the Tsp-1, and the CUB 
domains25 were found, suggesting a polyclonal autoantibody 
response.

Further evidence of the pathogenetic role of these autoanti-
bodies is derived from fi nding that they usually disappear from 
the circulation when remission is achieved with effective treat-
ment, and this occurs in parallel with the normalization 
of ADAMTS-13 activity. Although TTP associated with 
ADAMTS-13 inhibitors is usually sporadic, recurrent episodes 
have also been reported due to the reappearance of the inhibi-
tor in the circulation several weeks or even months after the 
resolution of the presenting episode. Of note, autoantibodies 
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Test CFH and CFI serum levels and MCP 1 leukocyte expression

All tests normal Low CFH Low MCP Low CFI

Screen for CFH 
autoantibodies

Screen for CFH 
SCR 19–20

Screen for other 
CFH exons

Screen for MCP 
SCR 1–4

Screen for other 
MCP exons

Screen for CFI 
SP domain

Screen for other 
CFI exons

Idiopathic HUS

No CFH autoantibodies

No CFH SCR 19-20 mutations

No CFH mutations

No MCP SCR 1–4 mutations

No MCP mutations

No SP domain mutations

No CFI mutations

Figure 26-1 Flow diagram of the steps suggested to optimize the cost-effectiveness of screening for genetic defects in patients 
with hemolytic uremic syndrome not associated with Shiga toxin and suspected, genetically determined abnormalities in comple-
ment regulatory proteins. A preliminary screen for serum complement factor H (CFH) and complement factor I (CFI) levels by 
either enzyme-linked immunosorbent assay or RID, and for membrane cofactor protein (MCP) expression in peripheral blood leu-
kocytes by fl uorescence-activated cell sorter is recommended to identify which is the candidate gene to evaluate. If no abnormali-
ties are detected, we suggest screening for anti-CFH autoantibodies and then if no autoantibodies are detected, looking for muta-
tions of candidate genes, starting to evaluate the CFH gene, which is more frequently affected by pathogenic mutations, followed 
by MCP and CFI genes, respectively. Within each gene, the exons where the mutations tend to localize more frequently should 
be studied fi rst. HUS, hemolytic uremic syndrome; RID, radial immunodiffusion; SCR, short consensus repeat; SP, serine protease.
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against the ADAMTS-13 have also been observed in patients 
developing TTP during treatment with antiplatelet drugs such 
as ticlopidine (see “Drug-Associated Thrombotic Microangi-
opathy”).

The clinical picture is usually severe, with an abrupt onset 
of neurological signs, purpura, and fever.27 Neurological 
symptoms usually dominate the clinical picture and may be 
fl eeting and fl uctuating, probably because of continuous 
thrombus formation and dispersion in the brain microcircu-
lation. Coma and seizures complicate more severe forms.

Supportive Therapy, Plasma Manipulation, 
and Other Specifi c Treatments

In the early 1960s, TTP was almost invariably fatal, but now, 
thanks to earlier diagnosis, improved intensive care facilities, 
and new techniques such as plasma therapy, survival may 
reach 90%.28,29

Plasma manipulation is a cornerstone of the therapy of the 
acute episode. Plasma may serve to induce remission of the 
disease by replacing defective protease activity. In theory, com-
pared with infusion, exchange may offer the advantage of also 
rapidly removing anti–ADAMTS-13 antibodies. This, however, 
needs to be proved in controlled trials. In addition, corticoste-
roids might inhibit the synthesis of antiprotease autoantibod-
ies. In a series of 33 patients with anti–ADAMTS-13 antibodies 
and undetectable ADAMTS-13 activity, combined treatment 
with plasma exchange and steroids was associated with disease 
remission in approximately 90% of cases.26 The rationale of 
combined treatment is that plasma exchange will have only a 
temporary effect on the presumed autoimmune basis of the 
disease and additional immunosuppressive treatment may 
cause a more lasting response. Thirty of 108 patients with ei-
ther TTP or HUS were reported to have recovered after treat-
ment with corticosteroids alone. All of them, however, had 
mild forms, and none of them were tested for ADAMTS-13 
activity.

Rescue Treatments

Plasma Cryosupernatant
Cryosupernatant fraction (i.e., plasma from which a cryopre-
cipitate containing the largest plasma vWF multimers, fi brino-
gen, and fi bronectin has been removed) instead of fresh frozen 
plasma has been successful in treating a small number of pa-
tients who did not respond to repeated exchanges or infusions 
with fresh frozen plasma.30 The rationale for this approach is 
that plasma cryosupernatant may provide the same benefi cial 
factor(s) found in whole plasma (for instance, in this specifi c 
case, the defective/inhibited ADAMTS-13 activity), but does not 
contain those factors (including large vWF multimers) that may 
actually sustain the microangiopathic process until remission is 
achieved. Based on this, the use of plasma cryosupernatant 
has been suggested as fi rst-line therapy. Results of preliminary 
uncontrolled studies seem encouraging.31

Rituximab
Recently, the infusion of rituximab, an antibody directed 
against B cells, has been proven to be effective in inducing 
remission in TTP patients with ADAMTS-13 antibodies re-
fractory to any other treatment25 and in maintaining patients 
in remission when used as prophylactic therapy. Longitudinal 
evaluation of ADAMTS-13 activity and autoantibody levels 
may help monitor patient response to treatment.

Splenectomy
Before the discovery of the effi cacy of plasma exchange for the 
treatment of TTP, splenectomy was quite frequently per-
formed, but most patients still died. More recent studies in 
patients refractory to plasma therapy cast further doubt on 
the effi cacy of splenectomy because of high morbidity and 
mortality.28,32 However, the patients in these studies were un-
selected, and splenectomy might be expected to achieve per-
sistent remission by removing a major site of antibody synthe-
sis in those with autoantibodies against ADAMTS-13 that 
persist in the circulation despite plasma and immunosuppres-
sive therapy. This appears to have been the case in two reports 
in which patients with autoimmune TTP who had failed to 
respond to plasma exchange and immunosuppression or had 
repeated relapses entered a stable remission with disappear-
ance of the ADAMTS-13 protease inhibitor.22,33 These reports, 
however, are far from conclusive, and further studies with a 
larger number of patients are needed to assess the therapeutic 
value of this invasive procedure.

Platelet Transfusions
The severe thrombocytopenia in TTP has led many physicians 
to administer platelet transfusions with the aim of preventing 
severe bleeding complications. However, reports of sudden 
death, decreased survival, and delayed recovery after platelet 
transfusion dramatically document the danger of giving plate-
lets to patients with active TTP. Thus, platelet transfusions are 
contraindicated in acute TTP, except in cases of life-threatening 
bleeding.

Pregnancy-Associated Thrombotic 
Microangiopathies
TMA associated with pregnancy includes TTP (usually in the 
early phases of pregnancy), HELLP syndrome (hemolysis, el-
evated liver enzymes, and low platelet count) (usually near 
term), and HUS (usually postpartum).34 The disease is con-
sidered a specifi c complication of pregnancy, but reports of 
women with familial recurrence or defective ADAMTS-13 
activity without a demonstrable inhibitor provide convincing 
evidence that, at least in a proportion of cases, an underlying 
genetic predisposition plays a central role in the pathogenesis 
of TMA and pregnancy may just represent a precipitating 
event.35 Changes observed during normal pregnancy, such as 
progressively decreasing fi brinolytic activity, loss of endothe-
lial thrombomodulin, increasing levels of procoagulant fac-
tors, and decreasing ADAMTS-13 activity, may contribute to 
precipitate the disease in those at risk.

Thrombotic Thrombocytopenic Purpura

TTP develops during the antepartum period in 89% of cases, 
usually within 24 weeks. Later in the course of pregnancy, 
clinical features of TTP and preeclampsia may overlap. Despite 
limited experience, available series show that the maternal 
mortality rate has decreased from 68% to almost zero with the 
institution of plasma therapy.34 Delivery is recommended only 
for those patients who do not respond to plasma therapy.

Measurement of plasma antithrombin III activity has been 
suggested as a useful tool to differentiate TTP and preeclamp-
sia. Before gestational week 28 and when antithrombin III 
plasma activity is normal, TTP is most likely. Plasma therapy 
could be tried, and, if effective, it should be continued until 
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term and/or complete remission of the disease. Delivery can 
be considered as rescue after failure of plasma therapy. The 
role of other treatments often employed in idiopathic TTP 
remains elusive.

After week 34 of gestation, preeclampsia is most likely and 
is usually associated with decreased plasma antithrombin III 
activity. Delivery is the treatment of choice and is usually fol-
lowed by complete recovery within 24 to 48 hours. Persistent 
disease may be an indication to attempt a course of plasma 
therapy. Between 28 and 34 weeks, the optimal treatment is 
controversial. It is some times held that delivery should always 
be considered as fi rst-line therapy, whereas others believe that 
if there is no evidence of fetal distress and plasma antithrom-
bin III activity is normal, a course of plasma therapy can be 
reasonably attempted before inducing delivery.36

HELLP Syndrome

HELLP syndrome is simply a form of severe preeclampsia in 
which, in addition to hypertension and renal dysfunction, 
there is evidence of microangiopathic hemolysis and liver in-
volvement. The syndrome is most common in white multipa-
rous women with a history of poor pregnancy outcome. It 
arises in the antepartum period in 70% of cases. Symptoms 
usually arise within 24 to 48 hours postpartum, occasionally 
after an uncomplicated pregnancy.34

Diagnosis is based on (1) hemolysis (defi ned as fragmented 
erythrocytes in the circulation and lactic dehydrogenase of at 
least 600 U/L), (2) elevated liver enzymes (serum glutamic 
oxaloacetic transaminase � 70 U/L), and (3) low platelet 
count (�100 � 103/mm3).33 Overt disseminated intravascular 
coagulation is reported in 25% of cases. Intrahepatic hemor-
rhage, subcapsular liver hematoma, and liver rupture are rare 
life-threatening complications. The maternal and perinatal 
mortality rates range from 0% to 24% and from 7.7% to 60%, 
respectively. Most of the perinatal deaths are related to abrup-
tio placentae, intrauterine asphyxia, and extreme prematurity. 
As many as 44% of the infants are growth retarded.

Termination of pregnancy is the only defi nitive therapy. 
Hydralazine or dihydralazine is the fi rst-choice drug to con-
trol pregnancy-induced hypertension, and magnesium sulfate 
prevents and treats convulsions. Both peritoneal dialysis and 
hemodialysis have been used to treat acute renal failure. Plate-
let transfusions are needed for clinical bleeding or severe 
thrombocytopenia (platelet count � 20,000/�L).

In approximately 5% of patients with HELLP syndrome, 
symptoms and laboratory abnormalities do not improve after 
delivery. These are cases with central nervous system abnor-
malities associated with renal and cardiopulmonary dysfunc-
tion and activation of coagulation. Uncontrolled studies suggest 
that plasma exchange may help recovery in patients with persis-
tent evidence of disease 72 hours or more after delivery. How-
ever, plasma therapy is ineffective during pregnancy and may 
increase fetal and maternal risk when used to delay delivery. 
Preliminary evidence suggests that, postpartum, corticosteroids 
may speed up disease recovery and, antepartum, may postpone 
delivery of previable fetuses and reduce the mother’s need for 
blood products.

Postpartum Hemolytic Uremic Syndrome

By defi nition, postpartum HUS follows a normal delivery 
by no more than 6 months.1 The clinical course is usually 
fulminant. Supportive care including dialysis, transfusions, 

and careful fl uid management remains the most important 
form of treatment. Whether plasma therapy improves sur-
vival or limits renal sequelae has not been established so 
far. Antiplatelet agents, heparin, and antithrombotic ther-
apy may enhance the risk of bleeding and have no proven 
effi cacy.

Systemic Disease–Associated Thrombotic 
Microangiopathy
Prevention and treatment of TMA associated with systemic 
diseases largely rest on specifi c treatment of the underlying 
conditions.

Antiphospholipid Syndrome, Systemic Lupus 
Erythematosus, Scleroderma, and Malignant 
Hypertension

Plasma therapy should always be attempted in TMA associ-
ated with systemic diseases even if its effi cacy in this setting is 
poorly defi ned. Regarding antiphospholipid syndrome, until 
the relationships between the various antiphospholipid anti-
bodies identifi ed so far and clinical manifestations of the 
disease are clarifi ed, oral anticoagulation remains the only 
treatment of proven effi cacy, even if concomitant thrombo-
cytopenia may increase the risk of hemorrhagic complica-
tions, to prevent and treat micro- and macrovascular throm-
boses. Blood pressure control is the keystone of treatment 
of TMA associated with scleroderma crisis and malignant 
hypertension.

Human Immunodefi ciency Virus

Both HUS and TTP are among the complications of acquired 
immunodefi ciency syndrome (AIDS), which may account for 
as many as 30% of hospitalized HUS/TTP patients. Plasma 
manipulation appears to be the only feasible approach. Un-
controlled series provide evidence that the survival rate 
in patients with human immunodefi ciency virus without 
AIDS is comparable with that of those with idiopathic TTP. By 
contrast, patients with AIDS associated with TTP almost in-
variably have a poor outcome and do not appear to benefi t 
from plasma therapy.36

Cancer

TMA complicates almost 6% of cases of metastatic carcinoma. 
The prognosis is extremely poor and most patients die within 
a few weeks. Therapy is minimally effective. Administration of 
blood products to correct symptomatic anemia often results 
in exacerbation of the syndrome, with rapid worsening of 
hemolysis, deterioration of renal function, and pulmonary 
edema.

Drug-Associated Thrombotic 
Microangiopathy
Mitomycin and Anticancer Drugs

A form of TMA resembling HUS has been described in 
cancer patients treated with mitomycin C. Disease manifes-
tation is dose related, and renal dysfunction is reported in 
less than 2% of patients given a cumulative dose lower than 
50 mg/m2 and in more than 28% of those given more than 
50 mg/m2 or receiving more than one course of therapy. 

Ch26_294-312-X5484.indd 301Ch26_294-312-X5484.indd   301 6/18/08 12:45:34 PM6/18/08   12:45:34 PM



302 Diseases of Glomeruli, Microvasculature, and Tubulointerstitium

Platinum- and bleomycin-containing combinations have 
also been reported to induce HUS. The fatality rate is 
close to 79%, and the median time to death is approxi-
mately 4 weeks. Patients surviving the acute phase often 
remain on long-term dialysis or die later of a recurrence of 
the tumor or metastases. The possibility of preventing 
the syndrome by giving steroids during mitomycin treat-
ment has been suggested and needs to be confirmed in 
prospective, controlled trials. Plasma exchange is usually 
attempted, but its effectiveness is unproven. Regimens that 
contain platinum and bleomycin have also been reported 
to induce HUS.

Antiplatelet Drugs

TMA has been reported in 1 of every 1600 to 5000 patients 
treated with ticlopidine. Neurological abnormalities occur 
within 1 month of treatment in 80% of cases. The overall 
survival rate is 67% and is improved by early treatment 
withdrawal and plasma therapy. Generation of an autoanti-
body against ADAMTS-13 protease may be involved 
in the pathogenesis of ticlopidine-associated TTP. In seven 
patients who developed TTP 2 to 7 weeks after initiation 
of ticlopidine therapy, severely decreased levels of 
ADAMTS-13 activity were reported along with the appear-
ance of IgG molecules in their blood, which inhibited 
ADAMTS-13 activity.37 The defi ciency resolved after ti-
clopidine therapy was discontinued and plasmapheresis was 
instituted. Eleven cases have been reported during treat-
ment with clopidogrel, a new antiaggregating agent that has 
achieved widespread clinical use for its safety profi le. 
All patients had neurological involvement and were treated 
with plasma exchange: eight fully recovered, two had 
relapses that rapidly recovered after retreatment with plasma 
exchange, and one died. Half the patients were concomi-
tantly treated with cholesterol-lowering drugs. Conceivably, 
these drugs should be avoided in clopidogrel-treated 
patients.

Quinine

Quinine is one of the drugs more frequently associated with 
TMA. The disease typically occurs in patients presensitized 
by previous exposure to quinine and rapidly follows re-
ingestion of the drug. Quinine is generally used to treat 
muscle cramps, but it is also contained in beverages (tonic 
water and bitter lemon drinks). Quinine-dependent anti-
platelet, antierythrocyte, and antigranulocyte antibodies 
have been involved in the pathogenesis of the disease. Pre-
senting symptoms are often severe, and death or irreversible 
kidney failure are common outcomes unless quinine is im-
mediately withdrawn and plasma exchange is promptly 
provided. Avoidance of successive quinine use is necessary 
to prevent recurrences.

Interferon Alfa

Renal impairment is the predominant feature of TMA associ-
ated with interferon alfa. Recovery of the TMA has been re-
ported to follow early discontinuation of the drug and prompt 
supportive therapy38; however, the prognosis for renal recov-
ery is poor, resulting in ESRD in approximately half of the 
cases. Because of the few cases reported, it is not possible to 
evaluate the effectiveness of specifi c therapies such as plasma 
exchange or infusion.

Bone Marrow and Solid Organ 
Transplantation–Associated Thrombotic 
Microangiopathy

Among acquired forms of HUS, post-transplantation HUS is 
being reported with continuously increasing frequency and 
appears to affect a progressively increasing number of patients 
worldwide. Albeit poorly defi ned, the incidence of the disease 
is remarkably higher in the transplant recipient than in the 
general population, most likely because of the clustering of 
several risk factors in this particular setting of patients. In re-
nal transplants, HUS may ensue for the fi rst time in patients 
who never had the disease (de novo post-transplantation 
HUS) or may affect patients whose primary cause of ESRD 
was HUS (recurrent post-transplantation HUS). Treatment of 
post-transplantation HUS rests on removal of the inciting 
factor(s), relief of symptoms, and plasma infusion or ex-
change. No other approach has proven effective.

De Novo Posttransplantation Hemolytic Uremic 
Syndrome

This form occurs in renal and extrarenal transplant recipients 
and is usually triggered by immunosuppressive drugs such as 
calcineurin inhibitors,29 less frequently by virus infections, 
and, specifi cally in renal transplant recipients by acute vascu-
lar rejection. A peculiar form of de novo post-transplantation 
HUS may affect the recipients of a bone marrow transplant, 
usually in the setting of a graft-versus-host disease or of inten-
sive graft-versus-host disease prophylaxis, including total body 
irradiation.

Therapy
Drug withdrawal or dose reduction is the fi rst-line therapy 
for de novo cyclosporin A– or tacrolimus-associated forms, 
but is effective in less than 50% of cases.39 A remarkably 
higher success rate (84%) has been reported with adjunctive 
plasma infusion or exchange. A similar response rate, but in 
much smaller series, has been reported with intravenous IgG 
infusion given with the rationale to neutralize hypothetical 
circulating cytotoxic or platelet agglutinating factors. Once 
remission is achieved, patient rechallenge with decreased 
doses of cyclosporin A or tacrolimus, with switching from 
one drug to the other one, or, fi nally, with replacement of 
both drugs with mycophenolate mofetil has been anecdot-
ally reported to maintain adequate immunosuppression 
without further disease recurrences. Very recently, compas-
sionate treatment with rapamycin has been associated with a 
remarkably good outcome in 15 patients with cyclosporin 
A– or tacrolimus-associated posttransplantation HUS, with 
no patient requiring rapamycin withdrawal because of dis-
ease recurrence.40 Monoclonal anti–interleukin-2 receptor 
antagonists may also be a valid option to maintain adequate 
immunosuppression, avoiding the toxic effects of calcineu-
rin inhibitors. The outcome of de novo forms occurring in 
the setting of viral infection parallels the response to treat-
ment of the underlying disease. Despite intensive plasma 
therapy or rescue treatment with plasma cryosupernatant or 
protein A immune adsorption, the outcome of de novo 
forms complicating BMT is still dramatically poor, with a 
mortality rate closed to 90%. In addition to the severity 
of the microangiopathic process, quantifi ed by serum lactate 
dehydrogenase levels and the percentage of circulating 

Ch26_294-312-X5484.indd 302Ch26_294-312-X5484.indd   302 6/18/08 12:45:35 PM6/18/08   12:45:35 PM



303 Thrombotic Microangiopathies

fragmented erythrocytes, infection, progressive graft-versus-
host disease or relapse of the underlying disease may account 
for such discouraging fi gures.

Recurrent Posttransplantation Hemolytic Uremic 
Syndrome

This form is most frequently reported in patients who pro-
gressed to ESRD because of non–Stx-HUS, in particular, in 
those with genetic forms. Whether the precipitating factors 
associated with the novo HUS may contribute also to disease 
recurrence on the kidney graft is still a debated question. 
This is consistent with, albeit not proved by, evidence that a 
precipitating factor is often observed or suspected in pa-
tients with recurrent disease.

Therapy
Recurrent forms usually do not respond to any type of therapy 
and are associated with a graft loss rate close to 100%. Based 
on these data, kidney transplantation should be considered as 
an effective and safe treatment of ESRD only for patients with 
Stx-HUS, but should be considered with extreme caution in 
those with non–Stx-HUS, in particular, in genetic forms. In 
particular, until new strategies to effectively limit or prevent 
recurrence become available, kidney transplantation is con-
traindicated in familial/relapsing forms and in all cases with a 
well-characterized genetic abnormality predisposing to the 
disease (see later).

GENETIC (THROMBOTIC 
MICROANGIOPATHY ASSOCIATED 
WITH CONGENITAL DEFECTS)

These forms are rare, often occur in families, occur mainly but 
not exclusively in children, and frequently relapse even after 
complete recovery of the presenting episode. Depending on 
the involved defect and the age at disease onset, these forms 
may present with the clinical features of HUS or TTP or both 
in different members of the same family or in different epi-
sodes in the same patient. ESRD, permanent neurological se-
quelae, or death is the outcome in the majority of cases.1

Therapy seldom achieves persistent remission of the disease. 
Genetic counseling is therefore of paramount importance. In 
cases with recognized genetic mutations, antenatal diagnosis 
by amniocentesis or chorionic villus biopsy is possible and the 
carrier state can be identifi ed.

Thrombotic Microangiopathy Associated 
with Genetic Abnormalities in 
Complement Regulatory Proteins

In 1998, Warwicker and colleagues41 studied three families 
with non–Stx-HUS and established linkage in the affected 
individuals to the regulator of complement activation gene 
cluster on human chromosome 1q32, which encodes for sev-
eral complement regulatory proteins. The fi rst examined can-
didate gene in this region was factor H (CFH), due to the fact 
that an association between familial HUS and CFH abnor-
malities had been reported previously.

Since the fi rst report by Warwicker and colleagues, more than 
100 different CFH mutations in patients with non–Stx-HUS42

have been described. In sporadic forms, the mutation was either 

inherited from a clinically unaffected parent or, more rarely—
only four cases reported—arose de novo in the proband.43 The 
mutation frequency is approximately 30%.44,45

CFH is a plasma glycoprotein that plays an important role 
in the regulation of the alternative pathway of complement. It 
serves as a cofactor for the C3b-cleaving enzyme complement 
factor I (CFI) in the degradation of newly formed C3b mole-
cules and controls decay, formation, and stability of the C3b 
convertase C3bBb. CFH consists of 20 homologous short con-
sensus repeats (SCRs). The complement regulatory domains 
needed to prevent fl uid-phase alternative pathway amplifi ca-
tion have been localized within the N-terminal SCR1-4.46 The 
inactivation of surface-bound C3b is dependent on the bind-
ing of the C-terminal domain of CFH to polyanionic mole-
cules, which increases CFH affi nity for C3b and exposes its 
complement regulatory N-terminal domain.47

The vast majority of CFH mutations in HUS patients are 
heterozygous and cause either single amino acid changes or 
premature translation interruptions, mainly clustering in the 
C-terminal domains, and are commonly associated with nor-
mal CFH plasma levels. Expression and functional studies 
demonstrated that CFH proteins carrying HUS-associated 
mutations have a severely reduced capability to interact with 
polyanions and with surface-bound C3b47, which results in a 
lower density of mutant CFH molecules bound to endothelial 
cell surfaces and a diminished complement regulatory activity 
on their cell membranes.47 In contrast, these mutants have a 
normal capacity to control activation of the complement in 
plasma, as indicated by data showing that they retain a normal 
cofactor activity in the proteolysis of fl uid-phase C3b.

In a recent study,48 a heterozygous hybrid gene derived 
from a crossing over between intron 21 of CFH and intron 
4 of CFHR1 (CFH-related 1) was found in fi ve patients. 
The hybrid gene consists of the fi rst 21 exons of CFH (en-
coding SCRs 1–18 of CFH) and the last two exons of CFHR1 
(encoding SCRs 4 and 5 of CFHR1). The protein product of 
the hybrid gene is identical to the CFH mutant S1191L/
V1197A, which arises by gene conversion and lacks surface 
complement regulatory activity. The frequency of this 
abnormality in non–Stx-HUS patients is estimated to be 
approximately 6%.

Abnormalities in two additional genes encoding for 
complement regulatory proteins have been recently in-
volved in predisposition to non–Stx-HUS. Two reports 
from independent groups described mutations in MCP (en-
coding membrane cofactor protein) in affected individuals 
of four families.49,50 MCP is a widely expressed transmem-
brane glycoprotein that serves as a cofactor for CFI to cleave 
C3b and C4b deposited on the host cell surface.51 To date, 
approximately 40 MCP mutations in non–Stx-HUS have 
been reported, with a mutation frequency of 10% to 15%.45

Evaluation of mutant protein expression and function 
showed either severely decreased protein expression on 
the cell surface, decreased C3b binding capability, and/or 
capacity to prevent complement activation.45

Twenty-four mutations in CFI, encoding a plasma serine 
protease that cleaves and inactivates C3b and C4b, have been 
reported in patients with non–Stx-HUS, with a frequency of 
5% to 12% in different studies.45,52,53 All of them are heterozy-
gous mutations, 80% cluster in the serine-protease domain 
and either cause greatly decreased protein secretion or result 
in mutant proteins with decreased cofactor activity.
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The list of published and unpublished mutations in CFH, 
MCP, and CFI is continuously updated in the Factor H–HUS 
database (www.fh-hus.org). The database includes also CFH, 
MCP, and CFI single nucleotide polymorphisms.

More recently, two gain-of-function mutations in the gene 
encoding complement factor B (CFB), a zymogen that carries 
the catalytic site of the complement alternative pathway con-
vertase, have been found in two families from a Spanish HUS 
cohort.54

Although genotype-phenotype correlations are often in-
exact, analysis of published reports44,45,55,56 indicates that the 
course and outcome of non–Stx-HUS are infl uenced by the 
gene involved. Non–Stx-HUS associated with CFH mutations 
most often presents early in childhood, although adult onset 
is reported in approximately 30% of cases. The clinical course 
is characterized by a high rate of relapses and 60% to 80% of 
patients die or develop ESRD after the presenting episode or 
progress to ESRD as a consequence of relapses. Non–Stx-
HUS associated with MCP mutations presents mostly in 
childhood; the acute episode is in general milder than in CFH 
mutation carriers, and 80% of patients undergo complete 
remission. Recurrences are very frequent, but their effect on 
long-term outcome is rather mild, with approximately 60% 
to 70% of patients remaining dialysis free even after several 
recurrences. However, there are some exceptions; a subgroup 
of patients lost renal function either during the fi rst episode 
or later in life. The clinical course of patients with CFI muta-
tions is more variable. The onset is in childhood in half of 
the patients. Fifty-eight percent of patients eventually de-
velop ESRD.

Therapy

Genetic characterization of patients could potentially help 
in tailoring treatment. Plasma infusion or exchange has 
been used in patients with HUS due to CFH mutations, 
with the rationale to provide the patients with normal CFH 
to correct the genetic defi ciency. In published studies, some 
patients with CFH mutations did not respond at all to 
plasma infusion and died or developed ESRD. Others re-
quired plasma infusion at weekly intervals to raise CFH 
plasma levels suffi ciently to maintain remission.57,58 Strat-
ton and Warwicker59 were able to induce sustained remis-
sion in a patient with a CFH mutation with 3 months of 
weekly plasma exchange in conjunction with intravenous 
immunoglobulins. At 1 year after stopping plasma therapy, 
the patient remained disease free and dialysis independent. 
In our series,45 approximately 50% of patients with CFH 
mutations treated with plasma underwent either complete 
or partial hematologic remission. However, half of the 
patients did not respond at all to plasma infusion and 
20% died during an acute episode.

Because CFI and CFB are plasma proteins, plasma infusion 
and plasma exchange would be expected to be of value in pa-
tients with defects in the corresponding genes. Published data 
in small numbers of patients document that approximately 
half the patients with either CFI45 or CFB mutations54 under-
went remission after plasma infusion, exactly as observed in 
patients with CFH mutations.

There is less rationale for using plasma in patients with MCP 
mutations because MCP is a transmembrane cell–associated 
protein and theoretically plasma infusion or exchange would 

not correct the MCP defect. Published data45,50 indicate that the 
majority (70%–80%) of patients experienced remission after 
plasma infusion or exchange; however, complete recovery from 
the acute episode was also observed in 70% to 80% of patients 
not treated with plasma.

Transplantation

The role of kidney transplantation in patients with non–
Stx-HUS who have progressed to ESRD is still a matter of 
debate. Actually, approximately 50% of the patients who 
underwent a renal transplantation had a recurrence of the 
disease in the grafted organ.56 There is no effective treat-
ment for recurrences, and graft failure occurs in more than 
90% of patients. Genotyping for CFH, MCP, and CFI muta-
tions should be performed in all patients with ESRD sec-
ondary to non–Stx-HUS being considered for transplanta-
tion to help determine graft prognosis. In patients with 
CFH mutations, the graft outcome is poor; the recurrence 
rate ranges from 30% to 100% according to different sur-
veys and is signifi cantly higher than in patients without 
CFH mutations.44,56,60 As CFH is mainly produced by the 
liver, kidney transplantation alone will not correct the 
CFH genetic defect. Simultaneous kidney and liver trans-
plantation has been performed in two young children with 
non–Stx-HUS and CFH mutations, with the objective of 
correcting the genetic defect to prevent disease recur-
rences.56 However, both cases treated with this procedure 
were complicated by premature irreversible liver failure. 
The patient in the fi rst case recovered after a second un-
eventful liver transplantation. The child, who had experi-
enced monthly recurrences before transplantation, has had 
no symptoms of HUS at more than 2 years of follow-up. 
The second patient died of fatal primary nonfunction of the 
liver graft followed by multiorgan failure. Increased suscep-
tibility of the transplanted liver to ischemic or immune in-
jury related to uncontrolled complement activation may 
have been responsible for the liver failure. Two more cases 
of combined kidney and liver transplantation in patients 
with CFH mutations have been subsequently reported.61 In 
both cases, the post-transplantation outcome was favorable 
with good renal and liver function recorded at 2-year fol-
low-up. In those two cases, extensive plasma exchange was 
given before surgery to provide patients with enough nor-
mal CFH to prevent liver graft damage. Thus, in this setting, 
combined liver and kidney transplantation may be an effec-
tive way to gain independence from long-term dialysis and 
may be lifesaving in those infants who, on dialysis, have a 
poor life expectancy.

As CFI and CFB are plasma proteins, one could speculate 
that HUS recurrence may take place in the transplanted kid-
ney, and patients may experience graft failure. The few data 
available are in line with this hypothesis, as graft failures for 
recurrence occurred in 7 of 8 patients with CFI mutations and 
in one patient with CFB mutation.45,62 Conversely, kidney 
graft outcome is favorable in patients with MCP mutations, as 
found in four patients who successfully underwent transplan-
tation with no disease recurrence.56 There is a strong theoreti-
cal rationale for this: MCP is a transmembrane protein highly 
expressed in the kidney. Transplantation of a kidney express-
ing normal MCP not surprisingly corrects the defects in these 
patients.
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Thrombotic Microangiopathy Associated 
with Congenital Defi ciency of ADAMTS-13

This rare form of TMA is associated with a congenital defect 
of ADAMTS-13, a plasma metalloprotease that cleaves ultra-
large vWF multimers into smaller multimers. The defect was 
originally described in TTP21,22; however, emerging data indi-
cate that patients with HUS24 may also have a complete lack of 
ADAMTS-13 activity, albeit less frequently. Thus, on clinical 
grounds, a possible congenital defect of ADAMTS-13 cannot 
be excluded only on the basis of predominant renal localiza-
tion of disease manifestation. TMA associated with congenital 
ADAMTS-13 defi ciency presents either in families or in pa-
tients with no familial history of the disease.21,22,24,63 In both 
cases, the disease is inherited as an autosomal recessive trait, as 
documented by ADAMTS-13 levels in healthy relatives of pa-
tients who fell into bimodal distribution with a group with 
half normal values, consistent with carriers, and the other half 
with normal values.63

Recurrences are very frequent and may occur even after 
symptom-free periods of months or years. Although they are 
more frequent in adults, relapsing forms of TMA have also 
been reported in children with congenital ADAMTS-13 defi -
ciency in whom renal symptoms are predominant.64

To date, more than 50 ADAMTS-13 mutations have been 
identifi ed in patients with familial TTP.63,65 Affected individu-
als within families were either homozygous for the same muta-
tion or compound heterozygous for two different mutations, 
confi rming that the disease was inherited as a recessive trait.

The mutations have been found along the entire 
ADAMTS-13 gene and no clustering is evident, although 
more than 70% of them are located from the metalloprote-
ase through the Tsp-1-2 domains.25 Studies on secretion and 
activity of the mutated forms of the protease showed that 
most of these mutations impair secretion from the cells.66 In 
those cases in which the mutated proteins are secreted, their 
proteolytic activity is greatly decreased.66

Therapy

At present, therapy of ADAMTS-13–associated TMA involves 
plasma infusion or exchange to replenish the active protease. 
Actually, providing just 5% of normal enzymatic activity may 
be suffi cient to degrade large vWF multimers, which may be 
relevant to induce remission of the microangiopathic process, 
and this effect is sustained over time due to the relatively long 
half-life (2–4 days) of the protease. In two brothers with com-
plete defi ciency of the protease and relapsing TTP, disease re-
mission was achieved by plasmapheresis and was concurrent 
with an almost full recovery of ADAMTS-13 activity. Both 
patients achieved a long-lasting remission, although protease 
activity decreased to less than 20% over 20 days after plasma 
therapy withdrawal.67 One patient of ours with relapsing TTP 
due to congenital ADAMTS-13 defi ciency64 who had more 
than 100 relapses over 7 years was given different forms of 
treatment on different occasions: exchange, plasma infusion 
alone or plasma removed and replaced with albumin and sa-
line. Clinical remission and normalization of platelet count 
within a few days were invariably obtained by plasma exchange 
or infusion, but plasma removal never increased the platelet 
count. Thus, plasma infusion is likely an established fi rst-line 
treatment for HUS or TTP forms associated with congenital 

ADAMTS-13 protease defi ciency. Although individual attacks 
usually respond to treatment, long-term prognosis is invari-
ably poor if therapy fails to achieve a lasting remission.

Thrombotic Microangiopathy Associated 
with Inborn Abnormal Cobalamin 
Metabolism

This is a rare autosomal recessive form of HUS associated with 
an inborn abnormality of cobalamin metabolism.68 The dis-
ease manifests in the fi rst days or months of life. Children fail 
to thrive, have poor feeding and vomiting, and may present 
neurological symptoms of fatigue, delirium, psychosis, and 
seizures. In cases with early onset, the disease has a fulminant 
evolution and occasionally involves the pulmonary vascula-
ture, but when it occurs later in childhood, it may follow a 
more chronic course. The hallmarks of defective cobalamin 
metabolism are hyperhomocysteinemia and methylmalonic 
aciduria, and the extremely high homocysteine levels have 
been suggested to have a role in the pathogenesis of the vascu-
lar lesions. Without treatment, the disease is fatal, and it is 
likely that some children die undiagnosed.

Therapy

Treatment is directed at correcting the metabolic disorder as 
effectively as possible.69 Daily intramuscular administration of 
hydroxycobalamin may reduce both homocysteine levels and 
methylmalonic aciduria, whereas oral hydroxycobalamin and 
cyanocobalamin are ineffective. Oral betaine further reduces 
serum homocysteine levels by activating betaine-homocysteine 
methyltransferase. Supplementation of folic acid to avoid fo-
late defi ciency induced by 5-methyltetrahydrofolate trapping 
and of l-carnitine to increase propionyl carnitine excretion has 
been recommended, but it is unclear whether they improve 
disease outcome. Despite treatment, the majority of children 
with early-onset disease die or have severe neurological se-
quelae. Intensifi ed treatment in older children with less acute 
disease may achieve remission of the microangiopathic process 
and amelioration of the other clinical manifestations of the 
metabolic disorder. It is not known whether plasma therapy 
would improve disease outcome.

Other Genetic Forms

Conceivably, the mutations described account for approxi-
mately 50% of genetic forms of TMA. Patients with decreased 
C3 but no evidence of CFH, MCP, CFI, or CFB abnormalities 
have been described. In these rare cases, uncontrolled activa-
tion of the alternative complement pathway may be due to 
genetic defects in other complement regulatory proteins, in-
cluding DAF, CR1, CR2, and C4 binding protein. Other cases 
may be associated with still unrecognized genetic defects. 
Among these are familial forms transmitted with a dominant 
or recessive pattern of inheritance that may manifest with the 
features of HUS or TTP in different members of the same 
family or in different recurrences in the same patient.

Therapy

Plasma infusion or exchange is the only therapy that may 
have some effect. Regardless of treatment, however, disease 
outcome is usually poor.
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IDIOPATHIC

These are forms of unknown etiology with progressive renal 
function deterioration and neurological involvement that may 
resemble TTP. They may follow a progressive course to end-
stage renal failure or death and very likely constitutes a disease 
closer to TTP that requires more specifi c therapies to stop the 
progression of the microangiopathic process. These cases re-
cur more often after kidney transplantation.70

Therapy
Plasma infusion and exchange have been retrospectively found 
to limit residual renal insuffi ciency or the risk of end-stage re-
nal failure in children. Uncontrolled studies suggest that plasma 
infusion or exchange may markedly lower the mortality rate 
and risk of end-stage renal failure in adults.1,71 Intravenous 
immunoglobulins have been suggested to limit neurological 
involvement, but their effectiveness too is still unproven. Bilat-

eral nephrectomy (see “Shiga-Toxin–Associated Thrombotic 
Microangiopathy”) may be attempted as rescue therapy in pa-
tients with severe renal involvement, refractory hypertension/
thrombocytopenia, and hypertensive encephalopathy.

SPECIFIC RECOMMENDATIONS

In addition to symptomatic treatment, various specifi c thera-
pies have been suggested for the different forms of TMA 
(Tables 26-2, 26-3 and 26-4), but, until recently, no clear-cut 
guidelines were available to identify which patients should be 
treated, which therapies should be chosen, and how these 
should be administered. Over the past decade, however, the 
identifi cation of at least two broad categories of patients, 
those with genetically determined and those with acquired 
immune-mediated disease, has allowed, at least in some 
circumstances, targeting the therapeutic intervention to spe-
cifi c pathogenic mechanisms and therefore to optimize the 

Therapy Dose Route of Administration

Antiplatelet Agents

Aspirin 325–1300 mg/day Oral

Dipyridamole 400–600 mg/day Oral

Dextran 70 500 mg bid IV injection

Prostaglandin I2 10–20 ng/kg/min Continuous IV infusion

Antithrombotic Agents

Heparin 5000 U IV bolus injection

750–1000 U/hr Continuous IV infusion

Streptokinase 250,000 U IV bolus injection

100,000 U/hr Continuous IV infusion

Antioxidant Agents

Vitamin E 1000 mg/m2/day Oral

Immunosuppressive Agents

Prednisone 200 mg tapered to 60 mg/day, 
then 5 mg decrease per week

Oral during active disease, oral after remission

Prednisolone 200 mg tapered to 60 mg/day, 
then 5 mg decrease per week

IV during active disease, IV after remission

Immunoglobulins 400 mg/kg/day IV infusion

Vincristine 1.4 mg/m2 on day 1 IV injection

1 mg every 4 days IV injection up to 4 doses

Fresh Frozen Plasma

Infusion 20–30 mL/kg on day 1 IV infusion

10–20 mL/kg/day IV infusion until remission

Exchange 1–2 plasma volumes/day IV until remission

Cryosupernatant See plasma infusion/exchange See plasma infusion/exchange

Sodium detergent treated See plasma infusion/exchange See plasma infusion/exchange

Table 26-3 Specifi c Therapies Most Commonly Used in Thrombotic Microangiopathy, Doses, and Routes of Administration
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risk-benefi t profi le of intervention. Thus, plasma exchange is 
especially benefi cial for patients with immune-mediated defi -
ciency of ADAMTS-13 or factor H because it provides an ex-
cess of the plasma components that may saturate and neutral-
ize the autoantibody activity and partially restore their 
circulating levels while removing the autoantibody from the 
circulation. Similar considerations apply to steroids, vincris-
tine, immunoglobulins, immunosuppressants, and splenec-
tomy. In particular, steroids have been extensively used in the 
past to treat patients with so-called idiopathic TTP or with 
atypical forms of HUS, with inconsistent results. Although 
these treatments may have a role in immune forms of TMA by 
inhibiting the production of the autoantibody and, in combi-
nation with plasma exchange, effecting clearance of the auto-
antibody from the circulation, they defi nitely have no role in 
the treatment of genetic forms. Trials that included both the 
immune and genetic forms of TMA invariably diluted the 

potential benefi ts of steroids or immunosuppressive therapy 
in subjects with immune-mediated disease. This may explain 
the in conclusive results of previous studies in HUS and TTP. 
Fut -ure studies should likely focus on the role of steroids as 
fi rst-line therapy for immune-mediated forms and on vincris-
tine, high-dose immunoglobulins, or other immunosuppres-
sants as second-line therapy, with splenectomy being consid-
ered only rarely as rescue therapy for those patients with 
refractory disease and life-threatening thrombocytopenia or 
neurological involvement. Conversely, patients with geneti-
cally determined ADAMTS-13 defi ciency may benefi t from 
both plasma infusion or exchange because both procedures 
may re-place the defective activity, with the exchange proce-
dure offering the possibility of supplying larger amounts of 
plasma without the risk of fl uid overload. This applies also to 
patients with forms of HUS associated with genetic abnormalities 
of circulating complement regulators such as factors H and I. 

Disease Comment

Acquired

Shiga-toxin associated

Childhood forms No indication (possibly with the exception of plasma infusion/exchange 
for severe forms with anuria and neurological signs)

Adult forms Plasma infusion/exchange (to minimize the risk of sequelae)

Neuraminidase associated Possible indication for plasma infusion/exchange (combined with steroids 
to minimize adverse reactions)

Immune-mediated defective CFH activity Plasma infusion/exchange combined with steroid or immunosuppressive therapy

Immune-mediated defective 
ADAMTS-13 activity

Plasma infusion/exchange combined with steroid or immunosuppressive 
therapy (life saving)

Pregnancy associated

TTP Plasma infusion/exchange (life saving)

HELLP syndrome Plasma infusion/exchange (in selected cases and after delivery)

Postpartum HUS Plasma infusion/exchange (often ineffective)

Systemic disease associated Plasma infusion/exchange (combined with treatment of underlying disease)

Drug associated Plasma infusion/exchange (combined with drug withdrawal)

Transplant associated Plasma infusion/exchange (often ineffective)

Genetic

CFH, CFI, CFB abnormalities Plasma infusion/exchange (often ineffective)

MCP abnormalities Probably no indication for plasma infusion/exchange (relatively good outcome 
also with conservative therapy alone)

ADAMTS-13 defi ciency Plasma infusion/exchange (life saving)

Abnormal cobalamin metabolism Correction of the metabolic abnormalities; possible indication for plasma 
infusion/exchange

Others Plasma infusion/exchange (often ineffective)

Idiopathic Plasma infusion/exchange (often ineffective)

CFB, complement factor B; CFH, complement factor H; CFI, complement factor I; HELLP, hemolysis, elevated liver enzymes, and low platelet 
count; HUS, hemolytic uremic syndrome; MCP, membrane cofactor protein; TTP, thrombotic thrombocytopenic purpura.

Table 26-4 Indications for Specifi c Therapy in the Different Forms of Thrombotic Microangiopathy
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Conversely, there is less rationale or evidence for plasma 
therapy, either as infusion or exchange, in forms associated 
with abnormalities of membrane-bound regulatory proteins 
such as MCP. 

Finally, when a given intervention is being considered in 
an individual patient, the risks and benefi ts of add-on ther-
apy with a specifi c treatment should always be evaluated 
compared with conservative therapy alone. Thus, the use of 
invasive and potentially toxic treatments such as plasma ex-
change or immunosuppressive agents aimed at stopping the 
microangiopathic process should be restricted to cases that, 
without intervention, are expected to have a poor outcome. 
The risk of sensitization, which may limit the possibility of a 
successful transplantation in those progressing to ESRD, 
should also be taken into account at the time the option of 
plasma therapy is being considered. Along this line, conserva-
tive therapy alone is the intervention of choice in most cases 
of childhood STx-HUS, which usually recover spontaneously. 
Similarly, waiting before considering plasma therapy is the 
best strategy in cases associated with MCP mutations because 
these forms appear to have a high rate of spontaneous remis-
sion that does not appear to be appreciably increased by 
plasma therapy.

Whenever indicated, specifi c therapy should be started as 
soon as diagnosis is established to speed up disease recovery 
and minimize morbidity and mortality. Treatment should be 
continued until complete disease remission is achieved.

Platelet count and serum lactate dehydrogenase are the 
most sensitive markers for monitoring the response to 
therapy. In conditions associated with decreased platelet 
production (cancer- or AIDS-associated TMA), serum lac-
tate dehydrogenase concentration is a more reliable indica-
tor of disease activity than platelet count. In pregnancy-
associated TMA, monitoring serum transaminases may be 
helpful.

Screening and Diagnosis

Understanding of the genetic basis of non–Stx-HUS has its 
implications for patient management, in particular, in the 
perspective of kidney transplantation for those who progress 
to ESRD; thus the demand for genetic screening has been 
progressively increasing. However, a full analysis for muta-
tions in the four complement proteins so far recognized to 
be involved in the disease is extremely expensive and time-
consuming. To optimize cost-effectiveness of genetic studies 
and guarantee timely delivery of the results, an initial screen 
based on protein levels (either serum levels or surface expres-
sion) appears a rational approach to rapidly identify the gene 
likely involved (see Fig. 26-1). Even when complement regula-
tor levels are normal, both the titer of anti-CFH antibodies 
and possibly involved genes should be studied according to 
the expected frequency of mutations. Thus, the CFH gene 
should be considered fi rst because it may be mutated in ap-
proximately 30% of cases, followed by MCP and CFI genes, 
which may be mutated in approximately 10% and 2% to 5% 
of cases, respectively. Then, to minimize cost and detection 
time, the exons where the mutations are more frequently 
identifi ed within a given gene should be studied fi rst: thus, the 
analysis of CFH gene should start with the study of the SCRs 
19 and 20, where the majority of CFH mutations tend to clus-
ter; the same applies to SCRs 1 to 4 of MCP, where 90% of 

mutations are identifi ed, and to the serine protease domain, 
which accounts for 60% of CFI mutations.

Plasma Manipulation
The infusion is intended to deliver the equivalent of one plasma 
volume (�30 mL/kg of body weight) over the fi rst 24 hours and 
approximately 20 mL/kg of body weight daily thereafter. To 
avoid fl uid overload, diuretics or ultrafi ltration may be em-
ployed. The exchange procedure is usually intended to replace 
one to two plasma volumes every day.

Two procedures are available for plasma separation in the 
setting of plasma exchange: fi ltration and centrifugation. 
The total extracorporeal volume of the plasma circuit affects 
the choice of the procedure. It is estimated that the total 
extracorporeal volume should not exceed 8% to 10% of total 
blood volume of the patient (taken as 100 mL/kg in infants 
� 10 kg and 80 mL/kg in children � 10 kg). Thus, the fi ltra-
tion system, which has an extracorporeal volume less than 
100 mL, is preferred for small children and in patients with 
cardiovascular instability. Plasma centrifugation is the stan-
dard procedure for all other cases.

Other Specifi c Treatments
In a large series of TTP patients,29 200 mg/day of oral predni-
sone (or 200 mg/day of intravenous prednisolone in patients 
with evidence of hepatic dysfunction) were given until com-
plete normalization of the markers of hemolysis, when corti-
costeroids were rapidly tapered to 60 mg/day and then more 
slowly by 5 mg/week. In HELLP syndrome, dexamethasone 
was given, 10 mg intravenously every 12 hours until delivery 
and for 36 hours thereafter.

The recommended initial dose of vincristine is 1.4 mg/m2

(not to exceed 2 mg) by intravenous injection, followed by 
1 mg intravenously every 4 days until complete remission is 
achieved. Because of its severe neurotoxicity, the drug should 
be used with caution.

Antiplatelet agents have been given by a variety of schedules. 
Dipyridamole (400 mg/day) and aspirin (325 mg/day) are usu-
ally given for at least 2 weeks and until disease remission.28

Prostaglandin I2 (epoprostenol), infused at the recom-
mended doses of 10 to 20 ng/kg/min, may cause hypotension, 
headache, facial fl ushing, and diarrhea. Stable analogues have 
recently been developed, but their effectiveness remains to be 
investigated in controlled trials.

The suggested doses of antithrombotic agents used in 
HUS are given in Table 26-3. Oral vitamin E is usually given, 
1000 mg/m2/day until complete remission of the disease. 
Other antioxidants available for trial include allopurinol, 
desferoxamine, and superoxide dismutase.

Rescue Treatments
When cryosupernatant fraction (i.e., plasma from which the 
cryoprecipitate containing the largest plasma vWF multimers, 
fi brinogen, and fi bronectin has been removed) is used, during 
the infusion or exchange procedure, patients should be given 
the same volumes as stated previously for whole plasma (see 
Table 26-2).

Bilateral nephrectomy and splenectomy are irreversible pro-
cedures and should be considered only for patients at imminent 
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would allow better and more prompt treatment of the disease 
at considerably lower cost and would limit the risk of viral 
infection. Novel techniques such as the solvent-detergent vi-
rus inactivation method by which viruses are inactivated by a 
lipid solvent and detergent that disrupt the lipid envelope are 
under evaluation to assess the possibility of limiting viral 
contamination of plasma without lowering its effectiveness.

Clinical trials to assess the effectiveness of these treatments 
are, however, diffi cult to design properly. In view of the good 
outcome of childhood diarrhea-associated HUS, trials invari-
ably require several hundreds of patients to ensure that they 
have the power to demonstrate an additional benefi cial effect 
of the treatment under evaluation compared with supportive 
therapy alone. Conversely, adult HUS and TTP patients are 
often so ill that treatments are usually attempted in combina-
tion, thus confounding data interpretation. This may explain 
why, so far, the majority of information on the treatment of 
TMA comes from retrospective and often uncontrolled trials 
rather than from prospective, randomized trials.

Genetic Forms
New information derived from recent genetic studies will per-
haps open the perspective on new specifi c treatments for pa-
tients with genetic forms of HUS and TTP. Specifi c replace-
ment therapies with recombinant factor H and ADAMTS-13 
could become a viable alternative to plasma treatment. This is 
reasonably feasible for patients with ADAMTS-13 gene muta-
tions because even low (5% of normal) vWF-cleaving protease 
activity may be suffi cient to degrade large vWF multimers. Fi-
nally, the full defi nition of factor H and ADAMTS-13 gene se-
quence will soon render gene therapy a realistic option for 
patients with inherited HUS or TTP.

risk of death or with disabling disease. In patients at increased 
risk of bleeding because of severe refractory thrombocytopenia, 
platelet transfusion may be indicated before surgery.

FUTURE DIRECTIONS

Acquired Forms
Research efforts are aimed at identifying more specifi c ap-
proaches that may interfere with the causes of endothelial 
injury and the sequence of events triggered by endothelial 
damage. Along this line, several agents aimed at interrupting 
the pathogenic cascade starting with the ingestion of Stx-
producing E. coli strains and eventually culminating in full-
blown HUS are currently under investigation.1 Molecular 
decoys such as orally administered nonpathogenic recombi-
nant E. coli, genetically engineered to display a Stx receptor 
on the surface,72–74 have been successfully used to bind and 
inactivate the toxin in the intestines of mice. In another study, 
a plant-based oral vaccination with nicotiana tabacum cells 
transfected with the gene encoding inactivated Stx2 fully 
protected mice from challenge with a lethal dose of the 
toxin.75 Yet another approach is to use Stx inhibitors; among 
them is STARFISH, an oligobivalent, water-soluble carbohy-
drate ligand that can simultaneously engage all fi ve B sub-
units of Stx, which might help to prevent toxin that already 
has entered the circulation from binding to specifi c recep-
tors.76 Others have ameliorated disease in pigs by injection of 
toxin-neutralizing antibodies.77 Although natural infection 
with E. coli O157 does not confer immunity and no human 
vaccine is currently available, Shiga toxoid vaccines have been 
shown effective in preventing related diseases in animals.

At present, however, prevention remains the most effi cient 
strategy to decrease the morbidity and mortality associated with 
Stx–E. coli infection. A multifaceted approach is required includ-
ing novel ways of decreasing Stx–E. coli carrier rate in livestock 
and implementing a zero-tolerance policy for contaminated 
foods and beverages. Generalized pasteurization of ground beef 
through irradiation will probably help to limit/prevent E. coli
O157 and other food-borne pathogen infections.

Agents to prevent shear-induced, vWF-mediated platelet 
aggregation in vitro may hold promise in the therapy of TMA, 
in which high shear stress forces in damaged microvessels may 
sustain vWF-mediated intravascular platelet thrombosis. 
These agents include aurin tricarboxylic acid, a potent inhibi-
tor of large vWF multimers binding to the platelet surface 
glycoprotein Ib receptor that is now under investigation as an 
arterial antithrombotic agent; recombinant fragments of the 
vWF monomer competitively block the binding of vWF mul-
timers to GP1b, as do monoclonal antibodies to the arginine-
glycine-aspartate-binding region for glycoprotein IIb/IIIa on 
monomeric subunits of vWF multimers.

An alternative approach is aimed at identifying the plasma 
component(s) that might induce remission of HUS and TTP 
(examples of these might be ADAMTS-13 and CFH, found to 
be defective in some forms of TMA). A plasma fraction that 
substantially retains the benefi cial activity of whole plasma 
would reduce the total amount of plasma proteins infused, 
limiting the risk of allergic reactions and fl uid overload. The 
active plasma fraction in lyophilized form could be made 
available to centers that lack facilities for plasma exchange: It 
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Acute interstitial nephritis (AIN) leads to renal failure following 
persistent autoimmunity in the tubulointerstitium. Since the 
classic description of AIN by W.T. Councilman in 1898,1 the 
epidemiology of the disorder has changed signifi cantly and so 
have the therapeutic implications. In the preantibiotic era, AIN 
was a complicating feature of scarlet fever, diphtheria, tubercu-
losis, or other infections, whereas today it is far more likely to 
result from an immunologic response to drug therapy, except 
perhaps in children or renal transplant recipients in whom in-
fectious AIN is still seen. The role of the immune system in the 
pathophysiology of AIN was established more than 30 years ago 
through experiments in animal models, and the rationale for 
current therapy largely rests on these classic studies. Unfortu-
nately, randomized, controlled trials of various therapies are 
notably absent from the medical literature. Therefore, one must 
consider therapeutic options based on knowledge of the patho-
physiology of this disease.

Retrospective series suggest that among patients with acute 
renal failure, AIN accounts for the primary process in 1% to 
4% of all cases or 10% to 15% of those in which a biopsy was 
performed.2,3 It is likely that this is an underestimate due to 
underreporting and the avoidance of renal biopsy in presumed 
cases of AIN, a practice that we discourage. Some estimate that 
almost 25% of patients with end-stage renal disease suffer 
from primary tubulointerstitial injury.4 Furthermore, a recent 
case series of adult AIN at a tertiary referral center suggests that 
the burden of AIN may be increasing, as the annual incidence 
increased from 1% to 4% over the 12 years analyzed.2 This 
increase probably refl ects a growth in the polypharmacy of 
patient care.5

Although a complete discussion of the histology and patho-
physiology of AIN is beyond the scope of this chapter, many 
aspects of this disease resemble characteristics of other forms of 
autoimmune tissue injury. A nephritogenic immune response 
is initiated when the host reacts to a foreign antigen (e.g., a 
hapten-protein conjugate6), loses tolerance to a self-antigen 
(e.g., the glycoprotein 3M-1 in the case of antitubular basement 
membrane [TBM] disease7), responds to a neoantigen pro-
duced by a toxic insult, or identifi es a self-antigen as foreign due 
to molecular mimicry with an infectious agent.8 Mononuclear 
cells, primarily CD4� helper T cells and macrophages, infi ltrate 
the interstitium and effect the immune response by inducing a 

delayed-type hypersensitivity response with the release of 
infl ammatory mediators and by stimulating CD8� T cell–
mediated cytotoxicity.4 Although not absolute, parenchymal 
eosinophils suggest the presence of drug-induced AIN. If neu-
trophils predominate, one should search for an infectious cause. 
Tubulitis, characterized by disruption of the TBM and lympho-
cytic invasion, is more common. The parenchymal infl amma-
tion is accompanied by interstitial edema and distortion of the 
normal architecture. With continued injury, tubular epithelial 
cells undergo epithelial-mesenchymal transition and join the 
pool of fi broblasts that produce extracellular matrix and subse-
quent renal fi brosis.9 Immune deposits are rarely observed by 
immunofl uorescence or electron microscopy, except in the rare 
cases of anti-TBM disease in which the TBMs demonstrate 
linear staining with IgG antibodies.

For the purposes of therapy, AIN may be classifi ed into 
three major categories: (1) drug-induced AIN, accounting for 
approximately 70% of cases in recent series; (2) infectious 
causes, accounting for approximately 8%; and (3) systemic 
immune disorders among the remainder.10 A large number of 
drugs have been associated with AIN, and many have reason-
able foundation based on pathophysiology. For example, it 
was demonstrated in 1975 that methicillin forms a hapten 
conjugate with proteins along the TBM, leading to a drug-
induced form of anti-TBM disease and AIN.6 The contribu-
tion of a detrimental immune response in drug-induced AIN 
is also suggested by the observations that a reaction to a given 
drug only occurs in a small percentage of the population, is 
not dose dependent, is occasionally associated with extrarenal 
signs and symptoms of hypersensitivity, and usually recurs 
with rechallenge.11 Exciting recent data support a direct link 
between drugs and the immune response; peripheral T cells 
isolated from patients with AIN activate and proliferate ex 
vivo when incubated with a specifi c drug from their regi-
men.12 A comprehensive listing of offenders may be found 
elsewhere, but commonly implicated drugs include �-lactam
antibiotics, sulfonamides, nonsteroidal anti-infl ammatory 
drugs, proton pump inhibitors, anticonvulsants, rifampin, al-
lopurinol, cimetidine, and thiazides.11,13,14

Infection-related AIN may result from multiple pathogens, 
but viruses (including BK virus in transplant recipients), lep-
tospirosis, legionella, diphtheria, and tuberculosis are among 
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314 Diseases of Glomeruli, Microvasculature, and Tubulointerstitium

some of the most frequently seen. AIN may also be observed 
in conjunction with Sjögren’s syndrome, systemic lupus 
erythematosus, and sarcoidosis. When found in association 
with uveitis, although not always temporally concordant, it is 
classifi ed as tubulointerstitial nephritis-uveitis syndrome. Al-
though these causes may seem disparate, the common de-
nominator is the putative role of the immune response in 
renal infl ammation and subsequent destruction. Therefore, 
attempts at therapeutic intervention have focused on immu-
nomodulators.

CLINICAL APPROACH

Renal fi brosis may develop within 2 weeks of the onset of AIN, 
and the extent of tubulointerstitial fi brosis correlates with re-
nal survival. This provides the rationale for early defi nitive 
diagnosis and treatment.4 The diagnosis of AIN is suggested 
by the classic presentation of a patient who has defervesced in 
response to antibiotic therapy for an infectious illness and 
then develops a recrudescence of fever associated with a skin 
rash and a decline in renal function. Although methicillin 
tended to produce this monomorphic clinical picture, the 
classic triad of fever, rash, and eosinophilia is found in less 
than 5% of patients in the current era.2 Urinary eosinophils 
detected with Hansel stain and gallium scintigraphy have been 
proposed to aid in the diagnosis of AIN, but neither is sensi-
tive nor specifi c enough for routine clinical use. The diffi culty 
in making a clinical diagnosis of AIN is highlighted in a retro-
spective study by Buysen and colleagues.15 In a biopsy series of 
25 clinically suspected cases of AIN, the diagnosis was con-
fi rmed in 11 (44%). They also reviewed the clinical charts of 
18 biopsy-proven AIN cases and discovered that the diagnosis 
had been clinically suspected in only 11 (61%). This bedside 
error rate demonstrates the potential value of a renal biopsy in 
establishing the diagnosis, as long as the patient can undergo 
the procedure without excessive risk and would be a suitable 
candidate for immunosuppressive therapy. Histological ex-
amination of renal tissue with specifi c attention to the degree 
of infl ammation and tubulointerstitial fi brosis may provide 
prognostic information and infl uence the choice or timing of 
therapy.

THERAPY

The use of immunosuppressive drugs in the treatment of 
AIN remains controversial because there are no prospective, 
randomized, controlled trials that evaluate this therapeutic 
option. Given the varied causes of AIN, the relative scarcity 
of clinical cases, and the ethical dilemma of withholding 
potentially benefi cial drug therapy from a patient who does 
not improve after withdrawal of the putative offending 
agent, it seems unlikely that any such trials will be con-
ducted in the future. Current recommendations for therapy, 
therefore, are based on numerous case reports and several 
small, retrospective case series that demonstrate the occa-
sional benefi t of immunosuppression. The collective experi-
ence is greatest with corticosteroids, and few human data 
have been published for other immunomodulating drugs 
such as mycophenolate mofetil (MMF), cyclosporine, and 
cyclophosphamide.

Withdrawal of the Offending Agent

The initial treatment of AIN is not controversial. Every effort 
must be made to remove the suspected offending agent im-
mediately after making a diagnosis. In the case of infection-
associated AIN, treatment of the underlying infection is anal-
ogous to the discontinuation of a medication in drug-induced 
AIN. The duration of renal injury has been shown to affect the 
renal outcome; one study reported that AIN patients who suf-
fered acute renal failure for 2 weeks or less had a signifi cantly 
better renal outcome than those who had ARF for 3 weeks or 
more (serum creatinine �1 mg/dL vs. �3 mg/dL at the end of 
follow-up).16 Similarly, continued exposure to a drug respon-
sible for AIN can result in signifi cant irreversible damage, 
including the need for long-term dialysis.17–19

Even though the prompt withdrawal of the offending agent 
often leads to clinical improvement, it is not known whether 
this acute improvement suggests the cessation of indolent in-
jury. It is certainly plausible that the destructive immune re-
sponse is perpetuated by a proinfl ammatory cytokine milieu 
that lingers for varying periods of time after the antigen has 
been removed. Furthermore, the nature and course of the im-
mune response may vary depending on the target moiety. For 
example, in the era of methicillin-induced AIN, complete re-
covery of renal function was the rule with the serum creati-
nine returning to baseline in approximately 90% of reported 
patients even though the mean duration of renal failure was 
1.5 months.11 In the recent summary by Baker and Pusey10

of three modern series totaling 128 patients, however, only 
64% made a full recovery (serum creatinine � 1.5 mg/dL), 
23% made a partial recovery, and 13% remained on renal re-
placement therapy at the end of follow-up. Whether this dif-
ference in prognosis is inherent to the antigen is speculative, 
but the modern experience supports our belief that AIN can 
no longer be considered a benign disease.

Corticosteroids

Corticosteroids have been used as immunosuppressive agents 
for several decades. They effectively attenuate the infl amma-
tory response by suppressing both the innate (macrophage 
and dendritic cell–mediated) and adaptive (T and B cell–
mediated) immune response. Upon binding to glucocorticoid 
receptors, the receptor-corticosteroid complex translocates to 
the nucleus, binds to specifi c DNA sequences (glucocorticoid 
response elements) that reside in the promoter regions of 
glucocorticoid-regulated gene products, and recruits coactiva-
tor or corepressor proteins, all of which modulate the tran-
scription of infl ammatory mediators. By this mechanism, 
transcription of I�B is up-regulated, leading to the inhibition 
of the proinfl ammatory transcription factor nuclear factor-
�B. Interestingly, the receptor-corticosteroid complex also di-
rectly interacts with nuclear factor-�B, preventing the tran-
scription of cytokines such as interleukin-1, -2, and -6 and 
tumor necrosis factor �. Corticosteroids also attenuate the 
production of infl ammatory prostaglandins by inhibiting nu-
clear factor-�B–mediated transcription of cyclooxygenase-2 
and through the up-regulation of annexin I (lipocortin-1) and 
mitogen-activated protein kinase phosphatase 1, two proteins 
that inhibit cytosolic phospholipase A2a. Last, corticosteroids 
exert posttranslational effects such as reducing the mRNA 
stability of infl ammatory cytokines and chemokines.20 These 
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mechanisms provide the scientifi c rationale for using these 
drugs to treat AIN.

Perhaps the most often quoted study that demonstrates a 
benefi cial effect of corticosteroids in AIN is a retrospective re-
view by Galpin and colleagues21 of 14 patients with methicillin-
induced AIN (8 biopsy proven). In addition to the withdrawal 
of methicillin, eight patients received prednisone (mean oral 
dose, 60 mg/day) for a mean duration of 9.6 days. Compared 
with the six patients who did not receive prednisone, those in 
the treated group were more likely to return to their previous 
normal serum creatinine level (six of eight treated vs. two of 
six not treated) and achieved their new baseline with greater 
rapidity (9.3 days vs. 54 days).

Following this report, Linton and colleagues22 published 
their experience with nine cases of drug-induced AIN. With-
drawal of the inciting drug led to improvement in only two 
cases. The seven nonresponders were treated with prednisone 
60 mg/day for periods of 6 to 12 days, and all exhibited a 
prompt diuresis and improvement in renal function within 
2 days of initiating steroid therapy. Within 10 days, all treated 
patients returned to their previous baseline level of renal func-
tion. Several other reports describe a similar brisk response to 
the initiation of steroids in AIN. Pusey and colleagues23 treated 
seven episodes of biopsy-proven AIN with high-dose intrave-
nous methylprednisolone (500–1000 mg/day) in a regimen 
similar to that used for the treatment of acute renal allograft 
rejection. All patients responded with a remarkable diuresis 
and/or improvement in renal function within 72 hours of 
treatment without major side effects. In two additional epi-
sodes not treated with steroids, one patient was left with ad-
vanced, chronic renal failure and the other achieved normal 
renal function more slowly than those in the steroid-treated 
group.

A larger case series evaluated 27 patients with biopsy-proven 
AIN (15 drug induced, 9 associated with infection, and 3 
idiopathic). Seventeen of these patients improved with drug 
discontinuation or treatment of the associated infection. Ten 
demonstrated continued renal decline after 5 to 20 days (mean, 
10 days) and were then treated with three daily doses of intra-
venous methylprednisolone or a 3- to 4-week course of oral 
prednisone (40–60 mg/day). Six (60%) of these patients 
achieved a normal serum creatinine at a mean of 1 month, and 
the remaining had a partial improvement in renal function. A 
plot of renal function over time demonstrates a dramatic cor-
relation between the initiation of steroids and the improvement 
in serum creatinine in every patient treated.15

Enriquez and colleagues24 observed a similar temporal as-
sociation of steroid administration and improved renal func-
tion. A woman with acute renal failure due to biopsy-proven 
idiopathic AIN demonstrated rapid improvement in renal 
function after treatment with three boluses of intravenous 
methylprednisolone (1000 mg daily) followed by 1 mg/kg/
day of oral prednisone. Renal function worsened when ste-
roids were discontinued (serum creatinine: 1.7–5.0 mg/dL), 
but improved again following their reintroduction. This pat-
tern repeated during the second steroid taper, and the patient 
again responded favorably to steroids. Eventually, steroids 
were successfully discontinued and renal function remained 
stable for an additional year of follow-up with a serum cre-
atinine of 0.9 mg/dL. In a separate dramatic case report, a 
patient who had been hemodialysis dependent for more than 
3 months due to AIN was treated with high-dose methylpred-

nisolone; surprisingly, renal function improved and dialysis 
was discontinued.25

Not all reports describe a benefi cial effect of corticosteroids 
on the prognosis of AIN.2,19,26,27 The largest published series to 
date that specifi cally addresses the role of corticosteroid ther-
apy in the management of AIN is a retrospective analysis by 
Clarkson and colleagues.2 Reviewing 2598 adult native renal 
biopsy specimens at a tertiary referral center over a 12-year 
period, the authors identifi ed 42 patients with AIN. Patients 
were excluded if they had fi ndings consistent with acute pyelo-
nephritis, a connective tissue disorder, or sarcoidosis or were 
found to have a coexisting glomerular disease (except minimal 
change disease, which is associated with nonsteroidal anti-
infl ammatory–induced AIN). As expected in a retrospective 
study of this duration, steroid regimens varied but were initi-
ated within 4 days of renal biopsy and typically comprised in-
travenous methylprednisolone (500 mg for 2–4 days) followed 
by oral prednisone (0.75 mg/kg/day tapered over 3–6 weeks). 
Twenty-six of 42 (60%) patients received corticosteroid ther-
apy, and the remainder received supportive care. Although not 
a randomized study, the reported baseline characteristics be-
tween the conservatively managed and corticosteroid-treated 
groups were similar. No difference in median serum creatinine 
was observed between the two groups at 1, 6, and 12 months 
after diagnosis.2

It is important to recognize that although corticosteroid 
therapy may be associated with side effects such as hyperten-
sion, hyperglycemia, psychiatric disturbance, weight gain, and 
increased risk of infection, none of the studies described 
herein reported major adverse events due to corticosteroid 
use. Therefore, we believe that the risk-benefi t ratio favors a 
corticosteroid trial for most patients with biopsy-proven AIN 
who fail to show an improvement in renal function within 
days of discontinuing the offending agent. Clinical judgment 
is required in cases in which this risk-benefi t ratio may be 
higher, such as those already showing marked interstitial fi -
brosis and/or minimal active infl ammation at the time of bi-
opsy. If renal biopsy is absolutely contraindicated, an empiri-
cal trial of corticosteroids may be reasonable if the history and 
evaluation are strongly suggestive of AIN and removal of 
the inciting agent does not produce a satisfactory clinical 
response.

Mycophenolate Mofetil
It is somewhat surprising that the largest reported human 
experience with immunomodulatory agents other than corti-
costeroids for AIN is a retrospective, single-center study of 
MMF use in eight patients.28 MMF is widely used in solid-
organ transplantation and has been shown to reduce the in-
cidence of acute rejection in renal allograft recipients.29 It is a 
prodrug of mycophenolic acid (MPA), an inhibitor of the 
rate-limiting enzyme inosine monophosphate dehydrogenase 
in the de novo pathway of purine synthesis. Since T and 
B cells are more dependent on this pathway than most other 
cells, they are especially prone to the antiproliferative effects 
of MPA. Moreover, MPA is an especially potent inhibitor of 
type II inosine monophosphate dehydrogenase, which is ex-
pressed in activated lymphocytes. It also induces apoptosis of 
activated T cells and suppresses the expression of cell adhe-
sion molecules, thereby decreasing mononuclear cell recruit-
ment to sites of infl ammation.30

Ch27_313-320-X5484.indd 315Ch27_313-320-X5484.indd   315 6/18/08 12:46:07 PM6/18/08   12:46:07 PM



316 Diseases of Glomeruli, Microvasculature, and Tubulointerstitium

Preddie and colleagues28 published the fi rst case series of 
MMF use in steroid-dependent biopsy-proven AIN. These 
eight patients received at least 6 months of steroids (in one or 
two courses) and experienced a worsening of the serum cre-
atinine when steroids were tapered or discontinued. Acute 
interstitial nephritis was attributed to drugs in two patients, 
mixed connective tissue disease in one, and an idiopathic 
cause in three; granulomatous interstitial nephritis was ob-
served in the remaining two patients, associated with sarcoid 
in one and with perinuclear antineutrophil cytoplasmic anti-
body seropositivity in the other. MMF was initiated at 500 to 
1000 mg twice daily and titrated to 1000 mg twice daily as 
tolerated by the leukocyte count and gastrointestinal side ef-
fects. Renal function improved in six of the eight patients, 
defi ned as a decrease in serum creatinine of at least 0.3 mg/dL, 
and the remaining two experienced no signifi cant change in 
function. At the most recent follow-up before the authors 
published their experience (mean, 28 months; range, 14–40), 
all had discontinued corticosteroids and fi ve patients had dis-
continued MMF as well. In another isolated case report, a 
pediatric patient with renal-limited sarcoidosis was main-
tained successfully on MMF after induction therapy with 
corticosteroids.31 Although we do not recommend MMF for 
initial treatment of AIN, it may fi nd future use in select cases 
characterized by a relapsing steroid-responsive pattern.

Cyclophosphamide and Cyclosporine
Not all patients with AIN experience improved renal function 
after removal of the offending agent and a trial of corticoste-
roids. In these unfortunate circumstances, there are no pub-
lished human trials or case series to guide further therapy with 
alternative immunomodulatory agents. Convincing experi-
mental evidence in animal models and anecdotal human re-
ports, however, suggest that cyclophosphamide and cyclospo-
rine may have a role in the treatment algorithm for select cases 
of steroid-resistant AIN.

Cyclophosphamide is an alkylating agent that gained 
popularity in the 1970s for the treatment of lupus and vas-
culitis. It forms covalent bonds and cross-links a variety of 
macromolecules, with DNA likely being the most important. 
Cross-linking DNA impairs replication and transcription 
and ultimately leads to cell death or dysfunction. This makes 
cyclophosphamide one of the most potent immunosuppres-
sant drugs available, but also one that carries a substantial 
risk of toxicity.

The level of evidence available for cyclophosphamide use 
in AIN comes primarily from experimental animals. Brown 
Norway rats immunized with rabbit renal TBMs provide an 
experimental model of severe tubulointerstitial nephritis. The 
appearance of anti-TBM antibodies is followed by an intense 
mononuclear cell infi ltrate (mainly T cells and macrophages) 
within several weeks. Agus and colleagues32 demonstrated that 
treatment with daily oral cyclophosphamide beginning at the 
time of immunization prevented the development of anti-
TBM antibodies and histologic lesions. More important, when 
therapy was initiated after established interstitial disease, pro-
gression of histologic lesions halted. With administration 
early in the course of established disease, there was even a 
trend toward regression of histological severity and decreased 
serum creatinine. To extrapolate this rat model of anti-TBM 
disease to human AIN is not easy, but the study does provide 

a rationale for a therapeutic trial in select cases. The published 
use of cyclophosphamide in human AIN consists of anecdotal 
experience mainly in the setting of sarcoidosis and a single 
case report of presumed drug-induced granulomatous AIN in 
the setting of concomitant chronic lymphocytic leukemia.33 In 
the latter case, the authors assumed their regimen of cortico-
steroids and a single dose of intravenous cyclophosphamide 
treated the patient’s AIN and chronic lymphocytic leukemia, 
respectively. The patient, who was dialysis dependent due to 
acute renal failure, recovered her renal function after 6 weeks 
of hemodialysis and achieved a baseline serum creatinine of 
2.8 mg/dL 9 months after diagnosis.33 It is unknown what ef-
fect the cyclophosphamide had, if any, on the course of AIN in 
this case.

A full discussion of the use of cyclophosphamide is beyond 
the scope of this chapter, and the reader is referred to Chapter 
10 (“Immunosuppressive Agents for the Therapy of Glomeru-
lar and Tubulointerstitial Disease”) for additional informa-
tion. The patient should be made aware of the risks of cyclo-
phosphamide therapy, including teratogenicity, hematologic 
toxicity, infection, malignancy (bladder cancer being the most 
common tumor associated with daily oral therapy), hemor-
rhagic cystitis, alopecia, and gonadal toxicity (in both men 
and women, with the incidence among women increasing 
with age).34 Some physicians will bank sperm or eggs if the 
patient is of child-bearing age. These risks increase with cu-
mulative dose and length of treatment and must be refl ected 
in the risk-benefi t ratio for an individual patient.

The risk of malignancy secondary to cyclophosphamide 
therapy is diffi cult to quantify, as retrospective analyses are 
plagued by confounding variables such as concomitant carci-
nogenic drug exposure, other therapies (e.g., external radia-
tion), and the oncogenic potential of the underlying disease 
process. Noting these limitations, a case-control study of breast 
cancer patients suggests that even after adjustment for radia-
tion exposure, a cumulative dose of cyclophosphamide greater 
than 20 g may be associated with an increased risk of hemato-
logical malignancy.35 Most reports of malignancy, however, 
report greater cumulative doses and durations of therapy than 
we would suggest for treating AIN. For example, in a retrospec-
tive study of 119 patients with rheumatoid arthritis, the mean 
total dose and duration of cyclophosphamide was 74.9 g over 
43.8 months in those who developed a subsequent malignancy 
compared with 45.8 g over 28.1 months in control patients.36

In a National Institutes of Health cohort of 145 patients with 
Wegener’s granulomatosis treated with oral cyclophospha-
mide, eight patients (6%) developed transitional-cell carci-
noma of the bladder. The duration from initiation of therapy 
to diagnosis of bladder cancer ranged from 7 months to 
17 years, and seven of the eight patients had received a total of 
more than 100 g of cyclophosphamide.37 Regarding the treat-
ment of AIN, if a comparatively short course of cyclophospha-
mide successfully improves renal function in a patient with 
severe renal dysfunction after other therapies have failed, the 
benefi t of avoiding the morbidity and mortality of end-stage 
renal disease may outweigh the potential therapeutic risks. 
Generally, we attempt oral cyclophosphamide 2 mg/kg/day and 
stop therapy if the serum creatinine does not decrease by 6 to 
8 weeks. If the patient responds, a reasonable approach would 
be to continue therapy for 4 months, at which time an alterna-
tive agent (such as MMF) could be substituted to minimize 
cyclophosphamide exposure.
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Cyclosporin A has been used in transplantation and 
immune-mediated diseases since the 1980s. This fungus-derived 
endecapeptide binds to cyclophilin, and the resulting complex 
subsequently inhibits the serine/threonine phosphatase calci-
neurin. The loss of calcineurin’s phosphatase activity prevents 
the translocation of cytosolic nuclear factor of activated T cells 
to the nucleus for transcription of interleukin-2, thereby inhibit-
ing T-cell activation.34 The effectiveness of cyclosporine to treat 
established AIN was tested in the Brown Norway rat model 
of anti-TBM disease described previously.38 Similar to cyclo-
phosphamide, multiple investigators have demonstrated that 
cyclosporine halts disease progression, even when initiated after 
disease is established, by inhibiting the cell-mediated immune 
response.38–40

Cyclosporine has been used in a few cases of the tubuloint-
erstitial nephritis-uveitis syndrome, but these reports do not 
provide adequate data to assess renal response; in fact, with the 
exception of one case, most attribute renal improvement to 
preceding courses of corticosteroids.41–43 One case report of a 
severe vancomycin-associated hypersensitivity reaction with 
skin rash and visceral involvement (hepatitis and acute renal 
failure with pyuria, eosinophiluria, and low-grade proteinuria) 
attributed a dramatic clinical improvement to a 5-day course 
of cyclosporine (100 mg twice daily) after 3 weeks of steroid 
administration had failed. The skin rash resolved within a week 
and was accompanied by a slow, but stable, improvement in 
renal function. The patient, who had been dialysis dependent 
for 6 weeks at the time of cyclosporine initiation, was able to 
discontinue renal replacement therapy 5 weeks later and had a 
serum creatinine of 1.0 mg/dL 20 months after initial presenta-
tion.44 Although the rapid resolution of skin lesions was tem-
porally related to cyclosporine treatment, it is speculative as to 
whether the drug also led to the improvement in renal func-
tion. In addition, when contemplating the use of cyclosporine, 
the drug’s nephrotoxic potential must be considered as well 
as its proclivity to stimulate the renal fi brogenesis that one is 
attempting to suppress.45

SPECIFIC RECOMMENDATIONS

It is important to establish a defi nitive diagnosis of AIN early 
in its course. There are no clinical, laboratory, or imaging 
features with adequate sensitivity or specifi city to rule out 
the diagnosis. With a good clinical story, we favor the use of 
early renal biopsy if the procedure and the use of immuno-
suppressive therapy are not contraindicated by the patient’s 
general medical condition. In addition to providing the di-
agnosis, histologic analysis may guide therapy. For example, 
the presence of a diffuse cellular infi ltrate or granulomatous 
infl ammation may encourage the use of immunosuppressive 
agents, whereas the presence of signifi cant fi brosis may favor 
withholding potentially toxic therapy.

As outlined in Figure 27-1, the putative agent(s) responsi-
ble for the infl ammatory response must be discontinued or 
treated as soon as the diagnosis is suspected.

In patients who do not demonstrate substantial improve-
ment within several days of removing the inciting agent, we 
recommend a trial of corticosteroids (Table 27-1). Prednisone 
1 mg/kg/day (maximum 80 mg/day) should be initiated, pre-
ceded in severe cases by pulse high-dose intravenous methyl-
prednisolone (250–1000 mg/day for 1–3 days) at the clinician’s 

discretion. If renal function improves within 7 to 10 days, the 
drug should be continued for approximately 2 months and 
then tapered over the next several weeks.

If renal function improves with steroid use but repeatedly 
worsens during the taper or with discontinuation, MMF may 
be administered as a steroid-sparing alternative. We recom-
mend an initial dose of 500 mg twice daily, titrated to 1000 mg 
twice daily if gastrointestinal symptoms and the leukocyte 
count permit.

In cases of severe AIN that do not respond to corticosteroid 
therapy within 1 to 2 weeks, cyclophosphamide may be con-
sidered if histologic examination of the renal parenchyma 
suggests potential salvage. In these diffi cult cases, we suggest 
the addition of oral cyclophosphamide (2 mg/kg/day based on 
ideal body weight) with steroids. In nonresponders, the drug 
should be discontinued after 6 to 8 weeks to minimize toxicity. 
In responders, there are no data to guide duration of therapy, 
but it would not be unreasonable to continue cyclophospha-
mide for 4 months, at which time a switch to another immu-
nosuppressant agent, such as MMF, could be considered, akin 
to induction and maintenance therapy for lupus nephritis. In 
our opinion, corticosteroids may be maintained at lower doses 
(20–40 mg/day) while initially treating with cyclophospha-
mide. Vigilance for leukopenia, infections, and microscopic 
hematuria is exceedingly important.

Supportive therapy for patients with acute renal failure in-
cludes dialysis as necessary. For patients who recover partial 

Are there potential causative agents 
that can be removed or treated?

Yes

Yes

No

No

YesNo

Yes No

Yes No

Proceed accordingly

Does renal function improve 
within several days?

Conservative 
management

Is there marked interstitial 
fibrosis on renal biopsy?

Consider pulse of high-dose IV methylprednisolone
(250–1000 mg/day x 1–3 days) and treat with prednisone
(1 mg/kg/day, maximum 80 mg/day)

Does renal function improve 
within 1–2 wk?

Does renal function consistently 
worsen when steroids are tapered or 

discontinued?
Consider trial of cyclophosphamide 
(2 mg/kg/day based on IBW)

Continue care appropriate 
to residual renal function

Consider MMF (500–1000 mg/day) 
and steroid taper

Figure 27-1 Suggested treatment algorithm for acute intersti-
tial nephritis. IBW, ideal body weight. See text for details.
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renal function, appropriate attention should be given to chronic 
kidney disease care, including the use of renin-angiotensin 
system blockade, in an attempt to obviate renal progression.

FUTURE DIRECTIONS

We have witnessed an impressive growth of knowledge in the 
fi eld of immunology over the past several years, and many 
new immunomodulatory agents have entered routine clinical 
use, testing, or active development. Given that not one ran-
domized, controlled trial has been performed for AIN ther-
apy to date, however, we are not optimistic that these new 
agents will take positions outside of the occasional case re-
port or small series. Because tubulointerstitial fi brosis is the 
fi nal common pathway to all chronic kidney diseases, it is 
likely that the development of drugs targeting fi brogenesis 
will have more of an impact on the prognosis of these pa-
tients. For example, we are encouraged by recent elegant 
work that suggests that bone morphogenic protein-7 admin-
istration reverses transforming growth factor �1–mediated 
epithelial-mesenchymal transition and renal pathology in an 
animal model of chronic kidney disease.46 Other mediators of 
transforming growth factor � signaling may also hold prom-
ise, such as a transforming growth factor � type I receptor 
kinase (ALK5) inhibitor that ameliorated fi brosis in an ani-
mal model of obstructive nephropathy.47 These approaches 
are far from routine clinical application but hold consider-
able promise for the future.
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Diabetic nephropathy (DN) is the single most common cause 
of end-stage renal disease (ESRD) in the United States and 
Europe. According to the World Health Organization, more 
than 171 million people worldwide have diabetes mellitus 
(DM) (www.who.int/diabetes/facts/world_fi gures/en, accessed 
June 2007) and approximately 30% to 40% will develop DN.1

Many of these patients will reach ESRD, although in the United 
States, the number of patients entering the Medicare ESRD 
program with DM appears to have plateaued.2 Many patients 
with early DN die of cardiovascular events before reaching 
ESRD. DM and chronic kidney disease (CKD) are independent 
risk factors for increased cardiovascular (CV) morbidity and 
mortality. Patients with DM and CKD have even higher mor-
tality rates than patients without DM and CKD.3 The CV risk 
associated with CKD is present with an estimated glomerular 
fi ltration rate (GFR) as high as 60 mL/min, and the risk in-
creases with declining renal function.4 This chapter reviews 
strategies to care for the patient with DN and impede the dev-
astating progression of DN.

PREVENTION

The clinical course of DN has been best defi ned in patients 
with type 1 DM, as the time of onset of the disease in these 
patients is so readily apparent. Studies of type 2 DM and 
nephropathy are less readily defi ned; however, the reported 
experience in the type 2 diabetics seen in Native Americans, 
specifi cally the Pima Indians of Arizona, would indicate that 
the clinical course in these patients who develop type 2 DM 
at an early age mirrors that of the type 1 population.5–7 The 
natural history of DN is summarized in Figure 28-1. After a 
period of glomerular hyperfi ltration, the earliest clinically 
detectable stage of DN is microalbuminuria. Generally, pa-
tients have the onset of abnormal urine albumin excretion 
from 5 to 10 years after the onset of DM. Microalbuminuria 
is defi ned as the excretion of small amounts of albumin, 

below the level that can be detected by a traditional urinary 
dipstick evaluation. This level is quantifi ed (Table 28-1) and 
arbitrarily determined to be clinically relevant if within the 
range of 20 to 200 mg albumin per gram of creatinine in 
a spot urine specimen or 30 to 300 mg of albumin in a 
24-hour urine collection. When microalbuminuria is the 
result of DM, it progresses to overt nephropathy, defi ned by 
urinary albumin excretion rates of 300 mg or more in 24 
hours, in up to 50% of patients in 5 to 10 years.8–12 Clinical 
predictors of the development of microalbuminuria and 
progression to overt nephropathy include increased age, 
male gender, African American or Hispanic race, smoking, 
increased body mass index, elevated glycosylated hemoglo-
bin, presence of proliferative diabetic retinopathy, duration 
of DM, dyslipidemias, and systolic hypertension.13–17 Once 
albuminuria is established, if untreated, a decrease in GFR of 
up to 50% will occur within 2 years.18

With the advent of medications that slow progression of 
DN, the primary cause of death has shifted from renal failure 
to CV disease. Patients with DM who have never had a CV 
event are at greater risk of having one than a patient without 
DM but with a known history of a CV event.19 The risk of a 
CV event is higher in a diabetic patient with nephropathy and 
progressively increases as GFR decreases.20–22 Treatment that 
prevents the progression of renal disease becomes the corner-
stone of therapy for delaying ESRD with all of its attendant 
CV risks.

Glycemic Control for the Prevention 
of Diabetic Nephropathy
Poorly controlled glucose carries an inherent risk of complica-
tions in patients with DM. Impaired fasting glucose is an es-
tablished risk factor for developing CV complications.19,23

Furthermore, data from observational studies have demon-
strated a consistent association of poorly controlled blood 
sugars and the development and progression of DN.24–27

Chapter 28

Therapy for Diabetic Nephropathy
William L. Whittier, Julia B. Lewis, and Edmund J. Lewis

CHAPTER CONTENTS

PREVENTION   323
Glycemic Control for the Prevention of Diabetic 

Nephropathy   323
Control of Blood Pressure for the Prevention of 

Diabetic Nephropathy   324
Blockade of the Renin-Angiotensin System to 

Prevent Diabetic Nephropathy   325
Cardiovascular Risk Reduction   325

THERAPY OF DIABETIC NEPHROPATHY   326
Blood Pressure Control   326
Blockade of the Renin-Angiotensin System   327

Diet   329
Treating Chronic Kidney Disease and Avoiding 

Acute Kidney Injury   329
Future Strategies   329

TREATMENT OF THE DIABETIC PATIENT WITH 
END-STAGE RENAL DISEASE   329

CONCLUSION   330

Ch28_321-334-X5484.indd 323Ch28_321-334-X5484.indd   323 6/18/08 12:46:44 PM6/18/08   12:46:44 PM



324 Diabetic Nephropathy

Treating poorly controlled glucose is therefore essential, and 
several studies have evaluated the impact of intensive glycemic 
control on preventing the complications of DM.

Two clinical trials have examined the hypothesis that inten-
sive blood glucose control could slow or prevent the develop-
ment of complications of DM including nephropathy.28,29 The 
Diabetes Control and Complications Trial28 was a prospective 
trial randomizing 1441 patients with type 1 DM to conven-
tional versus intensive blood glucose control. The patients 
were followed for an average of 6.5 years and achieved mean 
hemoglobin A1C values of 7.2% and 9.1% for the intensive 
and conventional arms, respectively. Patients in the intensive 
group had a signifi cantly lower incidence of developing mi-
croalbuminuria and overt albuminuria compared with the 
conventional group. Interestingly, the benefi cial effect per-
sisted even after the trial ended, when, on long-term follow-
up, the group of patients in the intensive arm during the study 
period had a sustained benefi cial effect on preventing the 
development of microalbuminuria, overt albuminuria, and 

hypertension despite a lack of persistent difference in achieved 
hemoglobin A1C values on follow-up.30,31 The Diabetes Con-
trol and Complications Trial was a landmark study demon-
strating conclusively that intensive blood glucose control in 
patients with type 1 DM will slow or prevent the development 
of DN as well as other complications of DM.

This same hypothesis was tested in the United Kingdom 
Prospective Diabetes Study (UKPDS) in patients with type 2 
DM.29 The investigators randomized 3867 patients with newly 
diagnosed type 2 DM to receive intensive therapy with oral 
hypoglycemic agents or insulin versus conventional therapy 
with diet alone. The average hemoglobin A1C values achieved 
were 7.0% in the intensive arm versus 7.9% in the conventional 
arm. Patients randomized to the intensive therapy group had a 
signifi cant decrease in any diabetes-related endpoint, but no 
statistically signifi cant decrease in the development of microal-
buminuria, albuminuria, or twofold increase in the serum 
creatinine. However, renal function was tested infrequently. 
These data did not demonstrate a positive effect of aggressive 
glycemic control in the prevention of DN in type 2 DM in the 
UKPDS population. In another study of intense glucose con-
trol in 110 Japanese patients with type 2 DM, intensive insulin 
therapy reduced the development of microalbuminuria and 
overt albuminuria compared with less intensive insulin ther-
apy.32 This effect persisted at follow-up of 8 years.32,33

Although the optimal level of glycemic control is unknown, 
the current American Diabetes Association guidelines recom-
mend that the hemoglobin A1C level be kept at less than 
7% in patients with type 1 and 2 DM.34

Control of Blood Pressure 
for the Prevention of Diabetic 
Nephropathy
Profound evidence exists of the importance of blood pressure 
control and choice of antihypertensive therapy in patients with 
existing DN (see “Therapy of Diabetic Nephropathy”). The an-
swer to the question of whether patients with established type 1 
or 2 DM are less likely to develop progressive nephropathy if 
their blood pressure is well controlled is not as clear. Observa-
tional studies have linked the presence of hypertension and 
uncontrolled blood pressure to the development of microalbu-
minuria or proteinuria in patients with DM.8,9,16,17,24,27 Random-
ized, controlled trials have had confl icting results. Embedded 
within the UKPDS study was a trial comparing two levels of 
blood pressure control with regard to the development of mac-
rovascular and microvascular complications in 1148 hyperten-
sive patients with type 2 DM and a normal GFR.35 During the 

Cardiovascular Death
Incipient Nephropathy
•  Microalbuminuria
•  Increasing Blood Pressure

0 2 5 11–23 13–25 13–30 Years

Onset of 
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End-stage
Renal
Failure

Functional Changes
  • ↑ Kidney size
  • ↑ GFR

Structural Changes
  • ↑ GBM Thickening
  • ↑ Mesangial Expansion
  • +/- Microvascular Changes

Figure 28-1 Typical natural history of diabetic nephropathy 
for a patient with type 2 diabetes mellitus. Glomerular fi ltra-
tion rate (GFR) is elevated at the onset of diabetes mellitus. 
Structural changes follow. With the development of microal-
buminuria, there is typically an increase in blood pressure, 
and advancing structural damage appears in the kidney and 
vasculature elsewhere. With progression to overt proteinuria, 
the GFR starts to decrease usually in a linear fashion and, 
without intervention, the patient reaches end-stage renal fail-
ure. The risk of cardiovascular death is present early in the 
course of diabetic nephropathy and progresses as the renal 
disease advances. GBM, glomerular basement membrane. 
(Modifi ed from Lewis JB: Diabetic nephropathy in patients 
with type II diabetes. Geriatr Nephrol Urol 1999;9:168.)

Table 28-1 Categories of Urinary Protein Excretion

Dipstick Protein 24-Hour Protein 24-Hour Albumin Spot Collection Timed Collection

Normal Negative �150 mg �30 mg �30 �g albumin/mg 
creatinine

�20 �g/min

Microalbuminuria Negative 150–500 mg 30–300 mg 30–300 �g albumin/
mg creatinine

20–200 �g/min

Overt nephropathy 1(�) to 4(�) �500 mg �300 mg �300 �g albumin/
mg creatinine

�200 �g/min
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mean follow-up of 8.4 years, the mean blood pressure in those 
patients with more active blood pressure control (mean achieved 
blood pressure, 144/82 mm Hg) was lower than the group with 
less tight control (mean achieved blood pressure, 154/87 mm 
Hg). The risk of any complication or death from diabetes, myo-
cardial infarction, and the composite of microvascular compli-
cations was less with lower systolic blood pressure.36 This study 
was unable to demonstrate a statistically signifi cant benefi t of 
lower blood pressure on the renal endpoints of proteinuria or 
twofold increase in the serum creatinine. However, it is impor-
tant to emphasize that the UKPDS was not designed as a trial to 
examine renal endpoints.

The Appropriate Blood Pressure in Diabetes study37 was car-
ried out to determine the importance of blood pressure control 
in an attempt to prevent the onset of progressive renal dysfunc-
tion. The investigators randomized 480 normotensive patients 
with type 2 DM to intensive blood pressure or moderate blood 
pressure control and observed these patients over 5 years. There 
was a signifi cant decrease in the development of albuminuria in 
the group randomized to the intensive therapy. However, the 
primary endpoint of the study was a change in creatinine clear-
ance, and no difference was noted between the groups.

As noted below, intensive blood pressure control is an im-
portant therapeutic goal in the diabetic population, particu-
larly with respect to the prevention of CV events and treatment 
of the course of established renal disease. However, the value of 
blood pressure control as a preventive measure with respect to 
the onset of nephropathy remains an open question.

Blockade of the Renin-Angiotensin 
System to Prevent Diabetic Nephropathy
Before the onset of microalbuminuria, the initial mechanism 
in the development of DN is renal hypertrophy, hyperfunc-
tion, and glomerular hyperfi ltration. Evidence derived from 
the measurement of glomerular hemodynamic parameters in 
experimental diabetes in the rat reveals increased intraglo-
merular pressures from the direct transmission of pressure 
along a dilated afferent arteriole as well as vasoconstriction 
due to the effects of increased angiotensin II on the efferent 
arteriole. Blockade of the angiotensin II effect on the efferent 
arteriole with angiotensin-converting enzyme (ACE) inhibi-
tors leads to an improvement in the elevated intraglomerular 
pressure, which may well account for the preservation of 
glomerular structure and function in DM.38–41

In view of the apparent central role of angiotensin II an-
tagonism in the interruption of a pathogenic pathway in DM, 
which can result in glomerular damage, the question has arisen 
whether blockade of the renin-angiotensin system (RAS) pre-
vents the development of clinically detectable DN. The 
Bergamo Nephrologic Diabetes Complications Trial42,43 was a 
multicenter, controlled trial designed to investigate whether 
blood pressure control and choice of blood pressure agent 
could prevent the onset of microalbuminuria in patients with 
hypertension and type 2 DM. A total of 1204 patients were 
randomized to receive the ACE inhibitor trandolapril, the cal-
cium channel blocker verapamil, a combination of trandol-
april and verapamil, or placebo and followed for a median of 
3.6 years. The primary outcome of developing microalbumin-
uria was the defi ned endpoint of the development of DN, and 
this was less in the groups receiving trandolapril. The vera-
pamil arm was equivalent to placebo. A post hoc analysis 

revealed that treatment with the ACE inhibitor trandolapril 
prevented microalbuminuria independent of blood pressure 
control.43 This study supports the recommendation that treat-
ment of patients with type 2 DM without clinically detectable 
DN with an ACE inhibitor is effective in reducing the develop-
ment of early nephropathy.

Cardiovascular Risk Reduction
Patients with DM, and even more so for patients with DN, are 
prone to CV complications and death. Targeting a global de-
crease in CV risk, especially early in the course of the disease, 
is instrumental in promoting the long-term health of these 
patients. Unfortunately, although there is much evidence 
demonstrating the benefi t of a variety of interventions to re-
duce CV events in patients with DM, patients with DN are 
typically excluded from these trials. However, the Steno-2 trial 
evaluated such an approach for patients with type 2 DM and 
microalbuminuria.44 One hundred sixty patients were ran-
domly assigned to either an intensifi ed treatment plan of 
lifestyle modifi cation, smoking cessation, pharmacologic 
therapy for hyperglycemia, hypertension, dyslipidemia, mi-
croalbuminuria, and aspirin or conventional therapy and 
followed for an average of 7.8 years. Patients who received 
intensive therapy had a signifi cant decrease in CV death and 
events, peripheral vascular disease, urinary albumin excretion, 
as well as retinopathy and neuropathy. Although this study 
was not designed to detect which therapy was responsible for 
the greatest effect, clearly an organized global approach to 
decrease in CV risk was benefi cial.

More specifi c therapy of blocking the RAS for decreasing 
CV events has also been tested. The Heart Outcomes Pre-
vention Evaluation trial was a randomized, controlled study 
of patients with vascular disease or DM performed in an 
attempt to ascertain a CV effect of the ACE inhibitor 
ramipril versus placebo. Compared with placebo, treatment 
with ramipril signifi cantly reduced the primary outcome 
of a composite of myocardial infarction, stroke, or death 
from CV causes over a 5-year period.45 The trial enrolled 
9297 patients, 3577 (38%) of whom had DM. The MICRO-
Heart Outcomes Prevention Evaluation substudy of the 
Heart Outcomes Prevention Evaluation trial examined these 
3577 patients for the same primary outcome with the addi-
tion of the development of overt nephropathy. The study 
was halted early because of the consistent benefi t of ramipril 
for all CV outcomes as well as nephropathy.46 Additional 
evidence was supplied by the Reduction in End-Points in 
Non-Insulin Dependent Diabetes Mellitus with the Angio-
tensin II Antagonist Losartan trial investigators.47 In this 
study, over a follow-up period of 3.4 years, 1513 patients 
with overt DN from type 2 DM were randomized to receive 
angiotensin antagonism with losartan 100 mg/day or pla-
cebo. The primary outcome of the composite of doubling of 
the serum creatinine, ESRD, or death was signifi cantly lower 
in the group assigned to losartan. A secondary analysis of 
this study48,49 demonstrated that albuminuria was the stron-
gest predictor of CV outcome. There was an 18% decrease 
in CV risk for every 50% decrease in albuminuria, and 
a 27% decrease in heart failure risk for every 50% decrease 
in albuminuria. This lends additional support for the car-
dioprotective role of blockade of the RAS and decrease in 
albuminuria in the patient with DN.
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Patients with DM have the same risk of cardiac mortality as 
patients with known coronary artery disease.19 As patients with 
CKD and ESRD from DN have an even greater risk,3,50 it re-
mains essential to reduce this risk with lifestyle modifi cation, 
smoking cessation, aspirin, and pharmacologic therapy for 
hyperglycemia, hypertension, dyslipidemia, and albuminuria.

THERAPY OF DIABETIC NEPHROPATHY

The natural history of DN has been altered by therapeutic 
interventions that reduce the malignant course and delay the 
progression to ESRD. Blockade of the RAS, blood pressure 
control, and blood glucose control all have a role in maintain-
ing preservation of renal function. As the nephropathy pro-
gresses, treating the sequelae of CKD and adjusting medica-
tions for the decrease in GFR become important aspects of 
patient care. With these therapies, there has been a remarkable 
decrease in new onset ESRD from DN since 1995.2,51

Blood Pressure Control
Initial studies of blood pressure reduction in patients with DN 
were performed with small numbers of patients but demon-
strated an overall benefi t of blood pressure control. In 1982, 
Mogensen52 evaluated the effects of blood pressure control on 
progression of DN. He reported that lowering blood pressure 
from a mean of 162/103 mm Hg to 144/95 mm Hg in six pa-
tients reduced the rate of loss of GFR from 1.23 mL/min/month 
to 0.49 mL/min/month. Others confi rmed these fi ndings.53–55

In 1987, Parving and colleagues54 reported that treating blood 
pressure from a mean of 143/96 mm Hg to 129/84 mm Hg in 
11 patients with type 1 DM and DN decreased the rate of GFR 
decline from 0.89 mL/min/month to 0.22 mL/min/month.

These promising results suggested further study would be 
necessary to determine the optimal blood pressure range to 
prevent the pathologic progression of DN. The UKPDS ran-
domized patients to two different blood pressure goals and 
found an impressive risk reduction in CV and diabetes-related 
events with the lower achieved blood pressure (144/82 mm Hg), 
but was unable to detect a renoprotective effect of being 
randomized to the lower blood pressure.35,54 However, this 
may have refl ected the limitation of study design in the 
UKPDS. A further trial,37 the Appropriate Blood Pressure in 
Diabetes study, not only demonstrated a decrease in the devel-
opment of albuminuria, but also a decrease in the progression 
to overt nephropathy in the group that achieved a mean blood 
pressure of 128 ± 0.8/75 ± 0.3 mm Hg. Finally, a smaller 
study56 investigated the effects of lowering blood pressure in 
patients with type 1 DM and advanced DN by randomizing 
them to a mean arterial pressure of 92 mm Hg or less versus 
100 to 107 mm Hg. Patients were followed for 2 years, and 
those randomized to the lower mean arterial pressure goal 
experienced an improvement in proteinuria from an average 
of 1043 mg/day to 535 mg/day compared with the group with 
the higher mean arterial pressure goal that developed an aver-
age increase in urinary protein excretion from 1140 mg/day to 
1723 mg/day. Based on this randomized study, renal remission 
was achieved, defi ned as a 24-hour urine protein excretion of 
less than 500 mg/day coupled with a loss of GFR of less than 
2 mL/min per year. Blood pressure control was achieved using 

ramipril, which was titrated up to a dose of 20 mg/day before 
the addition of other antihypertensive agents. Therefore, those 
patients with the best outcome had better blood pressure con-
trol and were on average treated with the higher dose of the 
ACE inhibitor.

The Irbesartan Diabetic Nephropathy Trial (IDNT) re-
vealed that the application of angiotensin receptor blockade in 
patients with overt nephropathy signifi cantly slowed the rate 
of progression to loss of renal function in type 2 DM (see 
later).57 When the impact of the patients’ blood pressure at the 
time of entry into the study was examined, it was clear that 
patients who entered the study with more poorly controlled 
blood pressure were more likely to develop renal failure. De-
spite this relationship between the lack of historical blood 
pressure control and an adverse renal outcome, it was demon-
strated in the IDNT that the achieved blood pressure had a 
more profound effect on outcome than did the baseline blood 
pressure.58 Hence, despite a history of undertreatment of 
the blood pressure, achieving blood pressure control was an 
important and effective therapeutic goal.

Intensive blood pressure control therefore has substantial 
benefi ts for treatment of nephropathy in patients with DM; 
however, how far should the clinician attempt to lower it? Is 
there CV harm in lowering blood pressure too much? In 
1988, the concept of the J curve was introduced.59 This was 
based on the fact that lowering blood pressure diminished 
CV disease and death, but there was a defi nable plateau where 
blood pressure control lacked a benefi t for CV mortality. 
In fact, decreasing the diastolic blood pressure below this 
plateau was associated with an increase in mortality. This re-
lationship between blood pressure control and clinical out-
come therefore was depicted graphically as a U- or J-shaped 
curve and was compatible with the observation that during 
diastole, lower blood pressures could limit coronary perfu-
sion.59,60 This concept is essential to apply to patients with 
DM and DN who have a well-established CV risk. Attempting 
to control the systolic pressure in this population can lead to 
the potential danger of decreasing diastolic pressure too far. 
The post hoc analysis of the IDNT confi rmed the J-curve 
relationship in the patient with DN, as a plateau was reached 
in the development of renal outcomes at a systolic blood 
pressure of less than 130 mm Hg, and, more importantly, all-
cause mortality increased below a systolic blood pressure of 
120 mm Hg.58 In this same population of overt DN, CV 
deaths and congestive heart failure events increased at an 
achieved systolic blood pressure of less than 120 mm Hg, and 
the relative risk of a myocardial infarction was higher in those 
patients who achieved a lower diastolic blood pressure.61 An 
additional trial, not a post hoc analysis, was performed by 
Osher and colleagues.62 The investigators attempted to treat 
patients with DM and hypertension to the blood pressure 
goal of less than 130/85 mm Hg as recommended by the most 
recent Joint National Commission on the Prevention, Detec-
tion, Evaluation, and Treatment of High Blood Pressure.63

The diastolic blood pressure goal was achieved in 90% of the 
patients and the systolic goal in 33%. The achievement of a 
diastolic blood pressure of less than 70 mm Hg was more 
likely in patients who were older, had a higher systolic blood 
pressure, or a history of coronary artery disease.

Treatment of blood pressure in the patient with DN 
should therefore be targeted between the range of 120 to 
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130/80 to 90 mm Hg, with care to not excessively lower the 
diastolic pressure.

Blockade of the Renin-Angiotensin 
System
Angiotensin receptor blockers (ARB) and ACE inhibitors 
block the deleterious renal effects of angiotensin II while si-
multaneously lowering blood pressure, and, as lowering blood 
pressure has been shown to improve renal outcomes, debate 
could exist as to which effect is renoprotective. The fi rst large 
human clinical trial to examine this hypothetical effect of 
renoprotection with RAS blockade in DN was in 409 patients 
with type 1 DM and overt DN.64 Overt DN was defi ned as the 
excretion of 500 mg proteinuria/day or more and serum cre-
atinine of 2.5 mg/dL or less. The patients were randomized to 
receive captopril 25 mg three times daily or placebo, and 
blood pressures were similar in the two groups. The results 
were a dramatic 43% decrease in the doubling of serum cre-
atinine (Fig. 28-2) as well as a statistically signifi cant decrease 
in time to death, dialysis, or transplantation with captopril 
compared with placebo. Thus, in patients with type 1 DM and 
DN, ACE inhibitors provide renoprotection superior to that 
with blood pressure treatment alone.

The data in DN associated with type 2 DM is also compel-
ling. The Effect of Irbesartan in the Development of Diabetic 
Nephropathy in Patients with Type 2 Diabetes investigators65

randomized 590 patients with type 2 DM and microalbumin-
uria to receive either placebo, irbesartan 150 mg, or irbesartan 
300 mg for 2 years. The primary endpoint of albuminuria 
more than 200 mg/day was statistically lower (P � .001) in the 
irbesartan 150-mg group and 300-mg group compared with 
the placebo group, with the greatest decrease at the highest 

dose (Fig. 28-3). This study demonstrated not only the impor-
tance of blockade of the RAS for the renal outcome, but also 
the importance of dose on effi cacy, with the higher dose being 
more effi cacious.

More advanced DN from type 2 DM was studied by the 
IDNT group,57 who randomized 1715 hypertensive patients 
with overt DN (median baseline serum creatinine, 1.67 mg/dL; 
median baseline urinary protein excretion, 2.9 g/24 hr) 
to receive one of three treatment regimens: (1) irbesartan 
300 mg/day, (2) amlodipine 10 mg/day, or (3) placebo. Pa-
tients were followed for an average of 2.6 years. Antihyperten-
sive agents with the exception of ACE inhibitors, ARBs, and 
calcium channel blockers were used as needed in each group 
to target a blood pressure of less than 135/85 mm Hg. The 
primary composite endpoint of doubling of the serum creati-
nine, development of end-stage renal disease, or death was 
signifi cantly lower in the irbesartan arm compared with the 
amlodipine or placebo arm. Blood pressure control was simi-
lar in all three arms and equivalent in the amlodipine and 
irbesartan groups.

Similar results were demonstrated in the Reduction in 
End-Points in Non-Insulin Dependent Diabetes Mellitus with 
the Angiotensin II Antagonist Losartan trial,47 in which ran-
domization to angiotensin antagonism with losartan pro-
duced a decrease in the primary outcome of the composite of 
doubling of the serum creatinine, ESRD, or death. The benefi t 
was greater than that attributed to blood pressure decrease 
alone. These two independent trials gave extraordinarily simi-
lar results, providing remarkable attestation for the use of 
ARBs for renoprotection in overt DN from type 2 DM.

These data established the blood pressure–independent 
effects of renoprotection with blockade of the RAS for DN in 
patients with type 1 and 2 DM. Figure 28-4 represents renal 
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328 Diabetic Nephropathy

and inhibition of the RAS offer independent and additive ef-
fects to prevent progression of DN.

In addition to blood pressure, proteinuria is reduced in 
patients with DN treated with RAS blockade. In the IDNT, 
baseline proteinuria was a strong and linear determinant of 
developing a renal endpoint (Fig. 28-5A). More importantly, 
improved renal outcomes were associated with a decrease in 
proteinuria (see Fig. 28-5B).66 Data from the Reduction in 
End-Points in Non-Insulin Dependent Diabetes Mellitus with 
the Angiotensin II Antagonist Losartan trial also demon-
strated a signifi cant decrease in proteinuria in those patients 
assigned to losartan.47 The baseline proteinuria was predictive 
of a renal endpoint and ESRD, and decrease in the protein 
excretion was associated with fewer renal outcomes and 
ESRD.49 This emphasizes that proteinuria may be another 
potential target for therapy in DN, as more evidence is emerg-
ing for the association of proteinuria as an independent 
modifi able risk factor for progression of advanced DN.48,49

Blockade of the RAS with ACE inhibitors or ARBs has been 
well established in slowing the progression of DN, and thera-
pies that antagonize this system further by other maneuvers 
have been evaluated. Most of these trials are small in sample 
size and/or contain confounding variables. Higher doses of 
ARBs than those approved by the U.S. Food and Drug Admin-
istration have been shown to decrease microalbuminuria to a 
greater degree than the accepted doses.67 Studies of combining 
ACE inhibitors and ARBs have shown a decrease in protein-
uria below what was established with either agent alone.68–75

Blockade of aldosterone receptors with spironolactone76 and 
eplerenone77 has been shown in small trials to reduce protein-
uria in patients with DN independent of their effects on blood 
pressure. The renin inhibitor aliskiren, currently approved by 
the U.S. Food and Drug Administration for control of blood 
pressure, has preliminarily shown reduction in proteinuria 
additive to the effects of RAS blockade by losartan.78 At pres-
ent, however, no study of these alternative and novel maneu-
vers to block the RAS has been shown to be associated with a 
decrease in the rate of decline of renal function. Proteinuria 
reduction alone has been associated with improved renopro-
tection, and therefore long-term studies with further blockade 
of other agents that interfere with the RAS to document 
signifi cant delay in the progression to ESRD are eagerly 
anticipated.

Care must be taken to monitor and treat the potential 
development of hyperkalemia when using any agent to block 
the RAS. Given the fact that many of these patients have a 
decreased GFR or even hyporeninemic hypoaldosteronism, 
maximally blocking the RAS at multiple sites may lead to an 
increased incidence of hyperkalemia. The rigorous nature of 
follow-up in a clinical trial typically would follow this closely; 
however, widespread application of clinical trial data to pa-
tients in the general public who may not meet criteria for the 
study and/or may not follow up as closely can be dangerous,79

especially with the known consequence of sudden death seen 
with hyperkalemia. It is prudent to check the serum potas-
sium 7 to 14 days after establishing therapy with these agents.

Overwhelming evidence from statistically valid clinical trials 
supports blockade of the RAS with ACE inhibitors or ARBs to 
decrease the rate of progression of DN. They are considered the 
fi rst-line therapy for the patient with microalbuminuria or 
overt DN. Evidence exists proving a benefi cial effect of ACE 
inhibition in patients with overt nephropathy from type 1 DM 
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the development of diabetic nephropathy in patients with type 
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Figure 28-4 Simultaneous impact of quartile of achieved sys-
tolic blood pressure (BP) and treatment modality on the rela-
tive risk for reaching a renal endpoint (doubling of baseline 
serum creatinine or end-stage renal disease, defi ned as serum 
creatinine � 6.0 mg/dL or renal replacement therapy). Avg, 
average. (From Pohl MA, Blumenthal S, Cordonnier DJ, et al: 
Independent and additive impact of blood pressure control 
and angiotensin II receptor blockade on renal outcomes in the 
irbesartan diabetic nephropathy trial: Clinical implications 
and limitations. J Am Soc Nephrol 2005;16:3031.)

outcomes from the IDNT, stratifi ed by treatment assignment 
and systolic blood pressure quartiles.58 It is apparent that, in 
addition to randomization to the irbesartan group, the lower 
quartiles of achieved systolic blood pressure were associated 
with improved renal outcomes. Thus, blood pressure control 
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and reduction in albuminuria in DN from type 2 DM. Evidence 
of angiotensin II blockade with ARBs proves the benefi cial ef-
fect in patients with microalbuminuria and overt nephropathy 
from type 2 DM. Further evidence and safety data must exist 
before recommending the use of additional novel maneuvers to 
block the RAS in patients with DN.

Diet
The modern diabetic diet of low fat, low sodium, moderately 
low protein, and high fi ber has been shown to decrease blood 
pressure in patients with type 2 DM and hypertension.80 This 
has not been formally evaluated for patients with DN. Studies 
on dietary protein restriction have had mixed results.81–85 Due 
to the dietary restrictions of fat and simple carbohydrates in 
diabetic patients, restricting protein may increase the risk of 
protein malnutrition. A reasonable recommendation is to 
follow a low sodium (�2 g/day) diet with moderate protein 
intake (0.8 g/kg/day).

Treating Chronic Kidney Disease 
and Avoiding Acute Kidney Injury
In addition to focusing on slowing or reversing the progres-
sion of DN, care must be taken to treat the sequelae of CKD. 
This therapy is beyond the scope of this chapter and can be 
reviewed in Part XII: Chronic Renal Failure and Its Systemic 
Manifestations. However, certain precautions are unique to 
evaluating the diabetic patient. As the GFR decreases, dosing 
for insulin and other oral hypoglycemic agents with renal 
excretion needs adjustment. Metformin should be held when 
the creatinine clearance decreases to less than 60 mL/min as 
the risk of type B lactic acidosis develops.86 Diabetic pa-
tients, and especially those with DN, are at increased risk of 
developing acute kidney injury.87 These acute insults can 
often lead to an irrecoverable loss of renal function and have 
a direct correlation with a higher mortality.88 It is sensible to 
avoid, if possible, situations that may cause acute kidney in-
jury, such as iodinated contrast exposure, atheroemboli, and 
nonsteroidal anti-infl ammatory agents, as these may acceler-
ate the progression of CKD. As the diabetic patient has a 

high risk of vascular disease and congestive heart failure, 
control of coronary risk factors and volume status is pru-
dent. Finally, dialysis education, preparation for transplanta-
tion, or palliative care should begin early in the course of 
CKD in patients with diabetes to allow for an informative 
and effective evaluation.89

Future Strategies
Despite the established therapies for reducing progressive 
nephropathy, the patient with diabetes is still at risk of even-
tual renal failure and CV complications. New medications to 
reduce and perhaps reverse this risk may be developed in the 
future. One such drug is sulodexide, a glycosaminoglycan 
that has shown promise in pilot studies to reduce albumin-
uria in patients with DN.90 Endothelin antagonism is another 
novel target for treatment of DN; however, trials with these 
agents were recently halted due to side effects associated with 
the use of the study drug. Inhibitors of transforming growth 
factor �, such as pirfenidone, may have promise in inhibiting 
fi brosis in the kidney as DN progresses.91,92 Ruboxistaurin, a 
protein kinase C inhibitor, has also been shown to decrease 
proteinuria in patients with DN in preliminary pilot stud-
ies.93 Agents that reduce or inhibit glycosylation end products 
also show promise.94–97 In light of limitations of maximally 
blocking the RAS system, such as hyperkalemia, these future 
therapies for DN are attractive. There must be further study 
with rigorous clinical trials and safety data must exist before 
recommendation of these novel therapies in addition to RAS 
blockade.

TREATMENT OF THE DIABETIC PATIENT 
WITH END-STAGE RENAL DISEASE

Hemodialysis, peritoneal dialysis, renal transplantation, and 
palliative care are all options for the diabetic patient with 
ESRD. These are discussed in detail in Parts XIII and XIV. The 
choice of renal replacement therapy is individualized for each 
patient, but the treating physician and the patient should be 
aware of the specifi c risks that a diabetic patient carries.

Figure 28-5 A, Kaplan-Meier analysis of doubling of baseline serum creatinine level, serum creatinine level of 6.0 mg/dL, or 
the development of end-stage renal disease by baseline proteinuria values. B, Kaplan-Meier analysis of doubling of baseline 
serum creatinine level, serum creatinine level of 6.0 mg/dL, or the development of end-stage renal disease by level of protein-
uria change in the fi rst 12 months. (B, From Atkins RC, Briganti EM, Lewis JB, et al: Proteinuria reduction and progression to 
renal failure in patients with type 2 diabetes mellitus and overt nephropathy. Am J Kidney Dis 2005;45:283, 285.)
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330 Diabetic Nephropathy

The diabetic patient with ESRD has a higher morbidity, 
mostly from cardiac and vascular disease, compared to a non-
diabetic patient with ESRD.51 Furthermore, mortality is nearly 
double for a diabetic with ESRD compared with a nondiabetic 
with ESRD.3,51 Although kidney transplantation is associated 
with an improved mortality, no proven difference in overall 
mortality exists between those patients on hemodialysis ver-
sus peritoneal dialysis.51 The studies evaluating a difference in 
dialysis modality for the mortality of diabetic patients have 
demonstrated confl icting results,98–103 which can be explained 
by the nature of their observational and/or retrospective study 
designs. To date, there has not been an appropriately powered 
randomized trial to defi ne a difference in mortality with re-
spect to modality of dialysis for patients with DM and ESRD.

Other practical factors are involved when choosing the 
dialysis modality for the patient with DN. Blindness from 
proliferative diabetic retinopathy may limit a patient’s ability 
to perform peritoneal dialysis.104 Rates of recurrent peritonitis 
are also higher in patients with DM.104 Patients with DM have 
an accelerated course to peritoneal membrane failure.105 Sys-
temic glucose absorption from the dialysate may lead to wors-
ening hyperglycemia and increasing insulin requirements in 
patients undergoing peritoneal dialysis. In patients undergo-
ing hemodialysis, the preponderance of vascular disease in 
those with diabetes limits the maturity and increases the rate 
of complications of vascular access.106 The increased rate of 
cardiac disease, left ventricular hypertrophy, and autonomic 
insuffi ciency observed in patients with diabetes can contrib-
ute to intradialytic hypotension, arrhythmias, or even sudden 
death on hemodialysis.104 Therefore, the choice of dialysis 
modality in diabetic patients with ESRD should remain indi-
vidualized.

Transplantation in patients with DM remains an attractive 
alternative to dialysis. In patients with type 1 DM, pancreas 
transplantation is a viable option to restore euglycemia. Sur-
vival for patients with diabetes with a renal transplant is mark-
edly higher than survival on dialysis. The survival for diabetic 
patients undergoing renal transplantation is approximately 
80% at 5 years,2 and the unadjusted 5-year patient survival rate 
is 83.4% for diabetics undergoing living donor transplantation 
in the United States (the scientifi c registry of transplant recipi-
ents, www.ustransplant.org, accessed June 2007). This is a 
lower percentage compared with those reported for living do-
nation or renal failure from other etiologies, such as polycystic 
kidney disease (94.5%) or glomerular disease (94.1%) at 
5 years. These less favorable results are chiefl y due to the in-
creased CV disease in diabetic patients. However, according to 
the U.S. Renal Data Systems report, the survival rate of patients 
with DM on dialysis is approximately 25% at 5 years,2 an as-
tounding difference compared with transplantation. This can-
not be entirely explained by selection bias, as those patients 
who are eligible for transplantation but remain on the trans-
plantation waiting list have a lower survival compared with 
transplant recipients, but a higher survival than those on dialy-
sis who are not on the waiting list.107

CONCLUSION

The management of the patient with diabetes is complex and 
suited to a multidisciplinary approach. Glycemic and blood 
pressure control is necessary to assist in the prevention of DN. 

Once nephropathy has developed, substantial evidence exists 
for blockade of the RAS to delay the onset of ESRD as fi rst-
line therapy. Blood pressure control clearly remains important 
as the disease progresses. Exciting novel therapies beyond 
blockade of the RAS are eagerly anticipated and must be 
tested through rigorous clinical study for safety and effi cacy. 
Treating the sequelae of CKD and preparing the patient for 
ESRD become more relevant as the GFR decreases. Through-
out the entire course of DM and DN, CV risk reduction for 
this high-risk population remains vital. The therapies discov-
ered in the past 30 years have helped improve the devastating 
progression of DN (Fig. 28-6).

Figure 28-6 Treatment algorithm for diabetic nephropathy. 
BP, blood pressure; eGFR, estimated glomerular fi ltration 
rate; RAS, renin-angiotensin system blockade.

Test for microalbuminuria and 
eGFR

Normal BP control, glycemic 
control, cardiovascular 
risk reduction

Microalbuminuria
Present

RAS blockade*

Titrate to maximum dose to 
maintain BP goals 
120–130/80–90 mm Hg

Repeat albuminuria quantification 
and eGFR every 3–6 mo

Titrate RAS blockade* to 
maximum dose to maintain 
albuminuria reduction and 
stable eGFR

*Provided no contraindication: persistent hyperkalemia, angloedema, 
prerenal azotemia, pregnancy
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Abnormalities of the serum sodium concentration (SNa) are the 
most common electrolyte disorders encountered in clinical med-
icine.1 Collectively referred to as the dysnatremias, they represent 
disturbances in the control of the body’s relative amount of wa-
ter to sodium. In some settings, treatment must be prompt and 
judicious, because symptoms may be life-threatening and inap-
propriate therapy can be deleterious. Skilled management of 
these disorders requires an understanding of the normal control 
of the serum sodium, the pathologic settings in which dysnatre-
mias occur, and the ability to quantify the disturbances in order 
to prescribe safe and effective treatment.

PLASMA SODIUM CONCENTRATION

The plasma sodium value only refl ects the relative amount of 
sodium to water.2 It cannot therefore be used to assess total 
body sodium (TBNa). The SNa is determined by TBNa, total 
body potassium (TBK), and total body water (TBW):

 
S

(TB TB )

TBWNa
Na K� 

�  (Eq. 29-1)

Careful analysis by Nguyen and Kurtz3 has led to more 
sophisticated formulas describing how the SNa is established, 
but this simple equation is still very useful in clinical evalua-
tion of the patient. From Equation 29-1, it can be seen that 

hyponatremia can occur as a consequence of a decrease in the 
body’s content of monovalent cations, an increase in TBW, or 
a combination of these. Overall, the dysnatremias should be 
viewed primarily as disturbances in water balance, with a vari-
able component of negative solute balance.

The sodium concentration is a primary determinant of 
plasma osmolality (Posm):

 Posm � 2[Na] � glucose/18 � BUN/2.8 (Eq. 29-2)

where BUN represents blood urea nitrogen. Normally, the 
osmolality of body fl uids can be estimated as twice the SNa 
plus approximately 10 mOsm to account for other solutes. 
The addition of solutes to the extracellular fl uid will increase 
its measured osmolality. However, the permeability of a solute 
across cell membranes determines whether it will cause water 
to be redistributed between the intracellular and extracellular 
compartments. Solutes that are permeable across cell mem-
branes, such as urea, ethanol, methanol, and ethylene glycol, 
do not induce water movement and thus cause hyperosmolal-
ity without cellular dehydration. In contrast, the addition of 
impermeable solutes such as glucose (in an insulinopenic 
state) or mannitol establishes an effective gradient for water to 
leave the cell. This process lowers the SNa, producing a translo-
cational hyponatremia in the setting of either an isotonic or 
even hypertonic state, and leads to cellular dehydration. Con-
versely, when hyponatremia occurs as a consequence of an 
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increase in TBW (hypotonic hyponatremia), water fl ows into 
cells causing increased cell volume and decreased intracellular 
osmolality.

THERAPEUTIC APPROACH 
TO THE HYPONATREMIC PATIENT

Although most hyponatremic patients are asymptomatic, se-
vere hyponatremia is a medical emergency that may lead to 
cerebral edema, tentorial herniation, and death.4–6 Surveys of 
severe symptomatic hyponatremia suggest high mortality 
rates in the absence of aggressive intervention.7 In some pa-
tients, however, the treatment itself may result in central 
nervous system demyelination, producing permanent neuro-
logical sequelae or even death. Safe treatment therefore re-
quires an understanding of cerebral adaptation to hypotonic-
ity and knowledge of the patient groups at greatest risk of 
poor outcomes.

Cerebral Adaptation to Hypotonicity
Due to the unyielding confi nes of the skull, the brain is the 
primary site of symptoms in acute hyponatremia. Decreases 
in extracellular osmolality cause water to fl ow into the intra-
cellular space, and the resultant cellular edema within the 
fi xed volume of the cranium produces an increase in intra-
cranial pressure. Fortunately, the brain possesses adaptive 
mechanisms that defend against such increases in intracra-
nial pressure, making overt neurological manifestations in-
frequent.8 The fi rst protective mechanism, occurring early in 
hyponatremia (1–3 hours), involves a decrease in cerebral 
extracellular fl uid volume. As cellular volume expands, the 
resultant increase in interstitial pressure stimulates fl ow of 
extracellular fl uid into the cerebrospinal fl uid, which is 
shunted into the systemic circulation, effectively relieving 
some of the elevation of intracranial pressure. This mecha-
nism protects against mild acute changes in hyponatremia. A 
second protective mechanism involves a reduction in intra-
cellular solutes. This starts approximately 3 hours after the 
onset of hypotonicity with the loss of cellular potassium. 
This is followed over the next 72 hours by the loss of organic 
solutes, including glutamate, taurine, myo-inositol, and glu-
tamine.9 Although some of the osmolyte losses occur within 
24 hours, the loss of such solutes becomes more marked in 
subsequent days and accounts for almost complete restora-
tion of cerebral water.

The benefi ts afforded by cerebral adaptation are also the 
source of the problems encountered in the treatment of hypona-
tremia. The increase in plasma tonicity that accompanies correc-
tion of chronic hyponatremia requires a reversal of the adaptive 
process to prevent cellular dehydration. The rate at which the 
brain reverses this process and restores lost solutes is of great 
pathophysiologic importance. Although brain sodium and chlo-
ride levels recover rapidly, the reaccumulation of osmolytes is 
considerably delayed. The process of increasing or restoring cel-
lular electrolytes and accumulating organic osmolytes in the face 
of increasing extracellular sodium concentration is less effi cient 
in brains previously adapted to hypotonic conditions compared 
with those in normonatremic states. This is refl ected by the 
greater cerebral water loss sustained by adapted brains.10

Correction of chronic hyponatremia with resultant ce-
rebral dehydration correlates with the delayed appearance 
of severe neurological deficits and the pathologic finding of 
foci of demyelination. This finding, called the osmotic 
demyelination syndrome (ODS), was initially observed in 
the central basis pontis but also occurs elsewhere through-
out the central nervous system. The typical clinical presen-
tation is for patients to show an initial improvement 
in mental status after the start of correction, with subse-
quent deterioration and development of (1) motor abnor-
malities, sometimes progressing to flaccid quadriplegia and 
even respiratory paralysis; (2) pseudobulbar palsy; and 
(3) mental status or behavioral changes, including progres-
sive loss of consciousness. The diagnosis of this ODS 
is made through confirmation of foci of demyelination on 
head computed tomography or magnetic resonance imag-
ing, although the radiographic findings may lag behind 
clinical findings by several weeks. Although survival 
without residual deficits is becoming more common, ODS 
frequently has a fatal course within 3 to 5 weeks, making 
this a dreaded complication of therapy. It must be noted 
that the diagnosis of ODS is made primarily based on 
clinical findings because the radiographic features can be 
absent.

RISK FACTORS FOR NEUROLOGICAL 
COMPLICATIONS OF HYPONATREMIA 
AND ITS CORRECTION

Mortality estimates of inpatient hyponatremia range from 
10% to 50%, although the contribution of the hypotonicity to 
poor outcome is diffi cult to separate from other underlying 
causes. Oh and colleagues11 suggest that most patients dying 
of complications related to acute hyponatremia may already 
be brain dead at the time of diagnosis, further supporting 
need for careful monitoring and a high index of suspicion in 
making the diagnosis.

Symptoms of hyponatremia, such as gastrointestinal com-
plaints, lethargy, apathy, agitation, and cramps, occur most 
commonly with rapid decreases in SNa to less than 125 mEq/L. 
Seizures and coma usually result from rapid decreases to levels 
below 110 mEq/L. Conversely, hyponatremia usually needs to 
be present for at least 72 hours to set the stage for complica-
tions related to treatment. Despite these generalizations, there 
is tremendous variation in the physiologic responses to water 
intoxication and the likelihood of suffering complications 
during correction. Clinical surveys and experimental data 
suggest that there are subgroups of patients at greatest risk 
of either acute cerebral edema or osmotic demyelination 
(Box 29-1).

Risk Factors for Acute Cerebral Edema
Hypoxia

The combination of hyponatremia and hypoxia may be par-
ticularly dangerous.12,13 In experimental animals, hypoxia ab-
rogates the volume adaptive response to hyponatremia, there-
fore resulting in increased brain edema.14 Patients with 
symptomatic hyponatremia and hypoxia who are corrected at 

Ch29_335-352-X5484.indd 338Ch29_335-352-X5484.indd   338 6/24/08 5:59:37 PM6/24/08   5:59:37 PM



339 Therapy of Dysnatremic Disorders

rates slower than 0.55 mEq/L/hr may have greater mortality 
than those corrected faster,13 even though this rate of correc-
tion is similar to what is commonly recommended for patients 
with chronic hyponatremia.

Hospital-Acquired Hyponatremia 
in Premenopausal Women

In the hospital setting, hyponatremic premenopausal women 
are more symptomatic at higher sodium levels than other 
groups and appear to be at increased risk of neurological 
complications related to acute hyponatremia. Although 
hyponatremia appears to develop with almost equal fre-
quency in men and women, Ayus and colleagues15 reported 
that of 307 men with postoperative hyponatremia, only 
one had an outcome of permanent cerebral dysfunction or 
death; in contrast, 33 of 367 women with hyponatremia 
had such outcomes. Experimental data support gender 
differences in arginine vasopressin (AVP) release and its 
cerebral action, including the process of cerebral adapta-
tion. In female rats, AVP decreases high-energy phosphates 
and pH in the brain and increases mortality relative to 
male rats. Some of these effects may be related to female 
sex hormones, which can stimulate release of AVP, com-
pared with male sex hormones, whose action may be in-
hibitory.16 Studies in rabbits suggest that cellular adapta-
tion may be less efficient in females than in males, perhaps 
due to decreased potassium extrusion. Synaptosomes ob-
tained from females demonstrated lower levels of sodium 
transport and Na�/K�-ATPase activity than those obtained 
from males.17

Patients on Thiazide Diuretics

Thiazide diuretics are a common cause of hyponatremia. 
These agents reduce electrolyte-free water clearance by inhib-
iting sodium reabsorption in the early distal tubule and also 
induce sodium, potassium, and magnesium losses. They may 
also directly stimulate thirst. Occasionally, thiazides can cause 
severe hyponatremia, with levels below 115 mEq/L. The ma-
jority of affected patients reach these levels within 2 weeks of 
starting the diuretic, although approximately one third re-
quire fewer than 5 days.18 These patients seem to have a 
predisposition to thiazide-induced hyponatremia, as rechal-
lenge with the drug can rapidly reinduce the hypotonic state. 

Sonnenblick and colleagues18 reported 12 deaths in a group 
of 129 patients with diuretic-induced severe hyponatremia. 
These deaths were directly related to the hyponatremia and 
were associated with a lower mean sodium level on presenta-
tion (103 mEq/L) compared with those patients who recov-
ered (108 mEq/L). In most studies, the patients at greatest 
risk are elderly women with low body mass. This may be re-
lated to decreased body water at the start of therapy, but pos-
sibilities also include altered hypothalamic responses and in-
trarenal water excretion defects in this group. Of note, some 
elderly women may have a habitually increased water intake 
and low solute intake as described by the “tea and toast” diet. 
Low solute excretion impairs the ability to excrete the in-
gested water load, resulting in hyponatremia.

Polydipsia

Polydipsia, particularly in psychiatric patients, is a common 
cause of hyponatremia. Approximately 6% to 17% of all 
chronically ill psychiatric patients exhibit features of poly-
dipsia, consuming 4 to 25 L of water per day. Most of these 
patients have schizophrenia, although associations with af-
fective disorders, mental retardation, and alcoholism are 
also observed. Only a subgroup of polydipsic patients be-
comes hyponatremic; estimates range from 25% to 50%.19 
Hyponatremic patients who compulsively drink water fre-
quently have increased circulating levels of AVP and defects 
in intrarenal water handling. These abnormalities may be 
related to antipsychotic medications, but some evidence 
suggests the presence of defects in water homeostasis even 
in the absence of pharmacotherapeutic agents.20 Excessive 
water intake also increases the risk of hyponatremia in 
marathon runners.21

Children

Children are at risk of becoming hyponatremic because of 
either excessive dietary intake of hypotonic fl uids (such as 
plain water or diluted formula) or the inappropriate use of 
hypotonic fl uids during hospital admission.22 Use of hypo-
tonic fl uids in children may overestimate their requirements 
and also may not take into account nonosmotic release of 
vasopressin due to stimuli such as pain and nausea.23 In the 
United States, hyponatremia is the primary cause of nonfe-
brile seizures and may also cause respiratory failure. Keating 
and colleagues24 reviewed 34 cases of water intoxication in 
infants and found that an inability to pay for formula was the 
most common reason given by caretakers for diluting the 
formula or substituting water.

Risk Factors for Osmotic Demyelination
Several factors appear to increase the treated individual’s 
susceptibility to ODS (see Table 29-1). First, ODS is rarely 
observed in patients with SNa of more than 120 mEq/L and 
occurs only if hyponatremia has been present for at least 
24 hours and probably for 48 hours. Serum sodium less 
than 105 mEq/L also increases the risk of this complication. 
In addition, severely hyponatremic patients with alcohol-
ism, malnutrition, or hypokalemia as well as elderly women 
taking thiazide diuretics appear to be at increased risk of 
osmotic demyelination.25 Hypoxia or anoxia may also 
contribute.14

Acute Cerebral Edema Osmotic Demyelination
Hypoxic patients Alcoholics
Postoperative  Malnourished patients
premenopausal women Hypokalemic patients
Elderly women on Burn patients
thiazide diuretics Patients with previous
Polydipsic patients hypoxic episodes
Children Elderly women on thiazide
Marathon runners  diuretics
 Serum Na � 105 mEq/L

Box 29-1 Patient Groups at Increased Risk of Neurological 
Complications of Hyponatremia
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TREATMENT STRATEGIES 
IN HYPONATREMIA

The optimal treatment of hyponatremia involves attention to 
four factors: (1) the presence of symptoms, (2) the duration of 
the hypo-osmolality, (3) the volume status, and (4) the degree 
of hyponatremia.

Urine electrolytes and calculation of electrolyte-free water 
clearance can help predict how the kidney will handle the salt 
and water administered during therapy and the changes in 
serum sodium that ensue. If the urine sodium concentration 
(UNa) is less than 10 mEq/L, the kidney is sodium avid and the 
patient will likely retain any sodium that is administered. 
Conversely, if UNa is more than 50 mEq/L, the kidney will 
likely excrete any administered sodium, and the concentration 
at which it excretes this sodium will determine the change in 
the patient’s SNa.

For patients who are euvolemic and who will likely excrete 
the administered sodium, the electrolyte-free water clearance 
can be calculated to predict the resultant change in the relative 
amount of TBW to sodium. Urine fl ow (V) can be divided 
into two components. The fi rst component is the urine vol-
ume needed to excrete electrolytes at the concentration of 
electrolytes in plasma (i.e., isotonic). The second component 
is any remaining urine volume, which represents electrolyte-
free water (cH2Oe). Because sodium and potassium contrib-
ute to the osmolality of urine and sodium is the primary 
determinant of osmolality in serum, the fraction of urine 
volume that is isotonic can be calculated as:

 

 
�(U U )

S
Na K

Na  (Eq. 29-3)

The electrolyte-free water can therefore be calculated as:

 
cH Oe V

(U U )

S2
Na K

Na

�  �
�

1
⎡

⎣
⎢

⎤

⎦
⎥  (Eq. 29-4)

The cH2Oe is negative when UNa � UK � SNa, indicating 
that the kidney is producing urine with an electrolyte concen-
tration greater than that of plasma. Formation of urine with 
this composition will tend to decrease the SNa. Conversely, if 
UNa � UK � SNa, cH2Oe is positive and SNa will increase.

Treatment of Acute Symptomatic 
Hyponatremia
In view of the potentially life-threatening complications of acute 
hyponatremia as described previously, there is a wide consensus 
that rapid correction of hyponatremia is indicated in patients in 
whom hyponatremia has developed in less than 48 hours (Fig. 
29-1). Generally, the presence of symptoms indicates that hypo-
natremia has developed too quickly for the adaptive mechanisms 
to compensate, and symptomatic patients have probably devel-
oped hyponatremia over a short period. Because patients who 
have acutely developed hyponatremia have not had time to 
adapt to the change in tonicity, they also are at less risk of develop-
ing complications from correction of the hyponatremia (ODS).

Symptomatic “Asymptomatic”

Acute hyponatremia 
Duration < 48 hr

Chronic hyponatremia 
Duration > 48 hr or unknown

Assess risk factors 
for cerebral edema

Emergent administration of saline
•  Hypertonic saline (3%) 1–2 mL/kg/hr
•  Aggressive resuscitation with 0.9% saline if 

hypovolemic
•  Furosemide if hypervolemic or euvolemic
•  Attend to concurrent hypoxemia if present
•  Hourly assessment of symptoms, SNa,

urine output, Uosm

Primary goal is resolution of symptoms. As 
soon as symptoms resolve, modify therapy 
to keep correction < 12 mEq/L/day. Primary goal is resolution of symptoms, which 

will likely occur within 10% increase in SNa.
Keep hourly correction ~1.5 mEq/L/hr, daily 
correction < 12 mEq/L/day.

•  Hypertonic saline (3%) 1–2 mL/kg/hr if severe 
neurological symptoms such as coma or seizures

•  Aggressive resuscitation with 0.9% saline if 
hypovolemic

•  Furosemide if hypervolemic or euvolemic 
        •   Return lost NaCI as isotonic saline
•  Hourly assessment of symptoms, SNa, urine 

output, Uosm
•  If necessary return excess water loss as D5W to 

prevent over-correction

Long-term management
• Identification and treatment of reversible etiologies
• Water restriction
• Demeclocycline 300–600 mg bid
   or  
• Urea 15–60 g qd
• V2 receptor antagonist (see Table 29-3)

No Immediate 
Correction

 UNa+UK
 SNa Recommended fluid intake

 > 1 <500 mL/day
 ~ 1 500–700 mL/day
 < 1 <1 L/day

Figure 29-1 Treatment of severe (�125 mEq/L) euvolemic hyponatremia. SNa, serum sodium concentration; UK, urine 
potassium concentration; UNa, urine sodium concentration.
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Therapy should be initiated immediately in symptomatic 
patients, particularly in those at increased risk of complica-
tions, such as those with hypoxia. For patients with hypona-
tremia of less than 48 hours’ duration and/or risk factors for 
the development of cerebral edema, treatment is aimed at 
achieving the following (Box 29-2):

 1. Initial sodium administration should increase the serum 
sodium by approximately 2 mEq/L/hr. A rapid increase in 
the SNa can be achieved by administering hypertonic saline 
(3% saline contains 513 mEq/L of Na). Hypertonic saline is 
often started at 1 to 2 mL/kg/hr. The primary goal for the 
administration of 3% saline is not the restoration of a so-
dium defi cit but the rapid reversal of potentially life-
threatening cerebral edema.

 2. For patients in whom the duration is known to be less than 
48 hours, full correction is probably safe, but probably 
should be continued only until symptoms resolve. After 
that, correction can be slowed to keep the total daily cor-
rection at less than 12 mEq/L.

 3. Address and correct concurrent hypoxemia.

A clinical case is described to illustrate the approach to such a 
patient and to highlight the following principles:

 1. In the setting of antidiuresis, UNa � UK can exceed 150 mEq/L, 
and the electrolyte-free water clearance is negative. Thus, if 
isotonic saline is infused, the body may excrete the infused 
sodium in a more concentrated form, possibly even worsen-
ing the hyponatremia.

 2. The administration of hypertonic saline with furosemide 
ensures electrolyte-free water excretion while preventing 
volume expansion.

Case History

A 3l-year-old, 60-kg woman with normal preoperative labora-
tory values underwent an elective hysterectomy with minimal 
intraoperative blood loss. During a 4-hour period encompass-
ing the surgery and recovery room care, she received 2 L of 
0.9% normal saline. Thereafter, 125 mL/hr of 0.45% normal 
saline was administered. Her total urine output for the 12 hours 
after surgery was 1500 mL. The patient suffered progressively 
worsening abdominal pain and intermittent vomiting, for 
which she received meperidine (Demerol) and prochlorpera-

zine (Compazine). At 30 hours postoperatively, mental status 
changes developed and SNa was 114 mEq/L. Her intravenous 
orders were changed to 200 mL/hr of 0.9% normal saline for 
5 hours, during which time the patient’s urine output was 
750 mL, UNa was 140 mEq/L, and UK was 60 mEq/L. The patient 
then had a seizure and respiratory arrest. The repeat SNa was 
112 mEq/L.

Case Analysis

Because preoperative SNa was 140 mEq/L and preoperative TBW 
was 30 L (50% of body weight), rearranging Equation 29-1 gives

TBNa � TBK � SNa � TBW
    � 140 � 30
      � 4200 mEq

Postoperatively, when SNa was 114 mEq/L (assuming solute 
balance), the patient’s new TBW would have been:

TBW
(U U )

S

mEq

mEq/L

L

Na K

Na

�
�

�

�

4200

114

36 8.

Therefore, a rough estimate of positive water balance 
would have been 36.8 � 30 � 6.8 L.

Even after the patient’s hyponatremia was recognized and 
the hypotonic fl uids were replaced by isotonic saline, the pa-
tient’s SNa continued to decrease. The following table is an 
analysis of water and solute balance during the 5 hours of 
isotonic saline infusion.

Acute Hyponatremia (duration � 48 hr)
Increase SNa rapidly by �2 mEq/L/hr until resolution of 

symptoms
Full correction probably safe but not necessary
Limit correction to 12 mEq/24 hr
Treat coexistent hypoxia

Chronic Hyponatremia (duration � 48 hr)
Initial rapid increase in SNa by 10% or 10 mEq/L
Perform frequent neurological evaluations; correction rate 

may be reduced with improvement in symptoms
At no time after initial increment should correction exceed rate 

of 1.5 mEq/L/hr or total increment of 12 mEq/L/day
Hypotonic fl uids, and even DDAVP, should be administered to 

prevent correction in excess of desired daily goal

Box 29-2 General Guidelines for the Treatment of Symptomatic Hyponatremia

The sum of urinary cations (UNa � UK) should be less than the concentration of infused sodium to ensure excretion of electrolyte-free water.
DDAVP, 1-desamine-8-D-arginine vasopressin; UNa, urine sodium concentration; UK, urine potassium concentration.

Water (L) Solute (Na � K) (mEq)

Intake (0.9% saline 
at 200 mL/hr)

1.00 150 Na

Output 0.75 105 Na � 45 K

Balance (intake 
� output)

�0.25 0
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The resultant TBW is now 36.8 � 0.25 � 37.05 L. The SNa, 
assuming essentially unchanged solute balance, would be

S
(TB TB )

TBW

mEq

L

Na
Na K� 

�

� 

� 

4200

37 05

113

.

mmEq/L

This example illustrates that, in a patient with high AVP 
levels, the infusion of isotonic saline not only fails to correct 
hyponatremia but can further aggravate it. The correction of 
hyponatremia requires the excretion of electrolyte-free water, 
that is, the sum of urinary sodium and potassium must be less 
than the sodium of the infusing fl uid.

The administration of furosemide promotes such electrolyte-
free water excretion. When combined with the infusion of hy-
pertonic saline, SNa can be promptly increased. The following 
table illustrates what would have happened if the patient had 
received 100 mL/hr of 3% saline for 2 hours and 40 mg furose-
mide, with urine output of 1000 mL, UNa 70 mEq/L, and UK 
30 mEq/L.

Several animal studies indicate that the daily absolute 
change may be the primary determinant of the risk of osmotic 
demyelination and that correction by less than 25 mEq/L in 
the fi rst 24 hours correlates best with survival. Soupart and 
colleagues26 showed that in rats corrected over 48 hours, 95% 
of the hyponatremic animals developed brain lesions when 
the daily absolute change in SNa reached 20 mEq/L/day. Below 
this limit, the incidence and severity of brain lesions were very 
low, even in the group corrected rapidly with bolus injections. 
In another study, hyponatremic rats treated with rapid correc-
tion (2.7 mEq/L/hr) but an absolute change in SNa of less than 
25 mEq/L/day had a lower mortality rate (95% survival) com-
pared with rats treated with rapid correction and an absolute 
change in SNa of more than 25 mEq/L/day (15% survival).27 
Verbalis and Martinez28 have shown that in rats with hypona-
tremia of 19 days’ duration, demyelination might be a func-
tion of both the rate and magnitude of correction. Demyelin-
ation was not observed in any rats in which the maximal 
correction rate was less than 2.5 mEq/L/hr and the magnitude 
of increase in SNa was less than 25 mEq/L/day. If either of these 
limits was exceeded, the demyelination rate was 60%.

What is known about this subject in humans? Obviously, 
the potentially severe consequences make controlled clinical 
trials in humans impossible. Most retrospective studies indi-
cate that demyelinating lesions are rare in patients who are 
corrected at a rate less than 0.5 mEq/L/hr and a magnitude less 
than 12 mEq/L/day (see Table 29-1). Sterns and colleagues29 
reported eight hyponatremic patients who developed the ODS 
after being corrected by more than 12 mEq/L in 24 hours. In a 
subsequent study, Sterns25 reviewed 54 patients with chronic 
hyponatremia who underwent treatment. Seven of these pa-
tients developed neurological complications after treatment. 
Those who developed neurological complications had experi-
enced a wide range of corrections (�0.7 mEq/L/hr in three 
patients), but all had been corrected by more than 12 mEq/L in 
24 hours (mean correction, 17 mEq/L in 24 hours). In another 
retrospective study of 56 patients, 14 developed neurological 
complications, although there were no neurological complica-
tions in patients corrected by less than 0.55 mEq/L/hr and less 
than 12 mEq/L/day.30 In a retrospective analysis of the litera-
ture, Ayus and colleagues31 initially found that patients treated 
slowly (�0.7 mEq/L/hr) had a greater mortality than those 
corrected at a rate of 2 mEq/L/hr. However, this was based on 
case reports that may have included patients with acute hypo-
natremia, and the deaths were typically due to brain edema 
and herniation as one would expect with acute hyponatremia 
corrected too slowly.4 In a combined prospective and retro-
spective analysis of patients with demyelinating lesions, Ayus 
and colleagues32 later showed that an increase in SNa of more 
than 25 mEq/L in the initial 48 hours was the primary risk fac-
tor for the development of cerebral lesions.

A more recent study by Ayus and Arieff33 also highlights the 
risks of delaying therapy in symptomatic patients. The outcomes 
of 53 postmenopausal women with chronic symptomatic hypo-
natremia were compared based on whether they were treated 
promptly with saline, treated with saline only after the onset of 
respiratory insuffi ciency, or treated with fl uid restriction only. 
The group treated promptly had no long-term neurological se-
quelae, whereas those whose treatment was delayed until after 
the onset of respiratory insuffi ciency had signifi cant morbidity 
and mortality, particularly in the group treated by fl uid restric-
tion alone. Thus, although the rate and magnitude of correction 
must be controlled, treatment should be initiated promptly.

Water (mL)
Solute (Na � K) 
(mEq)

Intake (3% saline 
at 100 mL/hr)

200 100 Na

Output 1000 70 Na � 30 K

Balance (intake 
� output)

�800 0

Therefore, TBW is 36.8 � 0.8 � 36 L. Because solute bal-
ance is unchanged:

Thus, rather than decreasing, the patient’s SNa has increased 
and has done so at an acceptable rate (�2 mEq/L/hr).

Treatment of Chronic Symptomatic 
Hyponatremia
Symptomatic hyponatremia that has persisted for longer than 
48 hours or is of unknown duration must be treated with great 
caution. Neurological symptoms, such as depressed sensorium 
or seizures, refl ect cerebral dysfunction and the need for some 
correction, yet overly rapid correction puts the patient at risk of 
osmotic demyelination (see Fig. 29-1). Various studies have at-
tempted to resolve whether it is the rate or magnitude of correc-
tion that determines the risk of complications (Table 29-1). 
However, these two variables are not readily dissociated because 
a rapid correction rate is usually accompanied by a greater ab-
solute magnitude of correction over a given time period.

S
(TB TB )

TBW

mEq

L

mEq

Na
Na K�

�

� 

�

4200

36

117 //L
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344 Disorders of Fluid, Electrolyte, and Acid-Base Homeostasis

The question of whether the process that leads to brain 
demyelination is reversible has signifi cant clinical importance. 
This issue has been studied by Soupart and colleagues.34 Hy-
ponatremic rats were submitted to an excessive correction 
(�25 mEq/L) with hypertonic saline during a single intra-
peritoneal infusion. This osmotic stress was maintained for 
12 hours. Next, hypotonic fl uid was administered to maintain 
the total magnitude of correction at less than 20 mEq/L/day. 
Mild brain lesions were noted in 20% of the treated group and 
in 100% of the control rats that did not receive hypotonic 
fl uids. This experiment implies that, at least in animals, subse-
quent brain damage can be prevented in asymptomatic rats by 
early lowering of SNa, provided that the fi nal correction is 
maintained at less than 20 mEq/L/day. Soupart and col-
leagues35 have also published a case report of a patient with 
chronic symptomatic hyponatremia who received hypotonic 
fl uid and 1-desamine-8-d-arginine vasopressin (DDAVP) to 
lower the serum sodium after she had initially been overcor-
rected. The patient was reported to have had neurological 
deterioration after the overcorrection, but after the sodium 
was relowered and allowed to correct slowly, she recovered 
without neurological defi cits. Other similar reports have also 
been published.36,37

The rate at which SNa will increase depends on the rate of 
administration and electrolyte content of infused fl uids as 
well as on the rate of production and electrolyte content of 
urine. The initial increment may be achieved with cautious 
infusion of hypertonic or normal saline and furosemide, 
with frequent determinations of SNa and urinary electrolytes. 
Hypertonic saline is rarely needed in this clinical setting and 
should be reserved for patients who have seizures. A number 
of formulas have been put forth to predict the change in se-
rum sodium that would ensue with various saline infusion 
rates.3,38,39 These formulas may be helpful as a guide to initial 
therapy, but because they fail to account for ongoing renal 
and extrarenal losses, their use is limited.40 Recent attempts 
to determine the validity of the Adrogue-Madias formula38 
revealed that it accurately predicts changes in SNa under most 
clinical settings with a tendency to underestimate the 
achieved SNa concentration, sometimes by signifi cant 
amounts.41 If correction occurs at an inappropriately rapid 
rate, free water should be administered. After the desired 
increment is attained, therapy can continue in the form of 
water restriction.

These data lead us to propose the following guidelines for 
treating chronic hyponatremia (see Fig. 29-1 and Box 29-2).

 1. Correction of SNa should be undertaken without delay in 
symptomatic patients, particularly those experiencing sei-
zures. Because cerebral water is only increased by approxi-
mately 10% in severe chronic hyponatremia, SNa should be 
increased by 10% or approximately 10 mEq/L over ap-
proximately 8 to 12 hours, followed by water restriction. 
Rapid correction of SNa should only continue until symp-
toms resolve or until this 10% change is achieved.

 2. After the initial correction, the rate should not exceed 1 to 1.5 
mEq/L/hr and probably should be less than 0.5 mEq/L/hr.

 3. SNa should not be increased by more than 12 mEq/L/day.
 4. If the patient has reached the desired rate or magnitude 

of correction yet is excreting hypotonic urine, hypotonic 
fl uids and even DDAVP can be administered to prevent cor-
rection in excess of the desired daily goal. Calculation of the 

electrolyte-free water and attention to urine volume can be 
used to predict the patient’s free water requirement.

Example

A 50-kg man with altered mental status is found to have an SNa 
of 110 mEq/L. The initial goal of therapy is to increase the 
patient’s SNa by 10% or to approximately 120 mEq/L. If the 
patient is thought to be euvolemic, correction can be achieved 
via electrolyte-free water excretion without a signifi cant 
change in total body osmoles.

For men, TBW � 0.6 � weight (kg). Because the osmoles 
remain constant, Equation 29.1 can be rearranged to yield:

 �
Desired S

S

TBW

Desired TBW
Na

Na

Because TBW � 0.6 � 50 � 30 L,

Desired TBW
S TBW

Desired S
Na

Na

� 
�

� 
�110 30

1220

27 5� . L

Therefore, 2.5 L of electrolyte-free water must be excreted. If 
the water is to be excreted over 10 hours, the urine should con-
tain 250 mL/hr of electrolyte-free water. This can be achieved by 
administering furosemide and replacing any sodium, potas-
sium, and excess free water lost in the urine. The balance during 
the fi rst 2 hours is shown in the following table.

Water (mL)
Solute (Na � K) 
(mEq)

Intake (500 mL normal 
saline � 100 mL D5W 
with 20 mEq KCl)

600 75/20

Output 1000 75/20

Balance �400 0

D5W, 5% dextrose in water.

Water (mL)
Solute (Na � K) 
(mEq)

Intake (400 mL normal 
saline � 100 mL D5W 
with 20 mEq KCl)

500 60/20

Output 800 60/25

Balance �300 �5

D5W, 5% dextrose in water.

Continuing to replace urine electrolyte or excess electrolyte-
free water losses, the balance during the subsequent 2 hours is 
shown in the following table.
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345 Therapy of Dysnatremic Disorders

The patient’s TBW has decreased by approximately 700 mL, 
total body osmoles are essentially unchanged, and one can es-
timate SNa as approximately 113 mEq/L.

Asymptomatic Euvolemic Hyponatremia
Even those hyponatremic patients who appear asymptom-
atic may have subtle neurological findings. For example, 
one study of such patients found that rigorous examination 
often detected unsteady gait or attention deficits, and they 
had a significantly increased risk of falls.42 Nevertheless, 
patients without obvious deficits should be corrected very 
cautiously as cerebral adaptation has likely occurred (see 
Fig. 29-1). Nonedematous asymptomatic hyponatremia 
should invoke a search for reversible causes. If indicated, 
thyroid or glucocorticoid replacement should be initiated. 
If the syndrome of inappropriate secretion of antidiuretic 
hormone (SIADH) is present, identification of reversible 
causes should be undertaken with subsequent removal of 
offending agents. If the aforementioned strategies are not 
attainable, then fluid restriction should be prescribed. An 
initial restriction of 1 L/day is often prescribed. In most 
patients, this will be adequate to allow net free water excre-
tion. In some patients, however, such an intake still exceeds 
insensible and urinary losses and does not result in im-
provement. Furst and colleagues43 described a patient 
whose SNa decreased from 121 to 117 mEq/L over 24 hours 
even though his fluid intake was limited to 1 L/day. This 
patient had a UNa of 100 mEq/L and a UK of 66 mEq/L and 
produced 900 mL of urine over the 24 hours. Using Equa-
tion 29-4, net electrolyte-free water can be calculated as 
follows:

cH Oe V 1
(U U )

S
Na K

Na
2

0 9 1
100

 � �
�

� �
�

⎡

⎣
⎢

⎤

⎦
⎥

.
( 666

121

0 33

)

.

⎡
⎣⎢

⎤
⎦⎥

�� L

Unless his intake is less than insensible losses plus electrolyte-
free water excretion (which is negative in this case), his SNa will 
decrease even more. The authors therefore propose guidelines 
for therapy based on urine and serum electrolytes (incorporated 
in Fig. 29-1).

Restricting fl uid intake to 1 L/day or less is diffi cult to 
attain in the outpatient setting, and pharmacologic therapy 
may be necessary. SIADH impairs the renal capacity for urine 
dilution, but pharmacologic agents that impair urinary con-
centration increase free water excretion.

Lithium carbonate and demeclocycline hydrochloride 
have been used in the treatment of chronic hyponatremia. 
The nephrotoxicity and unwanted central nervous system 
effects of lithium have limited its usefulness. Demeclocy-
cline, however, is safer and effective for the treatment of 
SIADH.44 Administered in doses of 300 to 600 mg twice 
daily, demeclocycline interferes with the renal action of AVP 
and promotes maximal water diuresis after 1 to 2 weeks of 
therapy. To ensure adequate gastrointestinal absorption, the 
drug should be given at least 1 to 2 hours after eating, and 
antacids that contain aluminum, calcium, or magnesium 

should be avoided. Once diuresis begins, the dose may be 
tapered to 150 to 300 mg twice daily to minimize toxicity. 
Additionally, water intake should be allowed to increase, 
thus preventing diabetes insipidus–induced dehydration. 
Nephrotoxicity may be observed in patients with liver dis-
ease. Azotemia independent of renal function may result 
from mild antianabolic effects. It may be associated with 
severe photosensitivity and should not be used in pregnant 
patients or children due to abnormalities in bone or enamel 
formation.

Urea has also been used in the treatment of SIADH.45 As-
sume that a patient has an SNa of 134 mEq/L, a fi xed urine 
concentration of 800 mOsm/day, an obligatory solute load of 
500 mOsm/day, a dietary sodium intake of 100 mmol/day, and 
a potassium intake of 40 mmol/day. Calculation of the volume 
required to excrete the daily solute load at baseline reveals:

 �

�

V
solute excretion

mOsm/day

mO

OsmU

500

800 ssm/kg H O

L/day

2

0 625� .

Urinary sodium and potassium concentrations can be 
determined as follows:

UNa � 100 mmol/0.625 L � 160 mmol/L
UK � 40 mmol/0.625 L � 64 mmol/L

These values may then be inserted into Equation 29-4 to 
compute the electrolyte-free water clearance:

cH Oe V
(U U )

S
Na K

Na
2 1

0 625 1
160

� �
� 

� �
 

⎡

⎣
⎢

⎤

⎦
⎥

.
( �� 

��

64

134

0 418

)

.

⎡
⎣⎢

⎤
⎦⎥

/day

The negative value for excretion of electrolyte-free water 
clearance implies net free water absorption, which could 
worsen hyponatremia.

Under the same conditions, administration of urea (30 
g/day) adds approximately 500 mOsm/day to the obligatory 
solute load that must be excreted. This has a profound effect 
on electrolyte-free water clearance:

Volume required for excretion of solute load

  � 

� 

1000

800

1 25

2

mOsm/day

mOsm/kg H O

L/d. aay

As a result of the increased volume for solute clearance, 
urinary electrolyte concentrations decrease:

U
100 mmol

1.25L

U
40

Na

K

 �  � 

 � 

80 mmol/L

mmmol

1.25L
 � 32 mmol/L
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Note the resultant changes in electrolyte-free water 
clearance:

cH Oe V
(U U )

S
Na K

Na
2 1

1 25 1
80 32

� �
�

� �
�

⎡

⎣
⎢

⎤

⎦
⎥

.
( ))

. ( . ) .

134

1 25 1 0 83 0 21

⎡
⎣⎢

⎤
⎦⎥

�� � � L/day

Thus, the administration of urea has altered this patient’s 
water handling from net reabsorption to excretion of 
electrolyte-free water. Without altering urinary concentra-
tion, the increase in urine fl ow allows for more liberal water 
intake without the danger of worsening hyponatremia. Urea 
administration at doses more than 60 g is limited by gastro-
intestinal adverse effects such as gastric distress and diar-
rhea. A similar effect can be obtained by increasing salt in-
take (200 mEq/day) in combination with furosemide. 
Because this combination is likely to result in high potas-
sium losses, serum potassium needs to be monitored and 
potassium replacement should be provided.

More recently, several small nonpeptide vasopressin an-
tagonists have been developed that block the function of AVP 
at the V2 receptor (Table 29-2). Several studies have demon-
strated that they can induce a water diuresis and effectively 
increase the SNa in patients with SIADH.46,47 In the recently 
published Study of Ascending Levels of Tolvaptan in Hypo-
natremia I and II (SALT I/II) trials, 91 patients with SIADH 
were treated with tolvaptan for 30 days, and the SNa in these 
patients increased by a greater degree than those who re-
ceived placebo.48 In another study,49 patients received the oral 
vasopressin antagonist satavaptan for 1 year without any ma-
jor side effects. Conivaptan is the only drug in this class to 
have U.S. Food and Drug Administration approval for the 
treatment of euvolemic hyponatremia.50,51 It can only be ad-
ministered intravenously, and it also blocks the V1 receptor. 
As there is not yet much experience with these agents, they 
should be initiated at the lowest available dose. The urine 
osmolality can be monitored, and the dose can gradually be 
increased. These drugs should permit easing of the free water 
restriction and may increase the achievable SNa. At this time, 
they appear to be safe, and ODS has not been reported. How-
ever, with further experience, possible adverse affects may 
emerge as the use of the drug increases.

Hypovolemic and Hypervolemic 
Hyponatremia

Hypovolemic hyponatremia results from the loss of both water 
and solute, with a greater relative loss of solute. The nonos-
motic release of AVP in response to reduced effective circulat-
ing volume perpetuates the hyponatremia by producing an-
tidiuresis. Patients with this type of hyponatremia are usually 
asymptomatic, probably because the losses of sodium and wa-
ter limit the development of cerebral edema. The cornerstone 
of therapy is the administration of isotonic saline while also 
treating the underlying disturbance (Box 29-3). Resolution 
of the volume disturbance removes the stimulus for AVP and 
restores normal SNa.

Hypervolemic hyponatremia is observed when both water 
and solute are increased, but water is increased to a greater 
extent. This condition is very diffi cult to treat because it often 
refl ects severe irreversible dysfunction of the liver, heart, or 
kidney. In heart failure, cirrhosis, and nephrotic syndrome, 
decreased effective arterial volume results in the nonosmotic 
stimulation of AVP and an increase in thirst. Therefore, com-
pliance with water restriction is diffi cult. Diuretics are the 
primary therapeutic agents for edema, but caution must be 
used in selecting the appropriate regimen. Whereas thiazide 
diuretics impair urinary dilution and may exacerbate hypona-
tremia, loop diuretics increase free water excretion and can 
improve SNa. Correction of the underlying disturbances is 
usually not attainable.

The vasopressin antagonists can be employed to induce a 
water diuresis in patients with nonosmotic release of AVP. These 
agents can reduce the total body water and reduce the need for 
free water restriction. Because it blocks both the V1 and V2 recep-
tors (see Table 29-2), Conivaptan has vasodilatory and aquaretic 
effects, both of which may be benefi cial in congestive heart fail-
ure (CHF), although its vasodilatory effects are probably inap-
propriate for patients with cirrhosis.52 It has been shown to de-
crease the pulmonary capillary wedge pressure in patients with 
CHF,53 and currently it is approved by the U.S. Food and Drug 
Administration for the treatment of hypervolemic hyponatre-
mia. The oral V2 receptor antagonists lixivaptan54 and tolvap-
tan48,55 have also successfully been used to induce a water diure-
sis in patients with CHF. In the recently published Effi cacy of 
Vasopressin Antagonism in Heart Failure Outcome Study with 
Tolvaptan (EVEREST) trial, patients with CHF and hyponatre-
mia who received tolvaptan had signifi cant increases in 
their SNa.56 However, the drug did not alter long-term all-cause 

Table 29-2 Nonpeptide Arginine Vasopressin Receptor Antagonists

Tolvaptan Lixivaptan Stavaptan Conivaptan

Receptor V2 V2 V2 V1a/V2

Route of administration Oral Oral Oral IV

Urine volume ↑ ↑ ↑ ↑

Urine osmolality ↓ ↓ ↓ ↓

Na excretion ↔ ↔ low dose, ↑ high dose ↔ ↔

Manufacturer Otsuka CardioKine Sanofi -Aventis Astellas

Adapted with permission from Lee CR, Watkins ML, Patterson JH, et al: Vasopressin: A new target for the 
treatment of heart failure. Am Heart J 2003;146:9–18.
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mortality, cardiovascular mortality, or CHF hospitalizations in 
the full study cohort, most of whom were not hyponatremic. 
Vasopressin antagonists have also been successfully used to in-
crease the serum sodium concentration in patients with cirrho-
sis and dilutional hyponatremia.57

Patients with cirrhosis and CHF typically have only mild 
hyponatremia, and the optimal SNa is not known. The in-
creased TBW associated with hyponatremia in these condi-
tions contributes to vascular congestion,58 however, and 
may also limit the use of diuretics. Furthermore, there is 
evidence that correction of hyponatremia can improve 
symptoms and mortality, even beyond the benefi ts attribut-
able to improvements in the volume status.59 Thus, there is 
reason to expect that the use of vasopressin antagonists may 
improve outcomes in these patients, but conclusive clinical 
trials have not yet been performed and the target SNa has not 
been determined.

THE HYPERNATREMIC PATIENT

Hypernatremia is defi ned as SNa greater than 146 mEq/L. The 
presence of hypernatremia implies both extracellular hyperos-
molality and, more importantly, hypertonicity, which pro-
duces central nervous system injury through cell shrinkage. 
The reported incidence of hypernatremia ranges from 0.65% 
to 2.23% of all hospitalized patients. Morbidity and mortality 
estimates in hypernatremic adults range from 42% to more 
than 70%, with approximately 10% mortality in chronic hy-
pernatremia compared with 75% mortality in severe acute 
elevations of SNa (�160 mEq/L). Unfortunately, even in survi-
vors, neurological sequelae are common, especially in children 
in whom two thirds may show long-term defi cits. As with 
hyponatremia, correcting hypernatremia too rapidly may be 
as dangerous as allowing the condition to persist.

TREATMENT OF THE HYPERNATREMIC 
PATIENT

Cerebral Response to Hypernatremia
Cellular dehydration is the primary basis of brain injury, as fl uid 
shifts from the cellular compartment into the extracellular fl uid. 
Neurological symptoms ensue, with initial changes in sensorium 
potentially culminating in seizures, coma, or death. Although 
alterations of cellular fl uid and solute balance likely contribute 
to these signs and symptoms, pathologic evidence demonstrates 

a variety of underlying anatomic derangements. Loss of brain 
cell volume places mechanical stress on cerebral vessels and sup-
porting tissues, potentially leading to damage of vascular struc-
tures. This is supported by autopsy evidence of hypernatremia-
related capillary and venous congestion, subcortical and 
subarachnoid bleeding, and venous sinus thrombosis.60

Cellular adaptation to extracellular hypertonicity results in 
an increase in intracellular osmolality. This is achieved through 
events that mirror those described previously for adaptation 
to hyponatremia. Within seconds, the brain is protected from 
severe water loss by an increase in cellular sodium, potassium, 
and chloride content.60 Thereafter, cerebral dehydration is 
further attenuated by the accumulation of osmolytes such as 
glutamine, glycerolphosphorylcholine, and myo-inositol.61 As 
cellular adaptation requires a period of days to reach full ef-
fect, the rate and severity of developing hypernatremia alter 
the degree of cell shrinkage and injury. Because it also takes 
several days for cells to reverse the accumulation of these or-
ganic osmolytes, treatment of chronic hypernatremia requires 
a gradual reduction of extracellular fl uid tonicity to avoid 
treatment-induced cerebral edema.

Prevention
Hypernatremia occurs in predictable clinical settings (Box 29-4). 
Elderly persons, hospitalized patients receiving hypertonic infu-
sions, those suffering increased insensible losses or undergoing 
osmotic losses, those with diabetes, and patients with previous 
symptoms of polydipsia and polyuria should invoke a high in-
dex of suspicion when displaying neurological alterations, espe-
cially in periods of stress.

Geriatric patients have impaired thirst responses, decreased 
urinary concentrating ability, and lower baseline levels of 
TBW. As a result, elderly patients are the group most likely to 
develop severe hypernatremia in the outpatient setting, and 
hypernatremia in the elderly accounts for 1% to 2% of all 
hospital admissions.62 The most common scenario is that of a 
debilitated patient with a febrile illness. Increased insensible 
losses are not compensated because of impaired access to free 
water. Recognition of mental status changes in settings of in-
creased insensible losses should prompt close attention to SNa 
and increased administration of free water.

Hospitalized patients are also susceptible to the develop-
ment of hypernatremia. Individuals developing hypernatremia 
during hospital admission are more likely to be younger and to 
have an iatrogenic cause.63 In a careful survey of hyponatremia 
in the intensive care unit, Polderman and colleagues64 noted 

Hypovolemic Hypervolemic
Hyponatremia Hyponatremia
Volume restoration Water restriction
with isotonic saline Sodium restriction
Identify and correct  Substitute loop diuretics
cause of water and  in place of thiazide diuretics
sodium losses Treatment of stimulus for
 sodium and water retention
 V2 receptor antagonists

Box 29-3 Treatment of Noneuvolemic Hyponatremia

Elderly patients
Hospitalized patients

Hypertonic infusions
Tube feedings
Osmotic diuretics
Lactulose
Mechanical ventilation
Patients with decreased baseline levels of consciousness

Patients with uncontrolled diabetes
Patients with underlying polyuric disorders

Box 29-4 Patient Groups at Increased Risk of Development of 
Severe Hypernatremia
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that those who acquired the electrolyte disorder in the hospital 
had longer stays in the intensive care unit and higher mortality. 
Inpatients with high insensible losses (e.g., patients on me-
chanical ventilators) develop hypernatremia due to restricted 
access to water and inadequate fl uid prescriptions. Hypertonic 
fl uid administration (e.g., sodium bicarbonate) and osmotic 
diuretics including mannitol and urea may also result in hy-
pertonicity. Hyperosmolar tube feedings may induce diarrhea 
and gastrointestinal water losses, and the large daily osmolar 
load may lead to increased electrolyte-free water losses. Pa-
levsky and colleagues63 noted that despite frequent SNa mea-
surements, treatment of hypernatremia was often delayed. Of 
patients with SNa values more than 150 mEq/L, 50% did not 
receive hypotonic fl uid within 24 hours of becoming hyperna-
tremic and only 36% were corrected within 72 hours.

Patients with both type 1 and 2 diabetes frequently develop 
hypernatremia in the setting of diabetic ketoacidosis or hyper-
osmotic nonketotic coma. In both disorders, a relative defi -
ciency in insulin with respect to increased basal requirements 
produces hyperglycemia and glucosuria. The ensuing osmotic 
diuresis and decreased fl uid intake produce a state of hypovole-
mic hypernatremia. The SNa must be interpreted with caution 
because it may not refl ect the actual degree of hyperosmolality. 
Hyperglycemia leads to the translocation of cellular water into 
the extracellular fl uid and may cause a dilutional hyponatremia. 
New-onset hyperglycemia associated with decreases in mental 
status should invoke prompt evaluation and therapy of both 
volume and free water defi cits. However, the simultaneous 

administration of both insulin and free water can lead to a rapid 
decrease in extracellular osmolality and can result in cerebral 
edema.65 To prevent an excessively rapid decrease in serum os-
molality, isotonic fl uids can be used until the serum glucose is 
only mildly elevated, at which point hypotonic saline can be 
administered to start correcting the free water defi cit.66

Polyuric patients should undergo evaluation for defects in 
urinary concentration because previous knowledge of such 
disorders can avert serious hypernatremia. In diabetes insipi-
dus, patients compensate for water losses by consuming large 
amounts of water, thus maintaining relatively normal osmo-
lality. If an illness increases water losses or restricts access to 
water, hypernatremia will result. Patients at risk of diabetes 
insipidus include those with central nervous system disease or 
trauma and those receiving lithium or amphotericin B.

TREATMENT STRATEGIES 
IN HYPERNATREMIA

The keys to detection and treatment of hypernatremia are 
(1) recognition of symptoms, when present; (2) correct iden-
tifi cation of the underlying defects of water metabolism; 
(3) correction of volume disturbances; and (4) correction of 
hypertonicity (Fig. 29-2). Treatment should be initiated 
promptly to avoid worsening of hypernatremia and increased 
risk of poor outcome. Once the condition has been stabilized, 
steps may be taken for long-term prevention.

Hypovolemic Euvolemic Hypervolemic

Iso- or hypotonic 
urine (UNa > 20)

Hypertonic urine 
(UNa < 10)

Iso-, hypo-,
or hypertonic urine

Hypertonic urine

Renal losses
•  Osmotic or loop 

diuretics
•  Postobstruction
•  Intrinsic renal disease

Extrarenal losses
•  Dermal
   •  Sweat
   •  Burns
• Gastrointestinal
   •  Diarrhea
   •  Fistulas

Correction of volume deficit
• 0.9% NaCI
• Treat underlying cause

Correction of free water deficit
• Calculate free water deficit
• Estimate ongoing losses
• Administer 0.45% NaCI, 5% dextrose, or 

oral water to replace ongoing losses and 
to correct deficit over 48 hr

Renal losses
• Diabetes 

insipidus
   •  Nephrogenic
   •  Central
   •  Partial
   •  Gestational
• Hypodipsia

Extrarenal losses
• Insensible 

losses
   •  Respiratory
   •  Dermal

Acute correction of free water deficit
• Calculate free water deficit
• Estimate ongoing losses
• Administer 0.45% saline, 5% dextrose, or oral 

water to replace ongoing losses and to correct 
deficit over 48 hr

• In central DI, can administer vasopressin
   •  Follow SNa and urine output carefully

Long-term therapy
• Central DI – see Box 29-3
• Nephrogenic DI
   •  Correction of serum K and Ca
   •  Remove offending drugs
   •  Low-sodium diet
   •  Thiazide diuretics
   •  Amiloride (for lithium-induced nephrogenic DI)

Sodium gains
• Primary hyperaldosteronism
• Cushing’s syndrome
• Hypertonic dialysis
• Hypertonic sodium bicarbonate
• Sodium chloride tablets

Removal of sodium
• Eliminate source of sodium
• Furosemide with free water 

replacement
• Hemodialysis in setting of 

renal insufficiency

Figure 29-2 Therapeutic approach to hypernatremia. DI, diabetes insipidus.
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Early signs and symptoms of hypernatremia are nonspe-
cifi c and primarily manifest as changes in mental status. These 
include restlessness, irritability, lethargy, confusion, and som-
nolence. Progression of neurological injury may produce 
muscular twitching, hyperrefl exia, seizures, coma, or even 
death. If corresponding mechanisms are intact, patients may 
complain of intense thirst. As previously asserted, mental sta-
tus changes related to hypernatremia may be diffi cult to dif-
ferentiate from neurological manifestations of other underly-
ing illnesses. Therefore, a high index of suspicion is required 
for consistent diagnosis.

The rate of correction of hypernatremia depends on its rate 
of development and on the presence or absence of symptoms. 
As a general rule, the rate of correction should parallel the rate 
of development. Cerebral adaptation to chronic hypernatre-
mia results in the generation of organic intracellular solutes.61 
If extracellular tonicity is rapidly decreased, water moves into 
brain cells producing cerebral edema. A slower rate of correc-
tion likely prevents these events by allowing time for dissipa-
tion of these solutes. Two studies in children suggest that cor-
rection of hypernatremia should occur at 0.5 mEq/L/hr or 
less.67,68 No seizures occurred in those corrected at this rate, 
whereas seizures occurred in nearly 20% of the patients in the 
group corrected more rapidly. If symptoms are present and the 
time course of hypernatremia is acute, then rapid correction 
with resolution of hypernatremia over several hours is appro-
priate. It is generally recommended that half of the defi cit be 
replaced in 12 to 24 hours as the neurological status is carefully 
monitored (Box 29-5). Thereafter, the remaining defi cit can be 
corrected during the ensuing 48 hours. The maximum correc-
tion rate should not exceed 2 mEq/L/hr. Because ongoing fl uid 
losses are diffi cult to estimate, frequent determinations of SNa 
should be made during the course of treatment.

Therapy, like diagnosis, is categorized by extracellular vol-
ume status. The chief goals are initial correction of underlying 
volume disturbances and subsequent correction of hyperto-
nicity.

Euvolemic Hypernatremia
The guiding principles in the treatment of euvolemic 
hypernatremia are (1) restoration of the water defi cit and 
(2) decrease in ongoing losses of hypotonic fl uids.

The presence of such losses is not always obvious. The mea-
surement of urinary osmolality can suggest the excretion of 
isotonic or even hypertonic urine despite continued electrolyte-
free water losses.

For example, a patient has the following laboratory 
values: SNa � 146 mEq/L, Uosm � 320 mOsm/kg H2O, Sosm 
� 310 mOsm/kg, UNa � 40 mEq/L, UK � 30 mEq/L, and 
urine volume � 2 L. Uosm greater than Sosm might suggest 
that no free water is being excreted. However, using Equa-
tion 29-4, calculation of electrolyte-free water clearance 
reveals the following:
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Therefore, this individual is excreting more than 1 L of 
electrolyte-free water during the period of this urine collec-
tion. If this water is not replaced, SNa will increase further. 
Replacement can be with oral cold water or infusion of 5% 
dextrose in water.

The water defi cit can be calculated based on the SNa and the 
assumption that 60% of body weight is water.

Water deficit Body weight
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For example, the water defi cit of a 70-kg male with an SNa 
of 156 mEq/L would be
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This is the net positive water balance that needs to be 
achieved over approximately 48 hours, not including ongo-
ing losses that must also be replaced, as estimated by the 
electrolyte-free water clearance. The water defi cit can be re-
placed orally or parenterally, using solutions such as 0.45% 
sodium chloride or 5% dextrose in water (see Box 29-4 and 
Fig. 29-2). Central diabetes insipidus may be treated by hor-
mone replacement or pharmacologic agents (Table 29-3). In 
acute settings where renal water losses are extensive, aqueous 
vasopressin is preferable. Its short duration of action allows 
for more careful monitoring and decreases the likelihood of 
complications such as water intoxication. An initial dose of 
5 �g may be given subcutaneously, with quantifi cation of its 
effect on SNa and urine output used to guide additional dos-
ing. Vasopressin activates vascular V1 receptors and may 
produce coronary spasm, uterine contraction, gastrointesti-
nal cramping, and pallor. Caution must therefore be used in 
patients with known coronary artery disease or peripheral 
vascular disease. In chronic settings, DDAVP is the agent of 
choice because of its long half-life, diminished V1 receptor 
stimulation, and its availability in an oral formulation. It is 
conveniently administered intranasally in doses of 10 to 20 
�g every 12 to 24 hours, and a single dose may induce an-
tidiuresis for 8 to 12 hours. It is also available in 0.1- or 0.2-
mg tablets, which can be started at 0.05 mg every 12 to 24 
hours and titrated depending on the response. DDAVP may 
also be given intravenously or subcutaneously, especially 
during periods of upper respiratory disease or surgery. 
For patients who are converted from the intranasal to the 

Correct at rate of 2 mEq/L/hr
Replace half calculated water defi cit over fi rst 12–24 hr
Replace remaining defi cit over the next 24 hr
Perform serial neurological examinations; prescribed rate 

of correction can be decreased with improvement in 
symptoms

Perform measurements of serum and urine electrolytes 
every 1–2 hr

Box 29-5 General Guidelines for the Treatment of Symptomatic 
Hypernatremia
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injectable form, the dose should be reduced to 10% of the 
intranasal administration. Dosing regimens need to be tai-
lored individually, with a bias toward undertreatment. The 
lowest dose that decreases polyuria to acceptable levels 
should be used, and the return of polyuria should be noted 
before repeat dosing to prevent hyponatremia. The drug ap-
pears to be safe for use in pregnancy and is resistant to deg-
radation by increased circulating vasopressinases. DDAVP is 
usually tolerated extremely well, but in very large doses may 
cause hypertension, headache, and abdominal cramping. 
Unfortunately, the agent is very expensive, and adjunctive 
measures may be used to decrease the required dose.

When the quantity of DDAVP available for treatment is 
limited and in cases of partial central diabetes insipidus, cir-
culating AVP may be increased by pharmacologic agents that 
potentiate its release. These drugs include chlorpropamide, 
clofi brate, and carbamazepine. When used alone, these agents 
are not usually adequate to control polyuria, but when com-
bined with hormonal therapy, decreased solute intake, or di-
uretic administration, they prove very useful in the treatment 
of diabetes insipidus. It is interesting that chlorpropamide has 
been used to normalize SNa by increasing water intake and has 
also been used to treat primary polydipsia. Although other 
agents such as thioridazine and benzodiazepines appear to 
increase water intake, they are not of practical use.

Nephrogenic diabetes insipidus does not respond to in-
creased circulating levels of AVP. Initial therapeutic maneuvers 
should be focused on identifying reversible etiologies of im-
paired water conservation and, if possible, correcting them. 
This includes treatment of hypokalemia, hypercalcemia, or the 
withdrawal of drugs such as lithium, demeclocycline, glyburide, 
or colchicine. Because of its therapeutic benefi ts, lithium may 
be diffi cult to discontinue in some bipolar patients. In such 
cases, amiloride may attenuate water losses by blocking entry of 
lithium into the collecting tubule cell.69 Thiazide diuretics may 

decrease polyuria related to nephrogenic diabetes insipidus by 
reducing the delivery of dilute urine to the distal collecting tu-
bule. This seems to occur by inducing mild extracellular fl uid 
volume contraction with a decreased glomerular fi ltration rate 
and increased proximal tubular reabsorption, and by diminish-
ing sodium reabsorption in the diluting segment of the distal 
nephron. Another method of reducing renal water losses is by 
reducing oral solute intake in the form of a low-sodium diet. 
The polyuria of congenital nephrogenic diabetes insipidus may 
be attenuated by nonsteroidal anti-infl ammatory drug-medi-
ated inhibition of cyclooxygenase. Potential future therapies 
may include agents that modulate the insertion of aquaporin-2 
into the tubular epithelial cells.70

A rare form of diabetes insipidus may occur during preg-
nancy. This is related to the production of a vasopressinase by 
the placenta.71 These patients respond to treatment with 
DDAVP, which is not subject to degradation by the enzyme.

Hypovolemic Hypernatremia
When hypernatremia coexists with low TBNa and physical 
evidence of hypovolemia, the primary goal is fl uid resuscita-
tion because the extracellular fl uid volume contraction may 
be more life threatening than the hypertonicity. Such pa-
tients should receive initial therapy with normal saline or 
other plasma expanders until signs of hypovolemia are no 
longer present. In states of hypernatremia, isotonic saline is 
actually hypotonic compared with the existing extracellular 
fl uid and can lower plasma osmolality, although not signifi -
cantly. Serial examinations of volume status should demon-
strate the return of normal neck veins and improvement of 
orthostatic hypotension or tachycardia. Once intravascular 
volume depletion has been corrected, administration of 
0.45% saline or 5% dextrose may be used for further correc-
tion of hypertonicity.

Table 29-3 Therapeutic Regimens for the Treatment of Diabetes Insipidus

Drug Dose

Complete central diabetes insipidus DDAVP 10–20 �g intranasally every 12–24 hr 
0.1–0.8 mg orally in divided doses; 
start with 0.05 mg orally every 12 hr 
and adjust as needed

Partial central diabetes insipidus DDAVP 10–20 �g intranasally every 
12–24 hr

Aqueous vasopressin 5–10 U SC every 4–6 hr

Chlorpropamide 250–500 mg/day

Clofi brate 500 mg tid to qid

Carbamazepine 400–600 mg/day

Nephrogenic diabetes insipidus Thiazide diuretics 25–50 mg/day

NSAIDs Indomethacin 1–2 mg/kg/day

Amiloride (for lithium-related disease) 5 mg/day

Gestational diabetes insipidus DDAVP As above

DDAVP, 1-desamine-8-D-arginine vasopressin; NSAIDs, nonsteroidal anti-infl ammatory drugs.
Adapted from Lanese D, Teitelbaum I: Hypernatremia. In Jacobson HR, Striker GE, Klahr S (eds): The Principles and Practice of Nephrol-
ogy. Philadelphia: CV Mosby, 1998, pp 884–887.
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Hypervolemic Hypernatremia

When the patient is hypervolemic and hypernatremic, the 
therapeutic goal is to remove the excess sodium. Natriuresis is 
likely to be present if renal function is normal but can be fur-
ther enhanced by diuretics such as furosemide with 5% dex-
trose. Care must be taken not to reduce SNa too rapidly with 
concomitant diuretic and hypotonic fl uid administration. The 
rate of urine fl ow and calculation of electrolyte-free water 
clearance can help estimate free water requirements. If renal 
function is impaired, volume overload and hypertonicity may 
require treatment by dialysis.
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BRIEF OVERVIEW OF K� PHYSIOLOGY

It is important to recognize at the outset that hyperkalemia or 
hypokalemia are common laboratory fi ndings in a heteroge-
neous group of disorders. Therefore, it is not appropriate to 
have a “one-size-fi ts-all” recommendation for therapy that 
will apply to all patients with these electrolyte disorders. Ac-
cordingly, our objective is to provide an approach to therapy 
that is based on the pathophysiology of the disorder in an 
individual patient.1,2 There are three areas of emphasis: First, 
one must defi ne and deal with emergencies that are present 
when the patient seeks medical attention (with regard to the 
dyskalemias, the dangers usually are due to cardiac arrhyth-
mia or respiratory muscle weakness). Second, one needs to 
anticipate and prevent risks that may be caused by the initial 
therapy. Third, in the long term, measures need to be taken to 
return the potassium (K�) level in body compartments to 
normal and reverse the abnormal physiologic processes. 
Overviews of two aspects of K� physiology are outlined 
briefl y to provide the background needed for the design of 
therapy: fi rst, the events at the interface between the extracel-

lular fl uid (ECF) and the intracellular fl uid (ICF) compart-
ments (control of the transcellular distribution of K�) and 
second, the concepts concerning the regulation of renal K�

excretion.

Interface between Extracellular Fluid 
and Intracellular Fluid
K� ions are retained inside cells by a negative voltage. When 
this voltage becomes more negative, K� will shift into cells; the 
converse is also true. The electrogenic cation pump, the Na�/
K�-ATPase (Na/K-ATPase) generates this negative voltage by 
pumping out three Na� ions while importing only two K�

ions; hence, there is an export of one third of a positive charge 
per Na� that exits from the cell via this pump.3 It follows that 
an abnormal shift of K� across cell membranes can be antici-
pated when the activity of the Na/K-ATPase deviates from its 
expected physiology; this is usually due to altered hormone 
levels. The main hormones that cause a shift of K� into cells 
are �2-adrenergic agonists, insulin, and thyroid hormone; al-
dosterone may also cause a shift of K� into cells when given to 
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354 Disorders of Fluid, Electrolyte, and Acid-Base Homeostasis

patients who lack this hormone. The Na/K-ATPase is activated 
directly by �2-adrenergics, which phosphorylate the Na/K-
ATPase, whereas thyroid hormone increases the number of 
the Na/K-ATPase units in the cell membrane. Flux through 
the Na/K-ATPase will increase substantially when more Na�

enters cells. For this to result in an increase in the negative 
voltage inside cells, the entry of Na� must be electroneutral; 
this occurs when Na� enters the cell via the Na�/H� ion ex-
changer (NHE) (Fig. 30-1).4

It appears that the NHE is normally inactive in cells; this 
can be deduced from the fact that the concentrations of its 
substrates (Na� in the ECF compartment and H� in the ICF 
compartment) are considerably higher than those of its prod-
ucts (Na� in the ICF compartment and H� in the ECF com-
partment) at steady state (see Fig. 30-1). There are two major 
activators of the NHE: insulin and a higher concentration of 
H� in the ICF compartment.

Renal Regulation

Control of the rate of K� excretion occurs primarily in the late 
cortical distal nephron, including the cortical collecting duct 
(CCD).5 The excretion of a large quantity of K� requires a 
high fl ow rate in the CCD. A lumen-negative transepithelial 
voltage must be generated and open K� channels must be 
present in the apical membranes of the principal cells in this 
nephron segment to secrete K�. To generate this voltage, the 

reabsorption of Na� must occur at a faster rate than the ac-
companying anion (chloride [Cl�]).2 The pathway for Na�

reabsorption is via an epithelial Na� channel (ENaC) in the 
apical membrane of principal cells.6 Stimulation of the reab-
sorption of Na� and/or the secretion of K� is infl uenced to a 
major extent by the hormone aldosterone,7

CLINICAL ASSESSMENT 
OF THE CONCENTRATION OF K�

IN THE CORTICAL COLLECTING DUCT

The two parameters affecting the net secretion of K� in the CCD 
can be assessed in a semiquantitative fashion as illustrated in 
Figure 30-2 (Equation 30-1).8 To estimate the concentration of 
K� in fl uid traversing the terminal CCD ([K�]CCD), one needs to 
adjust the measured concentration of K� in the urine (UK) for 
the reabsorption of water in the medullary collecting duct. This 
can done by dividing UK by the ratio of the urine osmolality to 
osmolality in fl uid exiting the terminal CCD (equal to the 
plasma osmolality when vasopressin acts) (Equation 30-1). A 

+

+

Negative

Na+

NHE

H+

Insulin

K+

2 K+

1/3 +

3 Na+

β2-adrenergics

H+
Na+

ATP

ADP

Figure 30-1 Na/K-ATPase activity and the creation of an in-
tracellular negative voltage. The Na/K-ATPase generates the 
electrical driving force for K� entry into cells providing that 
the source of the Na� pumped out was either Na� that ex-
isted in cells or Na� that entered cells in an electroneutral 
fashion via the NHE (Na�/H� ion exchanger). Two hor-
mones that cause more Na� pumping by the Na/K-ATPase 
are shown; the fi rst is insulin, which activates the NHE, and 
the second is catecholamines (�2-adrenergic actions), which 
activate the Na/K-ATPase by phosphorylation. The increase 
in negative voltage in cells will diminish the exit of K� from 
cells via K� channels. ADP, adenosine diphosphate; ATP, ad-
enosine triphosphate. (From Halperin ML: The ACID Truth 
and Basic Facts: With a Sweet Touch, an enLYTEnment, 
5th ed. Toronto, Ontario: RossMark Medical Publishers, 
2004, with permission.)

POTASSIUM ISSUES WATER ISSUES

PK 4
mmol/L

[K+] CCD 
40 mmol/L

Back-calculate

UK
160 mmol/L

CCD

40 mmol K+

H2O

300
mOsm/L

1 L

MCD 0.75 L

40 mmol K+/0.25 L

300
mOsm/L

1200
mOsm/L

H2O

Figure 30-2 Assessment of components of K� excretion in 
the cortical collecting duct (CCD). The barrel-shaped struc-
tures represent the CCD and the arrow below it is the medul-
lary collecting duct (MCD). In this example, the luminal K�

concentration in the CCD is 40 mmol/L or 10-fold greater 
than the peritubular K� concentration of 4.0 mmol/L (equal 
to the plasma potassium concentration [PK]). When 1 L of 
fl uid traverses the MCD and 75% of the water is reab-
sorbed, if no K� is reabsorbed or secreted in the MCD, the 
potassium concentration in the urine (UK) and the urine os-
molality are both fourfold higher (UK increases from 40 to 
160 mmol/L; urine osmolality increases from 300 mOsm/kg 
H2O (equal to the plasma osmolality when vasopressin acts) 
to 1200 mOsm/kg H2O). This should be taken into account 
in assessing the [K�]CCD. Similarly, an estimate of the mini-
mum fl ow rate in the terminal CCD can be obtained by di-
viding the osmole excretion rate by the plasma osmolality. 
(From Halperin ML: The ACID Truth and Basic Facts: With a 
Sweet Touch, an enLYTEnment, 5th ed. Toronto, Ontario: 
RossMark Medical Publishers, 2004, with permission.)
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355 Treatment of Hypokalemia and Hyperkalemia

similar calculation is done to estimate the fl ow rate in the termi-
nal CCD (Equation 30-2). One premise in these calculations is 
the absence of a large reabsorption of osmoles in the medullary 
collecting duct. While this is true for electrolyte, it may be not 
the case for urea, as recent fi ndings suggest that the amount of 
urea that is delivered to the distal convoluted tubule is about 
threefold larger that that excreted in the urine. Although there 
are no normal values for the excretion of K� in steady state be-
cause normal subjects excrete all the K� that they ingest, there 
are expected responses in the presence of hypokalemia or hyper-
kalemia; the expected value in a patient with hypokalemia is less 
than 15 mmol/day (UK/Ucreatinine � 1.5 in mmol/mmol terms), 
and in a patient with hyperkalemia is more than 200 mmol/day 
(UK/Ucreatinine � 20 in mmol/mmol terms)

 [K�]CCD � UK/(U/P)osm (Eq. 30-1)
 Flow rateCCD � osmole excretion rate/Posm (Eq. 30-2)

Hypokalemia with a High [K�]CCD

The usual value for the [K�]CCD is less than 6 and that for the 
transtubular potassium gradient is less than 2 if hypokalemia is of 
nonrenal origin. A [K�]CCD that is inappropriately high for the 
presence of hypokalemia indicates a higher luminal negative volt-
age in CCD due to a higher rate of electrogenic Na� reabsorption 
(and/or an altered K� conductance). We divide these patients into 
two subgroups based on their renal handling of Na�.1 The fi rst 
one is a primary lesion affecting Na� where the reabsorption of 
Na� is accelerated. In this setting, the effective arterial blood vol-
ume is expanded, renin activity in plasma is low (with exception 
of conditions such as renal artery stenosis and renin-secreting 
tumors), and there is an ability to have low concentrations of Na�

and Cl� in the urine, but only when the ECF volume is con-
tracted. In the second subgroup, there is slower reabsorption of 
Cl�. It is characterized by a contracted effective arterial blood 
volume and high renin activity in plasma.

Faster Reabsorption of Na�

When there is an increase in the number of open ENaC units 
in the luminal membrane of the cortical distal nephron, the 
lumen could become more electronegative. Causes of an over-
abundance of active ENaCs in the luminal membrane of 
principal cells include an inborn error (e.g., Liddle syndrome), 
the presence of too much aldosterone (e.g., primary hyper-
reninemic hyperaldosteronism, primary hyperaldosteronism, 
glucocorticoid-remediable aldosteronism, and drugs or hor-
mones that have mineralocorticoid actions). Cortisol may act 
as a mineralocorticoid when there is insuffi cient activity of the 
enzyme 11�-hydroxysteroid dehydrogenase in principal cells, 
which converts intracellular cortisol to its inactive metabolite 
cortisone.9 This occurs when there is massive overproduction 
(or administration of large doses) of cortisol, when inhibitors 
of this enzyme are present (e.g., by glycyrrhizic acid from lico-
rice10 or carbenoxolone) or if there are inborn errors that di-
minish the activity of 11�-hydroxysteroid dehydrogenase (ap-
parent mineralocorticoid excess).

Slower Reabsorption of Cl�

A slower Cl� type of lesion may be due to a low distal delivery 
of Cl� to the CCD or the presence of luminal HCO3

� and/or 
an alkaline luminal fl uid, which seems to decrease the reab-
sorption of Cl� in the CCD.11 A slower Cl� type of lesion may 

also be due to a large increase in the delivery of Na� and Cl�

to the CCD along with a retained stimulus for the reabsorp-
tion of Na� via ENaCs due to the continuing presence of al-
dosterone (a low effective arterial blood volume); hence, 
the rate of reabsorption of Na� by ENaCs exceeds that for 
Cl� (see Fig. 30-2). Examples include the use of diuretics or 
diseases such as Bartter and Gitelman’s syndromes in which 
there is inhibition of NaCl reabsorption at a site upstream 
of a CCD.

Hyperkalemia with a Low [K�]CCD

The usual value for the [K�]CCD is greater than 30 and that of 
the transtubular potassium is greater than 7 gradient if hyper-
kalemia is of nonrenal origin. The [K�]CCD that is inappropri-
ately low for the presence of hyperkalemia usually indicates 
that there is a smaller negative luminal voltage in CCD, which 
is almost always due to a decreased electrogenic reabsorption 
of Na�; rarely, the major problem can be lower K� conduc-
tance in these nephron segments. We divide patients into two 
subgroups based on their renal handling of Na�. In the fi rst 
subgroup, the Na� reabsorption is slower in the CCD in which 
the effective arterial blood volume is contracted, the renin ac-
tivity in plasma is high, and there is an inability to have low 
concentrations of Na� and Cl� in the urine when the effective 
arterial blood volume is contracted. In the second subgroup, 
there is faster reabsorption of Cl�. It is characterized by an 
expanded effective arterial blood volume, low renin activity in 
plasma, and an ability to have low concentrations of Na� and 
Cl� in the urine when the effective arterial blood volume is 
contracted.

Slower Reabsorption of Na�

This disorder can be seen in a number of settings. Examples 
include when there is an inborn error that decreases 
the availability of ENaCs (e.g., pseudohypoaldosteronism 
type I), low production of aldosterone (e.g., Addison’s dis-
ease), drugs that interfere with the synthesis of aldosterone 
(e.g., nonsteroidal anti-infl ammatory drugs, angiotensin-
converting enzyme inhibitors, angiotensin II receptor block-
ers, heparin, and ketoconazole), blockers of the aldosterone 
receptor in principal cells of the cortical distal nephron (e.g., 
spironolactone), ENaCs inhibited by luminal acting K�-
sparing diuretics (e.g., amiloride, triamterene), and when 
certain drugs block ENaCs (e.g., trimethoprim and pent-
amidine).

Faster Reabsorption of Cl�

There are two possible reasons for having the reabsorption of 
Na� fail to exceed that of Cl� in the late cortical distal neph-
ron. First, there could be an increased permeability for Cl� in 
the late cortical distal nephron (i.e., a Cl shunt disorder).12

Examples may include the hyperkalemia in some patients 
with type 2 diabetes mellitus and patients on cyclosporine or 
tacrolimus. Second, there could be an enhanced reabsorption 
of Na� and Cl� in the distal convoluted tubule, which dimin-
ishes the delivery of Na� and Cl� to the late cortical distal 
nephron (called Gordon’s syndrome). The molecular basis 
for this latter disorder has been attributed to deletions in 
the genes encoding for WNK kinase-1 and WNK kinase-4 
(WNK stands for “with no lysine” [K is the abbreviation for 
lysine]).13
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356 Disorders of Fluid, Electrolyte, and Acid-Base Homeostasis

HYPOKALEMIA

General Considerations for the Treatment 
of Hypokalemia

Causes of hypokalemia are listed in Box 30-1. The steps to take 
in the treatment of patients with an emergency related to hy-
pokalemia are illustrated in Figure 30-3. 

Medical Emergencies

There are two potentially life-threatening circumstances that re-
quire aggressive therapy: The most common is a cardiac arrhyth-
mia and the other is extreme weakness involving the respiratory 
muscles, especially when respiratory acidosis or metabolic acido-
sis (e.g., distal renal tubular acidosis due to a low rate of secretion 
of H� or an accelerated secretion of HCO3

� in the distal neph-

Decreased Intake of K�

Rarely a primary cause unless K� intake is very low and 
duration is prolonged
Can augment the degree of hypokalemia if there is ongoing 
K� loss

Shift of K� into Cells
Hormones (insulin and �-adrenergics are the most important 
ones)
Metabolic alkalosis
Anabolic state (e.g., recovery from diabetic ketoacidosis)
Other (anesthesia, hereditary hypokalemic periodic paraly-
sis)

Increased Urine K� Loss
High [K�]CCD

Faster reabsorption of Na� in the CCD
Constitutively active epithelial Na� channel (ENaC) 
(e.g., Liddle syndrome), artifi cial ENaC (e.g., ampho-
tericin B)

High aldosterone levels
Cortisol acts as a mineralocorticoid

Low 11�-hydroxysteroid dehydrogenase activity (ap-
parent mineralocorticoid excess), inhibitors of 11�-
hydroxysteroid dehydrogenase (e.g., licorice), very 
high cortisol level (e.g., corticotropin-producing 
tumor)

Relatively slower reabsorption of Cl� in the CCD
Delivery of Na� without Cl� to the CCD and a contracted 
effective arterial blood volume
Inhibition of Cl� reabsorption in the CCD (e.g., bicar-
bonaturia)

High delivery of Na� and Cl� to the CCD and a maximum 
rate of Na� reabsorption that exceeds that for Cl� (e.g., 
states with inhibition of NaCl reabsorption of an upstream 
nephron segment plus effective arterial blood volume 
contraction, e.g., use of diuretics, Bartter or Gitelman’s 
syndrome)

Box 30-1 Causes of Hypokalemia

HYPOKALEMIA

Is hypokalemia both severe and acute?

YES

• Shift of K� ions into cells
 - High insulin
 - High catecholamines
 - Hypokalemic periodic paralysis

NO or do not know

Are there an acid-base disorder 
and a high K� excretion rate?

NO

•  Shift of K� into 
cells (see left side 
of this flow chart)

YES

•  Chronic hypokalemia ± 
shift of K� into cells,
see flow chart in Fig. 30-2

Figure 30-3 Initial approach to the patient with hypokalemia. The initial aim is to determine whether there is a major compo-
nent of shift of K� into cells. This is suggested from the time course and a clinical history of the presence of factors associated 
with a shift of K� into cells. Laboratory assessment of the rate of excretion of K� and the presence of an acid-base disorder 
help to confi rm this diagnosis. (From Halperin ML: The ACID Truth and Basic Facts: With a Sweet Touch, an enLYTEnment, 5th 
ed. Toronto, Ontario: RossMark Medical Publishers, 2004, with permission.)
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357 Treatment of Hypokalemia and Hyperkalemia

ron or severe diarrhea) is present. Having decided that hypoka-
lemia requires urgent therapy, enough K� must be given to in-
crease the plasma K� concentration (PK) quickly and to a high 
enough level (�3.0 mM) to avert these dangers; the total K�

defi cit should be replaced much more slowly. Because large doses 
and a high concentration of K� may need to be infused at the 
outset, K� must be administered via a large central vein and the 
patient should be connected to a cardiac monitor. Unless other-
wise indicated, the infusion should not contain glucose or 
HCO3

� because this may lead to a shift of K� into cells, which 
may aggravate an already severe degree of hypokalemia.

Illustrative Example

A patient fell from a great height and sustained a serious head 
injury.14 While in the intensive care unit, his PK decreased to 
1.3 mmol/L over 30 minutes, and this led to a ventricular tachy-
cardia. This sudden and marked shift of K� into cells was likely 
due to the extreme adrenergic response from the head injury 
and the administration of adrenergic agents to support his he-
modynamic state. In this setting, we would try to increase his PK

by 1 mmol/L in 1 minute, recognizing the fact that the increase 
would be much smaller in the interstitial fl uid bathing cardiac 
myocytes. Therefore, we would infuse 3 mmol K�/min for the 
fi rst 5 minutes (blood volume: 5 L; cardiac output: 5 L/min; 
60% of blood volume is plasma, i.e., 3 L). At this time, we would 
decrease the rate of infusion of K� to 1 mmol/min and measure 
the PK (stopping the infusion for 60 seconds to avoid a spuri-
ously high PK). If the electrocardiographic changes did not im-
prove and there was little increase in the PK, we would repeat 
this procedure.

No Medical Emergency

The initial emphasis in our approach to patients with hypokale-
mia is to determine whether there is an important shift of K�

into cells; the steps to take are shown in Figure 30-3. Conversely, 
if the problem is due to an excessive excretion of K�, the diag-
nostic approach differs and the steps are illustrated in Figure 
30-4. In both of these categories, there is no generic therapy for 
hypokalemia because this is a fi nding rather than a specifi c dis-
ease. There is a different emphasis in the therapy of patients who 
have hypokalemia due to a shift of K� into cells (Fig. 30-5). Be-
cause these patients do not have a large defi cit of K�, we begin 
by discussing our management of these patients. This is followed 
by general comments about replacing a large defi cit of K� and 
concluded with a discussion of specifi c therapy for some of the 
common disorders that are associated with hypokalemia.

Hypokalemic Periodic Paralysis

Typically, these patients have very low rates of K� excretion 
and they do not have an acid-base disorder.15 In the Western 
world, most cases of hypokalemic periodic paralysis are spo-
radic or familial and therapy is simply to infuse enough 
KCl to increase the PK to more than 3.0 mmol/L. A high-
carbohydrate meal or an adrenergic surge may precipitate the 
attack. In contrast, Asian patients are most frequently young 
males who have hyperthyroidism. Other causes of an attack 
of hypokalemic periodic paralysis include a high and pro-
longed adrenergic surge, the use of amphetamines, or a very 
large intake of beverages containing caffeine.16 The most im-
portant issue for therapy is to decide whether an adrenergic 

HYPOKALEMIA WITH A HIGH 
RATE OF EXCRETION OF K�

What is the reason for a high rate 
of K� excretion? (can be both) 

High flow CCD High [K�] CCD

What are the urine osmoles?

Electrolytes Organics

What is the ECF volume?

Low = Slower CI

Are both urine 
Na and CI high?

NO YES

Na only CI only

Not low = Faster Na

• Diuretics
• Other disorders 

that inhibit 
upstream NaCI 
reabsorption

• Glucose
• Mannitol
• Urea

• Bicarbonaturia (vomiting)
• Excessive excretion of 

other anions

• Diarrhea, 
laxative abuse

• Diuretics
• Bartter or 

Gitelman’s syndrome
• Hypercalcemia
• Distal RTA

• States with high aldosterone
• Cortisol acts as a mineralocorticoid
• Constitutively high ENaC activity

Figure 30-4 Renal causes of hypokalemia and a low rate of excretion of K�. Assessment of the components of K� excretion 
in the cortical collecting duct (CCD) is obtained by back-calculating the fl ow rate and the concentration of K� in the urine to 
values in fl uid traversing the terminal CCD, as shown in Figure 30-2. A list of likely causes of a high rate of excretion of K� is 
provided below the diagnostic categories. ECF, extracellular fl uid; ENaC, epithelial Na channel; RTA, renal tubular acidosis. 
(From Halperin ML: The ACID Truth and Basic Facts: With a Sweet Touch, an enLYTEnment, 5th ed. Toronto, Ontario: 
RossMark Medical Publishers, 2004, with permission.)
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surge may be the cause of the hypokalemia. This is suggested 
by fi ndings such as tachycardia and a wide pulse pressure on 
physical examination. Plasma phosphate levels are usually 
low. If that were the case, we would administer a nonselective 
�-blocker (propranolol 3 mg/kg) as their fi rst-line treatment, 
especially if the patient had thyrotoxic hypokalemic periodic 
paralysis because it can cause a prompt increase in PK (within 
2 hours).17 If effective, much smaller doses of KCl may be 
needed for therapy. In retrospective, case-controlled studies, 
rebound hyperkalemia (�5.0 mmol/L) was observed in 30% 
to 70% of patients with thyrotoxic hypokalemic periodic 
paralysis if more than 90 mmol of KCl were given within 
24 hours or at a rate of more than 10 mmol/hr.18 Hence we 
prefer to give less than this amount unless the PK fails to in-
crease to a safe level of approximately 3 mmol/L. Acetazola -
mide may be useful to prevent attacks of hypokalemic periodic 
paralysis patients with the sporadic or familial types of this 
disorder; nevertheless, its mechanism of action is not clear.

Specifi c Issues in K� Replacement 
Therapy
Magnitude of the K� Defi cit

It is common practice to infer that there is a defi cit of 100 to 
400 mmol K� if the PK has decreased from 4.0 to 3.0 mmol/L
and that a PK of 2 mmol/L suggests that there is a much 
greater defi cit of K� (as high as 800 mmol in a 70-kg adult). 
However, this is not supported with solid data because a com-
ponent of the hypokalemia is due to a shift of K� into cells in 
many patients. In our view, there is no useful quantitative re-
lationship between PK and the total body K� defi cit in an in-
dividual patient. Hence, careful monitoring of PK during re-
placement of the K� defi cit is mandatory.

Route of K1 Administration

The oral route is the preferred one to administer K�. Certain 
factors may necessitate using the intravenous route, includ-
ing the urgency of therapy, the level of consciousness, and 
the presence of gastrointestinal problems. As a rule, the con-
centration of K� should not be more than 40 mmol/L if in-
fused peripherally because higher K� concentrations may 
irritate veins with a lower rate of blood fl ow; the rate of ad-
ministration of K� should not exceed 60 mmol/hr in most 
settings.

K� Preparations

Most preparations that are in tablet form release K� slowly 
(Table 30-1). Although usually well tolerated, they occasion-
ally cause ulcerative or stenotic lesions in the gastrointestinal 
tract due to a high local K� concentration. Oral KCl can also 
be given in a crystalline form (e.g., salt substitutes such as 
Co-salt (equal amounts of NaCl and KCl), which provide 14 
mmol K�/g); this is generally well tolerated and is an inexpen-
sive form of K� supplementation.

For electroneutrality, a defi cit of K� must be accompanied 
by the loss of Cl� or HCO3

� or a gain of Na�. With a KCl defi -
cit (e.g., due to chronic vomiting or diuretic use), KCl is needed; 
in contrast, with a KHCO3 defi cit (e.g., due to diarrhea), K�

with HCO3 (or a HCO3
� equivalent, e.g., citrate) is needed. A 

note of caution is necessary: The administration of HCO3
� may 

cause a shift of K� into cells in certain settings. Therefore, in a 
patient who is markedly hypokalemic and acidemic, KCl should 
be given initially; alkali in the form of NaHCO3 may then be 
administered after the PK approaches a safer level (�3 mmol/L). 
In conditions in which K� loss is matched by Na� retention 
(e.g., in a patient with primary hyperaldosteronism), K� is usu-
ally given as KCl while measures are taken to ensure that NaCl 

HYPOKALEMIA

YES

YES

NO

NO

Emergency (arrhythmia, respiratory weakness)?

• Infuse KCI via central line:
 - Monitor ECG

Mainly due to shift?

• Give KCI, but < 60 mmol/hr
• Use GI tract if no ileus
• IV; usually up to 40 mmol/L
• Do not infuse glucose or NaHCO3

• If due to hyperthyroidism or 
high adrenergics, give 
nonselective β-blocker

• Give < 10 mmol KCI/hr

Figure 30-5 Treatment of the patient with hypokalemia. If an emergency is present (usually cardiac), intravenous KCl must be 
given promptly, and this usually means via a central vein. The electrocardiogram (ECG) must be monitored to guide therapy. 
Longer term strategies are to determine whether there is an important shift of K� into cells, especially if its cause is too much 
adrenaline or hyperthyroidism as the treatment now is with a nonselective �-blocker and much lower doses of KCl. In other 
settings, the goal is to administer suffi cient KCl, and the oral route is preferred. If given in a peripheral vein, the K� should not 
exceed 40 mmol/L. In either case, and the amount given should not usually exceed 60 mmol/L/hr. Substances that cause K�

to shift into cells such as glucose, via the release of insulin and NaHCO3, should not be given at this stage of therapy. GI, 
gastrointestinal. (From Halperin ML: The ACID Truth and Basic Facts: With a Sweet Touch, an enLYTEnment, 5th ed. Toronto, 
Ontario: RossMark Medical Publishers, 2004, with permission.)
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359 Treatment of Hypokalemia and Hyperkalemia

will be excreted. The need for K� as its phosphate salt is most 
evident when there is rapid anabolism; examples include pa-
tients on nutritional support or those in the acute recovery 
phase of a catabolic disorder such as diabetic ketoacidosis. If 
given, phosphate should not be administered too rapidly (�50 
mmol in 8 hours) because a large phosphate load has the risk of 
inducing metastatic calcifi cation and hypocalcemia. We give K�

as KCl in the treatment of patients who have diabetic ketoaci-
dosis and rely on the patient’s diet to supply the phosphate 
needed for the anabolic phase of the illness, which occurs later.

Although it may seem reasonable on superfi cial analysis to 
increase the intake of K�-rich foods (e.g., bananas, fruit juice), 
this is not an effective way to replace a K� defi cit. A few centi-
meters of banana provides only about 1 mmol of K�, so it will 
take a true banana lover to consume enough bananas to provide 
50 mmol K� each day. The calories in this quantity of bananas 
could add 22.5 to 45 kg to the patient’s body weight in a year. 
Conversely, a large amount of K� can be obtained through di-
etary means by ingesting vegetables, which have a high ratio of 
potassium to calories.

Adjuncts to Therapy

Administering K�-sparing diuretics to patients with hypokale-
mia can decrease renal loss of K�. However, this is only useful on 
a long-term therapy basis and not during the treatment of acute 
hypokalemia, when the rate of K� excretion is usually less than 
10 mmol/hr. Amiloride and triamterene are better tolerated than 
spironolactone because they lack the gastrointestinal and hor-
monal complications of spironolactone (amenorrhea, gyneco-
mastia, decreased libido). Eplerenone is a highly selective miner-
alocorticoid receptor antagonist that is associated with a lower 
incidence of endocrine side effects, but is also signifi cantly more 
expensive than spironolactone.19 When using the ENaC blockers 
amiloride and triamterene, the patient should have a low intake 

of NaCl because this leads to a lower delivery of osmoles to the 
CCD and thereby a lower fl ow rate.20 With a lower fl ow rate, the 
concentration of the drug near the ENaC will be higher. There is 
an important note of caution; hyperkalemia can develop when 
K� is given along with K�-sparing diuretics, especially if other 
conditions that may compromise K� excretion are present; it 
should also be recognized that these drugs have a long half-life.

Risks of Therapy

With prolonged hypokalemia, the CCD may become hypore-
sponsive to the kaliuretic effect of aldosterone (probably due 
to fewer luminal K� ion channels for the secretion of K�); this 
would allow aldosterone to continue to be a NaCl-retaining 
hormone while diminishing its kaliuretic effect.21 Hence, it is 
important to monitor the PK frequently during the treatment 
of hypokalemia.

Hyperkalemia has been observed in approximately 4% of 
patients taking K� supplements. The risk is highest in patients 
with renal failure and diabetes mellitus. The simultaneous use 
of angiotensin-converting enzyme inhibitors, �-blockers, or 
nonsteroidal anti-infl ammatory drugs may also predispose to 
the development of hyperkalemia.

Specifi c Causes of Hypokalemia
A summary of the causes of hypokalemia is provided in Box 
30-1. We only comment briefl y on those that are common or 
because new strides have been made in understanding their 
pathophysiology, which have implications for therapy. A sum-
mary of the specifi c issues in therapy of these disorders is pro-
vided in Table 30-2.

Diuretic-Induced Hypokalemia

When hypokalemia develops in this setting, it is usually modest 
in degree.22 A decrease in PK to less than 3 mmol/L occurs in less 
than 10% of patients on the usual doses of thiazide-type diuret-
ics and usually occurs in the fi rst 2 weeks of therapy. Although 
there is some controversy, it is our view that patients with 
chronic diuretic-induced hypokalemia, even if it is mild in de-
gree, should be treated.

There are several ways to minimize the degree of diuretic-
induced hypokalemia. First, give the lowest effective dose of 
diuretic because the risk of hypokalemia is dose dependent. In 
most patients with essential hypertension, 12.5 to 25 mg of hy-
drochlorothiazide produces as great a decrease in blood pres-
sure as higher doses. Second, the intake of K� should not be 
low. Salt substitutes such as Co-salt (14 mmol K�/g) are an in-
expensive way to provide K� while decreasing the intake of 
Na�. Third, lowering the rate of K� excretion can minimize the 
degree of hypokalemia. This may be achieved in part by limiting 
the intake and thereby the excretion of NaCl to approximately 
100 mmol/day. The renal loss of K� can be reduced with the use 
of K�-sparing diuretics. Nevertheless, their dose may need to be 
adjusted independently because a higher distal fl ow rate lowers 
the luminal concentration of this class of drugs and hence they 
become less effective blockers of ENaCs. Therefore, we do not 
favor the use of tablets of combination of thiazide or a loop 
diuretic plus a K�-sparing diuretic.

Primary Hyperaldosteronism

This should be suspected when there is both hypertension and 
hypokalemia with renal K� wasting in patients who have low 

K� Salt Unit

Oral Preparations

Apo-K KCl 8 mEq/tablet

Slow-K KCl 8 mEq/tablet

Micro-K KCl 8 mEq/capsule

K-Dur KCl 20 mEq/tablet

K-Lyte/Cl KCl 25 mEq/effervescent 
tablet

K-Lyte K citrate 25 mEq/effervescent 
tablet

K-Lor KCl 20 mEq/packet

Polycitra K K citrate 2 mEq/mL

K-10 KCl 1.33 mEq/mL

Roychlor KCl 1.33 mEq/mL

Intravenous Preparations

K chloride KCl 2 mEq/mL

K acetate K acetate 4 mEq/mL

K phosphate K phosphate 4.4 mEq/10mL

Table 30-1 Commonly Used Potassium Supplements
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360 Disorders of Fluid, Electrolyte, and Acid-Base Homeostasis

plasma renin activity. A poorly explained fact is that a signifi -
cant number of patients with primary hyperaldosteronism do 
not have hypokalemia. Laparoscopic unilateral adrenalectomy 
is generally the preferred treatment in a patient with an adrenal 
adenoma.23 If successful, it should induce a marked reduction 
in aldosterone secretion, a decrease in blood pressure, and 
correction of the hypokalemia. Notwithstanding, hypertension 
persists in as many as 40% to 65% of patients after unilateral 
adrenalectomy, especially those with a family history of hyper-
tension and those who were taking two or more antihyperten-
sive medications prior to surgery.24 In patients with bilateral 
adrenal hyperplasia or those with an adrenal adenoma but who 
are not candidates for surgery, medical therapy is the preferred 
treatment.25 The goals of therapy, however, are not only to 
control blood pressure and correct the hypokalemia, but also 
to reverse the unwanted effects of hyperaldosteronism on the 
heart. The administration of a mineralocorticoid receptor an-
tagonist (spironolactone or eplerenone) is the preferred ther-
apy. Amiloride is an alternative in those who are intolerant of 
these drugs. The issue about the need for a low intake of NaCl 
to decrease the fl ow rate in CCD applies in this setting.

Bartter Syndrome and Gitelman’s Syndrome

The current therapy for both Bartter and Gitelman’s syndromes 
includes KCl supplements, K�-sparing agents, and the use of an-
giotensin-converting enzyme inhibitors or angiotensin II receptor 
blockers. Correction of hypokalemia in these patients is rather 
diffi cult, even with large K� supplements.20 One might be able to 
maintain a somewhat higher PK in these patients by giving the 
same daily amount of K� supplements but using a more frequent 
dosing schedule. This is perhaps because a large dose of K� may 
induce a suffi cient increase in the PK to cause the insertion of K�

channels into the luminal membrane in CCD cells and hence an 

increase in K� secretion.26,27 Hypomagnesemia may be a contrib-
uting factor in the enhanced kaliuresis in some patients with 
Gitelman’s syndrome.28 Again, correction of hypomagnesemia 
with oral magnesium is usually diffi cult and also limited by gas-
trointestinal side effects. K�-sparing diuretics (amiloride, spi-
ronolactone) may help conserve K�. A common clinical observa-
tion is that even high doses of amiloride fail to curtail the excessive 
kaliuresis in patients with Bartter and Gitelman’s syndromes. Part 
of the explanation of this diminished effect could be related to the 
higher fl ow in the CCD due to inhibition of NaCl reabsorption in 
upstream nephron segments. This higher volume delivery to the 
CCD lowers the concentration of ENaC blockers, thus diminish-
ing their effectiveness.20 A potential concern using these agents in 
patients with Bartter or Gitelman’s syndromes is that they may 
aggravate their salt wasting. This may become evident if, for ex-
ample, dietary salt intake is decreased or there is a nonrenal cause 
of the loss of NaCl. Angiotensin-converting enzyme inhibitors 
have been used to decrease levels of angiotensin II and aldoste-
rone with variable success; if effective, hypotension becomes an 
important concern. In prenatal Bartter syndrome, prostaglandin 
E2 synthesis can be reduced with cyclooxygenase inhibitors such 
as indomethacin.29 Inhibition of prostaglandin E2 synthesis at-
tenuates salt wasting with hypokalemia and minimizes the sys-
temic symptoms of prostaglandin excess. Caution is advised using 
these agents in the neonatal period as acute renal failure and pat-
ent ductus arteriosus are documented complications. Because of 
the potential for causing chronic renal dysfunction, the lowest 
possible effective dose of these drugs should be used.

Glucorticoid-Remediable Aldosteronism

Glucorticoid-remediable aldosteronism is an autosomal domi-
nant form of hypertension caused by a chimeric gene, which 
results in aldosterone synthesis being under the control of 

Disorder Specifi c Issues in Therapy

Diuretic-induced hypokalemia Use lowest effective dose of diuretics

K supplements (e.g., Co-salt)

Restrict NaCl intake to �100 mmol/day

Add K�-sparing diuretics

Primary hyperaldosteronism Unilateral adrenal adenoma: laparoscopic adrenalectomy

Bilateral adrenal hyperplasia: mineralocorticoid receptor antagonists (preferred), 
ENaC blockers

Bartter and Gitelman’s syndromes K� supplements, in frequent divided doses

K�-sparing diuretics: may aggravate salt wasting, high doses of amiloride needed

Mg supplements if hypomagnesemia

ACE inhibitors, ARBs: limited by hypotension

Prostaglandin inhibitors: risk of chronic renal dysfunction with prolonged use

Glucocorticoid-remediable aldosteronism Glucocorticoids

Liddle syndrome ENaC blockers, high doses required

Apparent mineralocorticoid excess Mineralocorticoid receptor antagonists

ENaC blockers; must have low intake of NaCl

For details, see the text.
ACE, angiotensin-converting enzyme; ARBs, angiotensin receptor blockers; ENaC, epithelial Na� channel

Table 30-2 Specifi c Issues in Therapy of Some Disorders of Hypokalemia
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361 Treatment of Hypokalemia and Hyperkalemia

corticotropin rather than its normal regulator, angiotensin II.30

In this disorder, exogenous glucocorticoids may suppress 
the release of corticotropin and thereby the secretion of 
aldosterone.

Liddle Syndrome

Liddle syndrome is an autosomal dominant disorder that is 
caused by mutations in either the � or the � subunit of the 
ENaC that leads to its defective degradation and thereby an 
increased number of active ENaC units in the luminal mem-
brane of principal cells in the CCD.31 The channel is amiloride 
and triamterene sensitive providing that their concentrations 
are high enough in luminal fl uid, explaining the effi cacy of 
these K�-sparing diuretics in the treatment of this syndrome. 
Conversely, aldosterone receptor antagonists are not effective 
in these patients.

Apparent Mineralocorticoid Excess

Apparent mineralocorticoid excess is the result of a mutation 
in the gene encoding for 11�-hydroxysteroid dehydrogenase 
type 2,32 the enzyme responsible for converting cortisol to its 
inactive metabolite, cortisone, in principal cells of the CCD. 
This enzyme is inhibited by glycyrrhetinic acid in licorice. 
These patients can be treated with ENaC blockers (e.g., 
amiloride, triamterene), with the same caveat for the need for 
salt restriction noted previously. In contrast to patients with 
Liddle syndrome, patients with apparent mineralocorticoid 
excess usually have a good response to spironolactone.

HYPERKALEMIA

The steps to identify the major diagnostic categories for pa-
tients with hyperkalemia are summarized in Figure 30-6. It is 
necessary to make the specifi c diagnosis because the mode 

and emphasis of therapy are strongly infl uenced by the diag-
nostic category.

General Considerations for Treatment 
of Hyperkalemia

Medical Emergencies

The major danger for the patient with hyperkalemia is a car-
diac arrhythmia. Because minor electrocardiographic changes 
may progress rapidly to a dangerous arrhythmia, any patient 
with an electrocardiographic abnormality related to hyperka-
lemia should be treated as a medical emergency. We would 
also treat patients with a severe degree of hyperkalemia (e.g., 
PK � 7.0 mmol/L) aggressively, even in the absence of elec-
trocardiographic changes. A note of caution, however, is 
needed: a severe degree of hyperkalemia is well tolerated in 
certain settings such as extremes of exercise (the supermara-
thon) and in infants.

The steps to take in the treatment of patients with an emer-
gency related to hyperkalemia are discussed below and are il-
lustrated in Figure 30-7.

Antagonize the Cardiac Effects of Hyperkalemia

Calcium is the best agent and its effects should be evident 
within minutes. It is usually given as 20 to 30 mL of a 10% 
calcium gluconate solution (two to three ampoules) or 10 mL 
of 10% calcium chloride (one ampoule). Both solutions are 
equally effective, but the former is safer than the latter in case 
of infi ltration of the needle during an intravenous infusion 
because at high concentrations calcium gluconate is mostly 
undissociated, whereas calcium chloride is nearly completely 
dissociated. Once calcium gluconate enters the circulation 
and gets diluted greatly, it also becomes mostly dissociated. 
This dose can be repeated in 5 minutes if electrocardio-
graphic changes persist. The effect may last 30 to 60 minutes. 
Extreme caution should be exerted using Ca2� in patients 
on digitalis because hypercalcemia may precipitate digitalis 
toxicity.

Induce a Shift of K� into the Intracellular Fluid

Use of Insulin
Many studies support the use of insulin in the treatment of 
acute hyperkalemia in patients with end-stage renal disease 
(ESRD).33–36 For example, Blumberg and colleagues33 stud-
ied 10 patients with ESRD on hemodialysis after an over-
night fast before their regularly scheduled hemodialysis. The 
patients were treated on different occasions with approxi-
mately 20 units of intravenous regular insulin plus glucose, 
NaHCO3 at 4 mmol/min, epinephrine 0.05 µg/kg/min, or 
hemodialysis. The PK was followed for 60 minutes. Hemodi-
alysis was the most effective modality that lowered the PK,
decreasing it from 5.6 to 4.3 mmol/L. Insulin with glucose 
also caused the PK to decrease rapidly from 5.6 to 4.7 mmol/L.
Of note, epinephrine caused only a minor decrease in the PK.
Intravenous NaHCO3 failed to lower the PK. Large doses of 
insulin are needed for maximal K� shift into cells. In the 
study by Blumberg and colleagues,33 20 units of regular in-
sulin were given to increase the plasma insulin level to 300 to 
400 mU/L. One cannot overemphasize the need to give 
enough glucose to prevent the development of hypoglycemia 
and to monitor blood glucose levels for a suffi cient period 
of time.

Hyperkalemia, a low rate of K�

excretion and a low [K�] CCD

What is the ‘effective’ 
arterial blood volume?

EABV low
�

Slower Na�

EABV not low
�

CI� matches Na�

• Low aldosterone
• Aldosterone receptor 

problem
• Low ENaC activity

• ↑ NCC activity in DCT 
(Gordon’s syndrome)

• CI� shunt disorder in CCD
• Drugs, e.g., cyclosporin

Figure 30-6 Renal causes for hyperkalemia and a low rate 
of excretion of K�. For details, see legend to Figure 30-4. A 
list of likely causes of a low rate of excretion of K� is pro-
vided below the diagnostic categories. CCD, cortical collect-
ing duct; DCT, distal convoluted tubule; EABV, effective arte-
rial blood volume; ENaC, epithelial Na� channel; Na�-Cl�
cotransporter. (From Halperin ML: The ACID Truth and Basic 
Facts: With a Sweet Touch, an enLYTEnment, 5th ed. To-
ronto, Ontario: RossMark Medical Publishers, 2004, with 
permission.)
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We recommend insulin with glucose as initial therapy to in-
duce a shift of K� into cells in the emergency treatment of hy-
perkalemia. Although some suggest treating nondiabetic, hyper-
kalemic patients with a bolus of glucose without exogenous 
insulin, we believe that this strategy is unwise because the high 
levels of insulin required to induce an adequate shift of K� into 
cells might not be achieved without giving insulin. In addition, 
hypertonic glucose may cause K� to shift out of cells in patients 
with inadequate insulin reserves, leading to a paradoxical 
increase in the PK.37

�2-Adrenergic Agonists
�2-Agonists stimulate the Na/K-ATPase via a cyclic adenosine 
monophosphate–dependent pathway (see Fig. 30-1). The abil-
ity of �2-adrenergic stimulation to lower the PK in patients 
with renal failure has been demonstrated in a number of stud-
ies.34–36,38,39 Montoliu and colleagues38 gave 20 patients on 
maintenance hemodialysis 0.5 mg albuterol intravenously 
over 15 minutes, which caused the mean PK to decrease from 
5.6 to 4.5 mmol/L within 30 minutes. Of note, eight of these 
patients developed tremors and six had minor ill-defi ned dis-
comfort. In a second part of the study, consecutive patients 
with acute or chronic renal failure were given intravenous 
albuterol (0.5 mg over 15 minutes). Their mean PK decreased 
from 7.0 to 5.6 mmol/L within 30 minutes, and the effect was 
sustained for 3 hours. Reversal of the electrocardiographic 
manifestations of hyperkalemia was documented in most of 
the patients, and only minor adverse effects were noted. It was 
recognized, however, that there was considerable individual 
variation in the response of the PK to albuterol, although the 
data for individual patients were not shown.

A number of studies have examined nebulized �2-agonists
as therapy for hyperkalemia. In a study by Allon and col-
leagues,40 10 hyperkalemic ESRD patients on hemodialysis 
were treated with 10 mg of nebulized albuterol, 20 mg of 
nebulized albuterol, or placebo on three separate occasions. 
After the administration of albuterol, the PK decreased within 
30 minutes and this decrease was sustained for at least 
2 hours. The maximum decreases in PK were 0.6 mmol/L with 
the 10-mg dose and 1.0 mmol/L with the 20-mg dose. How-
ever, two of the 10 patients were resistant to the hypokalemic 
effects of albuterol. There was a minimal increase in heart 
rate and a notable absence of cardiovascular adverse effects.

Although these studies suggest that �2-agonists are effec-
tive in rapidly lowering the PK, we do not recommend their 
use as preferred therapy in the emergency treatment of hy-
perkalemia for two reasons. First, they are not effective in a 
signifi cant proportion of patients; 20% to 40% of patients 
studied had a decrease in PK of less than 0.5 mmol/L. It is 
unclear why some patients do not exhibit a decrease in PK

after the administration of �2-agonists, and it is not possible 
to predict which patients will respond. Second, we are con-
cerned about the safety of these drugs in the doses used for 
the treatment of hyperkalemia, which are four to eight times 
those prescribed for the treatment of acute asthma. Although 
no severe adverse events were reported in the studies noted 
here, most were performed in stable patients with a mild 
degree of hyperkalemia before their regular hemodialysis 
session. A number of these studies excluded patients on 
�-blockers and selected those with no signifi cant coronary 
heart disease or unstable heart rhythms. Therefore, the safety 
of these agents was determined in a group of patients who 

HYPERKALEMIA

ECG changes? (emergency)

YES NO

Use the:

URINE GI TRACT

Examine
[K+]urine

High UK Low [K+] urine

• Counter voltage: 
- IV Ca2+

• Shift K+ into cells 
 - Insulin
 - β2-Adrenergics
 - NaHCO3?

- Lasix ± NaCI • Increase UK
 - Mineralocorticoid
 - NaHCO3
 - Acetazolamide

• Low K+ intake
• Promote GI loss

Figure 30-7 Treatment of the patient with hyperkalemia. If an emergency is present (usually cardiac), intravenous Ca2� must 
be given. This treatment should act promptly. Efforts are now made to shift K� into cells with insulin and glucose. Longer term 
strategies are to limit the intake of K�, increase its excretion in the gastrointestinal (GI) tract, and promote its excretion in the 
urine. In this latter context, examine the potassium concentration in the urine (UK) and fl ow rate to decide leverage for therapy 
(see Fig. 30-2 for details). ECG, electrocardiogram; ICF, intracellular fl uid. (From Halperin ML: The ACID Truth and Basic 
Facts: With a Sweet Touch, an enLYTEnment, 5th ed. Toronto, Ontario: RossMark Medical Publishers, 2004, with permission.)
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may not resemble the general ESRD population, which has a 
high prevalence of cardiac disease.

Whether the effect of nebulized �2-agonists in lowering 
PK is additive to that of insulin has been examined by Allon 
and Copkney.34 In a crossover design, 12 patients on main-
tenance hemodialysis who had predialysis PK values that 
were greater than 5 mmol/L received 10 units of regular 
insulin plus glucose as an intravenous bolus or 20 mg of 
nebulized albuterol over 10 minutes, or both. Insulin de-
creased PK in 15 minutes and albuterol decreased PK within 
30 minutes. There was a similar decrease in PK with insulin 
(0.65 mmol/L) or albuterol (0.66 mmol/L). However, four 
of 10 patients treated with albuterol had a mean decrease in 
PK of less than 0.5 mmol/L. There was a substantially greater 
decrease in PK with the combined regimen (1.2 mmol/L)
compared with either agent alone. One should note, how-
ever, that only 10 units of intravenous regular insulin were 
given in this study, the plasma insulin level was only 40 
mU/L at 60 minutes, and the magnitude of the decrease in 
PK was lower than that observed in other studies when 
higher doses of insulin were used. Blumberg and col-
leagues33 administered 20 units of intravenous insulin and 
achieved a similar decrease in PK (�1 mmol/L) as Allon 
and Copkney34 with their combined therapy of 10 units of 
intravenous insulin and albuterol. Thus, it remains uncer-
tain whether �2-agonists would have a PK-lowering effect 
additive to that of insulin if insulin were given at the higher 
doses.

NaHCO3
The fi rst step in the action of NaHCO3 is to decrease the con-
centration of H� in the ECF compartment and thereby pro-
mote the exit of H� and entry of Na� into cells via the NHE (see 
Fig. 30-1). However, because the NHE is normally inactive in 
most cell membranes, this will not cause a decrease in the PK.
Thus, only if the NHE were active would the administration of 
NaHCO3 have the potential to lower the PK. One major activa-
tor of the NHE is intracellular acidosis because H� ions are not 
only a substrate for the NHE, but they also bind to a modifi er 
site that activates it.

The potential value of NaHCO3 for therapy of patients 
with a severe degree of hyperkalemia is not clear. NaHCO3

therapy did not lower the PK acutely in a number of stud-
ies.33,41,42 In more detail, Blumberg and colleagues33 admin-
istered 100 to 215 mmol of intravenous NaHCO3 as either 
an isotonic or a hypertonic solution to 10 patients with 
ESRD on hemodialysis who had mild hyperkalemia (mean 
PK close to 5.5 mmol/L). Although the mean plasma HCO3

�

concentration increased from 21 to 34 mmol/L, there was 
no change in PK after 60 minutes, a time frame during 
which this intervention must have a signifi cant effect if it 
were to be used in a potentially life-threatening situation. In 
a subsequent study, Blumberg and colleagues41 infused 390 
mmol of NaHCO3 over 6 hours in 12 patients with ESRD on 
hemodialysis. There was a moderate decrease in PK from 6.0 
to 5.4 mmol/L, but only after 4 hours of starting the 
NaHCO3 infusion. It is noteworthy that the studies that 
found a lack of effect of NaHCO3 were performed in stable 
hemodialysis patients without signifi cant acidosis. In other 
words, these studies examined the effect of NaHCO3 when 
the NHE was presumably in an inactive mode. The question 
remains as to whether NaHCO3 would be effective in pa-

tients with a more signifi cant degree of acidosis, when the 
NHE is likely to become activated. There are limited data in 
the literature to answer this question. A report by Schwarz 
and colleagues43 described four uremic patients with PK

values ranging from 5.9 to 8.5 mmol/L associated with elec-
trocardiographic changes attributable to hyperkalemia and 
a profound degree of acidosis (plasma HCO3

� 1.3–7.3 
mmol/L). In all four patients, an infusion of 150 to 400 
mmol NaHCO3 caused a signifi cant decrease in the PK and 
improvement of their electrocardiogram. Although it is dif-
fi cult to draw defi nite conclusions, this study identifi es a 
potential value for NaHCO3 in certain settings. Accordingly, 
we would administer NaHCO3 to treat dangerous hyperka-
lemia in patients with signifi cant acidosis, but we would not 
use it as the only emergency therapy to shift K� into cells. 
However, the excessive administration of NaHCO3 should 
be avoided due to the risk of inducing hypernatremia, ECF 
volume expansion, carbon dioxide retention, and a decrease 
in ionized serum calcium, which may aggravate the effect of 
hyperkalemia.

Studies that examined the combined use of NaHCO3 with 
insulin have also produced confl icting results. Allon and 
Shanklin35 found that the addition of NaHCO3 did not en-
hance the PK-lowering effects of insulin in their study of eight 
patients on hemodialysis. In this study, the mean PK before 
therapy was 4.5 mmol/L and the mean plasma HCO3

� was 
22 mmol/L. In contrast, Kim44 compared insulin, NaHCO3,
or both in eight patients with a predialysis PK of more than 
6 mmol/L. There was no change in the PK with NaHCO3 as 
the sole therapy after 60 minutes, and insulin caused the PK

to decrease from 6.3 to 5.7 mmol/L. The combination of in-
sulin and NaHCO3 led to the greatest decline in PK (from 6.2 
to 5.2 mmol/L). It is unclear why Kim44 found a synergistic 
effect of NaHCO3 with insulin, yet Allon and Shanklin35 did 
not; it should be noted, however, that the patients studied by 
these authors were not hyperkalemic.

No Medical Emergency: Removal of K� 
from the Body

It is important to appreciate that to lower the PK from 7.0 to 
6.0 mmol/L requires very much less K� loss than that needed 
to lower the PK from 6.0 to 5.0 mmol/L. Hence, it is important 
to cause even a small K� loss when there is a severe degree of 
hyperkalemia.

Diuretics and/or Mineralocorticoids

There are two aspects to consider in this context. If the excre-
tion of K� is low because of a low urine volume with a high 
concentration of K�, a loop diuretic may be able to induce a 
kaliuresis by increasing the fl ow rate in the CCD. One can 
avoid unwanted ECF volume contraction by replacing the 
NaCl lost in the urine. Conversely, if the urine K� concentra-
tion is unduly low, giving a mineralocorticoid (100 �g of 
fl udrocortisone acetate) and inducing bicarbonaturia with the 
carbonic anhydrase inhibitor acetazolamide may cause sub-
stantial kaliuresis (the HCO3

� lost in the urine might need to 
be replaced).

Cation-Exchange Resins

A cation-exchange resin is a cross-linked polymer with nega-
tively charged structural units. The resin can exchange bound 
Na� (Kayexalate) or Ca2� (calcium resonium) for cations 
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including K�. The purpose of using resins is to enhance the 
elimination of K� from the gastrointestinal tract. The cation-
exchange resin Kayexalate contains 4 mEq of Na�/g. This Na�

is theoretically exchangeable for 4 mEq of K�. Thus, 30 g 
Kayexalate could theoretically remove 120 mEq of K�. How-
ever, this degree of exchange does not occur at the Na� and K�

concentrations found in the gastrointestinal tract. In more de-
tail, Emmet and colleagues45 examined the in vitro binding 
characteristics of Kayexalate and found that the Na� and K�

concentrations at which 50% of Na� is exchanged for K� were 
65 and 40 mmol/L, respectively. With a higher concentration of 
Na� and/or a lower concentration of K�, less exchange would 
be expected to take place. If one considers the concentrations of 
Na� and K� in the duodenum (110 and 15 mmol/L, respec-
tively), jejunum (140 and 5 mmol/L. respectively), ileum 
(130 and 20 mmol/L, respectively), and rectum (10 and 
80 mmol/L, respectively),46 it seems that the only favorable lo-
cation for the exchange of Na� for K� is in the lumen of the 
rectum. Because there is little absorption of K� in the rectum, 
there is no signifi cant advantage to having the K� in its luminal 
fl uid excreted in an ionic form or bound to a resin. Further-
more, normal fecal K� excretion is approximately 9 mmol/day; 
subjects with ESRD excrete only slightly more K� (an extra 2–3 
mmol/day) in their feces than do normal subjects.

In humans, active secretion of K� in the gastrointestinal 
tract occurs in the rectosigmoid portion of the colon. One pos-
sible theoretical benefi t for the use of cation-exchange resins is 
if they were to lower the K� concentration in luminal water, 
thereby enhancing the net secretion of K� in this portion of the 
colon. However, a number of factors limit the magnitude of this 
process. Other cations are available to exchange for resin-bound 
Na� apart from K�, including NH4

�, Ca2�, and Mg2�. The 
concentration of NH4

� in stool water may be high in patients 
with ESRD as a result of their high blood urea levels and be-
cause of bacterial urease activity in the lumen of the gastroin-
testinal tract. Cations such as Ca2� and Mg2� have an even 
greater affi nity for the resin than K� because of their divalent 
positive charge. In addition, resins are usually given with ca-
thartics because of their tendency to cause constipation, which 
can increase the concentration of Na� in stool water, leading to 
conditions even more unfavorable for the exchange of Na� for 
K�. Colonic secretion of K� in normal subjects is approxi-
mately 4 mmol/day. It has been suggested that patients with 
ESRD have enhanced colonic secretion of K� that is perhaps 
mediated by aldosterone.47,48 Balance data are confl icting, and 
the evidence of increased removal of K� by the gastrointestinal 
tract in patients with ESRD is not convincing.49 Even if there 
were an adaptive increase in colonic K� secretion, stool volume 
will be limiting for the total removal of K�. If one assumes a 
transepithelial voltage as high as 90 mV (measured values are 
signifi cantly lower, close to 40 mV), and a PK of 5 mmol/L, the 
concentration of K� in stool water would be close to 100 mmol/L. 
With a usual stool weight of 125 g/day, of which 75% is water, 
only 10 mmol of K� will be excreted. In experiments in which 
dialysis bags were placed into the rectum of patients with 
chronic renal failure,48 the rate of net K� secretion was 1.5 
�mol/hr/cm2 of rectal surface area. Thus, with an average rectal 
surface area of 100 cm2, the net K� secretion would be only 4 
mmol/day. If, however, this high rate of K� secretion could be 
present unabated throughout the entire colon, fecal K� excre-
tion could be as high as 70 mmol/day if stool volume were not 
limiting. Thus, from a theoretical point of view, resins would 

seem of little use in inducing a loss of K� from the gastrointes-
tinal tract unless lowering of the stool K� concentration plays 
an important role in this process and, more importantly, the 
patient has diarrhea.

Two reports are commonly cited to support the use of res-
ins for treatment of hyperkalemia.50,51 Although the authors 
of both studies concluded that resins were useful for treating 
hyperkalemia, it is diffi cult to determine their exact role. It 
should be noted that several doses were given, sometimes for 
a number of days, and that the effect on PK was noted after 
1 to 5 days. Furthermore, it is not clear whether the effect was 
due to the resin or merely to the induction of diarrhea with 
hypertonic glucose or other cathartics.

Two studies have reexamined the effect of cathartics and/or 
resins on fecal K� excretion. First, Emmett and colleagues45 gave 
nine normal human subjects 60 or 120 g sorbitol, 100 mmol 
sodium sulfate, or eight phenolphthalein/docusate tablets; each 
with and without 30 g Kayexalate. Stool water and Na� and K�

concentrations were followed over the next 12 hours. Phenol-
phthalein resulted in the highest stool K� excretion rate (37 
mmol in 12 hours) compared with the other laxatives. The ad-
dition of 30 g Kayexalate to phenolphthalein increased stool K�

excretion only modestly to 49 mmol in 12 hours. The addition 
of the resin to sorbitol or sodium sulfate did not signifi cantly 
increase stool K� excretion compared with either laxative alone. 
The results of this study suggest that the majority of K� excre-
tion with cathartics and resins is due to the induction of diar-
rhea. Second, Gruy-Kapral and colleagues52 studied the effect of 
a single dose of cathartic and/or resin on fecal K� excretion and 
the PK in patients with renal failure. The results of the study 
support the argument that resins do not contribute to fecal K�

excretion above the induction of diarrhea alone and that single-
dose resin/cathartic therapy is of no value in the management 
of acute hyperkalemia.

In summary, we do not recommend the use of resins for 
acute hyperkalemia. In the setting of chronic hyperkalemia, 
the addition of resins to cathartics adds little to the induction 
of diarrhea alone. One other point merits emphasis: there is 
convincing evidence that the hypertonic sorbitol may cause 
colonic necrosis.53

Dialysis

Hemodialysis is more effective than peritoneal dialysis for re-
moving K�. Removal rates of K� can approximate 35 mmol/
hr with a dialysate bath K� concentration of 1 to 2 mmol/L. A 
glucose-free dialysate is preferable to avoid the glucose-
induced release of insulin and the subsequent shift of K� into 
cells, lessening the removal of K�.

Specifi c Causes of Hyperkalemia
As mentioned earlier, hyperkalemia is a laboratory fi nding 
and not a specifi c disorder. Hence, the settings where hyperka-
lemia is present are heterogeneous in pathophysiology, and 
thus the treatment for each group is different. Accordingly, 
they are discussed under separate headings.

Syndrome of Hyporeninemic Hypoaldosteronism

Patients in this diagnostic category are heterogeneous with 
regard to the pathophysiology of their disorder and therefore 
require different approaches to the treatment of their hyper-
kalemia.54
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Group with a Low Capacity to Produce Renin
The basis of this group of disorders may be destruction of or 
a biosynthetic defect in the juxtaglomerular apparatus. The 
net result is hyporeninemia and thereby a low plasma aldoste-
rone level. Accordingly, there is a relatively slower reabsorp-
tion of Na� in the CCD. Hyperkalemia will develop if there is 
a suffi ciently large intake of K� such that an increase in the PK

must be present to permit the kidneys to excrete the daily K�

load because of the chronic low aldosterone levels. The effec-
tive arterial blood volume will tend to be low. With respect to 
treatment, patients with this group of disorders are expected 
to have a signifi cant decrease in their PK due to an increase in 
their [K�]CCD after the administration of exogenous mineral-
ocorticoids for several days (e.g., fl uodrocortisone 100 �g/
day). The administration of diuretics to these patients will ag-
gravate the degree of contraction of their effective arterial 
blood volume.

Group with Low Stimulus to Produce Renin
There are two subtypes in this group of patients.

Enhanced Reabsorption of Na� and Cl� in the Distal Convo-
luted Tubule This is due to an abnormal regulation of the 
signal system that affects the distribution of the Na�, Cl� co-
transporter in this nephron segment with more active units 
ending up in the luminal membrane. This seems to be the 
underlying pathophysiology in patients with pseudohypoal-
dosteronism type II (Gordon’s syndrome).55 When there is an 
enhanced upstream reabsorption of Na� and Cl�, this results 
in a low delivery of Na� and Cl� to the CCD, which compro-
mises the ability of this nephron segment to reabsorb Na�

faster than Cl� and thereby leads to a diminished excretory 
capacity for K�. ECF volume expansion is a hallmark of the 
pathophysiology and results in hyporeninemia and thus a 
lower than expected plasma aldosterone level given the hyper-
kalemia. These patients do not have an appreciable increase in 
their K� excretion with exogenous mineralocorticoids, but 
their K� excretion should increase when thiazide diuretics are 
given (higher Na� and Cl� delivery to the CCD) if ENaCs are 
open. Of note, mineralocorticoids may aggravate the hyper-
tension in patients who have excessive reabsorption of Na�

and Cl� in the distal convoluted tubule.

Cl Shunt Disorder This subtype is most commonly seen in 
patients with diabetic nephropathy. Although the basis of the 
disorder remains to be established, it is possible that the reab-
sorption of Na� and Cl� may be augmented in the distal con-
voluted tubule or these patients may have a Cl shunt disorder 
in the CCD.56 With the former pathophysiology, the ideal treat-
ment would be with a thiazide diuretic as described above. 
Conversely, patients with a Cl shunt have a signifi cant increase 
in their K� excretion with the induction of bicarbonaturia 
(perhaps secondary to the inhibition of the reabsorption of 
Cl� in the CCD).11 Hence, inducing bicarbonaturia with acet-
azolamide may increase K� excretion; HCO3

� loss may have to 
be replaced to avoid the development of metabolic acidosis.

Cyclosporine-Induced Hyperkalemia

Hyperkalemia develops in some patients receiving cyclospo-
rine after organ transplantation. Even though cyclosporine can 
lead to inhibition of Na/K-ATPase in vitro, we favor the hy-
pothesis that the pathophysiology of hyperkalemia in these 

patients resembles a Cl shunt disorder in the CCD.57 A kaliure-
sis could be enhanced in these patients with the administration 
of a loop diuretic to increase the fl ow rate in the CCD or the 
administration of acetazolamide to induce bicarbonaturia.

Trimethoprim-Induced Hyperkalemia

Trimethoprim and pentamidine cause hyperkalemia by block-
ing ENaCs in the CCD.58 Although frequently reported in pa-
tients who have acquired immunodefi ciency syndrome and have 
received high doses of trimethoprim for the treatment of Pneu-
mocystis carinii pneumonia, trimethoprim causes an increase in 
PK even when used in conventional doses. Patients with acquired 
immunodefi ciency syndrome might also have other causes that 
make them prone to the development of a more severe degree of 
hyperkalemia (shift of K� from cells, decreased K� excretion 
because of low fl ow in the CCD due to a low rate of delivery of 
osmoles (NaCl and urea) to the CCD2).

Use of a loop diuretic may help by increasing the volume 
delivered to the CCD, which will lower the concentration of 
trimethoprim in its lumen; enough NaCl administration will 
be required to defend ECF volume. Because trimethoprim only 
blocks ENaCs when the drug is in its charged (protonated) 
form, increasing luminal fl uid pH in the CCD should decrease 
the cationic form of trimethoprim and minimize the antikali-
uretic effect of this drug.59 Inducing bicarbonaturia with acet-
azolamide and the use of a loop diuretic are rational therapeu-
tic options in a patient with hyperkalemia in whom continuation 
of trimethoprim is necessary. However, suffi cient NaCl and 
NaHCO3 would need to be given to avoid a contracted ECF 
volume and metabolic acidosis, respectively.

Addison’s Disease

Adrenal crisis is an emergency that requires immediate restora-
tion of the intravascular volume (intravenous saline) and cor-
rection of the cortisol defi ciency (administer dexamethasone or 
hydrocortisone). Beware of increasing the plasma sodium con-
centration too rapidly if hyponatremia is present because of the 
risk of osmotic demyelination in a catabolic patient. Both ex-
pansion of the effective arterial blood volume and the adminis-
tration of cortisol can lead to a decrease in the circulating level 
of vasopressin. Therefore, we prefer to give 1-desamine-8-d-
arginine vasopressin at the outset to avoid a large water diuresis. 
Water intake must be restricted while DDAVP acts.

Patients with chronic adrenal insuffi ciency should receive 
replacement therapy with both a glucocorticoid and a miner-
alocorticoid.60 For the former, hydrocortisone 25 mg (15 mg in 
the morning and 10 in the afternoon) is usually given. For min-
eralocorticoid replacement, fl udrocortisone in a single dose of 
50 to 200 µg is usually used. Dose adjustments are made based 
on patients’ symptoms, ECF volume status, blood pressure 
measurements, and PK.

It is interesting to note that a lack of hyperkalemia is not 
uncommon because almost one third of patients with Addison’s 
disease did not have high PK values. Hence, this should not be 
an absolute diagnostic criterion.61

CONCLUDING REMARKS

Hyperkalemia and hypokalemia are common electrolyte disor-
ders that may cause life-threatening cardiac arrhythmias. There-
fore, our approach to therapy emphasizes fi rst measures to deal 
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with an emergency related to hypokalemia or hyperkalemia. In 
the long term, the design of appropriate therapy requires an 
understanding of the pathophysiology of the disorder in the 
individual patient because hypokalemia and hyperkalemia are 
not specifi c diagnoses, but rather fi ndings in a heterogeneous 
group of disorders.
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PATHOPHYSIOLOGY OF ACID-BASE 
DISORDERS

Defi nition and Fundamental Concepts
Metabolic acidosis occurs when there is increased production 
of endogenous acid (e.g., lactic acid and ketoacids), loss of 
bicarbonate (HCO3

�) in diarrhea, or a sustained inability to 
generate new bicarbonate by the kidney (renal failure and re-
nal tubular acidosis). Metabolic acidosis is recognized by the 
co-occurrence of acidemia (pH � 7.35) and a low serum bi-
carbonate concentration (total CO2 concentration). Metabolic 
acidosis may also be recognized by an elevated anion gap 
(AG), even in the face of normal values for pH and HCO3

� in 
plasma. Two broad types of metabolic acidoses are recognized 
by consideration of the AG: (1) high AG acidoses and (2) nor-
mal AG or hyperchloremic acidoses.1 The AG is defi ned as:

AG � Na� � (Cl� � HCO3
�) �

10 mEq/L (range, 8–12 mEq/L)

A fl ow diagram outlining the diagnostic approach to meta-
bolic acidosis, in which the initial consideration is the AG, is 
displayed in Figure 31-1.

When there is a primary decrease in plasma [HCO3
�], an 

increase in alveolar ventilation and thereby a decrease in 
Paco2 (respiratory compensation) are expected because the 
medullary chemoreceptors are stimulated by acidemia to in-
voke an increase in ventilation. The ratio of [HCO3

�] to Paco2

and the subsequent pH will be returned toward, but not to, 
normal. This hypocapnic response to acidemia is predictable 
in simple acid-base disturbances and blunts the magnitude of 
the decline in blood pH that would occur otherwise.1

Respiratory and metabolic compensation can be predicted 
for metabolic and respiratory acid-base disturbances from the 

formulas in Table 31-1. The degree of respiratory compensation 
expected in uncomplicated or “simple” metabolic acidosis was 
derived empirically and can be predicted from the relationship:

Paco2 � (1.5 � HCO3
�) � 8 ± 2 mm Hg.

The diagnostic approach to the patient with a low HCO3
�

is outlined in Figure 31-1. Thus, in a patient with metabolic 
acidosis and a plasma [HCO3

�] of 12 mEq/L, a Paco2 between 
24 and 28 mm Hg would be anticipated. Values for Paco2 less 
than 24 or more than 28 mm Hg denote a mixed dis turbance 
(metabolic acidosis and respiratory alkalosis, or metabolic aci-
dosis and respiratory acidosis, respectively). Although this re-
lationship is reliable, the Paco2 can be estimated more conve-
niently by adding 15 to the patient’s serum [HCO3

�].

Renal Response to Acidosis
The kidneys regulate plasma [HCO3

� ] through three pro-
cesses: (1) reabsorption of the fi ltered HCO3

�; (2) excretion 
of titratable acidity; and (3) biochemical synthesis and excre-
tion of NH4

�. The sum of the last two processes represents 
net acid excretion (net acid excretion � titratable acidity �
NHK

� � HCO3
�). Approximately 80% to 90% of the fi ltered 

HCO3
� is reabsorbed in the proximal tubule. Under normal 

conditions, the distal nephron reabsorbs the remainder of the 
fi ltered HCO3

� (5%–10%). The quantity of acidic amino 
acids produced on a daily basis from metabolism and diges-
tion of dietary protein is approximately 40 to 60 mEq. Thus, 
an equal amount of acid must be secreted by the collecting 
duct to prevent the development of chronic positive hydro-
gen ion balance and metabolic acidosis. NH4

� excretion, a 
major component of net acid excretion, is regulated by both 
NH4

� production and NH4
� transport within the kidney.1,2
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369 Metabolic and Respiratory Acidosis

Because the fi ltered load of phosphate is relatively constant, 
the 20 to 30 mEq excreted as titratable acid daily (primarily 
phosphate) is fi xed and not subject to the robust regulatory 
mechanisms governing ammoniagenesis and ammonium ex-
cretion. Therefore, for practical purposes, NH4

� excretion is 
the most sensitive index of the kidney’s response to systemic 
acidosis.

When renal function is normal, the kidney responds to 
chronic metabolic acidosis by increasing NH4

� production and 
excretion; therefore, NH4

� production and excretion are much 
less than normal in the face of chronic renal failure, hyperkale-
mia, and renal tubular acidosis (RTA). Therefore, a normal renal 
response to metabolic acidosis must be distinguished from a 
subnormal response to determine whether the kidney is 

Anion gap
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Urine anion gap Plasma osmolar gap

+ – High Normal

Plasma K+ Urine 
crystals

Plasma ketones ↑L-Lactate ↑D-Lactate ↑BUN 
creatine
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Figure 31-1 Flow diagram of approach to metabolic acidosis. The anion gap is the entry point and divides the types of meta-
bolic acidoses into high anion gap and normal anion gap categories. Final diagnoses are displayed in shaded boxes. BUN, 
blood urea nitrogen; DKA, diabetic ketoacidosis; FEHCO3

�, fractional excretion of bicarbonate; GI, gastrointestinal; RTA, 
renal tubular acidosis; TTKG, transtubular potassium.
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370 Disorders of Fluid, Electrolyte, and Acid-Base Homeostasis

responding appropriately or is responsible for the acidosis. NH4
�

excretion can be estimated from a spot urine sample by consid-
eration of the urine anion gap (UAG) and/or the urinary osmolal 
gap. The UAG, a commonly applied surrogate for the measure-
ment of [NH4

�]u, is defi ned as the difference between the con-
centrations of chloride (Cl�) and the sum of the urinary cations 
Na� and K�, that is, UAG � [Na� � K�]u � [Cl�]u. In chronic 
metabolic acidosis of nonrenal origin (such as diarrhea), the 
expected response by the kidney is to increase NH4

� production 
and excretion. The increase in [NH4

�] in the urine in this condi-
tion is detected, clinically manifested as an increase in the UAG 
(i.e., the urinary Cl� exceeds the sum of urinary Na� � K�). In 
contrast, in hyperchloremic metabolic acidosis of renal origin 
(i.e., RTA), the UAG is expected to be zero or positive, denoting 
no increase in, or minimal, NH4

� in the urine, signifying an in-
appropriate renal response to the metabolic acidosis or a tubular 
defect in H� secretion.2 Caution is warranted with this test be-
cause ketonuria or the presence of drug anions or toxins (such as 
toluene metabolites) in the urine invalidates this method.

The urinary NH4
� may be estimated more precisely from 

the measured urine osmolality (Uosm), urine [Na� � K�], and 
urine urea and glucose:

Urinary NH4
� � 0.5(Uosm � 2 [Na� � K�] �

 [blood urea nitrogen/2.8] � [glucose/18])

If the difference in measured and calculated osmolality 
were 150 mOsm/kg H2O, the ammonium concentration would 
be 150 � 0.5 or 75 mEq/L. Values less than 20 mEq/L suggest 
impaired ammonium excretion.

CLINICAL EXAMPLES OF METABOLIC 
ACIDOSIS

Clinical Settings for Mixed Acid-Base 
Disorders
Mixed acid-base disorders are commonly observed in patients 
in critical care units and may lead to dangerous extremes of pH 
or, conversely, a normal pH in the face of grossly abnormal 
values for Paco2 and HCO3

�. Mixed acid-base disorders can be 
distinguished from simple (single) disturbances by prediction 
of the respiratory compensatory response (as explained previ-
ously), by comparison of the decrease in AG with the increase 
in serum HCO3

�, or by the use of clinical nomograms.

High Anion Gap Acidosis 
(Anion Gap � 12 mEq/L)
There are fi ve major causes of a high AG acidosis: (1) ketoaci-
doses, (2) l-lactic acidosis, (3) acute and chronic renal failure, 
(4) ingested drugs and toxins, and, rarely (5) gastrointestinal 
overproduction of organic acids (d-lactic acidosis) (Box 31-1 
and Fig. 31-2).3 Identifi cation of the underlying cause of a high 
AG acidosis is facilitated by consideration of the clinical setting 
and associated laboratory values. Initial screening to differenti-
ate the high AG acidoses should include the following:

 1. A careful history or other evidence of drug or toxin 
ingestion;

 2. Arterial blood gas measurement to detect coexisting respi-
ratory alkalosis;

 3. Oxalate crystals in the urine plus an osmolal gap in the 
patient with a high AG acidosis suggest ethylene glycol 
ingestion;

 4. Historical evidence of diabetes mellitus (diabetic ketoaci-
dosis);

 5. Evidence of alcoholism or increased levels of �-hydroxybu-
tyrate (alcoholic ketoacidosis);

 6. Observation for clinical signs of uremia and determination 
of blood urea nitrogen and creatinine (uremic acidosis);

Disorder Prediction of Compensation

Metabolic acidosis PaCO2 � (1.5 � HCO3
�) � 8

or
PaCO2 will ↓ 1.25 mm Hg per 

mmol/L ↓ in [HCO3
�]

or
PaCO2 � [HCO3

�] � 15

Metabolic alkalosis PaCO2 will ↑ 0.75 mm Hg per 
mmol/L ↑ in [HCO3

�]
or
PaCO2 will ↑ 6 mm Hg per 

10 mmol/L ↑ in [HCO3
�]

or
PaCO2 � [HCO3

�] � 15

Respiratory alkalosis

Acute [HCO3
�] will ↓ 2 mmol/L per 

10 mm Hg ↓ in PaCO2

Chronic [HCO3
�] will ↓ 4 mmol/L per 

10 mm Hg ↓ in PaCO2

Respiratory acidosis

Acute [HCO3
�] will ↑ 1 mmol/L per 

10 mm Hg ↑ in PaCO2

Chronic [HCO3
� will ↑ 4 mmol/L per 

10 mm Hg ↑ in PaCO2

Table 31-1 Respiratory and Metabolic Compensation

Ketoacidosis
Diabetic ketoacidosis (acetoacetate)
Alcoholic ketoacidosis (�-hydroxybutyrate)
Starvation ketoacidosis

Lactic Acidosis
L-Lactic acid acidosis (types A and B)
D-Lactic acid acidosis

Toxins
Ethylene glycol
Methyl alcohol
Salicylate
Propylene glycol
Pyroglutamic acidosis

Renal Failure
Acute
Chronic

Box 31-1 Clinical Causes of High Anion Gap
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371 Metabolic and Respiratory Acidosis

 7. Recognition of the numerous settings in which l-lactate 
levels may be increased (hypotension, cardiac failure, drugs, 
leukemia, cancer);

 8. Appreciation of the possibility of accumulation of d-lactate 
in the presence of low gastrointestinal motility, gastrointes-
tinal obstruction, gastrointestinal pouches, antibiotic ther-
apy, and bacterial overgrowth;

The distinguishing features of high AG acidoses are out-
lined in Figure 31-2.

Diabetic Ketoacidosis

Pathophysiology
Diabetic ketoacidosis is due to increased fatty acid metabolism 
and accumulation of acetoacetate and �-hydroxybutyrate, the 
consequences of insulin defi ciency and relative excess of gluca-
gon. An absence of insulin stimulates lipolysis and fatty acid 
release, whereas glucagon stimulates the hepatic metabolism of 
fatty acids to ketoacids.

Key Diagnostic Points
Diabetic ketoacidosis (most often in insulin-dependent diabe-
tes mellitus) is seen in association with an intercurrent illness, 
particularly infections, which increase insulin requirements 
temporarily and acutely. The diagnosis is confi rmed by the 
concurrence of a metabolic acidosis, strongly positive plasma 
ketones in undiluted serum, hyperglycemia, extracellular fl uid 
(ECF) volume depletion, and Kussmaul’s respiration. Al-
though hyperchloremic acidosis may occur in patients who 
remain euvolemic, the majority of patients will have an AG 
acidosis, a consequence of buffering by bicarbonate of the H�

from ketoacids released into the plasma.

Therapeutic Options
Therapy consists of insulin to inhibit ketoacid production and 
intravenous fl uids for ECF volume restoration and correction 
of electrolyte defi cits. Low-dose intravenous insulin therapy 
(0.1 U/kg/hr) reduces plasma glucose, smoothly corrects the 
ketonemia, lowers the elevated AG, and repairs the acidosis. 
Although regular insulin may also be administered intramus-

cularly (0.2 mg/kg initially, then 6 units every hour), it should 
be noted that intramuscular insulin may not be effective in 
volume-depleted and/or hypotensive patients, as is often the 
case in ketoacidosis. Most, if not all, patients with diabetic 
ketoacidosis require correction of the ECF volume depletion 
that predictably accompanies the osmotic diuresis and keto-
acidosis. Initiate therapy with IV isotonic saline at a rate of 
1000 mL/hr. The usual ECF defi cit in adults is in the range of 
3 L of isotonic saline. When the pulse and blood pressure have 
stabilized and the corrected serum [Na�] is 130 to 135 mEq/L, 
switch to 0.45% NaCl. Ringer’s lactate should be avoided. If 
the blood sugar decreases to less than 250 to 300 mg/dL, 
0.45% NaCl with 5% dextrose should be administered.4

Total body potassium depletion is usually present. Neverthe-
less, the serum potassium is usually elevated at admission, indi-
cating that potassium replacement therapy must be individual-
ized. Normal or decreased [K�] on admission, which is found in 
certain patients (e.g., where vomiting was a prominent prodro-
mal symptom), indicates severe potassium depletion. Potassium 
depletion occurs as a result of osmotic diuresis, decreased di-
etary intake, and vomiting, which accompanies diabetic ketoaci-
dosis. Administration of saline, insulin, and alkali will cause the 
potassium level to decrease further by enhancing renal K� excre-
tion. Frequent monitoring (hourly) of the serum potassium is 
mandatory and a precise recipe is diffi cult to provide. Caution 
should be exercised in the presence of hyperkalemia, especially 
in the patient with renal insuffi ciency; withhold potassium as 
long as the serum level is more than 5.0 mEq/L. Nevertheless, 
when urine output has been established, 20 mEq KCl may be 
administered in each liter of intravenous fl uid as long as the 
plasma [K�] is less than 3.8 mEq/L. Monitor and record plasma 
concentrations of K�, glucose, HCO3

�, Na�, and Cl� hourly.

Controversial Points
The routine administration of phosphate (usually as potassium 
phosphate) is not advised because of the potential for hyper-
phosphatemia and hypocalcemia. A signifi cant number of pa-
tients with diabetic ketoacidosis will display hyperphosphate-
mia before initiation of therapy. In virtually all patients, the 
increased phosphate concentration on admission is followed by 

Low [HCO3]

Check arterial blood gas to exclude 
chronic respiratory alkalosis

Calculate serum anion gap

HIGH
Lactic acidosis 
Diabetic ketoacidosis 
Alcoholic ketoacidosis 
Starvation ketoacidosis 
Poisoning 
  Salicylate 
  Ethylene glycol
  Methanol
  Propylene glycol
  Pyroglutamic acid
Uremic acidosis

NORMAL
Calculate urine

anion gap

POSITIVE
Renal tubular
  acidosis

NEGATIVE 
Diarrhea
External loss of
  pancreatic or 
  biliary secretions

Figure 31-2 Diagnostic path for the patient presenting with low bicarbonate.
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a decrease in plasma phosphate levels within 2 to 6 hours after 
initiation of therapy. In this circumstance, phosphate should be 
replaced as neutral potassium phosphate (10–20 mmol per liter 
of intravenous fl uids) unless hyperkalemia coexists, in which 
case neutral sodium phosphate should be used. Bicarbonate 
therapy is usually not necessary unless the acidosis is very severe 
(pH � 7.0 and Paco2 is low). In general, the increase in AG 
above normal represents potential bicarbonate or that bicar-
bonate that will be realized when circulating ketones are meta-
bolically converted to bicarbonate following primary therapy 
(insulin). Nevertheless, during therapy it is diffi cult to predict to 
what extent ketones will be converted back to bicarbonate be-
fore being lost in the urine when glomerular fi ltration rate is 
normalized. If exogenous bicarbonate is administered, that 
amount of bicarbonate will be added to that produced endog-
enously so that an “overshoot alkalosis” may develop. Therefore, 
a prudent goal is to administer small amounts of bicarbonate 
(50–100 mEq IV in 250 mL of 0.25% NaCl) until the pH 
reaches approximately 7.2 or [HCO3

�] is 10 to 12 mEq/L. Be-
cause bicarbonate therapy has been associated with cerebral 
edema in children with diabetic ketoacidosis, it should be 
avoided in young children except for extreme acidemia (pH �
7.0) and then in very small amounts. Bicarbonate has never 
been demonstrated to improve the outcome in diabetic keto-
acidosis. With exogenous bicarbonate therapy, additional 
potassium will be needed.4

Alcoholic Ketoacidosis

Pathophysiology and Diagnostic Points
This relatively common but underappreciated disorder occurs 
in alcoholics, particularly binge drinkers. Ketoacidosis devel-
ops when alcohol consumption is abruptly curtailed, usually 
as a result of vomiting or abdominal pain. In association with 
starvation and metabolism of ethanol (which inhibits gluco-
neogenesis), the glucose concentration is frequently low or 
normal. When ECF volume depletion is pronounced, the aci-
dosis may be severe. The AG value is increased because of in-
creased ketones, predominantly �-hydroxybutyrate. Mild lac-
tic acidosis may coexist because of alteration in the redox 
state caused by ethanol or severe hypoxia. The nitroprusside 
ketone reaction (Acetest) can detect acetoacetic acid but not 
�-hydroxybutyrate, so the initial degree of ketosis and keto-
nuria may not be appreciated. Typically, insulin levels are low 
and levels of triglyceride, cortisol, glucagon, and growth hor-
mone are increased, leading to ketoacidosis.

Therapeutic Options
The mainstay of therapy is intravenous normal saline to expand 
the ECF. Glucose is necessary if hypoglycemia is present. Insulin 
is obviously contraindicated, illustrating why the diagnosis of 
alcoholic ketoacidosis must not be mistaken for diabetic keto-
acidosis. Intravenous replacement of potassium, phosphate, and 
magnesium defi cits, as well as vitamin supplementation (thia-
mine 100 mg IV), are usually necessary and should be given as 
needed later in the course, particularly in the face of chronic al-
coholism and malnutrition. Hypophosphatemia usually emerges 
several hours after admission, so the need for therapy can be 
overlooked, especially if the serum phosphate concentration on 
admission is normal. Profound hypophosphatemia may pro-
voke aspiration, rhabdomyolysis, and coagulopathy. Phosphate 
should be replaced as either neutral sodium or potassium phos-
phate 10 to 20 mmol per liter of intravenous fl uids, as dictated 

by plasma [K�]. Upper gastrointestinal hemorrhage, pancreati-
tis, and pneumonia may accompany alcoholic ketoacidosis.4

L-Lactic Acidosis

Pathophysiology
l-Lactic acidosis occurs in a diverse group of disorders that are 
recognized by an increase in plasma l-lactate concentration 
(normal venous levels � 1.8 mmol/L or 16 mg/dL). Brain, 
muscle, gastrointestinal tract, skin, and red cells produce lactate, 
whereas the liver is the major organ that participates in lactate 
disposal. Lactate synthesis is altered by changes in systemic pH, 
which control the rate of glycolysis by acting on the rate-limiting 
enzyme, phosphofructokinase. Acidosis decreases while alkalosis 
increases lactate production. The major determinants of plasma 
l-lactate levels include the concentration of pyruvate, the re-
duced nicotinamide adenine dinucleotide–to–oxidized nicotin-
amide adenine dinucleotide ratio, and the pH. Clinically signifi -
cant l-lactic acidosis (plasma l-lactate � 4.0 mmol/L) is most 
often the result of tissue hypoxia; other causes include metabolic 
disorders, drugs, toxins, or hereditary defects. The accumulation 
of l-lactate may be secondary to an obvious cause of tissue hy-
poxia, for example, cardiac arrest, cardiogenic shock hemor-
rhage, sepsis, carbon monoxide poisoning, severe asthma, and 
severe anemia; this is called type A l-lactic acidosis. Conversely, 
type B l-lactic acidosis may accompany disorders in which tissue 
hypoperfusion or hypoxia are absent, such as diabetes mellitus, 
ethanol poisoning, liver failure, mitochondrial diseases, thia-
mine defi ciency, malignancies, and drug and toxin overdose 
(e.g., metformin, salicylates, cocaine, fructose, cyanide, nonnu-
cleoside reverse transcriptase inhibitors, nitroprusside). Lactic 
acidosis in combination with respiratory alkalosis can be ob-
served early in the development of septic shock and may be one 
of the few harbingers of this entity.5

Treatment
The basic principle of therapy is that the underlying condition 
initiating the disruption in normal l-lactate metabolism must 
fi rst be corrected. Every attempt should be made to restore tis-
sue perfusion. Vasoconstricting agents should be administered 
only when absolutely necessary and at the lowest feasible dose 
because they potentiate the hypoperfused state. Alkali therapy is 
generally recommended for acute severe acidemia (pH � 7.15) 
to improve cardiac function and lactate utilization. However, 
the use of bicarbonate therapy is of only marginal value. Excess 
bicarbonate may depress cardiac performance and can even 
exacerbate the acidemia through increased phosphofructoki-
nase activity. Thus, attempts to normalize the pH or [HCO3

�]
by exogenous bicarbonate therapy is deleterious.5 One ap-
proach is to provide, by slow infusion over 30- to 40-minute 
intervals, suffi cient bicarbonate to increase the arterial pH to no 
more than 7.2, that is, correct [HCO3

�] to 8 mEq/L. Despite 
initial enthusiasm for the use of dichloroacetate, a benefi cial 
effect has not been substantiated. Similarly, no benefi t is derived 
from administration of THAM (tromethamine). Thiamine 
should also be administered (50–100 mg) in patients with 
chronic malnutrition or alcoholism.

Fluid overload occurs with excessive bicarbonate therapy 
because the amount required is often massive when produc-
tion of lactic acid is relentless. This complication may require 
slow continuous ultrafi ltration, continuous venovenous he-
modialysis, or acute intermittent hemodialysis. There is no 
evidence from controlled studies that would support one form 
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of renal replacement therapy over the others. Theoretically, all 
three should correct volume overload, remove lactate, and add 
bicarbonate. It has been the author’s experience that continu-
ous renal replacement therapy is more successful in controlling 
these parameters but offers no documentable improvement in 
overall mortality. Lactate-containing dialysate should be 
avoided, which obviates the use of typical peritoneal dialysis 
solutions. Unabated severe l-lactic acidosis in patients receiv-
ing large amounts of bicarbonate carries a very high mortality. 
If the underlying cause of the l-lactic acidosis can be corrected, 
the blood lactate will be reconverted to bicarbonate. Bicarbon-
ate derived from lactate conversion in addition to any new 
bicarbonate generated by renal mechanisms during acidosis 
and from exogenous alkali therapy are additive and may result 
in an “overshoot” alkalosis.

D-Lactic Acidosis

Pathophysiology
d-Lactate, which is not an endogenous metabolite in verte-
brates, is produced by bacterial overgrowth in the gastrointes-
tinal tract in association with jejunoileal bypass, intestinal 
obstruction, antibiotic therapy, or decreased gastrointestinal 
motility. The diagnosis of d-lactic acidosis requires measure-
ment of d-lactate levels specifi cally because it is not measured 
as l-lactate. The acid-base disturbance may consist of both an 
increased AG and hyperchloremia.6

Treatment
Because the potential danger in d-lactic acidosis is from ac-
cumulation of toxic products and not the acidosis, initial 
therapy should include (1) cessation of feeding, (2) eradica-
tion of bacterial overgrowth by administration of appropriate 
oral antibiotics (metronidazole or neomycin) or intravenous 
vancomycin, and (3) enhanced gastrointestinal motility. Lon-
ger term therapy may necessitate reversal of intestinal bypass 
if stasis and bacterial overgrowth persist or are recurrent.

Drug-Induced Acidosis

Salicylates
Aspirin overdose usually gives rise to a complex acid-base dis-
turbance, in which respiratory alkalosis predominates (due to 
stimulation of respiration by salicylates) and a high AG may 
occur concomitantly. Only a portion of the increased AG can be 
attributed to the increased plasma salicylate concentration, for 
example, a toxic salicylate level of 100 mg/dL can only account 
for an increase in AG of 7 mEq/L. Lactic acid production is also 
often increased, partly as a direct effect of the drug and partly as 
a result of the decrease in Pco2 induced by salicylate.3,4

Treatment
The initial step in therapy should include vigorous gastric la-
vage followed by activated charcoal administration via a naso-
gastric tube. The mainstay of therapy is an alkaline diuresis to 
allow the relatively impermeant anionic form of salicylate to be 
trapped in tubular fl uid and excreted in the urine. To facilitate 
removal of salicylate, intravenous sodium bicarbonate in 
amounts adequate to alkalinize the urine and maintain urine 
output is necessary (urine pH � 7.5). An alkaline diuresis 
may be induced by infusion of half-isotonic saline plus 
two ampoules of sodium bicarbonate (7.5% � 44.6 mEq or 
8.4% � 50 mEq). Although this form of therapy is straightfor-
ward in acidotic patients, alkalemia from respiratory alkalosis 

may make this approach hazardous. Arterial pH should be 
monitored and not allowed to increase to more than 7.55. Ac-
etazolamide in small doses (250 mg) is recommended only 
when an alkaline diuresis cannot be achieved or when the pH 
exceeds 7.55 because larger doses may result in systemic meta-
bolic acidosis if sodium bicarbonate is not given concomi-
tantly. Moreover, acetazolamide and salicylates compete for 
binding sites on albumin. Coexisting metabolic acidosis greatly 
impedes salicylate clearance and enhances salicylate entry into 
the central nervous system and must be avoided. Hypokalemia 
may occur as a result of alkaline diuresis from either sodium 
bicarbonate or acetazolamide and should be treated promptly. 
If renal failure prevents rapid clearance of salicylate or if salicy-
late levels remain in the toxic range (�40–50 mg/dL), hemodi-
alysis against a bicarbonate dialysate (35 mEq/L) should be 
performed.

Toxin-Induced Acidosis: Ethylene Glycol 
and Methyl Alcohol and the Osmolal Gap

Pathophysiology
Plasma osmolality (mOsm/kg H2O) is calculated according to 
the following expression:

Posm � 2Na� � glucose/18 � blood urea nitrogen/2.8,

where blood urea nitrogen and glucose are expressed in milli-
grams per deciliter. The calculated and determined osmolality 
should agree to within 10 to 15 mOsm/kg. When the measured 
osmolality exceeds the calculated osmolality by more than 15 to 
20 mOsm/kg, one of two circumstances prevails: (1) the serum 
sodium may be spuriously low, as occurs with hyperlipidemia 
or hyperproteinemia (pseudohyponatremia), or (2) osmolytes 
other than sodium salts, glucose, or urea have accumulated in 
plasma. Examples include the accumulation of solutes that can 
increase plasma osmolality, such as the alcohols ethylene glycol 
and methyl alcohol. Less commonly, mannitol or retained ra-
diocontrast agents increase the osmolal gap. In these examples, 
the difference between the calculated osmolality and the mea-
sured osmolality is proportional to the concentration of the 
unmeasured solute (osmolal gap). With an appropriate clinical 
history and index of suspicion, the osmolal gap becomes a very 
helpful screening tool in poison-associated AG acidosis.4

Ethylene Glycol
Diagnostic Points Ingestion of ethylene glycol (commonly 
used in antifreeze) leads to a metabolic acidosis and severe dam-
age to the central nervous system, heart, lungs, and kidneys. 
Ethylene glycol (molecular mass 62 d) increases the osmolal gap 
(�10 mOsm/kg H2O). The increased AG and osmolal gap are 
attributable to ethylene glycol and its metabolites oxalic acid, 
glycolic acid, and other organic acids. Lactic acid production 
increases secondary to inhibition of the tricarboxylic acid cycle 
and altered intracellular redox state. Diagnosis is facilitated by 
recognizing oxalate crystals in the urine, the presence of an os-
molal gap in serum, and a high AG acidosis. Ethylene glycol in-
gested as antifreeze may be detected in the urine sample by use 
of Wood’s light. Treatment should not be delayed while awaiting 
measurement of ethylene glycol levels in this setting. Propylene 
glycol, used as a vehicle for certain intravenous medications 
(e.g., lorazepam) has been associated with toxin-induced meta-
bolic acidosis. Pyroglutamic acidosis has also been observed in 
critically ill patients receiving acetaminophen.4
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Treatment
The principles of treatment of ethylene glycol intoxication  
(and propylene glycol intoxication) are to stop production 
of toxic metabolites by competitive inhibition of alcohol 
dehydrogenase using intravenous administration of fomepi-
zole or ethanol, coupled with removal of the accumulated 
toxins. Immediate therapy is necessary to prevent irrevers-
ible central nervous system and renal toxicity. Ethanol (20% 
solution) 0.6 g/kg IV is given over 30 to 45 minutes followed 
by a maintenance infusion of 5% ethanol 110 mg/kg/hr to 
produce a serum ethanol level of 100 to 150 mg/dL. A saline 
or osmotic diuresis should be initiated and the patient given 
thiamine and pyridoxine supplements, fomepizole or etha-
nol, and hemodialysis. During dialysis, it is necessary to in-
crease the rate of ethanol infusion. The intravenous admin-
istration of the alcohol dehydrogenase inhibitor fomepizole 
(4-methylpyrazole) (7 mg/kg as a loading dose) or ethanol 
serves to lessen toxicity because they compete with ethylene 
glycol for metabolism by alcohol dehydrogenase. Fomepi-
zole, although expensive, offers the advantage of a predict-
able decrease in ethylene glycol levels without the adverse 
effects, such as excessive obtundation, associated with etha-
nol infusion.

Methyl Alcohol
Ingestion of methyl alcohol, as wood alcohol or paint thin-
ners, causes metabolic acidosis and severe optic nerve and 
central nervous system manifestations when methyl alcohol is 
metabolized to formaldehyde and formic acid. Lactic acid, 
ketoacids, and other unidentifi ed organic acids may contrib-
ute to the acidosis.4

Diagnostic Points Nausea, vomiting, and abdominal pain 
are usually present. Lactic acids and ketoacids as well as other 
unidentifi ed organic acids may contribute to the high AG. 
Because of its high retention and low molecular mass (32 d), 
an osmolal gap is usually present.

Treatment The treatment of methyl alcohol intoxication is 
generally similar to that for ethylene glycol intoxication, in-
cluding ethanol or fomepizole administration, general sup-
portive measures, volume expansion, and hemodialysis. Initia-
tion of a saline diuresis is less of an issue with methyl alcohol 
than with ethylene glycol intoxication because renal toxicity is 
not a direct effect of methyl alcohol intoxication and crystals 
are not present in the urine.4

Acute and Chronic Renal Failure

Pathophysiology
Progressive renal insuffi ciency will eventually convert the hy-
perchloremic acidosis of moderate renal insuffi ciency to the 
typical high AG acidosis of advanced renal failure. Low glo-
merular fi ltration, continued reabsorption of organic anions, 
and low NH4

� excretion all contribute to the pathogenesis of 
this metabolic disturbance. As functional renal mass is compro-
mised in the relentless progression of renal disease, the number 
of functioning nephrons eventually becomes insuffi cient to 
maintain NH4

� excretion to the extent necessary to balance net 
acid production. Thus, [HCO3

�] declines but rarely decreases 
to less than 15 mEq/L, and the AG rarely is more than 20 mEq/
L. The acid retained in patients with chronic renal disease is 
buffered in part by alkaline salts derived from bone, resulting in 

loss of bone calcium carbonate that contributes to the skeletal 
demineralization seen with renal acidosis. In addition, chronic 
acidosis increases urinary calcium excretion to a level propor-
tional to the degree of cumulative acid retention and is cor-
rected with repair of the acidosis.7

Treatment
Both uremic acidosis and hyperchloremic acidosis of renal in-
suffi ciency require oral alkali replacement to maintain [HCO3

�]
between 20 and 24 mEq/L. This can usually be accomplished 
with relatively modest amounts of alkali (1–1.5 mEq/kg/day). 
Sodium citrate (Shohl’s Solution or Bicitra) has been shown to 
enhance the absorption of aluminum from the gastrointestinal 
tract and should never be administered to patients receiving 
aluminum-containing antacids because of the risk of aluminum 
intoxication. If hyperkalemia persists, furosemide (60–80 mg/
day) should be added.

Hyperchloremic Metabolic Acidosis 
(Normal Anion Gap Acidosis)

Pathogenesis and Differential Diagnosis

Alkali may be lost from the gastrointestinal tract (diarrhea) or 
from the kidneys (RTA). In these disorders (Box 31-2), recipro-
cal changes in chloride and bicarbonate result in a normal AG. 
In a pure form of simple hyperchloremic acidosis, therefore, 
the increase in chloride above the normal value equals ap-
proximately the decrease in bicarbonate. The absence of such a 
relationship suggests a mixed disturbance. Diarrhea results in 
the loss of large quantities of HCO3

� and further HCO3
� de-

pletion occurs by its reaction with organic acids. Instead of an 
acid urine pH, as often anticipated with diarrhea, a pH of 6.0 
is usually observed because metabolic acidosis and hypokale-
mia increase renal NH4

� synthesis and excretion, thus provid-
ing more urinary buffer, which increases urine pH. Metabolic 
acidosis due to gastrointestinal losses with a high urine pH can 
be differentiated from RTA because urinary NH4

� excretion is 
low in RTA and high in patients with diarrhea. Urinary NH4

�

levels can be estimated by calculating the UAG or the urine 
osmolal gap (see previously). With extrarenal bicarbonate loss, 
[Cl�] in urine exceeds [Na� � K�] in urine. If urine [Na� �
K�] exceeds [Cl�], urine [NH4

�] is low, a fi nding compatible 
with RTA. The distinguishing features of hyperchloremic aci-
doses are outlined in Table 31-2.2

Hyperchloremic Acidosis of Chronic Renal Failure

Pathophysiology
Loss of functioning renal parenchyma due to progressive 
renal failure is commonly associated with metabolic acido-
sis, which is typically hyperchloremic when the glomerular 
fi ltration rate is 20 to 50 mL/min but may convert to the 
classic high AG acidosis of uremia with more advanced 
renal failure, that is, when the glomerular fi ltration rate is 
less than 15 mL/min. The major defect in acidifi cation with 
advanced renal failure is that ammoniagenesis is reduced 
in proportion to the loss of functional renal mass. In addi-
tion, medullary NH4

� accumulation and trapping in the 
medullary collecting duct are impaired. Because of adaptive 
increases in K� secretion by the collecting duct and colon, 
the acidosis of chronic renal insuffi ciency is typically 
normokalemic.6
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Renal Tubular Acidosis

Proximal Renal Tubular Acidosis
Diagnostic Points The majority of cases of proximal RTA fi t 
into the category of generalized proximal tubular dysfunc-
tion with glycosuria, generalized aminoaciduria, hypercit-
raturia, and phosphaturia. The generalized failure of proxi-

mal tubular function is referred to as Fanconi syndrome. 
The diagnosis is confi rmed by demonstrating an inappropri-
ately high rate of bicarbonate excretion in the face of a 
slow or normal plasma bicarbonate (�10%–15%). Causes 
of acquired proximal RTA include the dysproteinemias, 
heavy metal intoxication, vitamin D defi ciency or resistance, 
cancer chemotherapeutic drugs (such as ifosfamide), and 

Gastrointestinal Bicarbonate Loss
Diarrhea
External pancreatic or small bowel drainage
Uterosigmoidostomy, jejunal loop
Drugs
Calcium chloride (acidifying agent)
Magnesium sulfate (diarrhea)
Cholestyramine (bile acid diarrhea)

Renal Acidosis
Hypokalemia

Proximal RTA (type 2)
Distal (classic) RTA (type 1)

Hyperkalemia
Generalized distal nephron dysfunction (type 4 RTA)
Mineralocorticoid defi ciency
Mineralocorticoid resistance (PHA I autosomal dominant)
Voltage defects (PHA I autosomal recessive)
PHA II

↓ Na� delivery to distal nephron
Tubulointerstitial disease

Drug-induced hyperkalemia
Potassium-sparing diuretics (amiloride, triamterene, spirono-
lactone)
Trimethoprim
Pentamidine
ACE inhibitors and ARBs
NSAIDs
Cyclosporine, tacrolimus

Normokalemia
Early renal insuffi ciency

Other
Acid loads (ammonium chloride, hyperalimentation)
Loss of potential bicarbonate: ketosis with ketone excretion
Dilution acidosis (rapid saline administration)
Hippurate
Cation exchange resins

Box 31-2 Differential Diagnosis of Hyperchloremic Metabolic Acidosis

ACE, angiotensin-converting enzyme; ARBs, angiotensin II receptor blockers; NSAIDs, nonsteroidal anti-infl ammatory drugs; PHA, 
pseudohypoaldosteronism; RTA, renal tubular acidosis.

Proximal RTA 
(Type 2 RTA)

Classic Distal RTA 
(Type 1 RTA)

Generalized Distal 
Defect (Type 4 RTA)

Extrarenal 
Bicarbonate Loss

Anion gap Normal Normal Normal Normal

Plasma [K�] Low (with therapy) Low High Low

Urine osmolal gap or 
urine anion gap

Low (positive) Low (positive) Very low (positive) High (negative)

Urine pH Low High Low or high Low or high

Urine PCO2 (mm Hg) �70 �40 �40 �70

FEHCO3
� �15% (with therapy) 5%–10% 10%–15% �5%

Urine citrate High Low Low Normal

TTKG High High Low Low

Treatment K-Shohls or KHCO3

and thiazide
Shohls or NaHCO3 Tabs Low K� diet

Avoid K�-retaining drugs

Furosemide

NaHCO3

Treat underlying CKD

NaHCO3

FEHCO3
�, fractional excretion of bicarbonate; RTA, renal tubular acidosis; TTKG, transtubular potassium gradient.

Table 31-2 Distinguishing Features of Hyperchloremic Acidoses
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genetically transmitted systemic diseases (Wilson’s disease, 
hereditary fructose intolerance).2

Treatment The treatment of proximal RTA is directed to-
ward amelioration of, or improvement in, the fl uid, electro-
lyte, and acid-base abnormalities. In patients with proximal 
RTA, large amounts of exogenous bicarbonate are required 
to correct the [HCO3

�] to normal. Moreover, because bicar-
bonate absorption in the proximal tubule is impaired, the 
increase in distal bicarbonate delivery results in enhanced 
renal potassium wasting and hypokalemia. Therefore, large 
alkali loads are not advised; rather, smaller amounts of alkali 
therapy may be provided as Shohl’s Solution (one to two 
tablespoons three times daily) or sodium bicarbonate tablets 
(650 mg, one to two tablets three times daily or 5–10 
mEq/kg/day). If there is a compelling necessity to correct the 
plasma bicarbonate (growing children with proximal RTA), 
hydrochlorothiazide may be added to enhance proximal bi-
carbonate absorption. Most children and some adults will 
require potassium supplementation (K-Shohl’s Solution or 
Polycitra, or -Lyte), particularly if larger doses of alkali are 
provided.

Classic Distal Renal Tubular Acidosis
Pathophysiology and Diagnostic Points The typical fi nd-
ings in classic distal RTA include hypokalemia, hyperchlore-
mic acidosis, an abnormally low excretion of urinary NH4

�

(positive UAG or low urinary osmolal gap), and, in contradis-
tinction to proximal RTA, an inappropriately high urine pH in 
the face of systemic metabolic acidosis. Recently, the genetic 
bases of inherited forms of classic distal RTA have been eluci-
dated. A number of patients in families with autosomal reces-
sive distal RTA have been shown to have point mutations in 
the gene that encodes the basolateral HCO3

�/Cl� exchanger 
(or band 3 protein) in A-type intercalated cells of the collect-
ing duct. Other families with inherited sensorineural deafness 
and classic distal RTA have been shown to have defects in the 
H�-ATPase (Box 31-3). Finally, an inherited form not associ-
ated with hearing impairment has been associated with an 
abnormality of a unique subunit of the H�-ATPase. Under a 
number of different circumstances, including acute acid infu-
sion, patients with classic hypokalemic distal RTA are unable 
to acidify their urine to a pH less than 5.5. Most patients with 
acquired distal RTA and many with inherited forms of distal 
RTA (except those with the HCO3

�/Cl� exchanger defect) 

Primary
Familial

1. Autosomal dominant
a. AE1 gene

2. Autosomal recessive
a. With deafness (rd RTA1 or ATP6B1 gene)
b. Without deafness (rd RTA2 or ATP6N1B)

Sporadic

Endemic
Northeastern Thailand

Secondary to Systemic Disorders
Autoimmune Diseases
Hyperglobulinemic purpura
Cryoglobulinemia
Sjögren’s syndrome
Thyroiditis
Human immunodefi ciency virus nephropathy
Fibrosing alveolitis
Chronic active hepatitis
Primary biliary cirrhosis
Polyarteritis nodosa

Hypercalciuria and Nephrocalcinosis
Primary hyperparathyroidism
Hyperthyroidism
Medullary sponge kidney
Fabry’s disease
X-linked hypophosphatemia
Vitamin D intoxication
Idiopathic hypercalciuria
Wilson’s disease
Hereditary fructose intolerance

Drug- and Toxin-Induced Disease
Amphotericin B
Cyclamate
Hepatic cirrhosis
Ifosfamide
Foscarnet
Toluene
Mercury
Vanadate lithium
Classic analgesic nephropathy

Tubulointerstitial Diseases
Balkan nephropathy
Chronic pyelonephritis
Obstructive uropathy
Vesicoureteral refl ux
Kidney transplantation
Leprosy
Jejunoileal bypass with hyperoxaluria

Associated with Genetically Transmitted Diseases
Ehlers-Danlos syndrome
Sickle cell anemia
Medullary cystic disease
Hereditary sensorineural deafness
Osteopetrosis with carbonic anhydrase II defi ciency
Hereditary elliptocytosis
Marfan syndrome
Jejunal bypass with hyperoxaluria
Carnitine palmitoyltransferase

Box 31-3 Disorders with Dysfunction of Renal Acidifi cation—Selective Defect in Net Acid Excretion: Classic Distal Renal Tubular 
Acidosis
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uniformly display a lower urinary Pco2 than normal subjects. 
These abnormalities suggest that one or both of the transport-
ers in the collecting duct involved in bicarbonate absorption 
(H�-ATPase or H�/K�-ATPase) are defective. In contrast, 
patients with the inherited HCO3

�/Cl� exchanger abnormal-
ity have been reported to have higher than normal urinary 
Pco2. This fi nding suggests that the HCO3

�/Cl� exchanger 
may be mistargeted to the apical membrane in these patients. 
With the exception of the gradient lesion (insertion of a leak 
pathway) that accompanies amphotericin B intoxication, most 
patients with distal RTA studied with dynamic tests of urinary 
acidifi cation, such as urinary Pco2, have been shown to have 
a defect in H� secretion or a pump defect rather than the 
“gradient” or “leak” defect as proposed initially.2

Hypokalemia and hypercalciuria often accompany this 
disorder, but proximal tubule reabsorptive function is pre-
served. Thus, hypocitraturia is common, and the combination 
of hypercalciuria and hypocitraturia enhance urinary stone 
formation and nephrocalcinosis. Nephrocalcinosis is a marker 
of classic distal RTA because it does not occur with proximal 
RTA or the generalized dysfunction of the nephron associated 
with hyperkalemia. Nephrocalcinosis aggravates further the 
decrease in net acid excretion by impairing the transfer of 
NH4

� from Henle’s loop to the collecting duct.
Most patients with distal RTA have distal RTA in associa-

tion with a systemic illness, which is referred to as secondary 
distal RTA.

Treatment  Correction of chronic metabolic acidosis can usu-
ally be achieved in patients with classic distal RTA by administra-
tion of alkali in an amount suffi cient to neutralize the produc-
tion of metabolic acids derived from the diet. In adult patients 
with distal RTA, this is usually equal to no more than 1 mEq/kg/
day or 10 to 30 mL with water after meals and at bedtime, as 
Shohl’s Solution or sodium bicarbonate tablets. Preparations 
include (1) Shohl’s Solution (Bictra) (sodium citrate 500 mg and 
citric acid 334 mg/5 mL) and (2) sodium bicarbonate tablets 
(325 and 650 mg contain 3.8 and 7.6 mEq, respectively). In pa-
tients with distal RTA, correction of acidosis with alkali therapy 
reduces urinary potassium excretion, and hypokalemia and so-
dium depletion may resolve without additional therapy. Frank 
wasting of potassium may occur in a minority of patients in as-
sociation with secondary hyperaldosteronism despite correction 
of the acidosis by the alkali therapy. A major benefi t of correc-
tion of the acidosis is that the renal failure should not progress, 
especially when nephrocalcinosis accompanies distal RTA. The 
frequency of nephrolithiasis, when present, is usually markedly 
reduced by alkali therapy.2

Generalized Distal Nephron Dysfunction (Type 4 Renal 
Tubular Acidosis)
Pathophysiology and Diagnostic Points Although hyper-
chloremic metabolic acidosis and hyperkalemia occur with 
regularity in advanced renal insuffi ciency, patients with type 4 
RTA have hyperkalemia that is disproportionate to the de-
crease in the glomerular fi ltration rate. In such patients, a 
generalized dysfunction of potassium and acid secretion by the 
collecting tubule is present. In this group of disorders, urinary 
NH4

� excretion is depressed and renal function often compro-
mised at the time of diagnosis. Patients with renal insuffi ciency 
and hyperkalemia (�5.0 mEq/L) have hyperkalemia that is 
disproportionate to the decrease in the glomerular fi ltration 
rate. The causes of type 4 RTA are listed in Box 31-4.

The transtubular potassium gradient � (UK/PK)/(U/P)osm,
where U represents urine values and P represents plasma values. 
The transtubular potassium gradient is abnormally low in pa-
tients with this disorder, indicating that the collecting tubule is 
not responding appropriately to the prevailing hyperkalemia. 
Impaired NH4

� production and excretion, in part due to hyper-
kalemia, leads to impaired net acid excretion and systemic 
metabolic acidosis. This form of generalized distal tubule dys-
function with hyperkalemia is acquired with diabetic nephrop-
athy, obstructive uropathy, sickle cell nephropathy, tubulointer-
stitial diseases, and transplant rejection (see Box 31-4).2

A number of patients have been reported with hyperkale-
mia, hyperchloremic metabolic acidosis, hypertension, unde-
tectable plasma renin activity, and low aldosterone levels (type 
2 pseudohypoaldosteronism). These patients generally have 
not exhibited glomerular or tubulointerstitial disease. The 
acidosis in such patients is mild and can be accounted for by 
the magnitude of hyperkalemia. Renal potassium secretion is 
resistant to mineralocorticoid administration. Renin and al-
dosterone levels both increase if volume expansion is cor-
rected by diuretics or salt restriction. This autosomal domi-
nant disorder is the result of an increase in expression and 
function of the sodium chloride cotransporter (NCCT) in the 
distal convoluted tubule. Specifi cally, the interacting proteins 
WNK1 and WNK4 normally responsible for regulating apical 
membrane localization of NCCT are defective. The hyperka-
lemia that follows depresses, in turn, NH4

� production and 
excretion and may result in hyperchloremic metabolic acido-
sis, especially in the face of even mild renal insuffi ciency. The 
result of this defect is constitutive activation of NCCT causing 
volume expansion, shunting of voltage, and a decrease in de-
livery of Na� and Cl� to the cortical collecting tubule, causing 
decreased K� secretion.

In addition to this specifi c genetic abnormality, voltage 
defects may be acquired. For example, impaired operation of 
the sodium channel can also occur as a result of drugs that 
interfere with sodium channel function such as amiloride, 
triamterene, pentamidine, and trimethoprim, as a result of 
conditions that alter sodium absorption indirectly such as al-
dosterone resistance, or as a result of cyclosporine or tacroli-
mus administration. Nonsteroidal anti-infl ammatory drugs 
and the angiotensin-converting enzyme inhibitors may also 
produce hyperkalemia and metabolic acidosis, particularly in 
patients with preexisting renal insuffi ciency or volume deple-
tion or in the elderly. Therefore, drugs should always be con-
sidered as a possible cause of hyperkalemia and metabolic 
acidosis in such patients.2

Treatment  A decrease in serum potassium enhances renal 
ammoniagenesis and NH4

� excretion, increasing net acid ex-
cretion and thus improving or correcting the metabolic acido-
sis. Treatment of patients with mild chronic hyperkalemia and 
metabolic acidosis with chronic renal insuffi ciency is not al-
ways necessary, and the decision to treat is often based on the 
severity of the hyperkalemia and acidosis, when present. Pa-
tients with combined glucocorticoid and mineralocorticoid 
defi ciency should receive both adrenal steroids in replacement 
doses. Patients with hyporeninemic hypoaldosteronism may 
respond to a cation-exchange resin (sodium polystyrene sul-
fonate 15 g orally once daily without sorbitol), alkali therapy 
(Shohl’s Solution, one to two tablespoons twice daily), or a 
loop diuretic (furosemide 40–80 mg/day) to induce renal 
potassium and salt excretion. Mineralocorticoid replacement 
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with 9�-fl udrocortisone (0.1–0.3 mg/day) can theoretically 
improve net acid excretion. However, mineralocorticoid ad-
ministration is contraindicated in the face of coexisting hy-
pertension or congestive heart failure. Volume depletion 
should be avoided unless the patient is volume overexpanded 
or hypertensive. Pseudohypoaldosteronism in children (type I) 
should be treated with avid dietary sodium chloride intake, 
whereas pseudohypoaldosteronism in adults (type II) re-
sponds to thiazide diuretics and dietary salt restriction. Be-
cause bicarbonate is not avidly absorbed in the distal nephron, 
administration of bicarbonate in suffi cient quantity to induce 
bicarbonaturia may reverse the voltage defect induced by 
amiloride, pentamidine, or trimethoprim by enhancing K�

and H� secretion by the collecting duct.2

RESPIRATORY ACIDOSIS

Diagnostic Points
Respiratory acidosis can be due to severe pulmonary disease, 
respiratory muscle fatigue, or abnormalities in ventilatory con-
trol and is recognized by an increase in Paco2 and a decrease in 
pH (Box 31-5). In acute respiratory acidosis, there is an immedi-
ate compensatory increase (due to cellular buffering mecha-
nisms) in [HCO3

�], which increases by 1 mmol/L for every 

10-mm Hg increase in Paco2. In chronic respiratory acidosis 
(�24 hours), renal adaptation increases the [HCO3

�] by 
4 mmol/L for every 10-mm Hg increase in Paco2. The serum 
[HCO3

�] usually does not increase to more than 38 mmol/L.4,8

The clinical features vary according to the severity and 
duration of the respiratory acidosis, the underlying disease, 
and whether there is accompanying hypoxemia. A rapid in-
crease in Paco2 may cause anxiety, dyspnea, confusion, psy-
chosis, and hallucinations and may progress to coma. Lesser 
degrees of dysfunction in chronic hypercapnia include sleep 
disturbances, loss of memory, daytime somnolence, personal-
ity changes, impairment of coordination, and motor distur-
bances such as tremor, myoclonic jerks, and asterixis. Head-
aches and other signs that mimic increased intracranial 
pressure, such as papilledema, abnormal refl exes, and focal 
muscle weakness, are due to vasoconstriction secondary to 
loss of the vasodilator effects of CO2.

Depression of the respiratory center by a variety of drugs, 
injury, or disease can produce respiratory acidosis. This may 
occur acutely with general anesthetics, sedatives, and head 
trauma or chronically with sedatives, alcohol, intracranial tu-
mors, and the syndromes of sleep-disordered breathing (e.g., 
primary alveolar and obesity hypoventilation syndromes). 
Abnormalities or disease in the motor neurons, neuromuscu-
lar junction, and skeletal muscle can cause hypoventilation via 
respiratory muscle fatigue. Mechanical ventilation, when not 

Mineralocorticoid Defi ciency
Primary Mineralocorticoid Defi ciency
Combined defi ciency of aldosterone, desoxycorticosterone, 

and cortisol
Addison’s disease
Bilateral adrenalectomy
Bilateral adrenal destruction
Hemorrhage or carcinoma

Congenital enzymatic defects
21-Hydroxylase defi ciency
3�-Hydroxydehydrogenase defi ciency
Desmolase defi ciency

Isolated (selective) aldosterone defi ciency
Chronic idiopathic hypoaldosteronism
Heparin (low molecular weight or unfractionated) in criti-

cally ill patient
Familial hypoaldosteronism
Coricosterone methyloxidase defi ciency, types 1 and 2
Primary zona glomerulosa defect
Transient hypoaldosteronism of infancy
Persistent hypotension and/or hypoxemia in critically ill 

patient
Angiotensin II–converting enzyme inhibition

Endogenous
Angiotensin-converting enzyme inhibitors and angiotensin 

I receptor antagonists

Secondary Mineralocorticoid Defi ciency
Hyporeninemic hypoaldosteronism

Diabetic nephropathy

Tubulointerstitial nephropathies
Nephrosclerosis
Nonsteroidal anti-infl ammatory drugs
Acquired immunodefi ciency syndrome
IgM monoclonal gammopathy

Mineralocorticoid Resistance
PHA I, autosmal dominant (hMR defect)

Renal Tubular Dysfunction (Voltage Defect)
PHA I, autosomal recessive
PHA II, autosomal dominant
Drugs that interfere with Na� channel function in CCTs

Amiloride
Triamterene
Trimethoprim
Pentamidine

Drugs that interfere with Na�/K�-ATPase in CCTs
Cyclosporine, tacrolimus

Drugs that inhibit aldosterone effect on CCTs
Spironolactone

Disorders associated with tubulointerstitial nephritis and 
renal insuffi ciency
Lupus nephritis
Methicillin nephrotoxicity
Obstructive nephropathy
Kidney transplant rejection
Sickle cell disease
Williams syndrome with uric acid nephrolithiasis

Box 31-4 Disorders with Dysfunction of Renal Acidifi cation: Generalized Abnormality of Distal Nephron with Hyperkalemia

CCTs, cortical collecting tubules; PHA, pseudohypoaldosteronism
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properly adjusted or supervised, may result in respiratory 
acidosis, particularly if CO2 production suddenly increases 
(because of fever, agitation, sepsis, or overfeeding) or alveolar 
ventilation decreases because of worsening pulmonary func-
tion. High levels of positive end-expiratory pressure in the 
presence of reduced cardiac output may cause hypercapnia as 
a result of large increases in alveolar dead space. Permissive 
hypercapnia is used to decrease barotrauma compared with 
conventional mechanical ventilation. It seems prudent to keep 
the pH in the range of 7.2 to 7.3 by administration of sodium 
bicarbonate.4,8

Acute hypercapnia follows sudden occlusion of the upper 
airway or generalized bronchospasm as in severe asthma, ana-
phylaxis, inhalational burn, or toxin injury. Chronic hypercap-
nia and respiratory acidosis occur in end-stage obstructive 
lung disease. Restrictive disorders involving both the chest wall 
and the lungs can cause respiratory acidosis because the high 
metabolic cost of respiration causes ventilatory muscle fatigue. 
Advanced stages of intrapulmonary and extrapulmonary re-
strictive defects present as chronic respiratory acidosis.

The diagnosis of respiratory acidosis requires the measure-
ment of Paco2 and arterial pH. A detailed history and physical 
examination often indicate the cause.

Treatment
The management of respiratory acidosis depends on its sever-
ity and rate of onset. Acute respiratory acidosis can be life 
threatening, and measures to reverse the underlying cause 
should be undertaken simultaneously with restoration of ade-
quate alveolar ventilation. This may necessitate tracheal intu-
bation and assisted mechanical ventilation. Oxygen adminis-
tration should be titrated carefully in patients with severe 
obstructive pulmonary disease and chronic CO2 retention who 
are breathing spontaneously. When oxygen is used injudi-
ciously, these patients may experience progression of the respi-
ratory acidosis. Aggressive and rapid correction of hypercapnia 
should be avoided because the decreasing Paco2 may provoke 
the same complications noted with acute respiratory alkalosis 
(i.e., cardiac arrhythmias, reduced cerebral perfusion, and sei-
zures). The Paco2 should be lowered gradually in chronic 

respiratory acidosis, aiming to restore the Paco2 to baseline 
levels and to provide suffi cient Cl� and K� to enhance the 
renal excretion of HCO3

�.
Chronic respiratory acidosis is frequently diffi cult to correct, 

but measures aimed at improving lung function such as cessa-
tion of smoking, use of oxygen, bronchodilators, glucocorti-
coids, diuretics, and physiotherapy can help some patients and 
forestall further deterioration in most. The use of respiratory 
stimulants may be useful in selected patients, particularly if 
hypercapnia is out of proportion to the abnormality in lung 
function.

References
 1. Alpern RJ, Hamm LL: Urinary acidifi cation. In DuBose TD, 

Hamm LL (eds): Acid-Base and Electrolyte Disorders: A Com-
panion to Brenner and Rector’s The Kidney. Philadelphia: WB 
Saunders, 2002, pp 23–40.

 2. Bidani A, Tauzon DM, Heming TA: Regulation of whole body 
acid-base balance. In DuBose TD, Hamm LL (eds): Acid-Base 
and Electrolyte Disorders: A Companion to Brenner and Rector’s 
The Kidney. Philadelphia: WB Saunders, 2002, pp 1–21.

 3. DuBose TD, McDonald GA: Renal tubular acidosis. In DuBose 
TD, Hamm LL (eds): Acid-Base and Electrolyte Disorders: A 
Companion to Brenner and Rector’s The Kidney. Philadelphia: 
WB Saunders, 2002, pp 189–206.

 4. Jorens PG, Demey HE, Schepens PJ, et al: Unusual D-lactic acid 
acidosis from propylene glycol metabolism in overdose. J Toxicol 
Clin Toxicol 2004;42:163–169.

 5. Krapf R, Alpern RJ, Seldin DW: Clinical syndromes of metabolic 
acidosis. In Seldin DW and Giebisch G (eds): The Kidney, 3rd ed. 
Philadelphia: Lippincott Williams & Wilkins, 2000, pp 2055–2072.

 6. Kraut JA, Kurtz I: Metabolic acidosis of CKD: Diagnosis, clinical 
characteristics, and treatment. Am J Kidney Dis 2005;45:978–993.

 7. Laski ME, Wesson DE: Lactic acidosis. In DuBose TD, Hamm LL 
(eds): Acid-Base and Electrolyte Disorders: A Companion to 
Brenner and Rector’s The Kidney. Philadelphia: WB Saunders, 
2002, pp 68–83.

 8. Whitney GM, Szerlip HM: Acid-base disorders in the critical care 
setting. In: DuBose TD, Hamm LL (eds): Acid-Base and Electro-
lyte Disorders: A Companion to Brenner and Rector’s The Kid-
ney. Philadelphia: WB Saunders, 2002, pp 165–187.

Central
Drugs (anesthetics, morphine, sedatives)
Stroke
Infection

Airway
Obstruction
Asthma

Parenchyma
Emphysema/chronic obstructive pulmonary disease
Pneumoconiosis
Bronchitis
Adult respiratory distress syndrome
Barotrauma

Mechanical Ventilation
Hypoventilation
Permissive hypercapnia

Neuromuscular
Poliomyelitis
Kyphoscoliosis
Myasthenia
Muscular dystrophies
Multiple sclerosis

Miscellaneous
Obesity
Hypoventilation

Box 31-5 Respiratory Acidosis
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METABOLIC ALKALOSIS

The pathogenesis of metabolic alkalosis involves both the 
generation and maintenance of this disorder.1 The generation 
of metabolic alkalosis refers to the addition of new HCO3

� to 
the blood as a result of either loss of acid or gain of alkali. New 
HCO3

� may be generated by either renal or extrarenal mecha-
nisms. Because the kidneys have an enormous capacity to ex-
crete HCO3

�, even vigorous HCO3
� generation may not be 

suffi cient to produce sustained metabolic alkalosis. To main-
tain a metabolic alkalosis, the capacity of the kidney to correct 
the alkalosis must be impaired, or, equivalently, the capacity to 
reclaim HCO3

� must be enhanced. After correcting the un-
derlying cause, the treatment of metabolic alkalosis is directed 
toward removing those factors responsible for maintaining 
the alkalosis.

Clinical Consequences of Metabolic 
Alkalosis
Metabolic alkalosis is generally considered a benign condi-
tion by most physicians. However, there is evidence to suggest 
that under certain circumstances, metabolic alkalosis can 
contribute signifi cantly to mortality. In fact, a direct relation-
ship has been shown between increasing blood pH and hos-
pital mortality in patients with a pH of greater than 7.48.2,3

The demonstration that high arterial blood pH correlates 
with mortality does not establish a cause-and-effect relation-
ship. It is certainly plausible that conditions associated with 
high mortality cause metabolic and respiratory alkalosis, 
making alkalosis merely a marker of a poor prognosis. How-
ever, there are a number of reasons to believe that high blood 
pH can contribute to the poor prognosis. This is based on 

some of the known pathophysiological effects of a high blood 
pH (Box 32-1).

First, increases in blood pH (alkalemia) cause respiratory 
depression. This effect of metabolic pH changes on respira-
tion is mediated via both central and peripheral chemorecep-
tors. Although the effects of metabolic alkalosis on respiration 
are well appreciated, the effects of alkalosis to decrease tissue 
oxygen delivery are less well appreciated. Alkalosis can de-
crease oxygen delivery by two possible mechanisms. First, by 
the Bohr effect, alkalosis leads to a shift in the oxygen disso-
ciation curve of hemoglobin, which decreases the ability of 
hemoglobin to release oxygen in peripheral tissues. Thus, even 
in the absence of changes in blood fl ow, alkalosis can lead to 
marked decreases in oxygen delivery to tissues.

In addition to the Bohr effect, alkalosis is a potent vasocon-
strictor. Numerous studies have shown that increases in pH 
associated with decreases in Pco2 (respiratory alkalosis) lead 
to vasoconstriction and decreased perfusion of the brain, 
heart, and peripheral circulation. Respiratory alkalosis is used 
clinically to decrease cerebral blood fl ow in patients with cere-
bral edema. Although it is unclear from studies in humans 
and whole animals whether pH changes due to metabolic al-
kalosis have the same effect, in vitro studies show that pH is 
the critical determinant of vascular smooth muscle tone irre-
spective of whether pH is altered by changes in Pco2 or 
HCO3

� concentration.4,5

Alkalosis-induced vasoconstriction together with the Bohr 
effect may cause clinical tissue hypoxia in certain settings. For 
example, hyperventilation has been shown to precipitate chest 
pain, ST segment increase, and spasm on coronary angiogra-
phy in patients with Prinzmetal’s angina.6 Similarly, hyper-
ventilation has been shown to cause angina in the presence or 
absence of coronary artery disease.7 Alkalosis has also been 
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reported to induce cardiac arrhythmias that are unresponsive 
to antiarrhythmics and respond only to correction of the alka-
losis. Unfortunately, this is only substantiated by a number 
of case reports, and it is diffi cult to prove an increased 
incidence.

In summary, evidence suggests that alkalemia can decrease 
oxygen delivery to tissues, and this may become a key factor in 
some critically ill patients. Alkalemia constricts vascular 
smooth muscle in vitro and appears to decrease tissue perfu-
sion in vivo. This, along with inhibition of oxygen release 
from hemoglobin, leads to decreased tissue oxygen delivery, 
which is demonstrable clinically with regard to the heart 
where coronary artery spasm, angina, arrhythmias, and con-
gestive heart failure may be precipitated. Most likely, oxygen 
delivery to the brain is also compromised in ill patients with 
alkalosis, but it is frequently clinically diffi cult to distinguish 
brain hypoxia from other causes of encephalopathy. Given 
these considerations, alkalosis should be aggressively cor-
rected in critically ill patients in whom perfusion of the heart 
and brain is essential.

Treatment
Metabolic alkalosis is best approached according to the mech-
anism of maintenance because correction of the maintenance 
mechanism leads to correction of the metabolic alkalosis. Re-
duced effective arterial blood volume is the mechanism re-
sponsible for the maintenance of metabolic alkalosis in the 
majority of patients. In those settings where effective blood 
volume can be restored with saline, the metabolic alkalosis is 
easily corrected.8

A number of conditions are poorly responsive to the 
administration of NaCl. These conditions are generally 
maintained by a combination of increased mineralocorti-
coid levels along with high distal Na� delivery and hypoka-
lemia. The distinction between these entities relies on as-
sessment of the effective arterial volume. Effective arterial 
volume is assessed by physical examination (postural 
changes in blood pressure and pulse), the blood urea nitro-
gen-to-creatinine ratio, serum uric acid concentration, and 
urinary electrolytes. Although the urine Na� concentration 
is useful in most patients to assess effective arterial volume, 
the urinary Cl� is actually more helpful in this situation. 

The advantage of urinary Cl� is because many patients with 
metabolic alkalosis may have intermittent bicarbonaturia. 
HCO3

� functions as a nonreabsorbable anion and carries a 
varying combination of Na� and K� into the urine causing 
urinary Na� to be increased even though the patient may be 
volume contracted. In this setting, urinary Cl� remains low 
and thus is more refl ective of the volume contracted state. A 
urinary Cl� less than 15 mEq/L is suggestive of metabolic 
alkalosis maintained by a low effective arterial volume, 
whereas a urinary Cl� greater than 20 mEq/L is suggestive 
of metabolic alkalosis maintained by other mechanisms 
(Table 32-1).

Approach to the Patient 
with Decreased Effective Arterial 
Volume: Saline Responsive

Gastrointestinal Acid Loss

Loss of acid as occurs with vomiting or nasogastric suction 
is a common cause of metabolic alkalosis maintained 
by volume contraction. The loss of gastric acid generates 
a metabolic alkalosis, whereas the loss of NaCl in the 
gastric fl uid leads to volume contraction. During active 
vomiting, the plasma HCO3

� concentration tends to be 
higher than the threshold for reabsorption in the proximal 
nephron. The resultant bicarbonaturia leads to increased 
excretion of NaHCO3 and KHCO3, resulting in further total 
body Na� depletion and development of K� depletion. Dur-
ing this active phase, urinary electrolytes show a urine 
Cl� less than 15 mEq/L, in the presence of a high urine Na�,
a high urine K�, and a urine pH of 7 to 8. When the patient 
stops vomiting, an equilibrium is established such that 
bicarbonaturia disappears but a metabolic alkalosis is main-
tained by the volume contraction, K� depletion, and 
decreased glomerular fi ltration rate. Of these factors, the 
effective arterial volume contraction is clearly the main 
factor in maintenance of metabolic alkalosis. At this time, 
urine Na� and Cl� are both low. Administration of NaCl 
results in bicarbonaturia and the metabolic alkalosis is 
corrected.

The amount of saline required to correct the alkalotic state 
should be determined by an ongoing assessment of the vol-
ume status of the patient. This assessment should include 
frequent monitoring for the presence of orthostatic changes 
in blood pressure and pulse, examination of the neck veins to 
assess jugular venous pressure, and determination of skin 
turgor. In addition to a decrease in the serum bicarbonate 
concentration, laboratory data indicating the effectiveness of 
therapy include a decrease in the blood urea nitrogen-to-
creatinine ratio and evidence of less hemoconcentration 
as refl ected by a decrease in albumin concentration and he-
matocrit.

K� can be given orally or intravenously as KCl salt. The 
safest way to administer KCl is orally. KCl can be given in 
doses of 100 to 150 mEq/day. Liquid KCl is bitter tasting and 
like the tablet can be irritating to the gastric mucosa. The mi-
croencapsulated or wax-matrix forms of KCl are better toler-
ated. Intravenous administration of K may be necessary if the 
patient cannot take oral medications or if the K defi cit is large 
and is resulting in cardiac arrhythmias, respiratory paralysis, 
or rhabdomyolysis. Intravenous KCl should be given at a 

 I. Cardiovascular
A. Heart: Arrhythmias, especially in patients with 

emphysema
B. Vascular: Arteriolar vasoconstriction

 II. Pulmonary
A. Ventilation: Hypoventilation
B. Oxygen delivery: Decreased in acute alkalosis 

(Bohr effect)
III. Renal

A. Antinatriuretic effect
IV. Nervous system

A. Peripheral: Neuromuscular irritability
B. Central: Confusion, lethargy, seizures

Box 32-1 Systemic Effects of Metabolic Alkalosis
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maximum rate of 20 mEq/hr and maximum concentration of 
40 mEq/L.

Diuretics

Thiazide and loop diuretics are another common cause of a 
metabolic alkalosis. These diuretics lead to a metabolic alkalo-
sis that is generated in the distal nephron by the combination 
of high aldosterone levels and enhanced distal delivery of Na�.
If diuretics are stopped and the patient is maintained on a 
low-salt diet, the alkalosis will be maintained despite the fact 
that distal delivery is no longer increased. In this setting, pa-
tients tend to be volume contracted and K� defi cient. Once 
again, it is the contraction of the effective arterial volume that 
is the major factor leading to the maintenance of metabolic 
alkalosis. Saline infusion in this setting corrects the metabolic 
alkalosis.

Posthypercapneic Alkalosis

Another saline-responsive metabolic alkalosis is posthyper-
capneic alkalosis. When a patient becomes hypercapneic, the 
kidney retains NaHCO3. The retention of NaHCO3 leads to 
increased urinary excretion of NaCl in an attempt to maintain 
extracellular fl uid volume unchanged. When the Pco2 is then 
returned to normal, the kidney will attempt to correct the 
metabolic alkalosis by excreting NaHCO3. However, if the 
patient is on a low-salt diet, as these patients frequently are for 
prevention of right-sided heart failure, the NaHCO3 diuresis 
will lead to volume contraction, causing the bicarbonaturia to 
abate. The patient will be left with a metabolic alkalosis, once 
again maintained by decreased effective arterial volume. Ad-
ministration of saline corrects the metabolic alkalosis.

In certain patients, it may be diffi cult to correct the factors 
responsible for maintenance of metabolic alkalosis. This most 
frequently occurs in patients whose metabolic alkalosis is 

maintained by decreased effective arterial volume, but whose 
cardiovascular system cannot tolerate administration of NaCl. 
In these situations, one must ask how important it is to correct 
the metabolic alkalosis. Based on the previous discussion, pa-
tients in whom one would want to aggressively correct meta-
bolic alkalosis would include (1) those with chronic lung dis-
ease in whom intubation is imminent or extubation is diffi cult 
and metabolic alkalosis needs to be corrected to improve the 
drive to respiration; (2) those with myocardial ischemia with 
evolving myocardial infarction, those who are having chest 
pain post-infarction, or those with unstable angina; and (3) ill 
patients with cerebral dysfunction in whom cerebral hypoper-
fusion is a possible contributing factor.

If metabolic alkalosis needs to be treated aggressively and 
cannot be treated by correcting the cause of the generation or 
maintenance, a number of options still exist. First, ammo-
nium chloride can be given.9 This is generally a safe way to 
administer acid if given orally. However, if given intrave-
nously, especially in patients with liver disease, ammonium 
chloride administration may cause ammonia toxicity. Argi-
nine hydrochloride has been used in the past to lower the 
plasma [HCO3

�] but has been removed from the market be-
cause of life-threatening hyperkalemia.

The most commonly used approach to correcting alkalosis 
in these diffi cult patients is administration of carbonic anhy-
drase inhibitors such as acetazolamide. Carbonic anhydrase 
catalyzes the dehydration of luminal carbonic acid (produced 
when fi ltered HCO3

� reacts with secreted H�) to water and 
CO2 and the hydration of cellular CO2 to carbonic acid, allow-
ing the formation of H� for secretion into the luminal fl uid. 
The uncatalyzed dehydration of carbonic acid occurs very 
slowly. By inhibiting the activity of this enzyme, carbonic an-
hydrase inhibitors inhibit renal acidifi cation and thus cause 
the kidney to at least partially correct the metabolic alkalosis.10

Table 32-1 Classifi cation of Metabolic Alkalosis According to Mechanism, Cause, and Response to Administration of Saline

Effective Arterial Volume Low Low High

Urine Cl concentration (mEq/L) �15 �15 �15

Response to saline Corrects (saline responsive) No correction (saline resistant) No correction (saline 
resistant)

Maintenance Low effective arterial volume Low effective arterial volume 
� high distal Na� delivery 
and mineralocorticoid effect

High distal Na� delivery 
and mineralocorticoid 
effect

I. Gastrointestinal acid loss I. Primary increase in distal 
delivery of Na�

Primary increase in mineralo-
cortoid or mineralocorticoid-
like effect

A. Vomiting/nasogastric 
suction

A. Active diuretic use (loop 
and thiazide)

B. Congenital chloridorrhea B. Mg2� defi ciency

C. Villous adenoma C. Bartter syndrome

D. Gitelman’s syndrome

II. Posthypercapneic alkalosis

III. Diuretics

IV. Nonreabsorbable anions
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The magnitude of the bicarbonaturia induced is directly re-
lated to the serum HCO3

� concentration. As the HCO3
�

concentration decreases, the clinical effectiveness of the drug 
declines in a parallel fashion. As a result, only rarely does the 
plasma HCO3

� concentration return to normal.
Acetazolamide is frequently used in patients with chronic 

respiratory acidosis who develop a metabolic alkalosis. Nor-
mally, in patients with chronic respiratory acidosis, the capac-
ity of the kidney to reabsorb bicarbonate increases, resulting 
in an increase in plasma HCO3

� concentration. Use of loop 
diuretics in such patients, as in the treatment of cor pulmo-
nale, can result in further increases in the serum HCO3

� con-
centration. In this setting, the induction of a metabolic alka-
losis can depress ventilation, aggravating both the hypoxemia 
and hypercapnia. Normally the metabolic alkalosis can be 
treated by discontinuing the diuretic and administering NaCl. 
In the patient who is signifi cantly edematous, however, this 
approach may not be practical. In this circumstance, acetazol-
amide can be used to inhibit HCO3

� reabsorption and thus 
lower serum HCO3

� concentration.
A potential problem that is associated with use of car-

bonic anhydrase inhibitors in patients with lung disease is a 
worsening of hypercapnia. Carbonic anhydrase is normally 
present within red blood cells and is involved in CO2 move-
ment into red cells in peripheral tissues and movement from 
red cells into the alveoli in the lungs. Thus, carbonic anhy-
drase inhibition can prevent red-cell uptake of CO2 in pe-
ripheral tissues and can prevent CO2 release in the lung. The 
latter can lead to an increase in the Pco2 of the arterial 
blood, whereas the former leads to an even further increase 
in Pco2 in peripheral tissues. Generally, patients with normal 
lungs can respond to this by increasing respiration and pre-
venting the increase in the Pco2 of the arterial blood. How-
ever, patients with lung disease cannot respond adequately 
and further increases in arterial Pco2 as well as even larger 
increases in unmeasured tissue Pco2 may be dangerous to 
the patient.

A safe approach to the aggressive treatment of metabolic 
alkalosis that has gained support is the use of hydrochloric 
acid (HCl) infusions.11,12 In general, HCl can be safely ad-
ministered as a 0.15 to 0.25 normal solution in normal sa-
line or 5% dextrose in water given through a central line. 
Due to the sclerosing properties of HCl, it is imperative that 
the position of the central line in the superior vena cava be 

verifi ed by chest radiograph before initiating infusion. Infu-
sion rates should be no more than 0.2 mmol/kg of body 
weight per hour. One should use a bicarbonate space of 
50% of ideal body weight when calculating the amount of 
HCl to be given. As an example, to decrease the plasma bi-
carbonate from 50 to 40 mmol/L in a 70-kg patient, the 
amount of HCl required is 350 mmol (10 � 70 � 0.5). If 
the physician wishes, the HCl can be added to an amino 
acid solution in total parenteral nutrition and given cen-
trally.13 In addition, there is also a report in which HCl was 
given in an amino acid solution with intralipid through a 
peripheral vein.14

Approach to the Patient 
with Decreased Effective Arterial 
Volume: Saline Resistant
In some forms of metabolic alkalosis, the alkalosis is main-
tained by a decreased effective arterial volume, but because 
other maintenance factors are also present, the alkalosis is not 
completely saline responsive. In these patients, saline infu-
sions may improve the metabolic alkalosis but will not com-
pletely correct it. In general, these patients may have a low 
effective arterial volume but typically do not have a low urine 
Cl�. One cause of this syndrome is continued use of thiazide 
or loop diuretics. Diuretic-induced volume contraction con-
tributes to maintenance, but an additional factor, the combi-
nation of high distal Na� delivery without suppressed miner-
alocorticoid levels, also contributes to maintenance. Other 
conditions, such as magnesium defi ciency, Gitelman’s syn-
drome, and Bartter syndrome, are similar to this in that NaCl 
absorption in Henle’s loop or distal convoluted tubule is in-
hibited. Once again, volume contraction contributes to main-
tenance of metabolic alkalosis, but the alkalosis is also main-
tained by high distal Na� delivery with high mineralocorticoid 
levels. The treatments of these conditions are summarized in 
Table 32-2.

Approach to the Patient 
with Increased Effective Arterial 
Volume: Saline Resistant
The last type of metabolic alkalosis is not maintained by a de-
creased effective arterial volume, but rather maintained by high 

Table 32-2 Treatment of Various Saline-Resistant Causes of Metabolic Alkalosis

↓EABV ↑EABV

Cause Treatment Cause Treatment

Thiazide and loop 
diuretics

Discontinue drug, replete EABV Renin-secreting tumor Remove tumor

Mg2� defi ciency Replete Mg2� defi cit Primary hyperaldosteronism Remove tumor, spironolactone 
for BAH

Gitelman’s syndrome Amiloride, triamterene, or spironolactone, 
K� supplements, Mg2� supplements

Glucocorticoid-suppressible 
hyperaldosteronism

Dexamethasone

Bartter syndrome Amiloride, triamterene, or spironolactone, 
K� supplements, Mg2� supplements in 
some

Liddle syndrome Amiloride or triamterene

BAH, bilateral adrenal hyperplasia; EABV, effective arterial blood volume.
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mineralocorticoid levels (in the presence of maintained distal 
delivery of Na�) and K� defi ciency. The most common cause of 
this saline-resistant alkalosis is a primary increase in mineralo-
corticoid levels not related to volume contraction. The mecha-
nism of the generation of the alkalosis described previously, 
enhanced Na� delivery with high mineralocorticoid activity, is 
also responsible for maintenance of the metabolic alkalosis in 
this setting. In addition, K� defi ciency, which also occurs in this 
setting, exacerbates the tendency to alkalosis.

The preferred treatment of metabolic alkalosis in patients 
with volume expansion and primary mineralocorticoid ex-
cess is to remove the underlying cause of the persistent min-
eralocorticoid activity (see Table 32-2). When this is not 
possible, therapy is directed at blocking the actions of the 
mineralocorticoid at the level of the kidney. The potassium-
sparing diuretics are effective agents in blocking the actions 
of mineralocorticoids in the kidney and are commonly used 
in the treatment of these disorders. Mineralocorticoid recep-
tor blockers such as spironolactone are effective in these pa-
tients, with the exception of Liddle syndrome, in which the 
defect is distal to the receptor. Spironolactone inhibits Na�

reabsorption by blocking the binding of aldosterone to its 
cytoplasmic receptor thereby inhibiting aldosterone-induced 
Na� reabsorption. The decrease in luminal electronegativity 
impairs distal acidifi cation as a result of the decrease in the 
electrical driving force for H� secretion into the tubular lu-
men. Spironolactone can further limit distal H� secretion 
because this drug not only inhibits aldosterone-stimulated 
Na� reabsorption but also blocks the direct stimulatory effect 
of aldosterone on the H� secretory pump.

Na� channel blockers such as amiloride and triamterene 
are also effective in these patients. These drugs directly inhibit 
the luminal membrane Na� channel, decreasing the luminal 
electronegativity of the collecting duct and secondarily im-
pairing renal K� and H� losses. The net result is inhibition of 
renal Na� retention, K� loss, and increases in renal net acid 
excretion, resulting in prevention of hypertension and hypo-
kalemic alkalosis.

Liddle syndrome is characterized by hypokalemic meta-
bolic alkalosis and volume expansion but is not due to miner-
alocorticoid excess. Rather, this disorder results from overac-
tivity of the Na� channel in the distal nephron. Predictably, 
use of spironolactone to block the mineralocorticoid receptor 
is without effect in this disorder. By contrast, the electrolyte 
abnormalities and hypertension are normalized by use of the 
sodium channel blockers triamterene and amiloride.

RESPIRATORY ALKALOSIS

Primary respiratory alkalosis results from hypocapnia and is 
defi ned by a Paco2 of less than 35 mm Hg in the setting of 
alkalemia. Primary respiratory alkalosis needs to be differenti-
ated from secondary hypocapnia, which is a compensatory 
mechanism in the setting of primary metabolic acidosis.

Cause
An increase in alveolar ventilation relative to CO2 production 
gives rise to respiratory alkalosis. Because changes in CO2

production are negligible, almost all cases of hypocapnia re-
sult from increased CO2 elimination, which is the equivalent 
of increased alveolar hyperventilation.

In the majority of cases, primary hypocapnia refl ects pul-
monary hyperventilation due to increased ventilatory drive. 
The latter might result from signals arising from the lung, the 
peripheral chemoreceptors (carotid and aortic), the brainstem 
chemoreceptors, or infl uences originating in other centers of 
the brain. The response to CO2 of the brainstem chemorecep-
tors can be augmented by systemic diseases (e.g., sepsis, liver 
disease), pharmacological agents, anxiety, volition, and other 
infl uences. Hypoxemia is a major stimulus to pulmonary ven-
tilation, but Pao2 values less than 60 mm Hg are required to 
elicit this effect consistently.

Primary hypocapnia is probably the most frequent 
acid-base disturbance encountered. In critically ill patients, its 
presence might be a grave prognostic sign, especially if Pco2

levels are less than 20 to 25 mm Hg.15 Furthermore, respira-
tory alkalosis is the most common acid-base abnormality in 
patients hospitalized in intensive care units, occurring either 
as the simple disorder or as a component of mixed distur-
bances.

Hepatic failure is a common and important cause of pri-
mary hypocapnia.16 The severity of hypocapnia correlates 
with the level of blood ammonia and has prognostic signifi -
cance. Systemic infections arising from gram-positive and 
gram-negative bacteria are also a major cause of respiratory 
alkalosis. Direct stimulation of central chemoreceptors by 
bacterial toxins from gram-negative organisms accounts, at 
least in part, for the hyperventilation observed in some pa-
tients with sepsis. Thus, unexplained respiratory alkalosis in a 
hospitalized patient calls for evaluation for the presence of 
gram-negative sepsis. The presence of respiratory alkalosis can 
be an important clue to the presence of salicylate intoxication. 
High progesterone levels (pregnancy) can also cause respira-
tory alkalosis.

Clinical Manifestation of Respiratory 
Alkalosis
Although there is overlap in the clinical manifestations of 
metabolic and respiratory alkalosis, this section discusses 
those features specifi c to respiratory alkalosis. Mild respira-
tory alkalosis causes lightheadedness, palpitations, and pares-
thesias of the extremities and the circumoral area.17 Acute 
hypocapnia decreases cerebral blood fl ow and produces de-
creased acidity in all body fl uids as well as hypocalcemia, hy-
pokalemia, and a pH-induced shift of oxyhemoglobin disso-
ciation curve; all these alterations have been implicated as 
determinants of the clinical manifestations of this acid-base 
disorder.18,19 The acute hypocapnia-induced reduction in ce-
rebral blood fl ow might reach values less than 50% of normal, 
resulting in an increased lactate output by the brain due to 
cerebral hypoxia. A decrease in intracranial pressure, which is 
generally not harmful, and electroencephalographic changes 
consisting of generalized slowing and high-voltage waves are 
also present in acute respiratory alkalosis. The effects of acute 
hypocapnia on the cerebral circulation have been used in the 
treatment of brain edema resulting from neurosurgical proce-
dures, head trauma, meningitis, and encephalitis. Unfortu-
nately, the hypocapnia-induced reduction in intracranial 
pressure is short lasting, and blood fl ow returns to normal in 
sustained hypocapnia.

Hypocapnia leads to alkalemia, which causes binding of 
free calcium to albumin in the blood. Thus, patients with 
acute respiratory alkalosis might present clinically in a similar 
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way as patients with hypocalcemia. Chvostek’s and Trousseau’s 
signs are well-known clinical tests that can be occasionally 
elicited in patients with acute respiratory alkalosis.

The cardiovascular manifestations of respiratory alkalosis 
might be also very prominent. A major reduction in cardiac 
output accompanied by arteriolar vasoconstriction, tissue 
hypoperfusion, and a large increment in plasma lactate is fre-
quently attributed to severe acute hypocapnia. This syndrome 
is typically observed in surgical patients under general anes-
thesia or those having depression of the central nervous sys-
tem and receiving mechanical respiratory assistance; in all 
likelihood, it refl ects the effects of passive hyperventilation. 
Normal volunteers with active hyperventilation do not de-
velop clinical manifestations of coronary insuffi ciency or car-
diac arrhythmias. Patients with ischemic heart disease might 
occasionally develop cardiac arrhythmias, ischemic electro-
cardiographic changes, and even angina pectoris during acute 
hypocapnia. None of the previously described hemodynamic 
effects seems to be present in uncomplicated chronic hypo-
capnia.

Treatment
Primary respiratory alkalosis is treated by correcting the under-
lying cause (Box 32-2). A patient with anxiety-hyperventilation 
syndrome should be treated by providing reassurance. Rebreath-
ing into a paper bag or any other closed system will cause the 
Pco2 to increase with each breath taken and lead to a partial cor-
rection of hypocapnia and improvement of symptoms. In the 
rare case in which there is no response to conservative manage-
ment, sedatives can be used.

In mechanically ventilated patients the Pco2 can be in-
creased by either increasing the inspired CO2 tension or by 
increasing the dead space of the ventilator circuit. Correction 
of respiratory alkalosis may prove helpful in correcting ar-
rhythmias in patients with underlying coronary disease. By 
contrast, one needs to be cautious in increasing the Pco2 in 
patients with brain injury because cerebral perfusion may in-
crease and cause further worsening of intracranial pressure.

Respiratory alkalosis frequently develops as a complication 
of hypoxia. Administration of oxygen or return to lower alti-
tudes can reverse the respiratory alkalosis that develops in this 
setting.

 I. Treatment begins with correcting underlying cause
 II. Hypoxemia

A. Supplemental oxygen
B. Return to lower altitude

III. Mechanical ventilation
A. Increase dead space in ventilatory circuit
B. Sedation and/or use of paralytic agent

IV. Psychogenic hyperventilation
A. Rebreathe into closed system (paper bag)
B. Antianxiety medications where indicated

 V. Salicylate toxicity
A. Urinary alkalinization
B. Hemodialysis with severe clinical toxicity or level 

�80 mg/dL

Box 32-2 Treatment of Respiratory Alkalosis

Aspirin (acetylsalicylic acid) has a direct stimulatory effect 
on the respiratory center. In the overdose setting, increased 
ventilation decreases the Pco2 and results in respiratory alka-
losis. In addition to conservative management, the initial goal 
of therapy is to correct systemic acidemia and to alkalinize the 
urine pH. By increasing systemic pH, the ionized fraction of 
salicylic acid will increase, and, as a result, there will be less 
accumulation of the drug in the central nervous system. Simi-
larly, an alkaline urine pH will favor increased urinary excre-
tion because the ionized fraction of the drug is poorly reab-
sorbed by the tubule. At serum concentrations of more than 
80 mg/dL or in the setting of severe clinical toxicity, hemodi-
alysis can be used to accelerate the removal of the drug from 
the body.
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“Flooding of the heart” was described by the ancient 
Egyptians, and cures were often heroic.1 The term diuretic 
is derived from the Greek diouretikos (“promoting urine”), 
and diuretics have been employed for hundreds of years. 
Paracelsus recognized the diuretic properties of mercury.1

The modern era of diuretics began with the synthesis of 
thiazides and loop diuretics, which were developed empiri-
cally. Although few new diuretics have become available 
during the past 10 years, our understanding of diuretic-
sensitive transport pathways has exploded, and progress in 
rational therapeutic approaches to edematous conditions 
has continued. This chapter reviews uses of diuretic drugs 
to treat edematous conditions. Where data from controlled 
trials support particular approaches or where consensus 
recommendations on therapy are available, they are empha-
sized. Otherwise, the authors provide their personal recom-
mendation. The reader is referred elsewhere for a discussion 
of diuretic treatment of hypertension and nonedematous 
disorders (Chapters 29, 30, 35, and 51).

SITES, MECHANISMS OF ACTION, 
AND RECOMMENDED DIURETIC DOSES

The sites and mechanisms of action of the most commonly 
used diuretics are shown in Figure 33-1. Recommended doses 
are summarized in Table 33-1. The subject has been re-
viewed.2,3

Most diuretic drugs in clinical use act primarily on the renal 
tubules to inhibit Na� reabsorption and increase fractional 
Na� excretion. Active NaCl reabsorption is driven by the Na�/
K�-ATPase pump, which is expressed at the basolateral mem-
brane (the blood side) of epithelial cells along the nephron, 
keeping the intracellular Na� concentration low. Each nephron 
segment possesses unique apical mechanisms that permit Na�

to move across the luminal membrane; these specifi c transport 
pathways at the luminal membrane form the molecular bases 
of most diuretic action. Together, active Na� extrusion from 
the basolateral membrane and passive Na� entry across the 
luminal membrane permit vectoral Na� absorption.4

Chapter 33

Diuretic Use in Edema and the Problem 
of Resistance
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cell and within the brush border. The net result is impaired 
Na�, HCO3

�, Cl�, and water reabsorption by the proximal 
tubule and increased renal Na�, Cl�, HCO3

�, and water excre-
tion (for more details, see Ellison and Wilcox2). The use of 
carbonic anhydrase inhibitors is limited by the development of 
tolerance and unwanted adverse effects.2,7–12

Loop Diuretics
Approximately 25% of the fi ltered NaCl is reabsorbed along 
Henle’s loop. An electroneutral Na�/K�/2Cl� transport path-
way generates net NaCl reabsorption because much of the 
absorbed K� is recycled via a luminal K� channel. Loop di-
uretics such as furosemide, bumetanide, and torsemide inhibit 
the Na�/K�/2Cl� pathway directly (see Fig. 33-1).2,13,14 Loop 
diuretics are potent (high-ceiling) drugs that promote the ex-
cretion of Na� and Cl�. Although they inhibit K� reabsorp-
tion along the thick ascending limb, their effects on K� excre-
tion refl ect predominantly an increase in K� secretion along 
the distal nephron. Loop diuretics increase Mg2� and Ca2�

excretion.15–17 Loop diuretics also impair the ability of the 
kidney to concentrate and dilute urine and have important 
hemodynamic effects, both within the kidney and systemi-
cally. They increase secretion of vasodilatory prostaglandins18

and, when administered intravenously, often decrease cardiac 
preload owing to venodilation. Loop diuretics block the tubu-
loglomerular feedback mechanism.19 In normal subjects, they 
increase renal blood fl ow but have little effect on glomerular 
fi ltration rate (GFR).20

Distal Convoluted Tubule Diuretics
Distal convoluted tubule (DCT) diuretics (thiazides and thia-
zide-like drugs) bind to the Na�/Cl� transporter expressed at 
the apical membrane of cells along the distal tubule (see Fig. 
33-1).21 DCT diuretics impair urinary diluting capacity, but 
have no effect on urinary concentrating ability. Most DCT 
diuretics become less effective when the GFR decreases to less 
than 30 to 40 mL/min. DCT diuretics increase Mg2� excretion 
but, in contrast to loop diuretics, decrease Ca2� excretion.22

Potassium-Sparing Distal Diuretics
Sodium reabsorption along the aldosterone-sensitive distal 
nephron (ASDN) (comprising the late DCT, the connecting 
tubule, and the cortical collecting duct), which amounts to 
only 3% to 5% of the fi ltered NaCl load, is primarily electro-
genic (current generating), unlike transport along more prox-
imal segments. Two groups of diuretics act predominantly in 
the ASDN. Sodium channel blockers (see Fig. 33-1), such as 
triamterene and amiloride,3,23 act from the lumen to inhibit 
Na� movement through Na� channels in cells of the ASDN. 
Because these drugs impair Na� movement along the ASDN, 
the lumen-negative transepithelial voltage decreases, thereby 
inhibiting K� secretion. This accounts for their potassium-
sparing action. The second class is represented by spironolac-
tone and eplerenone, competitive antagonists of mineralocor-
ticosteroid receptors. Aldosterone stimulates Na� reabsorption 
and K� secretion along the ASDN and increases the lumen-
negative transepithelial voltage. By inhibiting the action of 
aldosterone, these drugs cause mild natriuresis and K� reten-
tion. Spironolactone has troubling estrogenic side effects.24
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Figure 33-1 Principal cellular sites and mechanisms of 
action of the most commonly used classes of diuretics. Aml, 
amiloride; ANP, atrial natriuretic peptide; CCD, cortical 
collecting duct; DCT, distal convoluted tubule; DCTD, distal 
convoluted tubule diuretics; LD, loop diuretics; MCT, medul-
lary collecting tubule; Spiro, spironolactone; TAL, thick 
ascending limb.

Proximal Tubule Diuretics
An important pathway by which Na� crosses the luminal 
membrane of proximal tubule cells involves electroneutral ex-
change of Na� for H�. Protons then titrate fi ltered bicarbonate, 
forming carbonic acid, which dehydrates to CO2 and H2O, a 
reaction catalyzed by carbonic anhydrase.5,6 Carbonic anhy-
drase inhibitors interfere with enzyme activity both inside the 
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Table 33-1 Commonly Prescribed Classes of Diuretic and Recommended Dose Range

Class of Diuretic Available Dose Sizes
Daily Dose Range (Starting Dose to Maximum 
Recommended* Dose)

Carbonic Anhydrase Inhibitors

Acetazolamine 125, 250, 500 mg 125–375 mg

Loop Diuretics

Furosemide 20, 40, 500 mg; 1 mg/mL (pediatric); 
10 mg/mL (injection)

20–500 mg

Bumetanide 1, 5; 1 mg/5 mL (liquid); 0.5 mg/mL 
(injection)

0.5–10 mg

Torsemide 5, 10, 20, 100 mg; 5 mg/mL (injection) 5–200 mg

Ethacrynic acid 50 mg; 50 mg (powder for injection) 25–400 mg

Distal Convoluted Tubule Diuretics

Bendrofl uazide 2.5, 5 mg 2.5–10 mg

Chlorothiazide 250, 500 mg 250–2000 mg

Cyclopenthiazide 25, 50 mg 25–100 mg

Hydrochlorothiazide 12.5, 25, 50 mg 12.5–200 mg

Hydrofl umethiazide 50 mg 25–200 mg

Indapamide 1.25, 2.5 mg 1.25–5 mg

Methychlorthiazide 2.5, 5 mg 2.5–10 mg

Polythiazide 1, 2, 4 mg 0.5–4 mg

Chlorthalidone 15, 25, 50, 100 mg 15–200 mg

Mefruside 25 mg 12.5–100 mg

Metolazone 2.5, 5, 10 mg 2.5–10 mg (up to 150 mg has been used in 
renal failure)

Distal Potassium-Sparing Diuretics
Na� Channel Blockers

Amiloride 5 mg 5–20 mg

Triamterene 50, 100 mg 50–250 mg

Mineralocorticoid Antagonists

Spironolactone 25, 50, 100 mg 50–400 mg

Eplerenone 25, 50, 100 mg 50–200 mg

Aquaretics

Conivaptan (IV) 20-mg load, then 20–40 mg/day 20 mg/4 mL

Natriuretic Peptides

Nesiritide (IV) 1.5 mg powder 2 �g/kg bolus, then 0.01–0.03 �g/kg/min

Osmotic Diuretics

Mannitol (IV) 5, 10, 15, 20, 25% 25–200 g

*The maximum safe dose of most diuretics is rarely indicated or advantageous.
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Eplerenone is a more selective aldosterone antagonist without 
these adverse effects.25

Natriuretic Peptides
Atrial natriuretic peptide (ANP) and B-type natriuretic pep-
tide act at many sites in the kidney and elsewhere to decrease 
left atrial pressure and blood pressure and increase renal salt 
excretion. As shown in Figure 33-1, a major site of ANP action 
in the kidney is along the medullary collecting tubule. Natri-
uretic peptides are metabolized by endopeptidases. Drugs that 
inhibit neutral endopeptidase increase plasma ANP concen-
trations. In hypertensive patients, this decreases blood pres-
sure, increases the GFR and renal Na� excretion, and decreases 
the plasma renin activity.26 Nesiritide is a recombinant B-type 
natriuretic peptide that is approved for use in patients with 
decompensated heart failure.27

Osmotic Diuretics
Osmotic diuretics, such as mannitol, do not interfere directly 
with specifi c transport proteins but rather act as osmotic par-
ticles in tubule fl uid. This inhibits both fl uid and NaCl reab-
sorption (for more details, please see Ellison and Wilcox,2

Better and colleagues,28 and Warren and Blantz29). Thus, these 
drugs increase the excretion not only of fl uid but also of Na�,
K�, Cl�, bicarbonate, and other solutes. The urinary osmolal-
ity during osmotic diuresis approaches that of plasma, regard-
less of the state of hydration. Osmotic diuretics increase renal 
blood fl ow and wash out the medullary solute gradient, effects 
that contribute to the diuretic-induced impairment in urinary 
concentrating capacity.

Aquaretics
Arginine vasopressin receptor antagonists (aquaretics) are 
new therapeutic agents to treat euvolemic and hypervolemic 
hyponatremia. Unlike the other diuretics discussed previously, 
these drugs enhance the excretion of electrolyte-free water by 
blocking arginine vasopressin binding to vasopressin recep-
tors. In the kidney, vasopressin type 2 receptors (V2 receptors) 
at the basolateral membrane of collecting duct cells transduce 
an increase in apical water permeability, thereby increasing 
water reabsorption; conversely, blocking this receptor in-
creases water excretion when vasopressin is present. Conivap-
tan is the fi rst aquaretic approved for clinical use in the United 
States. It is a combined V2 and V1a antagonist that is available 
only as an intravenous preparation. In a controlled trial of 
patients with euvolemic and hypervolemic hyponatremia, it 
caused a dose-dependent increase in serum sodium concen-
tration (SNa),30 whereas in patients with heart failure, it in-
creased urine volume and decreased the pulmonary capillary 
wedge pressure.31 It is currently approved to treat both eu-
volemic and hypervolemic hyponatremia, but its route of ad-
ministration means that its use is restricted to hospitalized 
patients. Although its nonselective properties make hypoten-
sion a potential side effect, owing to the blockade of vascular 
V1 receptors, this has not been prominent in clinical studies 
to date.

Orally active vasopressin receptor antagonists cause free 
water diuresis without appreciable natriuresis in water-
deprived human subjects.32 They increase urine volume, free 

water clearance, and SNa in hyponatremic patients with syn-
drome of inappropriate secretion of antidiuretic hormone 
(SIADH).33 One such agent, lixivaptan, is an oral vasopressin 
receptor antagonist that is selective for aquaretic (V2) receptors 
and increases SNa in patients with syndrome of inappropriate 
secretion of antidiuretic hormone, congestive heart failure 
(CHF), or cirrhosis.34 Tolvaptan is another agent that has been 
subjected to controlled trials. When given to patients with 
heart failure, it increases the urine volume, decreases the body 
weight, and decreases edema at 7 days35 and maintains the SNa

within the normal range for as long as 25 days.36 In the second 
study of hospitalized patients with an ejection fraction less 
than 40%, it decreased the body weight on the fi rst day. Al-
though it did not modify CHF outcomes at 2 months, it cor-
rected hyponatremia and appeared benefi cial in subgroups of 
patients with azotemia or those with clinical signs of conges-
tion at baseline. A recent study in patients with New York Heart 
Association class II to III CHF has shown that 30 mg tolvaptan 
produces a diuresis similar to that with 80 mg furosemide, but, 
unlike furosemide, does not increase renal Na� and K� excre-
tion and does not decrease renal blood fl ow.37 A recent large 
controlled international trial of tolvaptan in hospitalized pa-
tients with worsening heart failure failed to detect a decrease in 
long-term mortality or heart failure–related mortality over 
9 months.38 A third oral V2 receptor antagonist, satavaptan, 
was effective in controlling SNa for as long as 12 months in 
an open-label study.39 Thus, arginine vasopressin antagonists 
appear to be an effective means to treat acute or chronic condi-
tions associated with dilutional hyponatremia.

New Agents
Aminophylline is an adenosine receptor antagonist that inhib-
its NaCl reabsorption in the proximal tubule and diluting 
segments and causes a modest increase in GFR.40 Highly selec-
tive adenosine type 1 receptor antagonists are natriuretic41

and antihypertensive, and potentiate furosemide-induced na-
triuresis in normal humans42 and in patients with diuretic-
resistant CHF. Adenosine type 1 receptor antagonists disrupt 
glomerulotubular balance and tubuloglomerular feeedback, 
thereby decreasing proximal reabsorption and maintaining 
the GFR.41

PHARMACOKINETICS

Most diuretics in clinical use have their predominant site of 
action on the luminal membrane of the nephron. Therefore, 
to be effective, they must be absorbed across the gastrointesti-
nal tract, reach the systemic circulation in active form, and be 
concentrated in tubular fl uid; the fi nal process usually re-
quires secretion across the proximal tubule.43

Most diuretics are well absorbed. The bioavailability of furo-
semide is 50% to 69%,2 whereas the bioavailability of bu-
metanide and torsemide is approximately 90% (Table 33-2). 
Loop diuretics circulate bound to albumin (95%–99%). There-
fore, loop diuretics do not enter kidney tubules by glomerular 
fi ltration and instead undergo secretion along the proximal tu-
bule. Carbonic anhydrase inhibitors, loop diuretics, and thia-
zides are weak organic anions (OA�) that are taken up across 
the basolateral membrane of the proximal tubule by an organic 
anion transporter (OAT) (Fig. 33-2).44 Four OAT genes are 
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role in diuretic secretion by the proximal tubule.44 OA transport 
across the basolateral cell membrane is a tertiary active system 
in which OAs are exchanged for intracellular �-ketoglutarate. 
The intracellular levels of �-ketoglutarate are kept high by a 
parallel cotransporter of Na�/�-ketoglutarate. This uses the fa-
vorable electrochemical gradient for Na� created by the opera-
tion of the basolateral Na�/K�-ATPase and a negative mem-
brane potential created by a basolateral K� conductase.

The luminal brush border secretory pathway for OA� and 
diuretics is less well defi ned. Two mechanisms have been iden-
tifi ed. One is a voltage-driven OAT� that derives energy from 
the negative membrane potential.47 This process can transport 
loop diuretics and thiazides in addition to p-aminohippurate 
and urate.47 There is also an OA:urate/hydroxyl anion coun-
tertransport mechanism that could provide an exit route for 
diuretics from the proximal tubule cells.44

Several factors alter secretion of loop diuretics, thereby 
affecting their actions. Other OAs can compete with diuret-
ics for transport by OAT. These include �-lactam and sulfon-
amide antibiotics, nonsteroidal anti-infl ammatory drugs,48

antiviral agents such as adefovir, p-aminohippurate, metho-
trexate, uric acid, and a number of endogenous organic an-
ions.49 In contrast, uptake of loop diuretics into the proximal 
tubule cells is stimulated by alkalosis50 and by albumin 
across the range found in plasma.51,52 Therefore, chronic 
kidney disease impairs loop diuretic secretion because of the 

Table 33-2 Pharmacokinetics of Diuretic Drugs

ELIMINATION HALF-LIFE (HR)

Diuretic Oral Bioavailability (%) Normal CKD Cirrhosis Heart Failure

Loop Diuretics

Furosemide 50 1.5–2 2.8 2.5 2.7

Bumetanide 90 1 1.6 2.3 1.3

Torsemide 90 3–4 4–5 8 6

DCT Diuretics

Chlorthiazide 40 1.5 ND ND ND

Chlorthalidone 64 24–55 ND ND ND

Hydrochlorothiazide 70 2.5 ↑ ND ND

Hydrofl umethiazide 73 6–25 ND ND 6–28

Indapamide 93 15–25 ND ND ND

Polythiazide ND 26 ND ND ND

Trichlormethiazide ND 1–4 5–10 ND ND

Potassium-Sparing Distal Diuretics

Amiloride CD 17–26 100 NC ND

Triamterene �80 2–5 Prolonged NC ND

Spironolactone CD 1.5 NC NC ND

Active metabolites* �15 ND ND ND

*Values for the active metabolite of spironolactone.
CD, confl icting data; CKD, chronic kidney disease; DCT, distal convoluted tubule; NC, no change; ND, not determined.
Data adapted from Brater DC: Diuretic therapy. N Engl J Med 1998;339:387–395.
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Figure 33-2 Cell model for secretion of organic anions 
(OA�) by proximal tubule cells. For description, see text. 
Carbonic anhydrase, loop, and thiazide diuretics can all be 
transported by the organic anion transporter (OAT) in ex-
change for �-ketoglutarate (�-KG). Em, membrane potential.

expressed in the kidney.44 OAT-1 and OAT-3 have been shown 
to have high affi nity for loop, thiazide, and carbonic anhydrase 
diuretics45,46; genetic disruption of OAT-1 leads to furosemide 
resistance in mice, indicating that OAT-1 plays an important 
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393 Diuretic Use in Edema and the Problem of Resistance

accumulation of OAs and urate, the development of acidosis, 
and often a decrease in serum albumin concentration.53

Approximately one half of an intravenous dose of furose-
mide is eliminated unchanged by the kidney, whereas one half 
is eliminated as the inactive glucuronide. In contrast, bu-
metanide and torsemide are not subjected to major gluc-
uronidation, but instead are metabolized by a cytochrome 
P-450 process in the liver to inactive metabolites.43,54 Thiazide 
diuretics are mostly excreted in active form. As noted, proxi-
mal tubule cells possess mechanisms to bioinactivate furose-
mide specifi cally.55–57 Studies in experimental animals have 
shown that, after peritubular uptake into the early segment of 
the proximal tubule, furosemide is metabolized by uridine 
diphosphate-glucuronyl transferase to the inactive glucuro-
nide, which is secreted into the proximal lumen.58 In experi-
mental animals, this uptake process is inhibited by serum al-
bumin,53 in contrast to the stimulation by albumin of the 
uptake process that transports active furosemide into the tu-
bular lumen. Therefore, a decrease in serum albumin concen-
tration may decrease the secretion of active furosemide and 
increase the renal uptake and metabolism to the inactive gluc-
uronide. These studies in animals have yet to be confi rmed by 
clinical investigation.

The relationship between the log of the plasma or urinary 
loop diuretic concentration and the fractional sodium excretion 
is normally sigmoidal (Fig. 33-3). This is analogous to a dose-
response curve. Inhibition of proximal secretion with proben-
ecid decreases diuretic secretion into the urine and natriuresis, 
but does not perturb the relationship between natriuresis and 
diuretic excretion. This is consistent with the effect of proben-
ecid to inhibit diuretic secretion rather than blocking the di-
uretic action on the nephron.49 A similar interaction occurs 
with indomethacin,48 although the main effect of nonsteroidal 
anti-infl ammatory drugs is to decrease the responsiveness of 

the tubule to furosemide.48 This is predominantly the result of 
decreased generation of prostaglandin E2 because the natri-
uretic response to furosemide can be restored in indomethacin-
treated rats by microperfusion of prostaglandin E2 into the 
nephron.59 A reduced dietary salt intake and repeated adminis-
tration of furosemide during salt restriction cause a shift in the 
natriuresis-drug concentration curve to the right and thereby 
diminish the natriuretic responsiveness to a unit delivery of 
diuretic to the tubule lumen.60

There are some pharmacokinetic differences between loop 
diuretics. Bumetanide is more extensively metabolized than 
furosemide, which accounts for its shorter half-life.43 Torse-
mide is less extensively metabolized and more bioavailable 
than other loop diuretics and has a rather longer half-life.54,61–63

The more lipid-soluble drugs (e.g., bendrofl umethiazide and 
polythiazide) are more potent, have a more prolonged action, 
and are more extensively metabolized.64 DCT diuretics are 
handled at the kidney similarly to loop diuretics.64

Of the distal potassium-sparing agents, triamterene is well 
absorbed. It is rapidly hydroxylated to metabolites that retain 
some diuretic activity.65,66 The drug and its metabolite are 
excreted by the kidney, with a half-life of approximately 3 to 
5 hours, which is delayed in renal failure.67 Amiloride is in-
completely absorbed. It is secreted in active form into tubular 
fl uid.68 It has a longer duration of action, approximately 
18 hours. Spironolactone is an aldosterone antagonist. It is 
metabolized to active compounds (canrenones).69,70 It is 
readily absorbed and bound to plasma proteins. Although 
spironolactone itself has a relatively short half-life, the half-
life of pharmacologically active metabolites is approximately 
20 hours, meaning that effects of spironolactone on serum 
potassium can persist for several days after discontinuation. 
Spironolactone takes as long as 48 hours to become fully 
effective.
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Figure 33-3 Dose-response curve for loop diuretics. A, The fractional Na� excretion (FENa) as a function of plasma loop 
diuretic concentration. Compared with normal subjects, patients with chronic kidney disease (CKD) show a rightward shift in 
the curve owing to impaired diuretic secretion. The maximal response is preserved when expressed as FENa (but not when ex-
pressed as absolute Na� excretion). Patients with congestive heart failure (CHF) demonstrate a rightward and downward 
shift, even when expressed as FENa, and thus are relatively diuretic resistant. B, Comparison of the response to intravenous 
and oral doses of loop diuretics. In a normal individual (Normal), an oral dose may be as effective as an intravenous dose 
because the time above the natriuretic threshold (indicated by the Normal threshold line) is approximately equal. If the natri-
uretic threshold increases (as indicated by the Heart Failure threshold line), then the oral dose may not provide a high enough
serum level to elicit natriuresis.
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Nesiritide (B-type natriuretic peptide) is approved only 
for intravenous use. It exhibits biphasic disposition from the 
plasma. The mean terminal half-life is approximately 18 min-
utes. The mean initial half-life is approximately 2 minutes.

CLINICAL USE OF DIURETICS

A general approach to diuretic treatment of edema and di-
uretic resistance is presented in Figure 33-4. Use of diuretics 
to treat specifi c disorders is discussed in the following.

Acute Renal Failure

Acute renal failure is frequently associated with a decrease 
in urine output. Obstruction of kidney tubules by casts and 
sloughed cells can contribute to renal dysfunction. Patients 
who develop oliguria in the setting of acute renal failure 
have mortality rates that are higher than those in whom 
oliguria does not develop. For all these reasons, diuretic 
drugs have been used commonly in attempts to prevent or 
treat acute renal failure71 (see also Chapter 3). However, a 
review of 11 randomized trials found no benefi t of loop 
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Figure 33-4 Algorithm for 
treating patients with ascites. 
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in part on recommendations 
of Runyon.136
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diuretics or mannitol for the prevention or treatment of 
acute renal failure.71

Prevention

Several studies have examined the ability of diuretics, in-
cluding mannitol, to prevent renal failure in high-risk situa-
tions. Mannitol decreases the risk of acute renal failure after 
renal transplantation.72 Mannitol is also commonly used as 
prophylaxis for patients undergoing vascular surgery, al-
though data in support of its effi cacy are mixed.73 Mannitol 
may also be effective as part of a regimen of forced alkaline 
diuresis in the setting of crush injuries and rhabdomyoly-
sis,74 although controlled studies are not available. In a sub-
set of patients with diabetic kidney disease, mannitol was 
found to decrease the likelihood of acute renal failure after 
cardiac catheterization, but the number of patients studied 
was small.75 Conversely, in several situations, mannitol pro-
vides no prophylactic benefi t. In a well-controlled study of 
radiocontrast-induced acute renal failure, both mannitol 
and furosemide were inferior to 0.45% NaCl as prophy-
laxis.76 Furthermore, mannitol itself may induce acute renal 
failure.77 In reviewing data concerning mannitol and acute 
renal failure, Conger73 concluded that mannitol has an es-
tablished role only in preventing primary transplant dys-
function. Most clinicians would also use mannitol (initial 
dose of 12.5 g followed by 50–100 g/24–48 hr) to prevent 
myoglobinuric acute renal failure.

Furosemide does not appear to have a role in prophylaxis 
for radiocontrast-induced acute renal failure.76 Lassnigg and 
colleagues78 reported that neither dopamine nor furosemide 
was superior to saline to prevent renal failure after cardiac 
surgery. Thus, loop diuretics are not indicated for prophylaxis 
for acute renal failure.

Treatment

High doses of loop diuretics (2–15 mg/kg) can increase urine 
output in some patients with oliguric acute renal failure.79,80

This may be a useful effect because increasing water and elec-
trolyte excretion makes controlling extracellular fl uid (ECF) 
volume easier. Although initial reports showed that patients 
whose urine output increases after diuretic administration have 
lower mortality than those whose output does not increase, 
the effect is not causal. Shilliday and colleagues81 randomized 
92 patients with acute renal failure to either loop diuretics or 
placebo. All patients received dopamine and mannitol. The re-
sults showed that loop diuretics signifi cantly increased urine 
output, but did not affect the requirement for dialysis or the 
time until renal recovery. These data suggest that a positive re-
sponse to diuretics identifi es a less severely affected subgroup of 
patients. A cohort study of patients in intensive care units with 
acute renal failure showed a positive association between di-
uretic use and mortality, raising the possibility that these drugs 
may have adverse effects in this clinical setting.82 A subsequent 
randomized, controlled study of dialysis-dependent patients 
with acute renal failure did not show a signifi cant effect of di-
uretics on mortality.83 These confl icting results and the con-
tinuing use of diuretics in this clinical setting have led to calls 
for larger multicenter randomized trials.84

High-dose loop diuretic infusion in the setting of acute 
renal failure is not necessarily benign. In one study, deafness 
occurred in 3.4% of patients treated with high doses of furo-
semide (3 g/day in addition to an initial bolus).85 Renal failure 

impairs metabolic clearance of loop diuretics, especially furo-
semide. Thus, renal failure is a risk factor for loop diuretic–
induced ototoxicity.

To summarize, several studies indicate that loop diuretics 
can increase urine output in the setting of oliguric acute renal 
failure. Continuous infusion may be especially effective in this 
regard. Despite increasing urine output, there is no evidence 
that loop diuretics (or mannitol) improve prognosis, lessen 
the need for dialysis, or speed recovery from acute renal fail-
ure. Some investigators recommend a trial of loop diuretics 
for patients with oliguric acute renal failure to attempt to in-
crease urine output. If diuresis does not ensue or if excessive 
doses are required, diuretic treatment should be stopped. One 
protocol is to give 40 mg furosemide, 1 mg bumetanide, or 
25 mg torsemide IV and to double the dose every hour if there 
is no response to a total daily dose of 1 g furosemide or 
equivalent.71 Bumetanide or torsemide are hepatically me-
tabolized and therefore may be preferred to furosemide, 
which is metabolized by the kidney and accumulates to a 
greater degree in patients with renal insuffi ciency.

In experimental animals, ANP speeds recovery from a renal 
insult.86 Unfortunately, this effect was not replicated in a trial 
of acute renal failure in humans,87 although a subgroup analy-
sis suggested a benefi cial effect in oliguric patients. At this 
time, ANP cannot be recommended to treat patients with 
acute renal failure.

Chronic Renal Insuffi ciency
This has been reviewed recently.88,89 Sodium and water reten-
tion occurs very commonly in the setting of chronic kidney 
disease. Dietary NaCl restriction is important to control hy-
pertension and edema, but diuretic therapy is often necessary. 
Loop diuretics are preferred because DCT diuretics alone are 
usually ineffective when the GFR is less than 30 mL/min and 
distal potassium-sparing diuretics can cause serious hyperka-
lemia and acidosis in patients with renal insuffi ciency.

The ability of loop diuretics to increase fractional Na�

excretion (FENa) is preserved as the GFR decreases (see Fig. 
33-3).62,90,91 This indicates that the absolute increase in renal Na�

excretion elicited by a ceiling dose of loop diuretic decreases in 
proportion to the decrease in the GFR. In addition, the dose of 
drug required to achieve a given increment in NaCl excretion in 
chronic kidney disease increases because accumulated organic 
acids compete with diuretics for proximal tubule secretion, as 
shown in Figure 33-3. When the GFR is 15 mL/min, only one 
fi fth to one tenth as much loop diuretic is secreted as in a normal 
individual.62

Patients with chronic renal insuffi ciency, however, usually 
do remain responsive to loop diuretics, even when the GFR is 
as low as 10 to 15 mL/min, providing they are prescribed at a 
higher dose. DCT diuretics, conversely, are relatively ineffec-
tive for patients whose GFRs are less than 30 mL/min when 
they are administered by themselves. However, these drugs 
remain effective in renal failure when added to a regimen that 
includes a loop diuretic, as discussed later,91 but at the cost of 
a sharp further increase in the serum creatinine and blood 
urea nitrogen concentrations and a high incidence of hypoka-
lemia and electrolyte disorders.92 For refractory patients, a 
loop diuretic infusion (e.g., bumetanide, 1 mg/hr for 12 
hours) produces a greater natriuresis and less myalgia than 
two bolus injections.93
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Nephrotic Syndrome

Nephrotic syndrome is a combination of proteinuria of 
3.5 g/24 hr or more, hypoalbuminemia, and edema. Hypoalbu-
minemia may contribute to edema by reducing plasma oncotic 
pressure and permitting a shift of fl uid out of the capillaries and 
into the interstitium. In this case, one would anticipate that the 
plasma volume would be lower than normal.94 Although this 
mechanism may be of central importance for patients with 
minimal change nephropathy or severe hypoalbuminemia,95

many nephrotic patients do not show evidence of plasma vol-
ume depletion. This has led to an alternative “overfl ow hypoth-
esis,” which posits that primary renal salt retention underlies the 
edema of nephrotic syndrome.96,97 Evidence in support of this 
hypothesis includes observations that the sympathetic nervous 
system and the renin-angiotensin-aldosterone axis are often not 
strongly stimulated in nephrotic patients, as would be expected 
if they had a decreased blood volume,98,99 that many such pa-
tients are hypertensive, and that natriuresis during treatment 
often begins before plasma oncotic pressure increases. Yet, pri-
mary renal salt retention alone causes hypertension but not 
edema because escape occurs.100 Thus, it seems likely that fl uid 
shift out of the vascular tree is a necessary component of ne-
phrotic edema.94 In many patients, and especially in diabetic 
nephrosis, primary renal salt retention plays an important role.

Regardless of the mechanism, diuretics are important for 
treating nephrotic edema. As with other causes of edema, di-
etary salt restriction plays a central role in treatment. Because 
most nephrotic patients are signifi cantly diuretic resistant,62

DCT diuretics are generally not used as fi rst-line agents. Loop 
diuretics, such as furosemide 40 to 60 mg/day, can be admin-
istered orally and increased to a maximum of 240 mg/day as 
single or divided doses.

Intravenous albumin has been used to treat nephrotic 
edema for more than 50 years. Early work showed that some 
nephrotic patients achieve natriuresis with albumin alone, 
presumably because plasma volume increases.101 After loop 
diuretics were introduced into clinical practice, albumin was 
no longer used by itself because diuretic drugs were found to 
be more effective. Nevertheless, despite concerns about effi -
cacy, safety, and expense, the combination of albumin and 
loop diuretics is commonly used to treat nephrotic edema, 
especially in pediatric patients. Controlled studies in adults 
suggest that albumin may potentiate diuresis or natriuresis 
when combined with a loop diuretic, but only modestly.102–104

Studies in children, in whom the diagnosis is often minimal 
change nephropathy, suggest that combined loop diuretics 
and albumin infusion effectively reduce ECF volume.105,106

This effect is transient, unless remission is achieved, and com-
plications are common. Several concepts for rational albumin 
use can be advanced. First, the therapeutic approach should be 
based on a careful assessment of the vascular volume. Many 
adult patients or those with diabetes or focal and segmental 
glomerulosclerosis have ECF volume expansion. In this set-
ting, albumin use should be discouraged.102,106,107 In contrast, 
for patients who appear to be volume depleted, especially pa-
tients with minimal change disease and profound hypoalbu-
minemia, albumin may be indicated. For children, albumin is 
generally administered as a 25% solution (1 g/kg body weight 
for 1–4 hours) together with furosemide 1.5 mg/kg. Such 
treatment has been reported to induce a 0.4-kg weight loss per 
infusion and can be repeated fi ve or more times.105,108

Hypoalbuminemia decreases the binding of furosemide to 
plasma proteins and thereby increases its volume of distribu-
tion.109 Although one study reported that premixing furosemide 
with 6 g albumin in the syringe before intravenous injection 
enhanced the diuresis of patients with the nephrotic syndrome,110

this has not been confi rmed.102,103,111 Indeed, two studies have 
shown that patients with a serum albumin of 2 g/100 dL can 
deliver normal quantities of furosemide into the urine.109,112 Al-
though diuretic resistance in nephrotic patients can result from 
impairments in diuretic delivery into tubular fl uid, patients with 
nephrotic syndrome usually demonstrate normal diuretic clear-
ance,113 suggesting that other mechanisms predominate. Diuret-
ics may bind to albumin in the tubule lumen. Kirchner and 
colleagues114 showed that albumin in tubule fl uid blunts the 
ability of loop diuretics to inhibit Na� and Cl� transport. In 
animal models, inhibiting diuretic binding restores a normal 
response, but a study in human nephrotic syndrome suggests 
that this is not a predominant mechanism. Thus, binding in-
hibitors should not be considered therapeutic options.113

Heart Failure
Heart failure affects 5 million people in the United States. Gen-
eral aspects of heart failure diagnosis and treatment are beyond 
the scope of this chapter (see Consensus Recommendations for 
the Management of Chronic Heart Failure115). The following 
discussion focuses on the role of diuretics in treating heart 
failure. Systolic dysfunction (left ventricular ejection fraction  
�40%) is the best understood form of heart failure. When left 
ventricular function is impaired, cardiac output decreases. This 
leads to a decrease in mean arterial pressure and activation 
of neurohumoral systems, including the renin-angiotensin-
aldosterone axis, which, together with other factors, lead to salt 
and fl uid retention, with resulting symptoms of dyspnea, exer-
cise intolerance, and edema.116

Diuretic drugs have been used to treat CHF for more than 
500 years. It is clear that, except in mild cases, most patients 
with CHF require diuretic treatment to control symptoms of 
fl uid overload. It is not possible to conduct placebo-controlled 
trials to determine whether diuretics reduce mortality. How-
ever, a meta-analysis of trials in CHF concluded that diuretics 
decreased the odds ratio for death to 0.25 and for hospitaliza-
tion to 0.31.117 Results of the recent Antihypertensive and 
Lipid-Lowering Treatment to Prevent Heart Attack Trial in 
hypertensive subjects show that randomization to a thiazide 
diuretic decreases the risk of hospitalization or dying of heart 
failure compared with an angiotensin-converting enzyme in-
hibitor (ACEI) or a calcium channel blocker.118 Early attempts 
to withdraw diuretics and treat CHF ACEIs alone frequently 
led to recrudescence of volume overload.119 However, because 
diuretics have not been shown to affect mortality except in the 
Antihypertensive and Lipid-Lowering Treatment to Prevent 
Heart Attack Trial, they should not be employed as mono-
therapy for patients with systolic dysfunction. Instead, they 
should be used for symptomatic control as supplementary but 
essential agents. They should always be combined with mod-
erate restriction of dietary Na� (approximately 2 g Na�/day).

The goal of diuretic treatment of CHF is to eliminate 
symptoms and signs of fl uid retention.115,120,121 Azotemia or 
symptomatic hypotension should prompt a slowing or tem-
porary cessation of diuretic treatment. Once the patient has 
stabilized, additional attempts to control ECF volume expan-
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sion should be made. The dry weight can be estimated as the 
weight at which symptoms of orthopnea and paroxysmal noc-
turnal dyspnea disappear, the jugular venous pressure returns 
to normal, and edema disappears. Once this weight is deter-
mined, diuretic therapy is adjusted to achieve this weight. The 
GFR should be expected to decrease modestly (10%–20%) as 
the patient achieves dry weight.

Either thiazides62 or loop diuretics can be used for mild 
CHF.122 The effi cacy and safety of loop and DCT diuretics ap-
pear to be similar.123–125 A lower incidence of postural hypo-
tension has been reported when treating elderly patients with 
loop rather than DCT diuretics,126 but other studies suggest 
that DCT diuretics are tolerated better.125

A dose of 25 to 50 mg/day of hydrochlorothiazide can be 
used to treat patients with mild heart failure. For patients with 
more severe disease and normal renal function, a typical regi-
men is 20 mg furosemide twice daily.62 Because the dose-
response curve for loop diuretics is steep, it is important to en-
sure that the chosen dose exceeds the diuretic threshold. This is 
established by doubling the diuretic dose until a clear natri-
uretic response ensues or a safe maximal dose is obtained. Most 
ambulatory patients can detect such an effect within 4 hours 
and can identify the effective dose in this manner. Thereafter, 
furosemide can be administered two times or more daily to 
ensure adequate contraction of the ECF volume. There is suf-
fi cient postdiuretic salt retention after a short-acting loop di-
uretic that it is diffi cult to achieve a negative salt balance if the 
diuretic is given once daily unless dietary salt is very severely 
restricted.60 Therefore, patients unable to restrict dietary salt 
intake require more frequent dosing. Indeed, during high salt 
intake, furosemide may fail to contract the ECF volume because 
postdiuretic NaCl retention overcomes initial natriuresis.60

Patients with uncompensated congestive heart failure may 
develop diuretic resistance owing to impaired diuretic ab-
sorption across the gastrointestinal tract (see Fig. 33-3). 
Brater127 showed that absorption of furosemide and bu-
metanide is slowed in CHF, leading to a 50% decrease in peak 
urinary diuretic concentrations. In contrast, the bioavailabil-
ity (which is the percentage of total dose absorbed in active 
form) is unchanged.128 Inasmuch as loop diuretics must 
achieve a critical threshold concentration to inhibit salt 
transport effectively, slowed gastrointestinal absorption may 
lead to diuretic resistance. This provides some rationale for 
intravenous diuretic therapy in patients resistant to oral 
agents. Absorption generally improves with clearance of 
edema.129 Bowel wall edema, impaired gastrointestinal motil-
ity, and altered bowel wall perfusion may all contribute to 
delayed diuretic absorption.

Nesiritide is a recombinant human B-type natriuretic pep-
tide that was approved by the U.S. Food and Drug Administra-
tion for the treatment of acute decompensated CHF.130 Studies 
of natriuretic peptide receptor A–defi cient mice implicate this 
system in the natriuretic response to blood volume expres-
sion131 and provide a rationale for B-type natriuretic peptide in 
the treatment of decompensated CHF. Nesiritide given short 
term to patients with decompensated CHF can decrease the 
pulmonary capillary wedge pressure.27 However, subsequent 
studies have shown that nesiritide is not a diuretic in patients 
with chronic heart failure and, when compared with placebo, 
may increase the risk of death and worsening renal func-
tion.132–134 Until more data are available, nesiritide cannot be 
recommended as a primary therapy for decompensated CHF.

Cirrhosis and Ascites

Ascites, which commonly accompanies hepatic cirrhosis, 
results primarily from three mutually reinforcing processes. 
First, systemic and splanchnic vasodilation reduce the effec-
tive arterial pressure (predominantly determined by the 
mean arterial pressure), leading to renal salt retention. Sec-
ond, fl uid transudes from the plasma to the interstitium 
owing to hypoalbuminemia and vasodilation. Third, in-
creased blood volume and portal resistance lead to portal 
hypertension. Together, these processes lead to ECF volume 
expansion, with a predominance of fl uid in the peritoneal 
cavity (ascites).116,135

Nonhepatic causes of ascites may be responsible in as many 
as 20% of cases (such as peritoneal carcinomatosis). These do 
not respond to diuretic treatment. An algorithm for treating 
cirrhotic ascites is shown in Figure 33-4. The fi rst component 
is abstinence from alcohol, which decreases portal pressure in 
some patients.136 The second factor is to restrict the dietary 
Na� intake to 2 g/day (86 mEq/day). A more severe Na� re-
striction will promote a more rapid decrease in ECF volume, 
but is considerably less palatable. Restricting water intake is 
usually not necessary, unless the serum Na� level is less than 
120 mmol/L. Bed rest is not generally recommended.

For patients with tense ascites, large-volume (4–6 L) para-
centesis is usually indicated. This treatment is usually toler-
ated well, improves well-being, and leads to rapid resolution 
of ascites,137 although the prognosis is not affected. The use of 
colloid during or after paracentesis remains a subject of de-
bate.138–140 Many investigators suggest that a single paracente-
sis of 4 to 6 L can be tolerated without administering albumin, 
if edema is present. If there is no edema and if paracentesis is 
repeated, then albumin (25–50 g) can be administered.136 Fol-
lowing paracentesis, diuretics must be continued to decrease 
reaccumulation of edema.141

Although large-volume paracentesis has assumed an im-
portant role in treating patients with tense ascites, approxi-
mately 90% of patients with ascites can be controlled with 
diuretics and salt restriction.142 Thus, practice guidelines ap-
proved by the American Association for the Study of Liver 
Disease emphasize the primary role of diuretics to treat cir-
rhotic ascites. Spironolactone has traditionally been the drug 
of choice. Concerns about hyperkalemia, slow onset of ac-
tion, half-life, and side effects have prompted investigation of 
other agents for these patients. Amiloride does not induce 
painful gynecomastia, as does spironolactone, but is less ef-
fective.143 In randomized, controlled trials, spironolactone 
was also shown to be more effective than furosemide when 
given alone and had a lower incidence of side effects.144,145

When ascites is mild, spironolactone may be administered at 
25 to 50 mg/day or eplerenone at 50 to 100 mg/day. There is 
no pharmacokinetic justifi cation for the common practice of 
administering spironolactone more than once daily.146 When 
ascites is more pronounced, spironolactone or eplerenone 
is usually initiated together with furosemide. A regimen of 
spironolactone and furosemide, in a ratio of 100 mg to 
40 mg, has been found empirically to lead to the highest ratio 
of effi cacy to side effects.136 The rapid onset of furosemide 
action initiates diuresis before the peak effect of spironolac-
tone action (at approximately 2 weeks144). Spironolactone 
attenuates furosemide-induced hypokalemia and alkalosis, 
which can precipitate encephalopathy. Furosemide attenuates 
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spironolactone-induced hyperkalemia. Doses can be in-
creased to a maximum of 400 mg spironolactone/160 mg 
furosemide. Furosemide can be withheld initially from hypo-
kalemic patients. Conversely, spironolactone must be used 
carefully for patients with intrinsic renal disease, especially 
diabetic nephropathy. Eplerenone, a more selective aldoste-
rone antagonist, is more expensive, equally effective, but does 
not have estrogenic side effects.

Treatment is documented by daily weight loss. For patients 
who have peripheral edema, there is no ceiling for daily weight 
loss. For patients without edema, daily weight losses should 
not exceed 0.5 kg.147 Severe hyponatremia (�120 mmol/L), 
prerenal azotemia (creatinine � 2.0 mg/dL), or encephalopa-
thy should prompt cessation of diuretics.

Patients who are refractory to diuretic treatment or who 
require repeated paracenteses should be considered for trans-
jugular intrahepatic portosystemic shunting.148 A recent sys-
tematic meta-analysis concluded that transjugular intrahe-
patic portosystemic shunting is more effective at removing 
ascites compared with paracentesis without a signifi cant 
difference in mortality, gastrointestinal bleeding, infection, 
and acute renal failure. However, transjugular intrahepatic 
portosystemic shunting patients develop hepatic encepha-
lopathy signifi cantly more often than patients treated with 
paracentesis.149 Defi nitive therapy of cirrhotic ascites often 
involves liver transplantation.

Idiopathic Edema
Idiopathic edema is diagnosed by excluding other systemic 
and local (venous, lymphatic, and neural) causes.150 The clas-
sic features of idiopathic edema include periodic swelling of 
the legs, hands, and face and abdominal bloating, occurring 
almost exclusively in women. Idiopathic edema is frequently 
associated with eating disorders. When present in obese indi-
viduals, it often disappears or improves if weight is lost. Many 
patients with idiopathic edema are already taking diuretics 
when fi rst evaluated. Diuretic abuse may be a component of 
the disorder.151,152 It is not clear whether diuretics should be 
used as treatment. A low-salt diet should be prescribed, and 
adherence to the prescribed regimen can be confi rmed by 
measuring renal sodium excretion. If diuretics are used, they 
may be given at night, when they may be more effective. Spi-
ronolactone is a good choice because its action is prolonged, 
making rebound edema less of a problem and because it pre-
vents the effects of secondary hyperaldosteronism. Potas-
sium-sparing diuretics such as amiloride will also help to 
address the hypokalemia that frequently accompanies idio-
pathic edema. Unfortunately, diuretics usually fail to control 
the edema.150

TOXICITY AND USE IN SPECIAL 
CIRCUMSTANCES

The main metabolic adverse effects of diuretics are listed in 
Box 33-1; these and other adverse side effects are discussed 
elsewhere in more detail.2 Toxic effects can be divided into 
metabolic effects, which are often dose related, and idiosyn-
cratic effects, which are dose independent. The latter usually 
manifest as allergic sulfonamide-like skin reactions that can 
occasionally develop into severe and life-threatening Stevens-
Johnson syndrome.153–155

Azotemia and Extracellular Fluid Volume 
Depletion
Diuretics are frequently administered to treat edema, which 
can result in a decrease in the effective arterial blood volume. 
Overzealous diuretic use or intercurrent complicating illnesses 
can lead to excessive contraction of the intravascular volume, 
orthostatic hypotension, renal dysfunction, and sympathetic 
overactivity. Although patients with CHF usually require di-
uretic therapy, the combination of diuretics and ACEIs is espe-
cially likely to cause renal dysfunction. High diuretic doses or 
extreme dietary NaCl restriction may predispose to renal dys-
function during therapy with diuretics and ACEIs for CHF.156,157

It is important to attempt to continue ACEIs because they are 
shown to decrease mortality. Functional renal failure in such 
patients often responds to a decrease in diuretic dose or a lib-
eralization in dietary NaCl intake. Other patients at increased 
risk for relative contraction of the intravascular volume during 
loop diuretic therapy include the elderly,158 patients with pre-
existing renal insuffi ciency,159 patients with right-sided heart 
failure or pericardial disease, and patients taking nonsteroidal 
anti-infl ammatory drugs.

Hypokalemia
Hypokalemia occurs commonly during therapy with both 
loop and DCT diuretics. A decline in serum K� concentration 
is common in patients given DCT diuretics, but most patients 
do not become frankly hypokalemic.160 The clinical signifi -
cance of diuretic-induced hypokalemia continues to be de-
bated.161–167 Hypokalemia may be more common during 
treatment with long-acting DCT diuretics, such as chlorthali-
done, than with shorter acting DCT diuretics, such as hydro-
chlorothiazide, or with the very short acting loop diuretics.168

DCT diuretics also increase renal Mg2� excretion and can lead 
to hypomagnesemia, which contributes to the hypokalemia 
observed under these conditions.169,170 Some studies suggest 
that maintenance magnesium therapy can prevent or attenu-
ate the development of hypokalemia,171 but this has not been 
supported universally. Hypokalemia also occurs commonly 
during therapy with loop diuretics, although the magnitude 
is smaller than that induced by DCT diuretics (loop diuret -
ics 0.3 mmol/L compared with DCT diuretics 0.5–0.9 

  Potassium-sparing
DCT Diuretics Loop Diuretics Distal Diuretics
Hypokalemia Hypokalemia Hyperkalemia
Hyponatremia Hyperglycemia Metabolic acidosis
Hyperglycemia Hyperlipidemia Hypomagnesuria
Hyperlipidemia Metabolic
Metabolic    alkalosis

alkalosis Hypercalciuria
Hypocalciuria  Hypocalciuria

and hypercal- Hypermagnesuria
cemia

Hypermagnesuria
Hyperuricemia

Box 33-1 Adverse and Clinically Useful Metabolic Effects of 
Diuretics

DCT, distal convoluted tubule.
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mmol/L168,172). During prolonged therapy with loop diuretics, 
the degree of potassium wasting correlates best with volume 
contraction and serum aldosterone levels.173

Hyponatremia
Diuretics have been reported to contribute to more than one 
half of all hospitalizations for serious hyponatremia. Poten-
tially life-threatening hyponatremia is relatively common dur-
ing treatment with DCT diuretics.174 Several factors contrib-
ute. DCT diuretics inhibit solute transport in the diluting 
segment of the kidney, can reduce the GFR, contract the ECF 
volume, and lead to hypokalemia.175 Hyponatremia is less 
common with loop diuretics because these drugs block the 
concentrating mechanism. In fact, loop diuretics can be used 
to treat hyponatremia, when combined with hypertonic sa-
line, for the SIADH.176,177 The combination of loop diuretics 
and ACEIs can correct hyponatremia in the setting of heart 
failure.178

Glucose Intolerance
Glucose intolerance is a dose-related complication of DCT 
diuretic use.179,180 The pathogenesis remains unclear, but 
several contributory factors have been suggested.181 First, 
diuretic-induced hypokalemia may decrease insulin secretion 
by the pancreas via effects on the membrane voltage of pan-
creatic beta cells. Prevention of hypokalemia by oral potas-
sium supplementation normalizes the insulin response to hy-
perglycemia.182 Hypokalemia interferes with insulin-mediated 
glucose uptake by muscle, but most patients demonstrate rela-
tively normal insulin sensitivity.183 Recently, it has been 
suggested that DCT diuretics directly activate calcium- or 
adenosine triphosphate–activated potassium channels on 
pancreatic beta cells that inhibit insulin secretion.184 In a large 
randomized study, fasting glucose was not signifi cantly differ-
ent after 4 years of treatment with chlorthalidone versus am-
lodipine.185

Hyperlipidemia
DCT diuretics increase levels of total cholesterol, total triglyc-
eride, and low-density lipoprotein cholesterol and reduce 
high-density lipoprotein.183 Defi nitive information about the 
mechanisms by which DCT diuretics alter lipid metabolism is 
not available, but many of the mechanisms that affect glucose 
homeostasis have been suggested to contribute. Hyperlipid-
emia, like hyperglycemia, is a dose-related side effect and one 
that wanes with time.186 In some clinical studies, the effect of 
low-dose DCT diuretic treatment on serum low-density lipo-
protein was not signifi cantly different from that of placebo,187

whereas in others, total cholesterol was higher during diuretic 
treatment (1.6 mg/dL higher, P 	 .009, in the group treated 
with chlorthalidone than amlodipine).185 Hypertension treat-
ment with DCT diuretics has now been shown clearly to re-
duce the risk of stroke, coronary heart disease, CHF, and car-
diovascular mortality.188

Metabolic Alkalosis
Diuretics cause metabolic alkalosis via several mechanisms. 
They increase the excretion of bicarbonate-free acidic urine 
and stimulate the renin-angiotensin-aldosterone pathway. Al-

dosterone stimulates H� secretion by the medullary collecting 
tubule189 and increases the magnitude of the transepithelial 
voltage in the ASDN. Hypokalemia contributes to metabolic 
alkalosis by increasing ammonium production,190 stimulating 
bicarbonate reabsorption by proximal tubules,191,192 and in-
creasing the activity of the H�/K�-ATPase in the distal neph-
ron.193 Finally, contraction of the ECF volume stimulates 
Na�/H� exchange in the proximal tubule and may decrease 
the fi ltered load of bicarbonate. All these factors may contrib-
ute to the metabolic alkalosis observed during chronic loop 
diuretic treatment.

Hyperuricemia and Gout
Thiazide and loop diuretics increase the plasma uric acid con-
centration because they reduce the ECF volume and increase 
the proximal tubule fl uid reabsorption. They also compete 
with the urate secretory mechanism. Thus, they can aggravate 
or precipitate gout.

Ototoxicity
Ototoxicity is the most common toxic effect of loop diuretics 
unrelated to their effects on the kidney. Deafness, although 
usually temporary, can be permanent.194,195 All loop diuretics 
can cause ototoxicity.194,195 The mechanism involves inhibi-
tion of the secretory isoform of the Na�/K�/2Cl� in the stria 
vascularis.196–199 Ototoxicity appears to be related to the peak 
serum concentration of loop diuretics and therefore tends to 
occur during rapid drug infusion of high doses. For this rea-
son, this complication is most common in patients with ure-
mia.200 Furosemide infusion should be limited to 240 mg/
hr.201 The incidence is higher in patients with renal failure and 
cirrhosis and in those receiving aminoglycosides or cisplatin, 
as well as in infants.200

Impotence
Impotence is a common side effect of thiazide diuretics202 and 
responds to sildenafi l.203

DIURETIC RESISTANCE

General Causes
Resistance to a diuretic implies an inadequate reduction in 
ECF volume during treatment with moderate to high diuretic 
doses. The evaluation and management of diuretic resistance 
are summarized in Table 33-3 and Figure 33-4.

The fi rst step is to ensure that the patient has renal edema. 
This must be differentiated from lymphatic or venous ob-
struction, from idiopathic edema, or from a complication of 
therapy, such as with a calcium entry blocker that redistrib-
utes fl uid from the plasma to the interstitial compartment.

The second step is to assess compliance. Therapy with a 
loop diuretic or thiazide is almost invariably accompanied by 
a decrease in serum K� concentration and an increase in 
plasma bicarbonate and urate concentrations. Therefore, fail-
ure to detect these changes from pretreatment values suggests 
noncompliance. Noncompliance with the diuretic prescrip-
tion often results from adverse effects, including impotence. 
However, the most common cause of resistance to diuretics is 
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failure to comply with restriction of NaCl intake. For patients 
with mild edema, a diet with no added salt, using a KCl sub-
stitute, and abstinence from salted or canned foods is usually 
suffi cient to reduce Na� intake to a target of 100 mmol/24 hr 
(2.3 g Na�/24 hr). For patients with diuretic resistance or se-
vere edema, the help of a dietitian is necessary to reduce daily 
Na� intake to levels of 80 mmol or less. Dietary Na� compli-
ance can be assessed by a 24-hour urine collection for Na�

excretion (with concurrent estimation of creatinine to judge 
the adequacy of the collection), providing the patient is stable 
and has not just started or stopped diuretic therapy.

The third step is to search for pharmacokinetic or pharma-
codynamic limitations of diuretic action. Diuretic absorption in 
patients with severe edema may be incomplete or delayed be-
cause of edema or poor blood fl ow to the intestines. A decrease 
in the GFR limits the fraction of diuretic eliminated in active 
form via the tubular lumen. Doses of loop diuretics should be 
increased in proportion to the decrease in GFR. Patients with 
severe edema typically exhibit diuretic resistance because of 

salt-retaining mechanisms in nephron segments whose reab-
sorptive processes are not blocked by the diuretic. There may be 
pronounced activation of the renin-angiotensin-aldosterone 
axis that can be assessed by measurement of plasma renin activ-
ity and that is caused by the combined actions of the underlying 
disease state and the diuretic. Intranephronal adaptations occur 
during diuretic therapy that enhance reabsorption at other sites. 
This can be addressed rationally by adding a second diuretic, as 
described in the following. Finally, nonsteroidal anti-infl amma-
tory drugs can limit both the natriuretic and antihypertensive 
action of diuretics.

Therapeutic Approaches
High-Dose and Intravenous Diuretic Therapy

High doses of loop diuretics are frequently used to treat severe 
volume overload, especially when treatment is urgent. Ceiling 
doses of furosemide, bumetanide, and torsemide have been 

Table 33-3 Identifi cation and Management of General Causes of Diuretic Resistance

Cause or Example Identifi cation Management

Nonrenal Edema

Lymphatic or venous obstruction Diagnose from clinical history and examination Institute appropriate nondiuretic therapy

Cyclic edema Ask about periodicity (women) Institute appropriate therapy

CCB therapy Obtain drug history Reduce dose of CCB, substitute an-
other agent, or add an ACEI

Noncompliance

With diuretic prescription Check for decrease in SK, increase in plasma 
HCO3 and urate levels with loop or thia-
zide therapy; urinary diuretic screen

Counsel patient and ask direct ques-
tions concerning adverse effects and 
problems with impotence

With diet Measure 24-hr Na� excretion, corrected for 
creatinine excretion. Goal (mmol Na�/24 hr) 
is: mild hypertension or edema, �100; 
severe hypertension or edema, �80

Obtain dietary consultation; repeat 
24-hr urine to ensure that problem is 
corrected

Pharmacokinetic Alterations

Incomplete or delayed absorption Measure plasma levels Change to more bioavailable drug, in-
crease does or administer intravenously

Decreased renal function Quantify GFR Increase dose in proportion to 
decrease in GFR

Pharmacodynamic Alterations

Edematous states Clinical examination Increase diuretic dose

Activation of RAA axis Measure PRA Consider ACEI, AT1 antagonist, or 
spironolactone

Intranephronal adaptation to 
primary diuretic

Consider concurrent use of second 
diuretic

Adverse Drug Interactions

NSAIDs Obtain drug history Decrease dose or discontinue NSAIDs

ACEI, angiotensin-converting enzyme inhibitor; AT1, angiotensin I receptor blocker; CCB, calcium entry blockers; GFR, glomerular fi ltration rate; 
NSAIDs, nonsteroidal anti-infl ammatory drugs; PRA, plasma renin activity; RAA, renin-angiotensin axis; Sk, serum potassium concentration.
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estimated (Table 33-4). When given as a bolus, ceiling doses 
of furosemide range from 80 mg IV in hepatic cirrhosis to 
500 mg IV in severe acute renal failure. The ceiling dose is that 
which provides maximal inhibition of the Na�/K�/2Cl� co-
transporter, thereby reaching the plateau of the loop diuretic 
dose-response curve. Administering doses above the ceiling 
may increase 24-hour NaCl excretion because the time during 
which the urinary diuretic concentration is above the natri-
uretic threshold is prolonged. However, the effects of higher 
doses are marginal. It is better to increase the frequency of 
administration rather than administer extremely large doses.

High doses of loop diuretics given intravenously lead to 
capacitance vessel vasodilation that may be useful in patients 
with CHF who experience symptomatic relief before signifi -
cant volume and NaCl losses have occurred. In one study,204

patients with ECF volume expansion after an acute myocar-
dial infarction experienced a decrease in left ventricular 
fi lling pressure and an improvement in dyspnea within 5 to 
15 minutes of receiving 0.5 to 1.0 mg/kg of intravenous furo-
semide. The early decrease in left ventricular fi lling pressure 
resulted from increased venous capacitance rather than diure-
sis. Pretreatment of animals with indomethacin greatly at-
tenuates furosemide-induced venodilation, suggesting that 
prostaglandin secretion contributes importantly to the effects 
of loop diuretics on vascular tone.205

Although venodilation and improvements in cardiac hemo-
dynamics frequently result from intravenous loop diuretic 
therapy in acute left ventricular failure, other reports indicate 
that the hemodynamic response may be more complex. Loop 
diuretics stimulate renin secretion both by activating the 
macula densa mechanism and by reducing ECF volume. In two 
series, 1.0- to 1.5-mg/kg furosemide boluses, administered to 
patients with chronic CHF, resulted in transient deterioration 
in hemodynamics (during the fi rst hour), with a decrease in 
stroke volume index, an increase in left ventricular fi lling pres-
sure, and exacerbation of CHF symptoms.206,207 These changes 
were attributed to activation of the renin-angiotensin system 
because ACEIs attenuated the pressor response. Johnston and 
colleagues208 reported that low-dose intravenous furosemide 
increased venous capacitance but that higher doses did not, 

perhaps because angiotensin II generation overwhelms the 
prostaglandin-mediated vasodilatory effects. Nevertheless, in-
travenous loop diuretics remain the primary therapy for pa-
tients in acute pulmonary edema because symptoms usually 
do improve before natriuresis, suggesting that, even when car-
diac output decreases, most patients experience a rapid de-
crease in left ventricular fi lling pressure. Further symptomatic 
improvement occurs later with natriuresis.

The major limitation of high doses of loop diuretics is drug 
toxicity. Fluid and electrolyte complications result directly 
from the diuresis and natriuresis. For diuretic-resistant pa-
tients, ototoxicity may occur during high-dose therapy,209 es-
pecially when administered as a bolus.210 Furosemide toxicity 
is minimized by administering the diuretic less than 10 
mg/min.209,211 Myalgias may occur after high doses of bu-
metanide. Continuous infusion of diuretics avoids high peak 
levels and the concomitant toxicity (see “Continuous Diuretic 
Infusion”) in diuretic-resistant patients.

Another complication of high-dose furosemide treat-
ment can be thiamine defi ciency.212 Chronic furosemide 
administration has been reported to lead to thiamine defi -
ciency in animals and, in some reports, in humans. In one 
study,213 patients with CHF who had received 80 mg/day 
furosemide for at least 3 months were randomized to re-
ceive intravenous thiamine or placebo. Intravenous thia-
mine improved hemodynamics, natriuresis, and indices of 
thiamine status. This work must be confi rmed before thia-
mine can be recommended routinely for patients using 
prolonged high-dose loop diuretic treatment, but it raises 
the possibility that loop diuretics may predispose to nutri-
tional defi ciencies.

Combined Diuretic Therapy

Diuretic resistance can often be treated with two classes of 
diuretic used simultaneously. Controlled trials214 suggest little 
or no benefi t from giving two agents of the same class (e.g., 
ethacrynic acid and furosemide). In contrast, adding a proxi-
mal tubule diuretic or a DCT diuretic to a loop diuretic is of-
ten dramatically effective. DCT diuretics added to loop di-
uretics are synergistic (the combination is more effective than 

Table 33-4 Ceiling Daily Doses of Loop Diuretics

FUROSEMIDE BUMETANIDE TORSEMIDE

IV PO IV PO IV PO

Chronic kidney disease

GFR 20–50 mL/min 80–160 160 4–8 4–8 50 50

GFR �20 mL/min 200 240 8–10 8–10 8–10 100

Severe acute renal failure 500 NA 12 NA 200 NA

Nephrotic syndrome 120 240 3 3 20–50 20–50

Cirrhosis 40–80 80–160 1 1–2 10–20 20

Congestive heart failure 40–80 80–160 1–2 1–2 10–20 20

Ceiling dose indicates the dose that produces the maximal increase in fractional Na� excretion (FENa). Larger doses 
may increase net daily natriuresis by increasing the duration of natriuresis without increasing the maximal rate. All 
doses are in milligrams.
GFR, glomerular fi ltration rate; NA, not available.
Based on Brater DC: Diuretic therapy. N Engl J Med 1998;339:387–395.
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the sum of the effects of each drug alone) (see Box 33-2 for 
regimens).2,91,215–219

DCT diuretics do not alter the pharmacokinetics or the 
bioavailability of loop diuretics. The addition of a DCT di-
uretic to a loop diuretic enhances NaCl excretion via several 
mechanisms (for a review, see Ellison4). The most important 
mechanism is probably by inhibiting NaCl transport along 
the distal tubule, where tubular Na� and Cl� uptake is stimu-
lated by the loop diuretic. During prolonged use of loop di-
uretics for resistant edema, distal nephron cells become hy-
pertrophic and hyperplastic,220 and there is an increase in the 
density of Na�/K�-ATPase pump sites,221,222 in the density of 
Na�/Cl� cotransporters,223 and in the intrinsic capacity to 
reabsorb Na� and Cl�.224 Thus, when microperfused with a 
standard NaCl load, distal tubules from animals treated long 
term with loop diuretics reabsorb Na� and Cl� as much as 
three times more rapidly than those of control animals.225

Because DCT diuretics can inhibit apical Na�/Cl� cotrans-
port by the distal tubule even under these stimulated condi-
tions, the effects of these diuretics will be greatly magnifi ed in 
patients in whom high doses of loop diuretics have led to 
hypertrophy and hyperplasia. Loon and coworkers219 showed 
that the natriuretic effect of chlorothiazide in humans was 
enhanced after treatment with furosemide for 1 month. 
These data suggest that daily oral furosemide treatment, even 
in modest doses, may be suffi cient to induce adaptive changes 
along the distal nephron and that these may be treated with 
combination drug therapy.

When a second class of diuretic is added, the dose of loop 
diuretic should not be altered because the shape of the loop 
diuretic dose-response curve is not affected by addition of 
other classes of diuretic. Thus, the loop diuretic should be 
given in an effective or ceiling dose (see Table 33-4). The 
choice of DCT diuretic is arbitrary. Many clinicians choose 
metolazone because its half-life is longer than some classic 
thiazide diuretics and because metolazone has been reported 
to remain effective even when the GFR is low. Yet, direct 
comparisons between metolazone and classic thiazides have 
shown little difference in natriuretic potency when combined 

with loop diuretics in patients with nephrotic edema, heart 
failure, or azotemia.91,226,227

DCT diuretics may be added in full doses (see Box 33-2) 
when a rapid and robust response is needed, but this is likely 
to lead to complications and an extremely close follow-up is 
mandatory. We advocate hospitalizing patients when initiat-
ing aggressive combination therapy because fl uid and electro-
lyte depletion, sometimes massive, occurs commonly during 
combination diuretic therapy. Serious side effects are noted in 
as many as two thirds of published reports describing combi-
nation therapy.228 One reasonable approach is to establish a 
therapeutic target weight and achieve control of the expanded 
ECF volume by adding escalating daily doses of a DCT di-
uretic. When the target weight is attained, the DCT diuretic 
can be prescribed three times weekly and the dose adjusted 
based on the patient’s weight.

Another approach to combination therapy may be a short 
fi xed course. Comparison was made of adding a thiazide-type 
diuretic to furosemide for either a fi xed 3-day period or adjust-
ing the dose to achieve targeted volume losses during 5 to 
7 days. Both regimens were equally effective in decreasing ECF 
volume and symptoms. Surprisingly, natriuresis and diuresis 
continued even after the thiazide-type diuretic was discontin-
ued during the fi xed regimen.226 For outpatients requiring 
combined therapy, one approach is to add a modest dose of a 
DCT diuretic, such as 2.5 to 5.0 mg/day of metolazone, for 
3 days only. Higher doses or longer time periods are effective 
but probably too dangerous for routine outpatient use. Because 
DCT diuretics are absorbed more slowly than loop diuretics 
(peak levels at 1.5–4.0 hours for DCT diuretics compared with 
0.5–2.0 hours for loop diuretics), it is rational to administer the 
DCT diuretic 0.5 to 1 hour before the loop diuretic.

Drugs that act on the ASDN, such as amiloride, spironolac-
tone, and eplerenone, can be added to a regimen of loop di-
uretics, but their effects are generally less dramatic than those 
of DCT diuretics.229 The combination of spironolactone and 
loop diuretics has not been shown to be synergistic, but can 
prevent hypokalemia while maintaining renal Na� excretion. 
Potassium-sparing distal diuretics are used commonly to treat 
patients with cirrhosis of the liver in whom hypokalemia must 
be avoided because it predisposes to hepatic encephalopathy. 
A combination of furosemide and spironolactone or eplere-
none is now considered the preferred regimen for cirrhotic 
ascites.136 Potassium-sparing distal diuretics also reduce Mg2�

excretion, making hypomagnesemia less likely than when 
combined with loop diuretics.

It is now clear that blockade of mineralocorticoid receptors 
can improve mortality of patients with systolic dysfunction.230

Although this effect has been attributed to direct cardiac or 
vascular effects, renal effects also contribute. Barr and col-
leagues231 randomized 42 patients with New York Heart As-
sociation class II to III CHF to either 50 to 100 mg/day spi-
ronolactone or placebo added to a regimen of loop diuretics 
and ACEIs. Spironolactone increased Na� excretion, increased 
the urinary Na�-to-K� ratio, increased the serum Mg2� con-
centration, and decreased ventricular arrhythmias. Others 
have reported similar results.232,233 Nevertheless, hyperkalemia 
is a concern when adding spironolactone to ACEI therapy, 
especially in those patients with renal insuffi ciency.234 In one 
study, potentially life-threatening hyperkalemia during spi-
ronolactone treatment was found to be predicted by renal in-
suffi ciency, diabetes, older age, dehydration, and concomitant 

To a ceiling dose of a loop diuretic (Table 33–1) add:
Distal convoluted tubule diuretics

Metolazone 2.5–10 mg/day PO*
Hydrochlorothiazide (or equivalent) 25–100 

mg/day PO
Chlorothiazide 500–1000 mg IV

Proximal tubule diuretics
Acetazolamide 250–375 mg/day or up to 500 

mg IV
Collecting duct diuretics

Spironolactone 100–200 mg/day
Eplerenone 100–200 mg/day
Amiloride 5–10 mg/day

Box 33-2 Combination Diuretic Therapy

*Metolazone is generally best given for a limited period of time 
(3–5 days) or should be reduced in frequency to three times per 
week once extracellular fl uid volume has decreased to the target 
level. Only in patients who remain volume expanded should full 
doses be continued indefi nitely, based on the target weight.
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use of other medications that may cause hyperkalemia.235

Similar effects likely accompany eplerenone therapy.
Combination diuretic therapy is often indicated for hospital-

ized patients in an intensive care unit who need urgent diuresis 
because of diuretic resistance in the setting of obligate fl uid and 
solute loads. Two intravenous drugs are available to supplement 
loop diuretics: chlorothiazide (500–1000 mg once or twice daily) 
and acetazolamide (250–375 mg as many as four times daily). 
Chlorothiazide has relatively potent carbonic anhydrase–
inhibiting capacity in the proximal tubule and also blocks the 
thiazide-sensitive Na�/Cl� cotransporter in the DCT. It has a 
longer half-life than some other thiazides. Both chlorothiazide 
and acetazolamide can act synergistically with loop diuretics. 
Acetazolamide is especially useful when metabolic alkalosis 
complicates the treatment of edema because this may make it 
diffi cult to correct hypokalemia or to wean a patient from a 
ventilator.236 The use of acetazolamide can correct alkalosis 
without the need to administer saline but often requires replace-
ment of K� losses with additional KCl. In other situations, com-
bination diuretic therapy may be targeted at the underlying 
disease process. Theophylline is a mild diuretic acting at adenos-
ine type 1 receptors in the proximal tubule,30,31 but acts synergis-
tically with loop diuretics and may be useful when broncho-
spasm and edema are present together. For patients with 
left ventricular dysfunction, afterload reduction may enhance 
diuresis.

Continuous Diuretic Infusion

Continuous diuretic infusion can be considered for hospitalized 
patients who are resistant to diuretic therapy.237 There are several 
potential advantages. First, it prevents the postdiuretic NaCl re-
tention that complicates intermittent administration. Second, 
constant infusion yields greater acute natriuresis than bolus 
therapy. In one study of patients with chronic kidney disease, a 
continuous infusion of bumetanide was 32% more effi cient than 
a bolus of the same dose.238 In another study of patients with 
severe CHF, 60 to 80 mg/day furosemide was more effective when 
given as a continuous infusion after a loading dose (30–40 mg) 
than when given as bolus doses three times daily. Bumetanide has 
a short half-life, torsemide has a longer half-life, and furosemide 
is intermediate. Therefore, the ratio of the effi ciency of continu-
ous infusion to bolus is greatest for bumetanide and least for 
torsemide. Indeed, bolus torsemide is an alternative approach to 
continuous bumetanide infusion. Third, poorly documented 
observations suggest that some patients who are resistant to large 
doses of diuretics given by bolus may respond to continuous in-
fusion.239,240 These studies have failed to compare equivalent 
doses or to randomize the treatments, but Van Meyel and col-
leagues240 showed natriuresis during constant infusion in patients 
who had failed to respond to 250 mg furosemide given as a bolus. 
Fractional Na� excretion varied in a linear manner with total 
daily furosemide dose between 480 and 3840 mg/day. Fourth, the 
diuretic response can be more easily titrated and is smoother with 
continuous diuretic infusion. Magovern and Magovern241 re-
ported successful diuresis of hemodynamically compromised 
patients after cardiac surgery by continuous furosemide infusion. 
Infusing loop diuretics continuously may decrease the sympa-
thetic discharge and activation of the renin-angiotensin system 
and may moderate the abrupt solute and fl uid losses that occur 
after a large intravenous bolus. Finally, drug toxicity from loop 
diuretics, such as ototoxicity (observed with all loop diuretics) 
and myopathies (with bumetanide), appears to be less common 

when the drugs are administered as continuous infusions. Total 
daily furosemide doses exceeding 2 g have been well tolerated 
when administered over 24 hours, but these high infusion rates 
may lead to toxic serum concentrations if continued for pro-
longed periods in patients with renal failure. Torsemide, which 
has a relatively greater clearance by hepatic metabolism, may be 
preferred for prolonged high-dose therapy.

Additional Measures in Specifi c 
Circumstances
Endopeptidase Inhibitors and Atrial Peptides

ANP and other biologically active peptides are degraded by 
neutral endopeptidases. Therefore, drugs that inhibit these 
enzymes increase plasma ANP levels and cause natriuresis. 
Indeed, neutral endopeptidase inhibitors given to hyperten-
sive subjects do increase plasma ANP concentrations, lower 
blood pressure,242 and, when given to normotensive subjects, 
increase glomerular fi ltration and Na� excretion and decrease 
the plasma renin activity.26 Therefore, such therapy might 
potentiate diuretic-induced Na� and fl uid loss. This hypoth-
esis was tested in a dog model of acute CHF. Furosemide alone 
caused natriuresis, but decreased the GFR and activated the 
renin-angiotensin axis. During low-dose ANP infusion, the 
furosemide-induced natriuresis was potentiated, the GFR was 
stabilized and the renin-angiotensin-aldosterone axis was 
maintained.243 Therefore, endopeptidase inhibition or ANP 
infusion might be effective in treating loop diuretic resistance, 
but this requires validation in human subjects. As discussed 
previously, brain natriuretic peptide has recently been ap-
proved for use in decompensated CHF.27 However, follow-up 
studies have been quite discouraging.132–135

Aquaretics

As noted previously, oral vasopressin receptor antagonists have 
been developed but are not yet available in the United States. An 
intravenous nonselective vasopressin antagonist, however, is 
available to treat euvolemic and hypervolemic hyponatremia. 
These agents may become useful in promoting free-water excre-
tion and normalizing SNa in patients with diuretic-induced hy-
ponatremia. However, they will have to be used with care be-
cause in these circumstances, the hyponatremia can represent 
renal free-water retention, which is a fi nal line of volume de-
fense during forced diuretic-induced natriuresis.

Circulatory Support and Inotropic Agents

Dopamine, dobutamine, and milrinone are used commonly to 
increase urinary Na and water excretion. Their use to prevent 
acute renal failure was described earlier in this chapter. Acute 
dopamine infusion increases renal plasma fl ow, urinary so-
dium excretion, the GFR, and the functional status of patients 
with moderate to severe CHF. Beregovich and coworkers244

showed that cardiac output and Na� excretion increase pro-
gressively as dopamine infusion is increased from 1 to 5 and 10 
mg/kg/min in patients with classes III and IV CHF. However, 
stroke volume and urinary fl ow rate peak at 5 mg/kg/min, and 
several patients develop sinus tachycardia or striking increases 
in systemic vascular resistance at doses of 5 mg/kg/min or 
more. Although acute effects of dopamine infusion on renal 
sodium excretion and cardiac hemodynamics are often dra-
matic, natriuretic effects typically wane after 12 to 24 hours.245

Ch33_388-411-X5484.indd 403Ch33_388-411-X5484.indd   403 6/18/08 12:49:40 PM6/18/08   12:49:40 PM



404 Disorders of Fluid, Electrolyte, and Acid-Base Homeostasis

Dobutamine is a dopamine derivative that is a potent ino-
trope without signifi cant effects on mesenteric or systemic 
vascular tone or blood pressure. Both dopamine and dobuta-
mine have been reported to improve cardiac output, renal per-
fusion, and, in some situations, Na� excretion. Hilberman and 
colleagues246 compared the effects of dopamine and dobuta-
mine in 12 patients who had undergone open heart surgery and 
developed depressed left ventricular performance postopera-
tively. The drugs were administered in random order in doses 
that increased cardiac output equally (dopamine 5.0 ± 1.8 and 
dobutamine 3.5 ± 1.8 mg/kg/min). Although they had similar 
effects on renal plasma fl ow, renal vascular resistance, and glo-
merular fi ltration rate, dopamine increased urinary fl ow rate 
by 2.8-fold and Na� excretion by 4.6-fold more than dobuta-
mine. Because dopamine can increase Na� and water excretion 
during treatment with dobutamine in patients with CHF, it 
appears to have unique natriuretic properties. These studies 
provide a rationale for combining low doses (2–5 mg/kg/min) 
of dopamine and dobutamine in critically ill patients.

Two other studies limit the enthusiasm for dopamine when 
added to a loop diuretic to treat CHF. In one study of six pa-
tients with chronic stable CHF, neither dopamine nor dobuta-
mine was more effective than placebo in increasing urine vol-
ume.247 In a randomized, crossover study,248 dopamine (1–3 
mg/kg/min) did not increase urinary solute and water excretion 
when added to a maximally effective dose of furosemide given 
to patients with stable heart failure, but did lead to potentially 
serious tachyarrhythmias in several patients. Although this 
study does not provide evidence supporting the use of low-dose 
dopamine in patients with CHF, the patients studied were stable 
and did respond to furosemide alone. Whether dopamine 
might elicit diuresis in patients who become refractory to furo-
semide alone was not addressed. According to the most recent 
guidelines of the Heart Failure Society of America, intravenous 
inotropes (dobutamine or milrinone) may be considered to 
relieve symptoms and improve end-organ function in patients 
with advanced heart failure characterized by left ventricular 
dilation, reduced left ventricular ejection fraction, and dimin-
ished peripheral perfusion or end-organ dysfunction (low out-
put syndrome), particularly if these patients have marginal 
systolic blood pressure (�90 mm Hg), have symptomatic hypo-
tension despite adequate fi lling pressure, or are unresponsive to 
or intolerant of intravenous vasodilators. These agents may be 
considered in similar patients with evidence of fl uid overload if 
they respond poorly to intravenous diuretics or manifest di-
minished or worsening renal function. The same group does 
not make a recommendation with respect to dopamine.

Another situation in which dopamine is often employed is in 
critically ill patients with mild to moderate renal dysfunction. 
In two uncontrolled studies of critically ill patients, dopamine 
(1.5–2.5 mg/kg/min) increased urine output by 42% to 50% 
in patients with baseline urinary outputs less than 0.5 to 1 
mL/kg/hr.249,250 In a controlled, crossover study of critically ill 
patients comparing dopamine (200 mg/min) with dobutamine 
(175 mg/min) or placebo, dopamine increased urine output 
signifi cantly without affecting creatinine clearance, whereas 
dobutamine increased creatinine clearance signifi cantly with-
out affecting urine output.251 Taken together, these data suggest 
that dopamine may increase renal Na� and water excretion in 
some patients with mild to moderate renal dysfunction.

In summary, dopamine and dobutamine are effective ino-
tropes that increase cardiac output and can improve renal 

perfusion and Na� and water excretion when administered to 
patients with systolic dysfunction. In contrast, data support-
ing a role for low (renal)-dose dopamine to protect against 
acute renal failure, to treat stable CHF, or to treat diuretic re-
sistance are lacking.

Ultrafi ltration

Most patients who appear to be resistant to diuretics respond to 
one of the approaches outlined (see Table 33-4 and Fig. 33-4). 
Side effects of diuretic therapy such as prerenal azotemia and 
metabolic alkalosis, rather than diuretic resistance, usually limit 
the ability to reduce ECF volume further. When pharmacologic 
therapy fails, plasma ultrafi ltration, with or without accompa-
nying hemodialysis, may be used to remove ECF. Agostoni and 
colleagues252 randomized patients with CHF to equal volume 
removal by ultrafi ltration or furosemide. The ECF volume 
remained contracted after ultrafi ltration but rebounded to 
baseline after the intravenous diuretic treatment was discontin-
ued. The ECF volume rebound after loop diuretic use was as-
sociated with a brisk increase in plasma renin and angiotensin 
II levels. ECF volume contraction induced by diuretics or ultra-
fi ltration stimulates renin secretion via effects on vascular full-
ness, but loop diuretics additionally stimulate renin secretion 
directly via the macula densa. This loop diuretic–induced coun-
terregulatory hormonal response may contribute to more rapid 
fl uid reaccumulation. Recently, ultrafi ltration was compared 
with intravenous diuretics in a randomized study of patients 
hospitalized with heart failure. The results showed that net fl uid 
losses were greater in the ultrafi ltration group and at 90 days, 
and fewer ultrafi ltration patients had been hospitalized.253

These results suggest a role for ultrafi ltration in selected 
patients with heart failure.

General Approach to Patients 
with Diuretic Resistance
A general approach to diuretic resistance is given in Figures 
33-4 and 33-5 and Table 33-3. It is important to establish a 
target response. This can be defi ned by a set weight, by clear-
ance of peripheral edema, or by improvement in respiratory 
or other symptoms. Some patients require modest edema to 
maintain renal perfusion and general well-being, but recent 
recommendations for treating heart failure recommended 
keeping patients quite dry.

Noncompliance with dietary prescription can be deter-
mined by measuring the sodium excretion rate over 24 hours. 
If excretion exceeds 100 mmol (43 mmol Na� 	 1 g Na�; 100 
mmol 	 2.3 g), then excessive dietary NaCl intake is likely 
contributing to the apparent resistance.

If diuretic resistance persists despite effective NaCl restric-
tion, the dose of loop diuretic should be doubled until a re-
sponse is obtained or until the ceiling dose (see Table 33-5) is 
attained. A distinct increase in urinary output should be noted 
within 4 hours of an oral diuretic dose if a clinical response 
has been attained. If the response is still inadequate, poor 
gastrointestinal absorption should be considered and a drug 
with a higher and more consistent bioavailability, such as 
torsemide, should be selected or the diuretic should be given 
intravenously.

If the response remains inadequate, combination diuretic 
therapy should be considered (see Box 33-1). This is best initi-
ated under observation in hospital. The most potent combina-
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tion is metolazone or a thiazide added to a loop diuretic, but 
this approach carries a signifi cant risk of hypokalemia, azote-
mia, and severe volume depletion. For patients whose serum 
potassium concentration or blood pressure is low, adding a 
collecting duct diuretic, such as spironolactone, eplerenone, 
and amiloride, is preferable. These patients must be followed 
for the potential development of hyperkalemia, especially 
those who are on concomitant ACEI therapy.

For those patients who remain unresponsive, more aggres-
sive therapy in the hospital is indicated with intravenous loop 
diuretic infusions that can be combined, if necessary, with 
intravenous or oral DCT diuretics or carbonic anhydrase in-
hibitors. While the role of ultrafi ltration remains unclear, it 
should be considered in selected unresponsive patients with 
intractable congestive cardiac failure.

Wanted actions
• ↓ Pulmonary congestion
• ↓ Peripheral edema
• ↓ Ascites

Maximizing therapeutic index
• Restrict dietary salt
• Provide adequate potassium
• Use lowest effective dose
• Reduce dose interval
• Avoid NSAIAs
• Consider concurrent therapy
 − ACEI or ARB
 − Second diuretic
• Anticipate increased toxicity
 − Severe edema
 − Hepatic insufficiency
 − Renal failure
 − Poor cardiac output
 − Digitalis therapy

Unwanted actions
Biochemical
• ↓Serum potassium, 
   ↓ serum magnesium
• ↑ Glucose, ↑ lipids
• ↑ BUN
Symptomatic
• Weakness and lethargy
• Impotence

Figure 33-5 Balancing the desir-
able and undesirable actions of 
diuretics. ACEI, angiotensin-con-
verting enzyme inhibitor; ARB, 
angiotensin receptor blocker; 
BUN, blood urea nitrogen; 
NSAIAs, nonsteroidal anti-infl am-
matory agents.
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CALCIUM DISORDERS

Homeostasis
The adult human body contains approximately 1200 g of 
calcium, of which more than 99% is within bone. The remain-
ing 1% is distributed in three different plasma fractions: ap-
proximately 50% is bound to serum albumin, 10% is complexed 
to various serum anions (phosphate, bicarbonate, citrate, lac-
tate), and 40% is free and ionized. Ionized calcium is the physi-
ologically active form. Its concentration is tightly regulated by 
the endocrine system. Normal total serum calcium concentra-
tion (SCa) ranges from 8.5 to 10.5 mg/dL (2.1–2.5 mmol/L), 
whereas ionized SCa is approximately 5 mg/dL (1.2 mmol/L). A 
decrease in serum albumin lowers the total SCa, although the 
ionized fraction remains normal. A correction for hypoalbu-
minemia may be made by adding 0.8 mg/dL to the total SCa for 
every 1-g/dL drop in serum albumin concentration less than 
4 g/dL. Conversely, falsely elevated SCa may result from hemo-
concentration and may be found in rare patients with multiple 
myeloma who produce calcium-binding paraproteins.1 In con-
trast to changes in serum albumin, which affect only total SCa,
changes in pH affect the ionized but not total SCa. Acidosis in-
creases ionized calcium by decreasing its binding to albumin, 
whereas alkalosis has the opposite effect. A direct measurement 
of ionized SCa is preferred in patients who have combined 
changes in pH and serum albumin.

The SCa normally refl ects a balance between the entry of 
calcium into the extracellular fl uid (ECF) from the gastrointes-
tinal tract, skeleton, and kidneys and its removal by renal excre-
tion and deposition into the skeleton. The precise regulation of 

SCa is largely controlled by parathyroid hormone (PTH) and the 
highly-active-vitamin D3 metabolite 1,25-dihydroxycholecalcif-
erol (1,25[OH]2D3, also called cholecalcitriol). Dietary calcium 
is absorbed in the proximal intestine via both active and passive 
processes. Absorption is enhanced by calcitriol, the principal 
hormonal regulator of intestinal absorption. In the kidneys, 
99% of the fi ltered load of calcium is reabsorbed. Approxi-
mately 90% of reabsorption occurs passively in the proximal 
tubule and Henle’s loop; the remaining 10% occurs in the distal 
tubule under the regulation of PTH. A decrease in free SCa

stimulates the release of PTH, which increases renal calcium 
reabsorption. PTH also mediates the hydroxylation of calciferol 
(dihydroxyvitamin D3) to calcitriol. The effects of SCa on PTH 
secretion are mediated via a calcium-sensing receptor. This cell-
surface receptor is coupled with guanine-nucleotide regulatory 
G proteins and is expressed in the parathyroid, kidney, brain, 
and other organs.2

Hypercalcemia
Pathophysiology, Clinical Features, and Cause

Hypercalcemia is usually caused by an increase in ionized SCa.
Hypercalcemia develops when the rate of entry of calcium into 
the ECF exceeds its excretion into urine or deposition in bone. 
An increase in infl ux can result from increased absorption 
from either intestine or bone, or both. However, multiple sites 
can be involved. For example, hypervitaminosis D increases 
both intestinal calcium absorption and bone resorption. Pri-
mary hyperparathyroidism (PHP) increases reabsorption from 
bone and renal tubules and increases renal synthesis of 
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413 Hypercalcemia, Hypocalcemia, and Other Divalent Cation Disorders

calcitriol. The major causes of hypercalcemia are PHP and 
malignancy: PHP accounts for more than 90% of cases in am-
bulatory patients, whereas in hospitalized patients, cancer ac-
counts for approximately 65% of cases.3

Clinical presentation of hypercalcemia depends on the mag-
nitude and rapidity of the elevation in SCa. Mild hypercalcemia 
(10.6–2 mg/dL) accompanying PHP is generally asymptom-
atic.4 More severe hypercalcemia is frequently associated with 
neurological, gastrointestinal, and renal manifestations. Neuro-
logical symptoms may range from subtle changes in concentra-
tion to depression, confusion, increased somnolence, and even 
coma. Gastrointestinal symptoms are often prominent, with 
constipation, anorexia, nausea, and vomiting. The most impor-
tant renal manifestations are nephrolithiasis, renal tubular dys-
function (particularly decreased concentrating ability5), and 
acute and chronic renal insuffi ciency. Nephrolithiasis has 
been reported in 20% of patients with PHP, whereas 4% to 5% 
of stone formers have PHP.6 Increased calcitriol production 
may contribute to both hypercalciuria and stone formation.

Rarely, familial hypocalciuric hypercalcemia (FHH), also 
known as familial benign hypercalcemia, is easily confused 
with milder cases of the more common PHP. FHH is generally 
asymptomatic and does not require treatment. However, it is 
important to identify patients with FHH to avoid unnecessary 
parathyroidectomy for presumable PHP. Because most cases 
of FHH are associated with loss-of-function mutations in a 
single gene (CASR or calcium-sensing receptor), genetic test-
ing can assist in the diagnosis of FHH.

Diagnosis

PHP and malignancy account for 80% to 90% of cases. Long-
standing asymptomatic hypercalcemia suggests FHH. An ele-
vated serum intact PTH concentration (measured by immuno-
radiometric assay) indicates the presence of PHP or a patient 
taking lithium.7 If the plasma PTH level is below normal, a 
neoplastic disorder should be strongly considered (Fig. 34-1). 
The diagnosis of humoral hypercalcemia of malignancy can be 
confi rmed by demonstrating an elevated serum PTH–related 
protein. The serum levels of the vitamin D metabolites calcitriol 
and 25-hydroxycholecalciferol (calcidiol) should be measured if 
there is no obvious malignancy and neither PTH nor PTH-
related protein levels are elevated. An elevated serum calcidiol is 
indicative of vitamin D intoxication due to the ingestion of ei-
ther vitamin D or calcidiol itself. Conversely, increased levels of 
calcitriol may be induced by direct intake of this metabolite, 
extrarenal production in granulomatous diseases or lymphoma, 
or increased renal production by PTH.

Treatment

Overview
The defi nitive treatment of hypercalcemia depends on the 
treatment of the underlying disease, for example, parathyroid-
ectomy for PHP and chemotherapy for a malignancy. The 
initial treatment can be instituted without a specifi c diagnosis. 
General measures include rapid mobilization and hydration. 
Volume depletion, by limiting renal calcium excretion, per-
petuates a vicious circle and worsens acute hypercalcemia. 
Medications that worsen hypercalcemia, such as thiazide 
diuretics, should be discontinued. Volume expansion with 
isotonic saline usually decreases SCa by enhancing renal 
calcium excretion. Only after volume repletion should loop 
diuretics be used to enhance sodium and calcium excretion 

(Fig. 34-2). In patients with renal failure, dialysis effectively 
removes calcium from the ECF. Careful monitoring of cardiac 
function and serum electrolytes is necessary with both saline 
diuresis and dialysis treatment. Hypercalcemia can be divided 
into mild (SCa � 12 mg/dL), moderate (SCa 12–14 mg/dL), and 
severe (SCa � 14 mg/dL).8

Mild Hypercalcemia
Most cases of mild hypercalcemia are caused by PHP. All pa-
tients with PHP and symptomatic hypercalcemia who are 
surgical candidates should be referred to an experienced para-
thyroid surgeon for parathyroidectomy. Few would disagree 
that the best management for the patient with obvious symp-
toms or associated conditions of the disease or profound hy-
percalcemia (�12 mg/dL) is parathyroidectomy.9 Patients with 
FHH require no therapy.

There is a debate surrounding the issue of the best manage-
ment of asymptomatic patients or those with mild symptoms 
and no associated conditions of PHP. To address this issue, in 
1990, the National Institutes of Health together with the Na-
tional Institute of Diabetes and Digestive and Kidney Diseases 
defi ned a set of guidelines for operative interventions in 
these patients. These include markedly elevated serum cal-
cium (�12 mg/dL); history of an episode of life-threatening 
hypercalcemia; decreased creatinine clearance by 30% com-
pared with age-matched normal subjects; markedly elevated 
24-hour urine calcium (�400 mg/day); nephrolithiasis; age 
older than 50; osteitis fi brosa cystica; bone mass more than 
2 SD below controls matched for age, gender, and ethnic 

Hypercalcemia

Intact PTH

Low to normal High normal to elevated

Elevated PTH-rp

No Yes

Primary hyperparathyroidium
Lithium therapy
Tertiary hyperparathyroidism

Low or normal 
cholecalciferol

High calcidiol High calcitriol

Vitamin D overdose
Solid tumors 
(carcinomas of lung, 
esophagus, head 
and neck, kidneys, 
ovaries and bladder)

Lytic bone metastases, vitamin A 
toxicity, thiazides, aminophylline, 
estrogen, tamoxifen, thyrotoxicosis, 
pheochromocytoma, adrenal 
insufficiency, immobilization, milk 
alkali syndrome

Granulomatous diseases, 
malignant lymphoprolifer-
ative diseases, vitamin D 
overdose

Figure 34-1 Diagnostic approach to hypercalcemia. PTH, 
parathyroid hormone; PTH-rp, PTH-related protein.
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group; and neuromuscular symptoms (i.e., documented prox-
imal weakness, atrophy, hyperrefl exia, and gait disturbance).9

However, management of patients with asymptomatic PHP 
remains controversial.10 Immediate intervention is not neces-
sary. Surgery may be benefi cial in patients with vertebral 
osteopenia, in whom parathyroidectomy may lead to a dra-
matic improvement (as much as 20%) in bone density.11

Consideration of parathyroidectomy should also be given to 
patients with PHP who are vitamin D defi cient because the 
loss of inhibition by calcitriol on the PTH gene worsens the 
PHP.12 Replacement of vitamin D in face of hypercalcemia 
and/or hypercalciuria can be risky. Estrogen-progestin therapy 
is benefi cial in postmenopausal women with PHP because 
it decreases bone resorption and decreases SCa by 0.5 to 1.0 
mg/dL and increases bone density modestly.13 Estrogen-
progestin therapy decreases urinary calcium and hydroxypro-
line excretion and serum alkaline phosphatase, indicating 
decreased bone resorption, without changes in PTH.14

Diuretics should not be used to treat patients with mild PHP. 
Loop diuretics increase calcium excretion in the urine but may 
induce volume depletion. Thiazide diuretics are contraindi-
cated because they decrease urinary calcium excretion and in-
crease SCa. Oral inorganic phosphates can effectively lower SCa,
but the resultant ectopic calcifi cation is harmful to kidneys, 
blood vessels, and soft tissues. Thus, inorganic phosphates are 
reserved for patients who are not candidates for or who have 
failed alternate therapies and those who are moderately hypo-
phosphatemic. The use of �-adrenergic blockers such as 
propranolol, H2 receptor antagonists such as cimetidine, and 

progestin has been unsuccessful in decreasing SCa in patients 
with PHP.

Bisphosphonates are potent inhibitors of bone but are 
rarely required for mild hypercalcemia. However, risedronate, 
a newer bisphosphonate that can be given orally, inhibits bone 
resorption and decreases fasting SCa in patients with PHP.15 It 
may become the drug of choice for patients with PHP, par-
ticularly those with osteoporosis. However, long-term benefi t 
has not been documented (see “Severe Hypercalcemia”). 
Drugs under development include those that activate the 
calcium-sensing receptor in the parathyroid gland, thereby 
inhibiting PTH secretion,16 calcitriol analogues that inhibit 
PTH secretion directly but do not stimulate gastrointestinal 
calcium or phosphate absorption,17 and drugs that block the 
PTH receptor.18

Moderate Hypercalcemia
Moderate hypercalcemia (SCa 12–14 mg/dL) should be treated 
aggressively if there are signs or symptoms. The severity of the 
symptoms correlates with the rate of increase in SCa. In pa-
tients with few or mild symptoms, treatment of the underly-
ing cause should be instituted while embarking on hydration 
and mobilization. When neurological symptoms are the sole 
manifestation of hypercalcemia, other causes of an altered 
mental status must be excluded.19

The rationale for the use of normal saline for initial treat-
ment is that volume depletion impairs glomerular fi ltration 
and increases sodium and calcium reabsorption in the proxi-
mal tubule. Normal saline should be administered to replenish 

Hypercalcemia?

Advanced renal or heart failure

No

No

Yes

Yes

• Normal saline at 300–500 mL/hr and furosemide 10–40 mg q6h 
after volume repletion

• Single-dose pamidronate 30–90 mg IV (drug of first choice). 
Onset of action 24–48 hr. Use lower dose in chronic renal 
insufficiency

Consider hemodialysis against 
low or zero calcium dialysate 
and o.v. pamidronate

Serum calcium decreasing

Consider second-line drugs: calcitonin, gallium 
nitrate, and steroids (see below)

Definitive therapy Monitor serum calcium

Solid tumors Hyperparathyroidism Multiple myeloma, lymphomas, granulomatous 
diseases, adrenal insufficiency, vitamin D toxicity

Radiotherapy, 
chemotherapy, and 

surgery

Parathyroidectomy

Prednisone 20–50 mg/day 
and definitive therapy

Figure 34-2 Treatment of 
hypercalcemia. IV, intrave-
nous.
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volume and decrease proximal tubule calcium reabsorption. 
Occasional patients may become hypernatremic and require 
hypotonic fl uids because of the relative resistance to antidi-
uretic hormone in hypercalcemia combined with impairment 
of thirst if they are confused. If congestive heart failure devel-
ops or a more rapid decrease in SCa is desired, small doses of a 
loop diuretic may be added (e.g., furosemide 10–20 mg every 
6 hours). Diuretic-induced ECF depletion should be avoided 
as this worsens hypercalcemia. Higher doses of loop diuretics 
may be required in patients with renal insuffi ciency. The com-
bination of intravenous normal saline and loop diuretics 
should decrease SCa rapidly, by approximately 1 to 3 mg/dL, 
within 1 to 2 days. If the symptoms persist or hypercalcemia 
worsens, the treatment plan for severe hypercalcemia should 
be instituted.

Severe Hypercalcemia
When SCa exceeds 14 mg/dL, therapy should be initiated re-
gardless of whether the patient has signs or symptoms of hy-
percalcemia, except in terminally ill patients. Therapy involves 
a combination of volume replenishment, enhanced renal cal-
cium excretion, reduced bone resorption, and management of 
the underlying disease.

Patients with an elevated PTH should be referred for 
prompt parathyroidectomy after SCa has been decreased suf-
fi ciently for safe surgery. Excessive preoperative correction of 
hypercalcemia leads to postoperative hypocalcemia due to a 
decrease in osteoclastic bone resorption and marked infl ux of 
calcium into unmineralized osteoid.

Malignancy is usually responsible for severe hypercalcemia. 
Specifi c treatment of tumors with radiation or chemotherapy 
should not be delayed. Mobilization and oral sodium chloride 
and water, although still helpful, are unlikely alone to correct 
hypercalcemia. The fi rst step is replacement of ECF volume 
with 0.9% saline at 300 to 500 mL/hr, decreased after volume 
defi cit has been partially corrected. At least 3 to 4 L should be 
given in the fi rst 24 hours to achieve a positive fl uid balance of 
at least 2 L. Caution is required in patients who are elderly and 
those with compromised cardiac or renal function. Saline infu-
sion increases the delivery of sodium chloride, fl uid, and cal-
cium to Henle’s loop. Therefore, a loop diuretic is used to block 
transport at this site. Furosemide (40–160 mg/day in divided 
doses) is given after the ECF volume has been replenished. 
Thiazide diuretics are contraindicated because they decrease 
renal calcium excretion. The patient’s hemodynamic and elec-
trolyte status (potassium, phosphate, and magnesium replen-
ishment are usually required) must be monitored closely, often 
in an intensive care unit.

Concomitant measures to reduce osteoclastic bone resorp-
tion should be initiated because there is usually a marked en-
hancement of osteoclast-mediated bone resorption in patients 
with hypercalcemia. Bisphosphonates are analogues of pyro-
phosphate that are resistant to phosphatases. These bone-
seeking compounds bind to hydroxyapatite and prevent its 
dissolution. They have a very long half-life. Because they are 
poorly absorbed (1%–5% of an oral dose), they should be 
given with water on an empty stomach at least 30 minutes 
before food.20 Approximately 80% of the absorbed bisphos-
phonate is cleared by the kidney. The remaining 20% is taken 
up by bone, and this is enhanced by high bone turnover. 
Although the plasma half-life is only 1 hour, bisphosphonates 
may persist in bone for the patient’s lifetime.20 Intravenous 

administration of bisphosphonate should be given as 500 mL 
over at least 4 hours to dilute the precipitated calcium bisphos-
phonate that likely accounts for much of the nephrotoxicity.21

In patients with renal insuffi ciency, therapy should be initi-
ated with lower doses diluted in larger volumes of fl uid with 
additional doses given if renal function remains stable.

Etidronate is given intravenously (7.5 mg/kg/day in saline 
over 4 hours) for at least three consecutive days. Prolonging 
treatment to 5 days increases the response rate from 60% to 
100% of patients. Therapy should be interrupted if SCa de-
creases rapidly (2–3 mg/dL in the fi rst 2–3 days) or normalizes 
to avoid hypocalcemia. Normocalcemia may persist for 1 to 
7 weeks. Some patients can be maintained on oral etidronate 
(20 mg/kg/day). Prolonged administration has been associ-
ated with osteomalacia22 and hyperphosphatemia due to in-
creased tubular reabsorption of phosphate. The dose of eti-
dronate should be decreased by 50% in patients with renal 
insuffi ciency because some is excreted in the urine.

As pamidronate is more potent and long-lasting than eti-
dronate, it is the bisphosphonate of choice.22 A single injection 
of pamidronate is more effective in ameliorating hypercalce-
mia than a 3-day regimen of intravenous etidronate.23 The 
intravenous dose of pamidronate depends on the degree of 
hypercalcemia: 30 mg if SCa is less than 12 mg/dL (3 mmol/L), 
60 mg if SCa is 12 to 13.5 mg/dL (3.0–3.4 mmol/L), and 90 mg 
if SCa is higher. It is usually given in isotonic saline as a single 
intravenous infusion over 4 to 24 hours.24 The dose should 
not be repeated in less than 7 days. Pamidronate is well toler-
ated, although a few patients develop fever. It is excreted by the 
kidney. Although not approved for use in patients with renal 
failure, pamidronate seems to be safe and effective for the 
treatment of patients on dialysis who have severe hypercalce-
mia induced by the combination of calcium carbonate and 
calcitriol,25 provided that the dose does not exceed 30 mg. 
Pamidronate produces sustained normocalcemia for 15 days. 
In patients with cancer, the duration of hypocalcemic effect 
correlates inversely with serum PTH-related protein concen-
trations, with values more than 12 pmol/L usually indicating 
a short-lived response.26

Clodronate (4–6 mg/kg/day infused over 2–4 hours) is 
widely used in Europe but is not available in the United 
States.

Alendronate, although very potent when administered in-
travenously, is approved only for oral therapy of osteoporosis.

Zolendronic acid (Zometa) has been recently approved by 
U.S. Food and Drug Administration for the treatment of the 
hypercalcemia of malignancy. A single 4- to 8-mg dose of zo-
lendronic acid is more effective than 90 mg pamidronate. The 
duration of normocalcemia is 32 to 43 days. In addition, a 
4-mg dose of zolendronic acid offers the convenience of a 
15-minute infusion time compared with 2 to 24 hours for 
pamidronate. Zolendronic acid also decreases the skeleton-
related events in patients with metastatic breast cancer, mul-
tiple myeloma, Paget’s disease, and bone metastasis from 
prostate and lung cancers.27

Risedronate, a potent third-generation oral bisphospho-
nate, is being evaluated for treatment of hypercalcemia. It 
decreases SCa in mild PHP, but its long-term utility remains to 
be determined.

Ibandronate (Boniva) is approved by U.S. Food and Drug 
Administration as once per month oral treatment for osteo-
porosis. Its intravenous administration as a bolus within a few 
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minutes for the treatment of hypercalcemia of malignancy 
and skeleton-related events of solid tumors has been approved 
in Europe without an increased risk of nephrotoxicity com-
pared with other intravenous forms of bisphosphonates (i.e., 
zolendronic acid and pamidronate).28,29

Osteochemonecrosis of jaws is a well-described side effect 
of bisphosphonates. The oral preparations (i.e., alendronate 
and risedronate) are considered low risk of osteonecrosis. 
Nephrotoxicity is a rare but important reported side effect of 
zolendronic acid, which should be avoided in patients with 
any degree of renal failure. Other bisphosphonates need dose 
adjustments for creatinine clearance less than 30 mL/min.30

Plicamycin (mithramycin) inhibits osteoclastic RNA syn-
thesis and decreases osteoclastic bone resorption. It is given 
intravenously (15–25 �g/kg) over 3 to 6 hours and repeated in 
1 to 2 days if required. SCa begins to decrease within 12 hours, 
usually reaching a nadir by 48 hours. The hypocalcemic effect 
lasts for several days. Repeated doses can be given at 3- to 7-day 
intervals. Use of mithramycin is limited by its toxicity, particu-
larly in patients with liver, bone marrow, or kidney disease. It is 
rarely used.

Calcitonin inhibits osteoclastic bone resorption and en-
hances renal calcium excretion. The most potent form of the 
drug is salmon calcitonin, which is given intramuscularly or 
subcutaneously (4–8 U/kg every 6–12 hours). It is safe and 
nontoxic and acts rapidly within 4 to 6 hours. Unfortunately, 
calcitonin is effective in only 60% to 70% of patients, most of 
whom then develop tachyphylaxis rapidly.22 It is additive with 
bisphosphonates.

Gallium nitrate inhibits bone resorption by binding to bone, 
decreasing hydroxyapatite crystal solubility, and decreasing SCa.
Because it also inhibits PTH secretion, it may be particularly 
effective in the treatment of hyperparathyroidism. It is admin-
istered intravenously over 5 days at a dose of 200 mg/m2/day in 
1 L of saline over 24 hours. Like bisphosphonates, there is a la-
tent period of 6 to 8 days before a nadir in SCa is seen, with the 
effect lasting approximately 1 week. However, adverse effects are 
more frequent and more severe, with nephrotoxicity being 
common as well as hypophosphatemia and anemia. The drug 
should be avoided in patients with renal insuffi ciency or those 
receiving concomitant nephrotoxic agents.

Glucocorticoids decrease SCa by inhibiting cytokine release, 
by direct cytolytic effects on select tumor cells, by inhibiting 
intestinal calcium absorption, and by increasing renal calcium 
excretion. They are effective in hypercalcemia due to my-
eloma, other hematologic malignancies, sarcoidosis, and vita-
min D intoxication. Other tumors rarely respond. The initial 
oral dose of prednisone is 20 to 50 mg twice daily. The SCa may 
take 5 to 10 days to decrease, after which the dose should be 
gradually decreased. Toxicity limits the usefulness of gluco-
corticoids for long-term therapy.

Hemodialysis, with little or no calcium in the dialysis fl uid, 
and peritoneal dialysis, albeit slower, are both very effective 
modes of therapy for hypercalcemia. Dialysis is particularly 
useful in patients with renal insuffi ciency or congestive heart 
failure who cannot safely be given intravenous saline.

Inorganic phosphates, although effective, are not recom-
mended for therapy of hypercalcemia because of the precipita-
tion of calcium phosphate crystals in blood vessels and soft 
tissues.

Future therapies for cancer-induced hypercalcemia include 
noncalcemic analogues of calcitriol (e.g., 22-oxacalcitriol) 

that reduce the release of PTH-related protein. A calcimimetic 
agent, such as norcalcin, that binds to the calcium-sensing 
receptor and suppresses the release of PTH is being evaluated 
for PHP.

Hypocalcemia
Clinical Features, Pathophysiology, and Cause

The symptoms and signs of acute hypocalcemia include latent 
tetany, tetany, papilledema, and seizures. By comparison, ecto-
dermal and dental changes, cataracts, basal ganglia calcifi ca-
tion, and extrapyramidal disorders are features of chronic 
hypocalcemia.31 Hypocalcemia can cause emotional instabil-
ity, anxiety, depression, confusional states, hallucinations, and 
frank psychosis. Hypocalcemia characteristically causes pro-
longation of the QT interval on the electrocardiogram. Be-
cause the ST segment rather than the T wave is affected, the 
interval to the onset of the T wave (QoTc interval) may be a 
more sensitive indicator of hypocalcemia.32 Hypocalcemia 
impairs the response to digitalis. Ventricular arrhythmias and 
congestive heart failure can occur. Chronic hypocalcemia, 
particularly when associated with hypophosphatemia and vi-
tamin D defi ciency, causes growth plate abnormalities in 
children (rickets) and defects in the mineralization of new 
bone. Severe symptomatic hypocalcemia requires immediate 
intervention.

Falsely low SCa due to hypoalbuminemia should fi rst be 
excluded by measuring ionized SCa. The most common causes 
of hypocalcemia in hospital include magnesium defi ciency, 
pancreatitis, sepsis, acute and chronic renal failure, hypopara-
thyroidism, vitamin D defi ciency, and complexing of calcium 
with infused phosphate, citrate, or albumin33 (Fig. 34-3).

Treatment

Rationale and Overview
Treatment of hypocalcemia varies with its severity, the ra-
pidity with which it develops, and the underlying cause. At 
one end of the spectrum, an asymptomatic patient with 
mild hypocalcemia (7.5–8.5 mg/dL, 1.9–2.1 mmol/L) may 
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Figure 34-3 Diagnostic approach to hypocalcemia.
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warrant cautious observation and require only oral calcium 
supplements (500–1000 mg elemental calcium every 6 hours 
ingested between meals). In contrast, a patient with tetany, 
a sign of severe hypocalcemia, must be treated aggressively 
with intravenous calcium. Patients with SCa less than 
7.5 mg/dL, or any symptoms, require parenteral therapy 
(Fig. 34-4). Administration of calcium alone is only effec-
tive transiently. PTH is not available for clinical use; there-
fore, patients with PTH defi ciency are treated with calcium 
and vitamin D.

Investigation into the underlying cause for hypocalcemia 
should include the serum phosphate (high in renal failure and 
tumor lysis and low in hypomagnesemia, osteoblastic meta-
static disease, and vitamin D–defi cient states such as osteoma-
lacia), creatinine, and alkaline phosphatase (high in renal osteo-
dystrophy, osteoblastic metastatic disease, and osteomalacia).

Hypocalcemia is often associated with other electrolyte 
and acid-base disorders. Hypomagnesemia should be treated 
as needed (see “Hypomagnesemia”). When metabolic acidosis 
is present, SCa must be corrected before acidosis because the 
treatment of acidosis decreases the ionized SCa, thereby pre-
cipitating problems such as tetany or cardiac arrest. Moreover, 
sodium bicarbonate and calcium salts must be administered 
in different intravenous lines to avoid precipitation of calcium 
carbonate. Because the administration of calcium potentiates 
digoxin toxicity, such patients should be monitored closely.

Hyperphosphatemia may accompany hypocalcemia in pa-
tients with hypoparathyroidism, renal disease, rhabdomyoly-
sis, or tumor lysis. To avoid precipitation of calcium and 
phosphate, calcium supplementation must be given with 
phosphorus binders. By decreasing the fraction of calcium 

bound to phosphate, a decrease in the serum phosphate 
improves ionized SCa. When hypocalcemia persists, it is best to 
delay calcium supplementation until the serum phosphate is 
less than 6 mg/dL.

Acute Hypocalcemia
Patients with symptomatic hypocalcemia should be treated 
immediately. Many patients have symptoms when ionized SCa

is less than 2.8 mg/dL or total SCa is less than 7 mg/dL. In gen-
eral, the intravenous infusion of 15 mg/kg of elemental cal-
cium over 4 to 6 hours will increase total SCa by approximately 
2 to 3 mg/dL.30 Thus, a 70-kg patient with SCa of 6 mg/dL will 
require approximately 1 g of elemental calcium to increase SCa

to 8 mg/dL. Several forms of calcium can be used for intrave-
nous administration.

Calcium gluconate (10% in 10-mL ampoules containing 
94 mg of elemental calcium) is given in emergency situations 
as one ampoule over 4 minutes followed by a calcium gluco-
nate drip, if necessary. Solutions concentrated to greater than 
200 mg (two ampoules) of calcium per 100 mL should be 
avoided because calcium is irritating to veins. Ten ampoules 
(100 mL) may be combined with 1000 mL of 5% dextrose and 
infused at 50 mL/hr (45 mg of elemental calcium per hour), 
titrating the rate as needed. For a symptomatic 70-kg patient, 
calcium may be infused more rapidly until symptoms subside, 
then the infusion is decreased to 50 mL/hr to achieve a low-
normal calcium level within 8 to 18 hours. If necessary, all 
10 ampoules may be infused over 4 to 6 hours.34

Calcium gluceptate (10%) is similar to calcium gluconate 
but provides 90 mg of elemental calcium in a 5-mL ampoule, 
which is useful in patients who cannot tolerate large volumes 
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of fl uid. Ten ampoules (50 mL) may be added to 450 mL of 
5% dextrose as 1.8 mg/mL. A dose of 45 mg of calcium (half 
an ampoule) can be infused in 25 mL of fl uid.

Calcium chloride (10%) provides more calcium per am-
poule (272 mg per 10-mL ampoule) and is more bioavailable 
than either calcium gluconate or calcium gluceptate. Although 
this results in a more rapid elevation in SCa, which may be 
preferable in emergency situations, it is more irritating to 
veins, thus rendering it less desirable for prolonged infusion.

Calcium glubionate (Neo-Calglucon) is an oral liquid that 
provides 23 mg of calcium per milliliter or 115 mg per tea-
spoon (5 mL). It is readily absorbed in the gastrointestinal 
tract and is well tolerated. It is an excellent supplement for 
hypocalcemic neonates and infants and for adults who lack 
intravenous access.

Patients with hypocalcemia following elective parathyroid-
ectomy for renal osteodystrophy may require emergency vita-
min D therapy. When the excessive PTH stimulation is with-
drawn suddenly, calcium and phosphate accumulate rapidly 
in healing bone lesions and osteoclastic bone resorption is 
decreased. These effects cause a dramatic decrease in SCa

(hungry bone syndrome). The failed kidneys cannot increase 
calcitriol, so that intestinal calcium absorption remains low. 
Intravenous calcium is often required initially and is replaced 
with oral calcium supplements and calcitriol. Calcitriol is the 
vitamin D metabolite with the greatest potency and most 
rapid onset of action. It is available in oral (Rocaltrol) and 
intravenous (Calcijex) preparations. Initially, large intrave-
nous doses are generally required (�1–2 �g/day), decreasing 
to maintenance oral daily doses or three times weekly intrave-
nous doses at dialysis of 0.2 to 1.0 �g.33

Chronic Hypocalcemia
This requires treatment with oral calcium supplementation 
and, if necessary, vitamin D to enhance intestinal calcium ab-
sorption. Calcium is available with carbonate, gluconate, lac-
tate, acetate, citrate, glubionate, and phosphate, although ab-
sorption varies with the preparation and timing of ingestion. 
Treatment is usually started at a dose of 1000 to 2600 mg two 
to four times daily between meals, adjusted according to SCa.
Calcium carbonate is available in tablets containing 500 to 
750 mg of calcium. Calcium citrate is well absorbed but should 
not be used in patients taking aluminum-containing medica-
tions because it enhances aluminum absorption. Calcium 
glubionate is well absorbed but expensive. Calcium phosphate 
should be avoided because it exacerbates hyperphosphatemia 
and metastatic calcifi cation.35

Patients with hypoparathyroidism may develop hypercalci-
uria with treatment because they lack the normal stimulatory 
effect of PTH on renal tubular calcium reabsorption and 
therefore excrete excessive calcium. This may cause nephroli-
thiasis, nephrocalcinosis, or chronic renal insuffi ciency. There-
fore, the dose of calcium should be adjusted to maintain SCa

slightly below normal range and calcium excretion should be 
measured periodically. A few patients with hypoparathyroid-
ism can be treated with a thiazide diuretic.

In disorders associated with insuffi cient vitamin D (e.g., 
hypoparathyroidism, osteomalacia, chronic renal failure), cal-
citriol acts rapidly because it requires no further metabolism 
to function. Administration of 0.5 to 1.0 �g/day is usually suf-
fi cient, although in extreme cases, such as immediately after 
parathyroidectomy, more may be required (2–3 �g). Calcitriol 

is more expensive than the parent vitamin D compounds 
vitamin D2 (ergocalciferol) and vitamin D3 (cholecalciferol), 
which are adequate for nutritional defi ciency at doses of ap-
proximately 400 U/day or for malabsorption at higher doses 
(50,000–100,000 U/day). However, their action may be de-
layed for several weeks because they require conversion to 
calcitriol. They are ineffective for diseases in which 25- or 
1�-hydroxylation is impaired, such as liver and renal failure, 
hypoparathyroidism, and vitamin D–dependent rickets type 
1. In contrast to the rapid elimination of calcitriol and cal-
cidiol (within days), vitamins D2 and D3 may continue to 
function for several weeks after dosing, potentially resulting in 
hypervitaminosis D.35

PHOSPHATE DISORDERS

Homeostasis
Phosphate is the most abundant intracellular anion: approxi-
mately 80% is contained within bone mineral, 19% in cells, 
and approximately 1% in the ECF. Plasma phosphate concen-
trations are 2.5 to 4.5 mg/dL (0.81–1.45 mmol/L) in adults 
and 4.0 to 7.0 mg/dL (1.3–2.3 mmol/L) in children. Thus, 
changes in serum phosphate concentration (SPi) may not re-
fl ect total body content. The majority (�70%) of SPi is organic 
and present mainly in phospholipids, and the remainder is 
inorganic. Approximately 15% of inorganic phosphate is 
bound to protein and is therefore not available for ultrafi ltra-
tion by the kidneys. The remainder exists mainly in the mono-
hydrogen (HPO4

2�) and dihydrogen (H2PO4
�) forms in a 

ratio of 4:1 at a physiologic pH of 7.4. Small amounts are 
complexed to sodium, magnesium, and calcium.

SPi is not as tightly regulated as SCa. It varies with dietary 
intake, age (higher in infants and children, decreasing with 
adolescence), time of day (peak at 4 am and nadir 6–7 hours 
later), and hormonal status (higher in postmenopausal 
women). Phosphate is prevalent in meats, dairy products, and 
grains. Some 65% of ingested phosphate (800–1600 mg/day) 
is absorbed in the small intestine, both passively and by 
calcitriol-mediated active transport. Normally, phosphate 
transport occurs primarily through unregulated paracellular 
diffusive pathways. However, when luminal phosphate concen-
trations are low, absorption is by active sodium-dependent 
transport via a Na�/P cotransporter that is secondarily active 
and uses the favorable sodium gradient from the basolateral 
Na�/K�-ATPase.36 Phosphate egress is passive. Calcitriol en-
hances phosphate absorption, whereas PTH stimulates intesti-
nal phosphate absorption indirectly by increasing the synthesis 
of calcitriol. Other factors that increase intestinal phosphate 
absorption include low phosphate intake, acidosis, bile salts, 
lactose, prolactin, thyroid hormone, and the acute effect of 
glucocorticoids. Calcium, magnesium, and aluminum decrease 
phosphate absorption by binding to phosphate. Hypophos-
phatemia stimulates production of calcitriol, which subse-
quently enhances phosphate and calcium absorption. Hyper-
phosphatemia increases PTH secretion and decreases calcitriol 
production.

Renal phosphate excretion generally equals phosphate ab-
sorption. Some 85% of phosphate reabsorption occurs in the 
proximal tubule, where the brush-border membrane phosphate 
transporter is secondarily active via the Na�/P cotransporter.37
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Growth hormone, insulin-like growth factor I, insulin, epider-
mal growth factor, thyroid hormone, and calcitriol stimulate 
renal phosphate reabsorption. PTH, PTH-related protein, calci-
tonin, atrial natriuretic factor, transforming growth factors �
and �, and glucocorticoids inhibit phosphate absorption.21

Intravascular volume expansion and high-phosphate diets 
enhance phosphate excretion.

SPi can be decreased acutely by stimulating cellular uptake 
with intravenous glucose or insulin, ingestion of carbohydrate-
rich meals, acute respiratory alkalosis, epinephrine, and rapid 
cell proliferation (e.g., neoplasia).38 Conversely, SPi is increased 
by metabolic acidosis and intravenous infusion of calcium.

Hyperphosphatemia
Clinical Features, Pathophysiology, and Cause

Hyperphosphatemia (SPi � 4.5 mg/dL in adults, �7 mg/dL in 
children) is most commonly caused by decreased renal phos-
phate excretion due to renal failure (i.e., glomerular fi ltration 
rate � 20–25 mL/min). Hyperphosphatemia due to defective 
renal phosphate clearance also occurs with hypoparathyroid-
ism, pseudohypoparathyroidism, increased growth hormone 
or insulin-like growth factor I, bisphosphonate therapy, and a 
variety of rare inherited diseases.19 Acidosis redistributes cel-
lular phosphate to the plasma. Hyperphosphatemia can also 
occur during increased release of intracellular phosphate in 
acute tumor lysis or rhabdomyolysis coupled with acute renal 
failure39 (Fig. 34-5).

In advanced renal failure, hyperphosphatemia is a univer-
sal fi nding. As the glomerular fi ltration rate decreases, frac-
tional tubular phosphate excretion increases progressively, 
under the infl uence of PTH, to 60% to 90%. This maintains 
SPi until the glomerular fi ltration rate decreases to less than 
25 mL/min. The ensuing hyperphosphatemia and loss of 
functioning kidney mass suppress the production of calcitriol, 
thus decreasing intestinal absorption of calcium. The ensuing 

decrease in SCa and increase in SPi decrease calcitriol and 
increase PTH secretion, which may aggravate hyperphospha-
temia by release of calcium and phosphate from bone. The 
eventual parathyroid hyperplasia and excessive PTH action 
cause high-turnover bone disease.39

The rapid turnover of malignant tumors stimulated by 
chemotherapy releases intracellular potassium, uric acid, and 
phosphate. Uric acid precipitation in the renal tubules can 
cause acute renal failure, which may worsen the hyperphos-
phatemia and hyperkalemia. Increasing the urine pH with 
intravenous alkaline sodium bicarbonate solubilizes the uric 
acid but may enhance calcium phosphate precipitation, which 
can cause nephrocalcinosis or nephrolithiasis.

Pseudohyperphosphatemia due to hyperglobulinemia, hy-
perlipidemia, hemolysis, and hyperbilirubinemia can be as-
sessed by serum analysis after deproteinization.

The manifestations of acute severe hyperphosphatemia are 
related mainly to accompanying hypocalcemia and tetany 
caused by precipitation of calcium phosphate. In addition, 
hyperphosphatemia inhibits the activity of 1�-hydroxylase in 
the kidney. The resulting decrease in calcitriol aggravates hy-
pocalcemia further by impairing intestinal calcium absorption, 
inducing skeletal resistance to PTH. Profound hypocalcemia 
and tetany are occasionally observed during the early phase of 
the tumor lysis syndrome and rhabdomyolysis. When the (cal-
cium ∞ phosphate) product exceeds approximately 65, patients 
may develop metastatic calcifi cation in the skin, cornea, blood 
vessels, myocardium, heart valves, and other organs.39 Patients 
on maintenance dialysis may also develop premature coronary 
artery calcifi cation.40 An extreme case of metastatic calcifi ca-
tion, acral calciphylaxis, is rapid occlusion of small-sized arter-
ies with necrosis and gangrene of the digits. Parathyroidectomy 
is recommended if PTH levels are extremely elevated.39 Hyper-
phosphatemia is critical in the development of secondary 
hyperparathyroidism and renal osteodystrophy in chronic 
renal failure.

Treatment

Correction of the cause is the primary aim. Acute hyperphos-
phatemia in patients who do not have renal failure is treated 
by saline diuresis. Proximally acting diuretics, such as acet-
azolamide, are the most phosphaturic. Correction of acidosis 
or treatment of hyperglycemia with insulin promotes cellular 
phosphate uptake.

In patients with impaired renal function, SPi may be de-
creased by dietary phosphate restriction. Because phosphate is 
ubiquitous, severe dietary restriction is impractical. The average 
American diet contains 800 to 1600 mg of phosphate; restric-
tion to 1000 to 1250 mg does not cause protein-calorie malnu-
trition.39 In patients with end-stage renal disease or severe acute 
renal failure, SPi may be decreased by dialysis. Although dialysis 
membranes are permeant to phosphate, there is only a slow 
phosphate effl ux from the large intracellular phosphate stores. 
Hemodialysis removes only approximately 2 to 3 g of phosphate 
per week. Nocturnal hemodialysis improves control of SPi.41

Peritoneal dialysis is more effective in eliminating phosphate 
but is still unable to match the dietary phosphate intake of most 
patients.

Phosphate binders form insoluble nonabsorbable com-
pounds with phosphate in the intestines that are lost in stool. 
They must be ingested immediately before, during, or after the 
meal. Calcium, aluminum, and magnesium all bind phosphate, 
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Figure 34-5 Diagnostic approach to hyperphosphatemia. 
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although magnesium is relatively weak and is avoided in renal 
insuffi ciency. Oral calcium carbonate and the more potent 
calcium acetate are preferred to calcium citrate because the 
latter enhances intestinal aluminum absorption. Calcium car-
bonate is available in 500- and 1000-mg tablets. The initial 
dose is 1 g with each meal three times daily. If SPi does not de-
crease, the dose is gradually increased to 8 to 12 g/day. Persis-
tent hyperphosphatemia may be due to incomplete dissolution 
of the tablets in the gastrointestinal tract, excessive phosphate 
intake, or noncompliance. Hypercalcemia is more likely if a 
vitamin D preparation is also given or if there is decreased 
bone turnover due to osteomalacia or adynamic bone dis-
ease.42 Absorption of calcium promotes coronary arterial calci-
fi cation, which is associated with coronary atherosclerosis.41 If 
hypercalcemia develops or if the (calcium phosphate) product 
exceeds 65, the therapy should be replaced by noncalcium-
based phosphate binders (Sevelamer or Fosrenol). Decreasing 
the dialysate calcium to 2.5 mg/L or less is useful when large 
doses of calcium are required.36,39 However, extended treat-
ment with a low-calcium dialysate increases the risk of severe 
hyperparathyroidism. Aluminum hydroxide can cause alumi-
num intoxication, with vitamin D–resistant osteomalacia, a 
refractory microcytic anemia, bone and muscle pain, and de-
mentia. It is no longer recommended.

Sevelamer (Renagel) is a nonabsorbable agent that con-
tains neither calcium nor aluminum. It is a cationic polymer 
that binds phosphate through ion exchange. It is as effective as 
calcium carbonate or calcium acetate but does not affect SCa.43

It lowers total cholesterol concentration by 15%. Gastrointes-
tinal adverse effects may limit its use in some patients. At 
present, it is reserved for patients with hypercalcemia because 
of its considerable cost. The usual recommended dose is 
800 to 1600 mg with meals three times per day.

Lanthanum carbonate (Fosrenol) is a fi rst-line calcium-
free phosphate binder that helps lower serum phosphate lev-
els. The initial recommended dose is 750 to 1500 mg of Fosre-
nol tablets with each meal. It is in chewable form only, which 
is good for dialysis patients trying to watch their fl uid intake. 
The active ingredient in Fosrenol is two to three times more 
potent than sevelamer hydrochloride on a gram-for-gram 
basis. Lanthanum carbonate showed a safety profi le that is 
similar to the overall profi le of the standard therapy with 
calcium carbonate during 3 years of treatment.44,45

Treatment of secondary hyperparathyroidism begins with a 
decrease in SPi while maintaining the (calcium ∞ phosphate) 
product less than 65. Thereafter, pulse oral or intravenous cal-
citriol two to three times per week can reduce PTH secretion. 
To prevent adynamic bone disease, most investigators recom-
mend that intact PTH should be maintained in a mildly ele-
vated range (�250 pg/mL).46 Mild hyperparathyroidism (intact 
PTH 250–400 pg/mL) should be treated fi rst with better control 
of SPi. If PTH continues to increase, calcitriol (intravenous Cal-
cijex or oral Rocaltrol) is initiated at a dose of 1 �g three times 
weekly. For PTH greater than 600 to 700 pg/mL, an increase in 
calcitriol dose to 2 �g or more three times weekly is required. 
Calcitriol may cause hypercalcemia and may exacerbate hyper-
phosphatemia. Paricalcitol (Zemplar) in an active form of vita-
min D for the treatment of secondary hyperparathyroidism in 
chronic kidney disease. The oral form is approved for stage 3 
and 4 chronic kidney disease, and the intravenous form for 
patients on renal replacement therapy. The starting dose is 0.04 
to 0.1 �g/kg. Paricalcitol, a selective new vitamin D analogue 
that is as effective in decreasing PTH, is equal to calcitriol but 

with one tenth of the risk of inducing hypercalcemia, hyper-
phosphatemia, and elevated CaXP product to more than 65. 
The selectivity of paricalcitol makes this agent the analogue of 
choice in patients with chronic kidney disease.

Another recently approved novel agent for the treatment of 
secondary hyperparathyroidism in dialysis patients is Sensipar 
(cinacalcet hydrochloride), a calcimimetic agent. The major 
physiologic action of cinacalcet is that increases the sensitivity 
of the calcium-sensing receptor to activation by extracellular 
calcium. The result is a safe direct inhibition of PTH synthesis 
and secretion. In addition, cinacalcet has a mild effect in 
patients with chronic kidney disease in decreasing SCa and SPi.
The starting dose is 30 mg once daily, which should be titrated 
up not more than every 2 to 4 weeks to 60, 90, 120, and 180 
mg to achieve normal serum calcium and target PTH.47 Cina-
calcet should be used in combination with paricalcitol. SCa

may also be decreased by decreasing dialysate calcium concen-
trations. Patients with refractory secondary hyperparathy-
roidism or those who develop severe hypercalcemia require 
parathyroidectomy.48

Hypophosphatemia
Clinical Features, Pathophysiology, and Cause

Moderate hypophosphatemia (SPi 1–2.5 mg/dL, 0.32–0.81 
mmol/L) is usually asymptomatic. Severe hypophosphatemia 
(SPi � 1 mg/dL or 0.32 mmol/L) indicates total body phos-
phate depletion and is potentially fatal. Numerous cellular 
mechanisms require phosphate (e.g. 2,3-diphosphoglycerate 
and adenosine triphosphate).36,39 Clinical features include 
erythrocyte, leukocyte, and platelet dysfunction; myopathy; 
confusion; ataxia; seizures and coma; respiratory insuffi ciency; 
osteomalacia; metabolic acidosis; cardiac arrhythmias; and 
cardiomyopathy. Hypophosphatemia may result from de-
creased intestinal phosphate absorption, increased renal phos-
phate losses, and a shift of phosphate to intracellular compart-
ments (Fig. 34-6).

Hypophosphatemia

Urine Pi >100 mg/day 
or FEPi > 5%

Urine Pi <100 mg/day or 
FEPi < 5%

Hyperparathyroidism 
Metabolic acidosis 

Renal tubular defects (Fanconi 
syndrome, renal transplant, 

recovery from ATN) 
Vitamin D deficiency or 

resistance*
X-linked hypophosphatemic 

rickets 
Drugs (alcohol, diuretics, 

aminophyilline, corticosteroids, 
cisplatin, acetaminophen 

toxicity) 
Mineralocorticoid excess

Dietary deficiency 
Decreased gastrointestinal 
absorption (malabsorption 

syndromes, antacids, vitamin 
deficiency or resistance*) 

Intracellular shift (nutritional 
repletion, insulin, 
catecholamines, 

glucocorticoids, respiratory 
alkalosis, hematological 
malignancies, anemia 
therapy, hepatic failure, 

hungry bone 
syndrome)

Figure 34-6 Diagnostic approach to hypophosphatemia. 
*More than one mechanism involved. ATN, acute tubular 
necrosis; FEPi, fractional excretion of phosphate.
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Alcoholism and Alcohol Withdrawal
As many as 10% of chronic alcoholics are hypophospha-
temic.36,39 The causes include insuffi cient phosphate intake, use 
of phosphate-binding antacids for gastrointestinal disorders, 
emesis, hypomagnesemia, diarrhea, and excessive alcohol-
induced renal phosphate excretion, as well as intracellular 
shifts due to hyperventilation or glucose infusion in patients 
with alcoholic cirrhosis or in acute abstinence.36

Nutritional Repletion
This may result in severe hypophosphatemia due to cellular 
phosphate uptake and utilization in anabolic tissue if suffi -
cient amounts of phosphate are not provided. Phosphate re-
quirements often exceed those provided in either enteral or 
parenteral feeds.36,39

Diabetes Mellitus
Patients with decompensated diabetes associated with ketoaci-
dosis excrete excessive phosphate due to osmotic diuresis. The 
plasma level is usually maintained because of large shifts of phos-
phate from cells into plasma. Administration of insulin, fl uids, 
and correction of ketoacidosis causes SPi to decrease sharply. 
Patients with very low SPi usually require phosphate supplemen-
tation during correction of hyperglycemia and acidosis.36

Acute Respiratory Alkalosis
Acute hyperventilation can reduce SPi to very low levels as 
phosphate enters muscle. Such a decrease in SPi is not observed 
in acute metabolic alkalosis. Paradoxically, chronic hyperventi-
lation causes hyperphosphatemia.48

Treatment

Rationale and Overview
The appropriate management of hypophosphatemia usually 
requires phosphate supplementation and diagnosis of the 
cause to prevent recurrence. Phosphate replacement can cause 
diarrhea (with oral supplements), hyperphosphatemia, and 

hypocalcemia.36,39 Therefore, replacement should be used cau-
tiously. Diarrhea is uncommon in patients with severe phos-
phate defi ciency, especially when daily doses of phosphate are 
less than 1 g and given four times daily. Hypophosphatemia 
should be seen as a marker of an underlying disorder for 
which evaluation and therapy may be necessary. Hypophos-
phatemia should be anticipated in patients receiving enteral 
or parenteral nutrition, malnourished patients receiving glu-
cose-containing intravenous fl uids, and alcoholics.

Oral replacement is preferred in asymptomatic patients, 
even those with very low phosphate levels (Table 34-1). Cor-
rection of any associated hypokalemia and hypomagnesemia 
decreases phosphaturia (Fig. 34-7). Milk provides 1 g/L (33 
mmol/L) of inorganic phosphate. It is usually better tolerated 
than phosphate tablets.36,39

Mild Hypophosphatemia Mild hypophosphatemia (SPi � 2
mg/dL), especially when ascribed to intracellular shifts, usually 
resolves without pharmacologic intervention.

Moderate Hypophosphatemia Moderate hypophosphate-
mia (SPi � 1 mg/dL in adults, �2 mg/dL in children) responds 
to oral supplementation. Patients receiving total parenteral 
nutrition should receive at least 1000 mg/day (32 mmol) of 
phosphate. Lactose and lipids are poorly tolerated in mal-
nourished patients with lactose or fat intolerance. Therefore, 
skim milk is preferable. With each 8-oz serving (containing 
�235 mg of phosphate), most people can replenish their 
stores with four to eight glasses per day for 7 to 10 days.36,39

Severe Hypophosphatemia In general, SPi less than 0.5 
mg/dL refl ects a phosphate defi cit of more than 3 g; in the pres-
ence of symptoms, this defi cit is more than 10 g.36 In asymp-
tomatic patients, severe hypophosphatemia is treated with oral 
supplements of phosphate (6–10 g) over several days. Oral 
supplements are available as monobasic, dibasic, and acid so-
dium and potassium salts. Neutral potassium and sodium 

Table 34-1 Phosphate Preparations

Phosphate Sodium Potassium

Oral Preparations

Skim milk 1 g/L 28 mEq/L 38 mEq/L

Neutra-Phos 250 mg/packet 7.1 mEq/packet 7.1 mEq/packet

Phospho-Soda 150 mg/mL 4.8 mEq/mL 0

Neutra-Phos K 250 mg/capsule 0 14.25 mEq/capsule

K-Phos Original 150 mg/capsule 0 3.65 mEq/capsule

K-Phos Neutral 250 mg/tablet 13 mEq/tablet 1.1 mEq/tablet

Intravenous Preparations

Neutral sodium potassium 
phosphate

1.1 mmol/mL 0.2 mEq/mL 0.02 mEq/mL

Neutral sodium phosphate 0.09 mmol/mL 0.2 mEq/mL 0

Sodium phosphate 3.0 mmol/mL 4.0 mEq/mL 0

Potassium phosphate 3.0 mmol/mL 0 4.4 mEq/mL

From Subramanian R, Khardori R: Severe hypophosphatemia: Pathophysiologic implications, clinical presen-
tations, and treatment. Medicine 2000;79:1–8.
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preparations (Neutraphos, K-Phos Neutral) provide 250 mg of 
phosphate per tablet (see Table 34-1) but also contain large 
amounts of sodium. Phosphate enemas are also available (Fleet 
Enema) for patients intolerant of oral supplements. Because of 
the high sodium content, laxative effect, and erratic absorption, 
enemas are not primary therapy. In symptomatic patients, in-
travenous supplementation is usually required to increase SPi to 
more than 1.0 to 1.5 mg/dL, at which point oral supplements 
may be given. The usual starting dose is 2 mg/kg IV infused in 
half-normal saline over 6 hours or 5 mg/kg over 12 hours, 
checking SPi frequently and discontinuing the infusion when 
necessary. In symptomatic, severely hypophosphatemic pa-
tients, 1 g of phosphate in 1 L of fl uid may be infused over 8 to 
12 hours.36,39 Intravenous phosphate can precipitate with cal-
cium and produce hypocalcemia, renal failure, and serious ar-
rhythmias. Intravenous phosphate supplements are also avail-
able in combination with sodium or potassium.

MAGNESIUM DISORDERS

The normal body content of magnesium is approximately 
1000 mmol or 22.66 g, of which 50% to 60% is contained in 
bone; extracellular magnesium accounts for only 1%. The 
normal serum magnesium concentration is 1.7 to 2.2 mg/dL 
(0.75–0.95 mmol/L). Approximately 55% is ionized and 
15% complexed to bicarbonate, citrate, and phosphate; the 
remaining 30% is protein bound and thus is not available for 
ultrafi ltration by the kidneys.

Magnesium is essential for the function of important en-
zymes, including those involved in the transfer of phosphate 
groups, all reactions that require ATP, and every step in 
the replication and transcription of DNA and translation 
of mRNA. Magnesium is also required for cellular energy me-
tabolism and has an important role in membrane stabilization, 
nerve conduction, ion transport, and calcium channel activity.

Homeostasis
Maintenance of normal magnesium levels depends on gastro-
intestinal absorption and renal excretion. Daily magnesium 
intake is 300 to 350 mg. Absorption is by saturable and passive 
systems. Absorption is reduced by phosphate in the diet and 
enhanced by calcitriol.

Daily renal excretion of magnesium averages 100 mg. 
The thick ascending limb of Henle’s loop reabsorbs 60% to 

70%. Reabsorption in the thick ascending limb and distal 
tubule (�10%) is closely regulated by the serum magne-
sium concentration. Reabsorption in the thick ascending 
limb is regulated by the calcium/magnesium-sensing recep-
tor, located on the basolateral membrane of the thick 
ascending limb.49

Hypermagnesemia

Clinical Features, Pathophysiology, and Cause

Patients with renal insuffi ciency are susceptible to hyperma-
gnesemia. Most cases are caused by magnesium ingestion. 
Hypermagnesemia due to cellular release complicates tumor 
lysis syndrome, rhabdomyolysis, acidosis, and catecholamine 
excess. Mild hypermagnesemia complicates FHH, Addison’s 
disease, hyperparathyroidism, and lithium therapy.50 Hyper-
magnesemia causes mild hypotension, nausea, fl ushing, and 
loss of deep tendon refl exes, somnolence, weakness, lethargy, 
and ultimately apnea due to muscular paralysis. Cardiac 
manifestations include prolongation of PR, QRS, and QT 
intervals, bradycardia, complete heart block, and even car-
diac arrest. 

Treatment

Patients with mild hypermagnesemia and normal renal func-
tion require only discontinuation of magnesium supplementa-
tion (Fig. 34-8). For those with severe symptoms of hypermag-
nesemia, intravenous calcium (100–200 mg) is the initial 
treatment. Glucose and insulin can shift magnesium intracel-
lularly. Patients with a serum magnesium concentration in ex-
cess of 8 to 9 mg/dL should have cardiac monitoring and be 
considered for ventilatory support. Hemodialysis against a low-
magnesium dialysate is more effective than peritoneal dialysis 
in rapidly decreasing the serum magnesium concentration in 
patients with renal failure.51

Hypermagnesemia

Cardiac or respiratory 
symptoms

100–200 mg Ca2+ IV 
Insulin and glucose IV 

Monitoring of cardiac and 
respiratory status

Discontinue Mg 
Observation

Renal function abnormal or 
persistent symptoms

Renal function normal and 
symptoms resolved

Hemodialysis

Yes No

Observation

Figure 34-8 Treatment of hypermagnesemia.

Hypophosphatemia

Pi < 1 mg/dL Pi 1.0–2.0 mg/dL Pi 2–25 mg/dL

Intravenous Pi 2–5 
mg/kg in 0.45 normal 
saline over 6–12 hr 
Repeat as needed

Symptoms
Oral Pi replacement 
Replace Mg and K 

Treat the cause

Yes No

Figure 34-7 Treatment of hypophosphatemia.
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Hypomagnesemia
Clinical Features, Pathophysiology, and Cause

Hypomagnesemia occurs in 12% of hospitalized patients.51 Gas-
trointestinal depletion occurs during acute or chronic diarrhea 
or during malabsorption. Thiazide and loop diuretics inhibit 
tubular magnesium reabsorption, although hypomagnesemia is 
usually mild because of increased proximal tubular magnesium 
reabsorption induced by the volume depletion. Diabetes melli-
tus is the most common cause of hypomagnesemia, probably 
secondary to glycosuria and osmotic diuresis (Fig. 34-9).

The possibility of cellular magnesium depletion despite a 
maintained serum magnesium concentration should be con-
sidered as a possible cause of refractory hypokalemia or unex-
plained hypocalcemia. This is detected by demonstrating a 
low renal magnesium excretion (�24 mg/day) or a low frac-
tional excretion of magnesium (�2%).

Magnesium defi ciency causes neuromuscular irritability, 
with tremor, tetany, asterixis, myoclonus, seizures, muscular 
weakness, prolongation of PR and QT intervals, ventricular 
and supraventricular arrhythmias, and diminished response 
to digoxin. Accompanying hypokalemia or hypocalcemia can 
be refractory to therapy unless magnesium defi ciency is cor-
rected.

Treatment

Mild hypomagnesemia can be treated with oral replacement 
(Fig. 34-10) using a sustained-release preparation such as 
Slow Mag, containing magnesium chloride, or Mag-Tab SR, 
containing magnesium lactate (2.5–3.5 mmol or 60–84 mg of 
magnesium per tablet). Patients with severe magnesium defi -
ciency require six to eight tablets daily, whereas those with 
mild asymptomatic disease require only two to four tablets 
daily. Patients with renal magnesium wasting due to loop di-
uretics benefi t from a magnesium-sparing diuretic such as 
amiloride (5–10 mg/day). Amiloride is also used for the per-
sistent renal magnesium wasting associated with Bartter or 

Gitelman’s syndrome or cisplatin nephrotoxicity. Adults with 
malabsorption may require daily magnesium supplementa-
tion of as much as 50 mmol (�1 g); children with malabsorp-
tion may require as much as 30 mmol (720 mg).

Patients with symptomatic or more severe hypomagnese -
mia require parenteral magnesium. Magnesium sulfate (2.1 
mmol/mL) as a 50% solution is effective intramuscularly but 
should preferably be given intravenously. For life-threatening 
cardiac arrhythmias or seizures, 4 to 8 mmol (100–200 mg) 
of magnesium sulfate may be given intravenously over 5 to 
10 minutes, followed by an intravenous infusion of 0.5 mmol/
kg/day (12 mg/kg) or 4 mmol (�100 mg) intramuscularly ev-
ery 3 to 4 hours. Approximately half of the administered mag-
nesium will be excreted, and therapy may need to be continued 
for several days. The dose should be decreased in patients with 
renal insuffi ciency who require close monitoring.51

Low Mg

(<2%)
FEMg

(>2%)

Gastrointestinal loss 
(diarrhea, malabsorption, 

steatorrhea, small bowel bypass, 
primary intestinal 

hypomagnesemia) 
Poor intake 

Complexing (acute pancreatitis, 
foscarnet) 

Hungry bone syndrome

Loop and thiazide diuretics 
Volume expansion 

Alcohol intake 
Hypercalcemia

Drugs (amphotericin B, 
calcineurin inhibitors, 

aminoglycosides, cisplatin 
pentamidine, theophylline) 

Bartter and Gitelman’s 
syndromes

Primary hyperaldosteronism 
Osmotic diuresis

FEMg
(fractional excretion of Mg) = Urinary Mg � plasma creatinine � 100 
                (0.7 � plasma Mg) � urinary creatinine

Figure 34-9 Diagnostic approach to hypomagnesemia.

Hypomagnesemia

Yes NoSymptoms or 
Mg <1 mg/dL

Intravenous MgSO4
bolus followed by 

infusion

Oral Mg 
supplements

Treat the cause

Check Mg Mg Normal
Yes

No

Add amiloride 
5–10 mg/day

Figure 34-10 Treatment of hypomagnesemia.
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Kidney stones are a major cause of morbidity. The lifetime 
prevalence of symptomatic nephrolithiasis exceeds 10% in 
men and 5% in women,1,2 and more than $2 billion is spent 
on treatment each year.3 Appropriate evaluation and interven-
tion are required to prevent recurrent kidney stones.

DIAGNOSIS OF STONE DISEASE

Clinical and Laboratory Manifestations
Symptomatic nephrolithiasis classically presents with unilat-
eral fl ank pain of sudden onset. The pain is precipitated by 
the passage of a kidney stone from the renal pelvis to the 
ureter and is due to ureteral spasm. Because the waxing and 
waning pain of a symptomatic stone does not completely re-
mit, the term renal colic is technically inaccurate.4 The pain is 
often severe and can be accompanied by nausea and vomit-
ing. The location of the pain depends on the location of the 
kidney stone: A stone in the upper ureter may cause pain to 
radiate anteriorly to the abdomen, whereas a stone in the 
lower ureter can cause pain to radiate to the ipsilateral testicle 
in men or to the ipsilateral labium in women. If the stone is 
lodged at the ureterovesical junction, the patient may experi-
ence urinary frequency and urgency. Less commonly, neph-
rolithiasis can manifest as gross hematuria without pain.

On physical examination, the patient will be in obvious 
pain and may constantly adjust position in an unsuccessful 
attempt to alleviate the discomfort. Ipsilateral costovertebral 
angle tenderness may be present. Signs and symptoms of sep-
sis can occur in cases of obstruction with infection.

Serum chemistries are usually normal, but leukocytosis may 
be present due to stress or infection.5 Although the urinalysis 
will often reveal hematuria and pyuria (and occasionally 

crystalluria),5 the absence of red cells in the urine does not 
exclude a stone, particularly in cases in which a stone causes 
complete ureteral obstruction.6

Imaging
Helical computed tomography scan (HCT) is the preferred 
radiographic test to confi rm or exclude the diagnosis of neph-
rolithiasis.7 HCT does not require radiocontrast and can visu-
alize uric acid stones (traditionally considered radiolucent).7

Typically, the HCT will show a ureteral stone or evidence of 
recent passage (e.g., perinephric stranding or hydronephro-
sis). HCT can detect small stones that may be missed by intra-
venous urography.8,9

Few studies have compared HCT with ultrasonography 
(US). However, in patients presenting with presumed renal 
colic, the sensitivity of HCT was 96% compared with 61% for 
US; the specifi city for each was 100%.10 Although US has the 
advantage of avoiding radiation, it can only image the kidney 
and proximal ureter. Thus, ureteral stones can be missed on 
US. US may also miss renal stones less than 3 mm in size.11

The conventional abdominal x-ray (x-ray examination of 
the kidney and upper bladder) is inadequate for diagnosis. It 
can miss a stone in the ureter or kidney (even when radi-
opaque) and provides no information on obstruction or re-
cent stone passage.

Differential Diagnosis
In general, a kidney stone must pass into the ureter to cause 
pain. Therefore, the isolated presence of a renal stone on radi-
ography is an inadequate explanation for acute abdominal or 
fl ank pain.5 The differential diagnosis of a patient with sus-
pected renal colic includes musculoskeletal pain, herpes zoster, 
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430 Nephrolithiasis

acute cholecystitis, duodenal ulcer, appendicitis, diverticulitis, 
pyelonephritis, abdominal aortic aneurysm, gynecologic dis-
ease, and ureteral obstruction due to blood clot, sloughed pa-
pilla, or ureteral stricture.4,5

MANAGEMENT IN THE ACUTE SETTING

Medical Treatment
Because renal colic is excruciating, analgesia is a primary goal 
in the acute setting. Randomized, controlled trials suggest that 
parenteral nonsteroidal anti-infl ammatory drugs are as effec-
tive as narcotics in treating renal colic.12 Newer medications 
that may be effective include antispasmodics,13 trigger point 
injection with lidocaine,14 desmopressin,15 and nonsteroidal 
anti-infl ammatory drugs combined with nitrates.16 However, 
data on the utility of these interventions are limited.

Medical therapy has also been directed at treating kidney 
stones or hastening ureteral stone passage. Alkalinization of the 
urine may dissolve uric acid stones,17 and some experts believe 
that volume expansion will increase the likelihood of stone 
passage,18 but this is not proven. �-Blockers and calcium chan-
nel blockers also may facilitate the passage of ureteral stones.19

Surgical Treatment 
See Chapter 36 for details.

Larger and more proximal ureteral stones are less likely to 
pass spontaneously and are more likely to require urologic inter-
vention. If a stone does not pass rapidly, the patient can be sent 
home with oral analgesia and instructions to return for fever or 
uncontrollable pain. Most urologists prefer to wait several days 
before intervention unless there is evidence of infection, low 
likelihood of spontaneous passage (e.g., stone � 6 mm), pres-
ence of an anatomic abnormality that would prevent passage, or 
unrelenting pain.20 Infection in the setting of obstruction is a 
surgical emergency and mandates emergent drainage.

The initial urologic approach may be directed at the relief 
of obstruction (generally by cystoscopic placement of a ure-
teral stent) rather than stone removal. Anatomy of the 
urologic tract, availability of technology, experience of the 
urologist, and the size, location, and composition of the stone 
determine the best option for stone removal. Extracorporeal 
shock wave lithotripsy is the least invasive option and is most 
effective for smaller calcium stones (�1 cm) located in the 
renal pelvis or proximal ureter.21–23 Cystoscopic stone removal 
by basket extraction or fragmentation is invasive but effective 
and can now be used to remove stones in the proximal ureter 
or kidney.24 Percutaneous nephrostolithotomy is more inva-
sive but may be necessary for large stone burdens or stones 
that cannot be removed cystoscopically.25 It is rare that a pa-
tient requires open ureterolithotomy or nephrolithotomy.

CLINICAL AND METABOLIC EVALUATION

The First Stone
Disagreement exists about the benefi t of performing a full 
clinical and metabolic evaluation after the fi rst episode of neph-
rolithiasis.26 Assuming that the patient is willing to participate 

in a diagnostic work-up and to adhere to treatment recommen-
dations, we encourage a full evaluation for most stone formers 
for the following reasons. First, although recurrence rates are 
uncertain, the chance of passing a second calcium stone may be 
as high as 30% to 50% after 5 years.1,27,28 Second, treatable sys-
temic diseases of clinical importance, such as osteoporosis and 
primary hyperparathyroidism, may be diagnosed during the 
metabolic evaluation.29 Third, allowing a stone former to prog-
ress to recurrence may hinder the effectiveness of subsequent 
prophylaxis.30 Finally, some analyses suggest that medical pre-
vention may be cost saving.31

For individuals with a large stone burden or at very high 
risk of recurrence, little disagreement exists about the utility 
of a complete work-up. Specifi cally, patients with a large fi rst 
stone (e.g., �10 mm), multiple stones on initial imaging, re-
current stones, or stones requiring invasive intervention 
should be offered a complete evaluation.

Stone Composition
Because treatment recommendations vary by stone type, 
every effort should be made to retrieve a passed stone for 
chemical analysis. Approximately 80% of kidney stones con-
tain calcium, and the majority of calcium stones consist 
primarily of calcium oxalate.21 Although most calcium oxa-
late stones contain some calcium phosphate, only 5% of 
kidney stones have hydroxyapatite or brushite (calcium 
monohydrogen phosphate) as their main constituent.21,32

Approximately 10% of calcium stones contain some uric 
acid.21 Other types of stones, such as pure uric acid, struvite, 
and cystine are less common but merit careful attention 
because of recurrence risk.

History and Laboratory Testing
Evaluation should be directed toward identifying risk factors 
for stone formation with the goal of devising appropriate, in-
dividualized therapy (Box 35-1 delineates risk factors for cal-
cium oxalate nephrolithiasis). The evaluation should start 
with a detailed history, which will provide information crucial 
for treatment recommendations. The following should be 
covered: medical history to identify potentially predisposing 
conditions (e.g., gout, diabetes, bowel disease, obesity, pri-
mary hyperparathyroidism), dietary intake, vitamin and sup-
plement use (particularly vitamin C), medication use before 
the stone event, family history of stone disease, total number 
of stones, evidence of residual stones, number and types of 
procedures, and types and success of previous preventive 
treatments. More severe stone disease will lower the threshold 
for early medical intervention in addition to recommended 
dietary changes.

The metabolic evaluation should include a determination 
of serum electrolytes, creatinine, calcium, phosphorus, and 
uric acid. Although usually normal, a low serum bicarbonate 
should prompt consideration of type 1 renal tubular acidosis, 
which is classically associated with calcium phosphate stones. 
Intact parathyroid hormone should be measured if the serum 
calcium is elevated or in the high normal range, if the serum 
phosphorus is low, or if the urinary excretion of calcium is 
elevated.

A urinalysis should be performed as part of the initial 
evaluation. A urine pH more than 7 with phosphate crystals 
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suggests calcium phosphate or struvite stones. The presence of 
hexagonal cystine crystals is pathognomic for cystinuria. Uric 
acid or calcium oxalate crystalluria can be seen in individuals 
without stones and therefore is less informative. Red and 
white cells are frequently seen in the urine of asymptomatic 
individuals with residual kidney stones.

The cornerstone of the metabolic evaluation is the 24-
hour urine collection. To tailor initial intervention and deter-
mine response to treatment, 24-hour urine collections are 
necessary even if the stone composition is known. The stone-
forming patient should wait at least 6 weeks before perform-
ing 24-hour urine collection because individuals frequently 
alter their dietary habits immediately after an episode of 
nephrolithiasis.33 In addition, two collections are necessary 
because of substantial day-to-day variability in urinary pa-
rameters: A single 24-hour urine collection is insuffi cient.34

The factors that should be measured include total volume, 
creatinine (to assess the adequacy of collection), calcium, 
oxalate, citrate, uric acid, sodium, potassium, phosphorus, 
and pH. Algorithms for the evaluation and management 
of the patient with calcium stone disease, according to uri-
nary abnormality, are provided in Box 35-2 and Figures 35-1, 
35-2, and 35-3.

Estimates of relative supersaturation, based on measure-
ments of the urine factors described, are offered by some 
laboratories and should be obtained whenever possible. The 
relative supersaturation can guide selection of and determine 
response to therapy. Because of controversy over the clinical 
importance of the classic schemata of Pak and colleagues,35

most clinicians do not attempt to categorize individuals with 

idiopathic hypercalciuria into absorptive, resorptive, or renal 
subtypes.

The Normal Metabolic Evaluation
Because kidney stones can remain asymptomatic for many 
years before they pass into the ureter and cause renal colic, the 
actual time of stone formation is usually unknown. Therefore, 
the metabolic evaluation may be completely normal. In this 
case, no intervention is required. However, repeat imaging 
in 1 year to identify active stone formation, in conjunction 
with another 24-hour urine, is warranted in recurrent stone 
formers.

PREVENTION OF STONE RECURRENCE: 
CALCIUM OXALATE NEPHROLITHIASIS

Fluid Intake
Nephrolithiasis is a disease of concentration. Modifying the 
concentration of lithogenic factors is the focus of stone 
prevention. The concentration of calcium, for example, can 
be lowered by reducing urinary calcium or by increasing 
urine volume. Thus, fl uid intake is a critical component of 
stone prevention. Observational studies36–38 and a random-
ized, controlled trial39 have demonstrated that higher fl uid 
intake decreases the risk of stone formation. However, pa-
tients need to be given specifi c advice on how much to drink 
to form at least 2 L of urine per day. In addition to fl uid 
intake, other factors such as insensible loss and water con-
tained in foods infl uence urine volume. Rather than broadly 
recommending eight glasses of water per day, the recom-
mendation can be tailored to the individual patient by 
using the information on total volume from the 24-hour 
urine collections. For example, if an individual produces 
1.5 L of urine per day, consuming an additional two 8-oz 
(240 mL) glasses of water would increase their output to the 
target of 2 L.

Patients often want to know what they should and should 
not drink. Despite previous beliefs to the contrary, alcoholic 
beverages, coffee, and tea do not increase the risk of stone 
formation.40,41 Individuals with stone disease should not 
drink sugar-sweetened soda. The intake of milk should not 
be restricted.

Some clinicians believe that a patient should have urine 
that is very light in color and should wake up at least once per 
night to void. There are no data to support the use of color as 
a guide, and the desire to have constantly dilute urine needs to 
be balanced against the need for sleep.

Dietary Recommendations
Individuals with calcium oxalate stone disease and elevated 
urinary calcium should restrict their intake of sodium and 
animal protein.42 Additional dietary recommendations should 
be based on the results of the 24-hour urine collection. For 
example, dietary oxalate restriction or discontinuation of vita-
min C supplementation may be of limited utility in a calcium 
oxalate stone former with lower urinary excretion of oxalate. 
For low urinary citrate, the patient should increase intake of 
dietary alkali (fruits and vegetables) and decrease intake of 

Urinary Risk Factors
High levels

Calcium
Oxalate

Low levels
Citrate
Total volume

Dietary Risk Factors
High intake

Sodium
Animal protein
Sucrose/fructose
Vitamin C
Oxalate

Low intake
Fluid
Calcium (dietary)
Potassium
Phytate
Magnesium

Other Risk Factors
Anatomical abnormalities (e.g., medullary sponge kidney)
Family history of calcium stone disease
Obesity

Box 35-1 Risk Factors for Calcium Oxalate Stone Formation
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Dietary Changes
Increase total fl uid intake to main -

tain urine volume � 2 L/day
Adequate dietary calcium intake
Decrease animal protein intake (�5

servings of animal fl esh per week)
Decrease sodium intake (�2.4 g/day)

Medications
Chlorthalidone or hydrochlorothiazide 

25 mg/day; titrate to 50–100 mg/
day as needed

Comments
Administer hydrochlorothiazide twice 

daily to maximize hypocalciuric effect
Hypokalemia secondary to diuretic ther-

apy can precipitate hypocitraturia
High sodium intake may result in 
failure of thiazide to decrease urinary 
calcium

Box 35-2 Treatment of Idiopathic Hypercalciuria

YES

YES YES

NO

NO NO

High Serum Calcium 

Is PTH suppressed?

Evaluate for systemic 
disease (malignancy, 

sarcoid,
hyperthyroidism, etc.) 
or hypervitaminosis D

Evaluate for primary 
hyperparathyroidism

Evaluate 
and treat

Evidence of systemic disease 
(e.g., malignancy, sarcoid, 

immobilization, hyperthyroidism)?

Idiopathic hypercalciuria 

See Box 35-2 for treatment

Figure 35-1 Algorithm for the 
evaluation and management of 
higher urinary calcium. PTH, 
parathyroid hormone.

acid-producing foods such as animal protein. Of note, there is 
no evidence that dietary calcium restriction alone is helpful in 
preventing the formation of calcium stones, and there is sub-
stantial evidence that it may be harmful. Observational data 
showing an inverse relationship between dietary calcium and 
the risk of incident kidney stones suggest that dietary calcium 
may bind to oxalate in the gut, thereby limiting intestinal oxa-
late absorption (and subsequent urinary oxalate excretion). 
Indeed, the inhibitory effect of calcium ingestion on urinary 
oxalate excretion has been demonstrated in oxalate-loading 
studies.43,44 The role of calcium supplements deserves com-
ment because their use is so common. A patient with calcium 
nephrolithiasis who wishes to continue calcium supplementa-
tion should collect 24-hour urine samples on and off the sup-
plement. If the urinary supersaturation of the calcium salt in 
question increases during the period of supplement use, the 
supplement should be discontinued.

Drug Therapy
Medications are indicated for the stone-forming patient 
with severe disease or whose urinary abnormalities persist 
despite attempted lifestyle changes. Because the goal of 

therapy is to prevent the additional formation and growth of 
calcium oxalate stones and because an existing calcium stone 
will not dissolve, the passage of another stone does not nec-
essarily refl ect failure of dietary interventions. As with di-
etary modifi cation, the 24-hour urine collection is essential 
to select intervention and to gauge the success or failure of 
treatment.

Thiazide diuretics can lower the urinary excretion of cal-
cium by as much as 150 mg/day, and treatment with a thiazide 
may reduce the rate of stone recurrence by as much as 
90%.45,46 The diuretic dose is usually started at chlorthalidone 
or hydrochlorothiazide 25 mg/day (or its equivalent), but 
many patients will require 50 to 100 mg/day (with twice-daily 
dosing for hydrochlorothiazide) to achieve satisfactory de-
creases in urinary calcium excretion. Without dietary sodium 
restriction, the reduction in urinary calcium excretion ob-
tained with treatment may be inadequate. In addition, serum 
potassium levels should be closely monitored during therapy 
because hypokalemia can result in a decrease in urinary citrate 
excretion. Thiazide diuretics may be benefi cial even in pa-
tients without overt hypercalciuria.45,46

Calcium stone formers with hyperuricosuria may be treated 
with allopurinol (100–300 mg/day). Allopurinol may reduce 
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YES

YES

YES

NO

NO

NO

Urinary oxalate 
> 60 mg/day?

GI disease or hx bariatric 
surgery?

Is urinary oxalate 
> 100 mg/day?

• Consider colestipol
• Consider calcium 

supplementation
• Consider administration 

of probiotic
• Referral to 

gastroenterologist to 
treat underlying disease

• Consider evaluation for 
primary hyperoxaluria

• Consider high-dose 
pyridoxine

• Avoid high oxalate foods
• Adequate dietary calcium 
• Discontinue vitamin C 

supplements

• Avoid high oxalate foods
• Adequate dietary calcium
• Discontinue vitamin C 

supplements
Figure 35-2 Algorithm for 
the evaluation and manage-
ment of higher urinary oxa-
late. GI, gastrointestinal; 
hx, history.

Are kidney stones predominantly (>50%) calcium 
phosphate or is urinary pH > 6.5?

YES NO

• Evaluate for RTA
• Consider hydrochlorothiazide
• Consider potassium citrate (start 20 

mEq tid)—use with caution if high 
urinary calcium

• Increase fruit and vegetable intake
• Low animal protein intake: ≤5 servings animal 

flesh weekly
• Consider potassium citrate (start 20 mEq tid) 

—use with caution in individuals with chronic 
kidney disease or those taking medications 
that decrease urinary potassium excretion. 
Close follow-up of serum potassium is required

Figure 35-3 Algorithm for the 
evaluation and management 
of lower urinary citrate. RTA, 
renal tubular acidosis.

new stone formation by as much as 80% in individuals with 
isolated hyperuricosuria.47

Urinary citrate excretion can be increased by the adminis-
tration of an oral alkali load, usually in the form of potassium 
citrate started at 20 mEq three times daily.48,49 In one study, 
stone recurrence in a group of hypocitraturic patients treated 
with potassium citrate decreased from 1.2 to 0.1 per patient 
year (versus no change with placebo).49 Potassium salts should 
be administered cautiously to patients with chronic kidney 
disease or those taking drugs that decrease urinary potassium 
excretion.

To date, no satisfactory drug treatment exists to decrease the 
urinary excretion of oxalate. For patients with increased intes-
tinal absorption of oxalate secondary to bowel disease, clini-
cians sometimes administer oxalate binders such as calcium 

carbonate or colestipol. Experimental therapies include the 
oral administration of oxalate-consuming bacteria and the 
administration of high-dose pyridoxine (to decrease the en-
dogenous production of oxalate).50,51

PREVENTION OF STONE RECURRENCE: 
OTHER STONE TYPES

For the less common stone types, few data exist to support 
the role of specifi c dietary recommendations, and trial 
evidence for medical therapies is generally absent. There-
fore, the following recommendations are based on the 
pathophysiology of the different stone types and clinical 
experience.
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Uric Acid Stones
The primary risk factor for uric acid nephrolithiasis is low 
urinary pH, and alkali supplementation is the most effective 
treatment for pure uric acid stones.17 If urine pH is main-
tained at 6.5 or higher (which may require 30–40 mEq of 
supplemental alkali dosed three times daily), pure uric acid 
stones will dissolve. A lower pH target can be used to prevent 
new uric acid stone formation. If the patient has marked hy-
peruricosuria and is unable to maintain an elevated urine pH, 
allopurinol should be added to the medical regimen.

Decreasing the consumption of meat, chicken, and seafood 
will decrease purine intake and uric acid production and will 
also decrease the amount of endogenous acid production 
from the metabolism of sulfur-containing amino acids. Higher 
intake of fruits and vegetables, which are high in potential 
base (such as citrate), may increase the urine pH and decrease 
the risk of uric acid crystal formation.

Because of the relationships between insulin resistance, 
obesity, and low urinary pH,52–54 as well as data linking both 
obesity and diabetes to a higher risk of uric acid stones,55,56

patients with uric acid stone disease may benefi t from weight 
loss. Currently, there is no evidence supporting the role for 
insulin-sensitizing agents as a modality for the treatment of 
uric acid nephrolithiasis.

Cystine Stones
Cystine stones result from cystinuria, an autosomal recessive 
disorder, and usually require medication for prevention. Tio-
pronin and penicillamine increase the solubility of fi ltered 
cystine, but have a high frequency of adverse side effects. 
Supplemental alkali may provide some benefi t by increasing 
urinary pH,57 but is rarely suffi cient as the sole treatment.

Restricting dietary sodium may reduce the urinary excre-
tion of cystine. Because the solubility of cystine increases as 
urinary pH increases, fruit and vegetable consumption may be 
benefi cial. There is little evidence to support the dietary re-
striction of proteins high in cystine. However, reducing ani-
mal protein intake may be benefi cial by increasing urine pH.

Struvite Stones
Struvite stones form in the setting of upper urinary tract in-
fection with urease-producing bacteria. Struvite stones can be 
very large (“staghorn calculi”) and usually require urologic 
intervention. In addition to complete removal of all residual 
fragments, prevention of recurrent urinary tract infection is 
crucial to prevent recurrence. Acetohydroxamic acid inhibits 
urease, but has frequent and serious side effects.58

Calcium Phosphate Stones
Information on dietary factors related to calcium phosphate 
stone formation is limited. Patients with type 1 RTA benefi t 
from the administration of alkali supplementation, generally 
in the form of potassium citrate. However, alkali supplemen-
tation should be used with caution because an increase in 
urinary pH can increase the risk of calcium phosphate crystal 
formation. Thiazides can be used to decrease the excretion of 
urinary calcium using an approach similar to that recom-
mended for calcium oxalate stones.

FOLLOW-UP

Close follow-up is essential to determine the effi cacy of treat-
ment and gauge the need for additional intervention. We rec-
ommend a repeat 24-hour urine collection 6 to 8 weeks after 
initiation of treatment. If a stone former is symptom free and 
on a treatment regimen that has adequately reduced urine 
lithogenicity, we recommend a follow-up 24-hour urine collec-
tion annually. Because x-ray examination of the kidney and 
upper bladder or US can identify new kidney stones or an in-
crease in the size of a previous stone, annual imaging is a rea-
sonable way to detect treatment failure in an asymptomatic 
patient. We do not recommend routine follow-up with HCT for 
asymptomatic individuals because of radiation dose and cost.

CONCLUSION

Nephrolithiasis is common, costly, and painful. Advances in 
imaging and urologic techniques have improved the diagnosis 
and management of stone disease in the acute setting. Because 
recurrence is common, a clinical and metabolic evaluation 
should be offered to patients willing to adhere to specifi c di-
etary and/or pharmacologic recommendations. Even if stone 
composition is known, a thorough evaluation requires at least 
two 24-hour urine specimens collected at least 6 weeks after 
resolution of an acute episode. The initial choice of dietary or 
medical intervention should be tailored to the individual pa-
tient based on stone type, if known, and the 24-hour urine 
results. Subsequent 24-hour urine collections are necessary to 
gauge the adequacy of treatment. Prevention of stone recur-
rence is an achievable goal with individualized therapy and 
regular follow-up.
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During the past 15 years, the management of urinary calculi has 
undergone revolutionary changes as a result of the increasing 
number and availability of nonsurgical therapeutic approaches. 
Pyelolithotomy, ureterolithotomy, and retrograde blind endo-
scopic procedures were previously the only treatment options 
for removal of symptomatic stones. Fortunately, the develop-
ment of extracorporeal shock wave lithotripsy (SWL), percuta-
neous nephrolithotomy (PCNL), and ureteroscopic lithotripsy 
has provided urologists with less invasive and safer treatment 
possibilities. The use of SWL and PCNL has led to a dramatic 
reduction in morbidity and mortality and has hastened recovery 
and return to usual activities. Remarkable technologic advances 
in the methods of SWL and endourology have continued with 
the introduction of smaller and less expensive devices. Although 
new technology has rendered stone management safer and less 
invasive, the appropriate role of each modality remains unsettled 
and merits careful individualized consideration.

This chapter discusses the role of lithotripsy and surgery in 
the management of nephrolithiasis. All the procedures de-
scribed require the skill of an experienced urologist. For a 
more detailed discussion of these techniques, there are several 
excellent reviews.1,2

TYPES OF LITHOTRIPSY

There are two main categories of lithotripsy: extracorporeal 
and intracorporeal.

Extracorporeal Shock Wave Lithotripsy
Extracorporeal SWL, the most common technique, is per-
formed by the generation of shock waves external to the body 
that are transmitted through the skin and soft tissues and 

focused on the stone. The energy delivered causes fragmenta-
tion of the stone into smaller pieces that can then be passed 
spontaneously or removed endoscopically by the urologist. 
The original lithotriptors required the patient to be immersed 
in water to transmit the shock wave through the body to the 
stone; however, newer generation machines require only a 
small water cushion. Although SWL is often referred to as 
noninvasive lithotripsy, cystoscopic placement of ureteral 
stents before treatment may be needed to relieve obstruction 
or allow passage of a large (�1.5 cm) stone burden.

Intracorporeal Lithotripsy
Intracorporeal lithotripsy is performed through a nephroscope 
or cystoscope and is therefore more invasive than extracorpo-
real SWL. The four types of device currently available for intra-
corporeal lithotripsy (electrohydraulic, ultrasonic, laser, and 
pneumatic) differ according to the manner in which the energy 
for fragmentation is generated and delivered to the stone.

Electrohydraulic Lithotripsy

Electrohydraulic lithotripsy, the fi rst method of intracorporeal 
lithotripsy to be introduced, fragments stones by the transfer 
of energy from the generated shock wave to the stone at the 
fl uid-stone interface. An electrical spark vaporizes water and 
creates a shock wave. Ureteral damage may occur from expo-
sure to the spark produced during shock wave generation.

Ultrasonic Lithotripsy

Ultrasonic lithotripsy makes use of mechanical vibration to 
break stones into smaller fragments that may be aspirated 
with specialized probes. This method requires direct contact 
between the probe and the stone and has several drawbacks. 
For example, it is often necessary to ensnare the stone in a 
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basket before treatment because pressure exerted on the stone 
during the procedure may cause upward migration of stone 
fragments. In addition, heat produced within the ureter by the 
probe may lead to the formation of ureteral strictures. Fur-
thermore, the rigidity and large size of the probes prevent the 
use of small ureteroscopes.

Laser Lithotripsy

The fl exibility and fi ne caliber of the fi bers used to deliver the 
laser energy have allowed remarkable miniaturization of ure-
teroscopes. Moreover, laser fragmentation of stones can be 
performed with greater precision and control than by other 
methods and without propulsion of fragments or damage to 
surrounding tissue.

A number of laser types are available for stone fragmenta-
tion. The susceptibility to fragmentation by laser energy is 
dependent on stone composition and physical factors specifi c 
to each type of laser, such as pulse duration and wavelength. 
For example, the energy delivered by the pulsed dye laser has 
proved to be useful in the disruption of most stones and has 
the advantage of sparing the ureter from damage. Although 
this laser type does not fragment cystine stones well, its effec-
tiveness can be enhanced by staining the cystine stone with an 
absorbing dye. In contrast, the holmium laser effectively dis-
integrates the surface of any stone with minimal propulsion, 
gradually cracking or boring a hole through the stone. How-
ever, ureteral tissue may absorb the wavelength from the hol-
mium laser and is thus vulnerable to injury.

Pneumatic Lithotripsy

The Swiss Lithoclast, the least expensive intracorporeal device, 
has been used effectively for stone fragmentation at all levels 
of the urinary tract. Under direct visualization, a solid rigid 
probe is applied directly to the stone to cause mechanical dis-
ruption by repeated percussion of the probe tip, similar to the 
mechanical action of a pneumatic jackhammer. Grasping in-
struments may then be used to remove the stone fragments. 
However, retrograde displacement of a ureteral stone is a po-
tential drawback of this procedure, and the precise position-
ing required to prevent tissue damage and the need for a rigid 
or semirigid endoscope limit its usefulness as well.

EFFICACY OF LITHOTRIPSY

Although there is general agreement that both extracorporeal 
and intracorporeal lithotripsy are effective, there are no large 
randomized, controlled trials comparing these two methods. A 
recent small randomized trial of 64 patients found comparable 
success rates for SWL compared with ureteroscopy for the 
treatment of distal ureteral calculi of 1.5 cm or smaller.3 Re-
sults from studies of the individual methods must be com-
pared with caution because the success or effectiveness of 
treatment is not uniformly defi ned. Although stone free is the 
gold standard for a successful procedure, there is great vari-
ability in the ascertainment of this outcome with respect to 
both the time of assessment (e.g., immediately after the proce-
dure, after 7 days, after 3 months) and the imaging modalities 
employed (e.g., radiograph of the kidneys, ureter, and bladder, 
intravenous pyelography, ultrasonography, computed tomog-
raphy). When SWL was fi rst introduced, a treatment session 
that produced clinically insignifi cant fragments was deemed a 

success. However, this defi nition has fallen out of favor owing 
to its ambiguity and the reality that the retention of small frag-
ments results in regrowth and recurrence of symptomatic 
stone disease. The defi nition of a treatment failure may vary as 
well, yet is most commonly defi ned as the need for a repeated 
treatment or another type of procedure.

Extracorporeal Shock Wave Lithotripsy
The success of SWL depends on the location, size, and com-
position of the stone. Thus, a comparison of success rates be-
tween different studies must consider all three of these factors. 
Stones in the kidney are treated with slightly greater success 
than are ureteral stones, and success rates are higher for 
proximal ureteral stones than for distal stones. Small stones, 
usually smaller than 2 cm, are more easily treated with SWL 
than are larger stones. Softer stones (calcium oxalate dihy-
drate, uric acid, apatite, and struvite) are more easily frag-
mented with SWL than are harder stones (calcium oxalate 
monohydrate, brushite, and cystine).

SWL is the treatment of choice for most renal stones, and 
success rates as high as 90% have been reported.4 However, 
further procedures may be necessary in as many as 20% of 
patients with stones of 1 to 2 cm. In general, SWL is more ef-
fective in the treatment of stones in the renal pelvis than in the 
calyces and, depending on size, composition, calyceal confi gu-
ration, and infundibular pelvic angle, is least effective in treat-
ing lower pole stones.

There is an inverse relationship between stone size and 
stone-free rates. Stones larger than 2 cm in diameter are rarely 
successfully treated with SWL alone and may best be removed 
by PCNL in the upper urinary tract and ureteroscopically in 
the lower tract.

Stone-free rates of more than 80% for calcium oxalate and 
uric acid stones (softer stones) have been reported, although 
no distinction was made based on stone size.5 A study of re-
treatment rates in patients with stones of known composition, 
1 to 3 cm in diameter, and treated with SWL found that cal-
cium oxalate monohydrate calculi (hard stones) required the 
greatest number of retreatment procedures (10%), followed 
by struvite (6%), and calcium oxalate dihydrate (3%).6

First-generation lithotriptors caused enough pain to re-
quire anesthesia, either general or epidural. Most patients 
treated with newer generation devices require only moderate 
intravenous analgesia while undergoing SWL.

The early complications of SWL have been well described 
and are generally minor, with pain and hematuria most com-
monly reported. Direct injury to the kidney and surrounding 
tissues as well as complications due to the passage of stone frag-
ments may also occur. Much less information is available on the 
long-term effects of SWL because most follow-up efforts have 
focused only on the short-term results and complications.

The morphologic changes that may occur after SWL and 
their mechanisms have been studied by a variety of imaging 
techniques. Imaging by computed tomography or magnetic 
resonance reveals that more than 75% of treated patients have 
changes in renal tissue and demonstrate edema in and around 
the kidney, as well as intraparenchymal, subcapsular, or peri-
renal hemorrhage. Although damage to nonrenal tissues has 
been rarely reported, pancreatitis, gastric erosions, ecchymo-
ses of the colonic mucosa, splenic rupture, pulmonary contu-
sions, and cardiac arrhythmias may occur. Although there 
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have been no reported adverse effects of SWL on fertility or 
the risk of birth defects, the impact of SWL on the reproduc-
tive tract, if any, has yet to be established. SWL should not be 
used on pregnant women.

Functionally, biochemical evidence of kidney damage 
directly after SWL has been documented. Although the re-
sults of these laboratory studies generally return to near-
normal levels within days, it is unclear whether these changes 
represent only transient dysfunction or more consequential 
chronic damage. A small prospective, randomized study 
suggested that pretreatment with nifedipine or allopurinol 
may protect the kidney from shock wave–induced renal 
damage.7 Nevertheless, there is no clear evidence to indicate 
that SWL is associated with any long-term effect on renal 
function in humans.8

Ureteral stone fragments may cause obstruction after in-
complete stone fragmentation or fragmentation of a large 
stone burden resulting in steinstrasse, literally “stone street.” 
Typically, partially obstructing steinstrasse will clear spontane-
ously within 2 to 4 weeks in asymptomatic patients. Otherwise, 
percutaneous nephrostomy tube decompression, ureteroscopic 
manipulation, PCNL, repeated SWL, or even open ureteroli-
thotomy may be necessary to clear the stone fragments. Re-
peated SWL is often attempted in patients with minimal 
symptoms and no evidence of infection. In contrast, emer-
gency decompression of the collecting system with a percuta-
neous nephrostomy tube is necessary for symptomatic patients 
or asymptomatic patients with signifi cant obstruction. Stein-
strasse that persist for longer than 1 or 2 weeks after placement 
of the percutaneous nephrostomy tube may be relieved with 
repeated SWL, ureteroscopy, or intracorporeal lithotripsy.

Although it has been suggested that SWL is associated with 
new-onset hypertension, this connection is not supported by all 
studies. The most persuasive study demonstrated that the inci-
dence of hypertension is not higher in patients treated with SWL 
compared with other methods of stone removal. Nevertheless, 
there was a statistically signifi cant increase in diastolic blood 
pressure of just less than 1 mm Hg in SWL-treated patients.9

This increase may be more pronounced in older patients.
To date, the safe upper limit of shock wave energy that 

can be delivered to one kidney during one session, the total 
amount of energy that can be delivered cumulatively, and 
the minimum safe interval between treatment sessions have 
yet to be defi ned. The variables to be considered include the 
number of shock waves and the power at which they are 
delivered. These vary for each type of machine and have not 
been standardized. However, despite these variations, there 
are few reports of renal injury to the hundreds of thousands 
of patients treated with SWL. Available data suggest that if 
chronic kidney damage does occur, it is most likely to be 
incurred by patients with some degree of preexisting renal 
dysfunction.10

SURGICAL MODALITIES

Stone surgery has changed so considerably over the past de-
cade that the term has almost dropped out of use. The percu-
taneous approach was then introduced, which involved new 
technology both to approach the kidney and to enter it without 
damaging vital structures, and then to remove the stone if 
small or to fragment and aspirate it if larger.

Percutaneous Nephrolithotomy

The fact that stone removal from the kidney required an ex-
tensive fl ank incision long frustrated urologists. Eventually, 
the task was performed using a combination of radiographic 
and minimally invasive surgical techniques.11

The procedure is usually performed in a single session with 
general anesthesia. A fi ne needle is inserted into the renal pel-
vis under ultrasound or radiographic guidance: the track is 
not made directly into the pelvis but through the parenchyma 
of the lower pole of the kidney, so that the track into the lower 
pole calyx is supported by the renal tissue itself. A nephro-
scope is passed, and if the stone is visualized, it can be broken 
up by intracorporeal lithotripsy. The fragments are then 
evacuated, and a non–self-retaining nephrostomy tube is in-
serted and sutured to the skin.12

Failure to remove the stone fragments completely is un-
common, particularly with increasing experience. The overall 
success rate of 95% throughout the world shows that this 
technique is an excellent way to clear, using one single method, 
all but the most refractory of stones.13–15

The complication rate is low: hemorrhage requiring 
blood transfusion or surgical intervention is seen in 1% to 
3% of patients, and residual stones are left behind in 2% to 
8%.15 Sepsis can develop, especially if the preoperative urine 
culture is positive. In this case, antibiotic prophylaxis is 
needed.16

Open Surgery
The newer techniques for removing and fragmenting stones, 
alone or in combination, have eliminated the requirement for 
open surgery except in a small number of cases. The actual 
percentage of cases that today require open surgery is not 
known but is unlikely to be greater than 12%. Stones of large 
bulk and complexity should be managed in stone centers by 
urologists who have the experience required for this type of 
surgery.

One of two methods is used to incise the renal cortical 
tissue and to approach the peripheral stone fragments in the 
calyces: radical paravascular nephrotomy17 and anatrophic 
nephrolithotomy.18 In the former approach, incisions are 
made between the branches of the renal artery. The calyx is 
approached and the fragments are removed. Several of these 
nephrotomies may have to be made, placed laterally in the 
kidney on either the anterior or posterior surface. After com-
plete removal of the stone, the nephrotomies are closed with 
a fi ne suture, aiming to close only the renal capsule.

In anatrophic nephrolithotomy, the incision follows the 
avascular line between the segments of the kidney that are 
supplied by the anterior and posterior segmented branches of 
the renal artery. After complete removal of the stone, the kid-
ney incision is sutured and closed completely.

EFFECT OF SURGICAL APPROACHES 
ON RENAL FUNCTION

The overall effect on renal function of PCNL is usually mini-
mal. Although there is a potential risk that increases with the 
size of the access track, no studies have reported any serious 
postoperative loss of function.
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Two aspects of open surgery may interfere with postopera-
tive renal function: renal ischemia and parenchymal incisions. 
To prevent excessive hemorrhage when the renal parenchyma 
is incised, the renal artery is traditionally clamped, exposing 
the kidney to ischemia. If the ischemic period is longer than 
20 minutes, irreversible renal damage may occur. A number of 
methods have been described to preserve renal function dur-
ing ischemia of more than 20-minute duration, including re-
nal cooling and vasoactive agents. In a canine model, the 
function of kidneys subjected to radial paravascular nephrot-
omy was unchanged compared with that of controls.19 There 
was a statistically signifi cant difference in postoperative func-
tion when the anatrophic nephrotomy was compared with 
control kidneys.

RECOMMENDATIONS

Contemporary Indications 
for Intervention
The generally accepted indications for intervention for the 
treatment of urinary calculi are summarized in Box 36-1. Ab-
solute indications include persistent or progressive high-grade 
obstruction by the stone, urinary tract infection, and intrac-
table pain. Infection in the face of obstruction is a medical 
emergency that requires immediate intervention to relieve the 
obstruction before SWL. Relative indications for intervention 
include occupational factors, signifi cant hematuria requiring 
transfusion, substantial stone growth despite appropriate 
medical management, stone size judged too large to pass 
spontaneously, or failure of a ureteral stone to move during a 
6-week period.

A fi nding of hydronephrosis, a sign of ureteral obstruction, 
at initial presentation is not necessarily an indication for in-
tervention. However, if follow-up studies reveal a lack of im-
provement during a 1- to 2-week period, intervention is usu-
ally required whether or not symptoms are present.

The location, size, and composition of the stone are the 
most important factors guiding the decision to treat and with 
which method (Box 36-2). Realistically, the cost of purchas-
ing and maintaining the different types of lithotripsy equip-
ment is substantial, and most hospitals, even large academic 
centers, have only one extracorporeal and one or two intra-
corporeal lithotripsy devices available. Thus, treatment with 

extracorporeal or intracorporeal lithotripsy is the fi rst deci-
sion to be made, based on the availability of devices. Second, 
the skill and familiarity of the treating urologist with the dif-
ferent methods are important. Third, the choice of approach 
depends on both economic factors and individual prefer-
ences (e.g., travel, time lost from work, retreatment rates). 
Fourth, other medical conditions, such as morbid obesity and 
severe scoliosis or kyphosis, and conditions associated with 
an increased risk of general anesthesia must be taken into 
consideration.

Renal Calculi
The majority of patients with renal stones smaller than 2 cm 
may be successfully managed with outpatient SWL and return 
to routine activities within 48 hours. In contrast, SWL treat-
ment of stones 2 cm or larger presents a substantial risk of 
ureteral obstruction from stone fragments; therefore, PCNL is 
extremely effective and is the procedure of choice. Depending 
on stone composition and other clinical circumstances, stones 
2 to 3 cm in size may occasionally be treated with SWL. A 
treatment algorithm for the management of renal calculi is 
presented in Figure 36-1.

Bilateral Stones

In the setting of bilateral stone disease, each kidney is com-
monly treated individually in separate sessions. However, pa-
tients with symptomatic bilateral stones may require bilateral 
intervention and can be treated with SWL during a single ses-
sion if the stone burden is not too large and renal function is 
normal.10 Patients with abnormal renal function before bilat-
eral SWL treatment may be more likely to develop acute renal 
failure.10 Potentially, patients with normal renal function and 
asymptomatic large bilateral stones may undergo bilateral 
SWL by an experienced endourologist in a single session for 
economic, social, or medical reasons (e.g., risk of anesthesia).

Calyceal Diverticula

Stones in calyceal diverticula are generally asymptomatic. 
Nevertheless, intervention is necessary in the setting of local 
symptoms such as pain, associated infection, hematuria, or 
progressive stone growth. Rarely, if there is adequate drainage 
from the calyceal diverticulum, SWL is the treatment of choice 

Absolute Indications
Persistent obstruction
Urinary tract infection
Intractable pain

Relative Indications
Failure of ureteral stone to progress
Signifi cant hematuria
Stone growth despite optimal medical treatment
Social, economic, or occupational factors
Stone too large to pass spontaneously

Box 36-1 Indications for Urological Intervention in 
Nephrolithiasis

Stone Characteristics
Size
Location
Composition

Urinary Tract Anatomy
Duplicated collecting system
Horseshoe kidney
Medullary sponge kidney
Solitary kidney
Transplanted kidney
Pediatric patient

Availability of Technology
Experience of urologist

Box 36-2 Factors Infl uencing Choice of Intervention
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for stones smaller than 1.5 cm. PCNL is recommended for 
stones 1.5 cm or larger.

The management of asymptomatic calyceal calculi is more 
of a problem. One study suggested that 30% of patients with 
asymptomatic calyceal stones will present with a symptomatic 
episode within 3 years and 50% within 5 years of the initial 
evaluation.20 Most urologists recommend a conservative ap-
proach and observe patients with asymptomatic calyceal di-
verticuli with calculi.

Horseshoe Kidney

Approximately 20% of individuals with a horseshoe kidney 
form a stone at some time. These stones may be composed of 
struvite, the result of infection due to abnormal urinary 
drainage, or calcium oxalate. SWL can be attempted if it is 
anatomically feasible. PCNL may be used as a primary or ad-
junctive procedure, particularly for larger stones. In general, 
stones 2 cm or smaller may be treated with either a fi rst-
generation lithotriptor or PCNL; PCNL is the treatment of 
choice for stones larger than 2 cm.21

Medullary Sponge Kidney

SWL may be attempted for the treatment of renal calculi 
in patients with medullary sponge kidney, although the 
data on its effectiveness are limited.22 It is noteworthy that 
residual calcifications will likely be evident on kidney ure-
ter bladder film owing to the presence of parenchymal 
calcifications. Thus, radiographic assessment of the success 
of the procedure and preventive medical therapies is 
difficult.

Staghorn Calculi

Struvite staghorn calculi are particularly concerning because 
they arise from infected urine and the stones harbor infection. 
Struvite staghorn calculi that fi ll the major part of the collect-
ing system should be treated with a combination of percuta-
neous stone removal and SWL. The assessment of overall and 
split renal function is important when choosing which treat-
ment to offer. The American Urological Association’s treat-
ment guidelines state that for struvite staghorn calculi, PCNL 
should be performed to debulk the stone mass occupying the 
renal pelvis, followed by SWL or fl exible nephroscopy at a 
later date to remove fragments remaining in the calyces.23 In 

experienced hands, the stone-free rates with the combined 
approach should exceed 80%.21

Solitary Kidney

A solitary kidney, whether congenital or acquired, presents a 
unique set of diffi culties. Obstruction of a solitary kidney can 
lead to acute renal failure. SWL with or without cystoscopic 
assistance is the best approach in this setting because it is pref-
erable to avoid the use of a percutaneous nephrostomy owing 
to potential damage to the renal parenchymal tissue. Other-
wise, the same criteria for treatment selection apply to a soli-
tary kidney.

Transplanted Kidney

Fortunately, renal calculi form in less than 2% of transplanted 
kidneys. Hyperparathyroidism and nonabsorbable sutures are 
the most important risk factors. As for the native solitary kid-
ney, it is preferable to avoid a percutaneous approach in a 
transplanted kidney. The transplanted kidney is typically lo-
cated in the right or left lower quadrant of the abdomen and 
therefore is accessible by SWL. Alternatively, cystoscopic treat-
ment with one of the intracorporeal methods may be at-
tempted by an experienced endourologist.24

Ureteral Calculi
Renal colic from a ureteral stone is the most frequent reason 
for a patient to present to a physician for acute treatment of 
nephrolithiasis. At the time of presentation, a radiographic 
study will usually be obtained that may consist of an intrave-
nous pyelogram (also known as intravenous urogram) or an 
ultrasound examination; many centers have replaced these 
with the preferred spiral computed tomography, which is 
more rapid and provides greater resolution. For patients with 
a known history of stones whose renal and ureteral anatomy 
is known, kidney ureter bladder fi lm may be suffi cient to iden-
tify a new stone.

The size of the ureteral calculus is an important factor in 
the determination of the need for intervention. Historically, 
ureteral stones 4 mm or smaller were observed, in anticipa-
tion of their spontaneous passage. However, recent data sug-
gest that both size and location infl uence the likelihood of 
spontaneous passage.25 In a retrospective study of 378 pa-
tients with ureteral stones, overall 60% of the stones passed 
without requiring intervention. Notably, the more proximal 
the stone is, the lower the passage rate. For example, a 4-mm 
stone passed spontaneously only 20% of the time if it were 
located in the proximal ureter, whereas the same size stone in 
the distal ureter passed spontaneously in 55% of cases.25

Currently, even with the new technology available, patients 
with stones 4 mm or smaller rarely undergo intervention 
because of the excellent chance of spontaneous passage. 
However, improvements in technology have altered the indi-
cations for intervention for those patients with slightly 
larger stones who in the past would have been observed 
expectantly.

When intervention is deemed necessary, the location of the 
stone within the ureter is an important consideration that 
infl uences the selection of the method to be used (Fig. 36-2). 
Approximately 70% to 80% of proximal ureteral stones (above 
the iliac vessels) can be successfully treated with extracorporeal 
SWL. Although there are no large prospective, randomized 

Renal calculus

Nonobstructing, 
nonstaghorn calculus in 

renal pelvis or upper pole

Staghorn 
calculus

UPJ
obstruction

Sandwich therapy
PCNL-SWL-PCNL

PCNL �
endopyelotomy

>2 cm ≤2 cm

PCNL SWL

Figure 36-1 Treatment algorithm for the initial management 
of renal calculi. PCNL, percutaneous nephrolithotomy; SWL, 
shock wave lithotripsy; UPJ, ureteropelvic junction.

Ch36_437-444-X5484.indd 441Ch36_437-444-X5484.indd   441 6/18/08 1:04:44 PM6/18/08   1:04:44 PM



442 Nephrolithiasis

trials that compare SWL with other methods of removal, SWL 
is a reasonable choice for the initial management of proximal 
ureteral stones because of safety, noninvasiveness, and ob-
served high success rates. Complications from SWL for proxi-
mal ureteral stones often result from stone manipulation be-
fore treatment, and ureteral stent placement does not increase 
the effi cacy of treatment. However, in the setting of ureteral 
calculi larger than 1.5 cm, urosepsis, or complete ureteral ob-
struction, the placement of a ureteral stent or nephrostomy 
tube is often necessary. If SWL alone is unsuccessful, retro-
grade approaches are indicated. If the stone still cannot be 
removed, an antegrade (percutaneous) approach may be at-
tempted. PCNL is a highly effective yet much more invasive 
option for the removal of a proximal ureteral stone.

The optimal treatment of distal ureteral stones is also con-
troversial, primarily because of the lack of any prospective, 
randomized, controlled studies comparing SWL and ureteros-
copy. SWL and endoscopic lithotripsy are both acceptable 
treatments of distal ureteral stones. SWL requires many more 
repeated treatments than endoscopic lithotripsy, but the latter 
is more invasive and occasionally may result in ureteral stric-
ture formation.

SWL treatment of stones located in the distal ureter is tech-
nically more diffi cult than for stones in the renal pelvis or 
calyces. Thus, some urologists still employ ureteroscopy to 
manipulate the stone retrogradely into the renal pelvis and 
then proceed with SWL (referred to as “push-bang”). How-
ever, data suggest that this more invasive technique does not 
yield substantially higher stone-free rates than does SWL 
alone.26

As with renal stones, the comparative effi cacy of the differ-
ent approaches to treatment of ureteral calculi is diffi cult to 
assess. Most likely, the choice of treatment will be based on 
availability and experience with the various methods. Simi-
larly, the choice of ureteroscopic technique often depends on 
the availability of the equipment and the experience of the 
urologist. If it is available, the pulsed dye laser may be used for 
fragmentation of most ureteral calculi. However, ultrasonic 
lithotripsy may be more effective for the treatment of a cal-
cium oxalate monohydrate stone larger than 1 cm. Small du-
rile stones are best treated by grasping with forceps or a basket 
followed by extraction. Treatment of cystine stones is more 
easily performed by electrohydraulic lithotripsy or holmium 
laser than by coating with dye and fragmentation by the 
pulsed dye laser.27

The treatment of infants, pregnant women, or extremely 
obese individuals merits special consideration. Minimal inva-
siveness and radiation exposure are particularly important in 

pediatric and obstetric patients, and conservative management 
is prudent. SWL, preferably with ultrasound localization, may 
be used in infants. Ureteroscopic techniques are another treat-
ment option. Nevertheless, pregnant patients who present with 
symptomatic ureteral stones may require urgent treatment 
because of the increased risk to the fetus from systemic mater-
nal infection or premature labor. The potential for serious 
complications and the technical diffi culties involved in the 
treatment of infants and pregnant women demand care by 
only the most experienced endourologists. Although endo-
scopic treatment of distal calculi can be accomplished under 
local anesthesia in pregnant women, the most prudent ap-
proach is to insert an indwelling stent and allow the patient to 
complete the pregnancy. Extreme obesity, conversely, may im-
pede SWL localization and the ability of the shock wave to 
reach the calculus; thus, ureteroscopic methods are preferable 
in this setting.28

Antibiotics and Shock Wave Lithotripsy
Historically, routine antimicrobial prophylaxis has been ad-
ministered even in the absence of infection in the urinary 
tract. However, a prospective, randomized trial involving 360 
patients revealed that the incidence of urinary tract infection 
after SWL was low in patients with sterile urine before inter-
vention and suggested that prophylactic antibiotics may be 
unnecessary.29 If bacteriuria is associated with calculi, prophy-
lactic antibiotics are required whatever the planned surgical 
procedure.
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The term urinary tract infection (UTI) encompasses a group 
of clinical disorders that are quite diverse and that, together, 
constitute the most common form of bacterial infection affect-
ing humans throughout their life span. UTI is primarily an 
infection of females (both adult and pediatric). Males have a 
signifi cant incidence of UTI only at the two extremes of life 
because of the higher incidence of urogenital anomalies among 
male babies and the effects of prostatic disease in the geriatric 
population.1 More than 7 million women seek medical atten-
tion each year for acute, uncomplicated UTI (cystitis), with 
more than 100,000 hospital admissions each year for the care 
of pyelonephritis at a total cost of more than $1 billion per 
year. The incidence of cystitis in sexually active young women 
is 0.5% to 0.7% per year. Approximately 50% of women will 
have at least one UTI in their lifetime.2,3 UTI may involve deep 
tissue infection of the kidney and/or the prostate gland, or 
superfi cial mucosal infection of the bladder; an estimated 90% 
of infections in males involve tissue invasion, whereas 70% or 
more of UTIs in females represent superfi cial mucosal infec-
tion. Clinically, UTIs may be symptomatic or asymptomatic, 
may cause bloodstream invasion, and may occur in anatomi-
cally normal or abnormal urinary tract anatomy or in persons 
with or without underlying renal disease.1–5

Over the years, it has been postulated that UTI, even if 
asymptomatic, had important effects beyond the infl amma-
tory consequences of microbial invasion: hypertension, 
progressive renal disease, an increased mortality, and com-
plications of pregnancy being the most notable. UTI does 
not by itself cause these effects. However, when UTI is com-
bined with other conditions such as vesicoureteral refl ux or 
obstruction, it will accelerate the damage to the kidneys, 
particularly in children. As far as increased mortality is con-
cerned, which has been studied most in the elderly, it ap-
pears that UTI is a marker of ill health and other signifi cant 
disease, but by itself does not cause increased mortality with 
or without antimicrobial therapy. In contrast, pregnant 
women should be screened for bacteriuria and aggressively 
treated because UTI during pregnancy can be associated 
with fetal loss, prematurity, and pyelonephritis in the 
mother. In renal transplant recipients, UTI is associated 

with allograft rejection. Treatment of asymptomatic bacte-
riuria is not associated with a decrease in mortality.1,6–12

Not surprisingly, different clinical syndromes of UTI re-
quire different patient management strategies. The purpose of 
this chapter is to outline the current concepts of pathogenesis, 
diagnosis, prevention, and treatment of this most common of 
human infections.

PATHOGENESIS OF URINARY TRACT 
INFECTION

Although bacteremia with such virulent organisms as Staphy-
lococcus aureus, Pseudomonas aeruginosa, and Salmonella typhi
can infect the kidneys through the hematogenous route, more 
than 95% of UTIs occur because of ascension of organisms 
from the distal urethra to the bladder, the ureters, and, fi nally, 
the kidneys. Both bacterial virulence factors and certain host 
factors determine whether sustained infection is to occur. 
Gender is a major determinant of the incidence of UTI. In 
males with normal urinary tract anatomy and function, the 
incidence of UTI is quite low, at least in part due to the physi-
cal separation of the distal urethra from the fecal reservoir of 
bacteria and perhaps to the presence of antibacterial sub-
stances in the secretions of the normal prostate. In men, lack 
of circumcision, homosexual activity that involves anal inter-
course, and, uncommonly, heterosexual vaginal intercourse 
with a woman colonized with a uropathogen have been asso-
ciated with an increased risk of UTI. However, because sus-
tained colonization of the distal urethra in males is diffi cult to 
accomplish, bacteriuria is unusual in the absence of prostatic 
dysfunction or other urogenital abnormalities.1

Virtually all the studies of the pathogenesis of UTI have 
been carried out in women with Escherichia coli infection. 
However, the data that are clinically available now suggest that 
similar mechanisms are operative in males with UTI and also 
in other not uncommon bacterial causes of UTI such as Pro-
teus and Klebsiella organisms. Therefore, it is not unreason-
able to base our discussion of the pathogenesis of UTI primar-
ily on the data generated in females with E. coli infection. A 
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few clones of E. coli, termed uropathogenic or nephritogenic 
E. coli, possess a variety of virulence properties that appear to 
be important in mediating the key steps in the pathogenesis of 
UTI in the normal urinary tract: sustained intestinal carriage, 
persistence in the vagina, and ascension and invasion of the 
urinary tract despite normal urine output.1,3,13

These virulence properties are closely linked on the bacte-
rial chromosome and are found in only a restricted number of 
E. coli serotypes (O1, O2, O4, O6, O7, O75, and O150 cause the 
majority of UTIs). The virulence properties of E. coli include 
the following: an intact O (somatic) antigen, a K (capsular) 
antigen, the production of hemolysin, the presence of the iron-
binding protein aerobactin, the ability to resist the bactericidal 
effect of normal human serum, the production of colicin V, 
increased adherence to vaginal and uroepithelial cells, the pro-
duction of both cytotoxic necrotizing factor type 1 and hemo-
lysin, and the ability to induce an infl ammatory response. 
Genes mediating these urovirulence factors are usually linked 
to large multigene chromosomal segments called pathogenic-
ity islands and are absent in E. coli found in normal fecal 
fl ora.14–20 The most important of these bacterial virulence fac-
tors are adhesins present on the surfaces of the uropathogenic 
strains that mediate attachment and adherence via specifi c re-
ceptors on the uroepithelium. Although a variety of bacterial 
adhesin-host receptor systems have been defi ned, the best 
studied (and probably most important) surface adhesins are 
the p-fi mbriae (also known as p-pili, or type II pili), which 
bind to the globoseries of glycolipid receptors that have a com-
mon disaccharide �Gal(1-4)�Gal. These receptors are identi-
cal to the glycosphingolipids of the P blood group system and 
are found on the epithelial cells of the vagina, urinary tract, 
kidneys, and large intestine, but not on phagocytic cells.21–27

Uropathogenic strains are able to attach to the host muco-
sal cells (thus effecting sustained carriage in the large intestine 
and adherence to the vaginal and uroepithelium) while avoid-
ing binding to host polymorphonuclear cells.21,28–30 Type I 
fi mbriae bind to mannose epitopes, for example, those found 
on such glycoproteins as secretory IgA and Tamm-Horsfall 
protein, and are thought to play a role in urovirulence in the 
presence of other virulence factors. In addition, there are uro-
pathogenic strains that adhere in the absence of fi mbriae.31–34

Recently, a single clone of uropathogenic E. coli has been 
identifi ed as the cause of a large number of UTIs in individual 
communities. Isolates of these bacteria were identifi ed initially 
by being trimethoprim-sulfamethoxazole resistant (generally 
associated with multidrug resistance). Epidemiologic studies 
have suggested that the source of this clonal outbreak is con-
taminated food or water. Prolonged colonization of the intes-
tine is the fi rst step in the pathogenesis of these infections, and 
it is possible that long-term intestinal carriage provides the 
opportunity for acquiring plasmids that mediate drug resis-
tance. That this is an important phenomenon is shown by 
the fact that this single clone accounted for 10% of all UTIs 
in California, Minnesota, and Michigan and for 38% to 51% 
of trimethoprim-sulfamethoxazole–resistant strains. Similar 
clusters of cases have occurred in south London, UK, and St. 
Louis, MO, and this clone has also been shown to be endemic 
in Barcelona, Spain. This clone (termed clone A) has played a 
signifi cant role in the spread of antimicrobial resistance. A 
hitherto unusual stereotype to be isolated from the urinary 
tract, O15:K52:H1, is characteristic of this phenomenon. The 
epidemiologic pattern of this particular clone is very reminis-

cent of that seen when hemorrhagic enterocolitis due to E. coli
O157:H7 was identifi ed as a community-wide outbreak owing 
to the ingestion of contaminated food, and it is postulated 
that a similar epidemiologic pattern is operational here.35,36

Host factors are at least as important as bacterial virulence 
factors in the pathogenesis of UTI. These include the following:

 1. Normal vaginal fl ora, particularly the presence of lactobacilli, 
plays an important role in preventing the colonization of the 
vaginal vestibule with uropathogenic strains. Such coloniza-
tion is a necessary, although not suffi cient, fi rst step in the 
pathogenesis of UTI. It is estimated that approximately 8% of 
patients with uropathogen colonization of the vagina develop 
UTI, and when it occurs, it is the same organism that is colo-
nizing. Thus, spermicides, used with condoms or diaphragms 
for contraception, inhibit the normal fl ora, and the metabolic 
changes induced by menopause have a similar effect—the 
result being an increased propensity to recurrent UTI. Sexual 
intercourse will regularly introduce distal urethral and vagi-
nal fl ora into the bladder. If the organisms are so introduced, 
they will be quickly eliminated by local host defenses, includ-
ing voiding. If uropathogens are present, they will adhere, 
and sexual activity will have played an important role in the 
development of sustained UTI.

 2. The normally functioning bladder has a signifi cant capac-
ity for eliminating bacteria that have been introduced. 
Three factors appear to contribute signifi cantly to this abil-
ity: the elimination of bacteria by voiding, the presence of 
bacteriostatic substances in the urine, and the intrinsic 
mucosal defense mechanisms (including the ability to 
mount an infl ammatory response starting when the bacte-
ria adhere to the mucosal lining). It is worth emphasizing 
that these defenses are greatly attenuated when there is a 
signifi cant postvoiding residual.37–41

 3. The ability to secrete blood group antigens into body fl u-
ids, including the urine and vaginal secretions, is an impor-
tant host defense against UTI. These blood group antigens 
appear to block the adherence of bacterial adhesions to 
uroepithelial receptors and thus protect against the initia-
tion of infection. Women who are nonsecretors have an 
increased incidence of recurrent UTI, and uropathogens 
have been shown to adhere to periurethral and vaginal 
mucosal cells from these women in much greater numbers 
than do those in women who are secretors.42–45

 4. A competent ureterovesical junction provides signifi cant 
protection against the refl ux of both sterile and infected 
urine into the kidney.1

Thus, there are a number of conditions that predispose to 
UTI and do so by overcoming the host defenses delineated. 
These conditions either promote the occurrence of UTI or 
amplify its clinical impact. A corollary of these observations is 
that different antimicrobial programs are necessary for the 
prevention and treatment of UTI in patients with one or more 
of the following conditions:

 1. Impedance of urine fl ow due to anatomic obstruction (e.g., 
a stone or an enlarged prostate gland) or a functional in-
ability to empty the bladder (e.g., a neurogenic bladder due 
to spinal cord injury or neuropathy due to diabetes or mul-
tiple sclerosis) greatly increases the susceptibility to and the 
impact of UTI.1
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 2. Vesicoureteral refl ux predisposes to the spread of infection 
to the kidney, and the combination of refl ux and infection 
appears to be synergistic in terms of producing chronic 
renal injury, especially in children, and most particularly in 
children younger than the age of 5.1

 3. The presence of foreign bodies such as an indwelling bladder 
catheter markedly increases the incidence of UTI. Even with 
modern closed drainage systems, once such a catheter is in 
place, after the fi rst 3 days of its presence, there is an inci-
dence of bacteriuria at a rate of 1% to 3% per day, with most 
patients becoming bacteriuric by the end of 1 month.1

Notable by their absence from this analysis are immuno-
suppressed states. Defects in T-cell, B-cell, and polymorpho-
nuclear leukocyte function do not appear to be associated 
with an increased incidence of UTI, although the impact of 
any infections that do occur may be increased in the face of 
such conditions. Similarly, there is little evidence that condi-
tions such as diabetes mellitus are associated with an increased 
incidence of UTI until diabetic neuropathy affecting bladder 
function develops.1

DIAGNOSIS OF URINARY TRACT 
INFECTION

The range of possible symptom complexes caused by UTI is 
very broad, ranging from asymptomatic bacteriuria to symp-
tomatic abacteriuria (the acute urethral syndrome), from 
symptoms related to the lower urinary tract (dysuria and fre-
quency) to symptoms suggesting kidney invasion and pyelo-
nephritis (e.g., loin pain and costovertebral angle tenderness), 
to full-blown septic shock. The relationship of symptoms to 
the presence of bacteriuria and the anatomic site of infection 
is incomplete. Thus, 30% of women with symptoms of dys-
uria and frequency will have covert kidney involvement, 
whereas a similar or higher percentage of men with bacterial 
prostatitis will also have covert kidney involvement. Because 
the relationship between symptoms and either the presence of 
true infection or the anatomic site of infection is incomplete, 
the laboratory plays an important role in the diagnosis and 
management of UTI. This is particularly true given the diffi -
culty of acquiring a voided urine specimen that is not con-
taminated by distal urethral or vaginal fl ora. The following 
observations can be used in deciding whether true UTI is 
present and that treatment is indicated.1,2

In patients without bladder or ureteral catheters, more 
than 95% of infections are caused by a single species at any 
one time, with the Enterobacteriaceae, P. aeruginosa, entero-
cocci, and Staphylococcus saprophyticus (this last being a par-
ticularly important uropathogen in sexually active young 
women) causing virtually all these infections. In contrast, the 
organisms that commonly colonize the distal urethra and 
skin of both men and women and the vagina of women 
(Staphylococcus epidermidis, diphtheroids, lactobacilli, Gard-
nerella vaginalis, and a variety of anaerobes) rarely cause UTI. 
The rare exception to this rule are patients with such compli-
cating factors as an infarcted kidney or a necrotic tumor mass 
that has been invaded by these commensal organisms, par-
ticularly the anaerobes. Otherwise, the presence of one or 
more of these organisms in the urine suggests primarily a 
contaminated culture.1,15

In the adult patient who has urinary symptoms, the presence 
of pyuria correlates closely with UTI. The measurement of leuko-
cyte esterase activity in the urine may be used as a screening 
technique, but the preferred method is to examine the unspun 
urine in a counting chamber, with more than 10 leukocytes/mm3

being highly associated with true infection. The traditional 
method of testing for pyuria, by microscopic examination of 
spun urine, is fraught with error, carrying a high rate of both false 
positives and false negatives. A similarly useful low-technology 
approach to the diagnosis of UTI is to examine under a light 
microscope a Gram stain of unspun urine. The presence of one 
or more organisms per oil immersion fi eld correlates with the 
presence of 105 bacteria/mL or more in urine (otherwise known 
as signifi cant bacteriuria).1,2,46–48

The cornerstone of the diagnostic approach to UTI is the 
quantitative urine culture. More than four decades ago, Kass48

and Savage and colleagues49 defi ned the concept of signifi cant 
bacteriuria (�105 colony-forming units [CFU]/mL of a single 
uropathogenic species) as an epidemiologic tool for diagnos-
ing true infection. However, it is now clear that, in as many as 
20% to 30% of true bacterial UTIs in women with symptoms 
of infection, fewer organisms are present in the urine. These 
women respond appropriately to antibiotic therapy for the 
particular bacteria identifi ed, just as those with signifi cant 
bacteriuria do. The quantitative urine culture remains a useful 
diagnostic tool, however, but the guidelines have been revised, 
based on careful studies of patients who are symptomatic and 
respond to antimicrobial intervention.2,50,51

 1. Acute, uncomplicated UTI in women. A diagnostic criterion 
of more than 105 CFU/mL has a specifi city of 99%, but a 
sensitivity of 51%. Particularly in the symptomatic patient, 
a more appropriate criterion appears to be 103 CFU/mL or 
more, which has a sensitivity of approximately 80% and a 
specifi city of approximately 90%.

 2. Acute urethral syndrome in women (also called symptom-
atic abacteriuria). This entity is probably a variant of 
acute, uncomplicated UTI in that symptoms of dysuria 
and frequency predominate, with two major causes being 
noted: bacterial infection with the usual uropathogens but 
with fewer (102–104 CFU/mL) being present or Chlamydia 
trachomatis infection. Patients from both these groups 
have pyuria on urinalysis and respond to appropriate an-
timicrobial therapy. It has been suggested that those 
patients with low-count bacteriuria have early UTI, with 
increasing counts as time passes without therapy. Occa-
sionally, patients with Neisseria gonorrhoeae infection or 
vaginitis will present with symptoms of dysuria and fre-
quency, but cultures and vaginal examinations should 
permit these individuals to be distinguished from the oth-
ers. In addition, there is a group of women with similar 
symptoms but who lack pyuria on urinalysis. These ap-
pear not to have a microbial basis to their symptoms, do 
not respond to antimicrobial therapy, and should be man-
aged symptomatically.

 3. Acute, uncomplicated pyelonephritis in women. Approxi-
mately 80% of patients will have more than 105 CFU/mL in 
their urine; 10% to 15% will have 104 to 105 CFU/mL in their 
urine; and the remainder will have fewer than 104 CFU/mL 
in their urine. Thus, 104 CFU/mL of a single uropathogen is 
the usual requirement for the laboratory diagnosis of acute, 
uncomplicated pyelonephritis.
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 4. Urinary tract infection in men. A diagnostic threshold of 104

CFU/mL or more offers sensitivity and specifi city of more 
than 90%.

 5. Particular infections. Infections due to S. saprophyticus
and Candida species (as well as other fungal pathogens, 
presumably) usually have organism counts in the 102 to 
104 CFU/mL range.

CLINICAL MANAGEMENT OF URINARY 
TRACT INFECTION

Acute, Uncomplicated Urinary Tract 
Infection in Women
Patients with this form of UTI are defi ned by their presenting 
symptom complex: symptoms of lower urinary tract infl am-
mation (i.e., dysuria, frequency, urgency, or suprapubic discom-
fort) in the absence of signs and symptoms of vaginitis (vaginal 
discharge or odor, pruritus, dyspareunia, external dysuria with-
out frequency, and vulvovaginitis on examination). Therapy for 
this form of UTI has three objectives: eradication of the lower 
UTI that is producing symptoms, identifi cation of the minority 
of patients (�30%) who have silent renal infection and require 
more intensive therapy, and eradication of uropathogenic clones 
from the vaginal and gastrointestinal reservoirs that could pro-
duce rapid reinfection of the urinary tract.52,53

The cornerstone of therapy for this clinical syndrome in 
otherwise healthy women is a short course of therapy (3 days) 
with trimethoprim-sulfamethoxazole, trimethoprim, or a fl uo-
roquinolone (e.g., ofl oxacin, ciprofl oxacin, and undoubtedly 
other fl uoroquinolones that have not as yet been subjected to 
rigorous study). �-Lactams appear to be far less effective, both 
in terms of eliminating the bacteriuria and in clearing the uro-
pathogens of interest from the vaginal and colonic reservoirs, 
thus predisposing to recurrence. The macrocrystals of nitrofu-
rantoin have not been studied as rigorously as the other com-
pounds, but currently available information suggests that 
3 days of therapy with this compound is not as effective as the 
recommended compounds, but that 7 days of therapy may yield 
results similar to those obtained with 3 days of trimethoprim-
sulfamethoxazole. Another option would appear to be single-
dose fosfomycin therapy. Although, at present, the standard of 
care is 3 days of trimethoprim-sulfamethoxazole therapy, the 
specter of resistance looms. If the incidence of resistance in a 
particular community is more than 20%, then a fl uoroquino-
lone would become the empiric (before sensitivity data are 
known) treatment of choice. Because of the importance of the 
fl uoroquinolones in the treatment of prostatitis and other 
forms of complicated infection, the recently published guide-
lines for the management of acute, uncomplicated UTI in 
women has recommended the use of other drugs to delay the 
emergence of resistance to the fl uoroquinolones.52,53

Because acute, uncomplicated UTI in healthy women is so 
common, and the effi cacy, cost, and side-effects of short-course 
therapy so favorable, an effi cient approach to such infections 
that minimizes laboratory studies and visits to the physician can 
be defi ned. The fi rst step is to initiate short-course therapy in 
response to the complaint of dysuria and frequency without 
symptoms of vaginitis. If a urine specimen is readily available, a 
leukocyte esterase dipstick test can be carried out (which has a 
reported sensitivity of 75%–96% in this clinical setting); urine 

culture and microscopic examination of the urine are reserved 
for the patient with an atypical presentation. Alternatively, a 
reliable patient who reports a typical clinical presentation by 
telephone should have short-course therapy prescribed without 
initial examination of the urine.1,52,53

The important patient-physician interaction comes after 
completion of the therapy. If the patient is asymptomatic, 
nothing further needs to be done. If the patient is still symp-
tomatic, both urinalysis and urine culture are necessary. If 
both of these results are negative and no clear microbial cause 
of symptoms is present, symptomatic relief is prescribed and 
attention is directed toward sexual practices, gynecologic con-
ditions, personal hygiene, allergy to clothing dyes, and the like. 
If the patient is pyuric but not bacteriuric, then the differential 
diagnosis includes C. trachomatis (common in sexually active, 
reproductive-age individuals), tuberculosis, systemic fungal 
infection, and intra-abdominal infl ammatory processes such 
as a diverticular abscess abutting the urinary tract. The pres-
ence of bacteriuria and pyuria should trigger a 10- to 14-day 
course of therapy, provided that the isolate was sensitive to the 
drug previously prescribed. If it has been resistant, then an-
other trial of short-course therapy with a suitable drug would 
be appropriate.1,52–58

Short-course therapy is prescribed for the eradication of 
superfi cial mucosal infection of the bladder and is contraindi-
cated in patients with a high probability of tissue-invading 
infection. The following groups of patients, therefore, should 
never be considered as candidates for short-course therapy: 
any man with a UTI (tissue invasion of the prostate, kidney, or 
both should be assumed, and, as predicted, short-course 
therapy fails in men more than 80% of the time, even when 
both groups have identical presenting symptoms), patients 
with overt pyelonephritis, patients with symptoms of longer 
than 7 days’ duration, patients with underlying structural or 
functional defects of the urinary tract, immunosuppressed 
individuals, and patients with indwelling catheters.1

Acute, Uncomplicated Pyelonephritis 
in Women
The clinical syndrome in these patients includes recurrent 
rigors and fever; back and loin pain (with tenderness on percus-
sion of the costovertebral angle), often with associated colicky 
abdominal pain; nausea and vomiting; dysuria; and frequency. 
These individuals, by defi nition, have invasive tissue infection, 
have or are at risk of bacteremia, and merit intensive antimicro-
bial therapy. The three goals of therapy in this group of indi-
viduals are control of possible urosepsis (bacteremia and its 
consequences), eradication of the invading organism, and pre-
vention of recurrences. The therapeutic approach to acute, un-
complicated pyelonephritis can be divided into two parts: im-
mediate control and fi nal eradication of the process.1,2

The initial antimicrobial program prescribed should have 
a more than 99% probability of being effective against 
the infecting organism. A urine Gram stain should be part of 
the initial evaluation. If a gram-positive organism is respon-
sible, then ampicillin or amoxicillin/clavulanic acid therapy 
would be reasonable. More likely would be a gram-negative 
bacillus, with a variety of regimens then being useful: a fl uo-
roquinolone, a �-lactam/aminoglycoside combination, or an 
advanced-spectrum �-lactam alone (e.g., imipenem, ceftazi-
dime, piperacillin/tazobactam) can be prescribed to achieve 
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this goal. Although parenteral therapy is usually prescribed to 
ensure the prompt achievement of therapeutic blood levels, it 
should be recognized that, in patients with milder disease 
oral agents such as fl uoroquinolones and trimethoprim-
sulfamethoxazole with excellent antimicrobial spectrum and 
oral bioavailability can be employed throughout the course 
of treatment if the GI tract is functioning adequately. At pres-
ent, provided adequate blood levels are achieved, there is no 
evidence that any one of the regimens listed is better than any 
other in terms of accomplishing the fi rst task: initial control 
of systemic sepsis.1,2,52,53

Following the establishment of control over sepsis, usually 
signaled by the temperature curve returning to a near-normal 
level, oral therapy can be instituted. Failure of this to occur 
within 72 hours of initiating therapy should trigger a search 
for some complicating problem (e.g., a stone, obstruction 
from any cause, poor bladder function). Once evidence of 
improvement has occurred, prescription of trimethoprim-
sulfamethoxazole or a fl uoroquinolone to complete a 14-day 
course of therapy appears to be the most effective means of 
eradicating both tissue infection and residual clones of uro-
pathogen present in the gastrointestinal tract, which could 
cause early recurrence if left in place.1,2,52,53

Urinary Tract Infection in Pregnancy
Pregnant women constitute the one group in whom screen-
ing for asymptomatic bacteriuria, and subsequent treatment, 
if found, is justifi ed to prevent adverse consequences for both 
mother and fetus: a risk of symptomatic pyelonephritis later 
in pregnancy that can induce premature onset of labor and 
delivery. Some experts have attributed increased fetal loss and 
prematurity to UTI in the mother as well. Treatment of either 
asymptomatic infection or infection associated with symp-
toms of bladder infl ammation is similar to that for nonpreg-
nant women with acute, uncomplicated UTI, that is, short-
course therapy. However, there are two major differences in 
the overall management when compared with the manage-
ment of nonpregnant women with UTIs: (1) The drugs that 
can be used safely are somewhat limited because of toxicity 
issues and (2) continuing follow-up throughout pregnancy 
with treatment and prophylaxis instituted for positive cul-
tures is indicated.59

There is extensive experience with sulfonamides, nitrofu-
rantoin, ampicillin, and cephalexin in the treatment of UTI 
during pregnancy, with sulfonamides being avoided near 
term because of their possible contribution to the develop-
ment of kernicterus in the newborn. Fluoroquinolones 
are avoided because of possible adverse effects on fetal car-
tilage development. In pregnant women with overt pyelone-
phritis, hospital admission and parenteral therapy with 
�-lactam drugs and aminoglycosides should be considered 
the standard of care.1

Recurrent Urinary Tract Infection 
in Women
The majority of recurrent UTIs in women of all ages are due to 
reinfection. The fi rst steps in preventing such infections do not 
involve the use of antimicrobial agents. They do include void-
ing immediately after sexual intercourse and changing contra-
ceptive practice to one in which a spermicide (which eliminates 

the normal protective fl ora in the vagina, increasing the poten-
tial for colonization with a uropathogen) is not required (e.g., 
from a diaphragm to oral contraceptives).1,37–40 In postmeno-
pausal women, two further measures have been shown to be of 
value: (1) local or systemic estrogen replacement, which will 
change the pH of the vagina, promotes the reappearance of the 
normal fl ora (particularly the lactobacilli) and protects against 
colonization with uropathogens60 and (2) ingestion of moder-
ate amounts of cranberry or blueberry juice, which has been 
shown to have a marked protective effect against UTI owing to 
the secretion in the urine and the vagina of organic molecules 
that block the critical interaction of uropathogen surface adhe-
sions to epithelial receptors, the fi rst step in the invasion of the 
anatomically normal urinary tract.61–63 Although the data sup-
porting the use of cranberry juice have come primarily from 
studies of postmenopausal women, our anecdotal experience 
with reproductive-age women suggests effi cacy in this popula-
tion as well.

Despite the institution of the previously listed maneu-
vers, there remains a group of otherwise healthy women 
who are subject to recurrent symptomatic infection. A small 
minority of these will have recurrent infection owing to a 
sequestered focus within the kidney that causes relapsing 
infection after courses of therapy of 14 days or less. Such 
relapsing infections deserve at least one attempt at cure 
with an extended course (4–6 weeks) of therapy, preferably 
with trimethoprim-sulfamethoxazole or a fl uoroquinolone 
to which the infecting organism is susceptible. If some pre-
disposing factor such as a renal calculus is present, the in-
tensive antimicrobial therapy should be carried out in con-
junction with correction of the underlying abnormality. 
Patients with relapsing symptomatic infection that only 
derives temporary benefi t from extended treatment courses 
usually can be kept symptom free with long-term suppres-
sive therapy.1

The majority of women (at least 85%) with recurrent UTI 
have repeated reinfection. There are basically three antimicro-
bial strategies that are effective in this situation:

 1. Low-dose, long-term prophylaxis with either trimethoprim-
sulfamethoxazole or a fl uoroquinolone (e.g., ciprofl oxacin 
250 mg or ofl oxacin 200 mg) at bedtime. The effi cacy of 
these prophylactic regimens is further delineated by their 
effectiveness in preventing UTI in the more challenging 
population of kidney transplant recipients.

 2. A variant of continuous prophylaxis is for the woman to 
take a single dose of a fl uoroquinolone or trimethoprim-
sulfamethoxazole as postcoital prophylaxis.

 3. Finally, many of these women prefer not to take antimi-
crobial drugs so continuously. These women may be 
given a supply of drug (again, either a fl uoroquinolone or 
trimethoprim-sulfamethoxazole is preferable over other 
classes of drug in terms of effi cacy) for single-dose ther-
apy with the onset of symptoms of UTI.1,54,64–67

Urinary Tract Infection in Men
UTI in men should always be assumed to mean tissue inva-
sion of the prostate, kidney, or both. Thus, the standard of 
care is 10 to 14 days of fl uoroquinolone or trimethoprim-
sulfamethoxazole unless antimicrobial intolerance or an un-
usual pathogen requires an alternative approach. In men 
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younger than 50 years, the following conditions are associ-
ated with an increased risk of UTI: anal intercourse, inter-
course with women colonized with uropathogens, and ac-
quired immunodefi ciency syndrome with a CD4 lymphocyte 
count of less than 200/mm3. Men without one of these risk 
factors, particularly those with recurrent infection after an 
appropriate treatment course, merit a urologic evaluation as 
well as a more intensive treatment course: 4 to 6 weeks at a 
minimum. Recurrent infection in men usually suggests a 
sustained focus within the prostate that is diffi cult to eradi-
cate for one or more of the following reasons: many antimi-
crobial agents do not diffuse well across the prostatic epithe-
lium into the prostatic fl uid where the infection lies, the 
prostate may harbor calculi that can block drainage of por-
tions of the prostate gland or act as foreign bodies around 
which persistent infection can be hidden, and an enlarged 
(and infl amed) prostate gland can cause bladder outlet ob-
struction, resulting in incomplete emptying and diffi culty in 
eradicating infection.1,2,13,68,69

Complicated Urinary Tract Infection
The term complicated UTI is used to describe a heteroge-
neous group of patients who have a wide variety of underly-
ing structural and functional defects of the urinary tract. As 
a consequence, the range of organisms causing UTI is much 
greater than that for the general population, and antimicro-
bial resistance is common. As a result, the therapeutic prin-
ciples employed in this patient population are somewhat 
different from those for other patient groups. In general, as-
ymptomatic bacteriuria should not be treated, the major ex-
ception being when the bacteriuric patient is scheduled to 
undergo urinary tract manipulation; in this circumstance, 
sterilization of the urine before manipulation and continua-
tion of antimicrobial therapy for 3 to 7 days after manipula-
tion can prevent urosepsis.1,2

Acutely septic patients with complicated UTI merit ini-
tial broad-spectrum therapy (e.g., ampicillin plus gentami-
cin, imipenem/cilastin, piperacillin/tazobactam) until bac-
teriologic data are available and permit a more precise 
choice of therapy. For more subacutely ill individuals, a 
fl uoroquinolone appears to be optimal initial therapy. In 
conjunction with antimicrobial therapy, thought should be 
given to correcting the abnormalities that led to the infec-
tion, whenever possible. If this can be accomplished, a 
prolonged 4- to 6-week curative course of therapy in con-
junction with the surgical manipulation is appropriate. If 
such correction is not possible, shorter courses of therapy 
(7–14 days), aimed at controlling the symptoms, appear to 
be more reasonable. Spinal cord injury patients represent a 
particular challenge. In these patients, intermittent self-
catheterization with clean catheters and methenamine pro-
phylaxis has been shown to decrease the morbidity associ-
ated with UTI in this population.1,2,13,70

Candidal Infection of the Urinary Tract
Candidal UTI has become increasingly common in recent 
years, particularly in individuals who are diabetic, have blad-
der catheters in place, or are receiving corticosteroids. Well-
validated guidelines for managing candidal UTI are 
not available, particularly criteria for distinguishing trivial 

colonization from clinically signifi cant infection. The fol-
lowing represents the approach that we take at present, 
pending the availability of more data.1,2,71,72

 1. The fi rst step is the correction of the underlying conditions 
that led to the infection in the fi rst place: removal of the 
catheter, correction of the hyperglycemia, cessation of 
broad-spectrum antibacterial therapy, and marked reduc-
tion in corticosteroid dose, if possible. Once these are ac-
complished, if candiduria is persistent, then further therapy 
can be considered.

 2. If an indwelling bladder catheter is still required, it is rea-
sonable to insert a three-way catheter and administer an 
amphotericin or a nystatin rinse to the bladder; this has an 
effi cacy rate of approximately 50% to 60%. However, if a 
catheter is not required, it is far better to treat with systemic 
antifungal therapy to avoid the risk of other organisms be-
ing introduced because of the catheter.

 3. Fluconazole, at a dose of 200 to 400 mg/day, is an effective 
therapy for candidal UTI caused by Candida albicans,
Candida tropicalis, and most of the other candidal species,  
because of the extremely high concentrations that are 
delivered into the urine. The two organisms associated 
with fl uconazole failure are Candida krusei and Candida 
glabrata.

 4. In individuals who do not respond to fl uconazole, the 
combination of low-dose systemic amphotericin (e.g., 
10 mg/day) plus fl ucytosine at full doses (100 mg/kg/day 
in three or four divided doses) is quite effective when pre-
scribed for a 10- to 14-day course. Flucytosine adminis-
tered alone results in the rapid emergence of resistance, so 
the role of the low-dose amphotericin (which penetrates 
the urine poorly) is primarily to protect the fl ucytosine, 
which reaches quite high concentrations in the urine.

SUMMARY

Improved understanding of the pathogenesis and impact of 
UTI has led to improved therapy. Perhaps the most important 
lessons of the past few decades are the following:

 1. The normal vaginal fl ora in women is an important host 
defense against the occurrence of UTI, and strategies to 
reconstitute it (e.g., elimination of spermicides in pre-
menopausal women and estrogen replacement in post-
menopausal women) can be quite effective in preventing 
recurrent UTI.

 2. The critical fi rst step in the pathogenesis of UTI is adher-
ence to the uroepithelium through the specifi c interaction 
of bacterial surface adhesions to specifi c receptors on the 
epithelial cell, and strategies such as the ingestion of cran-
berry juice (which delivers organic substances to the site 
that block such adhesions) can help prevent UTI.

 3. Different clinical syndromes associated with UTI require 
different modes of antimicrobial prescription, although the 
optimal drugs for the treatment and prevention of UTI are 
trimethoprim-sulfamethoxazole and the fl uoroquinolones.

 4. In this regard, tissue-invasive infection (as all UTI in men 
should be assumed to be) needs more extended therapy 
than acute, uncomplicated UTI in women, for which the 
cornerstone of treatment is short-course therapy (3 days).
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Carcinoma of the kidney is perhaps one of the most enig-
matic of cancers. The myriad presenting features, which 
include paraneoplastic phenomena, can challenge the most 
astute diagnostician.1–3 The disease is typically diagnosed 
during the sixth and seventh decades with a male-to-female 
ratio of 2:1. It is estimated that there will be 39,000 newly 
diagnosed cases with an estimated 13,000 deaths in 2007.4,5

Today, many renal cancers can be diagnosed at early, and 
potentially curable, stages owing to the more widespread 
use of ultrasonography and computed tomography (CT) of 
the abdomen, which may pick up early asymptomatic le-
sions of the kidney. Most malignant cancers of the kidney 
are adenocarcinomas; other pathologic varieties include 
transitional carcinomas of the renal pelvis and Wilms’ tu-
mor in children.6

RISK FACTORS

Risk factors for the development of renal cancer include ciga-
rette smoking, occupational exposure to cadmium, obesity, 
excessive exposure to analgesics, acquired cystic disease in 
dialysis patients, adult polycystic kidney disease, and other 
industrial exposures, such as asbestos, leather tanning, and 
certain petroleum products. Genetic and familial forms of 
the disease occur, most notably with von Hippel-Lindau dis-
ease, an autosomal dominant disease characterized by the 
development of multiple tumors of the central nervous sys-
tem, pheochromocytomas, and bilateral renal carcinomas.7

Several families have also been reported with a high incidence 
of renal cancer. Genetic analyses of these patients demon-
strate a balanced translocation between the short arm of 
chromosome 3 and either chromosome 6 or chromosome 8. 
Tuberous sclerosis may also be associated with a risk of devel-
oping renal cell cancer, but this risk is considerably less than 
that of von Hippel-Lindau disease. Other abnormalities have 
been reported.8

More recent genetic advances have identifi ed the RASSF1
gene, a Ras association family 1 gene, which may possess 
tumor-suppressor activity. In one study, abnormalities of this 
gene were identifi ed in a high percentage of patients with pri-
mary clear-cell cancers.9

PRESENTATION

Patients with renal cell cancer present with symptoms pro-
duced by the local neoplasm, with signs and symptoms of 
paraneoplastic phenomena, or by other aspects of systemic 
disease. Likewise, the patient may be totally asymptomatic 
and, as is quite common today, may be diagnosed by a radio-
graphic abnormality detected on ultrasound or abdominal CT 
scanning. Less than 10% of patients present with the classic 
triad of hematuria, abdominal mass, and fl ank pain. In the 
patient who presents with signs or symptoms (as opposed to 
the diagnosis secondary to the asymptomatic fi nding radio-
graphically), most common features include hematuria (70%), 
fl ank pain (50%), palpable mass (20%), fever (15%), and 
erythrocytosis (infrequent). Other features may include acute 
onset of lower extremity edema, or, in males, the presence of 
a left-sided varicocele, indicating an obstruction of the left 
gonadal vein at its point of entry into the left renal vein by a 
tumor thrombus. Other paraneoplastic/systemic manifesta-
tions include liver function abnormalities, high-output con-
gestive failure, cachexia, fever, amyloidosis, anemia erythrocy-
tosis, thrombocytosis, hypercalcemia, and manifestations of 
the secretion of substances such as prostaglandins, renin, glu-
cocorticoids, and cytokines such as interleukin-6.

At presentation, a very small percentage of tumors are 
bilateral, whereas less than one third of patients have 
demonstrable metastatic disease in almost any organ of the 
body. The most common sites of metastases include the 
lung, bone, liver, and brain, but other sites such as the thy-
roid may be affected.
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PATHOLOGY

In the past, renal carcinomas were divided pathologically into 
a classifi cation that evaluated cell type and growth pattern. The 
former included clear-cell, spindle, and oncocytic types, 
whereas the latter included acinar, papillary, or sarcomatoid 
varieties. This classifi cation has undergone a transformation to 
more accurately refl ect the morphology and the histochemical 
and molecular bases of different types of adenocarcinomas.10,11

Based on these studies, fi ve distinct carcinoma types have been 
identifi ed, including clear-cell (75%–85% of tumors), chromo-
philic (15%), chromophobic (5%), oncocytic (uncommon), 
and collecting (Bellini’s) duct (very rare) varieties. Each of 
these carcinoma types has a unique growth pattern, cell of ori-
gin, and cytogenetic characteristics. Table 38-1 summarizes 
this information and more accurately refl ects the increased 
knowledge on molecular and genetic abnormalities of these 
lesions.

DIAGNOSTIC EVALUATION 
AND STAGING

Evidence from the history or physical examination that sug-
gests a renal abnormality should be followed by either an ab-
dominal ultrasound or abdominal CT scan. In the past, intra-
venous pyelography was commonly used, but this procedure 
has largely been replaced. There are emerging data using ab-
dominal magnetic resonance imaging. Often, however, evi-
dence of a space-occupying lesion in the kidney is found inci-
dentally during radiographic testing for other unrelated 
conditions for which an ultrasound or abdominal CT scan is 
performed. Indeed, renal cancer, once dubbed the “internist’s 
tumor” because of its multiple manifestations at presentation, 
can now be called the “radiologist’s tumor” because many le-
sions are detected during radiographic evaluations. 

Renal ultrasonography may help to distinguish simple 
cysts from more complex abnormalities. A simple cyst is de-

fi ned sonographically by a lack of internal echoes, the pres-
ence of smooth borders, and the transmission of the ultra-
sound wave. If these three features exist, a benign cyst is most 
likely to be present. At one time, cyst puncture was used but 
seems to be unnecessary today in the asymptomatic patient 
without hematuria. Periodic repeat ultrasound scans are sug-
gested for follow-up. If a change occurs in the lesion, cyst 
puncture, needle aspiration, or CT should be considered to 
further evaluate the lesion.

If the criteria for a simple sonographic cyst are not met or 
the ultrasound scan suggests a solid or complex mass, a CT 
scan should be performed. If a renal neoplasm is demon-
strated by CT scan, renal vein or caval involvement should be 
assessed by CT or by magnetic resonance imaging. Although 
used frequently in the past, selective renal arteriography has 
assumed a more limited use, mainly in further evaluating the 
renal vasculature in patients who are to undergo partial ne-
phrectomy (nephron-sparing surgery). CT is also very helpful 
in determining the presence of lymphadenopathy. Figure 38-1 
illustrates a modern-day algorithm for the diagnostic evalua-
tion of a renal mass.

The differential diagnosis of a renal mass detected on a CT 
scan includes primary renal cancers, metastatic lesions to the 
kidney, and benign lesions. The latter two groups include an-
giomyolipomas (renal hamartomas), oncocytomas, and other 
rare unusual growths. If a renal cancer is considered based on 
the radiographic studies of the kidney, the patient should un-
dergo a preoperative staging evaluation to assess the presence 
of metastases in the lung, bone, or brain. The operative and 
diagnostic approaches may be dictated dependent on the pre-
operative stage of the patient. For example, the patient who 
presents with stage IV disease by virtue of a positive bone scan 
may need only a needle biopsy of either the kidney lesion or 
the bone lesion to establish the tissue diagnosis and thus avoid 
more extensive surgery on the kidney. In contrast, a patient 
with an isolated pulmonary lesion may be considered for both 
a nephrectomy and a pulmonary nodulectomy in one opera-
tive intervention.

Table 38-1 Pathologic Classifi cation of Renal Cell Carcinoma

CYTOGENETIC CHARACTERISTICS

Carcinoma Type Growth Pattern Cell of Origin Major Minor Incidence (%)

Clear cell Acinar or sarcomatoid Proximal tubule 3p� �5, �7, �12, �6q,
�8p, �9, �14q,
�Y

75–85

Chromophilic* Papillary or 
sarcomatoid

Proximal tubule �7, �17, �Y �12, �16, �20,
�14

12–14

Chromophobic Solid, tubular, or 
sarcomatoid

Intercalated cell of cortical 
collecting duct†

Hypodiploid — 4–6

Oncocytic Typifi ed by tumor 
nests

Intercalated cell of cortical 
collecting duct

Undetermined — 2–4

Collecting duct Papillary or 
sarcomatoid

Medullary collecting duct Undetermined — 1

*These tumors were previously classifi ed as papillary tumors.
†This classifi cation is based on the work of Storkel and associates.10

From Motzer RJ, Bander NH, Nanus DM: Renal-cell carcinoma. N Engl J Med 1996;335:865–875. Copyright 1996 Massachusetts 
Medical Society. All rights reserved.

Ch38_455-460-X5484.indd 456Ch38_455-460-X5484.indd   456 6/18/08 1:14:16 PM6/18/08   1:14:16 PM



457 Primary Neoplasms of the Kidney

Renal cell cancer can be staged using one of two systems that 
are in common use.6 The TNM (tumor, nodes, metastasis) sys-
tem has the advantage of being more specifi c but has the disad-
vantage of being cumbersome; a modifi cation of the Robson 
staging system is more practical and more widely used in the 
United States. In this latter system, stage I represents cancer that 
is confi ned to the kidney capsule, stage II indicates invasion 
through the renal capsule but not beyond Gerota’s fascia, stage 
III refl ects involvement of regional lymph nodes and the ipsilat-
eral renal vein or the vena cava, and stage IV indicates the pres-
ence of distant metastases. In the sixth edition of the AJCC 
Cancer Staging Manual, the American Joint Committee on 
Cancer subdivides stage T1 into T1a, tumors as 4 cm or less; and 
T1b, tumors greater than 4 cm but less than 7 cm and all tumor 
limited to the kidney. Table 38-2 illustrates both systems. Other, 
newer staging systems used by the Eastern Cooperative Oncol-
ogy Group have integrated the TNM classifi cation with other 
variables such as performance status and histologic grade of the 
tumor. These systems provide prognostic categories and more 
accurately predict 2- and 5-year survival rates.12,13

CLINICAL TRIALS AND SPECIFIC 
RECOMMENDATIONS

The standard therapy for localized renal cell carcinoma is 
radical nephrectomy, which includes removal of the kidney, 
Gerota’s fascia, the ipsilateral adrenal gland, and regional hilar 
lymph nodes. The value of an extended hilar lymphadenec-
tomy seems to be related to its ability to provide prognostic 
information because there is rarely a therapeutic reason for 
performing this portion of the operation. In the past, the re-
moval of the ipsilateral adrenal gland was performed rou-
tinely; however, most data suggest that it is involved in less 
than 5% of cases and occurs most frequently with large upper 
pole lesions.14 Therefore, ipsilateral adrenalectomy is reserved 
for patients with glands that appear to be abnormal or en-
larged on the CT scan or for those patients with large upper 
pole renal lesions in whom the probability of direct extension 
of the tumor to the adrenal gland is more likely.

The surgical technique of performing a partial nephrec-
tomy (nephron-sparing surgery) has become more popular, 

Mass effect on intravenous 
pyelogram (IVP) with nephrotomogram 

(criteria for IVP simple cyst: avascular with 
paper-thin wall; homogeneous and radiolucent: 

sharp interface with adjacent nephrogram)

Ultrasonography (US)

Simple sonographic cyst by strict criteria 
(i.e., lack of internal echoes, smooth 

borders, through transmission)

Diagnosis: probable benign cyst (cyst 
puncture not necessary 

in asymptomatic patients without 
hematuria; periodic repeat of IVP/US 

suggested; if change occurs, 
consider cyst puncture or CT scan)

Criteria for simple 
sonographic cyst not met

CT scan (criteria for cyst: 
smooth with no discernible wall; 

water density; no enhancement with 
intravascular contrast)

Equivocal Lesion compatible with renal 
neoplasm (localized)

Consider renal arteriography 
with or without 

cavography, possible MRI

Additional distant 
metastatic evaluation

Negative Positive 
(patient asymptomatic)

Positive (patient 
symptomatic from primary 

renal cell cancer)

Radical nephrectomy with 
regional lymphadenectomy 

(surgical decision about 
ipsilateral adrenalectomy 

dictated by anatomic location 
of tumor)

Biopsy for tissue diagnosis; 
if renal cell carcinoma, 

observe patient or possibly 
use investigational drugs 
(consider interleukin-2 or
other biologic response 
modifier (BRM) such as 

interferon, combinations of 
BRMs, or BRM and

chemotherapy)

Consider palliative 
nephrectomy or angioinfarction 

if nephrectomy 
contraindicated; consider 

interleukin-2 or other BRM; 
individual decision necessary 

regarding surgical 
nodulectomy

Figure 38-1 Algorithm for the 
diagnostic evaluation of a 
renal mass. CT, computed 
tomography. (Modifi ed from 
Garnick MB, Brenner BM: 
Tumors of the urinary tract. In 
Isselbacher KJ, Braumwald E, 
Wilson JD, et al [eds]: 
Harrison’s Principles of 
Internal Medicine, 13th ed. 
New York: McGraw-Hill, 
1994, p 1337.)

Ch38_455-460-X5484.indd 457Ch38_455-460-X5484.indd   457 6/18/08 1:14:16 PM6/18/08   1:14:16 PM



458 Genitourinary Infections, Malignancy, and Obstruction

especially for patients with small tumors, for those at risk of 
developing bilateral tumors, or for patients in whom the 
contralateral kidney is at risk of other systemic diseases such 
as diabetes or hypertension.15,16 The main concern associ-
ated with partial nephrectomy is the likelihood of tumor 
recurrence in the operated kidney because many renal can-
cers may be multicentric. Local recurrence rates of 4% to 
10% have been reported, and even lower rates have been re-
ported when a partial nephrectomy was performed for 
smaller lesions (�3 cm with a normal contralateral kidney). 
Lesions that are centrally located, however, still require a 
radical nephrectomy. Frequent follow-up, usually with CT or 
ultrasonography, is necessary for patients who undergo a 
partial nephrectomy.

Renal cancer involving the inferior vena cava occurs more 
frequently with right-sided tumors and is associated with 
metastases in almost 50% of patients. Obstruction of the 
vena cava may lead to the diagnosis; symptoms include ab-
dominal distention with ascites, hepatic dysfunction, ne-
phrotic syndrome, abdominal wall venous collaterals, varico-
cele, malabsorption, and pulmonary embolus. The anatomic 
location of the caval thrombus is important prognostically. 
Supradiaphragmatic lesions, which may involve the heart, 
can be resected, but the prognosis is poor; patients with sub-
diaphragmatic lesions have a better 5-year survival rate, but 
this usually occurs in less than 50% of cases.3 When ap-
proaching the surgical management of these patients, a team 
of specialists is required, especially if a cardiac tumor throm-
bectomy is contemplated.

The role of surgery in the management of metastatic 
disease, either at the initial presentation or later, remains 
controversial. Although most data that support nephrec-
tomy plus metastasectomy are anecdotal, many patients 
with synchronous renal cell cancer and an isolated pulmo-
nary nodule may be considered for surgical resection of 
both lesions. Likewise, patients who develop an isolated 

lesion in the liver or lung some time after the removal of the 
kidney may also be considered for surgical removal of the 
metastasis. Nevertheless, even when such vigorous surgery 
is carried out, most patients do poorly. Additional contro-
versy surrounds the practice of performing a nephrectomy 
on patients with widespread metastatic disease as a means 
of potentially improving their response to systemic therapy. 
Many investigative programs require such resection; at this 
point, the practice should be considered investigational. 
However, a patient who does experience an excellent re-
sponse to systemic therapy should be considered for a ne-
phrectomy after the response. Finally, because many renal 
tumors can become quite large, consideration should be 
given to palliative nephrectomy (in the setting of metastatic 
disease), especially if the patient experiences uncontrollable 
hematuria or pain or is catabolic secondary to the sheer 
mass of the tumor.

Systemic Management of Advanced 
Stages of Renal Cell Cancer
The management of patients with either locally advanced re-
nal cancer or with metastatic disease provides a great chal-
lenge to physicians and clinical investigators. Although che-
motherapy and hormone treatments have been studied 
extensively in patients with metastatic renal cancer, no single 
treatment protocol or program has been uniformly effective. 
Therefore, most physicians treating the disease usually rely on 
novel modalities of treatment, including biologic response 
modifi ers, investigational anticancer agents, differentiation 
agents (e.g., retinoic acid), vaccines, and gene therapy.

It has been known for a long time that renal cancer 
may occasionally incite an immune response in the host, 
leading to spontaneous remissions of cancer. Although rare, 
this observation has led many to study agents that can aug-
ment the body’s immune system. The agents that have been 
studied most extensively include the interferons, interleu-
kins, cytokines, cell-based therapies, and combinations of 
the aforementioned.

Cytokine Therapies

Interferon therapy with interferon alfa, beta, or gamma moi-
eties has led to responses in approximately 12% to 20% of 
treated patients.17,18 Although their effects are numerous, in-
terferons demonstrate antiproliferative activity against renal 
cell cancers in vitro, are stimulatory to immune cell function, 
and can modulate the expression of major histocompatibility 
complex molecules. Although patients’ responses have been 
seen in many anatomic areas, patients who have had a previ-
ous nephrectomy with isolated pulmonary metastases and 
who are otherwise well may have a higher response rate. The 
duration of the response is usually less than 2 years, although 
longer lasting remissions have been noted in a few selected 
patients. Interferons have been combined with other immune 
modifi ers and with chemotherapy agents, with no real im-
provement in patient outcome in larger scale trials. However, 
several smaller trials have combined interferon with interleu-
kin-2 chemotherapy agents (e.g., 5-fl uorouracil), and the 
preliminary results have been encouraging in some cases. 
Today, most centers will reserve the use of interleukin-2 for 
those with clear-cell histologies, as its effectiveness is less in 
other histologies.

Table 38-2 Comparison of Modifi ed Robson and TNM 
Staging Systems for Renal Adenocarcinoma

Modifi ed Robson Stage T N M

I Confi ned by renal capsule T1 (small)
T2 (large)

N0 M0

II Through renal capsule 
confi ned by Gerota’s 
fascia

T3a N0 M0

IIIa Renal vein involvement T3b N0 M0

IIIb Lymphatic involvement T1–3b N1–4 M0

IV Contiguous organ 
involvement

or

T1–3b N0–4 M0

Metastatic spread T1–3b N0–4 M1

TNM, tumor, node, metastasis.
From McDougal WS, Garnick MB: Clinical signs and symptoms of 
kidney cancer. In Vogelzang NJ, Scardino PT, Shipley WU, et al 
(eds): Comprehensive Textbook of Genitourinary Oncology. Balti-
more: Williams & Wilkins, 1996, p 546.
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The toxicity of interleukin-2 is related to alterations in 
vascular permeability, leading to a capillary leak-type syn-
drome. Although the drug is approved for the management of 
patients with metastatic renal cell cancer by the U.S. Food and 
Drug Administration, its use should be restricted to patients 
who can tolerate the side effect profi le and to patients with 
acceptable cardiac, renal, pulmonary, and hepatic function.

Tyrosine Kinase Inhibitors

The most important information surrounding the systemic 
management of renal cell cancer has been the introduction 
and approval of two new multikinase inhibitors. These agents 
inhibit a variety of tyrosine kinases including vascular endo-
thelial growth factor receptors and platelet-derived growth 
factors. These factors play a critical role in cell signaling that 
enable cellular proliferation and the development of new 
blood vessel formation. The two drugs that have gained ap-
proval are sunitinib and sorafenib. Response rates in cytokine-
refractory, previously treated patients have been in the range 
of 35% to 40% with sunitinib, with median time to progres-
sion of 8 months. The clinical data with sorafenib have dem-
onstrated a longer progression-free survival compared with 
placebo in cytokine-resistant patients. Fatigue, diarrhea, hand-
foot syndrome, skin discoloration, and abnormalities of pan-
creatic enzymes (rarely with pancreatitis) have been observed 
with this new class of agents.19,20

These agents can be considered for either fi rst- or second-
line therapy (after development of cytokine resistance) in pa-
tients with metastatic renal cell cancer. Clear-cell histologies 
respond more favorably. The use of tyrosine kinase inhibitors 
will continue to be evaluated in a wide spectrum of circum-
stances, both as monotherapy and in combination with other 
biologic agents.

Investigational therapies continue to be studied for renal 
cell cancer.21 Many such approaches are under investigation 
and include novel cytokines such as interleukin-12, combina-
tions of biologic agents with or without chemotherapeutic 
agents, circadian timing of chemotherapy administration, 
vaccine therapy, various forms of cellular therapy, and gene 
therapy. Although all these approaches have a solid scientifi c 
preclinical rationale, none, unfortunately, can be considered 
standard treatment. The sobering fact remains that almost 
50% of patients diagnosed with renal cell cancer die of their 
disease within 5 years of diagnosis, and a substantial propor-
tion initially present with advanced stages of cancer spread.

Wilms’ Tumor (Nephroblastoma) 
and Neuroblastoma
Wilms’ tumor and neuroblastoma are the two most common 
pediatric kidney tumors.2 Wilms’ tumor is usually found in chil-
dren younger than 5 years of age and usually presents with ab-
dominal mass, pain, hematuria, elevations in blood pressure, 
and systemic manifestations (e.g., fever). Genetic alterations of 
chromosome 11 have been associated with the disease. The diag-
nosis is usually established by CT or magnetic resonance imag-
ing, identifying bilaterality in approximately 5% of patients. Less 
than 20% of patients have metastases at initial presentation; if 
they are found, metastases are usually in the lung and liver.

Neuroblastoma has many characteristics in common with 
Wilms’ tumor, but is characterized by an elevation of cate-
cholamines, vanillylmandelic acid, and homovanillic acid in 

most patients. Both diseases are highly curable with a multi-
modal approach using aggressive surgery, multiagent chemo-
therapy (with or without bone marrow transplantation), and 
selective use of radiation therapy.

FUTURE DIRECTIONS

Clearly, the most important prognostic feature for a cure in 
managing renal cell cancers is the stage and the genetic makeup 
of the individual tumor. Identifi cation of high-risk patient 
populations, such as those with a strong family history or ge-
netic predisposition, should be attempted to allow an earlier 
diagnosis and a potential cure. However, for most patients, ad-
ditional research is needed to develop strategies for eradication 
of metastatic deposits. Further testing of biologic modifi ers, 
gene therapy, and chemotherapies directed at eliminating neo-
plastic cells are the ultimate goal, and patients should be en-
couraged to enter these types of clinical investigations.
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This chapter reviews the current potential approaches to man-
agement of the three major renal lesions associated with im-
munoglobulin light-chain deposition: AL-type amyloidosis, 
monoclonal light-chain deposition disease, and cast nephrop-
athy. A review of Waldenström’s macroglobulinemia is also 
included. Detailed discussions of cryoglobulinemia, fi brillary 
glomerulonephritis, immunotactoid glomerulonephritis, and 
amyloidosis related to other causes are discussed in other 
chapters.

IMMUNOGLOBULIN LIGHT-CHAIN 
METABOLISM AND ASSOCIATED RENAL 
LESIONS

Renal failure is a common occurrence in multiple myeloma; in 
one large series, nearly half of the 1027 patients with newly 
diagnosed myeloma had associated serum creatinine concen-
trations that were 1.3 mg/dL or greater.1 In the necropsy study 
of kidneys of 57 patients by Iványi,2 the most common renal 
lesion was cast nephropathy or myeloma kidney (65%), 
whereas 21% had AL-type amyloidosis and 11% had monoclo-
nal light-chain deposition disease. Although the traditional 
view has been to treat patients who have features of overt my-
eloma, the focus in recent years has shifted from estimating 
disease burden using techniques that assess the size of the 
clonal population of plasma cells to recognition that the circu-
lating monoclonal protein product should also be addressed 
when it produces organ dysfunction. Although most, if not all, 
patients with documented cast nephropathy have multiple 
myeloma, only approximately 20% of patients with primary 
(AL-type) amyloidosis had multiple myeloma,3 and 26% of 
patients with monoclonal light-chain deposition disease mani-
fested either myeloma or another lymphoproliferative disease 
over time.4 In some patients, renal failure may be the only 
clinical manifestation of an otherwise silent, but deadly, clone 
of plasma cells or occult malignancy.5 Despite the absence of 
extrarenal manifestations and degree of bone marrow plasma-
cytosis, as discussed in subsequent sections, the combined data 
support a therapeutic approach that decreases monoclonal 

light-chain production in all patients with documented renal 
failure related to monoclonal light chains.

An understanding of the pathophysiology of the disease 
processes is important in the therapeutic interventions in this 
spectrum of diverse conditions. Although immunoglobulins 
and immunoglobulin heavy chains can be pathogenic, the 
immunoglobulin light chain is usually at the center of the 
pathogenesis of these diverse renal lesions. Identifi cation of 
the nature of the renal injury allows tailoring of subsequent 
treatment (Table 39-1). The variable effects on the glomeruli, 
tubulointerstitium, and vasculature that are responsible for 
an inconstant set of presenting renal manifestations are re-
lated to sequence variations in the variable domain of the 
light chain. These sequence variations, for example, confer 
the propensity to polymerize to form AL-type amyloid.6–8

Only very rarely do heavy chains alone form amyloid.9 Amy-
loid expands the glomerular mesangium, compressing the 
capillary loops and subsequently producing the clinical man-
ifestations of progressive kidney failure. Monoclonal light-
chain deposition disease, the second most common glomeru-
lar lesion associated with monoclonal gammopathies, is 
characterized by deposition of monoclonal light chain, typi-
cally � isotype, in the mesangium. Occasionally, heavy chains 
may also be present, prompting some authors to describe this 
lesion as monoclonal light-chain and light- and heavy-chain 
deposition disease. Very rarely, heavy chains alone can cause 
monoclonal heavy-chain deposition disease. Light chains 
from patients with monoclonal light-chain deposition dis-
ease stimulate mesangial cells to produce transforming 
growth factor �, which then serves as an autacoid to stimulate 
mesangial cell production of extracellular matrix proteins.10

Continued expansion of the mesangium compresses the cap-
illary loops, which decreases glomerular fi ltration and ulti-
mately produces glomerulosclerosis. Hydrophobic amino 
acid residues in the complementarity-determining region 1 
and abnormal glycosylation of the variable domain have been 
identifi ed in light chains responsible for monoclonal light-
chain deposition diseases.11–14

With a molecular mass of 22 kd (approximately one third 
that of albumin), monomeric free light chains are fi ltered at the 
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atrophy, interstitial infl ammation and fi brosis, and subse-
quent renal failure.18–20

In recent years, a quantitative immunoassay for serum 
free light chains has been developed and tested.21,22 This as-
say provides indication of response to treatment and re-
moval of the offending light chain. Baseline serum free 
monoclonal light chain levels greater than 75 mg/dL corre-
lated with depressed renal function (serum creatinine con-
centration �2 mg/dL) and more aggressive myeloma.23 Pa-
tients with documented renal involvement from AL-type 
amyloidosis or monoclonal light-chain deposition disease 
can present a challenge in the identifi cation of the mono-
clonal protein in the circulation,4,5,24–26 although the use 
of the serum free light chain assay offers promise in 
the detection of the abnormal protein and the response to 
treatment.27,28

AL-TYPE AMYLOIDOSIS

The management of AL-type amyloidosis is in a state of fl ux. 
After the initial randomized trial that suggested improved sur-
vival in a subset of patients who did not have rapidly progres-
sive disease and received chemotherapy in the form of melpha-
lan and prednisone,29 more aggressive anti–plasma cell therapy 
has been undertaken.30,31 A longitudinal analysis of six separate 
trials performed over 8 years suggested that patients with 
AL-type amyloidosis respond to high-dose chemotherapy with 
autologous peripheral stem-cell transplantation (HDT/SCT).31

Subjects with multiple myeloma were excluded from these tri-
als. Although renal dysfunction was not an exclusion criterion, 
there were several other exclusion criteria that included age 
80 years and older, uncompensated congestive heart failure, left 
ventricular ejection fraction less than 0.40, persistent pleural 
effusions, systolic blood pressure less than 90 mm Hg, oxygen 
saturation less than 95% on room air, and signifi cant overall 
functional impairment. Median survival of the 312 patients 
who underwent HDT/SCT was 4.6 years with 46% achieving a 
complete hematologic response, and this 46% demonstrated 
improved long-term survival. Thus, HDT/SCT appeared to 
produce greater survival rates and opportunity for a hemato-
logic response compared with historical controls who received 
other forms of therapy.29,32 Those patients who had evidence of 
multiorgan system dysfunction, particularly cardiac disease, 
and were considered ineligible for HDT/SCT, had a median 
survival of 4 months with only 16% (35 of the 225) alive at the 
time of publication.31 In a follow-up quality-of-life analysis 
from this group, those patients who underwent HDT/SCT had 
demonstrably sustained improvement in their quality of life; 
this outcome was particularly true for those patients who 
achieved a complete hematologic response.33

In another retrospective case-control study, 63 patients 
with AL-type amyloidosis undergoing standard therapy were 
matched according to a series of biochemical and functional 
parameters to 63 consecutive patients with AL-type amyloido-
sis undergoing HDT/SCT. A good attempt was made to match 
the characteristics of two groups, including age, gender, de-
gree of organ involvement (primarily cardiac, renal, neural), 
and time from diagnosis to initiation of therapy. After 4 years 
of follow-up, those patients who received HDT/SCT demon-
strated a signifi cantly greater survival rate compared with 
the control group.34 Although these studies support a more 

Table 39-1 Potential Therapies for Monoclonal Light Chain–
Related Kidney Diseases*

Kidney Lesion Treatment

AL-type amyloidosis HDT/SCT

Chemotherapy

Dialysis

Kidney transplantation

Monoclonal light-
chain deposition 
disease

HDT/SCT

Chemotherapy

Dialysis

Kidney transplantation

Cast nephropathy HDT/SCT

Chemotherapy ± plasmapheresis

Maintain normocalcemia

Hydration

Avoid exposure to radiocontrast 
material, nonsteroidal anti-
infl ammatory agents, and diuretics

Dialysis

Kidney transplantation

Waldenström’s 
macroglobulinemia

Chemotherapy

Plasmapheresis

*See text for details.
HDT/SCT, high-dose chemotherapy with autologous peripheral 
stem-cell transplantation.

glomerulus. Filtered light chains enter the proximal tubule 
where low molecular mass proteins are endocytosed and hydro-
lyzed, and the constituent amino acids are returned to the circu-
lation. Some pathologic light chains undergo a similar reabsorp-
tion process but are hydrolyzed poorly and accumulate in 
lysosomes. Clinical manifestations of this altered process can 
include renal failure from proximal tubular cell necrosis or, in 
less severe cases, acquired Fanconi syndrome. Unusual nonpolar 
amino acid residues in complementarity-determining region 1 
and absence of accessible side chains in the complementarity-
determining region 3 loop appear to be responsible for the ho-
motypic crystallization of the light chain in the proximal tubule 
in Fanconi syndrome.15,16

Cast nephropathy is the most common kidney disease 
associated with monoclonal light chains, occurring in ap-
proximately one third of patients with myeloma. Light 
chains secreted by these patients are unique in that they 
demonstrate specifi c binding to Tamm-Horsfall glycopro-
tein in vitro. The complementarity-determining region 3 
domain in the variable domain of the light chain deter-
mines binding to Tamm-Horsfall glycoprotein.17 Nephro-
toxic light chains that escape proximal tubular reabsorption 
enter the thick ascending limb of Henle’s loop, bind to 
Tamm-Horsfall glycoprotein, and produce casts that ob-
struct fl ow of tubule fl uid. This results in proximal tubule 

Ch39_461-468-X5484.indd 462Ch39_461-468-X5484.indd   462 6/18/08 1:14:40 PM6/18/08   1:14:40 PM



463 Myeloma and Secondary Involvement of the Kidney in Dysproteinemias

aggressive treatment intervention for AL-type amyloidosis in 
suitable patients, the limitation of these observations is the 
lack of a randomized, prospective trial.

A consistent fi nding from therapeutic trials was the obser-
vation that survival was adversely affected by functional in-
volvement of two or more organs (cardiac, renal, gastrointes-
tinal, neurological, and soft tissue) by amyloid infi ltration at 
the time of presentation. Cardiac involvement in particular 
was a major predictor of overall survival.35 Another important 
observation was that organ function could improve with suc-
cessful chemotherapy. At 1 year, 42% of patients treated with 
HDT/SCT therapy demonstrated improved organ function, 
including those patients with kidney disease.35 Other investi-
gators have reported complete resolution of nephrotic syn-
drome as well as acute kidney injury after HDT/SCT.36 Despite 
reports that amyloid deposition may regress with successful 
treatment and recent demonstration that endogenous cysteine 
proteases can degrade AL-type amyloid in vitro,37 functional 
kidney improvement can occur without regression of glo-
merular AL-type amyloid deposition.38

Although patients with AL-type amyloidosis die of organ 
dysfunction and not tumor burden, the current approach to 
treatment is a therapeutic regimen that targets the monoclonal 
plasma cell population and is available in the community.39

Increasingly, the approach will consist of HDT/SCT if the pa-
tient is younger than 70 years of age and renal functional im-
pairment is not severe (creatinine clearance � 50 mL/min or 
serum creatinine concentration � 3.0–4.0 mg/dL).39 A benefi -
cial renal response—decrease in proteinuria and stabilization or 
improvement in renal function—was associated with pro-
longed survival.40 Some centers report that the presence of se-
vere disease requiring renal replacement therapy is not a contra-
indication, and recovery from kidney failure and nephrotic 
syndrome can occur, but because procedure-related mortality is 
increased, HDT/SCT should probably be performed at centers 
with special expertise.39,41 Patients who have systolic blood 
pressures less than 90 mm Hg or who have poor overall func-
tional capability have exceedingly high procedure-related mor-
tality rates with HDT/SCT.42

The recent success of thalidomide as an alternative treat-
ment of multiple myeloma43 has led to more frequent treat-
ment of AL-type amyloidosis with this agent in an uncon-
trolled fashion. Because thalidomide is not well tolerated in 
these patients, some authors have recommended initial doses 
of 50 mg/day.44 Although dose modifi cations of thalidomide 
are not required in renal failure, caution is advised45; hyperka-
lemia, perhaps related to tumor lysis, may occur, especially 
during the fi rst few weeks of treatment.46,47 Randomized, con-
trolled trials are needed to guide therapy of AL-type amyloi-
dosis, but the limitations of long-term treatment with alkylat-
ing agents make HDT/SCT, thalidomide, and the analogue 
lenalidomide48 potentially attractive therapies in AL-type 
amyloidosis.

Kidney transplantation is an option in patients with end-
stage kidney failure due to AL-type amyloidosis, although ex-
perience with this approach is limited and evidence of a lasting 
(12-month) reduction in the offending light chain should be 
confi rmed before proceeding with transplantation. This ap-
proach might be particularly benefi cial for those patients who 
manifest renal-limited amyloidosis. In one study of 62 patients, 
eight of whom had AL-type amyloidosis, 65% survived 5 years 
after kidney allograft implantation. In this study, amyloid was 

found to involve the graft in 10% and 3% lost the graft as a 
result of this involvement at the time of publication.49 Another 
small study performed living donor kidney transplantation 
followed by HDT/SCT in eight patients; this study demon-
strated the feasibility of this approach, but the early mortality 
rate was signifi cant (two of eight) and kidney function wors-
ened in one patient after HDT/SCT.50

MONOCLONAL LIGHT-CHAIN 
DEPOSITION DISEASE

As reviewed by Ronco and colleagues,51 monoclonal light-
chain deposition disease represents a prototypical model of 
glomerulosclerosis whose pathogenesis is related to produc-
tion of transforming growth factor �.10 The dominant clinical 
manifestation is progressive renal failure, although the disease 
is systemic and other organs, including heart and liver, may be 
involved.51 Randomized, controlled trials for treatment of 
monoclonal light-chain deposition disease are unavailable, 
but these patients appear to benefi t from the same chemo-
therapy as that given for multiple myeloma, particularly if the 
renal failure is mild at presentation.4 The 5-year patient sur-
vival rate approaches 70%,4 but is decreased by coexistent 
myeloma. The serum creatinine concentration at presentation 
is an important predictor of subsequent kidney function: fi ve 
of eight patients with serum creatinine concentrations less 
than 354 �mol/L (4.0 mg/dL) did not progress with chemo-
therapy, whereas 9 of 11 patients with creatinine concentra-
tions greater than 354 �mol/L at presentation progressed to 
end-stage kidney injury despite therapy.

Encouraged by the early success of melphalan/prednisone,4

three small nonrandomized trials examined the use of HDT/
SCT in monoclonal light-chain deposition disease.52,53 The 
fi rst study consisted of a retrospective analysis of 11 patients; 
10 were considered to have myeloma and most were stage I. All 
patients had clinically apparent renal disease, with four mani-
festing severe kidney failure requiring renal replacement ther-
apy at the start of treatment. Four patients had congestive 
heart failure. Despite the high frequency of renal and cardiac 
involvement, procedure-related death from stem-cell harvest-
ing and HDT/SCT did not occur. Three of the four patients on 
dialysis, however, developed morbid complications from which 
they eventually recovered. Five patients had a complete hema-
tologic response as well as improvement in organ function. 
Histologic confi rmation of regression of the light-chain depos-
its in affected organs was also shown. During the median fol-
low-up period of 51 months, three patients required additional 
treatment because of a relapse of myeloma; one patient died 
93 months after HDT/SCT from complications related to 
myeloma.52 The second report53 also described the feasibility 
and success of HDT/SCT in fi ve patients with monoclonal 
light-chain deposition disease. In the third report, all patients 
had concomitant myeloma and advanced renal disease requir-
ing renal replacement therapy, but successful therapy improved 
renal function in a subset; 5 of 10 patients with biopsy-proven 
monoclonal light-chain deposition disease became dialysis in-
dependent after HDT/SCT.54

The high incidence of progressive kidney disease in mono-
clonal light-chain deposition disease has prompted treatment 
with kidney transplantation at several institutions, but the dis-
ease will recur in the allograft if the underlying plasma-cell 
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dyscrasia is not addressed.55–57 The largest collection57 reported 
the outcome of seven patients who received kidney transplants 
(four deceased donor and three living related). Recurrence of 
the disease was observed in fi ve of the seven allografts. The 
median time to reach end-stage kidney failure after recurrence 
was 33.3 months, with an overall median graft survival of 
37.3 months. Median patient survival was 6.1 years, which is 
worse than age-matched kidney transplant recipients. However, 
one patient remained alive with a functioning allograft and no 
evidence of recurrence 13 years after transplantation. The au-
thors concluded that long-term kidney allograft survival is 
signifi cantly decreased in monoclonal light-chain deposition 
disease, emphasizing the need to control monoclonal light-chain 
production before kidney transplantation.

CAST NEPHROPATHY

A cornerstone of acute management of cast nephropathy is 
prevention of aggregation of light chains with Tamm-Horsfall 
glycoprotein. Volume repletion, normalization of electrolytes, 
and avoidance of complicating factors such as furosemide, 
radiocontrast material, and nonsteroidal anti-infl ammatory 
agents are mainstays of therapy in the prevention of cast ne-
phropathy. Tubule fl uid fl ow rates should be kept high to 
avoid obstruction from light chains.20,58 Daily fl uid intake of 
as much as 3 L in the form of free water should be encouraged 
as long as defects in osmoregulation do not manifest. Al-
though alkalinization of the urine prevents renal failure due 
to light chains in rats,59 in one inadequately controlled trial 
in humans, alkalinization of the urine was not benefi cial.60

Until better studies are available, because increasing the ambi-
ent sodium concentration also facilitates binding in vitro,20

administration of sodium bicarbonate (or citrate) should 
probably be avoided.

Hypercalcemia develops in 20% to 30% of patients with 
multiple myeloma. Hypercalcemia is both directly nephro-
toxic and enhances the nephrotoxicity of light chains.19,20 For 
these reasons, aggressive intervention to achieve normaliza-
tion of the serum ionized calcium concentration is necessary. 
Initial management includes volume expansion with 0.9% 
NaCl intravenously, provided kidney function is not irrevers-
ibly impaired. Loop diuretics facilitate renal calcium excre-
tion, but may facilitate nephrotoxicity from light chains.20

Consequently, loop diuretics should be administered judi-
ciously and only after the patient is clinically euvolemic. 
Glucocorticoid treatment, such as intermittent high-dose 
dexamethasone, is frequently helpful for the management of 
hypercalcemia. Bisphosphonates, particularly pamidronate 
and zoledronic acid, are used to treat moderate hypercalcemia 
(serum calcium � 3.25 mmol/L or 13 mg/dL). Although hy-
percalcemia of myeloma responds to bisphosphonates, these 
agents are nephrotoxic and should be administered only to 
euvolemic patients. Bisphosphonates have also been used to 
treat myeloma. In one prospective study, patients who re-
ceived monthly intravenous infusions of pamidronate 90 mg 
had fewer skeletal events (pathologic fractures, cord compres-
sion, bone radiotherapy) and less bone pain with improved 
quality of life compared with the group who received pla-
cebo.61 Many authorities recommend the use of monthly 
pamidronate therapy, particularly in those patients with 

advanced myeloma. Kidney function and proteinuria should 
be monitored during treatment with these agents and the dose 
adjusted accordingly should kidney function or proteinuria 
worsen.

Virtually all patients with cast nephropathy have criteria 
for the diagnosis of multiple myeloma, and the primary ap-
proach to treatment is antitumor therapy. The traditional 
treatment, which consisted of alkylating agents and steroids, 
has been replaced, particularly in younger patients, with 
high-dose chemotherapy with autologous peripheral stem-
cell transplantation (HDT/SCT). A randomized trial showed 
that patients who received HDT/SCT had improved event-
free survival and overall survival rates than did patients who 
received conventional chemotherapy. The mean serum cre-
atinine of patients at the time of entry into this study was 
1.3 mg/dL (113 �mol/L).62 A multicenter, randomized trial 
determined that, compared with conventional chemother-
apy, HDT/SCT was a more effective fi rst-line treatment for 
myeloma when patients were younger than 65 years of age 
at diagnosis.63 Patients with advanced renal disease were ac-
cepted into this trial, and, perhaps not surprisingly, survival 
rates were higher among patients who had serum creatinine 
levels less than 1.7 mg/dL than among patients with creati-
nine concentrations 1.7 mg/dL or greater.63 As experience 
with the use of HDT/SCT has increased, more institutions 
are using this approach even in patients with advanced renal 
disease.64 HDT/SCT performed on 59 dialysis-dependent 
patients with myeloma resulted in improvement in kidney 
function in 24%; the rate of recovery was higher in patients 
who were on dialysis for less than 6 months.54 Twenty-eight 
patients had a kidney biopsy in this study, and 15 had 
biopsy-proven cast nephropathy; of these 15 patients, six 
became dialysis independent after HDT/SCT.54

At present, most clinicians prefer to treat myeloma with a 
combination of vincristine, doxorubicin, and dexamethasone 
(VAD) before HDT/SCT because this combination of agents 
can produce a rapid decrease in the plasma cell clone.64–66

Typically, long-term treatment with alkylating agents is 
avoided before HDT/SCT because these drugs may impede 
peripheral stem-cell harvest and are associated with myelo-
dysplasia and acute myelogenous leukemia.67

Several as yet unproven therapies are on the horizon. Pa-
tients with advanced renal failure and refractory myeloma 
have been treated with bortezomib68 and thalidomide,69 with 
encouraging results. Both agents are now in experimental 
use in induction chemotherapeutic regimens before HDT/
SCT70,71 and may eventually replace the combination of vin-
cristine, doxorubicin, and dexamethasone. Myeloablative 
therapy with allogeneic stem-cell transplantation may prove 
effective in controlling kidney failure in myeloma, but has 
signifi cant mortality and is currently limited to a small 
population who are deemed suitable for such treatment and 
have an HLA-compatible relative. Whether nonmyeloabla-
tive allogeneic stem-cell transplantation, so-called mini-
allograft therapy, will provide benefi cial results in my-
eloma72,73 without the attendant complications such as severe 
graft-versus-host disease remains uncertain. However, a re-
cent nonrandomized study enrolled 162 patients who had 
newly diagnosed myeloma and were younger than 65 years 
of age to examine the potential benefi t of tandem trans-
plants. After therapy with vincristine, doxorubicin, and 
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dexamethasone and HDC/APSCT, they were divided into 
two groups, with patients who had HLA-identical siblings 
receiving nonmyeloablative total-body irradiation and allo-
geneic stem-cell transplantation and the remaining patients 
receiving a second HDT/SCT using autologous stem cells. In 
follow-up, the 80 patients who received the allografts fared 
signifi cantly better than the 82 patients who received two 
HDT/SCT. Graft-versus-host disease accounted for most of 
the treatment-related mortality in the allograft group.74

Plasmapheresis in the setting of acute renal failure related 
to cast nephropathy is controversial. The standard protocol 
has consisted of fi ve daily plasma exchange sessions, with an 
additional exchange on days 7 and 10 if necessary. Zucchelli 
and colleagues75 randomized 29 patients with myeloma, light-
chain proteinuria, and acute renal failure to receive either 
plasma exchanges with chemotherapy or chemotherapy alone. 
Plasmapheresis dramatically decreased light-chain protein-
uria and increased urine output; 13 of 15 patients recovered 
renal function. Of the 14 patients who did not receive plasma 
exchange therapy, only two recovered function. As a result, 
plasma exchange therapy signifi cantly improved survival at 
1 year post-treatment. An uncontrolled, nonrandomized study 
has also suggested that patients with advanced multiple my-
eloma (stage IIIB) and coexistent renal failure may benefi t 
from plasma exchange therapy performed every 5 weeks on 
three consecutive days just before combination chemotherapy; 
survival in the plasmapheresis group improved compared 
with a group who received melphalan and prednisone alone 
(median survival, 17 vs. 2 months).76 A recent randomized 
trial suggested no clinical benefi t from plasma exchange for 
patients with acute kidney injury,77 although there were limi-
tations to this study that should be considered. Kidney biopsy 
was not a prerequisite for entry into the study, and in perhaps 
one third of patients with myeloma and acute kidney injury, 
the cause was not cast nephropathy but related instead to ob-
struction (nephrolithiasis, papillary necrosis, and amyloid 
deposition in the ureters), hypercalcemia, and hyperviscosity 
syndrome, in addition to other causes seen in the general 
population, such as drug-related allergic interstitial nephritis 
and contrast nephropathy. Serum free light chains were not 
determined either before or after the plasma exchange. 
Despite the signifi cant number of patients, the study may have 
been underpowered to detect differences between the groups, 
especially because biopsy-proven cast nephropathy was not a 
criterion for inclusion in the study. Until additional data are 
provided, it is prudent not to recommend plasmapheresis for 
every patient with acute kidney injury, although there may be 
a subset of patients who do respond to plasmapheresis. If 
plasma exchange is performed, demonstration of the effi cacy 
of treatment by quantifying changes in serum free light-chain 
levels should be performed. Finally, hyperviscosity syndrome 
remains an indication for plasma exchange.

A signifi cant issue related to plasma exchange therapy is the 
relatively ineffi cient removal of circulating light chains, and 
other techniques for rapid decrease in serum light-chain con-
centrations may become available in the near future. In a re-
cent nonrandomized trial, eight patients who had acute kidney 
injury from biopsy-proven cast nephropathy received dialysis 
using a dialyzer with a very large effective pore size (~50 kd). 
This approach effectively decreased serum free light-chain 
concentrations, providing the potential to accelerate recovery 

from acute kidney injury. In this trial, 5 of 13 patients 
recovered kidney function by the time of publication of the 
report.78

Renal replacement therapy in the form of hemodialysis or 
peritoneal dialysis is generally recommended in patients with 
kidney failure from monoclonal light chain–related renal 
diseases. Recovery of kidney function suffi cient to survive 
without dialysis occurs in as many as 5% of patients with 
multiple myeloma, although in some patients, this requires 
months to achieve, probably because the traditional chemo-
therapeutic regimens slowly reduce circulating light-chain 
levels. Despite the susceptibility to infection in multiple my-
eloma, the peritonitis rate for continuous ambulatory perito-
neal dialysis (one episode every 14.4 months) was not unac-
ceptably high.79 Neither peritoneal dialysis nor hemodialysis 
appears to provide a superior survival advantage in patients 
with myeloma.

Kidney transplantation has also been successfully per-
formed in highly selected patients with multiple myeloma. 
Extrarenal manifestations should be absent and serum light-
chain levels controlled for more than 1 year in patients before 
considering kidney transplantation. Despite rigorous pre-
transplantation surveillance, however, myeloma may recur 
and cast nephropathy can occur in the allograft. These com-
plications notwithstanding, kidney transplantation remains a 
therapeutic option in highly selected patients who have persis-
tent end-stage kidney disease after treatment.

WALDENSTRÖM’S 
MACROGLOBULINEMIA

This rare disorder constitutes approximately 5% of monoclo-
nal gammopathies and is a monoclonal B-cell malignancy 
whose transcription profi le resembles that of chronic lympho-
cytic leukemia.80 This condition clinically behaves more like 
lymphoma, although the malignant lymphoplasmacytic cell 
line also secretes IgM (macroglobulin), which is usually re-
sponsible for the renal symptoms at presentation. IgM is a 
large molecule that is not excreted and accumulates in plasma 
to produce hyperviscosity syndrome and cryoglobulinemia. 
Neurological symptoms (headaches, dizziness, deafness, stu-
por), visual impairment (from hemorrhages and exudates and 
sluggish fl ow through the venous system), bleeding diathesis 
(complexed clotting factors with IgM and platelet dysfunc-
tion), kidney failure, and symptoms of hypervolemia are clas-
sic manifestations of this disease. Osteolytic lesions are un-
common. Kidney failure is usually mild but occurs in 
approximately 30% of patients. Although lymphoplasmacytic 
cell infi ltration can produce nephromegaly and renal failure, 
hyperviscosity syndrome and precipitation of IgM in the 
glomerular capillaries are the most common causes of renal 
failure. Approximately 10% to 15% of patients also develop 
AL-type amyloidosis, but cast nephropathy is rare in these 
patients.

The typical course of Waldenström’s macroglobulinemia 
is protracted, but occasionally the disease is more aggressive. 
Prognostic modeling of Waldenström’s macroglobulinemia 
suggested that age older than 65 years, organomegaly, 
and perhaps elevated �2-microglobulin levels (�4 mg/L) 
were adverse prognostic factors that were associated with a 
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reduction in life span. Patients with none of these risk factors 
had a median survival of 10.6 years, whereas the group who 
were of advanced age or had organomegaly had a median 
survival of 4.2 years.81 In sorting out this process further, 
molecular analysis may also be of benefi t; for example, a 
6q gene deletion may discriminate Waldenström’s macro-
globulinemia from IgM monoclonal gammopathy of unde-
termined signifi cance.82 In the typical presentation consisting 
of an advanced age (sixth to seventh decades) and slowly 
progressive course, the major therapeutic goal is relief of 
symptoms. Randomized, controlled therapeutic trials are 
lacking in this disorder. Plasmapheresis is indicated for hy-
perviscosity syndrome, followed by alkylating agents alone. 
All patients with monoclonal IgM levels greater than 3 g/dL 
should have serum viscosity checked. A relative serum viscos-
ity more than 4 or whole blood viscosity more than 
8 centipoise usually correlates with symptoms of hypervis-
cosity, although signifi cant individual variation exists.83

Occasionally, clinically apparent hyperviscosity syndrome is 
associated with only mild increases in serum viscosity, 
particularly if the IgM forms cryoprecipitate and the serum 
viscosity is determined at room temperature. Alternatively, 
some patients with marked increases in serum viscosity 
manifest no symptoms. Plasmapheresis is indicated in 
symptomatic patients only and should be continued until 
symptoms resolve and serum viscosity normalizes. Blood 
transfusions, which can further increase viscosity, should 
be avoided in patients with hyperviscosity syndrome. Initial 
chemotherapy is usually chlorambucil 0.1 mg/kg/day PO, 
with titration to control serum IgM concentration and or-
ganomegaly without inducing cytopenias. More aggressive 
chemotherapy (cyclophosphamide, vincristine, prednisone), 
given monthly, has also been used in patients who do not 
respond to chlorambucil. However, a recognized complica-
tion of long-term therapy with alkylating agents is the 
development of myelodysplasia and acute myelogenous leu-
kemia.84 Other agents have been tried in small clinical stud-
ies, including rituximab, because, unlike plasma cells, the 
lymphoplasmacytic cells appear to express CD20.85 Severe 
renal failure requiring renal replacement therapy is uncom-
mon in this disorder.

SUMMARY

Advances in understanding the pathophysiology of monoclo-
nal light chain–related kidney diseases have produced im-
provements in management and prolongation of survival in 
this population. Approaches designed to lower circulating 
monoclonal light chains and attack the basic mechanisms of 
kidney damage, along with judicious use of renal replacement 
therapies, provide the best results. For most monoclonal light 
chain–related kidney diseases, the most aggressive cytotoxic 
therapies appear to offer the best long-term kidney prognosis 
but also produce greater morbidity and mortality, particularly 
in elderly patients. As is true for most diseases, the treating 
physician must weigh the risks of a particular treatment versus 
the potential benefi t for the individual patient. Even with the 
recent advances in treatment, however, overall prognosis re-
mains suboptimal, so the clinician should remain receptive to 
new therapies for this unique family of potentially reversible 
kidney lesions.
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Obstructive uropathy is defi ned as any functional impedance 
to the anterograde fl ow of urine. This obstruction may occur 
in the upper tract (renal pelvis, ureters), lower tract (bladder, 
urethra), or both, and may be the result of an intrinsic defect 
or extrinsic process. A common cause of renal function com-
promise, urinary obstruction may be diagnosed and treated 
with multiple modalities, depending on the nature and loca-
tion of the obstruction. Timely diagnosis and treatment of 
acute obstruction, as well as the appropriate management of 
chronic obstruction, is a multidisciplinary effort requiring 
contributions by primary care providers, internists, nephrolo-
gists, urologists, and radiologists.

OVERVIEW

The degree of urinary obstruction typically correlates with the 
patient’s clinical presentation. Complete bilateral obstruction 
results in anuria, whereas partial or unilateral obstruction may 
present with intermittent episodes of oliguria and polyuria. 
Clinical symptoms of urinary obstruction may include fl ank, 
suprapubic, or groin discomfort; recurrent urinary tract infec-
tions; dysuria; hematuria; stranguria; and acute or chronic re-
nal failure. Acute bilateral obstruction results in postrenal 
failure. The serum blood urea nitrogen-to-creatinine ratio ap-
proximates 10:1 and the urine-to-plasma urea and urine-to-
plasma creatinine ratios are indistinguishable from intrarenal 
failure. Complete anuria requires a prompt evaluation for an 
obstructing process.

Management of obstruction relies on adequate drainage of 
the urinary system. Bladder decompression may be achieved 
by placement of either a urethral catheter or suprapubic cys-
totomy tube. Drainage of the renal collecting system is possi-
ble both endoscopically in a retrograde fashion with a ureteral 
stent or percutaneously with a nephrostomy tube. Endoscopic 
procedures typically require administration of spinal or gen-
eral anesthesia. In the setting of a critically ill patient with 

other signifi cant comorbidities, nephrostomy tube placement 
is often the preferred technique because this can be performed 
under ultrasound guidance with either minimal intravenous 
sedation or local anesthesia. In either scenario, defi nitive in-
tervention is necessary for the ultimate preservation of renal 
function.

Although acute urinary obstruction must be managed 
expeditiously, chronic urinary tract obstruction also requires 
timely diagnosis and management. Chronic obstruction may 
predispose the affl icted patient to a variety of conditions that 
are wide-ranging in severity. Urine stasis often leads to bac-
terial colonization, with sequelae ranging from urinary tract 
infections and pyelonephritis to fulminant urosepsis and 
concomitant cardiovascular collapse. Long-standing partial 
obstruction may also compromise the functional integrity of 
various structures, particularly the bladder and upper tracts 
of the renal collecting system, both of which are fairly sensi-
tive to intraluminal pressure changes. This chapter discusses 
the multiple causes of urinary obstruction as well as the di-
agnostic considerations and available treatment modalities 
of each.

CALCULI

Urolithiasis is the most common cause of urinary obstruction, 
accounting for approximately $2.1 billion in health care ex-
penditures annually.1 In the United States, 13% of men and 
7% of women will be diagnosed with kidney stones at some 
point throughout their lifetime.2 Peak age at diagnosis in men 
is 30 years, whereas women exhibit a bimodal distribution, 
with peaks at 35 and 55 years. Although many of these stones 
are found incidentally and are not associated with symptoms 
of pain, obstruction, or infection, the risk of hospitalization 
and surgical intervention is ever present and increasing as the 
general population grows. Furthermore, 50% of patients with 
a history of urolithiasis will re-form stones within 5 years.2
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The majority of calculi are composed of uric acid, calcium 
oxalate monohydrate, calcium oxalate dihydrate, cystine, or 
ammonium magnesium phosphate (struvite) or some combi-
nation thereof. Stones typically form within the collecting 
system of the kidney and subsequently travel to distal portions 
of the urinary tract. However, they may also form at the site of 
a foreign body (i.e., stent, catheter, suture material, human 
hair). Depending on their size, composition, and conforma-
tion, stones may either pass spontaneously in the urine or 
impact anywhere along the course of the urinary tract. The 
three most common sites for stone impaction are the uretero-
pelvic junction (UPJ), the mid-ureter at the level of the iliac 
vessels, and the ureterovesicle junction. The ureteric caliber at 
the UPJ and ureterovesicle junction is generally smaller than 
that along the course of the ureter. Extrinsic compression by 
the iliac vessels where the mid-ureter crosses causes a narrow-
ing of the ureteral lumen at this level.

The likelihood of spontaneous passage of calculi is depen-
dent on several criteria. These include stone size and shape, as 
well as patient anatomy and history of stone passage.3 How-
ever, due to the intrinsic variability of an individual’s ureteral 
caliber, as well as the conformation of calculi, these criteria 
serve merely as a guide and must be appropriately incorpo-
rated into each clinical setting. Reported percentages of spon-
taneous stone passage vary widely in the literature, ranging 
from 29% to 98% for stones 0.5 cm or smaller located in the 
proximal ureter compared with rates of 71% to 98% for those 
of comparable size located in the distal ureter.3 Stones ranging 
from 0.5 to 1.0 cm have a lower likelihood of spontaneous 
passage, with rates ranging from 10% to 53% for those in the 
proximal ureter; rates are somewhat better for the distal ure-
ter, ranging from 23% to 53%.3 Moreover, recent studies have 
demonstrated the utility of �-adrenergic blockers, calcium 
channel blockers, and nonsteroidal anti-infl ammatory medi-
cations in facilitating spontaneous stone passage via ureteral 
smooth muscle relaxation.4,5

Treatment Options
Dissolution therapy is an appropriate fi rst-line treatment mo-
dality for uric acid and cystine stones. Uric acid stones, com-
prising 5% to 10% of all urinary stones, typically form in an 
acidic urine (pH � 5.5).6 They are relatively soft compared 
with calcium oxalate and cystine stones and are associated with 
hyperuricosuria, low urinary volume, and persistently acidic 
urine. These stones are often radiolucent on radiographic im-
aging and measure a density of 500 Hounsfi eld units or less on 
computed tomography. Dissolution therapy with oral urine 
alkalinizing medications (potassium citrate) has been shown 
to be effi cacious in as many as 80% of patients.6 Those patients 
failing dissolution therapy may then be further treated with a 
surgical intervention.

Cystine stones, which account for approximately 1% of all 
urinary calculi, also form in acidic urine. Cystinuria results 
from a defect in the renal tubular absorption of the amino acids 
cystine, ornithine, lysine, and arginine. Patients with the inher-
ited autosomal recessive disorder excrete in excess of 600 mg of 
cystine daily in their urine (normal � 100 mg/day). In addition 
to increasing urine volume, fi rst-line therapy remains urine al-
kalization with a goal urine pH of more than 7.0. Should dis-
solution therapy be ineffective, patients may also be treated 
with oral chelating agents, such as d-penicillamine (250 mg 

every 6 hours) or �-mercaptopropionylglycine (250 mg every 
6 hours) to increase urine cystine solubility.7 Cystine stone 
formers will often present with staghorn calculi. These stones 
are extremely dense (� 1200 Hounsfi eld units) and are there-
fore not amenable to certain treatment modalities, such as ex-
tracorporeal shock wave therapy (ESWL).

Struvite stones, in comparison, form in alkaline urine. 
Commonly associated with chronic urinary tract infections 
secondary to urea-splitting pathogens (Proteus mirabilis,
Klebsiella pneumoniae, Pseudomonas aeruginosa), these stones 
exist in a urine pH of more than 7.5. Urease splits urea into 
component ammonia groups, resulting in alkaline urine. Be-
cause these stones are closely associated with infection, de-
fi nitive treatment relies on clearance of all stone burden and 
maintenance of a sterile urine, typically through antibiotic 
prophylaxis.

Prevention
Prevention of recurrent urolithiasis is based on maintaining 
high urine volume, increasing the concentration of stone-
inhibiting substances in the urine, and decreasing the concen-
tration of lithogenic substances. Patients are encouraged to 
consume more than 2.5 L of fl uid daily and to supplement 
their fl uid intake with citrate-rich fl uids, such as lemonade.8

Citrate binds calcium in the urine and inhibits calcium oxa-
late crystal formation. Foods rich in oxalate, such as tea, cof-
fee, leafy green vegetables (spinach), rhubarb, nuts, and beer 
should be avoided. Meats and other protein-rich foods should 
also be consumed in moderation, as degradation of these 
purine-heavy foods results in elevated serum uric acid con-
centrations. Allopurinol may also be prescribed for those pa-
tients with hyperuricemia. Cystine stone formers should be 
counseled to reduce their intake of methionine-containing 
foods, such as meats and dairy products.

Surgical Intervention
Recent advances in the endoscopic treatment of calculi and 
the signifi cant improvement of lithotripsy devices have al-
lowed the majority of surgical treatments to be performed in 
an outpatient setting. Holmium pulsed-dye lasers have be-
come ever more powerful and are relatively easy to use. Fur-
thermore, ureteroscopes and imaging equipment have dra-
matically improved, allowing excellent visualization of ureteral 
and renal pelvic anatomy and calculi. Renal stones measuring 
as large as 2 cm may now be treated with staged ureteroscopic 
procedures or ESWL, depending on the location and hardness 
of the stone. Selection criteria for surgical stone management 
include stone location, size, composition, collecting system/
ureteral anatomy, patient health/performance status, and pa-
tient preference.

ESWL involves delivery of shock waves generated by elec-
tromagnetic energy sources. These shock waves are propa-
gated through water and delivered to the stone burden under 
direct, real-time fl uoroscopic imaging. To reliably use ESWL, 
patient selection is vitally important. The stone must be radi-
opaque and visualized on standard radiographs because fl uo-
roscopy or ultrasonography is used intraoperatively to iden-
tify and target the stone. Shock waves are then delivered to the 
stone until evidence of fragmentation is identifi ed. ESWL may 
often be performed under conscious sedation, although some 
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patients may require administration of general anesthesia for 
improved tolerability. Although ESWL is noninvasive, it has 
been associated with specifi c risks, including cardiac arrhyth-
mias, renal contusions, hemorrhage, and bruising. Recent 
studies also suggest that ESWL may be associated with the 
delayed development of diabetes due to pancreatic fi brosis 
secondary to shock wave injury.9

ESWL is appropriate for stones measuring as much as 
1.5 cm located above the bony pelvis. The ischial body may 
impede shock wave propagation and mute the fragmentation 
effects on stones located in the distal ureter. Moreover, pa-
tients undergoing ESWL treatment must be warned of the 
risks of steinstrasse, literally translated as “a road of stone.” 
This occurs when a stone is broken into multiple smaller frag-
ments and the lead fragment is unable to spontaneously pass, 
which causes ureteral obstruction proximal to the stone bur-
den. Classic symptoms of fl ank pain, dysuria, and hematuria 
may result, and a secondary procedure (e.g., stent or nephros-
tomy tube placement, salvage ureteroscopy) is often necessary 
because the lead fragment will not pass.

Ureteroscopy is defi ned as any endoscopic manipulation of 
the ureter and its contents. Since its development in the early 
1980s, ureteroscopy has revolutionized the treatment of ure-
teral and renal stones.10 Whereas open ureterolithotomy for 
stone extraction was commonly performed through the 1970s 
and required an inpatient hospitalization, ureteroscopy allows 
outpatient treatment of most urinary stones today. Rigid and 
fl exible ureteroscopes are currently available and are used ei-
ther independently or in tandem depending on stone size and 
location. Standard ureteroscopes measure approximately 8 
French in size and are introduced via the urethra to the level 
of the stone. Various tools, including holmium lasers and ni-
tinol extraction baskets, are then used to fragment, retrieve, 
and remove the stone. A ureteral stent is typically placed for 
temporary renal decompression and to allow residual stone 
fragments to pass. This stent also mitigates the risk of ureteral 
obstruction from posttreatment ureteral infl ammation and 
edema.

If dissolution therapy fails or is not feasible, staghorn cal-
culi and large renal stones are best treated with percutaneous 
nephrolithotomy, which requires nephrostomy access to the 
kidney via the fl ank. This procedure allows for high stone-free 
rates with fewer secondary procedures necessary.11 Open sur-
gery, including pyelolithotomy and anatrophic nephrolithot-
omy, is rarely performed and reserved for those patients with 
highly complicated anatomy (e.g., crossed-fused ectopia, 
horseshoe kidney) or grossly enlarged stone burden (�5 cm). 
With the increased popularity of laparoscopic procedures, 
minimally invasive pyelolithotomy is also frequently offered 
for large renal pelvic or ureteropelvic junction stones.

URETEROPELVIC JUNCTION 
OBSTRUCTION

UPJ obstruction accounts for approximately 50% of prena-
tally diagnosed hydronephrosis. Classically, UPJ obstruction 
presents as a unilateral process; however, bilateral obstruction 
may occur. Causes of UPJ obstruction may be both intrinsic 
and extrinsic in nature. In some instances, there is a crossing 
anatomic vessel (an accessory renal artery or vein), which 
kinks the ureter at the level of the UPJ. Surgical correction of 

the anomaly with pyeloplasty and vessel transposition is the 
defi nitive treatment. Intrinsic defects within the ureter, in-
cluding an aperistaltic segment secondary to malformation of 
the ureteral musculature as well as ureteral valves (Ostling’s 
valves) are a cause of UPJ obstruction in children.12 Diagnosis 
typically is made based on a 99mTc-mercaptoacetylglycine 
study or intravenous pyelography. Again, treatment involves a 
pyeloplasty and excision of this aperistaltic segment. Impacted 
ureteral stones and previous endoscopic ureteral manipula-
tion, with concomitant ureteral infl ammation and fi brosis, 
may also result in ureteral strictures, leading to UPJ obstruc-
tion. Excision of this stenotic segment and primary reanasto-
mosis is the recommended treatment. Endopyelotomy or 
ureteroscopic incision of ureteral strictures and balloon dila-
tation have been reported as other initial management op-
tions with varying degrees of success.13

Before a major surgical repair, the degree of function in 
the affected kidney should be calculated. This is commonly 
performed using a dimercaptosuccinic acid scan, a radionu-
clide study that measures the uptake of tracer material 
within the renal tubules and is a reliable means of assessing 
renal function. Because the goal of therapy is to maintain 
existing renal function, which is not apt to improve after 
pyeloplasty, a simple nephrectomy as defi nitive treatment 
should be considered.

BENIGN PROSTATIC HYPERPLASIA

Benign prostatic hyperplasia (BPH) is a commonly diagnosed 
condition that is responsible for a signifi cant proportion of 
lower urinary tract complaints in middle-aged and elderly 
men. In the United States in 2000, this condition accounted 
for 117,000 emergency department visits and 105,000 hospi-
talizations, accounting for $1.1 billion in expenditures.1 A 
consequence of persistent testosterone stimulation, BPH oc-
curs as a result of growth of adenomatous prostatic tissue. 
This is a benign condition and may be managed expectantly, 
pharmacologically, or surgically. Chronic obstruction, left 
untreated, results in recurrent bladder overdistention, which 
may lead to bladder trabeculation and formation of divertic-
ula and cellules. These outpouchings of bladder epithelium 
can further predispose the patient to urinary tract infections, 
stone formation, and, most importantly, deterioration of the 
upper tracts leading to compromised renal function and ulti-
mately renal failure.

Patients with signifi cant lower urinary tract symptoms 
should be evaluated by a urologist. Although symptoms of 
urinary frequency, hesitancy, and urgency may be attributed to 
BPH, evaluation of the lower urinary tract is required. Thor-
ough physical examination should include suprapubic palpa-
tion and inspection of the penis for evidence of meatal stenosis 
or phimosis. A digital rectal examination is required, and pa-
tients are encouraged to complete a symptom score question-
naire. This questionnaire rates symptoms of nocturia, urgency, 
frequency, stranguria, force of urine stream, intermittency, and 
the need for second voiding and serves as a baseline for subse-
quent comparison after initiation of medical therapy or sur-
gery. Cystoscopy is recommended for specifi c indications, such 
as hematuria, suspected bladder stones, or early bladder cancer. 
Transition cell carcinoma in situ is often associated with irrita-
tive urinary symptoms.14 A postvoid residual and urofl ow are 

Ch40_469-476-X5484.indd 471Ch40_469-476-X5484.indd   471 6/18/08 1:15:05 PM6/18/08   1:15:05 PM



472 Genitourinary Infections, Malignancy, and Obstruction

also important studies in the diagnosis of BPH. A postvoid 
residual greater than 200 mL is signifi cant, as is a urofl ow rate 
of less than 15 mL/sec.15 Ultimately, because this is a benign 
condition, informed treatment decisions should be based on 
patient satisfaction and perceived quality of life.

Treatment Options
Medications

There are two main classes of medications prescribed for 
treatment of symptoms of BPH: �1-adrenergic receptor 
blockers and 5�-reductase inhibitors. �-Blockers (terazosin, 
doxazosin, tamsulosin, alfuzosin) result in blockade of sym-
pathetic peripheral �1 receptors, resulting in relaxation of 
both prostatic and bladder neck smooth muscle. These 
medications are generally well tolerated but, given their 
mechanism of action, may cause hypotension, dizziness, or 
syncope. �-Blockers have been defi nitively shown to exhibit 
effi cacy in the treatment of men with urinary symptoms at-
tributable to BPH, but do not decrease the incidence of acute 
urinary retention episodes.16

5�-Reductase inhibitors (fi nasteride, dutasteride) inhibit 
the enzyme 5�-reductase, thus preventing conversion of tes-
tosterone to dihydrotestosterone, which is chemically active 
within the prostate and stimulates prostatic tissue growth. 
Such deprivation of dihydrotestosterone results in prostatic 
epithelial atrophy. Dutasteride (Avodart) inhibits both the 
type I and II forms of 5�-reductase and may provide an in-
creased benefi t to patients.17 These medications are often used 
in tandem with �-blockers and have been shown to demon-
strate great effi cacy in multiple studies.16,18 5�-Reductase in-
hibitors do affect serum prostate-specifi c antigen (PSA) levels, 
typically decreasing them by 50%. Therefore, this decrease 
must be noted before initiation of 5�-reductase therapy be-
cause treatment may infl uence the subsequent care of patients 
managed with routine PSA screening and monitoring tests. 
Furthermore, patients applying topical 5�-reductase for hair 
growth (Propecia) must be informed that their serum PSA 
level will be reduced, typically by 50% as well.19 Combination 
therapy with both �-blockers and 5�-reductase inhibitors ap-
pears to have a synergistic effect, as studies have shown an 
approximately 50% decrease in disease progression compared 
with monotherapy.16 Of note, medications are not effective in 
patients with enlarged prostatic median lobes. The median 
lobe may serve as a ball valve, intermittently obstructing the 
bladder neck, resulting in outfl ow obstruction. These patients 
are best served by transurethral resection of this tissue.

BPH may result in an elevated PSA, although not typi-
cally to the levels seen in aggressive prostate cancer. How-
ever, an elevated PSA may not simply be attributed to pros-
tatic hyperplasia, and an appropriate evaluation and work-up 
is warranted.

Surgery

Several technologic advances have vastly improved the urolo-
gist’s armamentarium of surgical options for treatment of 
BPH. In addition to the standard transurethral resection of 
prostate tissue using the electrosurgical resectoscope, new de-
vices incorporating laser and microwave energy have resulted 
in safer, faster, and more cost-effective treatment strategies. 
Various laser vaporization technologies, including holmium 

and KTP (potassium titanyl phosphate), allow for signifi cantly 
smaller intraoperative blood loss as well as fewer risks of 
postprocedure absorptive hyponatremia.20 Many patients are 
catheter free after these procedures and do not require an in-
patient hospitalization. These devices use a wavelength of light 
(523 nm) that is absorbed by both blood and tissue, allowing  
for more exact tissue destruction and simultaneous hemosta-
sis. Microwave therapy has also exhibited effi cacy as an offi ce-
based treatment modality, using a special urethral catheter 
with a thermal coil that delivers highly focused energy to the 
prostatic bed with resultant tissue necrosis. After administra-
tion of mild sedatives and topical urethral lidocaine, this cath-
eter is inserted in the standard fashion by a urologist and left in 
place for approximately 30 to 60 minutes.

Expanding titanium urethral stents (UroLume) have also 
been developed for treatment of bladder outlet obstruction. 
These devices are endoscopically placed within the prostatic 
urethra and serve to stent open the urethral lumen by inhibit-
ing coaptation of the prostatic lobes. Although success rates 
vary considerably for this procedure, these stents are associ-
ated with signifi cant morbidity and are diffi cult to remove 
once urothelium has grown into them.21 These devices are 
often reserved for poor surgical candidates who are unable to 
endure general anesthesia for more invasive procedures, such 
as transurethral resection.

GENITOURINARY MALIGNANCY

Occasionally, bladder, prostate, and urethral tumors may 
cause urinary obstruction. Muscle invasive bladder cancer 
arising from the trigone or base of the bladder can obstruct 
the ureteral orifi ces, resulting in hydroureteronephrosis. 
Transurethral resection of the tumor may alleviate this ob-
struction, but the cancer may recur if the resection is incom-
plete. Highly advanced prostate cancer may present with 
bladder outlet obstruction. Transurethral resection of the ob-
structing lesion is again the preferred treatment of choice. 
Both bladder and prostate cancers may often present in this 
situation with gross hematuria or clot retention. Urethral tu-
mors, albeit rare, may also result in an intrinsic obstruction of 
urinary fl ow. Often, a catheter may be placed around the ob-
structing lesion as a temporary measure, followed by further 
workup and defi nitive treatment.

URETHRAL STRICTURE/STENOSIS

A urethral stricture is a narrowing of the urethral lumen, re-
sulting in a slowing or cessation of urine fl ow.22 Urethral 
strictures are signifi cantly more common in males, given the 
far longer course of the male urethra compared with that of 
the female. Risk factors for urethral stricture disease include 
recurrent urinary tract infections or urethritis (i.e., gonococ-
cal), trauma, previous urethral instrumentation or surgery, 
pelvic irradiation, and advanced age. Diagnosis is typically 
based on direct vision with cystoscopy as well as retrograde 
urethrography to delineate the anatomic location and length 
of the stricture. Treatment modalities include manual dilata-
tion (metal sounds, balloon dilators), transurethral incision/
resection, and open primary repair. Because these strictures 
are typically composed of dense scar tissue, they tend to recur 
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in the absence of defi nitive open surgery. A biopsy of the tissue 
at the stricture site should always be performed to rule out a 
coincident urethral tumor as the obstructing lesion.

Presenting symptoms of urethral strictures often include 
urinary urgency and hesitancy, decreased force or caliber of 
the urine stream, persistent suprapubic fullness, recurrent 
urinary infections, the need for frequent second voids, and 
urinary retention. In some patients, the stricture is such that 
urethral catheter placement in the standard blind fashion is 
not possible, requiring placement of a catheter over a wire 
under cystoscopic guidance or placement of a suprapubic 
cystostomy tube for acute bladder decompression.

BLADDER DYSFUNCTION

In the normal state, voiding is a refl ex function under vol-
untary control. Coordinated voiding, characterized by ex-
ternal sphincter relaxation and subsequent detrusor con-
traction, is controlled by the pontine micturition complex’s 
effect on the sacral cord (S2-S4).23 The pontine micturition 
complex, in turn, is under cortical control. Detrusor hyper-
refl exia with coordinated external sphincter activity results 
from suprapontine lesions (e.g., stroke, Parkinson’s dis-
ease). This is in contrast to detrusor hyperrefl exia without 
coordinated external sphincter activity, which is caused by a 
suprasacral spinal lesion (e.g., myelodysplasia, multiple 
sclerosis). Detrusor arefl exia is caused by damage to the 
sacral refl ex arc (e.g., neuropathy, disk herniation), and also 
occurs during the acute spinal shock phase after a spinal 
cord injury. Urodynamics, a real-time study that measures 
bladder pressure, abdominal pressure, sphincter activity, 
bladder compliance, and fl ow rate, is commonly used to 
delineate these disorders.

Optimal bladder function relies on adequate maintenance 
of fi lling and emptying pressures in both the storage and ex-
pulsion of urine. During the fi lling stage, bladder pressures 
must be low enough to allow for transit of urine from the 
ureter to the bladder. Should the bladder pressure exceed the 
ureteral and renal pelvic pressures, urine will refl ux in a retro-
grade fashion, resulting in ureteral dilatation. The ureter can 
withstand continuous intravesicle pressures as high as ap-
proximately 40 cm H2O. Higher resting pressures lead to ure-
teral damage and resultant renal compromise.

The voiding stage is dependent on an important inter-
play between the bladder detrusor smooth muscle and the 
external skeletal muscle sphincter. At the initiation of a 
void, the external sphincter is relaxed under voluntary con-
trol, followed by contraction of the detrusor muscle. This 
allows for the coordinated fl ow of urine in an anterograde 
fashion. A defect in the detrusor muscle, external sphincter, 
or signaling neuron pathways therein results in bladder dys-
function. The result is a high-pressure bladder with inade-
quate voiding. Treatment modalities include anticholinergic 
medications (e.g., tolterodine, oxybutynin) to inhibit detru-
sor contraction.

Clean intermittent catheterization is the ideal modality 
for bladder decompression in the patient with urinary ob-
struction secondary to neurogenic bladder dysfunction.24

Long-term indwelling catheters are not recommended be-
cause these can result in a host of complications, including 
recurrent urinary tract infections, urethral meatal erosion, 

orchitis, epididymitis, prostatitis, bladder calculi, and squa-
mous metaplasia of the bladder epithelium, a premalignant 
condition.25 Clean intermittent catheterization requires dili-
gent attention to patient hygiene, catheter care, and catheter-
ization technique.

Those patients with detrusor-sphincter dyssynergia, char-
acterized by bladder hyperrefl exia with coordinated external 
sphincter relaxation, are plagued by poor bladder compliance 
and outlet obstruction. Bladder augmentation with subse-
quent clean intermittent catheterization may be recommended 
for these patients to ensure adequate urine storage and drain-
age. However, in those not suitable for augmentation or the 
necessary maintenance techniques required, urinary diversion 
is also a viable option. A sphincterotomy may also be per-
formed, but this ultimately results in incontinence.

EXTRINSIC COMPRESSION

A variety of other oncologic and infl ammatory conditions 
may result in obstructive uropathy as a result of extrinsic 
compression of one or both ureters, the bladder, or the ure-
thra. Gynecologic malignancies arising from pelvic organs, 
such as the cervix, ovary, and uterus, may result in a mass 
effect on the ureters or trigone of the bladder, resulting in 
urinary obstruction. This may also result from masses of the 
colon and infl ammatory processes, such as sigmoid diver-
ticulitis, Crohn’s disease, and ulcerative colitis. Such infl am-
matory reaction may result in a reactive fi brosis around one 
or both ureters, leading to proximal obstruction of urine. 
With regards to tumor compression, this typically occurs as 
a chronic process, with the gradual onset of fl ank pain. Ul-
trasonography or computed tomography will often demon-
strate unilateral or bilateral hydronephrosis in the setting of 
an enlarging pelvic mass, potentially in the absence of symp-
toms (silent hydronephrosis). Decompression of the renal 
collecting system with either a percutaneous nephrostomy 
tube or ureteral stent is indicated, as this obstruction may 
predispose the patient to renal failure in the setting of che-
motherapy for the primary tumor. Moreover, as many of 
these patients are immunosuppressed due to immunother-
apy or as a consequence of the disease, an obstructed collect-
ing system may be a setup for urinary tract infections and 
subsequent urosepsis, which may prove fatal in the debili-
tated patient.

POSTOBSTRUCTIVE DIURESIS

Urinary obstruction, either unilateral or bilateral, may result 
in fl uid overload, renal insuffi ciency, and electrolyte abnor-
malities. However, relief of this obstruction may also result in 
profound effects on the patient’s volume status and electrolyte 
homeostasis. Acute decompression of the bladder will often 
result in polyuria and, in some cases, hematuria. This hema-
turia is due to decompression of previously dilated mucosal 
cystic vessels, which rupture in the setting of intravesicle pres-
sure changes. It may be fairly signifi cant and require clot 
evacuation and continuous bladder irrigation.

Postobstructive diuresis may be physiologic, pathologic, 
or a combination of the two. Physiologic diuresis occurs as a 
result of fl uid overload and elevated urea levels, which are 
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excreted when the obstruction is relieved. Pathologic diuresis 
occurs as a result of increased tubule permeability and lack of 
an osmotic gradient in the renal medulla. Postobstructive 
polyuria is characterized by increased salt and water excretion 
and may vary widely with respect to volume. As many as 10% 
of patients will exhibit excessive diuresis, requiring intrave-
nous fl uid replacement. To accurately assess clinical improve-
ment and normalization of volume status, daily weight, urine 
output, and orthostatic blood pressures are recorded. Plasma 
electrolytes should be monitored carefully (every 6–12 hours 
in the acute setting), particularly potassium, sodium, and 
magnesium, because these values demonstrate the degree of 
nephron recovery post-obstruction. Urine output is replaced 
with half normal saline, as the sodium content of the diuresis 
is typically approximately 70 mEq/L. Careful attention must 
be paid to avoid overhydration of the patient, thereby per-
petuating the disease. Many patients with modest diuresis may 
eat and drink their way back to a normal volume state. Inter-
mittent bladder drainage, once believed to mitigate hematu-
ria, is not recommended as this typically serves only to 
confuse the accurate recording of urine output.

FETAL AND PEDIATRIC UROPATHIES

Advances in diagnostic and treatment modalities for fetuses, 
infants, and children have had a tremendous impact on the 
management of urinary obstruction in this patient popula-
tion. Congenital malformations, such as posterior urethral 
valves, a persistent prostatic utricle, or the sequelae of such 
neurological disorders as spina bifi da may all result in ob-
struction. Posterior urethral valves, present in males, are 
remnant fl aps of mucosal tissue within the urethra, typically 
at the level of the veru montanum in the prostatic urethra. 
These patients often present with prenatal oligohydramnios, 
bladder distention, and bilateral hydronephrosis. Diagnosis is 
confi rmed with a voiding cystourethrogram, and treatment 
includes endoscopic valve ablation. Temporary decompres-
sion of the obstructed bladder in the setting of posterior 
urethral valves may be accomplished with a cutaneous vesi-
costomy, which is an incontinent urinary diversion. Long-
term sequelae of renal obstruction may include an inability 
of the kidney to maximally concentrate urine. This predis-
poses affected children to polydipsia and intolerance to fl uid 
deprivation.
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Hypertensive disorders are the most common medical compli-
cations of pregnancy, affecting 5% to 10% of all pregnancies.1,2

The incidence of disease depends on many different demo-
graphic parameters including maternal age, race, and associ-
ated underlying medical conditions. These disorders are re-
sponsible for approximately 16% of maternal mortality in 
developed countries. Classifi cation of hypertensive disorders in 
pregnancy includes chronic hypertension and the group of 
hypertensive disorders unique to pregnancy called gestational 
hypertension and preeclampsia. Approximately 30% of hyper-
tensive disorders in pregnancy are due to chronic hypertension 
and 70% are due to gestational hypertension.1 The spectrum of 
disease ranges from mildly elevated blood pressures with 
minimal clinical signifi cance to severe hypertension and mul-
tiorgan dysfunction. Understanding the disease process and 
the impact of hypertensive disorders on pregnancy is of the 
utmost importance because these disorders remain a major 
cause of maternal and perinatal morbidity and mortality 
worldwide.

DEFINITIONS AND CLASSIFICATIONS

Making an appropriate diagnosis can be diffi cult at times in 
the gravid patient; however, adhering to the following defi ni-
tions and classifi cation schemes will help to eliminate confu-
sion. Hypertension in pregnancy is defi ned as a systolic blood 
pressure of 140 mm Hg or greater or a diastolic blood pressure 
of 90 mm Hg or greater. These measurements must be present 
on at least two occasions at least 6 hours apart, but no more 
than a week apart.

Abnormal proteinuria in pregnancy is defi ned as the ex-
cretion of 300 mg or more of protein in 24 hours. The most 
accurate measurement of proteinuria is obtained with a 
24-hour urine collection. A value of 1� or greater correlates 
with 30 mg/dL. Proteinuria by dipstick is defi ned as 1� or 
more on at least two occasions at least 6 hours apart but no 
more than 1 week apart. The accuracy of semiquantitative 
dipstick measurements on spot urine samples compared 
with 24-hour urine collections is highly variable. Therefore, 
should time allow, a 12- or 24-hour urine collection should 
be performed as part of the diagnostic criteria to defi ne 

proteinuria. Care should be taken when obtaining urine 
protein measurements to use a clean sample because blood, 
vaginal secretions, and bacteria can increase the amount of 
protein in the urine.1–3

Edema is a common fi nding in the gravid patient, occur-
ring in approximately 50% of women. Lower extremity edema 
is the most typical form. Pathologic edema is seen in nonde-
pendent regions such as the face, hands, or lungs. Excessive, 
rapid weight gain of 5 pounds or more per week may be sign 
of fl uid retention.1,2

The classifi cation system of hypertension in pregnancy was 
proposed originally by the American College of Obstetricians 
and Gynecologists Committee on Terminology in 1972. Fur-
ther modifi cations by the National High Blood Pressure Edu-
cation Program Working Group in 2000 arrived at the classi-
fi cation scheme used today, which offers simple, concise, and 
clinically relevant features for each of the four categories. This 
system recognizes four major categories of hypertension in 
pregnancy: gestational hypertension, preeclampsia or eclamp-
sia, chronic hypertension, and preeclampsia superimposed on 
chronic hypertension. Table 41-1 lists these categories and the 
features of each.1–3

Gestational Hypertension
Gestational hypertension is the most frequent cause of 
hypertension during pregnancy. The rate ranges between 
6% and 17% in healthy nulliparous women and between 
2% and 4% in multiparous women.4 Gestational hyperten-
sion is considered severe if there is sustained systolic blood 
pressure to at least 160 mm Hg and/or diastolic blood pres-
sure to at least 110 mm Hg for at least 6 hours without 
proteinuria.4 Treatment generally is not warranted because 
most patients have mild hypertension. However, approxi-
mately 46% of patients diagnosed with preterm gestational 
hypertension will develop proteinuria and progress to pre-
eclampsia. In general, the majority of cases of mild gesta-
tional hypertension are diagnosed at or beyond 37 weeks 
and have a pregnancy outcome similar to term normoten-
sive pregnancies. However, higher rates of induction and 
cesarean sections are seen in pregnancies complicated by 
gestational hypertension.4
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Chronic Hypertension

Chronic hypertension is defi ned by increased blood pressure 
occurring before pregnancy or increased blood pressure mea-
surements before 20 weeks of gestation.5 The rate of chronic 
hypertension is 1% to 5% in pregnancy. This number is af-
fected by factors such as maternal age, obesity, and race.5 The 
incidence of chronic hypertension among African Americans 
is 2.5% compared with 1% among other racial groups. Given 
the trend in delayed childbearing as women pursue careers 
and educational goals and the epidemic of obesity, increasing 
numbers of pregnancies will be complicated by chronic hy-
pertension.

Determination of associated underlying medical condi-
tions and the classifi cation of hypertension are important in 
the management and counseling of patients with chronic 
hypertension in pregnancy. The cause of chronic hyperten-
sion can be either primary or secondary.3 Primary hyperten-
sion, also referred to as idiopathic hypertension or essential 
hypertension, occurs in 90% of pregnancies. Secondary 
hypertension occurs in the remaining 10% of pregnancies 
and is associated with the following underlying medical con-
ditions: renal disease, endocrine disease, collagen vascular 
disease, and coarctation of the aorta.3

Women with chronic hypertension in pregnancy are at 
increased risk of the development of superimposed pree-
clampsia, abruptio placentae, intrauterine growth restriction, 
and preterm delivery.6–8 The rate of superimposed preeclamp-
sia in women with chronic hypertension is 15% to 25%.7,8 If 
the patient has chronic hypertension of more than 4 years’ 
duration or renal insuffi ciency or had hypertension in a prev-
ious pregnancy, the rate of superimposed preeclampsia in-
creases. Overall, abruptio placentae occurs in 1.5% of preg-
nancies complicated by chronic hypertension.6,9 This rate 
varies from 1% in women with uncomplicated chronic hyper-
tension to 3% in women with superimposed preeclampsia. 
Proteinuria is an independent risk factor for an adverse peri-
natal outcome, regardless of the development of superim -
posed preeclampsia. A maternal serum creatinine level greater 
than 1.4 mg/dL at conception is another risk factor for in-
creased fetal loss and progressive worsening of maternal 
renal disease. Fetal loss is increased 10-fold in women with 

uncontrolled chronic hypertension and impaired renal func-
tion at conception compared with normotensive women 
and women with well-controlled hypertension.10 Therefore, 
management of women with chronic hypertension should 
begin before conception.

Women with chronic hypertension should be counseled 
regarding the increased risk of adverse maternal and fetal out-
comes as discussed previously. The diagnosis of superimposed 
preeclampsia may be diffi cult to make in the patient with 
chronic hypertension, particularly with baseline nephropathy. 
To make the diagnosis, the patient should have increasing or 
diffi cult-to-control blood pressure, thrombocytopenia, signifi -
cant increase in liver enzymes, new-onset proteinuria, or sig-
nifi cant increase in preexisting proteinuria. Any patient with 
chronic hypertension who develops headache, right upper 
quadrant pain, or visual disturbances requires further evalua-
tion for superimposed preeclampsia. If superimposed pre-
eclampsia develops in a patient with chronic hypertension, she 
should be hospitalized for close maternal and fetal evaluation.

Management

The management of pregnancies complicated by chronic hy-
pertension differs for the low-risk group versus the high-risk 
group. Patients considered in the low-risk group have, by defi -
nition, mild hypertension without evidence of organ damage 
(Fig. 41-1). The high-risk group has either severe hypertension 
(systolic blood pressure � 160 mm Hg or diastolic blood pres-
sure � 110 mm Hg) or mild hypertension with evidence of 
organ involvement (Fig. 41-2). Patients with low-risk chronic 
hypertension who do not develop superimposed preeclampsia 
have pregnancy outcomes similar to those of the general popu-
lation. Prenatal care in low-risk patients should include 24-hour 
urine collection for total protein determination in the fi rst tri-
mester and at least monthly visits in the fi rst and second trimes-
ters. Visits should be every 1 to 2 weeks after 32 weeks, looking 
carefully for the development of superimposed preeclampsia.

Central to the management of the high-risk chronic hyper-
tensive pregnancy is the use of antihypertensive pharmaco-
therapy (Table 41-2). The choice of agent depends on the 
pharmacologic actions and is covered in the next section. Pre-
natal care of the high-risk patient includes a fi rst-trimester 
24-hour urine collection for total protein level. The frequency 

Table 41-1 Classifi cation of Hypertension in Pregnancy with Defi nitions

Diagnosis Defi nition

Gestational hypertension Hypertension developing after 20 wk of gestation or during the fi rst 24 hr postpartum without 
proteinuria or other signs of preeclampsia

Transient hypertension Hypertension resolves by 12 wk postpartum

Chronic hypertension Hypertension that does not resolve by 12 wk postpartum

Preeclampsia or eclampsia Hypertension typically developing after 20 wk of gestation with proteinuria; eclampsia is the 
occurrence of seizure activity without other identifi able causes

Chronic hypertension Hypertension diagnosed before pregnancy, before 20 wk of gestation, or after 12 wk postpartum

Preeclampsia superim-
posed

The development of preeclampsia or eclampsia in a woman with preexisting on chronic hypertension

Based on data from references 1, 2, and 3.
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Evaluation preconception or
  before 20 wk 

Assess cause and severity
Assess presence of other medical conditions or
   target organ damage
Assess obstetric history

Secondary hypertension
Target organ damage*
Previous perinatal loss
Systolic pressure ≥ 180 mm Hg or diastolic 
  ≥ 110 mm Hg

Low risk Systolic ≥ 180 or diastolic ≥ 110 High risk

*Left ventricular dysfunction, retinopathy, dyslipdemia, maternal age older than 40 
years, microvascular disease, stroke.

Uncomplicated essential hypertension
No previous perinatal loss
Systolic pressure < 180 mm Hg and 
  diastolic < 110 mm Hg

Figure 41-1 Initial evaluation 
of women with chronic hyper-
tension. (From Sibai BM: 
Chronic hypertension in preg-
nancy. Obstet Gynecol 
2002;100:369–377.)

Pregnant women with 
chronic hypertension

Low risk High risk

No antihypertensive drugs
Ultrasound exam at 16–20 wk, repeat at 
30–32 wk and monthly after that until term

1. Antihypertensive drugs if severe 
hypertension develops

2. If preeclampsia develops, antihypertensive 
drugs are used, or there is abnormal fetal 
growth, then begin immediate fetal testing 
with nonstress test or biophysical profile; 
continue serial testing until delivery

1. Hospitalization if there is exacerbation of 
severe hypertension, preeclampsia, or 
evidence of abnormal fetal growth

2. Frequent evaluation of maternal and 
fetal well-being

Hospitalization at initial visit

Antihypertensive drugs are needed to keep 
systolic < 140 and diastolic < 90 mm Hg*

Ultrasound exam at 16–20 wk, repeat at 
28 wk and then every 3 wk until delivery

Nonstress test and or biophysical profile at 
28 wk and then weekly

*For women with target organ damage.

Figure 41-2 Antepartum management of chronic hypertension.

of visits in the fi rst and second trimesters should be every 
2 weeks and weekly in the third trimester if clinically indicated. 
In general, pregnancies in patients with high-risk chronic hy-
pertension should not be continued past 40 weeks. As for fetal 
surveillance for low- or high-risk patients, there is general 
agreement to perform them as described in Figure 41-2.

Preeclampsia and Eclampsia

The rate of preeclampsia ranges between 2% and 7% in healthy 
nulliparous women.11 The rate is substantially higher in women 
with twin gestation (14%) and those with previous preeclamp-
sia (18%).11 Preeclampsia may be subdivided further into mild 
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and severe forms. The distinction between the two is made 
based on the degree of hypertension and proteinuria and the 
involvement of other organ systems. The criteria for mild pre-
eclampsia and severe preeclampsia are presented in Box 41-1. 
A particularly severe form of preeclampsia is the HELLP syn-
drome, which is an acronym for hemolysis, elevated liver en-
zymes, and low platelet count. This syndrome is manifest by 
laboratory fi ndings consistent with hemolysis, elevated levels 
of liver function, and thrombocytopenia. The diagnosis may be 
deceptive because hypertension and proteinuria might be ab-
sent in 10% to 15% of women who develop HELLP and in 
20% to 25 % of those who develop eclampsia. A patient diag-
nosed with HELLP syndrome is automatically classifi ed as 
having severe preeclampsia.12 Another severe form of pre-
eclampsia is eclampsia, which is the occurrence of seizures not 
attributable to other causes.

Several risk factors for preeclampsia have been identifi ed 
such as advanced maternal age (older than 35 years), especially 
if conception was secondary to assisted reproductive technol-
ogy, and primigravid. Obesity is another important factor.11

The causal agent responsible for the development of pre-
eclampsia remains unknown. The syndrome is characterized 
by vasospasm, hemoconcentration, and ischemic changes in 
the placenta, kidney, liver, and brain. These abnormalities usu-
ally are seen in women with severe preeclampsia.13 Theories as 
to the causative mechanisms include placental origin, immu-
nologic origin, and genetic predisposition, among others.13

No good screening test for the prediction of preeclampsia 
exists. Doppler ultrasonography is a useful method to assess 
the velocity of uterine blood fl ow in the second trimester. 
Abnormal velocity waveform is characterized by a high resis-

tance index or an early diastolic notch (unilateral or bilateral). 
Data still do not support this test for routine screening. Re-
cently, investigators have begun to examine soluble fms-
like tyrosine kinase-1 receptors (sFlt-1) and placental growth 
factor as early markers for preeclampsia.14 Future studies done 

Table 41-2 Antihypertensive Medications: Indications/Precautions

Drug Starting Dose Maximum Dose Comments

Acute Treatment of Severe Hypertension

Hydralazine 5–10 mg IV every 20 mim 30 mg

Labetalol 20–40 mg IV every 10–15 min 220 mg Avoid in women with asthma or congestive heart failure

Nifedipine 10–20 mg PO every 30 min 50 mg

Long-Term Treatment of Hypertension

Methyldopa 250 mg bid 4/day Rarely indicated

Labetalol 100 mg bid 2400 mg/day First choice

Atenolol 50 mg qd 100 mg/day Associated with IUGR

Propanolol 40 mg bid 640 mg/day To be used with associated thyroid disease

Hydralazine 10 mg tid 100 mg/day To be used in cases of left ventricular hypertrophy

Nifedipine/diltiazem 10 mg bid 120 mg/day To be used in women with diabetes

120–180 mg qd 540 mg/day

Thiazide diuretic 12.5 mg bid 50 mg/day Use in salt-sensitive hypertension and/or CHF; may 
be added as second agent; not to be used if pre-
celampsia develops or IUGR present

ACE inhibitors/ARB Not to be used due to teratogenicity

CHF, congestive heart failure; IUGR, Intrauterine growth restriction.
Based on data from references 1, 2, 4, 10, and 19.

Mild
SBP � 140 mm Hg and/or DBP � 90 mm Hg on two oc-

casions at least 6 hours apart, typically occurring after 
20 weeks of gestation (no more than 1 week apart)

Proteinuria of 300 mg in a 24-hour urine collection or 
�1� on two random sample urine dispsticks at least 
6 hours apart (no more than 1 week apart)

Severe
SBP � 160 mm Hg and/or DBP � 110 mm Hg on two 

occasions at least 6 hours apart
Proteinuria of �5 g in a 24-hour urine specimen or 3�

or greater on two random urine samples collected at 
least 4 hours apart

Oliguria � 500 mL/24 hours
Thrombocytopenia platelet count � 100,000/mm3

Elevated liver function test results with persistent 
epigastric or right upper quadrant pain 

Pulmonary edema
Persistent severe cerebral or visual disturbances

Box 41-1 Criteria for the Diagnosis of Preeclampsia

DBP, diastolic blood pressure; SBP, systolic blood pressure.
Based on data from references 2 and 11.

Ch41_477-485-X5484.indd 482Ch41_477-485-X5484.indd   482 6/18/08 1:15:39 PM6/18/08   1:15:39 PM



483 Hypertension in Pregnancy

using proteomic and other markers as soluble endoglin and 
fms-like tyrosine kinase receptors (sFlt) are still ongoing.

Preventive interventions for preeclampsia could affect mater-
nal and perinatal morbidity and mortality worldwide. As a re-
sult, during the past decade, several randomized trials reported 
several methods to reduce the rate and/or severity of preeclamp-
sia. In summary, several trials assessed protein or low-salt diets, 
diuretics, bed rest, zinc, magnesium, fi sh oil or vitamin C and E 
supplementation, and heparin to prevent preeclampsia in 
women, but results showed minimal to no effect.11,15

Maternal and Perinatal Outcome

Maternal and neonatal outcome in patients with preeclampsia 
relates largely to one or more of the following factors: the 
gestational age at delivery, severity of disease, quality of man-
agement and presence of preexisting disease. Perinatal mor-
talities are increased in those who develop the disease before 
34 weeks of gestation. Risk to the mother can be signifi cant 
and includes the possible development of disseminated intra-
vascular coagulation, intracranial hemorrhage, renal failure, 
retinal detachment, pulmonary edema, liver rupture, abruptio 
placentae, and death.11 Therefore, experienced clinicians 
should be caring for women with preeclampsia.

Management of Mild and Severe Preeclampsia

Ideally, a patient having preeclampsia should be hospitalized 
at the time of the diagnosis. Management of the patient with 
mild preeclampsia should include baseline laboratory evalua-
tion including 24-hour urine collection for protein, hemato-
crit, platelet count, serum creatinine value, and aspartate 
aminotransferase level. At the time of diagnosis, ultrasonogra-
phy should be performed to evaluate amniotic fl uid volume 
and estimated fetal weight and confi rm gestational age. The 
only defi nitive cure for preeclampsia is delivery. The main 

objective of the management of preeclampsia must always be 
the safety of the mother and a mature newborn who will not 
require intensive and prolonged neonatal care. The general 
consensus for management of mild preeclampsia and severe 
preeclampsia are listed in Figures 41-3 and 41-4.

Intrapartum Management
While in labor, patients with severe preeclampsia will receive 
intravenous magnesium sulfate for seizure prophylaxis. This is 
controversial in regard to mild preeclampsia. There are only 
two double-blind, placebo-controlled trials evaluating the use 
of magnesium sulfate in patients with mild preeclampsia.16,17

In both trials, patients with well-defi ned mild preeclampsia 
were randomized during labor or postpartum, and there was 
no difference in the percentage of women who progressed to 
severe preeclampsia (12.5% vs. 13.8%; relative risk � 0.90; 
95% confi dence interval: 0.52–1.54). There were no instances 
of eclampsia among 181 patients assigned to placebo. Thus, 
we recommend individualizing the use of magnesium sulfate 
in each case.

Pain management in labor should be individualized as well. 
Intravenous narcotics and regional anesthesia are both appro-
priate options. Close monitoring of blood pressure intrapar-
tum is necessary. Antihypertensive medications may be needed 
to keep blood pressure less 160 mm Hg systolic and less than 
110 mm Hg diastolic. The most commonly used intravenous 
medications for this purpose are labetalol and hydralazine. The 
recommended doses of medications for the immediate treat-
ment of hypertension are listed in Table 41-2. Care should be 
taken not to decrease the blood pressure too rapidly because a 
marked decrease in mean arterial pressure may lead to de-
creased renal perfusion and decreased placental perfusion. 
Preeclamptic women receiving magnesium sulfate are also at 
risk of postpartum hemorrhage due to uterine atony.

Mild hypertension-preeclampsia

Maternal and fetal evaluation 

•  ≥39 wk of gestation
• ≥37 wk of gestation
 • Bishop score ≥6
 • Noncompliant patient
• ≥34 wk of gestation
 • Labor or rupture of membranes
 • Abnormal fetal testing
 • Intrauterine growth restriction

• Impatient or outpatient 
management

• Maternal and fetal evaluation

• Nonreassuring maternal or 
fetal condition

• 39 wk of gestation
• Bishop score ≥6 at ≥37 wk 
• Labor

Delivery

NO

YES Figure 41-3 Management of mild preeclampsia. (From 
Sibai BM: Diagnosis and management of gestational hyperten-
sion and preeclampsia. Obstet Gynecol 2003;102:181–192.)
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Patients should be monitored closely for at least 12 to 
24 hours postpartum. Postpartum eclampsia occurs in 25% 
of patients. There is no need for continued seizure prophy-
laxis beyond 24 hours postpartum.

Counseling

Any patient diagnosed with preeclampsia is at signifi cantly 
greater risk of having an underlying medical condition than is 
a normotensive gravida. A study by Dekker and Sibai18 found 
39% of patients with a history of early-onset severe preeclamp-
sia developed chronic hypertension. Another study by Nisell 
and coworkers19 found that 37% of patients with a history of 
pregnancy-induced hypertension and 20% of patients with 
a history of preeclampsia were noted to have hypertension at 

7-year follow-up. It is thus essential that women diagnosed 
with preeclampsia receive close follow-up. With regard to fu-
ture pregnancies, patients with preeclampsia are at increased 
risk of developing preeclampsia during subsequent gestations. 
The risk depends on the severity of preeclampsia as well as 
gestational age at onset in the index pregnancy. The recurrence 
rate is 65% if preeclampsia develops in the midtrimester and 
20% if it develops at term. Sibai and associates20 reviewed re-
currence rates of preeclampsia and HELLP syndrome in pa-
tients who had pregnancies complicated by HELLP syndrome. 
Their fi ndings noted that the recurrence risk of preeclampsia 
in the otherwise normotensive group was 19% and the risk of 
recurrence of HELLP syndrome was 3%. This is in contrast to 
a group of patients with underlying chronic hypertension who 

Severe preeclampsia at <34 wk

Admit to labor and delivery area
Maternal and fetal evaluation x 24 hr

IV magnesium sulfate
Antihypertensives if systolic 160 mm Hg

diastolic 110 or mean arterial pressure >125 mm Hg
Corticosteroids for lung maturity

Eclampsia
Pulmonary edema
Acute renal failure

Disseminated coagulopathy
<23 wk of gestation

Suspected abruptio placentae
Nonreassuring fetal status

YES

YES

Delivery before 
completion of steroids

NO

NO

HELLP syndrome
Severe FGR � oligohydramnios
UAD with reverse diastolic flow

Persistent symptoms
Thrombocytopenia

Gestational age 33 0/7–34 0/7 wk
Labor or rupture of membranes

Steroids
48-hr delay if possible

23 0/7–23 6/7 wk 24 0/7–32 6/7 wk

Counseling
OR Antihypertensives if needed

Daily evaluations of maternal-fetal conditions
Delivery at 33 6/7

Termination of 
pregnancy

Figure 41-4 Management of severe preeclampsia. FGR, fetal growth restriction; HELLP, hemolysis, elevated liver enzymes, 
and low platelet count (syndrome). UAD, umbilical artery Doppler. (From Sibai BM, Barton JR: Expectant management of se-
vere preeclampsia remote from term: Patient selection, treatment, and delivery indications. Am J Obstet Gynecol 
2007;196:514:e1–e9.)
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had recurrence rates of preeclampsia and HELLP syndrome of 
75% and 5%, respectively. The rate of recurrence of eclampsia 
is approximately 1% to 2%.

Contraception

Women with hypertensive disease in pregnancy, whether pre-
eclampsia or chronic hypertension, will seek advice regarding 
contraceptive methods postpartum. It is important to be fa-
miliar with options available to patients and be able to discuss 
potential risk factors. No contraindications exist with the use 
of barrier methods with regard to hypertension. There are no 
contraindications for hypertensive patients desiring to use an 
intrauterine device. The greatest concern in fi nding appropri-
ate contraception for the hypertensive patient is with regard to 
hormonal contraception. Oral contraceptive pills are the most 
widely used reversible form of birth control in the United 
States. Combination oral contraceptives are known to elevate 
blood pressure minimally, increase clotting factors, and in-
crease total cholesterol levels.21 Once again, it is extremely 
important to be familiar with any coexisting disease in a hy-
pertensive patient. Overall, the contraceptive choices afforded 
hypertensive patients are the same as in normotensive pa-
tients. The risks and benefi ts of contraception must be weighed 
and patients counseled accordingly. Avoiding the morbidity 
associated with pregnancy in some patients may be a benefi t 
that outweighs the risk of contraceptive use.
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There has been marked improvement in maternal and perinatal 
outcome for pregnancies complicated by renal disease in the past 
40 to 50 years. An understanding of the disease processes and 
improvements in obstetric care, with more successful and earlier 
intervention, have led to the improved outcomes. Renal disor-
ders in pregnancy can range from asymptomatic bacteriuria 
(ASB) to end-stage renal disease requiring dialysis and trans-
plantation, all being infl uenced by the physiologic changes of 
pregnancy. This chapter reviews the physiology of renal changes 
during pregnancy and provides a summary of renal disorders.

PHYSIOLOGIC CHANGES DURING 
PREGNANCY

Several renal physiologic changes occur during pregnancy. 
These changes include renal anatomy, hemodynamics, acid-
base regulation, and metabolic regulation (e.g., water, min-
eral) (Table 42-1). Thus, tests of renal function in pregnancy 
must be interpreted in relation to the changes in plasma vol-
ume, glomerular fi ltration, and tubular reabsorption that 
normally occur with advancing gestation. Many of the com-
monly used tests of renal function yield lower results in preg-
nancy than in the nonpregnant state. Consequently, values 
that may be regarded as normal in the nonpregnant state may 
well indicate renal dysfunction in pregnancy.

RENAL DISEASE COMPLICATING 
PREGNANCY

Asymptomatic Bacteriuria, Urinary Tract 
Infections, and Acute Pyelonephritis
The prevalence of ASB in pregnancy is 4% to 7%.1 The risk of 
ASB increases with increasing parity, lower socioeconomic 
status, increased age, sexual activity, sickle cell trait or disease, 

diabetes, and previous urinary tract infection (UTI). The 
diagnosis of ASB is based on a clean-catch voided urine cul-
ture revealing more than 100,000 colonies/mL of a single or-
ganism.2 It is important to diagnose and treat ASB in preg-
nancy. Untreated ASB will develop into symptomatic UTI in 
as many as 40% of these patients.3,4 Recognition of and ther-
apy for ASB can eliminate 70% of acute UTIs in pregnancy. 
Women should be screened for bacteriuria at their fi rst prena-
tal visit. Therapy for ASB should be continued for 3 to 7 days. 
The patient should have another culture performed 1 to 
2 weeks after discontinuing therapy. The most commonly 
used agent in ASB and uncomplicated UTI is nitrofurantoin. 
ASB is associated with an adverse perinatal outcome. Evidence 
combined from multiple studies suggests that ASB is associ-
ated with both preterm delivery and low birth weight.1

UTIs are the most common medical complication of 
pregnancy. Acute cystitis occurs in 1.3%5 and acute pyelone-
phritis in 1%6 of pregnant women. The causal agents of UTIs 
in pregnancy are the same as those of acute uncomplicated 
UTI in nonpregnant women. Escherichia coli causes 80% to 
90% of UTIs in pregnancy, and Proteus mirabilis, Klebsiella 
pneumoniae, Staphylococcus saprophyticus, and enterococci 
are the usual isolates from the remainder of patients with 
uncomplicated infections. In pregnancy, group B �-hemo-
lytic streptococci are also potential urinary tract pathogens.7

The treatment goals of UTI in pregnancy are to eradicate the 
infection with the shortest possible course of antibiotics and 
to maintain sterile urine for the remainder of pregnancy. A 
3- to 7-day course of antibiotic therapy is recommended to 
treat ASB or uncomplicated acute UTI in pregnancy.

Pyelonephritis is the most common nonobstetric cause 
of hospitalization during pregnancy.8 Acute pyelonephritis 
should be initially treated on an inpatient basis, using intrave-
nous antibiotics. Empiric therapy should be begun as soon as 
the presumptive diagnosis is made. Therapy can be tailored to 
the specifi c organism after sensitivities have been obtained 
approximately 48 hours later.
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Acute Renal Failure

Since the 1960s, the overall incidence of pregnancy-related 
acute renal failure (PR-ARF) has decreased from 1 per 3000 to 
1 per 15,000 to 1 per 20,000. Similarly, the proportion of total 
cases of PR-ARF has decreased from 20% to 40% in the 1960s 
to 2% to 10% in the 1980s.9–11

PR-ARF ranges from serum creatinine of more than 
0.8 mg/dL to dialysis requirement and urine output less than 
400 mL in 24 hours. Conceptually, ARF has been described 
as a deterioration of renal function over a period of hours 
and days, resulting in the failure of the kidney to excrete 
nitrogenous waste products and to maintain fl uid and elec-
trolyte hemostasis.12 The Acute Dialysis Quality Initiative 
developed a model for diagnosis of ARF based on creatinine, 
glomerular fi ltration rate, and urine output (Table 42-2).8

ARF is divided into prerenal, intrarenal, and postrenal.12 The 
cause of ARF in pregnancy could be due to either pregnancy-

related conditions (such as preeclampsia, acute fatty liver, 
amniotic fl uid embolism, and hypovolumic shock) or other 
causes related to reproductive age women. Thus, PR-ARF is 
treated based on the underlying cause. Thus, every PR-ARF 
patient should have a detailed history, physical examination, 
and the laboratory assessment including complete blood 
count, platelet count, blood urea nitrogen, creatinine level, 
electrolyte, glomerular fi ltration rate, urinanalysis, urine 
sodium concentration, urine osmolality, and fractional ex-
cretion of sodium. The main goal of treatment involves 
treatment of underlying disease, prevention of further dam-
age, and supportive treatment until recovery. Management 
of PR-ARF begins with correction of the underlying causal 
factors by removal of renal toxins, proper dosing of medica-
tions, and prevention and treatment of infection because 
sepsis is the most common cause of mortality in ARF. Fluid 
resuscitation is the single most important intervention 
to restore and maintain renal perfusion. Pharmacologic 

Table 42-1 Physiologic Changes during Pregnancy

Changes in Pregnancy Mechansims

Renal anatomy Increase in kidney size 1 cm in length
Dilatation of the collecting system with a pelvicalceal 

diameter up to 2 cm is physiological hydronephrosis
Increased GFR, urine formation, and urine fl ow
Changes persist until 12 wk postpartum

Increase in renal vascular volume and kidney 
hypertrophy

Estrogen and progesterone effects
Mechanical obstruction of ureters (right � left)

Renal hemodynamics GFR increases by 50%, then decreases by 20% in the 
last trimester

RBF increase by 85% in second trimester
Creatinine clearance increase by 50% to 150–200 

mL/min
No increase in glomerular capillary pressure

Increase in CO by 30%–40%
Increase in renal vasodilation of both afferent 

and efferent arterioles secondary to EDRF/
NO

Metabolic regulation Water retention especially in late third trimester with 
transient diabetes insipidus

Sodium retention
Potassium balance maintained
Calcium absorption from gastrointestinal increases
Increase in urate clearance until 24 wk, then back to 

prepregnant state
Increase in fi ltered glucose and protein and less effi -

cient tubule reabsorption leads to renal glucosuria, 
proteinuria (not exceeding 300 mg/24 hr)

Secondary to high placental vasopressinase
By increasing sodium reabsorption both in 

proximal and in distal tubules
Progesterone plays a role in preventing 

kaliuresis
High 1,25(OH)2 D3 levels produced by kidney 

and placenta leading to hypercalciuria 
(�300 mg/day)

Acid-base regulation Mild respiratory alkalosis compensated by metabolic 
acidosis

Increase in minute ventilation compensated by 
more bicarbonate excretion by kidneys

Hormonal changes Increase in erythropoietin, renin, and vitamin D
Increase in level of antinatriuretic hormones, especially 

mineralocorticoids, aldosterone, and desoxycortico-
sterone

Increased serum atrial natriuretic peptide levels
Decrease in parathyroid hormones

1,25 (OH)2 D3 1,25-dinydroxycholecalciferol; CO, cardiac output; EDRF/NO, endothelin-derived relaxing factor/nitric oxide; GFR, glo-
merular fi ltration rate; RBF, renal blood fl ow.
From Linheimer MD, Katz AI: Renal physiology and disease in pregnancy. In Seldin DW, Giebisch G (eds): The Kidney: Physiology and 
Pathophysiology, 3rd ed. Philadelphia: Lippincott Williams & Wilkins, 2000; Davison JM, Vollotton MB, Lindheimer MD: Plasma osmo-
lality and urinal concentration and dilution during and after pregnancy: Evidence that lateral recumbency inhibits maximal urinary 
concentrating ability. Br J Obstet Gynaecol 1981;88:472; and Davison JM, Dunlop W: Changes in renal hemodynamics and tubular 
function induced by normal pregnancy. Semin Nephrol 1984;4:198.
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measures as low-dose dopamine (no signifi cant clinical ben-
efi t13), loop diuretics (controversial evidence, reserved for 
treatment of ARF in volume overload conditions to avoid 
renal replacement therapy.14)

Other pharmacologic drugs such as calcium channel 
blockers, dopamine agonists, theophylline, N-acetylcysteine, 
and osmotic agents such as mannitol are controversial with 
no clear clinical benefi t.12 Complications of PR-ARF include 
anemia, hyperkalemia, and metabolic acidosis. Hyperkale-
mia can be treated with glucose and insulin or potassium-
binding resins.12 Anemia in ARF could be due to either he-
molysis (uremia-induced red blood cell membrane fragility) 
or decreased hematopoiesis due to decreased erythropoietin 
levels.15 Anemia is treated initially with transfusion and 
then if needed erythropoietin supplementation. Renal re-
placement therapy, including dialysis, is initiated if these 
measures are insuffi cient or there are volume overload, re-
fractory hyperkalemia, metabolic acidosis, symptomatic 
uremia including pericarditis, neuropathy, and mental sta-
tus changes. In PR-ARF, the most common problems 
that neonates face are related to prematurity. Adverse peri-
natal outcome is mainly related to altered uteroplacental 
hemodynamics. Thus, a multidisciplinary team approach 
including a neonatologist, nephrologist, and perinatologist 
is crucial to optimize the pregnancy outcome.

Underlying Renal Disease or Renal 
Insuffi ciency
The diagnosis of renal disease before pregnancy ranges be-
tween 0.03%16 and 0.12%.17 The prevalence of moderate to 
severe renal insuffi ciency ranges between 2 per 10,00018 to 
6 per 10,000.19 In pregnancy, renal insuffi ciency could be mild 
(serum creatinine levels of 0.9–1.4 mg/dL), moderate (1.4–2.5 
mg/dL), or severe (�2.5 mg/dL).20,21 There are many different 
causes of chronic renal disease including diabetes, glomerulo-
nephritis, hypertension, lupus nephritis, IgA nephropathy, 
and polycystic kidney disease. The natural history of renal 
disease during and after pregnancy depends mostly on the 
prepregnant renal function status and the presence or absence 
of hypertension.

EFFECT OF PREGNANCY ON RENAL 
DISEASE

The long-term effect of pregnancy on renal disease remains 
controversial. These patients may experience deterioration 
of renal function (increase in serum creatinine and worsen-
ing of proteinuria) and may be more prone to escalating 
hypertension. Early in pregnancy, an increase in glomerular 
fi ltration rate and a decrease in serum creatinine occur in all 
patients with renal disease except those with severe renal 
impairment.

The serum creatinine level begins to increase to and be-
yond prepregnancy levels during the second trimester.22 It is 
not possible, however, to predict which patients with renal 
insuffi ciency will experience a permanent reduction in renal 
function. This deterioration occurs more frequently in 
women with diffuse glomerulonephritis. If renal function 
signifi cantly worsens during gestation, termination of preg-
nancy may not reverse the process. Abortion therefore can-
not be routinely recommended for patients who become 
pregnant and whose baseline serum creatinine level exceeds 
1.5 mg/dL. Ideally, patients with chronic renal disease should 
be thoroughly counseled about the possible consequences of 
pregnancy before conception. Hypertension is the greatest 
threat in pregnancies complicated by preexisting renal dis-
ease. Approximately 50% of these patients will have worsen-
ing hypertension as pregnancy progresses, and diastolic 
blood pressures of 110 mm Hg or greater will develop in ap-
proximately 20% of cases.23 Those patients with diffuse 
proliferative glomerulonephritis and nephrosclerosis are at 
greatest risk of developing severe hypertension. Blood pres-
sure control is the cornerstone of successful treatment of 
chronic renal disease in pregnancy. Furthermore, worsening 
proteinuria is common and often reaches the nephrotic 
range.23 Another important factor in determining develop-
ment of fetal complications is maternal urea level. An in-
creased urea level of more than 10 mmol/L is associated 
with polyhydramnios. A high maternal urea level leads to 
osmotic load in the fetus and polyuria. A maternal urea level 
greater than 20 to 25 mmol/L is associated with the risk of 
fetal death.

Table 42-2 Diagnostic Scheme for Acute Renal Failure

GFR Criteria Urine Output Criteria

Increase risk (RIFLE-R) Increased serum creatinine � 1.5 or GFR 
decrease � 25%

UO �0.5 mL/kg/hr � 6 hr

Renal injury (RIFLE-I) Increased serum creatinine � 2 or GFR 
decrease � 50%

UO �0.5 mL/kg/hr � 12 hr

Renal failure (RIFLE-F) Increased serum creatinine � 3, GFR decrease 
75% or serum creatinine � 4 mg/dL in the 
setting of an acute increase � 0.5 mg/dL)

UO �0.3 mL/kg/hr � 24 hr or anuria 
� 12 hr

Loss of renal function (RIFLE-L) Persistent acute renal failure � complete loss 
of kidney function �4 wk

End-stage kidney disease (RIFLE-E) End-stage kidney disease (�3 mo)

GFR, glomerular fi ltration rate; RIFLE, risk injury failure loss end-stage kidney disease; UO, urine output.
From Bellomo R: Defi ning, quantifying, and classifying acute renal failure. Crit Care Clin 2005;21:223–237.
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EFFECT OF RENAL DISEASE 
ON PREGNANCY

Although pregnancies complicated with chronic renal dis-
ease are at an increased risk of both maternal and perinatal 
morbidity, still more than 85% of women with chronic re-
nal disease will have a surviving infant if renal function is 
well preserved (serum creatinine � 1.4 mg/dL) and in 
whom hypertension is absent or well controlled. Morbidi-
ties associated with chronic renal disease include develop-
ment of preeclampsia, end-stage renal disease, preterm de-
livery, anemia, chronic hypertension, growth restriction, 
and cesarean section (Table 42-3). Moreover, hypertension 
is an indicator of poor pregnancy outcome. A pregnant 
woman with minimal renal dysfunction and normal blood 
pressure has more than a 90% chance of successful preg-
nancy outcome.24 Conversely, adverse obstetric outcomes 
range from 7% to 55% in the presence of both hypertension 
and renal dysfunction.

PREGNANCY OUTCOME BASED 
ON SEVERITY OF RENAL DISEASE

The severity of renal disease indirectly affects pregnancy out-
come. Patients with mild renal insuffi ciency have a low com-
plication rate (4.4%–22%) and no stillbirths.20 The rate of 
complications is higher in pregnant women with moderate to 
severe renal insuffi ciency than in women with milder disease 
(see Table 42-3). Almost 50% of the pregnant women with a 
serum creatinine level of 1.4 mg/dL or more had an increase 
in serum creatinine during pregnancy to a mean of 2.5 mg/dL 
in the third trimester.21 The risk of accelerated progression to 
end-stage renal disease is highest when the serum creatinine 
level is more than 2.0 mg/dL at the beginning of pregnancy.21

Within 6 months after delivery, 23% of such women had 
progression to end-stage renal disease. Moreover, women 
with a serum creatinine level greater than 2.0 mg/dL should 
be counseled that they have a one in three chance of progress-
ing to end-stage renal disease within 1 year postpartum.25

SPECIFIC PREEXISTING RENAL DISEASE 
IN PREGNANCY

Still, maternal and perinatal outcomes differ based on the 
cause of the preexisting disease. Diabetic nephropathy com-
plicates 4% to 10% of pregnancies in women with 

diabetes. It is unclear whether diabetic nephropathy is 
accelerated by pregnancy. A few studies have shown that 
pregnancy has an adverse affect on diabetic nephropathy, 
increasing proteinuria.26 Other studies have not observed 
any progression or development of nephropathy in women 
with diabetes.27 Most studies involve a small number of 
patients and are observational. Women with diabetic ne-
phropathy are at increased risk of adverse maternal and fetal 
outcome, especially preterm delivery, intrauterine growth 
restriction, preeclampsia, and hypertensive complications. 
The rates of preterm delivery at less than 34 weeks’ gestation 
range from 16% to 31%,26 and the rates of intrauterine 
growth restriction range from 9% to 22%.28 In addition, the 
rate of preeclampsia may be as high as 50%.26 It is very im-
portant to maintain the blood pressure at less than 130 mm 
Hg systolic and less than 80 mm Hg diastolic. Angiotensin-
converting enzymes and angiotensin receptor blockers are 
antihypertensive agents that are renoprotective but should 
not be used in pregnancy. Calcium channel blockers seem to 
have no major adverse effects on the fetus and may be reno-
protective.

Collagen vascular diseases are systemic disorders of un-
known cause characterized by multiorgan infl ammation 
and unpredictable remissions and exacerbations. Renal in-
volvement is generally an unfavorable prognostic sign. Sys-
temic lupus erythematosus is by far the most common col-
lagen vascular disorder encountered in obstetric practice. 
The activity status at conception provides no guide to the 
course of lupus nephropathy. The prognosis is most favor-
able when patients are in remission at least 6 months before 
conception. Proteinuria may increase during pregnancy, 
and the serum creatinine level may either increase or not 
decrease normally. Exacerbations of lupus nephropathy are 
usually moderate and can easily be controlled by steroid 
therapy. However, the course of maternal lupus nephritis is 
especially poor when systemic lupus erythematosus (SLE) 
presents during pregnancy.29 SLE with superimposed pre-
eclampsia may present with signs and symptoms indistin-
guishable from a fl are-up of lupus nephritis. Antibody as-
says may help to differentiate these conditions. Increasing 
titers of anti-DNA antibodies or decreasing levels of com-
plement C3 or C4 are compatible with an exacerbation of 
SLE.29 Patients with SLE in pregnancy should receive steroid 
therapy if clinical or immunological signs or symptoms of 
disease activity develop. Hypertension should be treated 
with antihypertensive agents. Bobrie and colleagues29 favor 
routine administration of steroids postpartum to prevent a 
fl are-up.

Table 42-3 Outcome in Pregnancy Complicated by Chronic Renal Disease

Author/Pregnancy 
Outcome Preeclampsia Anemia

Chronic 
Hypertension

Growth 
Restriction

Preterm 
Delivery

Cesarean 
Rate

Trevisan et al19 25% 48% 56% — 60% 52%

Bar et al21 (mostly mild 
renal insuffi ciency)

22% — — 13% 22% 24%

Jones et al20 — — — 37% 59% 59%
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MANAGEMENT

Management should begin with prepregnancy counseling. 
Fertility is dependent on the degree of renal impairment. 
Women should be counseled about the possible deterioration 
of renal function during pregnancy and pregnancy-related 
complications such as preeclampsia and worsening hyperten-
sion. Fetal outcome should be discussed thoroughly including 
preterm delivery, growth restriction, and the possibility of a 
higher risk of fetal death, especially if there is severe renal 
disease or the patient is on dialysis. Factors that affect preg-
nancy outcome such as hypertension and the urea and serum 
creatinine level should be well controlled to optimize preg-
nancy outcome.

During pregnancy, management guidelines are based on 
observational and retrospective studies. The care of such 
high-risk pregnancies should entail a multidisciplinary ap-
proach at a tertiary center with closer surveillance and fre-
quent visits. Maternal assessment should include serum 
creatinine and blood urea levels, electrolytes, albumin, cho-
lesterol, complete blood count, platelet count, 24-hour urine 
collection, and urinalysis and urine culture as well as other 
laboratory assessments such as antinuclear antibody and 
complement levels if indicated. Proper control of blood 
pressure and the underlying cause of renal disease is crucial 
to improve pregnancy outcome. Prenatal visits every 2 weeks 
until 30 to 32 weeks and then weekly for the remainder of 
the pregnancy are preferable. As for fetal surveillance, we 
usually start at 30 to 32 weeks with weekly biophysical pro-
fi les and fetal growth assessment every 4 to 6 weeks. Uterine 
and umbilical Doppler fl ow can be used as of 24 weeks. This 
approach can change based on the severity of disease and 
other variables such as hypertension.

The role of renal biopsy during pregnancy is generally lim-
ited. The theoretical concerns are mainly the possible increased 
morbidity of the procedure in pregnancy. Dennis and col-
leagues30 demonstrated complication rates of 1.6% to 4.4% in-
cluding perirenal bleeding and perirenal hematoma and 17% 
gross hematuria. Some authors reported the following indica-
tions for renal biopsy in pregnancy: new-onset hematuria, 
proteinuria, or impaired renal function in the fi rst or second 
trimester.31 However, recent reviews suggest that the invasive-
ness of the procedure and complications should factor in the 
decision to perform a renal biopsy in pregnancy.

PREGNANCY IN WOMEN WITH 
END-STAGE RENAL DISEASE (DIALYSIS)

The medical literature reporting outcome of dialysis in preg-
nancy is limited to case reports and retrospective studies from 
the dialysis registry. Since the fi rst case report of a successful 
pregnancy in a woman on dialysis in 197132 and an initial case 
series in the 1980s that suggested high rates of preterm birth, 
low birth weight, and refractory hypertension,33 the overall 
prognosis for these patients has improved signifi cantly. How-
ever, these pregnancies continue to be high risk, and outcomes 
remain quite variable. There is evidence to suggest that these 
improvements may be due to several modifi cations to the di-
alysis dose, frequency, and other variables34–40 (Table 42-4). The 
goal of these adjustments is to improve the pregnancy out-
come by having a less uremic fetal environment, more liberal 

maternal diet and fl uid intake, a decrease in the amplitude of 
blood volume and fl uid shifts, controlling hypertension, and 
lowering the risk of hypotension. These recommendations 
have signifi cantly improved perinatal outcomes. Okundaye 
and colleagues34 reported a 2.2% incidence of conception with 
a 45.6% spontaneous abortion rate, 40.2% surviving infants 
with 5.7% stillbirth rate, and 2.8% neonatal death. The aver-
age gestational age at delivery was 32.4 weeks in this series. 
Other reported fetal complications include polyhydramnios, 
intrauterine growth restriction, premature preterm rupture of 
membranes, and preterm deliveries. Historically, the standard 
dialysis treatment was hemodialysis. Most reported series sug-
gest both peritoneal dialysis and hemodialysis with no major 
differences in morbidity. These reported series also suggest 
hemodialysis due to the ease of fl uid control and fewer com-
plications. Dialysis should be initiated as early as possible in 
pregnancy. To minimize solute and fl uid shift changes, con-
tinuous renal replacement therapy was introduced.34–40 There is 
no recommendation as yet with regard to continuous renal re-
placement therapy use. For fetal surveillance, we recom-
mend weekly visits at the time of fetal viability (24 weeks), 
fetal ultrasound scan every 4 weeks for growth assessment, 
weekly amniotic fl uid assessment if polyhydramnios is pre-
sent, frequent Doppler evaluation of umbilical and uterine 
arteries, and a weekly biophysical profi le beginning at 28 weeks 
of gestation.

PREGNANCY IN WOMEN WITH A RENAL 
ALLOGRAFT

In women of childbearing age with a functioning renal trans-
plant, the pregnancy rate has recently improved from 2% to 
5%.41 However, many aspects must be carefully considered 
before a conscious decision can be made in such conditions, 
considering both sides, that is, on the maternal side, the infl u-
ence that the pregnancy can have on renal graft outcome and 
maternal morbidity and, on the fetal side, the infl uence that 
the renal graft can have on fetal outcomes in both short and 
long term.

Maternal Effects
During pregnancy, hemodynamic, anatomical, and immuno-
logic changes all exert an effect on the renal allograft. Both 
increased glomerular fi ltration rate and renal blood fl ow oc-
cur during normal pregnancy as well as in pregnancies com-
plicated by a renal transplant and chronic renal disease.42 It 
has been suggested that this glomerular hyperfi ltration can 
cause progressive damage to the renal allograft and eventually 
to glomerular sclerosis.43 The short-term effects of this can be 
seen as increased proteinuria, especially in the last 3 months 
of pregnancy, and they resolve 3 months postpartum.43 Preg-
nancy, conversely, is a state of immunologic tolerance due to 
immunodepressant function of lymphocytes and fetal micro-
chimerism in the mother. This raises the concern of acute re-
jection as well as long-term worsening of the renal allograft. 
There is consensus that acute rejection during pregnancy and 
for 3 months postdelivery is similar to nonpregnant trans-
plant recipients.44 The incidence ranges from 3% to 14.5%.44

Risk factors for acute rejection are a high serum creatinine 
level at conception and changes in the immunosuppressive 
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Table 42-4 Modifi cations to Dialysis in Pregnancy

Dialysis Parameters Specifi c Considerations

Indications Severe refractory metabolic acidosis

Retention of toxins

Refractory hyperkalemia

volume overload

Dialysis frequency and procedure �20 hr/wk with 5–6 sessions/wk

Should be initiated when serum creatinine is 3.4–5.0 mg/dL or GFR �20 mL/min

A nonreusable biocompatible less teratogenic

Smaller surface area dialyzer can decrease ultrafi ltration rate during treatments

Urea, serum bicarbonate level, 
and electrolyte level

Maintain serum urea level �50 mg/dL

Low bicarbonate dialysate (25 mEq/L) because serum bicarbonate level decreased 
from 24–30 mEq/L to 18–21 mEq/L

Prevent hyperphosphatemia because it can affect fetal skeletal development

Anemia Exogenous erythropoietin needed, because therapeutic doses are higher in preg-
nancy

Observe for side effects of erythropoietin such as hypertension

Target hemoglobin 10–11 g/dL, hematocrit 30%–35%

Transfusion requirements may increase

IV iron may be needed; this is monitored by transferrin level (should be maintained 
�30%)

Nutritional consideration Proper weight gain for better outcome; recommend 1–1.25 kg total in fi rst trimester 
and 0.3 to 0.5 kg/wk in second and third trimesters

Need to increase supplementation of vitamins and folate because they are removed 
by dialysis

Avoid hypercalcemia; calciferol doses must often be reduced

Protein intake should be 1.8 g/kg/day

Serum albumin and transferin used to evalute protein status

Hemodynamics Avoid hypotension, fl uid fl uctuations, and volume changes to lessen the chance of fe-
tal hypoperfusion

Hypertension should be treated aggressively

Maternal diastolic blood pressure should be maintained at 80–90 mm Hg

Careful monitoring of maternal respiratory rate, oxygen saturation

Anticoagulation Increased dose of heparin to prevent clotting of dialysis lines because pregnancy is a 
hypercoagulable state

Data from references 34–40.

drug level. Diagnosis could require a renal biopsy due to the 
resemblance to other diseases such as preeclampsia. High 
doses of steroids are the fi rst-line treatment.

There are several medical problems in a pregnancy compli-
cated by a renal transplant. In this population, hypertension 
and preeclampsia are four times more frequent than in the 
general population.45 UTI is the most common complication 
during gestation in transplant recipients (19%–40%), particu-
larly in women with chronic pyelonephritis or ureteral refl ux 
as the primary cause of their renal disease.46 Keep in mind that 

UTI can be painless due to complete loss of nerve connection. 
This can lead to secondary complications such as rejection 
and papillary necrosis.47 Thus, preventive measures such as 
monthly urine culture screening are recommended.

With all these changes, renal function progression in trans-
plant recipients becomes a concern. Uncontrolled studies, 
mainly provided by international registries, demonstrated the 
persistent worsening of renal function in 15% of cases and 
graft loss within 2 years of pregnancy in 7% to 10% of women 
treated with cyclosporine and cyclosporine in emulsion and 
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tacrolimus.48,49 The majority of these studies suggested that at 
least two important criteria strongly affect long-term mater-
nal renal prognosis: the serum creatinine level at conception 
and the interval between transplantation and conception.

Pregnancy does not have a detrimental effect on renal func-
tion if serum creatinine at conception is less than 1.5 mg/dL. 
However, patients with serum creatinine more than 2 mg/dL 
are at risk of renal impairment progression and will require 
dialysis within 2 years after birth.45 Indeed, recipients with 
serum creatinine more than 2.5 mg/dL were three times more 
likely to have graft loss compared with patients with serum 
creatinine less than 1.5 mg/dL, as well as an increased rejection 
rate before (54 vs. 33%), during (13 vs. 2%), and after 

pregnancy (28 vs. 5%).45 As to the interval between transplan-
tation and conception, the important conclusion from the 
available studies is that the optimal interval for conception is 
more than 2 and less than 5 years post-transplantation. In fact, 
recipients who became pregnant less than 2 years after trans-
plantation experienced more frequent rejections and long-
term worsening in renal functionas well as worse fetal progno-
sis.50 However, too long an interval (�5 years) can have a 
deleterious effect on pregnancy outcome because of older ma-
ternal age and renal function deterioration over time.50 Thus, 
renal function, blood pressure, proteinuria, and adequate in-
terval from transplantation to conception are the most impor-
tant factors in predicting good maternal and graft outcomes.

Table 42-5 Recommendations for Management of Pregnancy in Kidney Transplant Recipients

From Stratta P, Canavese C, Giacchino F, et al: Pregnancy in kidney transplantation: Satisfactory outcomes and harsh realities. J Nephrol 
2003;16:792–806.
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Another major concern is the impact of a renal transplant 
on maternal mortality. It is estimated that 10% of renal trans-
plant patients die within 7 years of pregnancy and 50% within 
15 years.

Fetal Effects
These pregnancies have several perinatal complications including 
intrauterine growth restriction (20%–30%), prematurity (40%–
60%), perinatal mortality, neonatal death (10-fold more than 
general population), congenital malformations, and long-term 
developmental effects. As for long-term effects, there are few data 
on long-term effects on offspring and pediatric follow-up is 
scarce. Stanley and colleagues51 reported during a follow-up pe-
riod of 4 months to 12 years among 175 children of 133 women 
on steroids plus cyclosporine, 29 children (16%) had delayed 
development or at the age of 5 to 12 years, 10 (14%) needed edu-
cational support and eight (11%) required medication for atten-
tion-defi cit/hyperactivity disorder.

Based on the described maternal and fetal outcomes, there 
should be a multidisciplinary team approach used in these 
pregnancies with very close follow-up before conception, dur-
ing pregnancy, and in the postpartum period (Table 42-5). 
Cesarean delivery is only recommended for obstetric indica-
tions. However, studies have shown more frequent cesarean 
deliveries in women with a transplant, ranging between 25% 
and 80%.

All women of childbearing age with a renal transplant should 
have prepregnancy counseling. Generally, women with chronic 
renal disease should plan a pregnancy before the serum creati-
nine level reaches values greater than 2 mg/dL and with well-
controlled blood pressure and minimal protein. If the serum 
creatinine is more than 2 mg/dL, women might consider delay-
ing pregnancy until after transplantation. Post-transplantation, 
all women should be advised to use an effective contraceptive 
method for at least 1 year. Fertility and ovulation usually return 
to normal as of the fi rst month after transplantation. The use of 
intrauterine devices is discouraged due to risk of infection. Low-
dose birth control pills are recommended.
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Although few children are affl icted with serious renal disease, 
a wide variety of nephrologic problems may present in child-
hood. Many of these same problems may also be found in 
adults, but in children, there are often signifi cant differences 
in the etiology, the approach to diagnostic evaluation, and 
therapy. Moreover, the low incidence of pediatric renal disease 
has often precluded the execution of large controlled studies 
to provide evidence-based assessments of specifi c treatments. 
As a result, many therapies in children are either empiric or 
based on experiences drawn from treating adults. An addi-
tional distinguishing and important feature of the approach 
to therapy in the child is the need to consider the effect of any 
intervention on the child’s ongoing physical and cognitive 
development. In this chapter, many of the more common re-
nal conditions in children are discussed, with particular atten-
tion to the aspects of management or therapy most germane 
to the pediatric patient that may contrast with the approach to 
the adult patient with a similar problem.

PROTEINURIA

As a common and readily detected sign of renal disease, pro-
teinuria often triggers a diagnostic evaluation for signifi cant 
underlying renal pathology. As with adults, all children excrete 
a small amount of protein daily in their urine. Normal param-
eters are related to both size and age, and, as a general rule, 
children younger than 10 years of age rarely excrete more than 
100 mg of urinary protein per day.1 In older children and ado-
lescents, urinary protein excretion can increase to as much as 
the 150 to 200 mg/day threshold considered normal in adults.2

In most children, proteinuria is asymptomatic and detected as 
part of a general examination during which a random sample 
of urine is assayed by a qualitative colorimetric test strip. 
In urine samples in which a more precise estimation of pro-
tein excretion is needed, a urinary protein-to-creatinine ratio 

can prove more useful and has been demonstrated to be an 
accurate method for assessing daily protein excretion in chil-
dren.3 A ratio less than 0.5 in a child younger than 2 years old 
or less than 0.2 in an older child is considered normal. These 
ratios can be followed to assess changes in proteinuria over 
time and have, for the most part, replaced routine 24-hour 
urine collections, which are often cumbersome to collect and 
inaccurate in pediatric patients.

Isolated proteinuria is a relatively common fi nding in chil-
dren. As reported in several studies, mass screening of school-
children for proteinuria points to a prevalence between 5% 
and 10%.4,5 Proteinuria appears to be more common in ado-
lescence than early childhood. Most proteinuria in childhood 
is transient and not indicative of renal disease. When nearly 
9000 schoolchildren in Helsinki were followed for 1 year with 
intermittent urine samples, 10% were found to have protein-
uria more than 1� on urinary dipstick on an initial screen.6

Only 2.5% were found to have persistent proteinuria on one 
of an additional three follow-up collections. Similarly, in a 
large survey done in pediatric offi ce practice, only 10% of 
children initially found to have proteinuria on dipstick still 
manifested proteinuria 1 year later.4 Such studies have called 
into question the utility of regular urinary screenings to detect 
early kidney disease because, in the vast majority of asymp-
tomatic children, any detected abnormality tends to clear 
spontaneously.

Transient proteinuria often accompanies stress, acute fe-
brile illness, or exercise. Such isolated proteinuria is thought 
to be most likely mediated by intrarenal hemodynamic 
changes, decreasing renal plasma fl ow out of proportion to 
glomerular fi ltration rate (GFR) and enhancing the concen-
tration gradient of protein into Bowman’s space.7 There is no 
long-term residual renal damage with transient proteinuria, 
and these children do not require a diagnostic evaluation.

With persistent proteinuria, fi xed proteinuria should be dis-
tinguished from orthostatic proteinuria. With fi xed proteinuria, 
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every urine sample has signifi cant proteinuria; with orthostatic 
proteinuria, protein excretion is linked to body position. 
Thus, with orthostatic proteinuria, abnormally high rates 
of protein excretion occur while the child is upright or ambula-
tory and normal protein excretion ensues when the child 
is recumbent. The mechanism of orthostatic proteinuria is 
thought to arise from an enhanced renal sensitivity to the 
normal hemodynamic and hormonal alterations that occur with 
changes in position, resulting in enhanced glomerular protein 
permeability.8

Orthostatic proteinuria is quite common and accounts for 
as much as two thirds of pediatric proteinuria, especially in 
adolescents. Generally, in orthostatic proteinuria, excretion of 
urinary protein is less than 1 g/day.5,6 Many children go on to 
clear their postural proteinuria with time, but some may al-
ways demonstrate orthostatic proteinuria. Most follow-up 
studies of individuals found to have postural proteinuria 
point to no increased incidence of long-term renal disease as 
long as the proteinuria is an isolated fi nding and not accom-
panied by hematuria, an active urinary sediment, or hyperten-
sion.9 However, some patients with orthostatic proteinuria 
followed for more than 35 years did demonstrate late-onset 
renal insuffi ciency.10

With persistent nonorthostatic proteinuria, a diagnostic 
evaluation usually ensues to rule out any underlying glomeru-
lar or renal parenchymal disease. With increasing daily excre-
tion of urinary protein of more than 1 g in the adolescent or 
more than 600 mg/m2 in the younger child, there must be an 
increased index of clinical suspicion that there may be more 
serious ongoing renal disease, and these children often pro-
ceed to renal biopsy.11

In children with lower grade fi xed isolated proteinuria, the 
majority exhibit no evidence of progressive renal disease. 
Most of these children demonstrate normal or nonspecifi c 
changes on renal biopsy. However, some children will have 
evidence of focal segmental glomerulosclerosis on renal bi-
opsy.12,13 These children often have higher levels of protein-
uria that may exceed nephrotic range over time and nearly 
50% progress to end-stage renal disease (ESRD). Thus, in 
children with any element of fi xed proteinuria, there should 
be long-term follow-up to monitor the degree of proteinuria 
and to assess for the development of hematuria, hypertension, 
or renal insuffi ciency.

The diagnostic evaluation of the child with proteinuria is 
best done in phases (Box 43-1). The evaluation is focused on 
confi rming and quantifying proteinuria, distinguishing fi xed 
proteinuria from orthostatic proteinuria, and identifying 
whether the proteinuria is isolated or whether there are ac-
companying clinical signs or symptoms suggestive of in-
creased likelihood of renal disease. The child who has protein-
uria as part of the nephrotic syndrome should be considered 
separately because the evaluation, as well as the management 
and prognosis, varies.

NEPHROTIC SYNDROME

Because of the overwhelming preponderance of minimal 
change disease as the cause of nephrosis in the prepubertal 
child (Table 43-1), the initial evaluation and management 
of nephrotic syndrome in children differ from the approach 

for adults.14 It is much less likely for children to undergo 
an extensive initial laboratory evaluation or a renal biopsy 
and much more likely for them to be placed on empiric 
steroid therapy. Moreover, the vast majority of children 
with nephrotic syndrome eventually outgrow this as a re-
current problem, with no long-term compromise of renal 
function.15

Nephrotic syndrome in children is characterized by mas-
sive proteinuria exceeding 50 mg/kg/day or 40 mg/m2/hr. Se-
rum albumin levels will be less than 2.5 g/dL and may often be 
profoundly depressed (�0.5 g/dL). Edema may be quite prob-
lematic, especially at presentation or during protracted re-
lapses. Hyperlipidemia may also be quite pronounced, espe-
cially in light of normal pediatric cholesterol levels rarely 
exceeding 180 mg/dL.

In children younger than 16 years of age, the annual inci-
dence of nephrotic syndrome is 2 per 100,000, with a cumula-
tive prevalence of just less than 20 per 100,000.16 Presentation 
in the fi rst year of life is uncommon and especially in the fi rst 
3 months of life should raise the suspicion of congenital ne-
phrotic syndrome, a condition quite unlike minimal change 
nephrosis both in its cause and long-term prognosis.14 Typi-
cally, most children with nephrosis present between 2 and 6 
years of age, and in younger children, there is up to a 2:1 ratio 
of affected boys to girls.17 In older children and adolescents 

Phase 1
Reconfi rm proteinuria in random urine sample
Microscopic urinalysis to assess for red or white blood 

cells, casts, or crystals
Focused history and physical examination: urinary tract 

infection, family history of renal disease, growth pa-
rameters, blood pressure, presence of edema or rash

Phase 2
Serum creatinine
Assess for postural proteinuria by comparing proteinuria in 

fi rst morning urine sample with random void later in day
If postural proteinuria confi rmed with normal renal function, 

no further evaluation. Child needs annual follow-up

Phase 3
Quantitate proteinuria with urinary protein-to-creatinine 

ratio or timed collection
Other blood work as clinically indicated: albumin, cho-

lesterol, antinuclear antibody, serologies
Renal ultrasonography
Consider voiding cystourethrography if ultrasonography 

suggests refl ux or scarring

Phase 4
Consider renal biopsy if active urinary sediment, signifi -

cant microhematuria or macrohematuria, fi xed protein-
uria that is exacerbating or .600 mg/m2/day, hyper-
tension, renal insuffi ciency, or family history of end-stage 
renal disease

Box 43-1 Diagnostic Evaluation of Asymptomatic Proteinuria 
in the Child
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who present with nephrotic syndrome, this ratio is closer to 
1:1.18 There appear to be racial differences in the virulence of 
nephrotic syndrome in children. For instance, in North Amer-
ica, data suggest that African American and Hispanic children 
are more likely to have steroid-resistant disease that progresses 
to end-stage renal failure.19

Minimal Change Disease
The typical child with minimal change disease presents fol-
lowing a nonspecifi c viral illness. Many children are fi rst 
brought to medical attention because of periorbital edema, 
and it is quite common to elicit a history that the child has 
been given diphenhydramine for “allergies,” but the edema has 
not abated. Clinically, minimal change disease can be distin-
guished from nephritis or other chronic glomerulopathies by 
the absence of signs or symptoms consistent with glomerular 
infl ammation. Thus, it is quite uncommon to see a child with 
minimal change disease present with macroscopic hematuria, 
severe hypertension, or azotemia.14 Pertinent clinical charac-
teristics and their frequency in minimal change disease are 
outlined in Table 43-2.

In a prepubertal child with nephrosis, normal blood pres-
sure, nonnephrotic urinary sediment, and normal renal func-
tion, the presumed diagnosis is minimal change disease, and 
empiric steroid therapy is indicated. Most pediatric centers 
start such children on prednisone 60 mg/m2/day or its equiva-
lent to a maximum dose of 80 mg/day. The steroid dose may 
be given in one total daily dose or divided according to local 
practice or parental preference. Most children with minimal 
change disease respond to steroid therapy within 2 weeks, and 
more than 90% of children who are steroid responsive re-
spond by 4 weeks of daily steroid therapy.20 Lack of response 
to oral steroids after 6 to 8 weeks of daily therapy should 
prompt reassessment of the treatment regimen and may call 
for renal biopsy.

Treatment lengths vary for the child who presents with 
presumed minimal change disease, but there is evidence to 
suggest that an initial 3- to 4-month steroid regimen combin-
ing daily and then alternate-day therapy may result in fewer 
relapses.21 A typical regimen for a newly diagnosed case of 
pediatric nephrosis would be prednisone 60 mg/m2/day for 

4 weeks. If remission has yet to be achieved, this dose would 
be continued for as much as an additional 4 weeks. If remis-
sion is achieved, then after 4 weeks of daily therapy, predni-
sone would be tapered to 40 mg/m2 on alternate days for 1 to 
2 months, and then the dose tapered by 10 mg/m2 every 1 to 
2 weeks over the next 1 to 2 months.

In relapses, daily steroid therapy at a dose of 60 mg/m2/day 
is often used until remission is induced, and then a tapering 
steroid course is initiated over weeks to months depending on 
the patient’s individual history. With frequent relapses, long-
term use of low-dose alternate-day therapy in the range of 
10 to 15 mg/m2 may actually reduce overall steroid burden by 
sustaining remission and minimizing exposure to daily high-
dose steroid therapy.

Minimal change disease in children is a relapsing condi-
tion. Less than 20% of affected children have only one epi-
sode of nephrosis, whereas nearly 50% frequently relapse, 
with three or more relapses within 6 months of presenta-
tion.22 Between 30% and 40% of children become steroid 
dependent, having relapses while still being treated with ste-
roids or within 2 weeks of concluding steroid therapy. Se-
quelae of steroid therapy are common and include hyperten-
sion, loss of bone density, cataracts, gastritis, emotional 
lability, and increased susceptibility to infection. An adverse 
effect of chronic steroid use of particular concern in children 
is growth impairment. A child’s somatic growth must be 
monitored quite closely and standardized growth charts used 
to assess growth velocity.

The development of signifi cant steroid sequelae is the most 
common impetus for consideration of alternative drug therapy 
in minimal change disease. Most commonly, alkylating agents 
such as cyclophosphamide and chlorambucil are used. A daily 
dose of cyclophosphamide 2 to 3 mg/kg for 8 to 12 weeks to a 
cumulative dose of 168 mg/kg has proved quite effective.23,24

Nearly 70% of steroid-sensitive children are in remission for at 
least 1 year and 40% remain in a sustained remission for 
at least 5 years.23 Alkylating agents seem most effi cacious in 
steroid-sensitive children who have frequent relapses but are 
somewhat less effective in inducing long-term remission in 
children with steroid-dependent disease.25 Cyclophosphamide 

Table 43-1 Etiology of Nephrotic Syndrome in Children Who 
Had a Biopsy at Presentation

Histologic Category Frequency (%)

Minimal change 77

Focal and segmental glomerulosclerosis 9

Membranoproliferative glomerulonephritis 7

Other or unclassifi ed 5

Mesangial proliferative glomerulonephritis 2

Based on data from International Study of Kidney Disease in Chil-
dren: Nephrotic syndrome in children: Prediction of histopathology 
from clinical and laboratory characteristics at time of diagnosis. 
Kidney Int 1981;13:159–165.

Table 43-2 Frequency of Clinical Characteristics in Pediatric 
Nephrosis at Presentation

Clinical 
Characteristic

Minimal Change 
(%)

Focal Sclerosis 
(%)

Age � 6 yr 80 50

Male gender 60 70

Hypertension 20 50

Microhematuria 25 50

Increased serum 
creatinine

30 40

Based on data from International Study of Kidney Disease in Chil-
dren: Nephrotic syndrome in children: Prediction of histopathol-
ogy from clinical and laboratory characteristics at time of diagno-
sis. Kidney Int 1981;13:159–165.
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has also been shown to be effective in converting approxi-
mately one third of children with steroid-resistant disease to 
steroid responsiveness.26,27 In steroid-sensitive children, these 
agents seem to work best if given while the child is in remission 
and on concomitant steroid therapy.

There are multiple toxicities associated with the use of al-
kylating agents. Acutely, bone marrow suppression is common, 
and patients must be monitored for leukopenia. Other acute 
toxicities include alopecia, gastrointestinal discomfort, and 
hemorrhagic cystitis. With chlorambucil, there is also a small 
risk of idiosyncratic seizures. Longer term complications in-
clude dose-related gonadal toxicity and concerns regarding 
future malignancies, although no direct data exist linking 
alkylating agent use in nephrotic children with increased rates 
of future malignancies.

In children with particularly recalcitrant minimal change 
disease, calcineurin inhibitors such as cyclosporine may in-
duce remission.28–30 An initial dose of 6 mg/kg/day divided 
into two doses often induces and sustains a remission, and 
most children with minimal change disease can be weaned off 
steroid therapy and steroid sequelae will improve. After a pe-
riod of remission, cyclosporine may be tapered or discontin-
ued. If relapses occur, the child may be placed back on steroids 
to see whether the nephrotic syndrome now follows a less re-
lapsing and more steroid-sensitive course or, if necessary, 
placed back on cyclosporine therapy. Cyclosporine levels need 
to be monitored closely and changes in renal function care-
fully assessed. Some children on long-term cyclosporine ther-
apy with increasing serum creatinine values may require in-
terval renal biopsies to assess for histologic changes compatible 
with cyclosporine-induced nephrotoxicity. Interestingly, cy-
closporine-associated arteriopathy seems to recede after cessa-
tion of cyclosporine in children with nephrotic syndrome, 
whereas tubulointerstitial changes and focal glomerular 
lesions do not regress.31

In an attempt to prolong remission and to spare overall 
steroid burden, multiple medications have been used as ad-
junctive therapy in minimal change disease. Levamisole, an 
anthelminthic immunostimulant, appears to be benefi cial in 
maintaining remissions.32,33 Levamisole is generally given 
orally concurrently with tapering doses of steroids over the 
course of many months to several years. Unlike the alkylating 
agents, levamisole does not seem to have as dramatic an effect 
on the natural history of minimal change disease, and chil-
dren who had frequent relapses tend to begin to have relapses 
more frequently again after levamisole therapy is discontin-
ued. Although widely used in parts of Europe and Asia, the 
drug has been employed less commonly in North America due 
to problems with its availability and clinician inexperience 
with its prescription. Adverse effects are rare with levamisole 
therapy but include agranulocytosis, liver function abnor-
malities, and an antineutrophil cytoplasmic antibody–positive 
vasculitis syndrome after protracted therapy.34

Azathioprine and, more recently, mycophenolate mofetil 
(MMF) have also been used as steroid-sparing agents. Al-
though there is no indication that azathioprine is advanta-
geous as monotherapy, its concurrent use with steroids may 
allow tapering of steroids to low enough doses to ameliorate or 
preclude steroid sequelae.35 There have been several case re-
ports or small series of children with minimal change disease 
treated with MMF. In the largest multicenter study, 32 children 
with frequently relapsing nephrotic syndrome were treated 

with MMF 600 mg/m2 (maximal dose 1 g) twice daily for 
6 months.36 For the fi rst 16 weeks of MMF therapy, steroids 
were also provided at 1 mg/kg on alternate days for the fi rst 
8 weeks and then 0.5 mg/kg on alternate days for weeks 9 to 
16. Persistent remission was seen in 24 children (75%) during 
MMF therapy. After MMF was discontinued, eight children 
remained in a sustained remission off all therapy, with follow-
up ranging from 18 to 30 months.

Most children with minimal change disease eventually out-
grow their disease and by early adulthood are in long-term 
remission and considered cured. These children do not appear 
to be at increased risk of other renal disease or of developing 
functional renal impairment. Early follow-up studies identifi ed 
that nearly 15% of affected children may continue to have re-
lapses as adults.15 Newer longitudinal data from two large pe-
diatric centers point toward as many as one third of adults with 
a history of pediatric minimal change disease having at least 
one relapse of nephrosis as an adult.37,38 Most often, the re-
lapses are infrequent and continue to follow a steroid-sensitive 
pattern.

Focal Segmental Glomerulosclerosis
Approximately 10% to 15% of prepubertal children with 
nephrotic syndrome have focal segmental glomerulosclerosis 
(FSGS). This incidence increases to more than one third of 
affected adolescents.39 The median age at onset of FSGS is 
6 years, and, similar to minimal change disease, there seems 
to be a male gender predisposition in young children. Most 
affected children present acutely with nephrotic syndrome, 
but nearly one fourth can present initially with asymptomatic 
proteinuria. Children with FSGS are more likely to manifest 
microhematuria, hypertension, and renal insuffi ciency at 
presentation than children with minimal change disease14

(see Table 43-2).
Almost all children with FSGS are likely to have the idio-

pathic or primary form. Renal biopsy reveals focal involve-
ment, with some areas of the kidney appearing absolutely 
normal and other areas showing segmental capillary collapse, 
mesangial matrix proliferation, and frank sclerosis.40 The 
same histology may be seen in secondary FSGS, in which focal 
glomerular disease arises as a result of a concomitant renal 
insult, a nephrotoxin, or systemic disease such as refl ux ne-
phropathy, heroin-induced nephropathy, or human immuno-
defi ciency virus.41

The clinical course of idiopathic FSGS in children is often 
characterized by steroid-resistant disease. Although as many 
as one third of children with FSGS respond to an 8-week trial 
of oral steroids, many initial responders later go on to become 
steroid unresponsive.42 With steroid-unresponsive disease, 
there are few data to suggest that an oral alkylating agent by 
itself is likely to have a benefi cial effect; in fact, one study com-
paring alternate-day steroid therapy with alternate-day ste-
roids and cyclophosphamide found equivalent remission 
rates.43 Children who do show sensitivity to initial oral ther-
apy with steroids or alkylating agents are more likely to have 
less aggressive disease and may follow a course with few re-
lapses or with sustained remissions.44,45

In children with FSGS who do not respond to initial therapy, 
more aggressive immunosuppressive regimens have met with 
some success in inducing partial or complete remission. Unfor-
tunately, evaluation of treatment effi cacy and comparison of 
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treatment approach have been complicated by the lack of 
randomized or well-controlled studies in children with this 
disease. Many clinicians now use a 10-week induction course of 
frequent pulse intravenous methylprednisolone and concomi-
tant oral prednisone to achieve a remission and then attempt to 
maintain a remission with continued oral steroids and less fre-
quent intravenous pulses.46 Initial treatment failure or any im-
provement with relapse leads to reinduction and the addition of 
a 3-month course of oral cyclophosphamide. In some reports, 
nearly three fourths of children achieve a long-term partial or 
complete remission of their FSGS following this type of proto-
col.47 Other reports have demonstrated considerably less long-
term effi cacy and have also raised the issues that black children 
may not respond as well to such treatment and that there 
may be serious clinical complications that arise related to the 
high-dose steroids and the potential for repeated courses of 
alkylating agents.48,49

Cyclosporine has also been shown capable of inducing a 
partial or complete remission in many children with FSGS.50–52

Doses of 5 to 6 mg/kg in one single daily dose or divided into 
two equal daily doses have been used. Although this ap-
proach avoids many of the sequelae of therapy with high-
dose steroids or alkylating agents, children with FSGS who 
respond to cyclosporine almost always have a relapse if cy-
closporine therapy is withdrawn and thus remain cyclospo-
rine dependent. As a result, some children treated with cy-
closporine are at risk of developing long-term nephropathy 
due to chronic exposure to calcineurin inhibitors.53 Conse-
quently, attention to cyclosporine levels and serum creati-
nine must be part of the regular follow-up, and some pa-
tients may require intermittent renal biopsy to assess possible 
drug nephrotoxicity. There are data to suggest that children 
with FSGS who are treated with cyclosporine may have a less 
rapid progression to ESRD, with one trial demonstrating 
only one fourth of cyclosporine-treated patients progressing 
to ESRD within 5 years of diagnosis compared with more 
than three fourths of historical controls who had been ste-
roid and cyclophosphamide resistant.54

In children resistant to cyclosporine, tacrolimus therapy 
may also be benefi cial. In a report of 16 Canadian children 
with steroid- and cyclosporine-resistant nephrosis, 13 with 
confi rmed FSGS on biopsy, 13 went into a complete remission 
and 2 went into a partial remission after a mean of 2 months 
on tacrolimus therapy.55

Many clinicians have begun to use angiotensin-converting 
enzyme (ACE) inhibitors or angiotensin receptor blockers as 
adjunctive therapy in children with FSGS.56,57 These agents 
decrease glomerular fi ltration through their interaction with 
the homeostatic mechanisms involved with maintaining glo-
merular perfusion. As a result of the decrease in GFR, there is 
concomitantly less proteinuria. Although serum albumin lev-
els may increase with the decreased proteinuria, they do not 
generally become normal in children with FSGS. However, the 
decreased proteinuria and the alteration in glomerular hemo-
dynamics are thought to be benefi cial in decreasing the rate of 
glomerulosclerosis.

Similar to the experience with minimal change disease, 
there are limited data as to the utility of therapy with MMF in 
FSGS.58,59 Some reports point toward its effi cacy in children 
with FSGS who have been unresponsive to oral steroids or 
a combination of oral steroids and alkylating agents. It is often 
used in combination with ACE inhibitors or angiotensin 

receptor blockers to see whether there is a synergistic effect on 
reducing proteinuria.

A multicenter trial of therapy in pediatric FSGS is now 
ongoing, comparing a regimen of cyclosporine, alternate-day 
steroids, and angiotensin blockade with a second regimen us-
ing MMF, alternate-day steroids, and angiotensin blockade. 
Other therapies reported successful in very small numbers of 
children include plasmapheresis and the use of the anti-CD 20 
receptor monoclonal rituximab, but more data are needed to 
substantiate the effi cacy of either approach. Unlike the uni-
formly excellent long-term prognosis seen in minimal change 
disease, a substantial number of children with FSGS manifest 
eventual renal insuffi ciency. Approximately one fourth of af-
fected children reach ESRD as early as 5 years after disease 
onset.60 Pediatric registry data confi rm that FSGS is the most 
common glomerular disease leading to renal replacement 
therapy in children.61

In children undergoing renal transplantation for FSGS, 
recurrent disease may commonly be seen, often in the im-
mediate postoperative period. Although recurrent disease can 
be treated successfully, generally using a combined approach 
of plasmapheresis and intensifi cation of immunosuppres-
sion, there is accelerated graft loss in recurrent FSGS, and the 
usual graft survival advantage seen with kidneys donated 
from living donors is lost in children with FSGS who undergo 
transplantation.62

The cause of idiopathic FSGS in children is unknown. 
However, in many children with FSGS, a circulating lympho-
kine has been isolated that increases the albumin permeability 
of perfused rat glomeruli in vitro.63 Some children with recur-
rent FSGS after renal transplantation appear to manifest more 
permeability in this assay, leading to speculation that they may 
have a more virulent circulating factor. The ability to induce a 
remission with the use of therapies aimed at immunomodula-
tion and lymphokine removal, such as pheresis, also seems to 
support the role of some systemic factor in this disease.64

Recent genetic studies in children with FSGS point toward 
both an autosomal dominant and autosomal recessive mode 
of inheritance in some children with steroid-resistant dis-
ease.65–68 These studies arose initially from the observation 
that although nephrotic syndrome is rare in the sibling of an 
affected child, in those cases of apparent familial nephrosis, 
steroid-unresponsive FSGS was the common lesion. Unlike 
idiopathic FSGS, this form of the disease is less likely to re-
spond to any immunomodulatory therapy and also unlikely 
to recur in a renal allograft. As the molecular genetics of this 
condition continue to be discerned, it may lead to an ability to 
screen children with nephrotic syndrome and avoid exposure 
to unnecessary and potentially toxic drug therapies in chil-
dren with certain genotypes. Currently, most pediatric ne-
phrologists advise genetic screening for children with steroid-
resistant FSGS or a family history of consanguinity or 
previously reported nephrosis.

Congenital Nephrotic Syndrome
Congenital nephrotic syndrome is a rare condition generally 
diagnosed in the initial months of life. Although prenatal 
diagnosis has been reported as a result of alterations in 
amniotic fl uid volume and protein content, infants may 
also present with edema and the associated proteinuria 
and hypoalbuminemia are then discerned. The etiology of 
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congenital nephrotic syndrome generally follows one of 
three subtypes: (1) related to intrauterine or congenital in-
fection, (2) related to diffuse mesangial sclerosis (DMS) as 
part of Denys-Drash syndrome or as an isolated mutation in 
the WT1 gene, or (3) related to a defect in the podocyte pro-
tein nephrin as part of a mutation in the NPHS1 gene com-
monly referred to as Finnish-type congenital nephrotic syn-
drome (CNF). A recent review of 89 European children with 
infantile nephrosis (presentation at younger than 1 year of 
age) confi rmed that genetic mutations can be detected in 
two thirds of affected families, and in the children with con-
genital nephrosis in this cohort, 85% had NPHS1 mutations 
linked to CNF.69

History and physical examination often help guide the 
initial diagnostic evaluation, and renal biopsy can provide a 
defi nitive histologic diagnosis. Congenital infections such as 
syphilis can be excluded with negative TORCH titers (a panel 
antibody screen for toxoplasmosis, syphilis, rubella, cyto-
megalovirus, and herpesvirus) and the absence of early rash, 
jaundice, or hepatosplenomegaly in the infant. In the ex-
tremely rare instance of congenital infection, treatment of the 
underlying infection should lead to resolution of nephrosis. 
With other forms of congenital nephrotic syndrome, the long-
term renal prognosis is guarded and most of these children 
inevitably progress to ESRD.

DMS may be isolated or related to Denys-Drash syndrome 
with associated pseudohermaphroditism and Wilms’ tumor. 
Mutations in the WT1 gene, a transcription factor that plays a 
key role in normal development and function of the urogeni-
tal tract, are associated with Denys-Drash syndrome.70 Abnor-
malities in WT1 are well described in Wilms’ tumor and other 
urogenital anomalies, but its exact role as a mediator of glo-
merular pathology in DMS is unclear.

Detection and appropriate resection and follow-up of 
Wilms’ tumor or other urogenital malignancy are critical 
components of the care of an infant with DMS due to Denys-
Drash syndrome. Other therapy is aimed at management of 
the sequelae of nephrosis-range proteinuria and may involve 
frequent infusion of 25% albumin, intensive nutritional ther-
apy, and other supportive care. Children with DMS may have 
slower progression of their renal insuffi ciency than children 
with CNF and may have less profound protein losses, making 
their management somewhat less complex and more open to 
options such as unilateral nephrectomy or the use of high-
dose ACE inhibitors or prostaglandin inhibitors to decrease 
glomerular fi ltration and overall protein losses in the urine to 
more acceptable levels.71

Renal transplantation is the ultimate treatment for 
children with DMS. Most children do well after transplanta-
tion without disease recurrence.72 Because of concerns re-
garding an incomplete Denys-Drash syndrome, even in 
children with apparently isolated DMS, bilateral nephrec-
tomy at the time of transplantation or onset of ESRD is 
recommended.73

CNF is an autosomal recessive disorder most common 
in, but not exclusive to, people of Finnish heritage. It 
results from genetic mutations in the NPHS1 gene that en-
codes for nephrin, an adhesion protein exclusively expressed 
in the podocyte and a main component of the slit dia-
phragm.74 The exact mechanism of nephrosis due to neph-
rin anomalies remains unclear. If there is no family history 

of CNF, it may be suspected in an infant with congenital 
nephrotic syndrome and none of the manifestations of De-
nys-Drash syndrome. Infants with CNF are often born pre-
maturely and have a large placenta, weighing more than 
25% of the infant’s birth weight.73 There is often elevated 
maternal serum or amniotic fl uid alpha fetoprotein in the 
absence of neural tube defects or other structural abnor-
malities.75

Infants with CNF are at signifi cant risk of morbidity and 
mortality if not treated aggressively for the sequelae of their 
nephrosis (Box 43-2).76 They must receive intravenous al-
bumin and diuretics to manage edema and are at profound 
risk of sepsis and thrombosis due to loss of immunoglobu-
lin and coagulation factors in the urine. Signifi cant im-
provement in long-term outcome has been accomplished by 
intensive medical support through early infancy until the 
child reaches 6 to 9 months of age, at which point bilateral 
nephrectomy can be performed and peritoneal dialysis ini-
tiated for several months until the child reaches an appro-
priate size for renal transplantation. Some infants may need 
to be nephrectomized earlier in infancy if they have life-
threatening infections, severe thrombotic events, or failure 

Box 43-2 Management of Congenital Nephrotic Syndrome 
in Early Infancy

Based in part on recommendations and data outlined by Holm-
berg C, Antikainen M, Ronnholm K, et al: Management of con-
genital nephrotic syndrome of the Finnish type. Pediatr Nephrol 
1995;9:87–93.
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to thrive despite intensive therapy aimed at minimizing 
these complications.77

Long-term neurodevelopmental and renal allograft out-
come is quite good in children with CNF managed in this 
fashion.78 In a subset of children, there can be recurrent pro-
teinuria within a year after renal transplantation that may 
progress and cause renal allograft loss.79 This posttransplanta-
tion proteinuria appears to be related to the extent of the ini-
tial nephrin mutation and whether the child has immuno-
logically encountered nephrin before renal transplantation. In 
the absence of native nephrin, as seen with some CNF muta-
tions, there may be production of antinephrin antibodies and 
ensuing damage to the slit diaphragms and podocytes of the 
transplanted kidney.80 Some children with recurrent protein-
uria have been successfully treated with plasmapheresis or the 
addition of cyclophosphamide to their immunosuppressive 
regimen.78

HEMATURIA

Despite its rare association with malignancy or a renal condi-
tion that is progressive or requires treatment, the presence of 
blood in a child’s urine sample often provokes signifi cant 
anxiety and requires a thoughtful, cost-effective evaluation. 
The increased availability and use of very sensitive urinary 
dipsticks for screening has facilitated the identifi cation of 
children with microhematuria.

In general pediatric practice, isolated microscopic hema-
turia is now a relatively frequent fi nding, with an overall 
prevalence rate of 1.5% of asymptomatic children screened. 
In a 5-year prospective study of hematuria in 12,000 school-
children between the ages of 6 and 12 years, the prevalence 
was as high as 3.3% when hematuria was defi ned as fi ve or 
more erythrocytes per high-power microscopy fi eld occur-
ring in at least two of three consecutive urine samples.81 He-
maturia frequency increased steadily with advancing age and 
was found more often in girls. In a Finnish study of nearly 
9000 healthy children, 4.2% had more than six erythrocytes 
per high-power microscopy fi eld.82 However, this number 
decreased to 1.1% when hematuria was defi ned as occurring 
in two or more specimens. Of note, the number of children 
with isolated microscopic hematuria in these studies is dis-
proportionately large compared with the number of children 
who have serious functional kidney disease or a threatening 
anatomic anomaly, suggesting that the majority of children 
with microhematuria have benign or self-limited conditions.

Gross hematuria occurs far less frequently in children than 
microhematuria. The frequency of gross hematuria in a pedi-
atric emergency department over a 24-month period was 
0.13% of all patient encounters.83 Urinary tract infection 
(UTI) was documented or suspected in 49% of these cases. 
The combined diagnoses of perineal irritation, meatal steno-
sis, and trauma accounted for an additional 25% of cases. 
Apparent glomerular disease accounted for only 9% of cases 
of gross hematuria. At the time of this study, it was not rou-
tine to screen for hypercalciuria in children. In a later study, 
43% of children presenting with gross hematuria were found 
to be hypercalciuric.84 Thus, it is likely that a signifi cant num-
ber of these children may also have had excessive urinary 
calcium excretion.

Cause and Evaluation

The differential diagnosis of pediatric hematuria is large 
(Box 43-3). The ability to localize the source of hematuria 
greatly facilitates further evaluation. Urine that is tea- or cola-
colored with concomitant proteinuria suggests glomerular 
pathology. Urine that is red or pink and is associated with 
clots or dysuria is most consistent with lower urinary tract 

Renal Parenchymal Disease
Glomerular

Inherited
Benign familial hematuria
Alport’s syndrome

Primary
IgA nephropathy
Focal segmental glomerulosclerosis
Membranoproliferative glomerulonephritis
Membranous glomerulonephritis

Systemic
Hemolytic uremic syndrome
Henoch-Schönlein purpura
Systemic lupus erythematosus
Wegener’s granulomatosis
Microscopic polyarteritis
Goodpasture’s syndrome

Infectious
Poststreptococcal glomerulonephritis
Hepatitis B–associated glomerulonephritis
Shunt nephritis
Subacute bacterial endocarditis

Tubulointerstitial
Inherited

Polycystic kidney disease
Juvenile nephronophthisis
Cystinosis
Oxalosis
Tuberous sclerosis

Acquired
Hypercalciuria
Nephrotoxic drugs
Interstitial nephritis
Renal transplant rejection

Vascular
Renal vein thrombosis
Renal artery thrombosis
Sickle cell disease

Urinary Tract Disorders
Nephrolithiasis
Urinary tract infection
Urethritis
Trauma

Coagulation Disorders
Anticoagulant use
Hemophilia
Thrombocytopenic purpura

Box 43-3 Causes of Childhood Hematuria
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bleeding. Phase-contrast microscopy allows assessment of 
urinary erythrocyte morphology and the presence of red cell 
casts is pathognomonic of glomerular hematuria. Hematuria 
in urine samples from a parent or sibling points to an inher-
ited etiology. Crystalluria may connote abnormal solute excre-
tion predisposing to nephrolithiasis.

The evaluation of hematuria begins with a careful history 
and physical examination. In infants, the history should include 
questions regarding birth asphyxia, umbilical vessel catheteriza-
tion, and abnormalities detected on prenatal ultrasonography. 
In older children, the history should include questions regard-
ing pain and accompanying voiding symptoms. If macroscopic 
hematuria exists, determining the timing of the visible hematu-
ria during voiding is important. Gross hematuria at initiation of 
urination that subsequently clears suggests urethral irritation. 
Terminal gross hematuria suggests trigonitis. Urine that is per-
sistently tea colored or brown is likely due to glomerulonephri-
tis. In many children who are already independently toilet 
trained, there may be a signifi cant delay between the onset of 
symptoms and evaluation because of the failure of the child to 
recognize the ramifi cations of hematuria.

As some causes of hematuria may be inherited, a thorough 
family history is invaluable. A family history of isolated micro-
hematuria without progression to renal insuffi ciency would 
suggest benign familial hematuria (BFH). However, a family 
history of hematuria, proteinuria, and progressive renal fail-
ure with associated high-frequency sensorineural hearing loss 
or visual impairment would raise concern for a familial ne-
phritis such as Alport’s syndrome (AS). A family history of 
cystic kidney disease, IgA nephropathy, nephrolithiasis, coag-
ulopathies, and sickle cell disease would also be signifi cant.

Associated signs and symptoms often provide further etio-
logic clues. Dysuria, frequency, fl ank pain, and fever point to 
UTI. Radiating pain in the loin or groin is consistent with re-
nal colic from nephrolithiasis. The presence of acute edema 
formation and hypertension would suggest glomerulonephri-
tis. As glomerular disease can be part of a systemic illness, the 
presence of rash, abdominal pain, and joint infl ammation 
may suggest Henoch-Schönlein purpura (HSP), systemic lu-
pus erythematosus, or a vasculitis.

Laboratory and Radiographic Studies

If the child has at least fi ve urinary erythrocytes per high-power 
microscopy fi eld on at least two samples over a 2- to 3-week 
period, further investigation should proceed. Urine studies in-
clude culture and quantifi cation of urinary calcium and creati-
nine. If there is a history of nephrolithiasis, quantifi cation of 
urinary citrate, oxalate, and uric acid should also be considered. 
If the protein is greater than trace on the dipstick, especially in a 
dilute sample, then urinary protein and creatinine should also be 
quantifi ed. Recommended serum studies include creatinine and 
C3 complement level to screen for renal insuffi ciency and 
chronic hypocomplementemic glomerulonephritis. When clini-
cally appropriate, screening for systemic lupus erythematosus, 
hepatitis, or coagulopathies should be considered. Renal ultraso-
nography should be checked in all children younger than 7 years 
of age to rule out Wilms’ tumor and in older children if there are 
concerns regarding structural anomalies or stones. Urine sam-
ples from parents and siblings should also be assessed for the 
presence of a familial hematuria.

In the absence of a history suggestive of lower urinary tract 
bleeding, cystoscopy is seldom indicated in the child with 

isolated microhematuria. Unlike adults, bladder malignancies 
are quite uncommon and sonography usually suffi ces as a 
screen to detect rare structural anomalies.

Benign Familial Hematuria and Alport’s 
Syndrome
In children, the differential diagnosis of isolated microscopic 
hematuria often includes BFH and AS. The ability to distin-
guish between these two conditions is critical because it allows 
accurate prognosis, although this may be diffi cult as the mi-
croscopic examination of the urine and early glomerular base-
ment membrane (GBM) changes may be identical.

The renal biopsy specimen in patients with BFH is normal 
by light microscopy and immunofl uorescence. The abnormal-
ity in BFH is apparent by electron microscopy, which demon-
strates thinning of the lamina densa of the GBM. Thinning of 
the GBM may also be the only abnormality seen in patients 
with early AS or in female carriers of X-linked AS. However, 
the GBM abnormalities in AS continue to evolve, resulting in 
areas of irregular thinning, thickening, splitting, and multi-
lamination, clearly distinguishing AS from BFH.85,86

Whereas BFH is inherited in an autosomal dominant man-
ner, AS is most often inherited in an X-linked pattern. An auto-
somal recessive form of AS accounts for 15% of cases, whereas 
the autosomal dominant form is quite rare.85 Type IV collagen 
is the major structural component of the GBM, and mutations 
of this gene are the molecular basis for AS. X-linked AS has been 
attributed to mutations of the COL4A5 gene, whereas the reces-
sive and dominant forms are linked to mutations of the 
COL4A3-COL4A4 locus.85 Two families with BFH have had 
their disease linked to the COL4A4 gene.87,88 These reports sug-
gest that these BFH patients may be carriers of autosomal reces-
sive AS. Those patients who are heterozygous for certain 
COL4A4-COL4A3 locus mutations have BFH, whereas patients 
who have homozygous or compound heterozygous mutations 
in the same locus develop autosomal recessive AS.

Clinical features and family history are critical in distin-
guishing between BFH and AS.86,89 Unlike patients with AS 
who typically develop proteinuria and progressive renal fail-
ure, patients with BFH do not develop signifi cant proteinuria 
and preserve renal function over time. In addition, patients 
with AS may have a family history of high-frequency sensori-
neural hearing loss and lenticonus. Although BFH can be 
distinguished from AS with some certainty based on clinical 
features and family history, without a confi rmatory renal bi-
opsy, it is a diagnosis of exclusion. Thus, in children with BFH 
as a putative diagnosis, regular follow-up must make sure that 
no concerning clinical or laboratory features, such as the de-
velopment of proteinuria or decreasing renal function, evolve. 
In this event, a diagnostic renal biopsy should be performed.

Although patients with AS typically progress to ESRD as 
young adults, angiotensin blockade has been used with suc-
cess to blunt the associated proteinuria and to slow down the 
loss of effective renal function, although there is signifi cant 
variability among patients as to an effi cacious dose.90

Idiopathic Hypercalciuria
Hypercalciuria is present in approximately 5% of healthy 
white children and is diagnosed in as many as 35% of children 
evaluated for hematuria.84,91 Hypercalciuria may be secondary 
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to hyperparathyroidism, metabolic acidosis, distal renal tubu-
lar acidosis, vitamin D intoxication, ketogenic diet, immobili-
zation, and therapy with loop diuretics. Most children, how-
ever, have normocalcemic idiopathic hypercalciuria. The 
pathogenesis of idiopathic hypercalciuria is unknown and 
could be secondary to increased intestinal absorption, reduced 
renal tubular reabsorption, increased osseous resorption, or a 
combination of these factors.92 A recent study demonstrated 
no major alterations of intestinal calcium absorption based on 
an oral strontium load test.93

Hypercalciuria exists when urinary calcium excretion ex-
ceeds 4 mg/kg/day. In young children, a 24-hour collection 
may be impractical and calcium excretion can be estimated by 
a spot-urine calcium-to-creatinine ratio. Urinary calcium-to-
creatinine ratios vary with geographic area and age. The varia-
tion related to geography is likely determined by race, climate, 
exposure to sunlight, mineral content of drinking water, and 
nutritional habits.94 The ratios are much higher in infants 
than in older children and adults. When children and adults 
were studied in the northeastern United States, the 95th per-
centile urinary calcium-to-creatinine ratios for infants 
and children younger than 7 months, 8 to 18 months, and 
19 months to 6 years were 0.86, 0.6, and 0.42, respectively, 
whereas the 95th percentile for adults was 0.22.95 When a 
child’s urinary calcium-to-creatinine ratio is elevated based 
on the normative data for the population, a defi nitive diagno-
sis of hypercalciuria should be established with a 24-hour 
urinary collection when possible.

Presenting clinical features of hypercalciuria include mi-
croscopic hematuria, gross hematuria, frequency dysuria, ab-
dominal or fl ank pain, and urolithiasis.96 Although there is 
considerable clinical overlap, macroscopic hematuria and a 
family history of urolithiasis have been found to be more 
common in hypercalciuric patients. The reported incidence of 
documented urolithiasis at presentation varies depending on 
the population studied. In a report of the Southwest Pediatric 
Nephrology Study Group, all children with painless isolated 
hematuria and hypercalciuria underwent excretory urography 
or renal ultrasonography at presentation, and no child had 
urolithiasis at diagnosis.84 In comparison, another study fo-
cused on children with hypercalciuria who presented with 
painless microhematuria, dysuria, recurrent abdominal or 
fl ank pain, and a family history of nephrolithiasis.97 All chil-
dren underwent renal ultrasonography at entry; 57% had 
microcalculi and 5% had urolithiasis.

The natural history of idiopathic hypercalciuria is persis-
tent hematuria and possible urolithiasis. In a longitudinal 
study of 58 untreated children with hematuria and hypercalci-
uria, 40% continued to have hematuria and 70% had hypercal-
ciuria at 1 year.98 At 2 and 3 years, 21 children were available for 
study; 40% still had hematuria and 50% had hypercalciuria. 
During the follow-up period, 16% of children developed uro-
lithiasis. Children who developed stones were older when 
initially evaluated and were more likely to present with macro-
scopic hematuria, and all had a family history of urolithiasis. 
In the Southwest Pediatric Nephrology Study Group study, 
13% of hypercalciuric patients developed urolithiasis or stone-
like episode over a follow-up period of as long as 4 years.84 In 
addition to hematuria and urolithiasis, idiopathic hypercalci-
uria has been associated with UTIs in children.99

Hypercalciuria and hematuria clearly identify a group of 
children at high risk of subsequent urolithiasis. Conservative 

measures should be taken, including high fl uid intake and a 
diet low in sodium. A restricted calcium diet is not recom-
mended and may even predispose to increased stone forma-
tion.100 If citrate excretion is found to be low, citrate supple-
mentation should be provided, preferably as the potassium 
salt.101 Children with idiopathic hypercalciuria associated with 
hypocitraturia may be at risk of reduced bone mineral density 
when compared with children with hypercalciuria and normal 
citrate excretion, although further studies are needed.102 If 
conservative measures are unsuccessful, thiazide diuretics can 
be considered. Thiazides can predispose, however, to electro-
lyte abnormalities and increased total cholesterol and low-
density lipoprotein. Decisions regarding the use of thiazides 
for idiopathic hypercalciuria should take into consideration 
the clinical circumstances of the individual case, such as per-
sonal or family history of urolithiasis.

GLOMERULONEPHRITIS

Glomerulonephritis is the leading cause of acquired chronic 
renal failure during childhood.103 As with adults, glomerulo-
nephritis may be a manifestation of systemic disease, such as 
vasculitis or lupus, or may be due to a primary renal process. 
Similarly, the clinical course may be acute with subsequent full 
recovery or may progress to renal insuffi ciency. Certain forms 
of glomerulonephritis, such as HSP nephritis, are seen more 
commonly in children. In other chronic forms of glomerulo-
nephritis, such as membranoproliferative glomerulonephritis 
(MPGN) and IgA nephropathy, therapeutic approaches in 
children have often differed from those used in adults.

Henoch-Schönlein Purpura
HSP is a multisystem IgA-mediated vasculitis predominantly 
affecting the skin, joints, gastrointestinal tract, and kidneys. 
HSP and IgA nephropathy share many immunologic and 
pathologic features, although HSP is a systemic disease and 
IgA nephropathy is clinically confi ned to the kidneys. Despite 
great research efforts, the exact pathogenesis of HSP and IgA 
nephropathy remains unclear. Both enhanced IgA synthesis 
and decreased IgA clearance have been implicated.104 Total 
serum IgA levels are increased in 40% to 50% of these pa-
tients. Patients who develop HSP nephropathy were found to 
have abnormal glycosylation of serum IgA, and it has been 
proposed that the abnormal glycosylation may contribute to 
the immune complex deposition.105

Histologically, both IgA nephropathy and HSP nephritis 
are characterized by mesangial proliferation and matrix ex-
pansion with varying degrees of epithelial cell crescent forma-
tion. Unlike IgA nephropathy, HSP nephritis may be associ-
ated with polymorphonuclear leukocyte infi ltration of the 
glomerular tufts. Tubulointerstitial changes may be apparent 
but generally refl ect the severity of the glomerular lesions. Im-
munofl uorescence staining invariably reveals IgA in the me-
sangium, often with weaker staining for C3 and IgG. Deposits 
may also be seen segmentally in the capillary wall.

Although HSP can occur at any age, most cases affect chil-
dren between the ages of 2 and 10 years106–108 and children 
who present at an older age may have a worse prognosis than 
younger children.109 Unlike HSP in adults, which affects men 
and women equally, boys are as much as two times more likely 
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to develop HSP than girls.110 The disease is somewhat more 
prevalent during the winter months and early spring. The 
onset is usually sudden, frequently preceded by an acute 
illness that often involves a mucosal upper respiratory tract 
infection.

The clinical manifestations of HSP are due to the small-
vessel vasculitis of affected organs. Hallmark signs and symp-
toms are a nonthrombocytopenic purpuric rash, arthralgias 
or a nonerosive arthritis, abdominal pain, and nephritis. The 
rash is often the most distinctive feature of the disease and 
characteristically involves the buttocks and extensor surfaces 
of the lower extremities in a symmetric pattern. When skin 
biopsies are performed, the pathology reveals leukocytoclastic 
vasculitis. The rash can persist for weeks, with some patients 
having recurrent episodes of new lesions. Angioedema may be 
present and involves the eyelids, lips, and dorsa of the hands 
and feet.

Approximately two thirds of patients have arthralgias or 
arthritis. Ankles and knees are the most commonly affected 
joints. The arthritis is nonerosive and not deforming. Gastro-
intestinal symptoms occur in approximately two thirds of pa-
tients, and one study found that the abdominal symptoms 
preceded the rash in as many as 14% of patients. The most 
frequent abdominal symptoms are periumbilical pain, vomit-
ing, diarrhea, and hematochezia. Surgical emergencies develop 
in approximately 5% of patients, with ileoileal intussusception 
being the most common.111 The acute morbidity of HSP is 
usually related to severe gastrointestinal complications.

The exact prevalence of nephritis in children is unknown, 
although rates as high as 54% have been reported.112,113 If ne-
phritis is to develop, 90% of cases present within 6 weeks of 
diagnosis of HSP, and rarely do urinary abnormalities present 
later than 6 months. Therefore, if a child’s urinalyses remain 
normal during the fi rst 6 months after presentation, further 
screening for nephritis is generally not required.114

The long-term outlook for children with HSP depends on 
the extent of renal involvement, but the overall prognosis of 
HSP nephritis is good. In a longitudinal study of 270 patients 
with HSP, 1.1% developed chronic renal insuffi ciency.112 Poor 
prognosis has been associated with the development of ne-
phritic or nephrotic syndrome, initial renal insuffi ciency, and 
more than 50% crescent formation on biopsy.114–117 Nephritis 
is manifested in the majority of children as microscopic he-
maturia with or without proteinuria, and these patients have 
a good long-term prognosis.116 In one series, 33% of patients 
with HSP nephritis had nephritic features or a combined 
nephritic-nephrotic syndrome.112 Long-term follow-up of a 
similar cohort of more severely affected patients found that 
44% developed chronic hypertension or renal insuffi ciency.116

The majority of children have mild nephritis, recover fully, 
and require no specifi c therapy.

Once HSP has developed, there are confl icting reports about 
the effi cacy of early prednisone therapy to prevent signifi cant 
nephritis.117,118 More recently, two randomized, placebo-controlled 
studies have been published to determine the effect of 2- and 
4-week courses of oral prednisone. The fi rst study included 
40 patients and reported no effect of early steroid therapy on the 
risk of renal involvement at 1 year.119 The subsequent study in-
cluded 171 patients who were followed for 6 months.120 Early 
prednisone treatment was effective in decreasing abdominal and 
joint symptoms but did not prevent renal involvement. Therapy 
with prednisone appeared, however, to improve the course of the 

nephritis with resolution of renal symptoms in 61% of 
the treated patients compared with 34% of those who received 
placebo.

The optimal treatment of children with more extensive 
renal disease remains controversial. Numerous uncontrolled 
studies have shown benefi t when patients are treated with 
steroids with or without other agents such as azathioprine, 
cyclophosphamide, and anticoagulants.121–125 A randomized, 
controlled trial of 6 weeks of oral cyclophosphamide at 
90 mg/m2/day with mean follow-up of 6.9 years did not show 
a difference in outcome between the two groups.126 Plasma-
pheresis has also been reported to improve prognosis in a 
small number of children with rapidly progressive HSP ne-
phritis.127,128 A recent retrospective analysis reviewed the 
course of 14 children with severe HSP nephritis and 2 children 
with IgA nephropathy who were treated with plasmapheresis 
and no steroids, immunomodulators, or antiplatelet agents.129

One child with HSP was referred late and had a poor renal 
outcome. The remaining children with HSP who were re-
ferred early were doing well at 4 years (range, 1–7.5 years) 
with normal estimated GFR, no or mild proteinuria, and no 
need for antihypertensive agents. Well-designed, randomized, 
controlled studies are needed to better assess the outcomes of 
patients treated with various immunosuppressive regimens. 
ACE inhibitors should be given to patients with persistent 
proteinuria and glomerular scarring.

IgA Nephropathy
IgA nephropathy is the most common form of pediatric pri-
mary glomerulopathy. Initially considered a benign disease, 
long-term follow-up studies suggest that a signifi cant pro-
portion of adult patients progress to ESRD. Similarly, study 
of the natural history of IgA nephropathy diagnosed in child-
hood demonstrates progression in many patients. In a study 
of 103 American children diagnosed with IgA nephropathy 
before 18 years of age, ESRD developed in 6% of children 
by 5 years, 13% by 10 years, 18% by 15 years, and 30% by 
20 years.130 Similarly, a study in Japan found that 5% of chil-
dren with IgA nephropathy developed chronic renal failure 
by 5 years after diagnosis and 11% by 15 years from onset.131

The clinical presentation of IgA nephropathy varies from 
asymptomatic hematuria to a mixed nephritic-nephrotic syn-
drome.132 The presence of heavy proteinuria and more active 
urinary sediment indicates more severe glomerular changes. 
The incidence of macroscopic hematuria is higher in children 
than adults and often occurs in association with a mucosal in-
fection of the upper respiratory tract. The interval between the 
precipitating illness and an episode of macroscopic hematuria 
is generally 1 to 2 days. Acute renal failure is sometimes seen in 
fl ares of IgA nephropathy, although it is usually reversible. 
However, a small subset of patients with signifi cant crescentic 
changes have a rapidly progressive course to renal failure. Other 
histologic correlates with poor clinical outcome include diffuse 
mesangial proliferation, a high proportion of glomeruli with 
sclerosis or capsular adhesions, and moderate to severe tubu-
lointerstitial disease.133 Persistent hypertension and heavy pro-
teinuria also predict a more progressive course.134

As the outcome of IgA nephropathy may be so variable, 
therapy remains challenging. Well-controlled studies are lack-
ing, especially those focusing exclusively on children. Selecting 
the patients most likely to benefi t from therapy is critical. 
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Patients with more severe histologic changes, heavy proteinuria, 
persistent hypertension, and decreased GFR at presentation 
should be considered for specifi c therapy. Studies assessing the 
benefi t of tonsillectomy alone or in combination with other 
therapies have arrived at confl icting conclusions.135–137 A regi-
men of alternate-day prednisone (40–60 mg/m2) and daily 
azathioprine (2 mg/kg) for at least 1 year has been successful in 
children with severe IgA nephropathy.138 Therapy resulted in 
signifi cant decreases in proteinuria and improvement in biopsy 
results, most notably decreased cellular crescents. Benefi ts from 
corticosteroids, including decreased proteinuria and lower inci-
dence of chronic renal failure, were also seen in another small 
cohort of children with risk factors for progressive IgA ne-
phropathy.139 A recent report of 181 Japanese children younger 
than 15 years old with biopsy-proven IgA nephropathy sug-
gested effi cacy of immunosuppressive therapy if there were 
proliferative changes on the renal biopsy specimen. After 7 years 
of follow-up, of those children with original histologic evidence 
of more aggressive disease, 50% had normal urinalyses and re-
nal function and only 14% demonstrated loss of GFR.140 The 
Japanese Pediatric IgA Nephropathy Treatment Study Group 
treated 78 children with IgA nephropathy with either a combi-
nation of prednisolone, azathioprine, heparin-warfarin, and 
dipyridamole (group 1) or heparin-warfarin and dipyridamole 
(group 2) for 2 years.141 Children in group 1 showed decreased 
proteinuria and a tendency toward decreased progression of 
glomerulosclerosis compared with group 2. In a more recent 
report, this group compared combination therapy with predni-
sone alone, demonstrating signifi cant increased effi cacy in 
terms of clearing proteinuria and preventing further renal scar-
ring with combination therapy.142

Use of fi sh oil and angiotensin blockade seems to decrease 
the loss of renal function in certain adult cohorts.143–146 A 
recent report from the Southwest Pediatric Nephrology Study 
Group compared outcomes in 96 patients with IgA nephrop-
athy, normal GFR, and 1.4 to 2.2 g/day of proteinuria who 
were treated with one of three regimens for 2 years: fi sh oil 
(4 g/day of �-3 fatty acids), a tapering course of alternate-day 
oral prednisone (60 mg/m2 on alternate days for 3 months, 
then 40 mg/m2 for 9 months, then 30 mg/m2 for 1 year), or a 
placebo.147 Hypertensive children received concomitant an-
giotensin blockade. Among these groups, children receiving 
steroids or placebo did equally well, with only 9% in each 
group showing a decrease in GFR less than 60% of baseline. 
With children receiving fi sh oil, 19% showed such a decrease 
in GFR. None of these changes were, however, statistically 
signifi cant.

Studies of ACE polymorphisms have demonstrated that 
genotypes leading to higher levels of ACE are associated with 
more progressive disease.148,149 Angiotensin blockade remains 
a mainstay of therapy in IgA nephropathy when there is any 
signifi cant proteinuria, and although there are not the same 
data as in adults, combination therapy with both ACE inhibi-
tors and angiotensin receptor blockers is used in the hope of 
decreasing proteinuria and slowing progressive loss of GFR.

Postinfectious Glomerulonephritis
Postinfectious glomerulonephritis is the leading cause of acute 
glomerulonephritis in children and has been associated with a 
host of bacteria, viruses, and parasites. In children, group A 
�-hemolytic streptococci are the most frequently implicated 

organisms, and pyoderma and pharyngitis are the classic 
preceding illnesses. Streptococcal pharyngitis occurs most fre-
quently in school-age children during the cooler months. The 
latent period from onset of pharyngitis to acute poststrepto-
coccal glomerulonephritis (APSGN) is typically a few weeks. 
Streptococcal impetigo occurs more frequently in younger 
children during the warmer months, and APSGN after impe-
tigo has a longer latent period of 2 to 6 weeks. Over the past 
two decades, the prevalence of APSGN has been decreasing in 
children in the United States and South America.150,151

In children who become symptomatic with APSGN, the 
clinical onset is typically abrupt. Approximately 85% of pa-
tients develop edema, as many as 80% have varying degrees of 
hypertension, as many as one third have gross hematuria, and 
oliguria is common.152 Hypertension may be severe during the 
fi rst week of clinical nephritis, with accompanying headaches, 
somnolence, or seizures, and should be aggressively treated. 
Generally, the clinical symptoms of APSGN begin to resolve 
within 1 to 2 weeks as evidenced by diuresis and normalization 
of blood pressure. The gross hematuria fades rapidly, but mi-
croscopic hematuria may persist for years. Proteinuria typically 
improves rapidly and resolves within 6 months. Recurrences 
are rare but have been reported.153–155 More commonly, recur-
rence of gross hematuria should raise the suspicion for an 
underlying chronic glomerulonephritis such as IgA nephropa-
thy, MPGN, or membranous glomerulonephritis.

Laboratory studies during a typical episode of APSGN re-
fl ect a nephritic process with activation of the alternative 
complement pathway. The urine sediment shows erythrocytes 
and leukocytes and may contain red cell casts. Proteinuria is 
found frequently but is rarely in the nephrotic range. GFR is 
often decreased, although severe azotemia is rare and should 
raise the concern for a rapidly progressive process. If azotemia 
is signifi cant, electrolyte abnormalities including hyponatre-
mia, hyperkalemia, and acidemia may be present. Serologic 
tests to document recent streptococcal infection are helpful 
but do not prove causation. When interpreting serologies, it is 
important to realize that antibiotic use may blunt the increase 
in titer and that a signifi cant number of children are asymp-
tomatic carriers of streptococci.156–158 Serologic tests available 
include antibodies against streptolysin O and the streptozyme 
test. The streptozyme test assesses several antibodies including 
streptolysin O, antideoxyribonuclease B, and antihyaluroni-
dase. Streptolysin O binds to lipids in the skin and results in 
blunting of the immune response in cases of streptococcal 
impetigo. The antideoxyribonuclease B titer is therefore more 
sensitive in detecting evidence of recent streptococcal skin 
infection.

The majority of patients have a low total hemolytic 
complement and a low C3 complement with a normal C4. 
The C3 level typically recovers in 6 to 8 weeks, although 
prolonged hypocomplementemia has been reported in as 
many as one fourth of patients.159 If the C3 remains de-
pressed after 3 months or the C4 is low, diagnostic consider-
ations include chronic forms of nephritis such as MPGN and 
lupus nephritis. The possibility of a chronic form of glo-
merulonephritis warrants close surveillance, and a renal bi-
opsy should be considered. Renal biopsy is generally not in-
dicated in typical APSGN, but may be necessary if the 
diagnosis is in question or if the course is consistent with 
rapidly progressive glomerulonephritis. The biopsy shows 
diffuse endocapillary proliferation, predominant IgG and C3 
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deposition in the capillary loop on immunofl uorescence, 
and subepithelial dense humps on electron microscopy.

The mainstay of therapy for APSGN is supportive care. 
Hospitalization is recommended if the child is hypertensive or 
has decreased creatinine clearance. Blood pressure should be 
checked regularly early in the illness, and if hypertension is 
present, diuretic therapy with concomitant salt and fl uid re-
striction is considered. If needed, short-acting calcium chan-
nel blockers or hydralazine can also be used. In most cases, 
signifi cant improvement in hypertension, edema, and azote-
mia is seen within 2 weeks. In children with more persistent 
hypertension that does not directly respond to diuretics or 
vasodilation, angiotensin blockade is often used, especially if 
there is concomitant proteinuria. In a cohort of children with 
postinfectious glomerulonephritis half of whom received 
enalapril therapy for 6 weeks after diagnosis, enalapril-treated 
children had signifi cantly earlier decreases in blood pressure 
as well as better short-term echocardiographic parameters.160

In children whose course is consistent with rapidly pro-
gressive glomerulonephritis, an immediate renal biopsy for 
histologic diagnosis is warranted to guide any necessary thera-
peutic intervention. Intravenous methylprednisolone, with or 
without other agents such as cyclophosphamide, has been 
benefi cial in the therapy of rapidly progressive glomerulone-
phritis of various causes in children.161,162 With poststrepto-
coccal glomerulonephritis, such immunomodulation includ-
ing prednisone, azathioprine, and cyclophosphamide has not 
been shown to change the natural course of the disease, even 
with signifi cant crescentic changes.163

In the absence of rapidly progressive disease, the prognosis 
for complete recovery is considered to be good even in the 
face of initial concerning clinical features such as renal insuf-
fi ciency and signifi cant histologic aberrations.163 Several 
groups have studied the long-term prognosis of patients who 
initially recovered and found that 3.4% to 20% of patients 
developed mild residual symptoms, including proteinuria, 
hematuria, and hypertension.164–166 Azotemia develops in less 
than 3% of patients.167 Although outcomes are good overall, 
these results indicate the need for regular monitoring to de-
tect late sequelae.

Membranoproliferative 
Glomerulonephritis
MPGN is a chronic glomerulonephritis characterized histo-
logically by diffuse thickening of the GBM and endocapillary 
proliferation and subcategorized by the location of deposits 
on electron microscopy. Most MPGN in children is idiopathic, 
although occasional secondary cases of MPGN related to 
hepatitis virus or other infectious etiologies occur.

Either the classical or alternative complement pathways 
may be involved, resulting in a low serum C3 and, less com-
monly, a normal or low serum C4. Hypocomplementemia has 
been reported in as many as 95% of children at presenta-
tion.168–171 In type 2 MPGN, also termed dense deposit dis-
ease, abnormal complement regulatory proteins such as aber-
rant factor H have been described in some patients, and these 
anomalies have been hypothesized to affect the alternative 
complement cascade and predispose to renal disease.172 MPGN 
is primarily a disease of older children, adolescents, and young 
adults and is rarely reported in children younger than 6 years 
of age. MPGN was diagnosed in 7.5% of children referred to 

tertiary centers for renal biopsy for evaluation of nephrotic 
syndrome.14 At presentation, one third of children had macro-
scopic hematuria or hypertension, as many as two thirds had 
nephrosis, and one third had renal insuffi ciency.168–171 The 
long-term renal prognosis in children with MPGN is guarded, 
and natural history studies suggest that as many as 50% prog-
ress to ESRD within 10 years of onset.168

The small number of affected children has hampered 
evaluation of putative therapies. Treatment regimens have 
included corticosteroids, alkylating agents, and anticoagu-
lants. Corticosteroids have not proven benefi cial in adults, al-
though various combinations of aspirin, dipyridamole, and 
warfarin have resulted in diminished proteinuria and an in-
consistent impact on maintaining the GFR.172–175 In the pedi-
atric population, corticosteroids have shown greater bene-
fi t.176,177 In 71 children followed at a single center for an 
average of 7.7 years and mainly treated with alternate-day oral 
steroids, the cumulative renal survival was 82% at 10 years and 
56% at 20 years after onset.171

The International Study of Kidney Disease in Children 
conducted a randomized, double-blind, placebo-controlled 
clinical trial in children with primary MPGN.178 Criteria for 
enrollment included nephrosis-range proteinuria and normal 
renal function. Children received alternate-day oral predni-
sone or a lactulose placebo for a mean duration of 41 months. 
At 130 months, 61% of patients receiving prednisone showed 
stable renal function compared with only 12% of patients re-
ceiving placebo. Similarly, data from the Japanese school uri-
nary screening program have shown effi cacy to long-term 
steroid therapy, with 15 of 19 children receiving alternate-day 
steroids for 4 to 12 years manifesting normal urinary fi ndings 
and complement levels, with the remaining members of this 
cohort having mild proteinuria alone.179 Intravenous pulses of 
methylprednisolone followed by alternate-day oral predni-
sone have also been used in children, with improvement of 
hematuria, proteinuria, serum albumin, and creatinine clear-
ance.177 More recent data from a small cohort of children 
treated with either pulse intravenous steroids or oral steroids 
suggested greater benefi t with pulse therapy. After an average 
follow-up of 5 years, only 1 of the 11 children receiving pulse 
therapy progressed to ESRD versus 4 of the 8 children on oral 
therapy.180

Although these studies support the use of corticosteroids 
in children with MPGN with nephrosis-range proteinuria, 
benefi t of the same therapy in MPGN with nonnephrosis-
range proteinuria is less clear. In a retrospective study of 
39 children with MPGN, the outcome of the 11 nonnephrotic 
patients was excellent, with 100% renal survival at 10 years170;
of these nonnephrotic patients, seven were untreated. In this 
report, the absence of nephrosis was predictive of a good long-
term outcome, regardless of therapy, and suggests that a more 
tailored treatment approach in nonnephrotic children with 
MPGN may be useful.

Given the identifi cation of complement pathway regula-
tory protein anomalies in some children with dense deposit 
disease, new approaches to its therapy have been proposed 
including plasma infusion or plasmapheresis and the use of 
specifi c monoclonal antibodies. These therapies are aimed at 
normalizing alternative pathway complement activity and, as 
further insight is gained into some of the genetic underpin-
nings of some forms of MPGN, other treatments are likely to 
be introduced.172
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HEMOLYTIC UREMIC SYNDROME

Hemolytic uremic syndrome (HUS) is defi ned by the clinical 
triad of microangiopathic hemolytic anemia, thrombocytope-
nia, and acute renal failure. HUS is the cause of ESRD in ap-
proximately 3% of children who have received renal trans-
plants and is a frequent cause of acute renal failure in 
children.61,181 HUS can be broadly divided into typical forms 
associated with prodromal diarrhea (D� HUS) and atypical 
cases distinguished by the absence of diarrhea (D� HUS). The 
majority of childhood cases of HUS include a diarrheal pro-
drome and are frequently due to infection with enterohemor-
rhagic Escherichia coli (EHEC).182 Atypical HUS is a heteroge-
neous disorder accounting for approximately 10% of cases in 
children and generally carries a poorer prognosis. Atypical 
HUS may result from abnormalities in complement regula-
tory proteins or can be precipitated by numerous triggers, 
including drugs, malignancies, bone marrow transplantation, 
and nonenteric infections such as streptococcal pneumonia.

D� Hemolytic Uremic Syndrome
Although outbreaks of diarrhea-associated HUS are dramatic 
and draw considerable public attention, only approximately 
10% of cases in children arise from epidemics.183,184 A variety 
of organisms have been implicated in the pathogenesis of 
HUS, including Shigella dysenteriae type 1, Salmonella, and 
Yersinia. The majority of cases, however, have been linked with 
EHEC, which produces a potent cytotoxin known as Shiga-
like toxin or verotoxin. E. coli O157:H7 is the serotype isolated 
in more than 90% of EHEC infections in the United States.182

EHEC may be carried in the intestines of asymptomatic cattle, 
and higher carriage rates are noted in the summer months 
and early fall, mimicking the seasonal variation of human 
disease that peaks from June through September.185

Ground beef, vegetables, unpasteurized milk or juice, and 
water all serve as possible vectors of disease via contamination 
with bovine feces. Rarely, child-to-child transmission also oc-
curs via oral-fecal contamination.186 Although children of all 
ages can be infected, the highest attack rate for E. coli O157:H7 
infection occurs among children younger than 5 years of 
age.187 Infected children may excrete the organism in stool for 
as long as 3 weeks. Approximately 10% to 15% of children 
who develop culture-confi rmed E. coli O157:H7 gastroenteri-
tis progress to HUS, and the risk of progressing to HUS may 
be increased with use of antimotility agents early in the course 
of colitis.183,188

Central to the pathogenesis of HUS is microvascular endo-
thelial cell injury. Only a small inoculum of 50 to 100 EHEC 
organisms is required to colonize the intestine.187 Once estab-
lished, EHEC elaborates verotoxin leading to intestinal hem-
orrhagic and ulcerative lesions. With the integrity of the intes-
tinal mucosa compromised, verotoxin gains access to the 
circulation and extraintestinal sites. Verotoxin is composed of 
one A subunit and fi ve B subunits. The B subunits are re-
quired for binding of the toxin to the high-affi nity glycolipid 
receptor glycosphingolipid globotriosyl ceramide, a protein 
especially expressed on renal microvascular endothelium. Af-
ter binding, the A subunit is internalized and undergoes par-
tial proteolysis to become an active enzyme capable of inacti-
vating the 60S ribosome, thereby suppressing protein 
synthesis.188

During the acute phase of HUS, numerous proinfl ammatory 
cytokines are elaborated. Along with released bacterial products, 
these cytokines activate and promote adhesion of leukocytes and 
platelets to vascular endothelium. The pathogenic cascade re-
sults in swollen and detached endothelial cells, exposing the 
thrombogenic basement membrane and promoting microvas-
cular thrombosis.

In D� HUS, colitis typically precedes the development of 
the classic triad of HUS by several days.182,189 The diarrhea 
may be bloody and associated with vomiting and severe ab-
dominal pain and often resolves at the time microangiopathy 
becomes clinically apparent. Gastrointestinal complications 
include bowel wall necrosis, toxic megacolon, intussusception, 
and rectal prolapse.189–191

The severity of the acute nephritis varies widely. The clini-
cal course ranges from microscopic hematuria and mild pro-
teinuria without renal insuffi ciency to fulminant renal failure. 
In a retrospective review of D� HUS in Utah over a 20-year 
period, 60% of children experienced anuria or oliguria lasting 
a median of 6 days (range, 1–32 days).192 Dialysis was per-
formed in 43% of cases. Hypertension was present in two 
thirds of children but was usually mild and resolved by the 
time of discharge. Severe disease, including oliguria for more 
than 14 days, anuria for more than a week, and extrarenal 
structural damage such as central nervous system infarct, oc-
curred in one fourth of children and was found to be associ-
ated with age younger than 2 years, anuria during the diar-
rheal prodrome, and an elevated white blood cell count 
at presentation. With oliguria, metabolic derangements in-
cluding metabolic acidosis, hyperkalemia, and dilutional hy-
ponatremia can be seen.

The hematologic abnormalities refl ect the microangio-
pathic process with microthrombi formation. Laboratory stud-
ies show decreasing hemoglobin, increased reticulocytes, and 
increased lactate dehydrogenase coupled with a blood smear 
demonstrating fragmented erythrocytes and schistocytes. Co-
agulation studies are generally normal, distinguishing HUS 
from sepsis and disseminated intravascular coagulation. The 
indirect and direct Coombs’ test should be negative. Thrombo-
cytopenia may be severe, although a small minority of patients 
have a normal platelet count. The degree of hemolysis and 
thrombocytopenia does not correlate with the degree of renal 
involvement. An increase in the platelet count is one of the fi rst 
signs of recovery, denoting decreased microangiopathy.

Special mention of central nervous system involvement in 
HUS is warranted because this results in signifi cant morbid-
ity and is the most common cause of death in children.193 As 
in other organs, the major insult to the central nervous sys-
tem is thrombotic microangiopathy. The majority of chil-
dren demonstrate some degree of encephalopathy as irrita-
bility and somnolence. Seizures and cerebral infarct occur in 
10% and 4% of children, respectively, and predict a poorer 
prognosis.192,194

Essentially any organ can be affected by the microangiopa-
thy of HUS to varying degrees. Pancreatitis occurs and can be 
associated with transient or permanent diabetes mellitus. 
Liver involvement results in hepatomegaly and elevated trans-
aminases. Clinical involvement of the heart or lung is not 
usually apparent, although rare cases of severe myocardial 
suppression have been reported.195

The mainstay of therapy for D� HUS is meticulous sup-
portive care. As children often present after several days of 
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gastrointestinal losses and poor oral intake, judicious fl uid 
resuscitation with isotonic saline should be provided when 
indicated to ameliorate prerenal physiology. A recent pro-
spective study of 29 children with E. coli O157:H7 associated 
HUS found that fl uid management in the pre-HUS course 
could affect the renal outcome. The children whose renal 
failure was characterized by nonoligoanuria had received 
more intravenous fl uid and sodium before microangiopathy 
developed compared with the children who developed oligo-
anuric renal failure. This suggests that early recognition and 
parenteral volume expansion during E. coli O157:H7 infec-
tions before the development of HUS may attenuate the renal 
outcome.196 After the initial volume resuscitation, strict at-
tention should be given to the patient’s fl uid status, with daily 
assessment of weight and accurate accounting of fl uid input 
and urine output.

In the oligoanuric child, both intravenous and oral intake 
should match any measurable output and insensible water 
losses, estimated at 300 mL/m2/day. The choice of replacement 
fl uid can be guided by serum and urine electrolytes, with 
avoidance of potassium and phosphorus supplementation. If 
oligoanuria develops despite expansion of the intravascular 
volume, one or two doses of furosemide (1–3 mg/kg) are justi-
fi ed. Renal and bladder ultrasound scans should be performed 
in patients with progressive renal failure to rule out rare in-
stances of urinary tract obstruction.

A large percentage of children with acute HUS will need 
renal replacement therapy. Indications for dialysis include 
clinically signifi cant volume overload such as evolving pulmo-
nary edema or congestive heart failure, progressive azotemia, 
hyperkalemia unresponsive to conservative therapy, and the 
need for blood product transfusions or nutritional support in 
the oligoanuric patient. Adequate nutritional support is im-
perative to reverse the catabolic state associated with the acute 
disease. Many patients are unable to tolerate enteral nutrition, 
necessitating the use of total parenteral nutrition.

Packed red blood cell transfusions should be provided for 
symptomatic anemia or vigorous hemolysis with a hematocrit 
decreasing to less than 16% to 20%. Directed transfusions 
from blood relatives should be avoided as this may sensitize the 
patient against a potential kidney donor should ESRD develop. 
In the setting of thrombotic microangiopathy, transfused 
platelets will be consumed quickly and not result in a sustained 
increase in the platelet count. Platelets should therefore be 
transfused only if the patient is actively bleeding with signifi -
cant clinical sequelae or a surgical procedure is intended.

Hypertension is common in acute HUS. If there are pro-
longed episodes of blood pressure higher than the 95th percen-
tile for a child’s height and age, medical therapy should be 
considered. Vasodilatory agents such as hydralazine or calcium 
channel blockers are effective and are preferred over ACE in-
hibitors in the setting of fl uctuating glomerular perfusion.

D� HUS is a potentially preventable disease. Ground beef 
should be cooked thoroughly and unpasteurized food prod-
ucts should be avoided. Children who are infected should be 
excluded from day care, and enteric precautions should be 
taken until stool cultures are negative. Antibiotic treatment of 
E. coli O157:H7 infection is not recommended as this has been 
shown to increase the risk of developing HUS.197

The renal prognosis of self-limited E. coli O157:H7 gastro-
enteritis appears to be excellent, without fi ndings of hyperten-
sion, proteinuria, or decreased renal function 4 years after the 

acute illness.194 Although the majority of children with D�

HUS recover fully from the acute illness, the long-term renal 
prognosis is guarded. Acute mortality rates as high as 5% have 
been reported, and a small percentage of children remain di-
alysis dependent from disease onset.192,198 Predictors of fatality 
at the time of hospital admission included oligoanuria, in-
creased white blood cell count more than 20 � 109/L, and 
hematocrit more than 23%.193 In a study of 140 cases of pedi-
atric D� HUS over a 20-year period, after the acute HUS epi-
sode, half of the children went on to develop one or more 
abnormalities including hypertension, proteinuria, and 
chronic renal insuffi ciency.192 ESRD had already developed 
in another 4% of patients. A study of 29 French children with 
a distant history of D� HUS also suggested signifi cant long-
term sequelae.199 After 15 to 25 years of follow-up, only 
35% had no renal abnormalities, whereas 41% had hyperten-
sion, signifi cant proteinuria, or a slightly decreased GFR, 10% 
had chronic renal insuffi ciency, and 14% had already pro-
gressed to ESRD. The best indicator of prognosis was the ex-
tent of patchy cortical necrosis on a renal biopsy specimen 
obtained at the time of recovery from the acute HUS episode. 
These studies underscore the importance of long-term and 
regular follow-up of children after D� HUS.

In children with ESRD secondary to D� HUS, renal trans-
plantation is generally quite successful. The North American 
Pediatric Renal Transplant Cooperative Study reviewed the data 
from 61 patients with all types of HUS who received 68 renal 
transplants.200 HUS recurred in six (8.8%) allografts in fi ve pa-
tients. Four of these patients had D� HUS. In all but one graft, 
the HUS recurred within 33 days. The time elapsed before 
transplantation and the use of cyclosporine did not seem to af-
fect the risk of HUS recurrence. In support of this relatively low 
rate of recurrent disease in children undergoing transplantation 
after D� HUS, another review of 18 children in Argentina 
found no recurrences.201

Atypical or D� Hemolytic Uremic 
Syndrome
Atypical or D� HUS is distinguished by the absence of diar-
rheal prodrome and accounts for approximately 10% of HUS 
cases.202 A heterogeneous disorder, a variety of triggers have 
been identifi ed, including infection with Streptococcus pneu-
moniae, human immunodefi ciency virus, malignancies, drugs 
such as cyclosporine and tacrolimus, and transplantation. 
Evidence of a pathologic role of the alternative pathway of 
complement has been identifi ed, and an increasing number of 
genetic mutations associated with atypical HUS have been 
described.203 Mutations of the complement regulatory pro-
teins factor H, factor I, and membrane cofactor protein 
(MCP) have been found in approximately 50% of patients 
studied.204 Factor H mutations are most commonly detected, 
occurring in approximately 25% to 30% of cases. The fre-
quency of reported mutations of factor I and MCP are 5% to 
13% and 10% to 15%, respectively.204,205 The importance of 
genetic screening has been emphasized because the identifi ca-
tion of specifi c mutations may predict the disease course or 
outcome after renal transplantation. In addition to genetic 
mutations, autoantibodies to factor H were found in three of 
48 pediatric patients with atypical HUS. This resulted in an 
acquired factor H dysfunction in patients who had no genetic 
mutations and normal plasma antigenic levels.206
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Given the heterogeneous nature of atypical HUS, the 
reported clinical presentation and outcome has varied. A 
single-center experience retrospectively compared the clinical 
features and outcome of 28 episodes of atypical HUS (22 chil-
dren) with 266 cases of typical HUS (265 children).202 Four 
patients with atypical disease demonstrated a recurrent course. 
The presence of prodromal features, other than the presence 
or absence of diarrhea, was similar in the two groups. Atypical 
HUS was signifi cantly less likely to result in oliguria or anuria 
or to require dialysis. At follow-up, there was no statistically 
signifi cant difference in the incidence of hypertension, de-
creased renal function, or proteinuria. Although there was no 
difference in the incidence of ESRD, two of the four patients 
with recurrent atypical HUS eventually developed ESRD. 
With the exception of the patients with a recurrent course, 
those with atypical HUS did not experience a worse outcome 
in this series.

A subsequent study compared the hospital course and 
short-term outcome of 24 children with atypical HUS with 
145 children with typical HUS. Nearly 40% of the cases of 
atypical HUS followed a pneumococcal infection. The pa-
tients with atypical HUS required dialysis more often and had 
longer hospital admissions.207 Although clinical characteris-
tics vary, atypical HUS may carry a worse prognosis, which is 
most apparent in patients with recurrent disease.208

Although the clinical course of atypical HUS varies, the re-
cently identifi ed mutations in the complement regulatory pro-
teins have allowed genotypic-phenotypic correlations.209 The 
most severe prognosis is seen in those with mutations of factor 
H and factor I. Approximately 70% of patients with these muta-
tions had onset before 1 year of age, whereas none of the pa-
tients with mutations of MCP had onset before the age of 1 year 
but typically presented in early childhood. Patients without an 
identifi ed mutation may have onset at any age. Sixty percent of 
patients with factor H mutations reached ESRD or died within 
1 year. The course of patients with factor I mutations was more 
variable, with half progressing to ESRD rapidly and half recov-
ering. The clinical course of MCP mutation–associated HUS 
was more favorable. These patients had a relapsing course, al-
though none reached ESRD at 1 year and complete recovery 
was common. The 5-year renal survival for mutations of factor 
H, factor I, MCP, and disease without detected mutation was 
27%, 50%, 62%, and 68%, respectively.

In addition to meticulous supportive care as described for 
cases of typical HUS, plasma therapy may result in clinical 
improvement. Plasma therapy will likely be initiated before 
results of genetic testing are available, and approximately one 
third of patients will demonstrate a favorable response.209

Mutation of the MCP results in reduced surface expression, 
and therefore patients with this mutation would not be pre-
dicted to have a response to plasma therapy. In patients with 
an identifi ed MCP mutation, remission was achieved in ap-
proximately 90% of plasma-treated and plasma-untreated 
episodes.205 If response to plasma therapy is evident, a gradual 
taper of therapy should be pursued with close monitoring of 
parameters. Complement inhibitor therapies may provide 
hope for the future.

When ESRD results and renal transplantation are to be con-
sidered, a full assessment of regulators of complement should be 
pursued, including determination of C3, complement factors H 
and I, MCP levels, ADAMTS-13 activity, and genetic testing of 
factor H, factor I, and MCP for specifi c mutations.203 The overall 

success rate of renal transplantation has been poor, with only 
one third of grafts functioning at follow-up. Of note, vascular 
thrombosis has been a leading cause of graft failure, accounting 
for approximately 50% of graft loss in one pediatric series; post-
transplantation HUS recurrence occurred in 53% of the whole 
group and in 80% of patients with factor H mutation.209 Given 
the surface expression of MCP, it is predicted that recurrence 
should be of relatively low risk because the renal allograft should 
express normal MCP.

In patients who lose their initial graft to recurrence, they 
generally have a very poor chance of success with a second 
graft.210 Of note, many centers do not recommend living-
related donor transplantation because of the risk of recurrence. 
In addition, de novo disease in donors has been reported.211 In 
cases of factor H mutations with recurrence of disease after 
transplantation, a small number of combined liver and renal 
transplantations have been pursued to restore normally func-
tioning factor H that is synthesized in the liver. Initial reports of 
such procedures had poor outcomes with two of the three pa-
tients dying and the third left with neurological disability.212 A 
more recent report of a combined liver-kidney transplant with 
preoperative plasma exchange was successful, although overall 
experience with combined transplantation is limited.213

HYPERTENSION

In marked contrast to the adult population, the prevalence of 
hypertension in children has historically been low (1%–3%) 
and its etiology less likely to be primary or essential and more 
likely to be due to an underlying renal anomaly.214 Unlike 
adults, in whom normal blood pressure values have been es-
tablished based on epidemiological assessment of end-organ 
damage, blood pressure parameters in children are based on 
screening data aimed at identifying the normal distribution of 
blood pressures in the pediatric population. In 2004, the Na-
tional High Blood Pressure Education Program Working 
Group on Hypertension Control in Children and Adolescents 
updated blood pressure tables for children based on the screen-
ing of more than 60,000 children.215 These data demonstrated 
that there are several clinical factors that affect blood pressure 
in children, particularly age, gender, and height. Blood pressure 
increases with age during childhood and reaches adult levels as 
the child becomes an adolescent. For any given age, boys tend 
to have somewhat higher normal blood pressures than girls. 
Heavier and taller children also have higher blood pressures 
than their more average-sized peers.

These tables statistically defi ned hypertension in relation to 
a sample group of children of the same age, gender, and height. 
Normal blood pressure is a preponderance of readings lower 
than the 90th percentile. Prehypertension or what used to be 
considered high-normal range is between the 90th and 95th per-
centiles. Children are considered hypertensive if blood pressure 
readings are higher than the 95th percentile persistently on at 
least three separate occasions. Stage I hypertension refers to read-
ings between the 95th and 99th percentiles and stage II hyperten-
sion encompasses readings higher than the 99th percentile.

These tables serve as a resource for the clinician in deter-
mining whether a child should be considered hypertensive  
compared with his or her peers of a similar size. They also 
provide data for the 50th percentile to give clinicians a better 
sense of average readings for a child of any size and age. Blood 
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pressure tends to decrease with repeated measurements due to 
accommodation; thus, although 5% of pediatric blood pres-
sure readings are statistically in the hypertensive range by 
defi nition, a signifi cantly smaller number of children will be 
persistently hypertensive.

Most children should have their blood pressure checked 
annually as part of their visit to the pediatrician. In addition, 
blood pressure should be assessed in any child hospitalized or 
in an emergency facility, not only because hypertension may 
complicate an acute illness but also because the detection of 
transient hypertension in children during stressful occasions 
may serve as a marker for the development of future hyper-
tension. Abnormal blood pressure readings require follow-up. 
High-normal or marginally increased readings should prompt 
a repeat blood pressure in 3 to 6 months. Asymptomatic blood 
pressure readings as much as 10 mm Hg higher than normal 
require follow-up within 2 to 4 weeks. Higher blood pressure 
elevations demand speedier follow-up or, in the case of a child 
with potential symptomatic hypertension or complicating 
comorbid medical conditions, immediate attention.

Measuring blood pressure in children can be problematic. 
The cuff must be appropriately sized, with the width of the 
cuff ’s bladder equaling 40% of the mid-upper arm circumfer-
ence or the cuff bladder encircling three fourths of the upper 
arm length as measured from the olecranon to the acro-
mion.216 Some surveys have estimated that as many as 50% of 
patients have their blood pressure measured with an incor-
rectly sized cuff.217 Before blood pressure measurement, chil-
dren should be inactive and acclimated to the examination 
room for at least 5 minutes. With auscultation, systolic blood 
pressure is the fi rst Korotkoff sound (K1) and diastolic pres-
sure in all children and adolescents is the fi fth Korotkoff 
sound (K5) when all sounds disappear. In some small chil-
dren, the diastolic pressure may be auscultated down to 0 mm 
Hg. Although this is not the true diastolic pressure, it does 
eliminate any concern of diastolic hypertension.

Small uncooperative children or older children suspected of 
anxiety-induced hypertension may be relaxed by allowing a 
parent or nurse to measure their blood pressure in a familiar 
setting, so that the reading is more representative of the child’s 
usual blood pressure. Some facilities have access to ambulatory 
blood pressure monitors, small devices worn by the patient 
that measure and record blood pressure frequently. Advantages 
of ambulatory monitoring include the ability to record blood 
pressure during a child’s usual daily routine and during sleep 
so as to determine whether hypertension exists, how often it 
occurs, how extensive it may be, and if the measured blood 
pressure manifests a normal circadian variation.218

The normative blood pressure tables are based on ausculta-
tion of blood pressure using a cuff on an upper extremity. In 
many clinical settings, oscillometry is used to measure blood 
pressure. Although adequate for screening, studies in children 
demonstrate that oscillometry regularly overestimates auscul-
tated blood pressures, often averaging readings 5 to 10 mm Hg 
higher.219,220

Because an organic cause of hypertension is more common 
in a child, the diagnostic evaluation is slanted very much to-
ward excluding renal parenchymal or vascular diseases. In 
fact, more than three fourths of nonobese hypertensive chil-
dren can be found to have a renal etiology of their hyperten-
sion (Table 43-3).221 The child’s history is elicited with empha-
sis on potential renal insults or other medical conditions 

suggesting a secondary cause of hypertension (Box 43-4). The 
physical examination includes careful general assessment for a 
unifying condition such as Williams or Turner’s syndrome or 
a disorder such as tuberous sclerosis or neurofi bromatosis that 
may have been overlooked and that commonly includes re-
nally mediated hypertension. Four extremity blood pressures 
should be measured and a focused examination conducted for 
pertinent fi ndings such as adenoma sebaceum, café-au-lait 
marks, abdominal bruits, retinal vessel abnormalities, periph-
eral pulse variations, and aberrant sexual characteristics.

Obesity signifi cantly predisposes children to the develop-
ment of hypertension. In one longitudinal study of cardiac 
disease and cardiac risk factors in nearly 10,000 children in the 
southern United States, obese children were shown to be 
much more likely to show evidence of the metabolic syn-
drome including hypertension and to mature into adults with 
hypertension and obesity.222 In a survey of schoolchildren in 

Table 43-3 Cause of Hypertension in Children

Cause Specifi c Diagnoses
Frequency 
(%)

Renal parenchymal 
disease

Acute or chronic glo-
merulonephritis,
refl ux nephropathy, 
cystic disease, 
hemolytic uremic 
syndrome

70

Renal vascular 
disease

Renal artery stenosis, 
vascular thrombosis

10

Primary 
hypertension

10

Cardiovascular
disease

Aortic coarctation 5

Endocrine disease Pheochromocytoma, 
hyperthyroidism, 
hyperaldosteronism,
Cushing’s disease

3

Central nervous 
system anomaly

Increased intracranial 
pressure

0.5

Medication effect Sympathomimetics 0.01

Birth history: prematurity, prolonged ventilation, umbilical 
catheter

Medical history: urinary tract infection, unexplained 
fevers, recent systemic infections, changes in appear-
ance of urine

Family history: hypertension in fi rst- and second-degree 
relatives, history of stroke or myocardial infarction, 
endocrine or neurocutaneous disease, renal disease

Medication history: decongestants, oral contraceptives, 
street drugs, chewing tobacco, cigarettes, ethanol

Review of systems: headache, palpitations, sweating, 
fl ushing, visual changes

Box 43-4 Pertinent Medical History in Pediatric Hypertension
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Texas, the relative risk of hypertension was more than three 
times greater in obese than normal weight children.223 The 
percentage of obese children is increasing and in some popu-
lations now approaches 25%.224 With this epidemic of obesity 
in children, the likelihood of a child manifesting hypertension 
without a discernible organic cause other than obesity is in-
creasing. Certainly a large population of obese and hyperten-
sive children has profound public health implications, espe-
cially as these children mature and face the potential earlier 
onset of cardiovascular and renal complications from long-
term obesity and hypertension.

A phased laboratory evaluation consists of some general 
studies in almost every hypertensive child and tailored follow-
up studies that depend on these results and the child’s history, 
physical fi ndings, and overall level of clinical suspicion. Base-
line screening tests should include a microscopic urinalysis of 
a freshly voided urine, serum electrolytes to rule out acidosis 
or hypokalemia, as seen in some of the mineralocorticoid-
excess states, serum creatinine to assess renal function, and 
renal ultrasonography to assess renal anatomy.

In some children, screening tests will be normal and a di-
agnosis of primary hypertension strongly suspected. Although 
primary hypertension in children is often considered a diag-
nosis of exclusion, many children with primary hypertension 
follow a typical clinical profi le: older child or adolescent, low-
grade hypertension, cardiovascular reactivity with stress, high 
resting pulse rates, obesity, and a family history of primary 
hypertension.225 In these children, no further diagnostic work-
up is needed immediately; after a review of cardiac risk fac-
tors, the child’s hypertension should be treated if necessary 
and followed with regular blood pressure checks and empha-
sis on adjunctive therapies for hypertension, such as weight 
reduction, exercise, and dietary counseling.

In children who do not meet the clinical profi le for pri-
mary hypertension and who have otherwise unremarkable 
screening test results, further renal imaging with renal scin-
tigraphy can be useful to determine whether there is any re-
nal scarring. If this is negative and the patient is signifi cantly 
hypertensive, renal arteriography should be performed to 
diagnose any renal vascular abnormalities. Noninvasive im-
aging of the renal vasculature with computed tomography or 
magnetic resonance angiography can be entertained with the 
caveat that children may be more likely than adults to have 
lesions in smaller segmental vessels that may be better ap-
preciated by conventional arteriography. Ideally, any invasive 
arteriography should be performed by a physician experi-
enced with transluminal angioplasty in children so that this 
technique can be performed at the same time if an appropri-
ate lesion is identifi ed.

Other laboratory evaluation is of low yield unless there are 
appropriate concerns from the child’s history or physical 
evaluation. Random serum renin and aldosterone levels are 
rarely useful unless they are extremely skewed. For instance, in 
some families with a pedigree suggestive of glucocorticoid-
remediable aldosteronism (diffi cult to treat, early-onset hy-
pertension in many family members), a random plasma renin 
level should be nearly nonexistent, prompting more specifi c 
genetic testing. Similarly, in rare patients, there may be consid-
eration of urinary catecholamine measurement or abdominal 
magnetic resonance imaging for a catecholamine-secreting 
tumor, but again this should be guided by individual signs and 
symptoms and any potential confounding variables such as 

the coexistence of neurofi bromatosis or a family history of 
pheochromocytoma.

Therapy for hypertension is tailored for two basic popula-
tions of children. If there is relatively mild hypertension, a 
cardiac echocardiogram should be considered to rule out left 
ventricular hypertrophy or other evidence of end-organ effect 
of sustained high blood pressure. In the absence of end-organ 
damage, nonpharmacologic therapy could be instituted in-
volving weight reduction, exercise, and dietary counseling. If 
the blood pressure remains increased despite these interven-
tions or if there is signifi cantly increased blood pressure, then 
pharmacologic therapy should be instituted along with coun-
seling about weight, diet, and exercise.

As with adults, drug therapy in pediatric hypertension in-
volves selecting an initial therapeutic agent and then stepping 
up therapy if it proves inadequate. In general, an agent based 
on the underlying presumed physiology is chosen. A sub-
maximal dose of the drug is begun and then titrated to a 
maximal dose as needed, aiming to decrease the blood pres-
sure to at least the 90th percentile for age, gender, and height. 
If there is an inadequate response to the maximal dose of the 
fi rst medication, a second medication is usually begun, also in 
a gradual fashion.

Many antihypertensive drugs have not been studied in 
children, although in the past 5 years an increasing number of 
antihypertensives have received U.S. Food and Drug Adminis-
tration labeling for pediatric use after undergoing specifi c 
pediatric trials. As with most medications in children, dosing 
is based on body weight rather than standard dosing amounts 
and, in agents not studied specifi cally in children, dosing has 
largely arisen from clinical experience. Moreover, with the 
pediatric population, there can be limitations in the ability of 
the patient to take a medication: the drug may not be available 
in a liquid or crushable form if pills cannot be swallowed, and 
issues of palatability are often troublesome. Table 43-4 lists 
some of the more commonly used antihypertensive medica-
tions and their effective doses in children.

Rarely, children present with a hypertensive urgency or a 
hypertensive crisis. Often, these children have concomitant 
signifi cant renal pathology, such as an acute nephritis or renal 
insuffi ciency. The initial aim of therapy is to decrease the blood 
pressure by approximately 30% over the fi rst few hours of care 
to prevent or minimize end-organ or central nervous system 
damage. Table 43-5 lists medications and dosing guidelines 
that are often effective in treating hypertensive emergencies in 
children. After the child’s blood pressure has been stabilized, it 
can then be returned more deliberately to an acceptable range 
by use of more routine antihypertensive medications. Treat-
ment of a child with a hypertensive emergency is best accom-
plished in a pediatric intensive care unit by clinicians familiar 
with blood pressure management in children.

URINARY TRACT INFECTION 
AND VESICOURETERAL REFLUX

Unlike adults, in whom UTI and especially cystitis is more 
commonly encountered, UTI in children is infrequent, affect-
ing 3% to 8% of girls and 1% to 2% of boys. Of more concern, 
however, is that as many as one half of girls and two thirds 
of boys with UTIs have accompanying high fever, suggestive 
of an upper tract UTI or pyelonephritis rather than simple 
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cystitis.226 The propensity for upper tract infection in children 
stems in part from the association between UTI and vesico-
ureteral refl ux (VUR). In some series, as many as one half of 
children with UTI have VUR, whereas in children with no his-
tory of UTI, only 2% have VUR.227

The signs and symptoms of UTI and pyelonephritis may be 
far less specifi c in children than in adults. Infants and young 
children generally have fever, but their symptoms are other-
wise often vague and include anorexia, lethargy, and irritabil-
ity. In older children and adolescents, there is an increased 
likelihood of localizing symptoms such as dysuria, frequency, 
and fl ank pain. Because signifi cant delay in the diagnosis and 
treatment of pyelonephritis in children has been associated 
with an increased likelihood of signifi cant long-term renal 
damage, appropriate diagnostic and therapeutic interventions 
become all the more crucial.

The clinical diagnosis of pyelonephritis in children is usu-
ally based on fi nding bacteria and white blood cells in the 
urine of a febrile child. Gram stain of the urine and then sub-
sequent urine culture confi rms the diagnosis and helps to 
tailor therapy. Obtaining the best possible urine specimen for 

culture poses more problems in the pediatric patient than 
with adults. In toilet-trained children, meticulous attention to 
collecting a midstream urine sample is usually successful. In 
younger children and infants, a catheterized specimen or a 
suprapubic aspirate may be required. Urine collected from a 
bag taped to the child’s perineum is easily contaminated and 
is only useful if there is ultimately no bacterial growth.

Most UTIs in children are caused by gram-negative bacte-
ria of the family Enterobacteriaceae, such as Escherichia, Kleb-
siella, Enterobacter, and Citrobacter.228 Less commonly, gram-
positive bacteria may be pathogens, especially in patients 
with urinary tract malformations, voiding dysfunction, or 
instrumentation.

In the child with a febrile UTI, antibiotic therapy should be 
started quickly. In neonates and older infants and children 
with more complicated illness, hospitalization for parenteral 
therapy is warranted. Empiric therapy for hospitalized chil-
dren is most often a third-generation cephalosporin or an 
aminoglycoside and ampicillin pending urine culture results. 
In older children with suspected pyelonephritis who do not 
appear toxic, therapy can commence on an ambulatory basis 

Table 43-4 Blood Pressure Medication in Children

Initial Dose (mg/kg/day) Maximal Dose (mg/kg/day) Dosing Frequency

ACE Inhibitors

Captopril (neonate) 0.03–0.15 2 bid/tid

Captopril (child) 1.5 6 bid/tid

Enalapril 0.15 Up to 40 mg/day total qd/bid

Calcium Channel Blockers

Nifedipine 0.25 3 XL or SR form bid

Amlodipine 0.1 0.4 qd/bid

Diuretics

Hydrochlorothiazide 1 2–3 qd/bid

Furosemide 0.5–1.0 10 qd/bid

Spironolactone 1 3 bid/tid

Adrenergic Agents

Atenolol (�-blocker) 0.5 2–3 qd/bid

Propranolol (�-blocker) 1 6–8 bid

Labetalol (��-blocker) 1 3 bid

Prazosin (�-blocker) 0.05–0.1 0.5 bid/tid

Vasodilators

Hydralazine 0.5 10 tid/qid

Minoxidil 0.1–0.2 1 qd/bid

�-Agonist

Clonidine 0.05–0.1 mg/day total 0.6 mg/day total bid/tid, patch every week

ACE, angiotensin-converting enzyme; SR, sustained release; XL, extended release.
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with an injection of a third-generation cephalosporin such as 
ceftriaxone and then transition to appropriate oral therapy to 
complete a 10- to 14-day course of therapy. In children with 
suspected cystitis, oral therapy may commence with a medica-
tion such as trimethoprim-sulfamethoxazole, nitrofurantoin, 
or cefi xime that has antimicrobial coverage for the usual 
gram-negative organisms associated with UTI. Empiric anti-
biotic choice can be guided by Gram stain results and knowl-
edge of community antibiotic sensitivity patterns for usual 
urinary pathogens. Ultimate oral therapy can be chosen after 
appropriate sensitivities are obtained from urine culture. In all 
children treated for UTI, a repeat urine culture should be ob-
tained sometime after appropriate therapy has been initiated 
to document sterilization of the urinary tract. A short dura-
tion of oral therapy of 3 to 5 days in children with uncompli-
cated cystitis seems to be as effective as longer therapy, but 
most clinicians still treat febrile UTIs or smaller children with 
a longer duration of therapy.229

In any child with a fi rst episode of febrile UTI, renal ultra-
sonography should be performed to assess urinary tract anat-
omy. In children older than age 7 years, a normal renal ultra-
sound scan may preclude further urinary tract imaging. In the 
younger child or the older child with sonographic abnormali-
ties such as hydronephrosis or renal scarring, a voiding cysto-
urethrogram (VCUG) should be obtained to exclude VUR. A 
VCUG may be performed at any time after the child is 
no longer symptomatic and the urine is sterile. If the child 
has completed the therapeutic course of antibiotics before 
a VCUG, prophylactic antibiotic therapy with once-daily 
trimethoprim-sulfamethoxazole or nitrofurantoin should be 
initiated until a VCUG is obtained.

If the diagnosis of pyelonephritis is in question, renal scintig-
raphy with technetium-labeled dimercaptosuccinic acid is a 
sensitive and specifi c test. Renal scintigraphy has been shown to 
be superior to intravenous pyelography, computed tomography, 
or ultrasonography in documenting renal cortical injury.230 Its 
use is most helpful in children with chronic or recurrent infec-
tions to determine whether parenchymal scarring is occurring.

In children with VUR, higher grades of refl ux and espe-
cially intrarenal refl ux predispose to renal scarring. Less than 

5% of children with grade I VUR manifest renal scars com-
pared with 50% of children with grade V VUR.231 In a series 
of 200 children followed for as long as 20 years after an epi-
sode of pyelonephritis, renal scarring was almost always as-
sociated with moderate to severe VUR.232 Infants and young 
children appear more prone to developing renal scars with 
pyelonephritis. As children reach elementary school age, it 
becomes increasingly less common to see renal scarring, even 
in the presence of continued VUR.233

Most children with low-grade VUR (grades I–III) can be 
managed with nightly oral antibiotic prophylaxis and moni-
tored with an annual VCUG or radionuclide cystogram to 
determine whether VUR has spontaneously resolved. In chil-
dren with higher grade refl ux, VUR is less likely to spontane-
ously resolve. All children younger than 1 year of age are 
usually managed initially with oral antibiotic prophylaxis. In 
children with persistent grade V VUR, ureteral reimplantation 
is generally recommended given its infrequent spontaneous 
resolution. In children with grade IV VUR, there seems to be 
no advantage of reimplantation over medical therapy in terms 
of preventing further renal scarring.234 Over time, there is a 
decreasing incidence of VUR even in children with higher 
grades of refl ux at presentation, leading many to favor medical 
therapy unless repeated breakthrough infection, poor compli-
ance, or parental request favor surgical correction with ure-
teral reimplantation.235,236 There is also increasing use of en-
doscopic correction of refl ux with periureteral polymer 
injection of dextranomer/hyaluronic acid with good short- 
and longer term results.237

Because the risk of parenchymal scarring seems to decrease 
with age, the need for long-term antibiotic prophylaxis in 
VUR has been questioned in older children who have had a 
benign clinical course. One study of 51 children (mean age, 
8 years) with persistent VUR but no history of voiding abnor-
malities or renal scarring demonstrated that prophylaxis could 
be stopped successfully with no long-term effect on renal scar-
ring.238 Studies are under way that look more systematically at 
the provision or withdrawal of prophylactic antibiotic therapy 
in children with VUR, and it is likely that prophylactic antibi-
otic therapy with VUR may become less widespread if more 

Table 43-5 Medications for Hypertensive Emergencies in Children

Mechanism Dose Onset Duration

Hydralazine Arteriolar dilator 0.15–0.25 mg/kg IV to maximum 
dose of 20 mg

5–15 min 3–8 hr

Labetalol ��-Blocker Initial IV bolus 0.25 mg/kg; repeat 
every 15 min at increasing doses 
up to 1 mg/kg until effective or 
total dose of 4 mg/kg 

5 min 2–6 hr

Maintenance IV infusion: 1–3 mg/
kg/hr

Nifedipine Calcium channel blocker 0.25–0.5 mg/kg oral or sublingual 10–20 min 3–6 hr

Diazoxide Arteriolar dilator Rapid IV bolus 1 mg/kg; repeat after 
10–15 min if insuffi cient response; 
maximum dose 5 mg/kg

3–10 min 4–10 hr

Nitroprusside Venous and arteriolar 
dilator

Start at 0.5 �g/kg/min IV 1–2 min 3–5 min
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data accumulate suggesting that rapid therapy of any UTI in a 
child with VUR is as good a long-term strategy as daily anti-
biotics.

Children who develop extensive renal scarring have an in-
creased incidence of proteinuria, hypertension, and renal in-
suffi ciency. The risk of developing these sequelae seems to be 
most closely linked to the severity of the scarring and the 
length of follow-up.239 In children with signifi cantly decreased 
renal reserve due to parenchymal scarring, there is the risk of 
hyperfi ltration injury in remnant glomeruli and the develop-
ment of secondary focal glomerulosclerosis and renal insuffi -
ciency. Such a consequence of chronic pyelonephritis or refl ux 
nephropathy accounts for as many as 10% of the cases of 
pediatric ESRD.61
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The management of children and adolescents with end-stage 
renal disease (ESRD) differs from that for adults. Children 
have unique problems that are not only associated with renal 
failure itself but can also be related to current therapies. The 
optimal treatment of ESRD in a child is one that not only re-
verses the biochemical and hematologic abnormalities related 
to the disease but also achieves normal physiologic patterns of 
growth and neurodevelopment. Such a treatment facilitates 
maximal educational and vocational opportunities and opti-
mizes the quality of life of the child.

ESRD occurs in one to three per million total population of 
children per year.1,2 The most common diagnoses of ESRD in 
small children are noted in Table 44-1.3 Chronic renal insuffi -
ciency in children is associated with many biochemical and he-
matologic abnormalities as well as hypertension, hyperparathy-
roidism, anemia, and growth retardation, all of which require 
specifi c therapeutic interventions. Indications for renal replace-
ment therapy include hypervolemia, hyperkalemia, symptoms 
of uremia not responsive to conservative therapy, failure to 
thrive due to limitations in total caloric intake, severe refractory 
hypertension, growth retardation not responsive to growth hor-
mone therapy, and delayed psychomotor development.4 The 
Kidney Disease Outcomes Quality Initiative clinical practice 
guideline and Center for Medicare and Medicaid Services rec-
ommend initiation of renal replacement therapy at a glomerular 
fi ltration rate less than 15 mL/min/1.73 m2.5,6 All children can 
undergo dialysis therapy, although the mortality associated with 
dialysis can be especially high in infants. In older children, the 
mortality of dialysis is similar to that seen in adults.

Renal transplantation is a feasible treatment for ESRD and 
is widely recognized as the treatment of choice for all chil-
dren.7,8 In contrast to children on dialysis, children with a 
functioning renal transplant can have adequate growth, psy-
chomotor development, and school achievements.9–15 Absolute 
contraindications for renal transplantation are few but include 
active malignancy, active infection with hepatitis B or human 
immunodefi ciency virus, severe multiorgan failure, and a pos-
itive direct cross-match within the previous 3 to 12 months.4,8

SPECIAL CLINICAL ISSUES IN CHILDREN 
WITH END-STAGE RENAL DISEASE

Nutrition
Inadequate nutrition in children with ESRD inevitably results 
in growth failure when caloric intake is less than 70% of the 
recommended dietary allowance.16,17 Current recommenda-
tions are that children on dialysis should receive an energy 
intake that is at least 100% of the recommended dietary allow-
ance (Table 44-2).18,19 For infants on peritoneal dialysis, a 
slightly higher caloric intake (130%–140% recommended di-
etary allowance) and a high protein intake of 2.5 to 3 g/kg/day 
is needed for adequate growth.19–22 Likewise for prepubertal 
and pubertal children receiving peritoneal dialysis, high pro-
tein intakes (1.5–2 g/kg/day) are advised to maintain physio-
logic growth patterns and to avoid protein malnutrition. The 
higher protein intake may result in a slightly higher blood 
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urea nitrogen level, which needs to be treated with adequate 
and effi cient dialysis. Urea kinetic modeling is thus an impor-
tant tool for monitoring optimal protein intake and delivery 
of dialysis.23

The management of fl uid intake can be diffi cult in chil-
dren, especially those with minimal urine output. In these 
children, as just discussed, high-calorie nutrition must be ad-
ministered. To achieve nutritional goals without problems of 
fl uid overload, small volumes of high-calorie supplements 
containing additional glucose polymers and/or medium-chain 
triglycerides are required. Many infants and small children are 
treated through either nasogastric or gastrostomy tubes to 
ensure adequate intake because they may be unwilling or un-
able to consume the required amount of nutrition orally.22,24,25

It is important to note that gastrostomy feeding is not contra-
indicated for children receiving peritoneal dialysis.26 Several 
studies have documented that this nutritional strategy is effec-
tive, and long-term enteral nutrition may prevent or reverse 
weight loss and growth retardation in infants and young chil-
dren. Furthermore, if growth failure has already occurred, 
adequate nutrition can result in catch-up growth if started 
before the age of 2 years.22,27 In addition, aggressive nutri-
tional therapy can contribute to favorable psychomotor devel-
opment in infants who develop ESRD in early infancy.15 To-
gether these data suggest that provision of adequate nutrition 
is critical for effective treatment of ESRD in children.

Growth and Other Endocrine Disorders
Growth retardation is common in children with ESRD and 
occurs even with mild renal insuffi ciency. The correction of 
growth is of paramount importance in the treatment of ESRD 
in children. Growth is calculated as centimeters of growth per 
year and is measured frequently and plotted on a standard 
growth curve chart, as is typical for any normal child. As the 
glomerular fi ltration rate decreases, the rate of growth 

Table 44-1 Primary Diagnoses (%) of Children with End-
Stage Renal Disease Who Received a Renal Allograft

Primary Diagnosis Percent

Congenital abnormalities of the urinary 
tract

39.6

Obstructive uropathy 15.8

Aplastic/hypoplastic/dysplastic kidneys 15.9

Refl ux nephropathy 5.2

Prune-belly syndrome 2.7

Glomerulonephritis 18.3

Focal segmental sclerosis 11.7

Membranoproliferative glomerulonephri-
tis

2.7

Idiopathic crescentic glomerulonephritis 1.8

Membranous nephropathy 0.5

Systemic lupus erythematosus 1.6

Chronic glomerulonephritis 3.4

Medullary cystic/juvenile nephronophthisis 2.8

Hemolytic uremic syndrome 2.7

Congenital nephrotic syndrome 2.6

Polycystic kidney disease 2.9

Miscellaneous 27.7

Adapted from Smith JM, Stablein DM, Munoz R, et al: Contribu-
tions of the Transplant Registry: The 2006 Annual Report of the 
North American Pediatric Renal Trials and Collaborative Studies 
(NAPRTCS). Pediatr Transplant 2007;11:366–373.

Table 44-2 Recommend Daily Intakes for Energy,* Protein,* Calcium,† and Phosphorus† for Children with Renal Disease

Age (yr)
Energy 
RDA (g/kg)

Protein 
RDA (g/kg)

Protein Intake 
for Hemodialysis 
(g/kg)

Protein Intake 
for Peritoneal 
Dialysis (g/kg) Calcium (mg) Phosphorus (mg)

0–0.5 108 2.2 2.6 3.0 210 100

0.5–1 98 1.6 2.0 2.4 270 275

1–3 102 1.2 1.6 2.0 500 380

4–6 90 1.2 1.6 2.0 800 400

7–8 70 1.0 1.4 1.8 800 400

9–10 70 1.0 1.4 1.8 1300 1050

11–14 (M) 55 1.0 1.4 1.8 1300 1050

11–14 (F) 47 1.0 1.4 1.8 1300 1050

15–18 (M) 45 0.9 1.3 1.5 1300 1050

15–18 (F) 38 0.8 1.2 1.5 1300 1050

F, female; M, male; RDA, recommended dietary allowance for healthy children.
*From Clinical practice guidelines for nutrition in chronic renal failure: Pediatric guidelines. Am J Kidney Dis 2000;35:S105–S136.
†From Institute of Medicine: Dietary Reference Intakes for Calcium, Phosphorus, Magnesium, Vitamin D and Fluoride. Washington, DC: 
National Academy Press, 2000.
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decreases; it is at this time that treatment must begin to cor-
rect any rate of decline in linear growth. If untreated, growth 
failure will be progressive and catch-up is diffi cult to achieve. 
Treatment involves ensuring that (1) recommended caloric 
and protein intakes are achieved, (2) metabolic disturbances 
(e.g., acidosis, hyponatremia) are normalized, and (3) para-
thyroid hormone (PTH), calcium intake, and phosphorus 
load are normalized to correct any problems related to renal 
osteodystrophy. These factors may all contribute to decreased 
linear growth. For children on dialysis, more effi cient clear-
ance can also improve growth.28,29 If growth retardation oc-
curs despite these treatment measures, growth hormone ther-
apy is indicated.30 Growth hormone therapy signifi cantly 
accelerates short- and long-term growth.31–33 Thus, the clini-
cian must not wait until growth retardation has occurred but 
must maintain normal growth patterns with the use of growth 
hormone.30 However, in a large study from Centers for Medi-
care and Medicaid Services, only 39% of children on hemodi-
alysis with short stature received growth hormone.34 Growth 
hormone therapy consists of 0.05 mg/kg or 4 U/m2 injected 
subcutaneously as a daily dose (usually in the evening). The 
dose of growth hormone is adjusted to achieve normal growth 
patterns; some children require decreased dosing, whereas 
others require increased dosing. Children receiving growth 
hormone should be monitored regularly for response, includ-
ing assessment of growth velocity and bone age. Nonetheless, 
fi nal adult height was retarded in 57% of renal allograft re-
cipients and therefore continues to be suboptimal.35

As discussed above, achievement of normal growth rates is 
a mainstay of therapy for children with chronic renal insuffi -
ciency either before or during dialysis as well as after trans-
plantation. Renal transplantation alone was once thought to 
be a good treatment for growth retardation as catch-up 
growth could occur, whereas this was not possible on dialysis. 
However, recent reports of renal transplantation with regard 
to growth have been disappointing. Results of multicenter 
studies have demonstrated that catch-up growth after renal 
transplantation occurs in only 25% of children, predomi-
nantly young children. Indeed, even in this group, catch-up 
growth is seen in only 47% of children aged 0 to 5 years.3,36

This implies that the treatment of growth retardation must 
begin before the initiation of renal replacement therapy, 
whether this therapy is dialysis or renal transplantation. After 
renal transplantation, growth hormone can be given to chil-
dren and can improve fi nal adult height, without adversely 
affecting renal function.37–39 Also after renal transplantation, 
the use of alternate-day steroid dosing versus daily dosing can 
result in improved growth patterns without increased rejec-
tion or allograft loss.40 To optimize growth, several centers in 
the United States are currently participating in a randomized, 
placebo-controlled, steroid-withdrawal trial to assess its po-
tential for optimizing growth patterns without altering long-
term graft function. The pilot study suggests that growth with 
steroid avoidance is not better than alternate-day steroid dos-
ing; it is only promising in that other steroid side effects are 
avoided.41,42

In addition to its effects on growth, ESRD is also associ-
ated with other endocrine disorders. These are thought to be 
related to inappropriate circulating hormone concentrations 
or changed hormonal action at the target site. Children with 
ESRD have an average delay of puberty of 2.5 years and two 
thirds of adolescents with ESRD enter puberty beyond the 

normal range.43 Furthermore, in children with ESRD, there 
is a marked decrease in tissue sensitivity to insulin, in glu-
cose uptake, and in metabolic clearance of insulin that can 
lead to glucose intolerance.44 Thyroid abnormalities have 
also been reported in association with ESRD. All these endo-
crine disorders should be managed according to standard 
therapeutic regimens to achieve normal patterns of hor-
monal homeostasis.

Renal Osteodystrophy
Renal osteodystrophy is an important problem in children 
with chronic renal failure. Its incidence increases as the glo-
merular fi ltration rate approaches 50% of normal. Once es-
tablished, osteodystrophy leads to deceleration of linear 
growth, muscle weakness, and bone pain; when severe, it re-
sults in skeletal deformities such as bowing of lower extremi-
ties, fractures, and epiphyseal slipping. Renal osteodystrophy 
represents a spectrum of activity, from high-turnover to low-
turnover bone disease. Renal osteodystrophy occurs in chil-
dren due to a lack of 1,25-dihydroxyvitamin D3, hypocalce-
mia, and hyperphosphatemia. A detailed review of the 
pathophysiology of renal osteodystrophy can be found in 
Chapter 69 and Martin and Slatopolsky.45 All children with 
renal insuffi ciency (glomerular fi ltration rate � 70 mL/
min/1.73 m2) should be monitored by frequent assessment of 
serum calcium, phosphorus, alkaline phosphatase, and PTH 
and by occasional radiographs of the hand. Bone densitome-
try can also be used, but normal values are not known for 
children younger than 5 years of age.

The most common type of renal osteodystrophy seen in 
children is high-turnover bone disease, which is associated 
with high PTH levels and secondary hyperparathyroidism. In 
recent years, aggressive management of calcium, phosphorus, 
and PTH has led to a decreasing incidence of secondary hy-
perparathyroidism.46

Prevention of renal osteodystrophy consists of avoidance 
of hyperphosphatemia using phosphate restriction (80% of 
dietary reference intake; see Table 44-2) and/or calcium-
containing phosphate binders (calcium carbonate or calcium 
acetate) or non–calcium-containing phosphate binders 
(sevelamer) taken with all meals (see Table 44-2). Serum phos-
phate levels should be maintained at normal levels for age.47–49

Aluminum-containing phosphate binders should be avoided 
because the aluminum accumulates in bone and can lead to 
low-turnover aluminum bone disease. Furthermore, excess 
aluminum can lead to central nervous system dysfunction.50

Optimal management also involves following PTH levels care-
fully, administration of active vitamin D3, and assessment of 
biochemical response. Various active forms of vitamin D are 
used, preparations include 1�-hydroxyvitamin D3 (alfacal-
cidol), and 1,25-dihydroxyvitamin D3 (calcitriol).49,51,52 The 
mode of administration of the active metabolite of vitamin D, 
oral or intravenous, has the same effi cacy.53 To avoid adynamic 
bone disease, plasma PTH should be maintained at a level two 
to four times above the upper limit of normal.19,47–49,54 Hyper-
calcemia as a result of excessive vitamin D supplementation 
must be avoided because calcium deposits can form in various 
tissues, particularly if serum calcium � phosphate product 
exceeds 60 mg/100 mL or 5 mmol/L.48,49

Bone disease also occurs in children after renal transplanta-
tion. Steroid therapy has been shown to exacerbate preexisting 
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bone disease; 70% of young children who received a renal 
transplant in childhood already have osteopenia. In a multiple 
regression analysis, it was found that the cumulative dose of 
steroids was inversely related to bone mineral density score. 
Steroids are associated with osteoporosis and avascular bone 
necrosis after transplantation.55

Anemia
The management of anemia in the pediatric population is 
similar to that in adults (discussed in Chapter 68). Most pedi-
atric patients with ESRD (glomerular fi ltration rate � 30 
mL/min) require erythropoietin therapy to maintain normal 
hematocrit. The use of erythropoietin has dramatically im-
proved the outcome of dialysis and quality of life in children 
and has abolished the typical iron-overload syndromes that 
were associated with frequent transfusions as a result of dialy-
sis anemia.56–58

Dosing recommendations when starting erythropoietin 
therapy for patients younger than 1 year are 350 U/kg per 
week; 275 U/kg/week for those 2 to 5 years; 250 U/kg/week for 
those 6 to 12 years; and 200 U/kg/week subcutaneously in one 
to three doses for those older than 12 years. For children on 
hemodialysis, intravenous administration is preferred because 
it is less painful.59 Although infrequently performed, patients 
on peritoneal dialysis can have erythropoietin administered in 
the peritoneal dialysis fl uid; however, the amount required to 
correct anemia is much higher.60 Subsequently, the dose is ti-
trated to achieve a hemoglobin concentration of 11 to 13 g/dL 
(6.8–8.1 mmol/L).59 The median maintenance dose is age de-
pendent and is higher for younger children. Children on he-
modialysis generally require a higher dose than those on 
peritoneal dialysis therapy.59 Iron defi ciency is common in 
children receiving erythropoietin therapy and supplementa-
tion with oral (3 mg/kg/day in three doses) or intravenous 
iron (1 mg/kg/week, not to exceed 125 mg) is often neces-
sary.57,59,61–64 Serum iron levels should be maintained in the 
normal range, transferrin saturation at more than 20%, and 
serum ferritin levels greater than 100 ng/mL.59 When starting 
therapy with erythropoietin, blood pressure and hemoglobin 
should be measured regularly.

Recently long-acting darbepoetin was proven to have a 
similar effi cacy as erythropoeitin.65 Two hundred units of 
erythropoietin is approximately equivalent to 0.5 �g darbepo-
etin. A starting dose of 0.5 �g/kg/week IV/SC effectively treats 
anemia in children with chronic renal failure. For many. this 
dose may be proportionally increased and injected less than 
once weekly.66 However, darbepoetin generally produces an 
increased degree of pain at the injection site compared with 
most short-acting erythropoietins.67 Darbepoetin can also be 
administered intraperitoneally starting with 0.45 �g/kg/week 
and increasing to a median of 0.63 to 0.79 �g/kg/week.68

Hypertension and Cardiovascular 
Disease
Although isolated blood pressure measurements are typically 
used in children with ESRD, it is recommended that 24-hour 
ambulatory blood pressure is monitored at intervals.69,70 When 
evaluated by ambulatory blood pressure monitoring, 70% of 
peritoneal dialysis and 33% of hemodialysis patients were 
found to be hypertensive. In contrast, isolated blood pressure 

measurements demonstrated hypertension in only 47% of 
peritoneal dialysis and 44% of hemodialysis patients.69 Never-
theless, the primary goal of antihypertensive therapy is to de-
crease blood pressure to less than the 90th percentile for age, 
gender, and height.71,72 Choice of medication depends on the 
likely cause of the hypertension. For instance, an angiotensin-
converting inhibitor is a good choice for treatment of hyper-
tension associated with renal insuffi ciency. In contrast, a vaso-
dilator and/or �-blocker is the most usual choice for therapy 
in a dialysis patient in whom hypertension may be associated 
with fl uid overload. Blood pressure increases can be marked 
and very diffi cult to control. Hypertension is a highly signifi -
cant and independent predictor for the progression of chronic 
renal insuffi ciency in children.73 Furthermore, cardiovascular 
issues were the cause of 20% to 25% of all deaths in children 
with ESRD. This proportion increases to more than 40% in 
long-term studies of children with ESRD starting in child-
hood.74,75 It is thus most important to be aggressive and to 
lower blood pressure into the normal range in all children.

In children with hypertension, one should consider evalu-
ation of cardiac function and structure with echocardiogra-
phy at initial presentation and yearly thereafter.76,77 Severe left 
ventricular hypertrophy is seen in almost half of all young 
dialysis patients.78 Better control of blood pressure, anemia, 
and hypervolemia may be important in preventing left ven-
tricular hypertrophy and improving long-term cardiac out-
come. ESRD patients younger than 20 years of age rarely have 
evidence of coronary artery calcifi cation, whereas patients 
aged 20 to 30 years are more likely to show disease.79

All children, regardless of symptoms, require assessment 
for cardiovascular disease and should be screened for tradi-
tional cardiovascular risk factors such as dyslipidemia and 
hypertension at initiation of dialysis and at regular intervals 
thereafter.80 Assessment of dyslipidemia should consist of a 
fasting profi le with total cholesterol, low-density lipoprotein 
(LDL) cholesterol, high-density lipoprotein (HDL) choles-
terol, and triglycerides.81 Hyperlipidemia is defi ned as lipid 
levels higher than the 95th percentile for age and gender. All 
children with dyslipidemia should follow the recommenda-
tions for therapeutic lifestyle changes, which involve a de-
crease in saturated fat intake, increase in fi ber intake, and 
moderate physical activity. Kidney Disease Outcomes Quality 
Initiative guidelines recommend treatment with statins for 
adolescents if LDL cholesterol is more than 130 mg/dL (�3.36
mmol/L) and non-HDL cholesterol (total cholesterol � HDL) 
is more than 160 mg/dL (�4.14 mmol/L).81 In the United 
States, atorvastatin (10–20 mg once daily) is the only drug ap-
proved by the U.S. Food and Drug Administration for use in 
children.

Neurodevelopmental Outcome, 
Psychosocial Adjustment, and Quality 
of Life
It is well established in the literature that neurodevelopmental 
delay, cognitive and motor abnormalities, cerebral cortical 
atrophy, and progressive encephalopathy are associated with 
chronic renal insuffi ciency in children, especially within the 
fi rst year of life.10,82 However, improvements in nutrition, 
elimination of aluminum binders from treatment regimens, 
psychomotor therapy, and access to play specialists have all 
been shown to improve cognitive function and long-term 
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outcome.15 Furthermore, early renal transplantation is known 
to be benefi cial for normalization of neurodevelopmental 
outcome.13,83

Current data indicate that 77% of children on peritoneal 
dialysis and 46% on hemodialysis attend school full time.84

Dialysis patients function below their age and grade levels in 
all areas. In contrast, transplant recipients achieve at or above 
the levels achieved by dialysis patients.12 Data suggest that 
ESRD, not dialysis/transplant status, is still a risk factor for 
lower IQ and academic achievement. Cognitive development 
or low IQ is most notable in younger children and in children 
whose mothers/caregivers have lower educational levels.85

Last, it is important to note that children with chronic renal 
disease are at risk of psychosocial adjustment disturbances, as 
occurs with many chronic diseases. In addition, low self-esteem, 
anxiety, and depressed mood are more severe in children on 
dialysis.86 Thus, most pediatrics centers involve psychologists 
and social workers in the treatment of children with ESRD.

Quality of life has increasingly been studied in children 
requiring renal replacement therapy. Not surprisingly, health-
related quality-of-life scores were signifi cantly lower than in 
healthy controls. Transplant recipients reported better physi-
cal and psychosocial health than dialysis patients. No differ-
ence was noted between hemodialysis and peritoneal dialysis 
patients for any quality-of-life domain.87 Furthermore, caring 
for children on dialysis has signifi cant adverse psychosocial 
effects on the caretakers. The prevalence of depression was 
signifi cantly more common in parents of children treated for 
ESRD (28%) compared with parents of healthy children 
(5%).88 In addition, prolonged dialysis during childhood may 
decrease the ability to gain high-skilled professions and social 
independence. Unemployment is twice as high in patients 
with childhood-onset ESRD compared with healthy persons, 
but more than twice as low compared with patients with 
adult-onset ESRD.89

Mortality of Children on Renal 
Replacement Therapy
There is a high mortality associated with dialysis therapy in 
children, especially young children.90,91 Furthermore, it is clear 
that time on dialysis is associated with mortality. The most 
common causes of death in children are infection and cardio-
pulmonary disease.92 In children younger than 2 years of age, 
it has been shown that ESRD associated with oliguria or 
anuria, multiorgan failure, and the presence of nonrenal dis-
ease, especially pulmonary disease and/or pulmonary hypo-
plasia, are all risk factors for mortality.93 Long-term survival 
among children requiring renal replacement therapy in the 
Australia and New Zealand Dialysis and Transplant Registry 
was 79% at 10 years and 66% at 20 years. Overall, a trend to-
ward improved survival was observed over the four decades of 
the study. In this cohort, the most common cause of death was 
cardiovascular disease (45%), and the second most common 
cause was infection (21%).94

In contrast, patient survival after transplantation is excel-
lent. Overall patient survival at 1, 2, and 5 years after transplan-
tation is 97.7%, 96.8% and 94.3%, respectively.95 When patient 
survival is analyzed by age, it appears that younger children are 
more at risk of death after transplantation. Infants who receive 
cadaver donor transplants have a higher mortality than those 
who receive living donor renal transplants. Also, even in the 

youngest age groups, the mortality after renal transplantation 
is less than that seen with dialysis alone.95

DIALYSIS THERAPY

All children are candidates for peritoneal dialysis or hemodi-
alysis. In general, the decision to perform either form of dialy-
sis involves patient preference, distance from a pediatric he-
modialysis center, and center bias. In young children, there is 
a preference for peritoneal dialysis because hemodialysis is 
associated with vascular access problems and also involves 
signifi cant expertise on the part of personnel. Thus, peritoneal 
dialysis has become the more common treatment in many 
centers. Nearly 60% of the pediatric dialysis population are 
currently maintained on peritoneal dialysis.92 Some reports 
suggest that younger children fare better with peritoneal di-
alysis, although data indicate that as long as effi ciency is main-
tained, there are no signifi cant therapeutic differences between 
peritoneal dialysis and hemodialysis.

Peritoneal Dialysis
Peritoneal dialysis is discussed in great detail in Chapters 81 to 
83. Here, we focus on specifi c issues pertaining to peritoneal 
dialysis in childhood. Peritoneal dialysis is preferred for in-
fants as it obviates the need for vascular access, which can be 
especially diffi cult in this group of children.56 Another advan-
tage of peritoneal dialysis over hemodialysis is that it requires 
less fl uid restriction. As discussed earlier, this may be impor-
tant for adequate administration of nutrition. Automated 
continuous cycler-assisted peritoneal dialysis at night is used 
most frequently in younger children.56

In older children and especially adolescents, compliance 
with dialysis prescription can be a problem and can thus affect 
dialysis effi ciency. The requirement for a permanent intra-
abdominal catheter can distort body image and its presence 
becomes unwanted. This can lead to treatment issues and puts 
parents in a compromising situation if they wish to be caregiv-
ers. Therefore, peritoneal dialysis in an adolescent needs care-
ful monitoring. Hemodialysis has become the more common 
form of renal replacement therapy in this group because it 
provides adequate treatment and also enables assessment of 
compliance and adequacy.

Initiation of peritoneal dialysis in all children involves the 
use of a curled catheter, typically pointing downward and 
situated in the lower half of the abdomen.96 In younger chil-
dren with lax abdominal musculature, the catheter preferably 
has two cuffs to avoid leakage and infections. The catheter and 
cuff are typically allowed to heal for a minimum of 2 weeks 
before the initiation of dialysis to prevent leakage. Omentec-
tomy during the insertion of the catheter is especially impor-
tant in young children because it decreases the incidence of 
obstruction to 2% compared with 15% to 32% incidence in 
the absence of omentectomy (15%–32%).97

Dialysis Prescription

When prescribing peritoneal dialysis, volume input according 
to nutritional needs, residual urine output, and renal function 
must all be taken into account. In children, initial target peri-
toneal dialysis exchange volume of 1000 to 1200 mL/m2 is used 
with a maximum of 1400 mL/m2 and up to at least 8 L/m2 per 
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session.98,99 In young children, eight to 10 exchanges are per-
formed over 12 to 16 hours at night by an automated perito-
neal dialysis cycler (continuous-cycling peritoneal dialysis). In 
older children, continuous ambulatory peritoneal dialysis is 
the usual mode of therapy, performed in a manner similar to 
that for adults. In addition to normalizing biochemical abnor-
malities, it must also be administered in a manner to facilitate 
growth. With all forms of peritoneal dialysis, ultrafi ltration is 
adjusted to facilitate adequate volume intake according to nu-
tritional needs. Typically, the ultrafi ltration goal depends on 
analysis of the nutritional needs and the requirement for ad-
ministration of volume.

Dialysis Adequacy

A peritoneal equilibration test can be used to study the trans-
port capacity of the peritoneal membrane. Peritoneal equili-
bration test values for children have been calculated.100,101

Warady and colleagues101 found that the peritoneal membrane 
was stable in children over a mean interval of 20 months. How-
ever, peritonitis is a risk factor for peritoneal dialysis failure. 
Follow-up of peritoneal solute kinetics is recommended in 
patients with a history of peritonitis to permit early identifi ca-
tion of patients at risk of dialysis failure.102,103 Dialysis adequacy 
can be expressed as urea Kt/V, calculated as the ratio of 
24-hour dialysate (� urinary) urea clearance divided by total 
body water, where K is urea clearance (L/hr), t is time on dialy-
sis (hours), and V is urea distribution volume and equals total 
body water volume (L). The target dialysis adequacy in chil-
dren is a total weekly urea Kt/V of at least 1.8 to 2.0.99,104

Higher values for weekly urea Kt/V as high as 2.75 to 3.1 can 
be achieved and have been correlated with improved clinical 
outcome.19,105,106 However, a report from the Endstage Renal 
Disease Network of New England indicates that a urea Kt/V 
more than 2.75 may result in albumin loss and may thus hin-
der nutrition.107

Complications

Complications of peritoneal dialysis in children include exit-
site/tunnel infections, peritonitis, catheter-related problems 
(leakage and blockage), and the development of hernias due 
to increased intra-abdominal pressure and relatively weak 
musculature. In one report, 11% of pediatric patients on peri-
toneal dialysis had an exit-site/tunnel infection at 1 month, 
26% between 1 and 6 months, and 30% between 6 months 
and 1 year of follow-up.108 Patients with tunnel infections 
have twice the risk of developing peritonitis and the need for 
access revision.

Peritonitis is the major complication of peritoneal dialysis 
in children. The mean occurrence of peritonitis has been re-
ported to be once every 13.2 patient-months.108 Peritonitis 
rates decrease with age and are signifi cantly lower when cath-
eters with two cuffs and downward-pointed exit sites are 
used.56,84,109 There is no difference in peritonitis in children 
treated with curled or straight catheters. Overall, 25% of pa-
tients on peritoneal dialysis switch to hemodialysis, and in 
most patients, the switch is due to repeated infections.56,108

Hemodialysis
Improvements in technology have enabled pediatric centers to 
perform hemodialysis in infants and young children effec-
tively and effi ciently. Important advances relate to dialysis ac-

cess catheters and lines, complex machines that allow control 
of low blood volume, the ability to exactly control ultrafi ltra-
tion, and compatible dialysis membranes and the composi-
tion of dialysates.110,111

Overall, one third of children who are on dialysis use he-
modialysis. Hemodialysis is the preferred dialysis modality for 
children older than 12 years of age, who comprise 64% of all 
children requiring dialysis.56 In contrast, only 12% of children 
younger than 5 years of age receive hemodialysis.

Permanent access in the form of a fi stula or graft is the 
preferred form of vascular access for pediatric patients on 
maintenance hemodialysis therapy.5,112,113 However, in small 
children, surgical expertise in placing fi stula or grafts may be 
limited and the use of percutaneous catheters may be un-
avoidable. In addition, many children on hemodialysis are 
taken to renal transplantation fairly quickly, thus further lim-
iting the use of fi stulas.

Dialysis Prescription

For all patients, the dialysis prescription is calculated by dia-
lyzer type, blood fl ow, and dialysate fl ow. The duration of each 
treatment can be easily calculated to optimize urea clearance. 
In infants and small children, blood fl ow rates as low as 
50 mL/min can be used such that the dialysis prescription can 
be calculated according to the ability of the patient to tolerate 
a given fl ow rate. In older children and adults, blood fl ow rates 
of 200 to 300 mL/min are frequently used. Knowledge of the 
clearance curve of the dialyzer is essential in estimating the 
total urea clearance at a given blood fl ow rate. Extracorporeal 
blood volume (dialyzer priming volume plus blood tubing 
volume) should be kept to less than 8 mL/kg (�10% of total 
blood volume) to avoid hemodynamic instability and hypox-
emia. Routine determination of target dry weight, using non-
invasive hematocrit monitoring, decreases both the risk of 
chronic fl uid overload and the need for antihypertensive 
medication and does not lead to increased intra- or interdia-
lytic symptomatology.114 Adequate anticoagulation can be 
achieved with standard heparin dosing. To attain adequate 
clearance, three hemodialysis treatments are usually given 
each week. Although the optimal dialysis dose requirement for 
children remains uncertain, reports of longer duration and/or 
daily dialysis show that they are more effective for phosphate 
control and may improve growth than conventional hemodi-
alysis. Therefore, longer duration and/or daily dialysis should 
be considered at least for some high-risk patients with cardio-
vascular impairment or to overcome the free diet of very un-
compliant patients.29,115,116 As in adults, nocturnal home he-
modialysis is also feasible in selected children. However, the 
burden on the family is substantial, and home nocturnal he-
modialysis requires support of a dedicated multidisciplinary 
team.117

Dialysis Adequacy

Adequate dialysis combined with adequate nutrition reduces 
mortality and promotes growth in children.28,118 Urea kinetic 
modeling is used to assess dialysis adequacy and nutritional 
status.23 Hemodialysis effi ciency is expressed as Kt/V, where K is 
urea clearance (L/hr), t is session length (hours), and V is urea 
distribution volume and equals total body water volume (L). 
Goldstein and colleagues119 found no difference between the 
results of a formal urea kinetic modeling technique for obtain-
ing Kt/V and results obtained by using Daugirdas’s120 formula 
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for the single-pool natural logarithm approximation equation 
for Kt/V. Thus, the ease with which Kt/V can be calculated using 
the natural logarithm supports its regular use in the monitoring 
of children on hemodialysis.19,121 An appropriate goal is to 
achieve a single-pool Kt/V of 1.2, at least equal to that recom-
mended for adults.5 There is a controversy over whether higher 
Kt/V values are necessary for growing children.5,19,28,122 The 
Kidney Disease Outcomes Quality Initiative guideline for he-
modialysis adequacy advises that for young pediatric patients, 
prescription of higher dialysis doses and higher protein intakes 
at 150% of the recommended nutrient intake for age may be 
important.5 In a large study from the Centers for Medicare and 
Medicaid Services in adolescents, more than 79% had a mean 
Kt/V more than 1.2.123

Complications

The most common complications of hemodialysis are clotting 
and infection of the hemodialysis catheter, arteriovenous fi s-
tula, or graft. Infection of the hemodialysis access site when 
using a catheter can easily lead to septicemia, which is the 
most frequent cause of death in children on hemodialysis.56

Other complications, such as disequilibrium syndrome, hypo-
tension, anaphylactic reactions, hemolysis, and hypoxemia, 
are discussed in detail in Chapter 80.

RENAL TRANSPLANTATION

Renal transplantation is the optimal treatment for ESRD 
in children because it offers the best hope for normalization 
of physiologic processes. Most important is the ability of 
renal transplantation to normalize growth and cognitive 
function and to enable a child to enjoy a relatively normal 
quality of life. Because of the mortality associated with dialysis 
therapy in young children and the risk/benefi t ratio, the 
National Organ Allocation System in the United States has 
given preference to children on waiting lists to receive cadaver 
transplants.

In the United States, an approximately equal number of 
renal transplantations in children are performed with living 
and cadaver donors.124 As a therapy, renal transplantation is 
very successful and, with current immunosuppressive regi-
mens, 1- and 5-year graft survival rates are excellent: the 5-year 
graft survival rates are currently 85.1% for living related donor 
grafts and 76.1% for cadaver donors.124 The projected half-life 
of renal transplants in pediatric recipients is equal to or even 
better than that in adult recipients.125,126 However, as discussed 
later, rejection remains a major cause of graft loss in the fi rst 
posttransplantation year.124 Newer immunosuppressive agents 
have decreased the incidence of acute rejection and have im-
proved 1-year graft survival rates, especially for recipients of 
cadaver donor transplants. The current 1-year graft survival 
rates for cadaver donor and living related donor transplants are 
approximately equal at 93.7% and 95.4%.124 Most importantly, 
increased numbers of acute rejection episodes (more than two 
rejections, see “Chronic Rejection”) has been found to corre-
late with a high risk of developing chronic rejection. Moreover, 
in the most recent era of immunosuppression, the decrease in 
acute rejection episodes in pediatric transplant recipients has 
been reported to decrease graft failures due to chronic rejec-
tion.127 Interestingly, although the youngest recipients (younger 

than 2 years) have higher risks of early graft loss, their risk of 
later graft attrition is the lowest.128

Preparation for Pediatric Renal 
Transplantation
Every transplantation center has its own practices regarding 
the preparation of a child for renal transplantation. How-
ever, there are certain issues that have been recommended 
as key factors for consideration. These are reviewed 
and detailed elsewhere.4 Of paramount importance is the 
evaluation of living donors who must be carefully examined 
by an independent advocate so that they are not put at 
risk. Living donor advocacy is such an important issue that 
it was recently reviewed and a national consensus was pub-
lished.129 Living donor advocacy is uniquely important in 
pediatrics because donors tend to be parents; they are 
highly motivated but are also the caregivers. Siblings can 
also feel pressure to donate. Thus, the concept of donor 
advocacy (that of being a separate individual from those in 
the transplant program) ensures that donors are treated in 
a fair manner.

Donor

If available, a living donor has clear advantages over a 
cadaver donor. Living donation ensures adequate transplan-
tation preparation and optimizes elective transplantation, 
particularly for pediatric patients. Preemptive transplanta-
tion is much easier to accomplish and improves graft 
survival.130 Furthermore, long-term survival of living 
donor renal allografts is superior to cadaver donor al-
lografts. For details of selection and preparation of a living 
donor, see Chapter 85. Contrary to early reports, it has 
become clear that allografts from young cadaver donors 
(younger than 6 years of age) do not fare well in young 
recipients (due to higher thrombosis rates) and that the 
best donor for a young child is an adult donor. A cadaver 
donor for children should ideally be 20 to 40 years of age 
and not younger than 6 years of age because the youngest 
donors are associated with an increased risk of graft failure.3

Thus, the best donor is an adult, whether living or dead 
(Table 44-3).

Recipient

An important aspect of renal transplantation is that success 
can also be determined by careful management of the re-
cipient before transplantation. Most pediatric centers use a 
multispecialty team to ensure that hematologic, biochemi-
cal, neurological, and urologic parameters and potentially 
serious infections are corrected before transplantation. Many 
centers have adopted specifi c screening mechanisms, and 
some of the major considerations are reviewed in Box 44-1. 
Assessment of bladder function and correction of bladder 
dysfunction before transplantation is essential for patients in 
whom bladder disease or obstructive uropathy was the 
original cause of ESRD. Some patients may require bladder 
augmentation and/or medication to improve bladder func-
tion before transplantation. Transplantation into a dysfunc-
tional bladder or the use of ileal loops or other forms of 
urinary drainage are not optimal for long-term success. 
Thus, it is important to have a pediatric urology team assess 
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Table 44-3 Relative Hazard of Individual Prognostic Risk Factors for Graft Failure by Donor source

LIVING DONOR DECEASED DONOR

RH P RH P

Recipient age (�2 vs. 0–1) 1.13 NS 0.59 �.001

Previous transplantation 1.35 .006 1.43 �.001

No induction antibody administration 1.15 .035 1.09 NS

�5 lifetime transfusions 1.31 .003 1.28 �.001

No HLA-B matches 1.40 .008 1.16 .014

No HLA-DR matches 0.87 NS 1.14 .024

Black race 1.95 �.001 1.56 �.001

Previous dialysis 1.16 .052 1.23 .040

Cold storage time � 24 hr — — 1.14 .034

Transplant year 0.95 �.001 0.94 �.001

Native nephrectomy (no) 0.87 .051 0.96 NS

Gender (male) 0.87 .036 0.85 .005

HLA, human leukocyte antigen; RH, relative hazard.
From from Smith JM, Stablein DM, Munoz R, et al: Contributions of the Transplant Registry: The 2006 Annual Report of the North 
American Pediatric Renal Trials and Collaborative Studies (NAPRTCS). Pediatr Transplant 2007;11:366–373.

a child before transplantation and be involved with the en-
tire transplantation process.

Prevention of infections, especially viral infections, in-
volves analysis of patient status and the use of chemopro-
phylaxis. This is a high priority with all pediatric patients 
because they typically acquire these infections during 
childhood and are not immune to many viruses before 
transplantation.131 Knowledge of titers of varicella-zoster 
virus, cytomegalovirus, Epstein-Barr virus, diphtheria, teta-
nus, poliovirus, measles, mumps, rubella, Haemophilus in-
fl uenzae B, Streptococcus pneumoniae, hepatitis B, hepatitis 
C, and human immunodefi ciency virus before transplanta-
tion is of paramount importance. Vaccination can prevent 

morbidity and mortality after transplantation.132,133 All live 
viral vaccines should be administered before transplanta-
tion as best as possible. Cytomegalovirus and Epstein-Barr 
virus prophylaxis must be considered for patients at high 
risk, that is, seronegative recipients receiving seropositive 
organs and patients who have received antilymphocyte an-
tibodies.134 Trimethoprim prophylaxis has reduced the inci-
dence of Pneumocystis carinii pneumonia after transplanta-
tion from 3.7% to 0%.134

Bilateral native kidney nephrectomy before transplantation 
is currently performed in 24% of patients in the United States 
to avoid urinary tract infection in patients with refl ux ne-
phropathy, native kidney-related hypertension, and a steal 

Nutrition
Adjustment of caloric, protein, sodium, and potassium 

balance

Growth
Supply adequate nutrition, correct metabolic disturbances 

(e.g., acidosis, hyponatremia), renal osteodystrophy; 
consider growth hormone therapy

Renal Osteodystrophy
Phosphate binders, calcium supplement, active vitamin 

D3

Anemia
Correct iron defi ciency; consider erythropoietin

Infection Prevention
Check titers of DTP, MMR, Hib, VZV, pneumococcus, 

HBV, HCV, CMV, EBV, and HIV
Vaccinate if necessary (e.g., VZV, HBV, infl uenza); check 

tuberculosis status

Bladder Work-up
VCUG and bladder work

Psychosocial Status
Social work assessment

Box 44-1 Preparation of Pediatric Renal Transplant Recipient

CMV, cytomegalovirus; DTP, diphtheria/tetanus/pertussis; EBV, Epstein-Barr virus; HBV, hepatitis B virus; HCV, hepatitis C virus; Hib, 
Haemophilus infl uenzae B; MMR, measles/mumps/rubella; VCUG, voiding cystourethrogram; VZV, varicella-zoster virus.
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syndrome resulting in diminished blood fl ow through the al-
lograft.3 Most renal allografts are transplanted extraperitone-
ally into the retroperitoneal cavity, even when a large adult 
kidney is used for a small child recipient. This technique does 
not seem to affect surgical complication rates and has the ad-
vantage of fewer gastrointestinal complications.135–138 How-
ever, occasionally adult-sized kidneys are transplanted intra-
peritoneally in small children. There are other issues that 
require consideration, but these are beyond the scope of this 
chapter and are discussed in detail elsewhere.4

Immunosuppressive Therapy
There are currently many immunosuppressive agents avail-
able to the transplantation physician. This has resulted in 
multiple protocols each with a center bias, such that therapy 
can be center dependent. Induction therapy, predominantly 
with anti–interleukin-2 receptor antibodies (anti-CD25: da-
clizumab, basiliximab) is followed by triple therapy, consisting 
of steroids, a calcineurin inhibitor, and an antiproliferative 
agent.139 The calcineurin inhibitor tacrolimus is the primary 
immunosuppressant, with 63% of pediatric renal transplant 
recipients receiving the drug during the fi rst month; 12% of 
recipients receive cyclosporine. Azathioprine has been re-
placed by mycophenolate mofetil, which is currently given to 
more than 90% of transplant recipients in the United States.124

Approximately one third of patients who receive maintenance 
steroid therapy in the long-term receive alternate-day therapy 
to achieve better catch-up growth.3,124,139,140

The advent of new immunosuppressive agents has enabled 
therapy to be administered on an individual basis and based 
on risk. The newer more potent immunosuppressive agents 
and protocols that have been shown to limit acute rejection 
have provided tremendous advantages for the transplant re-
cipient but they come at a price, which is the risk of infections 
and posttransplantation lymphoproliferative disease (PTLD). 
Posttransplantation infections have increased over time and 
now exceed acute rejection as the cause for hospitalization. In 
the fi rst 24 months after transplantation, 52% of patients were 
hospitalized, 40% for infection and 23% for acute rejection141

(see “Posttransplantation Infections”). Adverse effects of im-
munosuppressive therapy besides infection and malignancy 
include hypertension, hyperlipidemia, diabetes mellitus, os-
teoporosis, and, in the case of long-term steroid use, growth 
failure (see “Growth and Other Endocrine Disorders”).142

Exciting new immunosuppressive drugs have been intro-
duced into practice based on their ability to further decrease 
acute rejection. It is hoped that they will also improve long-
term graft survival. The most exciting agents include alem-
tuzumab (anti-CD52), a newer anti–T-cell agent that has 
been introduced to limit acute rejection in the early post-
transplantation period. Lefl unomide, a promising immuno-
suppressive drug that inhibits de novo pyrimidine biosyn-
thesis, also has antiviral activity, in particular against BK 
virus. Belatacept, an inhibitor of costimulation of T cells, is 
nonnephrotoxic, but in clinical studies, it was found that this 
agent is a potent immunosuppressive and thus its use may 
increase the risk of PTLD.143

A recent study evaluating the elimination of calcineurin 
inhibitors and conversion to a rapamycin (sirolimus)-based 
immunosuppressive regimen after pediatric living donor re-
nal transplantation has had promising results.144 Furthermore, 

a strategy of lymphoid depletion with antithymocyte globulin 
and tacrolimus monotherapy appears safe and effective for 
pediatric kidney recipients.145 Although new protocols are 
currently in clinical trials, the optimal immunosuppressive 
strategy for a given patient will likely be individualized in the 
future; risk stratifi cation for each type of protocol for indi-
vidual patients will be forthcoming.146

Posttransplantation Infections
Newer immunosuppressive agents have dramatically reduced 
the rates of acute graft rejection over the past decade but may 
have exacerbated the problem of posttransplantation infec-
tions. Posttransplantation infections currently exceed acute 
rejection as the cause of posttransplantation hospitalization 
and are the most frequent cause of mortality.124,141 Younger 
children are at higher risk of hospitalization for infection, and 
there is an association with the use of anti–T-cell antibodies as 
induction therapy.141

Typical infections after renal transplantation are urinary 
tract infections, BK virus infections, and PTLD. Febrile uri-
nary tract infection is a frequent (33%–36%) posttransplanta-
tion complication, especially in girls and in children with 
urinary tract malformation and neurogenic bladder.147,148

Polyoma BK virus nephropathy is emerging as a signifi cant 
early and late complication of renal transplantation, which 
may lead to renal dysfunction and graft loss.149 Limited pro-
spective studies screening for BK virus document the presence 
of viruria in 19% to 33% of patients and viremia in 5.6% to 
13.4% of patients. Of the latter, nearly half have BK nephrop-
athy on renal biopsy.150–152 These fi ndings support the routine 
screening of pediatric renal transplant recipients for BK virus. 
Treatment of BK nephropathy consists of a decrease in im-
munosuppression and/or treatment with cidovovir.149

The prevalence of Epstein-Barr virus–induced PTLD shows 
a signifi cant increase per year and currently is 2.0%.124 Ca-
daver donor source and white race are risk factors for PTLD.153

In an analysis of PTLD after polyclonal antibody induction, 
only equine antithymocyte globulin was associated with a 
twofold higher risk of PTLD, whereas rabbit antithymocyte 
globulin and antilymphocyte globulin were not.154 Recent 
North American Pediatric Renal Transplant Cooperative 
Study data show that tacrolimus and mycophenolate mofetil 
are not associated with increased risk of PTLD after pediatric 
kidney transplantation.155 Treatment of PTLD consists of a 
decrease in immunosuppression, anti-CD20 antibody treat-
ment (rituximab), and occasionally chemotherapy. Experi-
mental data suggest that rapamycin (sirolimus) may inhibit 
the growth of Epstein-Barr virus–infected B cells and may be 
helpful in the treatment of PTLD.156

Causes of Graft Failure in Pediatric 
Recipients
The North American Pediatric Renal Transplant Cooperative 
Study, which includes data on more than 8990 transplanta-
tions, analyzes risk factors for graft loss after pediatric renal 
transplantation.3,124,139,140,157 The most common cause of graft 
failure is chronic rejection.124 Vascular thrombosis is also a 
major cause of graft failure, especially in young children, and 
accounts for approximately 12% of all pediatric renal allograft 
failures. Risk factors for vascular thrombosis include recipient 
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age and cadaver donor age, especially donors younger than 
6 years of age.3,158 Long-term graft survival rates for teenage 
recipients are signifi cantly lower compared with all age groups, 
including infants. Adolescents have a signifi cantly higher inci-
dence of late acute rejection episodes and higher rates of 
incomplete rejection reversal than any other age group.159

Noncompliance among teenagers is well recognized.128,159–161

Strategies to address noncompliance in adolescents must have 
a high priority.

Acute Rejection

With new immunosuppressive therapies, acute rejection epi-
sodes occur less frequently after pediatric transplantation. 
Indeed, acute rejection in 1987 at the beginning of the North 
American Pediatric Renal Transplant Cooperative Study was 
as high as 54% and 69% for living and cadaver donors, respec-
tively, and has now decreased to 13% and 16% in the fi rst 
posttransplantation year. It has become evident that more ag-
gressive therapy, including the use of induction therapy regi-
mens, and surveillance biopsies to establish a diagnosis of 
“silent” rejection are associated with improved short-term 
outcome.162,163 Acute rejection is of special concern because of 
its relationship to the development of chronic rejection.3 Even 
one episode of acute rejection increases the risk of developing 
chronic rejection. Thus, strategies that decrease acute rejec-
tion rates and improve short-term graft survival rates can 
translate into improved long-term survival.127,164

Chronic Rejection

Chronic rejection is characterized histologically by progres-
sive fi brosis and mononuclear cell infi ltration with interstitial 
cell atrophy. Chronic rejection can be diagnosed as early as 
3 months after transplantation, and its presence in biopsy 
specimens 6 months posttransplantation is prognostic for 
long-term outcome.165 Thus, early biopsy 3 to 6 months after 
transplantation can be evaluated for surrogate markers that 
may predict the ultimate development of chronic rejection.165

Once established, chronic rejection is progressive and ulti-
mately leads to graft failure. For pediatric patients receiving a 
renal allograft, chronic rejection is responsible for approxi-
mately 41% of graft losses.124

Understanding risk factors for chronic rejection in pediatric 
patients has been a major undertaking of the North American 
Pediatric Renal Transplant Cooperative Study. Preventing or 
minimizing risk factors has been proposed to have an impact 
on long-term graft survival. Risk factors for chronic rejection 
have been defi ned and are multifactorial. They include human 
leukocyte antigen mismatch, ischemia reperfusion injury, re-
peat transplantations, acute rejection, and other factors such as 
hypertension and hyperlipidemia. However, an extensive study 
established that acute rejection is the most important risk factor 
for the development of chronic rejection. Two or more acute 
rejection episodes increases the risk of chronic rejection four-
fold, and late initial acute rejection increases the risk of chronic 
rejection by 3.6-fold.127 These data are similar to those of stud-
ies performed in adults that also identifi ed acute rejection as a 
harbinger of chronic rejection.125 It is proposed that acute rejec-
tion establishes an immune reaction within the graft that facili-
tates positive feedback loops for immune infl ammation and 
persistent graft injury and the production of cytokines and 
growth factors such as the fi brogenic cytokine transforming 
growth factor �.166 Another possible etiology contributing to 

the development of chronic rejection is decreased renal mass 
leading to hyperfi ltration, which has a damaging effect on the 
renal parenchyma and produces the characteristic histology of 
chronic rejection.166

Currently there is no specifi c therapy for chronic rejection, 
so efforts must be directed toward preventing major risk factors 
such as acute rejection. Aggressive induction therapy to prevent 
acute rejection has not translated into better long-term graft 
survival but is associated with increased risk of infections.167

Other ideas include limiting calcineurin inhibitor–based im-
munosuppressive therapy, which is associated with progressive 
renal injury as a result of profound nephrotoxicity.144,166

SUMMARY

In this chapter, we discuss unique problems associated with 
the management of ESRD in children. We discuss strategies to 
understand and prevent malnutrition and growth retardation 
in children with ESRD. In addition, we review important is-
sues for the optimization of neurodevelopment and cognitive 
function. Last, we review current available treatment options 
including peritoneal dialysis and hemodialysis and discuss 
renal transplantation as a successful therapeutic option. All 
these treatments are options for children with ESRD.
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Renal cystic disorders include a variety of genetic and acquired 
diseases, such as autosomal dominant polycystic kidney disease 
(ADPKD), autosomal recessive polycystic kidney disease, sim-
ple renal cysts, acquired cystic disease, von Hippel-Lindau 
disease, juvenile nephronophthisis/medullary cystic kidney 
disease, medullary sponge kidney, and tuberous sclerosis. We 
review ADPKD because of its high prevalence, the improved 
understanding of its pathogenesis and disease progression, and 
potential new therapies currently under clinical investigation.

AUTOSOMAL DOMINANT POLYCYSTIC 
KIDNEY DISEASE

ADPKD is a systemic disorder affecting 1 in 700 to 1000 indi-
viduals.1 It is the most common inherited renal disorder, the 
fourth most common cause of end-stage renal disease (ESRD) 
after hypertension and diabetes and accounts for 2.5% of 
incident cases in the United States. Renal enlargement in 
ADPKD is progressive from birth; however, serum creatinine 
levels typically do not increase until the fourth or fi fth decade 
of life. The majority of patients with ADPKD reach ESRD by 
the fi fth decade of life.2

The Consortium for Radiologic Imaging Studies of Polycys-
tic Kidney Disease was established by the National Institute of 
Diabetes and Digestive and Kidney Disease to determine 
whether change in renal and cyst volume measured by mag-
netic resonance imaging could be detected over a short period 
of time and whether structural measures correlate with a de-
cline in renal function. A total of 243 patients with ADPKD 
underwent iothalamate glomerular fi ltration rate measure-
ments and magnetic resonance imaging of the kidneys and the 
liver annually for 3 years. Age-adjusted renal (R � 0.31), cyst 
(R � 0.36), and percentage of cyst volume (R � 0.35) inversely 
correlated with the glomerular fi ltration rate3 and larger renal 
volumes (�1500 mL; normal, 200 mL) demonstrated a sig-
nifi cant decline in the glomerular fi ltration rate (approximately 
5.2 mL/min/yr).4 Polycystic kidney disease 1 (PKD1) patients 
demonstrated larger renal volumes than PKD2 patients, and 
renal volume increased at a similar rate. PKD2 individuals 
demonstrated fewer renal cysts than PKD1, accounting for the 

differences in renal size seen. These results have important 
design implications for clinical trials aimed at targeting new 
interventions in ADPKD before massive kidney enlargement 
has occurred.

ADPKD is a systemic disease characterized by the presence of 
renal, hepatic, pancreatic, and thyroid cysts, intracranial aneu-
rysms (ICAs), inguinal and ventral hernias, and cardiac valvular 
abnormalities, mitral valve prolapse, and aortic insuffi ciency.5

Renal manifestations of ADPKD include pain, gross hematuria, 
cyst hemorrhage, nephrolithiasis, infections, and a common 
early presence of hypertension. Table 45-1 lists the common 
manifestations and summarizes the recommended therapies.

Extrarenal Manifestations
Polycystic Liver Disease

Polycystic liver disease (PLD) (two or more liver cysts in an 
ADPKD individual) is a common manifestation of ADPKD, 
historically presenting later than renal cystic disease.6,7 PLD 
occurs in the majority of both men and women, although 
more frequently and earlier in women. Magnetic resonance 
imaging of the liver in 243 participants in the Consortium for 
Radiologic Imaging Studies of Polycystic Kidney Disease co-
hort demonstrated liver cystic disease in 55% by age 25 and 
94% by age of 45.8

Estrogen or progesterone exposure is associated with more 
frequent and severe PLD.6,9,10 In a study of 11 patients, 1 year 
of postmenopausal estrogen therapy was associated with greater 
liver cyst growth compared with placebo-treated controls 
(N � 8).11 Liver cyst growth can be massive, associated with 
signifi cant pain, shortness of breath, early satiety, weakness, and 
fatigue. Although PLD can result in massive involvement of 
liver, noncystic liver parenchymal volume is increased with 
minimal loss of drug clearance and metabolism.12 Rarely, mas-
sive PLD can be fatal secondary to inferior vena cava obstruc-
tion, infection, or Budd-Chiari syndrome or due to the devel-
opment of end-stage liver disease with portal hypertension.13

Current approaches to the treatment of PLD have relied on 
medical, surgical, or radiological interventions. Attempts to 
avoid extensive estrogen exposure include minimizing use of 
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540 Inherited Renal Disease

oral contraceptives. When postmenopausal estrogen replace-
ment therapy is indicated, administration of cutaneous estro-
gen patches should be considered to avoid higher biliary estra-
diol concentrations that occur with oral ingestion.

Surgical fenestration-resection or partial hepatic resection 
results in symptomatic improvement in those with massive 
PLD.14 Laparoscopic liver cyst decortication is also available; 
its advantages include shorter recovery and smaller surgical 
incisions.15 Both surgical procedures have marginal success 
for diffuse PLD where multiple small cysts predominate.16

Postoperative complications include pleural effusions, ascites, 

lower extremity edema, hypertension, and infection. Finally, 
individuals have undergone either liver or combined liver-
renal transplantation for massive PLD.17

Intracranial Aneurysms

ICAs occur more frequently in ADPKD (5%–8%) than in the 
general population (1%–2%).18,19 Hypertensive strokes and sub-
arachnoid hemorrhage are responsible for the majority (75%) of 
cerebrovascular deaths in ADPKD.20 Dolichoectasia is found in 
increased frequency (3%)21 and subarachnoid or pineal cysts are 
not uncommon in ADPKD. Saccular as opposed to fusiform 

Table 45-1 Management of Complications of Autosomal Dominant Polycystic Kidney Disease

Complication Frequency Management

Extrarenal

Hepatic cysts 83% Minimize estrogen use, fenestration, 
decortication, resection, liver 
transplantation

Cholangiocarcinoma Rare

Congenital hepatic fi brosis Rare

Caroli’s disease Rare

Budd-Chiari syndrome Rare

Hepatocellular carcinoma Rare

Pancreatic cysts 10%–11%

Thyroid cysts Rare

Intracranial arterial aneurysms 5%–8% MRA if positive family history; clip, coil, or 
inject if �5–10 mm

Intracranial arterial dolichoectasis 2%–3%

Pineal cysts

Mitral valve prolapse 20%–25%

Aortic insuffi ciency 5%

Hernias (inguinal and ventral) 15%

Seminal vesicle cysts 40%

Renal

Multiple cysts 100%

Infection 30%–50% lifetime risk 4–6 wk trimethoprim-sulfamethoxazole, 
fl uoroquinolone for cyst infection; cyst 
decompression

Hypertension 60% (normal renal function), 
90% (CKD) 

ACE inhibitor

Hematuria 50% lifetime risk

Pain (due to cyst size, infection, rupture, neph-
rolithiasis)

Nephrolithiasis (uric acid and calcium oxalate) 20%

Subnephrosis-range proteinuria 27%

Decreased concentration ability 100%

ACE, angiotensin-converting enzyme; CKD, chronic kidney disease; MRA, magnetic resonance angiography
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dilations are the most frequent ICA in ADPKD, and ICAs are 
found in the anterior portion of the circle of Willis in 75%. Only 
a family history of ICA has been found to be associated with the 
presence of ICA in ADPKD.19 Given the diffi culty in obtaining 
an accurate family history of the cause of cerebrovascular events, 
when in doubt, a positive or suspicious family history should 
be assigned to the individual. ADPKD individuals with ICA 
rupture19 are more often women, relatively young (mean age, 
34 years), and with a higher frequency of family history of ICA 
(20%).19 Neuroimaging demonstrates a new ICA in 12% of pa-
tients who have suffered a ruptured ICA.22 ICAs cluster in less 
than 5% of ADPKD families and the 5´ position of mutations in 
PKD1 is more commonly associated with ICAs. Other genetic 
modifi ers may also be responsible for ICA in ADPKD.23

Magnetic resonance angiography is the appropriate screen-
ing imaging modality for cerebral aneurysms and can identify 
ICAs as small as 3 mm. Four-vessel cerebral angiography is the 
gold standard for confi rmation of questionable ICAs.19 Given 
the relatively low frequency of ICA in ADPKD, it is only cost-
effective to screen those at risk of ICA (a positive family his-
tory) or whose current occupation (e.g., airline pilot) or life-
style (e.g., scuba diving) signifi cantly increases the likelihood 
or consequences of rupture. In addition, for those individuals 
in whom knowledge of a positive or negative result would im-
prove their quality of life, a screening test for the presence of an 
ICA is warranted. In 130 asymptomatic ADPKD individuals 
with initial negative magnetic resonance screening studies who 
underwent repeat imaging 3 to 15 years later (mean, 9.7 years), 
no ICAs were found. Therefore, repeat screening in asymptom-
atic ADPKD subjects should be after more than 10 years.

Mortality and morbidity associated with a ruptured ICA re-
main more than 50%. However, in the general population, 50% 
of ICAs remain intact throughout life. The risk of rupture of 
ICA is related to the size of the aneurysm, with risk of rupture 
for ICAs more than 10 mm increasing exponentially with an 
estimated rupture rate of one in 5 patient-years. Longitudinal 
imaging of asymptomatic ADPKD individuals with intact ICAs 
less than 5 mm demonstrate little or no change in size. Less reli-
able data also suggest that those less than 10 mm do not change; 
however, the number of individuals studied is small.24,25

The outcome of surgical interventions for intact ICAs is ex-
tremely good compared with those presenting with rupture. 
Rare surgical complications include death or cerebrovascular 
accident with permanent neurological sequelae. However, re-
covery from elective neurosurgery for ICAs is usually associated 
with signifi cant neurocognitive dysfunction as well as mood 
and sleep disorders for 6 to 12 months. Therefore, the decision 
to undergo elective surgery, clipping, coiling, or injection of 
intact small ICAs should be done only after discussion with the 
neurosurgeon, neurologist, and nephrologist and should take 
into account the patient’s expectations and general health.

Renal Manifestations
Infections

Lower and upper urinary tract infections are common 
(30%–50%) and may be associated with a faster rate of renal 
functional loss in ADPKD.26 Differentiating upper and lower 
tract infections is important. Upper urinary tract infections 
may be due to pyelonephritis, nephrolithiasis, obstruction, 
or cyst infection. Differentiating among these conditions 

relies on laboratory and radiographic studies. Pyelonephritis 
and stone-related infections often have urinary abnormali-
ties (leukocyturia and bacteriuria) and positive urine cul-
tures as opposed to cyst infections. With cyst infections, 
blood cultures are more likely (50%) to be positive than 
urine cultures. The triad of localized pain, fever, and the 
presence of a complex cyst on an ultrasound scan, magnetic 
resonance imaging, or computed tomography (CT) are the 
diagnostic features of renal cyst infection. Nephrolithiasis 
can be identifi ed using CT. Cyst calcifi cations must be ruled 
out. Complex cysts, either consolidated hemorrhagic or in-
fected, can be identifi ed more often by CT. If symptoms are 
present in the area of the complex cyst, empiric antibiotic 
coverage is warranted.

The majority of cysts are detached from the parent neph-
ron resulting in inadequate intracystic drug levels for amino-
glycosides, penicillins, or cephalosporins. In pharmacologic 
studies during elective surgical cyst reduction procedures, 
good intracystic antibiotic levels have been demonstrated with 
trimethoprim-sulfamethoxazole, fl uoroquinolones, chloram-
phenicol, and vancomycin.27

Given that cysts are detached from their parent nephron, 
cyst infections are equivalent to abscesses and require pro-
longed therapy (4–6 weeks) to ensure successful treatment. In 
individuals with cysts larger than 5 cm, antibiotic therapy 
alone is often unsuccessful and percutaneous or surgical cyst 
decompression with parenteral antibiotic treatment may be 
necessary.28 Early identifi cation of cyst infection and pro-
longed treatment with antibiotics is the key to successful 
eradication of cyst infections in ADPKD. Failure to use this 
approach can result in pyelonephritis and loss of the kidney.

Perinephric abscesses and refractory infected cysts may 
need surgical drainage. Nephrectomy should be the treatment 
of last resort and can be performed by laparotomy or laparos-
copy.29 Indications for nephrectomy include gas-forming py-
elonephritis, recurrent infections in pretransplantation set-
ting, and staghorn calculi in a nonfunctioning kidney.

Hypertension

Sixty percent of ADPKD adults with normal renal function 
(mean age, 31 years) and 10% to 22% of children with 
ADPKD have hypertension.1,30 The frequency of hyperten-
sion defi ned by ambulatory measures is approximately 33% 
in children when 24-hour ambulatory blood pressure mon-
itors are used.31 Hypertension early in ADPKD is usually 
mild and adequately controlled with one to two antihyper-
tensive medications. Importantly, hypertension is a signifi -
cant independent predictor of progression to renal failure 
in ADPKD.

The mechanisms responsible for the development of hyper-
tension in ADPKD include activation of the renin-angiotensin-
aldosterone system (RAAS).32,33 Individuals with ADPKD with 
hypertension and normal renal function demonstrate larger 
kidney volumes compared with their age- and gender-matched 
ADPKD normotensive counterparts. This suggests that cyst 
growth and expansion lead to compression and stretch of renal 
arterioles and activation of the intrarenal RAAS similar to bilat-
eral renal artery stenosis.33 Relative improvement in effective 
renal plasma fl ow and a decline in fi ltration fraction occur in 
hypertensive patients with ADPKD undergoing single-dose or 
short-term therapy with angiotensin-converting enzyme (ACE) 
inhibitors compared with matched essential hypertensives.
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Left ventricular hypertrophy is present in approximately 50% 
of hypertensive ADPKD individuals.34 Increased left ventricular 
mass index is also present in normotensive ADPKD individuals 
compared with age-matched controls. Hypertensive and nor-
motensive ADPKD patients have a higher myocardial perfor-
mance index, a measure of right ventricular dysfunction.35 The 
left ventricular mass index also correlates with both diurnal and 
nocturnal systolic blood pressure based on 24-hour ambulatory 
blood pressure monitoring in normotensive adults as well as in 
children with ADPKD and normal kidney function.36,37

Proteinuria in ADPKD is usually low grade (�1 g/day) 
and occurs in a minority (17%) of patients. However, protein-
uria is more common in hypertensive versus normotensive 
ADPKD individuals and is related to the level of blood pres-
sure control.38 Proteinuria is more common in ADPKD chil-
dren (27%) and is also related to blood pressure level.39 Mi-
croalbuminuria is present in approximately 27% of adults 
with ADPKD and 34% of children with ADPKD and is also a 
predictor of poor renal outcome in ADPKD.

Hypertension is associated with a faster rate of progression to 
renal failure in ADPKD and is the most treatable risk factor as-
sociated with disease progression. Importantly, when other fac-
tors related to renal progression are taken into account, age, renal 
volume, proteinuria, and blood pressure level or hypertension 
status are important risk factors for progression to ESRD. Pro-
gression to ESRD in ADPKD has signifi cantly slowed since 1980 
with an increasing age at onset of ESRD of 4 to 10 years on 
average.9 Better blood pressure control, being followed by a ne-
phrologist, and increased use of ACE inhibitors have all been 
implicated as being responsible for the slowing of progression to 
renal failure. Long-term ACE inhibitor therapy (7 years) of hy-
pertension in ADPKD has improved left ventricular mass index 
and decreased the frequency of left ventricular hypertrophy and 
albuminuria40 with the greatest decrease in albuminuria found 
in those whose blood pressures were treated to less than 125/75 
mm Hg. The improvement in the left ventricular mass index and 
frequency of left ventricular hypertrophy after treatment may 
not be specifi c to ACE inhibitors because rigorous (mean arterial 
pressure � 93 mm Hg) compared with moderate (mean arterial 
pressure 100–107 mm Hg) blood pressure control demonstrated 
benefi cial effects. Although ACE inhibitors have renoprotective 
effects with regard to proteinuria, no clear benefi t in slowing the 
rate of progression to renal failure has been demonstrated in 
ADPKD.40–42 However, studies have been of short duration, us-
ing multiple simultaneous interventions (i.e., protein restriction 
and different blood pressure levels) and included patients with 
advanced renal disease. Importantly, observational studies dem-
onstrate that the use of diuretics as opposed to ACE inhibitors 
are associated with faster progression to ESRD,43 whereas 
�-blockers and ACE inhibitors demonstrate similar effects on 
the rate of renal progression.44

There is lack of data available regarding the benefi t of an-
giotensin receptor blockers, alone or in combination with 
ACE inhibitors in ADPKD.45 There is signifi cant variability in 
the level of blockade of the RAAS by ACE inhibitors and the 
additional use of angiotensin receptor blockers may maximize 
the blockade of the RAAS. The COOPERATE study randomly 
assigned 366 patients with nondiabetic kidney disease to ei-
ther trandolapril, losartan, or a combination of the two and 
found a 61% decrease in the composite endpoint of doubling 
of serum creatinine, ESRD, or death in the combination group 
versus the other groups.45

The PKD HALT network, a multicenter initiative funded 
by the National Institutes of Health, is currently investigating 
the role of dual blockade of the RAAS using lisinopril and 
telmisartan versus lisinopril alone in more than 1100 partici-
pants (HALT PKD trial). This trial includes those with chronic 
kidney disease types I, II, and III. The impact of dual blockade 
of the RAAS and the level of blood pressure control—120 to 
130/70 to 80 mm Hg versus less than 110/75 mm Hg on total 
renal volume—is being evaluated in patients with chronic 
kidney disease I and II, whereas dual blockade of the RAAS is 
being evaluated in patients with CKD III with a composite 
endpoint of the time to a 50% reduction of baseline estimated 
glomerular fi ltration rate, ESRD, or death.

Kidney Pain in Autosomal Dominant 
Polycystic Kidney Disease
Kidney pain could be due to a variety of conditions such as 
chronic kidney pain, infections (cystic or parenchymal), neph-
rolithiasis, and cyst hemorrhage, and an accurate diagnosis is 
required before treatment. A thorough clinical history, physi-
cal examination, urinalysis and urine cultures, and imaging 
studies are usually suffi cient to identify the cause of pain.

Chronic kidney pain is common and is associated with 
larger kidneys and increasing age. It can be unilateral or bilat-
eral with varying intensity.1 The presence of hematuria is pos-
sible, but painless hematuria is also common in ADPKD. 
Urine cultures are usually negative.

For mild pain, symptomatic relief with analgesics other than 
nonsteroidal anti-infl ammatory drugs should be used. In cases 
of more severe and debilitating pain or occurrence of narcotic 
dependence, the possibility of intervention should be enter-
tained. CT-guided cyst aspiration with or without sclerotherapy 
(with ethanol or tetracyclines) can be offered if only few large 
cysts are responsible for the pain.46 Laparoscopic or open cyst 
reduction surgery is more complicated and is associated with 
more serious complications such as persistent postsurgical pain, 
leakage from the surgical site, ascites, and recurrent infections. 
It should be reserved for debilitating and refractory pain.47 In-
fections have already been extensively discussed previously.

Cyst hemorrhage usually presents with sharp, acute pain 
without fever, but low-grade fever and leukocytosis can be pres-
ent in some cases. Cyst hemorrhages can be confi ned to the cyst 
or communicate with the urinary (causing hematuria), peri-
nephric, or retroperitoneal spaces. CT or MRI (especially when 
compared with previous studies) may confi rm the diagnosis. 
Treatment is based on pain management. Prophylactic oral anti-
biotherapy for a week to avoid infections could be considered.

Nephrolithiasis occurs in approximately 20% of patients 
with ADPKD. The most common type of kidney stones are 
composed of uric acid (�50%) and the remainder of calcium 
oxalate (40%).48 They usually present as acute-onset episodes 
of fl ank pain with microscopic hematuria. The imaging study 
of choice should be CT. Medical management should consider 
abundant water intake (almost a gallon per day), low-salt diet, 
citrate supplements in case of hypocitraturia, and allopurinol 
in case of hyperuricosuria. Cystoscopy and/or extracorporeal 
shock wave therapy should be considered if kidney stones are 
less than 2 mm. Kidney stones larger than 2 mm, particularly 
if they are associated with infection and obstruction, may re-
quire open surgical removal.48 Table 45-2 summarizes differ-
ential diagnoses and treatment of kidney pain in ADPKD.
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Therapeutic Modalities to Slow Disease 
Progression in Autosomal Dominant 
Polycystic Kidney Disease

The Modifi cation of Diet in Renal Disease study, evaluating the 
role of protein restriction in the course of renal disease in 222 
ADPKD patients with a baseline glomerular fi ltration rate be-
tween 25 and 55 mL/min, did not demonstrate benefi t. At pres-
ent, dietary protein restriction to less than 0.8 g/kg/day is not 
recommended in patients with ADPKD. Other approaches such 
as alkali therapy,49 amiloride,50,51 caffeine intake,52 and cyst 
drainage46,47 have been investigated in animal or in vitro models 
of PKD with evidence of benefi t. There are, however, no data 
from randomized clinical trials on the effi cacy of these agents. 
Better understanding of cellular and molecular mechanisms of 
cystogenesis has opened the way to new approaches to delay 
progression of ADPKD. Recently, testing for exciting new treat-
ments has begun based on the understanding of the underlying 
pathophysiology of cyst growth in ADPKD as well as positive 
preclinical results in murine models of ADPKD.

Evidence suggests that increased intracellular cyclic ade-
nosine monophosphate plays a signifi cant role in proliferative 
and fl uid secretion pathways in cyst formation and expansion 
in PKD.53 The vasopressin V2 receptor antagonist OPC-31260, 
which lowers renal epithelial cell intracellular cyclic adenosine 
monophosphate levels, has been evaluated in a transgenic 
model of PKD2 and demonstrated a signifi cant decrease in 
renal and cyst enlargement and renal dysfunction. Renal cyclic 
adenosine monophosphate levels were decreased, with a de-
crease in cystic fl uid collection.54 Administration of the selec-
tive V2 receptor antagonist tolvaptan (OPC-41061) also low-
ered renal cyclic adenosine monophosphate levels, decreased 
the severity of cyst formation, and resulted in lower kidney 
weights and cyst and fi brosis volumes in a model of autosomal 
recessive PKD, the PCK rat.55

Phase IIA studies of tolvaptan in adult patients with 
ADPKD and normal kidney function confi rmed a dose-
dependent response with increasing urine output and de-
creasing urine osmolality in 11 patients. In addition, the safety 
and tolerability of four escalating doses of oral tolvaptan were 
established in 27 individuals who maintained 24-hour urine 
osmolality less than 300 mOsm with an average daily urine 
output of 6 L after 5 days of treatment.56 Phase IIB and III 
trials investigating the safety and effi cacy of tolvaptan therapy 
targeting urinary concentration are currently ongoing. In-
creased water intake could mimic the results obtained by 
blocking vasopressin and associated pathways. A 3.5-fold in-
crease in water intake in PCK rats by using a 5% glucose solu-
tion was associated with a signifi cant decrease (�60%) in re-
nal expression of arginine vasopressin V2 receptors, B-Raf, 
phosphorylated extracellular signal–regulated kinase, and 
proliferating cell nuclear antigen–positive renal cells. High 
water intake ultimately decreased the kidney-to-body weight 
ratio 28.0% and improved renal function.57

Somatostatin C (octreotide) is a synthetic analogue of the 
natural hormone and has been successfully used in the treat-
ment of multiple endocrine tumors.58 Experimental data 
suggest that cyst fl uid secretion in several animal models re-
quires active chloride transport. Somatostatin C inhibits this 
phenomenon. The cyclic adenosine monophosphate pathway 
is also inhibited by somatostatin in one animal model of 
PKD.59 In a pilot study comparing somatostatin with placebo 

in patients with PKD, active therapy was associated with a 
smaller increase in cyst and total kidney volume after 
6 months of treatment.60

Polycystin-1 functions by inducing the formation of a 
complex with tuberin and the Ser/Thr kinase mTOR thereby 
inhibiting mTOR activity. Rapamycin is an antiproliferative 
agent, which inhibits tubular epithelial cell proliferation 
through the mTOR pathway. Rapamycin reverses this inhibi-
tion and has been shown to inhibit cyst formation and renal 
failure in the Han:SPRD rat model of PKDl.61 A clinical trial 
of rapamycin is currently ongoing in ADPKD patients.

The use of triptolide (the active diterpene in the traditional 
Chinese medicine Lei Gong Teng) in a murine model of ADPKD 
arrests cellular proliferation and attenuates overall cyst growth 
by induction of Ca2� release through a polycystin 2–dependent 
mechanism.62 Potential uses of this agent are being tested in 
preclinical models of PKD.

In summary, multiple pathways, selectively targeted based 
on the cell signaling or traffi cking abnormalities defi ned in 
transgenic animal models of PKD and cell culture systems of 
PKD epithelia, provide a range of therapeutic options. In ad-
dition to the systemic and general renal benefi ts obtained 
from agents that inhibit the RAAS, targeted therapies for 
high-risk ADPKD individuals will be available to optimize 
therapy early, before the loss of renal function.
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The techniques of gene cloning, chromosomal localization, 
and genomic evaluation have more clearly elucidated the 
pathogenesis and treatment strategies of many of the inher-
ited renal disorders. This chapter reviews a number of clinical 
disorders that have as their basis a defect in some transport or 
metabolic function of the renal tubular epithelium. Using this 
model of inherited disorders of renal tubular transport, one is 
able to defi ne conditions in which single or multiple sub-
stances are lost, in which inorganic ions or organic solutes are 
overly excreted, and in which the whole body pool of these 
substances is diminished due to excessive urinary losses. Con-
versely, sometimes metabolites are stored to excess, with toxic 
effects. The basic genetic and pathophysiologic mechanisms 
underlying these transport and metabolic defects are detailed 
elsewhere.1–5 The intent of this chapter is to focus on current 
therapeutic approaches.

AMINOACIDURIAS

The aminoacidurias may be specifi c to a single amino acid or 
to a group of amino acids whose structure and charge are 
similar.2,4 In recent years, virtually all amino acid transporters 
have been cloned.5 The technique of amino acid analysis of 
urine or plasma permits diagnosis of these disorders, particu-
larly the measurement of urinary clearance or fractional excre-
tion. Several of the aminoacidurias, such as iminoglycinuria in 
which excessive amounts of l-proline, hydroxy-l-proline, and 
glycine are found in the urine, are benign traits requiring no 
treatment.1 In dicarboxylic aminoaciduria, there are no appar-
ent clinical features and hence no recommended therapy.1

Hartnup disease is an autosomal recessive disorder charac-
terized by massive urinary losses and intestinal malabsorption 
of the neutral monoamino-monocarboxylic amino acids. Af-
fected patients develop features of pellagra2,4 because of inabil-
ity to synthesize minimal concentrations of nicotinamide as a 

result of extensive bowel and urinary l-tryptophan losses. Thus, 
insuffi cient absorption and reabsorption of l-tryptophan re-
sults in niacin defi ciency. Treatment consists of providing nico-
tinamide (40–150 mg/day) or an American diet containing 
leafy green vegetables. This effectively bypasses the need for 
tryptophan. With the provision of nicotinamide, the red scaly 
rash heals and neurologic problems improve.

Renal and urinary tract stones develop in cystinuria, an 
autosomal recessive disorder in which the poorly soluble di-
sulfi de amino acid is excreted into the urine in increased 
amounts.6 Cystinuria is a relatively frequent cause of nephro-
lithiasis, found in 1 in 12,000 persons worldwide. The initial 
goal of therapy is to decrease the urinary concentration of 
cystine below its solubility limit and is generally accomplished 
by a forced high fl uid intake. Unfortunately, this form of 
therapy requires strenuous compliance, with frequent inges-
tion of fl uids and nocturnal awakening to empty the bladder 
and drink additional fl uids. Patients should also receive oral 
alkali therapy because the solubility of cystine is pH depen-
dent (urinary solubility of cystine increases sharply at pH 
values greater than 7.5). A suggested dose is 650 mg of sodium 
bicarbonate every 6 to 8 hours.

Should these more conservative measures fail, the next line 
of therapy is the thiol-containing agents. Oral d-penicillamine
(dimethylcystine), a mercaptan that undergoes an in vivo di-
sulfi de exchange reaction with cystine, causing urinary excre-
tion of a more readily soluble penicillamine-cystine mixed 
disulfi de. In parallel, the concentration of cystine in the urine 
of a cystinuric subject actually decreases.2,4 Treatment with 
oral d-penicillamine at 1 to 2 g/day in the adult and 30 mg/kg 
in the child is highly effective in decreasing urinary cystine 
excretion to less than 200 to 300 mg/day, but patient tolerance 
is poor and adverse effects are frequent.6 Serious adverse ef-
fects that result in discontinuance of the drug occur in 30% to 
50% of patients and include skin rash, membranous or linear 
IgG antiglomerular basement membrane antibody–induced 
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nephropathy, nausea, vomiting, impairment or loss of taste or 
smell, and pemphigus.1

Because of these serious adverse effects, other disulfi de 
compounds have been used. Indeed, d-penicillamine should 
probably not be a fi rst-line drug of choice. Most experience 
has been gained with 2-mercaptopropionylglycine (�-MPG, 
tiopronin), which is 1.5 times as effective as d-penicillamine
in decreasing free cystine and in increasing the quantity of 
mixed disulfi des appearing in the urine.6 Tiopronin also re-
sults in adverse effects, including nausea, vomiting, and rash, 
but far less frequently than d-penicillamine. Development of 
the nephrotic syndrome is rare. The fi nal dose of tiopronin 
needed to reduce urinary cystine varies from 100 to 200 mg/
day. Although patients may experience adverse effects, it is 
seldom necessary to discontinue therapy, and only 6% of pa-
tients receiving tiopronin because of d-penicillamine toxicity 
must stop taking it.2,4

Surgery for staghorn calculi or obstructing stones can 
potentially be avoided by the use of extracorporeal shock 
wave lithotripsy.7 In ultrasonic lithotripsy, an ultrasound 
probe is passed up the ureter during cystoscopy; it is 97% ef-
fective in removing an obstructing calculus. Extracorporeal 
shock wave lithotripsy employs a totally external technique, 
with patients placed in a special bath, anesthetized, and then 
receiving thousands of precisely directed shock waves. The 
main drawbacks are hematuria, failure of stone passage, and 
mild to moderate obstruction and infection, although most 
patients pass the stone fragments with lesser symptoms of 
colic. Cystine stones are less effectively fragmented than are 
calcium oxalate stones.7

Hypercystinuria probably requires no treatment because 
patients do not excrete the same quantities of cystine as pa-
tients with classic cystinuria.7

GLYCOSURIAS

The renal glycosurias are a group of conditions in which ex-
cessive urinary excretion of glucose occurs in the absence of 
hyperglycemia. The glycosurias occur because of abnormal 
renal tubular reabsorption of glucose due to mutations in the 
two renal isoforms of the sodium-dependent glucose trans-
porter. The clinical course of the primary renal glycosurias is 
benign because there is neither progressive renal deterioration 
nor serious metabolic derangement, and there is no specifi c 
therapy. It is important to distinguish the primary renal gly-
cosurias from diabetes mellitus, which requires insulin or 
other hypoglycemic therapy.

CLASSIC PSEUDOHYPOALDOSTERONISM

Classic pseudohypoaldosteronism is a condition in which both 
renal tubular salt wasting and hyperkalemia are observed, de-
spite normal renal and adrenal function.2 The defect relates to 
abnormalities of the renal aldosterone or mineralocorticoid 
receptor, with an ultimate defect in the epithelial sodium chan-
nel.4 Salt wasting does not respond to exogenous mineralocor-
ticoids alone, so sodium chloride supplements must be pro-
vided. This hyperkalemic state occurs in infancy, and 24-hour 
Na� and Cl� losses are as high as 10 to 15 mEq/kg, despite 
hypovolemia and hyponatremia. The administration of gluco-

corticoids, deoxycorticosterone acetate, or fl uorinated gluco-
corticoids (which have extensive mineralocorticoid activity) do 
essentially nothing to reverse hyponatremia and hyperkalemia 
because of defective epithelial sodium channel or mineralocor-
ticoid receptor. The most effective therapy is supplemental 
sodium chloride, with the dose based on the magnitude of 
measured urinary losses (mEq/kg/24 hr).2,4 In infants, salt 
supplements normalize growth and correct serum Na� and 
Cl� concentrations, despite the fi nding of persistently elevated 
plasma renin and aldosterone concentrations. A potassium-
binding resin may be required to correct the concomitant hy-
perkalemia, and oral bicarbonate or citrate therapy is necessary 
to correct the acidosis. Patients can often have their salt supple-
ments decreased or discontinued after infancy without effect, 
and they continue to grow at a normal rate.2

HEREDITARY PHOSPHATURIAS

Phosphorus is the most prevalent mineral anion found in 
bone (75%–85% of total body phosphate pool) and is also 
essential for numerous life processes.1 Because phosphate is a 
key anion for important biologic systems, processes that affect 
the maintenance of phosphate homeostasis are important. 
The proximal tubule is the major site of regulation of phos-
phate homeostasis.2 A number of clinically distinct phospha-
turic syndromes have been defi ned,1,4 all of which result in 
excess renal phosphate wasting and hypophosphatemic osteo-
malacia. If these conditions present during childhood, the 
result is incomplete mineralization and the radiographic ap-
pearance of rickets, with bowing of the lower extremities. 
Because the fundamental pathogenic mechanisms of the ma-
jor phosphaturic syndromes differ, their treatment is also 
distinctly different (Table 46-1).

Primary or X-Linked Hypophosphatemic 
Rickets
This X-linked dominant disorder is the most common of 
the phosphaturic syndromes and involves a double renal 
tubular defect: (1) failure of Na�/PO4

3� cotransport across 
the brush border membrane of the proximal tubule and 
(2) reduction in the conversion of 25-hydroxyvitamin D3 to 
1,25-dihydroxyvitamin D3 by proximal tubule cell mito-
chondria.2,4 A defective phosphate regulatory protein 
(PHEX) that fails to degrade fi broblast growth factor 23 is 
the cause of this condition.

The current recommendation regarding the most appro-
priate form of treatment is a combination of oral 1,25-
dihydroxyvitamin D3 in as low a dose as possible (5–50 
ng/day) plus oral phosphate supplements (70 mg/kg/day).1,4,8

Although this therapy has been shown to improve calcium 
and phosphate retention, phosphate must be administered 
every 4 to 5 hours because the renal phosphate leak persists 
(see Table 46-1). Therapy is probably needed throughout 
the life of the patient. Not only will the rachitic growth plate 
lesion be improved but endosteal bone trabecular lesions 
will also improve, a change not apparent when using vita-
min D2 or D3 alone. Oral phosphate can be administered 
as Joulie solution8 or as neutral phosphate.9 The latter is 
commercially available and far easier to use. This form 
of therapy should be given during childhood. Medical 

Ch46_547-556-X5484.indd 548Ch46_547-556-X5484.indd   548 6/18/08 1:18:12 PM6/18/08   1:18:12 PM



549 Noncystic Hereditary Diseases of the Kidney

Ta
bl

e 
46

-1
 

Fe
at

ur
es

 o
f D

iff
er

en
t F

or
m

s 
of

 P
rim

ar
y 

H
yp

op
ho

sp
ha

te
m

ic
 R

ic
ke

ts

C
on

di
tio

n
Pa

tte
rn

 o
f 

In
he

ri
ta

nc
e

G
en

e 
D

ef
ec

t
A

ss
oc

ia
te

d 
Fi

nd
in

gs
Sa

lie
nt

 C
lin

ic
al

 F
ea

tu
re

s
A

ge
 D

et
ec

te
d

Th
er

ap
y

X-
lin

ke
d 

hy
po

ph
os

ph
a-

te
m

ic
 r

ic
ke

ts 
(v

ita
m

in
 

D
 d

ep
en

de
nt

 o
r 

fa
m

ili
al

)

X-
lin

ke
d 

do
m

in
an

t 
(ra

re
ly

do
m

in
an

t
or

 A
R)

 

D
ef

ec
t i

n 
PH

EX
, a

 
re

gu
la

to
r o

f p
ro

te
in

 
co

de
d 

Xp
22

.1
–2

2.
2

O
cc

as
io

na
l p

ar
at

hy
ro

id
 

ad
en

om
a/

hy
pe

rp
la

si
a

Bo
w

in
g 

lo
w

er
 s

eg
m

en
t, 

sh
or

t 
sta

tu
re

, n
o 

m
yo

pa
th

y;
 m

or
e 

se
ve

re
 in

 m
al

es
 (L

yo
n 

ef
fe

ct
)

9–
13

 m
o

O
ra

l p
ho

sp
ha

te
 

70
–1

00
 m

g/
kg

/d
ay

 
(4

–5
 ti

m
es

 d
ai

ly
); 

or
al

 
1,

25
-(O

H
) 2

D
3

5–
50

 n
g/

kg
/d

ay

H
yp

op
ho

sp
ha

te
m

ic
no

nr
ac

hi
tic

 b
on

e 
di

se
as

e

A
D

 o
r 

sp
or

ad
ic

FG
F2

3
G

ly
ci

nu
ria

N
o 

ra
di

og
ra

ph
ic

 e
vi

de
nc

e 
of

 
ric

ke
ts;

 s
lig

ht
 s

ho
rt 

sta
tu

re
 

m
ay

 d
ev

el
op

 la
te

3 
yr

 to
 a

du
lt

O
ra

l p
ho

sp
ha

te
 a

nd
 

vi
ta

m
in

 D
; 

1,
25

-(O
H

) 2
 D

3 
m

ay
 

he
al

 o
ste

om
al

ac
ia

H
er

ed
ita

ry
 h

yp
op

ho
s-

ph
at

em
ic

 r
ic

ke
ts 

an
d 

hy
pe

rc
al

ci
ur

ia

A
R;

 c
on

sa
ng

ui
ni

ty
 

fre
qu

en
t

U
nk

no
w

n
H

ig
h 

pl
as

m
a 

1,
25

-(O
H

) 2
 D

3;
in

cr
ea

se
d 

in
te

sti
na

l 
ca

lc
iu

m
 a

bs
or

pt
io

n,
 

hy
pe

rc
al

ci
ur

ia
, l

ow
 

ur
in

e 
cA

M
P

Ri
ck

et
s,

 s
ho

rt 
sta

tu
re

, o
ste

om
a-

la
ci

a,
 e

qu
al

 s
ex

 d
is

tri
bu

tio
n

Ea
rly

 c
hi

ld
-

ho
od

O
ra

l p
ho

sp
ha

te
 

(7
0–

10
0 

m
g/

kg
/d

ay
)

O
nc

og
en

ou
s 

ric
ke

ts 
w

ith
 p

ho
sp

ha
tu

ria
Sp

or
ad

ic
 o

r 
A

D
/

A
R

Pr
es

um
ed

 d
ef

ec
t i

n 
ph

os
ph

at
on

in
 a

ct
iv

ity
; 

fa
ilu

re
 to

 d
eg

ra
de

 
FG

F2
3

N
eu

ro
fi b

ro
m

at
os

is
, 

po
ly

os
to

tic
 fi 

br
ou

s 
dy

sp
la

si
a,

 e
pi

de
rm

al
 

ne
vu

s 
sy

nd
ro

m
e

Ri
ck

et
s 

he
al

ed
 b

y 
re

m
ov

al
 o

f 
tu

m
or

 w
he

re
 m

ea
su

re
d;

 
se

ru
m

 1
,2

5-
(O

H
) 2

D
3 

va
lu

es
 

ar
e 

us
ua

lly
 lo

w

Bi
rth

 o
nw

ar
d

O
ra

l p
ho

sp
ha

te
 a

nd
 

1,
25

-(O
H

) 2
D

3 
re

ve
rs

e 
hy

po
ph

os
ph

at
em

ia
;

su
rg

er
y 

m
ay

 b
e 

cu
ra

tiv
e

A
du

lt 
sp

or
ad

ic
 

hy
po

ph
os

ph
at

em
ic

os
te

om
al

ac
ia

Sp
or

ad
ic

N
ot

 r
el

ev
an

t
G

ly
ci

nu
ria

Se
ve

re
 b

on
e 

pa
in

, v
er

te
br

al
 

fl a
tte

ni
ng

, L
oo

se
r-M

ilk
m

an
 

zo
ne

s,
 s

ev
er

e 
m

yo
pa

th
y/

w
ea

kn
es

s

A
du

lt
O

ra
l p

ho
sp

ha
te

 a
nd

 
vi

ta
m

in
 D

 (a
ny

 fo
rm

)

A
D

, a
ut

os
om

al
 d

om
in

an
t; 

A
R,

 a
ut

os
om

al
 re

ce
ss

iv
e;

 c
A

M
P,

 c
yc

lic
 a

de
no

si
ne

 m
on

op
ho

sp
ha

te
; F

G
F2

3,
 fi 

br
ob

la
st 

gr
ow

th
 fa

ct
or

 2
3;

 1
,2

5-
(O

H
) 2

D
3,

 1
,2

5-
di

hy
dr

ox
yv

ita
m

in
 D

3;
 P

H
EX

, p
ho

sp
ha

te
-

re
gu

la
tin

g 
ge

ne
 o

n 
th

e 
X 

ch
ro

m
os

om
e 

w
ith

 h
om

ol
og

ie
s 

to
 e

nd
op

ep
tid

as
es

.

Ch46_547-556-X5484.indd 549Ch46_547-556-X5484.indd   549 6/18/08 1:18:13 PM6/18/08   1:18:13 PM



550 Inherited Renal Disease

noncompliance is a major problem, as are excessively loose 
stools due to oral sodium phosphate. Hydrochlorothiazide 
and amiloride may be used in some cases in which there ap-
pears to be resistance to the combination of vitamin D and 
phosphate supplementation in terms of calcium malabsorp-
tion and hypercalciuria.

No long-term studies have been reported that confi rm the 
role of lifetime phosphorus supplementation in adults with 
this disorder. However, studies indicate that calcifi cation of 
ligaments and joints (enthesopathy) can occur in untreated 
adult patients,10 suggesting the need for therapy during adult 
life. Severely affected adults who continue to have osteodys-
trophy, stress fractures, and dental caries require prolonged 
treatment, yet those who are asymptomatic may not always 
need to continue treatment. Normal pregnancies have been 
reported both in mothers treated with vitamin D/phosphate 
supplementation and in those not treated. The concomitant 
use of recombinant human growth hormone, as an adjunct to 
standard therapy, probably improves growth.

Autosomal Dominant Hypophosphatemic 
Rickets
Hypophosphatemic nonrachitic bone disease is an autosomal 
dominant or possibly sporadic disorder in which hypophos-
phatemia is milder than in X-linked hypophosphatemia and 
rickets is absent.1,4 Both the Tm PO4/glomerular fi ltration rate 
in hypophosphatemic patients and serum 1,25-dihydroxycho-
lecalciferol concentrations are normal. Therapy with vitamin 
D2 and oral phosphate salts appears to improve bone mineral-
ization; however, oral 1,25-dihydroxyvitamin D3 can be used 
in place of vitamin D2 or D3.

Hereditary Hypophosphatemic Rickets 
with Hypercalciuria
This is a familial disorder that manifests as rickets, short stat-
ure, phosphaturia, hypercalciuria (8 mg/kg/24 hr), and aug-
mented intestinal calcium and phosphate absorption.11 Circu-
lating 1,25-dihydroxyvitamin D3 concentrations are two to 
fi ve times normal compared with decreased concentrations in 
X-linked hypophosphatemic rickets and normal concentra-
tions in hypophosphatemic bone disease. This disorder repre-
sents a renal phosphate leak that results in hypophosphatemia, 
which in turn stimulates 1,25-dihydroxyvitamin D3 synthesis. 
Higher vitamin D metabolite concentrations lead to increased 
active intestinal calcium absorption, suppression of parathy-
roid hormone (PTH) secretion, and hypercalciuria. As 1,25-
dihydroxyvitamin D3 concentrations in plasma are elevated, 
vitamin D therapy is not indicated. Long-term oral phosphate 
alone reverses the biochemical features of this rare disorder.11

MAGNESURIAS

Magnesium depletion is an uncommon mineral disorder and 
is frequently overlooked because it usually arises within a com-
plex clinical setting. Renal magnesium wasting may be part of 
a primary inherited disorder (Gitelman’s syndrome),12,13 a 
single defect in magnesium reabsorption,14 or associated with 
several other clinical disorders.2,4 Excessive urinary losses of 
magnesium can also be associated with diabetic ketoacidosis, 

hyperaldosteronism, hypercalciuria (with concomitant use of 
loop diuretics), Gitelman’s syndrome, and the use of several 
therapeutic agents such as cisplatin, aminoglycoside antibiot-
ics, diuretics, and cyclosporine.4 Hereditary isolated renal mag-
nesium wasting is due to defects in three genes: a Na�/K�-
ATPase subunit (a routing defect) and paracellin,1 a protein 
located on the tight junction,14 and transient receptor potential 
cation channels.15 Gitelman’s syndrome is discussed later.

A predominant feature of magnesium defi ciency is hypo-
calcemia related to altered parathyroid gland function. Hypo-
magnesemia alters end-organ (bone) responsiveness to PTH4

and hence contributes to hypocalcemia. Further, the provi-
sion of intravenous magnesium supplements to magnesium-
defi cient hypocalcemic patients has been shown to augment 
serum values of PTH.4 Magnesium may also be an important 
factor in the action and/or metabolism of vitamin D in that 
some hypomagnesemic patients respond to 1�-vitamin D 
metabolites only after correction of serum magnesium val-
ues.3,4 Serum concentrations of 1,25-dihydroxyvitamin D3

are decreased in many magnesium-depleted patients.4 Thus, 
the mineral abnormalities can include reduced serum con-
centrations of magnesium, calcium, 1,25-dihydroxyvitamin 
D3, and PTH, all of which may be restored to normal by 
infusion or oral ingestion of magnesium. Therapy with mag-
nesium oxide 1 to 5 g (50–250 mEq) in three divided doses 
daily causes the following changes: increased serum and 
urine magnesium and calcium, decreased serum phosphate, 
increased urine phosphate, and increased serum 1,25-
dihydroxyvitamin D3 and PTH.16 Although the doses of oral 
magnesium required vary from one patient to the next, im-
proved magnesium homeostasis can usually be achieved. 
Magnesium should be taken three to four times daily as mag-
nesium oxide or magnesium pyrrolidine carboxylate because 
urinary magnesium losses occur continuously, and patients 
who have magnesium wasting will constantly lose this diva-
lent ion.

Infants who have hypomagnesemic tetany should receive 0.4 
to 0.8 mg/kg of a 50% solution of magnesium sulfate either 
intramuscularly or intravenously. Intravenous magnesium 
should be infused slowly with monitoring, and calcium gluco-
nate or lactate should be on hand to reverse dysrhythmias. Fi-
nally, renal magnesium wasting can occur in conjunction with 
varying degrees of renal insuffi ciency,16 and these patients may 
also require oral vitamin D analogues and calcium salts. A daily 
dose of 0.25 to 1.0 �g of 1,25-dihydroxyvitamin D3 may be 
needed as well as calcium lactate, carbonate, or acetate.

FANCONI SYNDROME

Fanconi syndrome is a generalized disorder of proximal tu-
bule function that can occur either as a primary disorder or as  
secondary to a number of inherited conditions.1–4 Patients 
always show hyperexcretion of substances that are reabsorbed 
and diminished excretion of substances that are secreted.1–3,5

The manifestations of Fanconi syndrome often vary depend-
ing on the underlying disorder. Tubular dysfunction typically 
involves glycosuria, phosphaturia, generalized aminoaciduria, 
proteinuria, polyuria, and proximal renal tubular acidosis. 
Other substances frequently excreted in increased quantities 
include uric acid, sodium, potassium, magnesium, citrate, and 
proteins of molecular mass less than 45,000 kd.14 Because of 
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551 Noncystic Hereditary Diseases of the Kidney

phosphaturia, hypophosphatemia, and sometimes renal insuf-
fi ciency, various bone disorders may be found, including 
rickets, osteomalacia, osteoporosis, and osteitis fi brosa.17 Adult 
patients may have severe osteomalacia and may present with 
intense bone pain and muscle weakness.1–3,5 Symptomatic 
hypokalemia is manifested by muscle weakness, growth fail-
ure, dehydration, unexplained fevers due to volume depletion, 
and profound metabolic acidosis.17

Therapy of Fanconi syndrome depends on the underly -
ing cause. Symptomatic therapy includes large doses of oral 
alkali (sodium bicarbonate, often as much as 10–15 
mEq/kg/day), phosphate supplements given four to fi ve 
times daily (Table 46-2), a vitamin D analogue (usually calcit-
riol), adequate water, and adequate sodium and potassium 
replacement to correct volume depletion and signs of hypo-
kalemia. Indomethacin may reduce urine volume.17

Patients with infantile nephropathic cystinosis have specifi c 
therapeutic needs. Cystine deposition within the cornea leads 
to photophobia, which may be improved with dark glasses, 
wetting solutions, and the use of cysteamine eyedrops that can 
dissolve cystine deposits.17 The molecular defect in this disor-
der involves reduction in the rate of effl ux of cystine, but not 
cysteine, from within a lysosomal compartment; the oxidized 
(-S-S-) form of this sulfur amino acid remains trapped, thus 
forming intralysomal cystine crystals. The defective gene en-
codes the lysosomal cystine transporter (cystinosin) and repre-
sents a defect in the endocytic pathway.14,17 At least two cystine-
depleting agents, cysteamine and pantethine (its precursor), 
can be used to deplete the lysosomes, creating mixed disulfi des 
with cystine that are freely permeable across the lysosomal 
membrane. The reduced SH form is then free to exit the lyso-
some as well and thus intracellular cystine decreases.14,17 The 
results of the Collaborative Cysteamine Study indicated that 
98 patients receiving cysteamine showed a real slowing of the 
progression to renal failure and improved linear growth com-
pared with more than 100 historic control cystinotic subjects.18

A recent analysis of 88 patients followed for more than 10 years 
identifi ed not only uremia but also hepatomegaly, splenomeg-
aly, neurological disease, progressive ocular disease, and con-
tinuing poor growth despite a functioning renal allograft.18

These results suggest the need for continuing cysteamine 
therapy, but this is only now being addressed by clinical trials. 
The drug Cystagon (cysteamine bitartrate) in capsule form has 
been approved by the U.S. Food and Drug Administration for 

use in patients with cystinosis at a daily dose of 1.3 g/m2. Pa-
tient compliance should be ensured by measuring leukocyte 
cystine content on a scheduled basis.18

Because of glandular cystine crystal deposition, hypothy-
roidism is universal in cystinosis, and therefore low-dose 
thyroxine is needed to prevent the clinical features of this 
endocrinopathy.17 The dose of l-thyroxine is chosen by deter-
mining the amount needed to suppress thyroid-stimulating 
hormone levels to the normal range. Cystinotic patients have 
also been shown to lose massive amounts of carnitine and 
therefore have a defi ciency of this acyl-transporting com-
pound. Oral carnitine therapy may reverse muscle carnitine 
depletion and the histologic features of the defi ciency.17 Fi-
nally, recall that cystinosis is a lifelong disorder with continu-
ing cystine deposition. The long-term involvement of organs 
other than the kidney is only now being appreciated since 
long-term survivors of renal transplantation became available 
for study.19

Lowe syndrome is an X-linked disorder that presents with 
cataracts, glaucoma, growth impairment, hypotonia, severe 
mental retardation, and features of Fanconi syndrome. It is 
caused by defective inositol polyphosphate 5�-phosphatase
activity, presumably involving the phosphatidylinositol sig-
naling pathway.1 Treatment is directed at correcting the meta-
bolic derangements of Fanconi syndrome. Renal dysfunction 
begins with tubular dysfunction but can progress to chronic 
renal failure. Tubular dysfunction eventually diminishes be-
cause of the decline in glomerular fi ltration rate. Patients with 
this syndrome usually die of infection or renal insuffi ciency 
but have a lifelong need for ophthalmologic evaluations. Most 
patients are boys, although girls with Lowe syndrome have 
been described due to chromosomal translocations.1,4

Patients with galactosemia, an autosomal recessive defi -
ciency of galactose 1-phosphate uridyltransferase, develop a 
Fanconi syndrome that is totally reversible when patients are 
maintained on a galactose- and lactose-free diet.1 This diet is 
a lifelong necessity.

Tyrosinosis is due to an autosomal recessive defect in fumaryl-
acetoacetate fumaryl hydrolase, with the accumulation of succi-
nylacetone and succinylacetoacetate, which in turn leads to 
hepatomegaly, cirrhosis, and full-blown Fanconi syndrome.1,2

The disorder has a poor prognosis and usually results in death in 
children due to cirrhosis and/or hepatoblastomas. A low-
tyrosine, low-phenylalanine diet can treat the Fanconi syndrome 

Table 46-2 Phosphate Preparations for Therapy of Phosphaturic Syndromes and Fanconi Syndrome

Content Constituents Phosphate

K-Phos M.F. Potassium acid phosphate, sodium acid phosphate 125.6 mg per tablet

K-Phos No. 2 Potassium acid phosphate, sodium acid phosphate 250 mg per tablet

K-Phos Neutral Potassium acid phosphate, monobasic; sodium acid 
phosphate, monobasic/dibasic

250 mg per tablet

Neutra Phos Potassium acid phosphate, monobasic; sodium acid 
phosphate, monobasic/dibasic

1 g/300 mL

Neutra Phos (capsules) Potassium acid phosphate, monobasic; sodium acid 
phosphate, monobasic/dibasic

250 mg per capsule (dissolve in water)

Joulie solution* Sodium phosphate, phosphoric acid 30.4 mg/mL

*Must be prepared by a pharmacist.
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and prevent rickets but does not prevent cirrhosis. The defi nitive 
form of therapy is liver or liver-kidney transplantation.20 Most 
authorities suggest liver-kidney transplantation.

Hereditary fructose intolerance is an autosomal recessive 
disorder caused by mutations in the aldolase B gene, result-
ing in decreased aldolase B activity in the liver, renal cortex, 
and small intestine and leading to accumulation of fructose 
1-phosphate.1,4 Diagnostic clues to this condition include an 
aversion to sweets, a lack of dental caries, and hepatomegaly. 
Development of Fanconi syndrome is temporally related to 
exposure to fructose, and treatment is directed at assidu-
ously avoiding this sugar in the diet. As in galactosemia, de-
velopment of Fanconi syndrome may occur within a few 
minutes to hours after ingestion of fructose and patients 
may become gravely ill with profound acidosis. Patients gen-
erally quickly recognize the advantage of avoiding fructose-
containing foods.

Fanconi syndrome can be seen in certain children with an 
as yet untyped glycogen storage disease that is associated with 
hepatomegaly, massive glycosuria, glucose and galactose intol-
erance, and a mutation in the glucose transporter GLUT-4.14,21

These patients are also profoundly growth retarded. Treat-
ment consists of controlling the symptoms of Fanconi syn-
drome with sodium bicarbonate, phosphate, potassium chlo-
ride, and vitamin D, and patients tend to improve with age.

Wilson’s disease is an autosomal recessive hepatocellular 
disorder of copper metabolism that presents with hepato-
megaly and Fanconi syndrome. Copper deposits are noted in 
the brain, liver, and kidney.1 Patients with Wilson’s disease also 
have, in addition to proximal renal tubular acidosis, fi ndings 
that can only be explained as distal renal tubular acidosis, and 
urinary calculi are common. Hypoparathyroidism has also 
been described in one patient with Wilson’s disease, possibly 
related to copper deposits in the parathyroid gland.1 Therapy 
for Wilson’s disease consists of d-penicillamine, which can be 

troublesome in some patients, as noted in the discussion on 
cystinuria. Whenever d-penicillamine cannot be used, trieth-
ylene tetramine dihydrochloride can be used without fear of 
the same allergic manifestations.4

When Fanconi syndrome appears in conjunction with the 
nephrotic syndrome, it is usually found in association with a 
familial pattern and focal segmental glomerulosclerosis. Tu-
bular atrophy and interstitial fi brosis are prominent.1 Treat-
ment of this glomerulopathy is unsatisfactory, and features of 
Fanconi syndrome continue until renal failure ensues.

Finally, Fanconi syndrome is associated with mutations of 
the mitochondrial genome,22 particularly if the respiratory chain 
is affected. Treatment is symptomatic, as described previously.

BARTTER SYNDROME

Bartter syndrome is characterized by hyperplasia of the juxta-
glomerular apparatus, increased circulating angiotensin II 
concentrations, normal blood pressure with diminished pres-
sor response to infused angiotensin II, hyperaldosteronism, 
hypokalemic alkalosis, and vasopressin-resistant polyuria.2,4

This condition is heterogeneous, and most patients present in 
infancy or later childhood, although a presentation after the 
age of 40 has occurred.4 The inheritance pattern is sporadic or 
autosomal recessive.

Recent progress in molecular biology has clarifi ed certain 
aspects of this syndrome (Table 46-3).14,23–25 The genetic muta-
tions that underlie Bartter syndrome involve defects in (1) the 
luminal Na�/K�/2Cl� cotransporter (NKCC2), (2) the out-
wardly directed K� channel (ROMK), or (3) the Cl� channel 
(ClCNKB). These transport proteins are all located in the thick 
ascending limb of the Henle’s loop; NKCC2 and ROMK are in 
the luminal membrane and ClCNKB in the peritubular mem-
brane.25 Gitelman’s syndrome is caused by a mutation in the 

Table 46-3 Forms of Bartter Syndrome

Type Defective Protein Clinical Characteristics
Inheritance 
Mode Location Therapy

Bartter type I Bumetamide-sensitive 
sodium-potassium-
chloride cotransporter

APP, HMA, nephrocalcinosis AR TAL KCI, indomethacin

Bartter type II Potassium channel, 
ROMK1

APP, HMA, nephrocalcinosis AR TAL KCI, indomethacin

Bartter syndrome Calcium-sensing receptor HMA, hypomagnesemia AD TAL KCI, magnesium 
oxide

Bartter type III Chloride channel 
kidney B

Growth retardation, hyper-
calciuria, HMA

AR TAL KCI, indomethacin

Bartter type IV Barttin (regulates 
chloride channel 
kidney A and B)

APP, HMA, sensorineural 
deafness, developmental 
delay

AR contiguous 
gene
deletion

TAL KCI, indomethacin

Gitelman’s 
syndrome

Thiazide-sensitive sodium-
chloride cotransporter

HMA, hypocalciuria, hypo-
magnesemia, chondrocalci-
nosis (onset in late child-
hood or adolescence)

AR Distal 
convoluted
tubule

Magnesium oxide 
or Mg pyrro-
lidine (30 
mmol/day)

APP, antenatal with polyhydramnios and prematurity; AR, autosomal recessive; HMA, hypokalemic metabolic alkalosis; ROMK, renal outer
medulla potassium channel; TAL, thick ascending Henle’s loop.
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thiazide-sensitive Na�/Cl� cotransporter in the lumen of the 
distal convoluted tubule. Differences in the function of these 
four ion-transport systems help explain the clinical heteroge-
neity in Bartter and Gitelman’s syndromes.

Children may present with growth failure as well as weak-
ness, muscle cramps, polyuria, and abdominal pain; delayed or 
slowed mentation is seen in all children with Bartter syndrome. 
The laboratory features are also heterogeneous in that patients 
show variable degrees of increased urinary losses of potassium, 
sodium, chloride, magnesium, calcium, and kallikrein and in-
creased production and excretion of prostaglandin E2.13 The 
differential diagnosis includes Fanconi syndrome, incomplete 
distal renal tubular acidosis, use of diuretics, abuse of laxatives, 
cyclical vomiting, chloride-defi cient diets, and cystic fi brosis. 
Alkalosis is associated with administration of impermeable 
anions, mineralocorticoid excess, and primary renal magne-
sium wasting (Gitelman’s syndrome).25 Because of abnormali-
ties in the concentration of prostaglandins in plasma and 
urine, it was once thought that the primary defect was one of 
prostaglandin metabolism4; this was before the roles of ion 
channels or transporters were understood.13,25 Elevated prosta-
glandin levels could potentially explain vasodilation, the lack 
of responsiveness to pressors, the inhibition of chloride trans-
port in Henle’s loop, and potassium hyperexcretion and meta-
bolic alkalosis. However, prostaglandin inhibition does not 
always correct the defect in these patients.13 Recent studies 
suggest that at least fi ve different pathogenetic mechanisms 
produce this syndrome.24 Moreover, in disorders that mimic 
hereditary Bartter syndrome, such as bulimia, chronic diuretic 
abuse, and chloride-defi cient formula-induced disease, the 
same plasma profi le is evident.1

Therapy of Bartter syndrome is problematic.4,24 Potassium 
supplementation is necessary, and large doses of potassium 
chloride may be required. Prostaglandin inhibitors have short-
lived effects when used alone24; indomethacin has been used 
most often. Prostaglandin inhibition is an adjunct therapy 
that limits the need for potassium chloride supplements.4,24

In a subset of patients, the use of supplemental potassium 
chloride and treatment with a prostaglandin synthetase inhibi-
tor may not fully correct hypokalemia, which should be the 
primary aim of therapy. In these cases, a potassium-sparing 
diuretic such as amiloride or triamterene in the usual doses can 
be useful.1,4 If constantly applied, these therapeutic approaches 
usually result in improved growth and development in chil-
dren and improved symptoms in adult patients with Bartter 
syndrome.

Patients with Gitelman’s syndrome have renal magnesium 
wasting, hypokalemia, metabolic alkalosis, and hypocalci-
uria.4,14,23 Some patients may have a tendency toward hypocalce-
mia,23 and cramps may be common. If magnesium wasting is 
present, magnesium supplementation is clearly indicated. Sup-
plementation with magnesium oxide or magnesium pyrrolidine 
carboxylate 30 mmol/day improves hypomagnesemia, some-
times corrects hypokalemia, and increases hypocalcemia.23

LIDDLE SYNDROME

Liddle syndrome is a rare familial cause of hypokalemia as-
sociated with failure to thrive, sodium retention, hyperten-
sion, and suppressed plasma levels of renin and aldosterone.27

The specifi c transport defect is located in the cytoplasmic 

region of the � or � subunit of the sodium channel or the 
amiloride-sensitive channel in the distal nephron segments.26,27

Sodium reabsorption is excessive even with dietary salt excess. 
Therapy is aimed at reducing dietary salt intake and the use of 
amiloride.27

CHLORIDE SHUNT (GORDON’S) 
SYNDROME

The chloride shunt syndrome (type 2 pseudohypoaldosteron-
ism) is almost a mirror image of Bartter syndrome. The prin-
cipal metabolic derangement is a hyperkalemic, hyperchlore-
mic metabolic acidosis.28 The primary cause is a defect in 
WNK1 or WNK4 (serine/threonine kinases).4 Clinical vari-
ants include Gordon’s syndrome and Spitzer-Weinstein syn-
drome,2 with hyperkalemia, hyperchloremia, normal glomer-
ular fi ltration rate, and hypertension. The hypertension is 
associated with low plasma aldosterone and plasma renin ac-
tivity; blood pressure is often normal in children. Muscular 
weakness may be a presenting symptom of this disorder, and 
hypercalciuria is sometimes present.

A similar syndrome of metabolic acidosis with hyperkale-
mia is also associated with short stature and has been called 
Spitzer-Weinstein syndrome.29,30 Thiazide diuretics have been 
used in the management of both Gordon’s syndrome and 
Spitzer-Weinstein syndrome, with varying results.

FAMILIAL MEDITERRANEAN FEVER

Familial Mediterranean fever (FMF) is a hereditary systemic 
disorder with recurrent bouts of polyserositis and fever. Muta-
tions in the MEFV (Mediterranean fever) gene result in abnor-
mal forms of the protein pyrin.31 This protein, localized mainly 
in neutrophils, functions to inhibit the chemotactic factor C5a. 
Unimpeded chemotaxis promotes the release of infl ammatory 
cytokines and factors including C-reactive protein, fi brinogen, 
interleukin-6, interleukin-1, tumor necrosis factor �, and 
interleukin-8.31,32 The peritoneal fl uids of FMF patients con-
tain low levels of the inhibitor to C5a and interleukin-8.33

Episodes last from 2 to 4 days with severe peritonitis, pleu-
ritis, arthritis, and other serosal sites associated with a rash and 
high fever. Certain individuals develop amyloidosis and the 
nephrotic syndrome. This amyloid kidney can lead to chronic 
renal failure and hence is of interest to nephrologists.32,33

The disease is far more common in people of Mediterra-
nean origin with high carrier rates among Arabic, Turkish, 
Armenian, Ashkenazi Jewish, and Sephardic Jewish people, 
and especially Jewish people from North Africa. Many in the 
last group have a specifi c mutation of the MEFV gene that is 
associated with progression to renal failure and with more 
serious recurrent attacks of fever and serositis.31–33

The therapeutic goal for FMF is to effectively protect 
against FMF attacks and FMF-related amyloidosis, and colchi-
cine is the drug of choice (Table 46-4).34 Its mode of action is 
to block activation of neutrophils by binding �-tubulin and 
producing �-tubulin–colchicine complexes. These actions re-
sult in inhibition of assembly of microtubules and mitotic 
spindle formation. Ultimately, colchicine moderates chemo-
kines and prostanoids and inhibition of adhesion molecules 
in neutrophils and endothelial cells.32,34
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The minimal dose in adults is 1.0 mg/day and 0.5 to 1 mg/day 
in children.34,35 Careful trials in children show that a dose of 0.07 
mg/kg/day or 1.9 mg/m2 in children younger than 5 years of age 
and 0.03 ± 0.02 mg/kg/day or 1.16 mg/m2 in older children is 
effective. The plasma half-life is prolonged in patients with liver 
or renal failure. The major side effects are gastrointestinal in 
nature; therefore, many patients are placed on lactose-free diets 
and with evaluation for Helicobacter pylori infection.31,34

Children pose an especially vexing therapeutic challenge 
because overdose can be associated with massive organ fail-
ure.36 A salutary effect of colchicine is improvement in height 
and weight velocity in children receiving prophylactic doses of 
this drug.37

Approximately 10% to 15% of FMF patients fail to re-
spond to colchicine prophylactic therapy. These patients pose 
a special problem, and several strategies are being explored. 
First, laboratories are trying to develop colchicine analogues 
with less toxicity and a more effective therapeutic profi le.34

Intravenous colchicine has been used to treat FMF patients 
unresponsive to the orally administered drug.38 Patients were 
treated with weekly injections of 1 mg, and decreases oc-
curred in the number and mean severity of abdominal at-
tacks, the number of overall attacks, chest attacks, the eryth-
rocyte sedimentation rate, and the number of analgesic 
tablets administered. Anti–tumor necrosis factor � monoclo-
nal antibodies have also been used,39,40 especially in patients 
with protracted attacks. A dose of etanercept 0.8 mg/kg/week 
was used.40 Some studies have also examined the role of in-
terferon alfa as a therapeutic agent.41

The patients who appear to require the keenest attention to 
preventing attacks and the development of amyloid renal dis-
ease are those patients from North Africa who are homozy-
gous for the M694V mutation of the MEFV gene.42 The risk of 
amyloidosis is greatest in males bearing polymorphism a/a in 
the SAAI gene.

FABRY’S DISEASE

Fabry’s disease is a rare X-linked lysosomal storage disorder 
due to partial or complete defi ciency of the lysosomal enzyme 
�-galactosidase. Although Fabry’s disease mainly affects males 
and most female carriers are asymptomatic or have milder 
disease than males, some heterozygous females develop full-
blown disease because of X-chromosomal inactivation.43

The defi ciency of �-galactosidase leads to accumulation 
of the glycosphingolipid globotriaosylceramide in visceral 
organs and vascular endothelium, which results in crises of 
pain, paresthesias of the hands and feet, and corneal and 
lenticular opacities. The skin shows characteristic lesions 
called angiokeratomas.44 This cutaneous manifestation with 
acroparesthesia should strongly suggest Fabry’s disease. 
Neuropathy is another prominent feature,45 with accumula-
tion of globotriosylceramide in Schwann cells, dorsal root 
ganglia, and the central nervous system. Cardiac manifesta-
tions include premature coronary artery disease, myocardial 
infarctions, angina, and arrhythmias.45–47

The nephrologic aspects include proteinuria, Maltese crosses 
on microscopy of the urine, and features of the Fanconi syn-
drome.46 The nephrologist may also notice the angiokerato-
mas, which represent vasodilatation from lipid-laden vascular 
endothelial cells in a typical “bathing suit” distribution. Renal 
failure usually occurs by the fourth to fi fth decades of life. The 
kidney is enlarged due to accumulation of globotriosylce-
ramide in every renal cell type, but especially in Henle’s loop 
and distal tubule, with early loss of concentrating ability. A 
renal biopsy specimen usually reveals inclusion bodies in the 
cytoplasm with concentric lamellation that have an onion skin 
appearance under electron microscopy.46–48

Therapy of Fabry’s disease is directed at early diagnosis and 
enzyme replacement therapy.49,50 A major breakthrough is the 
cloning and development of agalsidase alfa and beta, which 
have now been infused into hundreds of patients around the 
world (Table 46-5). Although early results are encouraging, 
long-term follow-up is essential.51 In one study involving 201 
patients and infusion for as long as 4.7 years, enzyme replace-
ment therapy was associated with a decrease in serum creati-
nine.52 The slope of serum creatinine decrease was steep dur-
ing the fi rst year of therapy and then fl attened. When enzyme 
replacement therapy was begun in childhood, salutary changes 
in neuropathy, anhidrosis, and the need for antineuropathic 
analgesics occurred.50

The plethora of clinical trials has led to the formation of an 
international panel of physicians with expertise in Fabry’s 
disease that can develop guidelines for the recognition, evalu-
ation, and surveillance of disease-associated morbidities.53 A 
Cochrane-type analysis has looked at agalsidase alfa (from a 
human cell line) and beta (from a Chinese hamster ovary cell 
line). Eleven trials can be analyzed. No direct head-to-head 
comparisons of the alfa and beta forms have been performed. 
Compared with placebo, enzyme replacement therapy has 
positive effects on the heart, kidneys, and central nervous 
system as well as the quality of life.54 The major side effects of 
therapy are mild to moderate infusion reactions and the de-
velopment of IgG antibodies against agalsidase alfa.50

Table 46-4 Therapeutic Options in Familial Mediterranean 
Fever

Drug Dose

Colchicine, PO Children: 0.5–1.0 mg/day 
Adults: 1.0–2.0 mg/day

Colchicine, IV 1.0 mg/wk

Anti–TNF-� monoclonal 
antibodies

0.8 mg/kg/wk, IV infusion

Interferon alfa 3–10 million IU (variable), SC 
injection

TNF-�, tumor necrosis factor �.

Table 46-5 Therapy of Fabry’s Disease

Enzyme Source Dose of Infusion

Agalsidase-� Human cell line 0.2 mg/kg (males); 
1.0–2.0 mg/kg 
(females)

Agalsidase-� Chinese hamster 
ovary cell line

0.2 mg/kg (males), 
1.0–2.0 mg/kg 
(females)
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Serial testing of cardiopulmonary exercise55 revealed im-
provement after enzyme replacement therapy, but no change 
in coronary arterial microvasculature was found.56 A placebo-
controlled trial of agalsidase beta showed slowing of progres-
sion to primary clinical event (renal, cardiac, cerebrovascular, 
or death) in patients with advanced Fabry’s disease on ther-
apy.57 Patients whose creatinine clearance was greater than 
55 mL/min/1.73 m2 had a greater treatment versus placebo 
than those with lower clearance values.57 A dose of 1 mg/kg 
body weight was employed. A drawback to this therapy is an 
annual cost of US$240,000, which makes lifelong therapy 
problematic.58

Home infusion therapy with agalsidase alfa at 0.02 mg/kg 
in males and 1 to 2 mg/kg in females has been used success-
fully.59 No infusion-related reaction, described in three of 
30 patients, required hospitalization.

Alternative therapeutic strategies include inhibition of the 
multiple drug resistance protein 1 (MDR1) in a Fabry mouse 
model using cyclosporin A.60 Cyclosporin A treatment de-
pleted globotriaosylceramide from Fabry mouse liver. Other 
strategies include the development of chemical chaperones, 
chemicals that deplete sites of substrate storage, and stem-cell 
therapy.58

At present, the U.S. Food and Drug Administration has ap-
proved only agalsidase beta, whereas both the alfa and beta 
forms have been approved in Europe.
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The primary goal of this chapter is to discuss prospects for 
gene therapy in the kidney. We briefl y review general concepts 
of gene therapy and vectors for this purpose. We discuss spe-
cifi c considerations unique to the kidney that affect gene 
therapy approaches to renal diseases, based on current data 
from clinical trials and studies in experimental renal diseases.

DEFINITION OF GENE THERAPY 
AND GENERAL CONSIDERATIONS

Gene therapy is defi ned as the delivery of DNA or RNA coding 
a particular sequence into targeted nongermline cells by vec-
tors to provide benefi cial effects by inducing or inhibiting 
synthesis of a particular protein(s). Gene therapy can provide 
correction of cellular dysfunction by expressing a gene, the 
addition of a new function for a cell by transferring exogenous 
genes, and inhibition of unfavorable cellular action by intro-
ducing counteracting genes. Gene therapy targeting germline 
cells is ethically prohibited.

General considerations in designing gene therapy are deliv-
ery, expression, and safety. Delivery refers to the ability to intro-
duce the gene of interest where it needs to affect the disease 
process. Gene therapy approaches can be divided into in vivo 
and ex vivo. In vivo gene therapy uses either viral or nonviral 
vectors for gene delivery and is treated as a drug to be adminis-
tered with or without a specifi c delivery system. Localized gene 
delivery can be used for systemic delivery of the product (e.g., 
skeletal muscle is an ideal organ for producing secretory pro-
teins for systemic delivery). Ex vivo gene therapy refers to the 
genetic modifi cation of cells or organs by gene transfer outside 
the body and subsequent placement of genetically engineered 
tissue into a patient. The source of cells may be from patients or 
be generic human or animal cells appropriately altered geneti-
cally. Xenotransplantation is an attractive target for ex vivo gene 
therapy if rejection can be surmounted. If universal donor cells 
could be developed, the cost of ex vivo gene therapy would de-
crease and its application would expand dramatically. 

Expression of a particular gene must be controllable. 
Given that overexpression of a therapeutic protein may cause 

harmful effects, regulation of transgene expression is an 
important issue to be considered. The issue of safety is an 
important problem not only for patients, but also for the 
population at large. Toxic effects of gene therapy include in-
fl ammation, injury, functional damage to the transduced or-
gan, and induction of gene mutations that may cause cancer. 
These considerations must be examined in the context of the 
particular disease to be treated: its severity and clinical 
course, alternative treatment available, organs affected, and 
so forth. Consideration needs to be given to selecting patients 
at certain stages of disease, perhaps those with the worst 
prognosis, and to carefully weighing risks and benefi ts.

CONSIDERATIONS FOR APPLICATION 
TO RENAL DISEASE

The kidney is a complex organ whose function depends on its 
architecture, which is composed of glomeruli, tubules, vascu-
lature, and interstitium. Consequently, it is not possible to 
introduce genes into all its various cell types by a single 
method. In principle, fi ve routes to transfer genes by injection 
into the kidney exist whether by ex vivo or by in vivo methods: 
renal artery, renal vein, parenchyme, subcapsular region, and 
ureter in the retrograde direction.

VECTORS

Because excellent detailed articles exist on the vector for 
gene therapy, only a brief summary is provided. The advan-
tage and disadvantage of various vector systems have been 
discussed extensively1–3 and are subjects of intense ongoing 
investigation.

Viral Vectors
Retroviruses are well studied for ex vivo application because 
of their broad host range and their ability to give long-term 
expression through proviral integration into the host genome. 
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However, in vivo fragility and low titers limit in vivo applica-
tions, as does the requirement for cell division for DNA inte-
gration. In addition, human gene therapy trials using retrovi-
ral vector for X-linked severe combined immunodefi ciency 
indicate that quasi-random integration of transgene can in-
duce malignant transformation in transduced cells.4

Adenoviruses are DNA viruses that have a wide host range 
and survive robustly in the circulation. High titers of replication-
defi cient adenovirus can easily be generated, and the virus can 
infect nondividing cells. The duration of expression is largely 
limited by a T-cell response to low levels of adenoviral proteins 
and of the transgene itself produced in the transduced cells. 
The ideal vector would contain only the cis elements required 
for packaging, namely, the inverted terminal repeats and the 
packaging signal, and progress toward the construction of 
such a vector has been reported.5 However, these advances do 
not circumvent the antibody response to adenoviral proteins, 
which precludes secondary infection with the same serotype, 
although not with a different serotype.6 The nonspecifi c infl am-
matory response that can be produced even by empty vector 
may also limit the amount of adenovirus that can be delivered. 
However, adenoviral vectors have been used for treatment of 
cancer because of their effi ciency of gene transfer and also be-
cause cellular toxicity and immunogenicity may enhance the 
antitumor effects.

Vectors based on recombinant adeno-associated virus 
(rAAV) have attracted much attention as potent gene delivery 
vehicles because of sustainable expression of the transgene 
and excellent preclinical safety.7 AAV vectors package and de-
liver an inactive single-stranded DNA genome that is con-
verted into active double-stranded DNA in the nucleus. A new 
rAAV designed using the serotype 5 AAV inverted terminal 
repeat has enhanced gene expression.8 The AAV integrates at 
high frequency at a specifi c region on human chromosome 19 
in a reaction that requires the AAV rep gene. After infection 
with helper viruses such as adenovirus or herpesvirus that 
provide factors necessary for replication, the virus can enter a 
lytic cycle. However, it appears that when rAAV is used as a 
gene delivery vehicle, most transgene expression results from 
extrachromosomal viral genomes that persist as double-
stranded circular or linear episomes,9 which decreases the risk 
of insertional mutagenesis. rAAV has drawn attention because 
of the potential for gene targeting through homologous re-
combination, which allows effi cient, high-fi delity, nonmuta-
genic gene repair in a host cell.7

Lentivirus-based vectors are used for gene delivery into 
nondividing cells.10 Vesicular stomatitis virus–pseudotyped 
lentiviral vectors can be delivered directly in vivo. Stable, long-
term transgene expression has been observed without detect-
able pathologic consequence. Weak and localized but stable 
expression of transgene for 3 months was reported in the 
outer medulla and corticomedullary junction of the kidney 
after parenchymal or ureteral injections.11

Nonviral Vectors
Nonviral vectors for gene delivery include naked DNA or 
DNA in combination with liposomes or with pegylated (poly-
ethylene glycol-conjugated) nanoparticles with multiple com-
ponents.12 Hydrodynamic delivery of plasmid DNA has been 
reported with successful expression of the transgene in kidney 
and liver. Maruyama and colleagues13 reported that the rapid 

injection of naked DNA with large volume of saline into the 
vena cava induced potent gene transfer into the liver and kid-
ney. Electroporation after hydrodynamic delivery of plasmid, 
small DNA, or small RNA provides an effi cient gene transfer 
into the kidney.14 To target cancer, pegylated nanoparticles 
with multiple components are the most promising nonviral 
vector for systemic delivery.15 Such vectors are relatively non-
toxic and nonimmunogenic, but generally the transduction 
effi ciency in vivo is less than with viral vectors and the dura-
tion of the gene expression is relatively short. Repeated ad-
ministration may be needed.

RNA Interference
The discovery of RNA interference (RNAi) has changed the 
strategy of gene therapy. RNAi is an endogenous mechanism 
for posttranscriptional gene regulation. Therapeutic RNAi, 
initiated by the introduction of double-stranded RNA into the 
cell, leads to the sequence-specifi c destruction of endogenous 
RNA.16 Long endogenous or exogenous double-stranded 
RNAs are cleaved intracellularly by the protein Dicer, which 
contains RNase III domains, leading to the formation of small 
interfering RNAs (siRNAs) (21–23 nt long) with a symmetric 
2 nt overhang at its 3′ end and a 5′ phosphate and 3′ hydroxy 
group. One strand of the siRNA duplex, termed the guide 
strand, is incorporated into a nuclease-containing multipro-
tein complex called the RNA-induced silencing complex, 
whereas the second, passenger strand is released and degraded. 
Once incorporated into RNA-induced silencing complex, the 
guide strand guides this complex to the target mRNA and in-
duces endonucleolytic cleavage. This cleavage leads to the 
rapid degradation of the entire mRNA molecule due to the 
generation of its unprotected RNA ends, whereas the RNA-
induced silencing complex is recovered for further cleavage 
cycles.

Novel therapeutics using RNAi are being actively devel-
oped partly by learning lessons from the setbacks experienced 
with antisense oligonucleotides and conventional DNA vec-
tors. Indeed, a number of biotech companies are actively 
working in this area to make RNAi-based drugs a reality. 
Phase I clinical trials have already been initiated for age-
related macular degeneration, a vascular-proliferative disor-
der of the retina using siRNA for vascular endothelial growth 
factor or vascular endothelial growth factor receptor and for 
respiratory syncytial virus infection.

Viral vectors expressing siRNA that have been intensively 
investigated for application to in vivo gene therapy in animal 
models include lentivirus,17 adenovirus,18 AAV,19 and baculovi-
rus.20 Nonviral delivery of siRNAs or siRNA expression vectors 
has also been intensively studied. Chemical modifi cations, 
encapsulation of the siRNA in microparticles or liposomes, 
and/or binding siRNAs to particulate carriers have been devel-
oped to circumvent the shortcomings of the naked siRNAs. 
The goals of these approaches are (1) prolonged duration of 
the RNAi activity by stabilization, (2) improvement of the cel-
lular tropism, (3) enhancement of the silencing activity, and/or 
(4) selective tissue delivery.

siRNAs are rather stable compared with single-stranded 
RNA in serum, but will still be degraded within a few hours 
due to the cleavage activity of an RNase. Therefore, the de-
velopment of chemical modifi cations that make them resis-
tant to RNase is the rational approach. These include the use 
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of boranophosphate21 and the phosphothioates 2′-deoxy, 
2′-fl uoro,22 and 2′-O-Me, but it has yet to be fully elucidated 
which modifi cation best increases the stability.

Another approach to increase the plasma stability and/
or direct the preferential uptake by the target cells is the use 
of envelope packaged siRNA. Various liposomes are reported 
to be effi cient in vivo, including oligofectamine,23 cationic 1,2 
dioleoyl-3-trimethylammonium-propane (DOTAP) liposomes,24

neutral 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) 
liposomes,25 and gelatin.26 Urban-Klein and colleagues27 demon-
strated that the noncovalent complexation of siRNAs with low 
molecular weight polyethylenimine effi ciently stabilizes siRNAs 
and in vivo systemic delivery of the polyethylenimine-complexed 
siRNAs targeting HER2 reduced tumor growth.

Several attempts have been directed at realizing specifi c tissue 
tropism by simple delivery (e.g., intravenous injection). Song 
and colleagues28 developed an antibody-conjugated siRNA tech-
nique. First, the authors constructed a conjugate composed of an 
antibody against a cell surface receptor and a basic cellular pro-
tein protamine, and then this conjugate was noncovalently 
linked to siRNAs targeting the gene of interest. They injected an 
antibody against human immunodefi ciency virus envelope gly-
coprotein pg160-protamine conjugate mixed with siRNAs tar-
geting c-Myc, transformed 3T3 cell double minute 2 (MDM2), 
and vascular endothelial growth factor intravenously as well as 
intratumorally in a xenograft tumor mouse model. As a result, 
signifi cant tumor growth retardation was observed by targeting 
pg160-positive cells. In another attempt, polyethylene glycol 
strands were conjugated to the outer surface of a liposome, and 
specifi c antibodies attached to these polyethylene glycol strands, 
creating a pegylated immunoliposome.29 The authors success-
fully delivered this siRNA expression vector to an implanted 
brain tumor across the blood-brain barrier and the tumor cell 
membrane by conjugating it with a monoclonal antibody to a 
transferrin receptor.

Recently it has been reported that siRNAs and short hair-
pin RNAs (shRNAs) have broad and complicated effects be-
yond the selective silencing of target genes when introduced 
into cells. This is of critical importance because siRNAs are 
currently being explored for their potential therapeutic use.

High sequence specifi city is the major characteristic of 
RNAi. However, several reports raise questions about its 
specifi city. Jackson and colleagues30 report in vitro silencing of 
nontargeted genes containing as few as 11 contiguous nucleo-
tides of identity to the siRNA. These results demonstrate that 
siRNAs may cross-react with targets of limited sequence simi-
larity. There is no doubt that siRNAs have advantages over 
conventional antisense oligonucleotides in their sequence 
specifi city, but these off-target effects must always be kept in 
mind when exploring RNAi in clinical applications.

Another nonspecifi c effect that deserves attention is the 
interferon response, which is the fi rst line of defense system 
activated by double-stranded RNA derived from viral infec-
tion. Activation of interferon responses results not only in 
the up-regulation of many interferon-related genes but also 
in inhibition of cellular protein synthesis and induction of 
apoptosis.

Because siRNAs and shRNAs are artifi cial orthologues of mi-
croRNAs, siRNA- and shRNA-mediated RNAi share the compo-
nents used for the endogenous microRNA-induced gene activa-
tion. Therefore, it is possible that the transfections of siRNA 
or shRNA, especially at high doses, would interfere with normal 

cellular physiology that is mediated by micro-RNAs. Grimm and 
colleagues19 systematically investigated the long-term effect of the 
introduction of shRNA based on AAV type 8 in adult mice after 
intravenous infusion. An evaluation of 49 distinct AAV/shRNA 
vectors, unique in length and sequence and directed against six 
targets, showed that 36 resulted in dose-dependent liver injury, 
with 23 ultimately causing death. Morbidity was associated with 
the down-regulation of liver-derived microRNAs, indicating pos-
sible competition of microRNAs with shRNAs for limiting cel-
lular factors, including the nuclear exportin-5. They also found 
that the risk of oversaturating endogenous small RNA pathways 
can be minimized by optimizing shRNA dose and sequence.

APPLICATION TO KIDNEY DISEASES

Kidney Transplantation
The transplant kidney is an ideal setting for gene therapy. After 
the kidney is harvested from the donor, ex vivo gene therapy 
can be easily performed on the kidney and the surplus vector 
can be fl ushed out before transplantation, which reduces the 
harmful effects from inappropriate delivery to other organs. 
Gene products could be delivered for four purposes: (1) to re-
duce ischemia/reperfusion injury, (2) to decrease organ antige-
nicity for acute rejection, (3) to induce tolerance or block the 
effector arm of the immune system for chronic rejection, and 
(4) to improve organ preservation.

Candidate genes (given individually or in combination) 
might include donor major histocompatibility complex class I 
or II molecules,31,32 cytotoxic T-lymphocyte antigen 4 immu-
noglobulin,33–36 interleukin (IL)-4, IL-10,37 Fas ligand,38 galec-
tin,39 adenoviral E3 gene, soluble tumor necrosis factor recep-
tor, IL-1 receptor antagonist, adhesion molecules, transforming 
growth factor � (TGF-�),40 hepatocyte growth factor (HGF),41,42

and catalase.43 Inhibition of the following genes might provide 
benefi cial effects: nuclear factor �B (NF-�B),44 nitric oxide 
synthase,45 and CD28.36

Acute rejection occurs as a consequence of T-cell activa-
tion. In this process, the engagement of T-cell receptor and 
alloantigens presented by major histocompatibility complex 
molecules is essential, and the activation of costimulator sig-
nals, such as CD28 and B7, is also important. Tomasoni and 
colleagues35 injected an adenoviral vector encoding the chi-
meric fusion protein, cytotoxic T-lymphocyte antigen 4 im-
munoglobulin, ex vivo into the artery of Brown Norway rat 
kidneys, which were then transplanted into Lewis rats. The 
rats that received cytotoxic T-lymphocyte antigen 4 immuno-
globulin gene therapy had inhibited T-cell activation and 
prolonged survival by 50 days. Azuma and colleagues44 inves-
tigated whether transfection of NF-�B decoys into the donor 
kidney would prevent acute rejection and prolong graft sur-
vival. They introduced NF-�B decoy DNA into the transplant 
kidney by microbubble-mediated gene transfer. The NF-�B
decoy improved renal function and histology of the transplant 
kidney by reducing expression of NF-�B–regulated cytokines 
and adhesion molecules. In the early phase of kidney trans-
plantation, when the transplant kidney is exposed to insults by 
ischemia/reperfusion, high doses of the immunosuppressant 
HGF may afford protection against acute kidney injury and 
may enhance tubular cell regeneration. Isaka and colleagues42

studied the renoprotective action of HGF gene transfer using 

Ch47_557-564-X5484.indd 559Ch47_557-564-X5484.indd   559 6/18/08 1:18:48 PM6/18/08   1:18:48 PM



560 Inherited Renal Disease

a model of porcine kidney transplantation after 10 minutes 
of warm ischemia injury. The harvested right kidney was 
transfected with HGF gene injected via the renal artery with 
hydropressure followed by electroporation. After removing 
the left kidney, the genetically modifi ed kidney was trans-
planted. The warm ischemia induced tubular injury in the 
control kidney, followed by tubulointerstitial fi brosis, whereas 
HGF-transfected kidneys showed no initial tubular damage 
and little fi brosis at 6 months posttransplantation.

Short-term outcome of clinical transplantation has im-
proved remarkably with the development of better immuno-
suppressants, but the long-term outcome of transplantation 
has not. Benigni and colleagues36 applied rAAV for cytotoxic 
T-lymphocyte antigen 4 immunoglobulin gene transfer to 
protect major histocompatibility complex–mismatched renal 
allografts from chronic rejection. The expression of the trans-
gene lasted for 90 days, renal function was preserved, and 
glomerulosclerosis and interstitial fi brosis were ameliorated.

Additional problems specifi c to xenotransplantation are 
hyperacute rejection and acute rejection of the transplanted 
kidney, which are caused by antibody against alpha-1,3-
galactosidase and complement-mediated hyperacute rejec-
tions. Ex vivo gene transfer of H-transferase46 and CD59 or 
decay-accelerating factor47 before transplantation may be 
worthy of consideration.

Renal Cancer (Renal Cell Carcinoma)
The most challenging issue for gene therapy in cancer is that of 
metastatic disease. Because localized renal cell carcinoma is an 
indication for surgical treatment, advanced renal cell carci-
noma has been a target of gene therapy and has been con-
fi rmed to be a considerable success. Most of the cases of gene 
therapy for renal cell carcinoma use immunotherapy, which 
strengthens the immunity against cancer-specifi c antigens. IL-
2 is a cytokine with potent immunomodulatory activities in-
cluding activation of T cells and natural killer cells. The admin-
istration of IL-2 protein results in signifi cant clinical benefi ts 
for patients with renal cell carcinoma.48 Despite producing 
benefi cial effects with some durable remissions, recombinant 
IL-2 therapy is often limited by potential life-threatening side 
effects, including pulmonary edema, hypertension, anemia, 
and organ dysfunction resulting from capillary leak syndrome. 
An alternative approach to IL-2 cancer immunotherapy would 
be an effective delivery of small amounts of IL-2 directly to the 
tumor microenvironment by gene therapy. This can be ap-
proached by direct injection of IL-2 gene into tumor cells for 
local secretion or by ex vivo introduction of IL-2 gene to tumor 
cells in culture. Galanis and colleagues49 reported the effects of 
direct injection of leuvectin (a cationic lipid mixture with a 
plasmid vector containing the human IL-2 gene) into the tu-
mors. They treated 14 patients with renal cell carcinoma, and 
two patients responded partially with a reduction in the size of 
tumor and two had regression of the injected lesion by more 
than 25%. Schmidt-Wolf and colleagues50 also reported IL-2 
immunotherapy by ex vivo gene transfer of IL-2 gene to au-
tologous natural killer–like T lymphocytes. This report did not 
identify the patients but treated one patient with advanced re-
nal cell carcinoma and eight patients with colon cancer with 
multiple metastasis. Six patients remained in progression, and 
three patients showed no change with treatment, suggesting 
that it is somewhat effective in some cases. Ongoing clinical 

trials for renal cell carcinoma are encouraging in that IL-2 gene 
therapy using nonviral vector systems can decrease the tumor 
burden.

Wittig and colleagues51 reported immunotherapy by thera-
peutic vaccination with IL-7 and granulocyte/macrophage 
colony–stimulating factor (GM-CSF) gene-transfected tumor 
cells. The genetically modifi ed autologous tumor cells ex-
pressing IL-7 and GM-CSF were introduced in patients, and 
in consequence, they showed the capability of autologous ex-
pression–modifi ed and –immunomodulated tumor cell vac-
cines to stimulate a strong immune response in some patients 
with metastatic cancer even in the presence of a large tumor. 
In Japan, GM-CSF gene therapy for renal cell carcinoma is in 
progress, and a case of regression was observed but no conclu-
sive result is reported yet.52

Glomerulonephritis and Renal Fibrosis
Gene therapy for experimental glomerulonephritis and intersti-
tial fi brosis has been energetically tackled. For an effective mo-
lecular intervention, the choice of the target tissue or cells for 
gene transfer is crucial. Strategies for gene therapy can be 
divided into two categories: tissue- or organ-specifi c delivery 
and systemic delivery. It has been reported that growth factors 
and cytokines are involved in the progression of glomerular and 
tubulointerstitial diseases. Therefore, numerous DNA- or RNA-
based biopharmaceuticals attempt to control disease progres-
sion by inhibiting these genes. The potential therapeutics in-
clude antisense oligonucleotides, decoys, ribozymes, DNAzymes, 
and siRNA. In this case, the therapeutic gene has to be delivered 
to the specifi c tissue or organ, for example, mesangial cells in 
glomerular diseases or interstitial fi broblasts in tubulointersti-
tial diseases. Conversely, several somatic tissues, such as skeletal 
muscle, can be used to introduce the foreign gene if the trans-
gene product is secreted in plasma.

Recent understanding of the molecular pathogenesis has 
led to the identifi cation of new therapeutic targets. One of 
these targets is TGF-�, which plays an important role in the 
progression of glomerulosclerosis and interstitial fi brosis.53

The introduction of antisense oligonucleotides,54,55 DNA-
zyme,56 or siRNA57 against TGF-� into glomerular mesangial 
cells54,56,57 and interstitial fi broblasts55 resulted in the suppres-
sion of TGF-� and of the consequent glomerular extracellular 
matrix expansion in rats with anti–Thy-1 glomerulonephritis 
and of the interstitial fi brosis in unilateral ureteral obstruction 
(UUO) (a model of acute tubulointerstitial fi brosis), respec-
tively. Another target is early growth response gene 1 (egr-1), 
a transcription factor involved in mesangial cell proliferation 
and phenotypic alteration of myofi broblasts. The transfer of 
antisense oligonucleotides58 and DNAzyme59 against egr-1
prevented egr-1 expression and eventually inhibited mesangial 
proliferation in anti–Thy-1 glomerulonephritis and intersti-
tial phenotypic alteration in UUO rats, respectively.

Double-stranded oligonucleotides containing a cis binding 
element for a particular transcription factor can act as a decoy 
and inhibit transactivation of the particular promoter coding 
the cis element. E2F decoy inhibits cell proliferation by mim-
icking the cis element of the promoter regions of dihydrofo-
late reductase, c-myc, cdc2 kinase, and proliferating cell nu-
clear antigen, whereas NF-�B decoy suppresses infl ammatory 
genes including IL-1, IL-6, IL-8, intracellular cell adhesion 
molecular 1, vascular cell adhesion molecule, and endothelial 
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leukocyte adhesion molecule. E2F decoy60 and NF-�B decoy61

successfully inhibit the mesangial proliferation and extracel-
lular matrix expansion in experimental glomerulonephritis. 
The overexpression of inhibitory molecules in signal trans-
duction has also been reported. The introduction of Smad-7 
inhibited TGF-� action and suppressed renal fi brosis in the 
UUO model.62,63 The inhibition of NF-�B by gene therapy of 
a truncated I�B�, a dominant negative-type molecule, re-
duced renal fi brosis in a protein-overload model.64

Skeletal muscle-targeted gene therapy for renal diseases is 
more practical and less invasive because it provides high effi -
ciency and long-lasting gene expression compared with the 
kidney.65 Inhibitory molecules against TGF-� were extensively 
studied for muscle-targeted gene therapy. The transduction of 
decorin,66 a natural inhibitor against TGF-�, or the artifi cial 
soluble receptor for TGF-�67 in muscle cells led to the com-
petitive inhibition against glomerular TGF-�, which resulted 
in the amelioration of glomerulosclerosis. Gene therapy of the 
artifi cial soluble receptor for platelet-derived growth factor 
B68 also inhibited glomerulosclerosis in anti–Thy-1 glomeru-
lonephritis. Electroporation-mediated gene transfer into skel-
etal muscle with the soluble form interferon gamma receptor 
successfully induced the interferon gamma/Fc protein in the 
serum and ameliorated murine lupus nephritis model.69 In-
travenous administration of adenoviral vector coding for the 
adrenomedullin gene signifi cantly improves the renal histol-
ogy of streptozotocin-induced diabetic rats.70

HGF is a multifunctional cytokine that regulates mitosis, 
angiogenesis, morphogenesis, cell movement, and apoptosis.71

As HGF acts against TGF-� and recombinant HGF administra-
tion suppresses renal fi brosis in the UUO model,72 HGF gene 
therapy was examined in the UUO model. The transduction of 
HGF in the kidney suppressed renal fi brosis in the UUO 
model.73,74 The introduction of plasmid coding 7ND, a domi-
nant-negative type antagonist against membrane cofactor pro-
tein 1, into the kidney75 attenuated the interstitial fi brosis in a 
protein-overload proteinuria model. Intraparenchymal injec-
tion of adenoviral vector encoding IL-10 suppresses proteinuria 
of focal segmental glomerulosclerosis in a mouse model.76

The therapeutic impact of siRNA or siRNA expression vec-
tors targeting the kidney has been reported. For example, 
Hamar and colleagues77 described the administration of 
siRNAs targeting Fas via the tail vein or renal vein of mice 
with ischemia-reperfusion injury. A single hydrodynamic in-
jection of Fas siRNA decreased its mRNA and protein expres-
sion in the kidney fourfold. Kidneys from mice that received 
Fas siRNA 2 days earlier had less tubular damage and apopto-
sis. siRNA expression vector targeting Fas or caspase 8, trans-
fected via the inferior vena cava78 or targeting the C3 compo-
nent of complement transfected via tail vein,29 have also been 
reported to decrease ischemic-reperfusion injury. Kushibiki 
and colleagues26 investigated the in vivo transfection effi ciency 
of a plasmid DNA expressing TGF-�1 receptor type II siRNA 
with various cationized gelatins of nonviral carriers and eval-
uated the antifi brotic effect on a mouse model of UUO. The 
complex of a plasmid DNA with a biodegradable cationized 
gelatin prevented DNase digestion, decreasing the molecular 
size and making the net charge of the complex positive, which 
led to facilitated and stable gene expression. The injection of 
the complex of the plasmid DNA expressing TGF-�1 receptor 
type II siRNA and the cationized gelatin via the ureter of the 
UUO model mice led to the marked decrease in the TGF-�

receptor expression and the collagen content of mice kidney, 
and eventually suppressed the progression of renal interstitial 
fi brosis. Takabatake and colleagues57 demonstrated that the 
injection of synthetic siRNAs or siRNA expression vector 
via the renal artery, followed by electroporation, could be an 
effective therapeutic approach to the glomeruli in which there 
is a central region of infl ammatory response in the initiation 
and progression of various kidney diseases. RNAi targeting 
against TGF-�1 signifi cantly suppressed TGF-�1 mRNA and 
protein expression, thereby ameliorating the progression of 
matrix expansion in experimental glomerulonephritis.

Genetically modifi ed macrophage-like cells have been de-
veloped for the treatment of anti–glomerular basement mem-
brane glomerulonephritis. Yokoo and colleagues79 differenti-
ated bone marrow cells into CD11b�CD18� cells, which 
migrate into infl amed glomeruli. The genetically modifi ed 
macrophage-like cells migrated into infl amed glomeruli in 
experimental anti–glomerular basement membrane antibody-
induced glomerulonephritis and supplied the functional se-
cretory protein, IL-1 receptor antagonist, into the infl amed 
glomeruli.80 These results suggest that reconstitution of bone 
marrow for the continuous supply of anti-infl ammatory cells 
may be a useful strategy for the treatment of chronic infl am-
mation.

Renal Anemia
Erythropoietin (EPO), which is secreted from the kidney in 
response to hypoxia, is an essential stimulator of erythropoi-
esis. The shortage of EPO leads to anemia in most cases of 
advanced renal failure. EPO gene transcription is driven by a 
transcription factor, hypoxia inducible factor 2�, in tubuloin-
terstitial fi broblasts, which are the responsive cells in EPO 
production.

Gene therapy for renal anemia has been a challenge for 
15 years. Recombinant human EPO is commercially available 
for clinical use. However, demand for successful gene therapy 
still remains because recombinant human EPO is relatively 
expensive, and the treatment must last a long time.

A variety of methods have been reported for experimental 
EPO gene therapy. The simplest method is injection of plas-
mid encoding the EPO gene into skeletal muscle followed by 
electroporation.81 Maruyama and colleagues82 treated experi-
mental renal anemia with gene therapy and showed increases 
in hematocrit in uremic rats. Long-term EPO gene expression 
was also achieved using a lentiviral vector.83 Adenovirus-
mediated EPO gene transfer also succeeded in long-term EPO 
delivery from skeletal muscle.84 Transplantation of genetically 
modifi ed fi broblasts succeeded in long-term supply of the 
EPO gene.85 Rinsch and colleagues86 used homozygous EPO 
SV40 T antigen (EPO-Tagh) transgenic mice, which have a 
target disruption in the 5′ untranslated region of the EPO 
gene that causes severe anemia by dramatically decreasing 
EPO expression. They demonstrated that the renal anemia of 
EPO-Tagh mice was corrected by implantation of encapsu-
lated fi broblasts secreting EPO.

Inducible gene therapy of EPO by mifepristone administra-
tion has been reported.87 Two plasmids encoding a gene switch 
responsive to mifepristone and an inducible transgene for EPO 
were introduced into skeletal muscle by electroporation. Intra-
peritoneal administration of mifepristone resulted in an in-
crease in serum EPO, leading to an increase in hematocrit. A 
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recent development in EPO gene therapy is the use of an in-
ducible gene responsive to the degree of hypoxia. Binley and 
colleagues88 developed an oxygen-regulated gene therapy strat-
egy by using an AAV vector carrying the EPO gene driven by 
the Oxford Biomedica hypoxia response element (OBHRE) 
promoter, which responds to hypoxia by binding of hypoxia 
inducible factor 1�. They injected the AAV vector carrying 
OBHRE-EPO into hindlimb skeletal muscle of EPO-Tagh mice 
and observed an increase in the hematocrit from 20% to 50%. 
The hematocrit stabilized at normal levels and did not increase 
to the polycythemic range because the transactivation of 
OBHRE promoter was switched off by oxygenation of periph-
eral blood cells. The constant regulation persisted for at least 5 
months. This result suggested that the OBHRE promoter gives 
rise to physiologically controlled regulation of EPO gene ex-
pression in an anemic mouse model. This approach for renal 
anemia may provide more physiologic and less expensive treat-
ment than recombinant human EPO.

Meanwhile, human EPO gene therapy was reported from 
Israel. Lippin and colleagues89 harvested subcutaneous der-
mal samples (dermal core, 30–35 � 1.5–2.5 mm) from 
13 patients. The EPO gene was transfected into the dermal 
core by adenoviral vector, and the transfected dermal core 
was implanted into the forearm of 10 patients. The EPO level 
was increased on day 1 and persisted for 14 days. The EPO 
level was decreased on day 14, coincident with infi ltration of 
CD8 T cells into the dermal core. This fi rst human trial of 
gene therapy with EPO was successful, and no adverse event 
was observed.

Hemodialysis Vascular Access
The number of patients with end-stage renal disease has been 
increasing worldwide and is expected to reach 210 million 
by 2010. More than 140 million will be treated with hemodi-
alysis. Vascular access is critical for good hemodialysis treat-
ment and the creation of a good native arteriovenous fi stula 
is a key to successful dialysis because arteriovenous fi stulas 
have a relative low rate of infection and thrombosis.90 Venous 
stenosis followed by thrombosis is caused by neointimal hy-
perplasia and vascular remodeling. Therefore, the ideal ther-
apy for vascular stenosis is likely to be an intervention to 
block both adverse remodeling and neointimal hyperplasia. 
Gene therapy for neointimal hyperplasia in AVF has been 
proposed.91 Inhibition of neointimal hyperplasia in experi-
mental models has been achieved by gene therapy with endo-
thelial nitric oxide synthase, cyclin-dependent kinase inhibi-
tor p21KIP1, GATA-6, GAX, HGF, and decoy of E2F.92 A phase 
II trial of E2F decoy is currently in progress in arteriovenous 
grafts.90
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Treatment of hypertension is a most important way for pri-
mary care practitioners and medical subspecialists to preserve 
their patients’ health. This is a daily activity in offi ces and clin-
ics and a cornerstone for prevention of both cardiovascular 
disease (CVD) and end-stage renal disease. The evidence pro-
vided by the abundance of randomized clinical trials of anti-
hypertensive therapy fully supports antihypertensive drug 
treatment and its widespread application for lowering blood 
pressure in those at risk. These trials, taken individually or 
in aggregate via meta-analysis, demonstrate that, for both 
middle-aged and elderly hypertensive individuals, antihyper-
tensive drug therapy is highly and predictably effective for 
preventing fatal and nonfatal cerebrovascular disease (stroke) 
and cardiac disease (myocardial infarction and heart failure).1

Progression of renal disease by antihypertensive drug therapy 
is also well documented.2 Thus, there is no longer doubt that 
antihypertensive therapy is benefi cial.

Are there any decisions to be made by those who treat hyper-
tension? Have choices become unnecessary because evidence-
based guidelines have eliminated or decreased decision making? 
Decisions or choices imply a lack of certainty and are not auto-
matic (as is the case for computer algorithms). Decisions in 
medicine can be considered choices made in “ignorance,” 
which, in this setting, means incomplete information rather 
than a total lack of relevant facts. Despite the wealth of informa-
tion now available, signifi cant gaps remain that require careful 
thought and analysis for decisions. The lessons and limitations 
of recent trials and research reveal these gaps. They expose areas 
where certainty should yield to best judgment, that is, decision 
making. This chapter focuses on the set of decisions (and areas 
of uncertainty) that I consider are most important at present 
(Box 48-1).

• Decision 1: What is hypertension and who is hypertensive?

• Decision 2: Which blood pressures are most accurate and 
useful for diagnosis and treatment? When should supple-
mental pressures, ambulatory monitoring, or home blood 
pressures be used?

• Decision 3: How should those with prehypertension or 
high-normal pressures be managed: by lifestyle improve-
ment alone or by drug treatment?

• Decision 4: Treatment of hypertension: should goals be 
based on blood pressure or on reversible global risk of future 
disease? Guidelines compared: Is there agreement?

• Decision 5: How should elderly hypertensive patients be 
treated?

These fi ve sets of decisions imply that the strategies and 
decisions related to initiating, maintaining, and changing an-
tihypertensive therapy, although often thought to be quite 
simple, in reality are often highly complex. Both simple and 
complex decisions rely on a successful synthesis of the clinical 
characteristics of each patient with evidence from appropriate 
clinical trials, knowledge of pathophysiology and pharmacol-
ogy, and good sense. This chapter focuses on the evidence and 
rationale for decisions linked to the fi ve issues listed.

DECISION 1: WHAT IS HYPERTENSION 
AND WHO IS HYPERTENSIVE?

Hypertension can now be defi ned in several ways. Guide-
lines use specifi c cutoff points for classifi cation: 140/90 mm 
Hg has been selected by most guideline committees.3–5

However, some suggest that any arterial pressure higher 
than that associated with the lowest epidemiologic risk of 
future cardiovascular problems (i.e., 120/80 mm Hg) should 
be considered hypertensive. A major problem with the latter 
defi nition is the lack of trial evidence to support it. A more 
useful defi nition is the baseline blood pressure that, when 
lowered by antihypertensive therapy in clinical trials, 
predicts benefi t. This defi nition includes the results of 
trials enrolling patients with abundant target organ dam-
age, diabetic nephropathy, or chronic renal disease in which 
antihypertensive drugs (angiotensin-converting enzyme in-
hibitors or angiotensin receptor blockers) were effective 
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when baseline pressures were less than 140/90 mm Hg and 
goals of treatment were less than 130/80 mm Hg. Thus, the 
defi nition of hypertension becomes contextual, related to 
other risk predictors for a patient rather than limited to a 
single cutoff point. For some older patients, hypertension 
may need to be defi ned as systolic pressures higher than 160 
mm Hg and goals for treatment set higher than 140/90 mm 
Hg.6 A context-based defi nition, related to likelihood of 
benefi t from blood pressure lowering, can go higher or 
lower than the rigid 140 mm Hg systolic to benefi t individu-
als within defi nable subgroups, but must be validated by 
trial evidence. Epidemiologic association between pressures 
higher than the optimal and risk that is not validated by 
therapeutic trials is a weak basis for clinical decisions.

Some suggest that hypertension is a high-risk state for 
CVD that is independent of high blood pressure. This im-
plies that antihypertensive drug treatment might be benefi -
cial for those with other risk factors and/or target organ 
damage irrespective of their baseline blood pressure.7 Try-
ing to separate hypertension from high blood pressure cre-
ates semantic confusion and ignores the abundant evidence 
that the major therapeutic effect of antihypertensive drugs 
for the high-risk group is their ability to decrease pressure, 
even when pretreatment pressures are in the high-normal 
range. This is consistent with the context-based defi nition. 
Some drugs classed as antihypertensive, however, have other 
actions that are benefi cial for selected populations. Thus, 
�-blockers for coronary heart disease or angiotensin recep-
tor blockers for diabetic nephropathy have added unique 
value apart from decreasing pressure. Furthermore, the car-
diovascular pathology often associated with hypertension 
may occur in those with normal pressures but other risk 
factors and unknown etiologies. Thus, an attempt to sepa-
rate hypertension from high blood pressure is confusing 
and unnecessary.8

DECISION 2: WHICH BLOOD PRESSURES 
ARE MOST ACCURATE AND USEFUL FOR 
DIAGNOSIS AND TREATMENT?

The measurement of blood pressure made at a single visit in 
the highly contrived atmosphere of a busy medical practice is 
insuffi cient for a diagnosis of normal pressure, prehyperten-
sion, or hypertension. Screening or clinic blood pressures are 
often inaccurate and misleading, especially when they are ei-
ther not clearly normal (�120/80 mm Hg) or very high 
(�180/110 mm Hg). It is now evident from many studies of 
ambulatory and home pressure measurement (supplemental 
pressures) that the average pressure is best related to risk. 
This average requires several measurements for confi dence. 
The distribution of blood pressures in a population ap-
proaches a normal bell shape. The various cut points for 
blood pressure that have been used to divide high-normal 
from hypertensive are all on the upper part of the down slope 
of these distributions. This implies that a large fraction of 
those with high-normal pressures (or the prehypertensives) 
may be falsely labeled as hypertensive, for a small measure-
ment error (5–10 mm). It is less likely that a patient with 
hypertension will be falsely classifi ed as normal or prehyper-
tensive, but this remains a worrisome possibility, as some 
with normal clinic pressures have increased supplemental 
pressures (i.e., masked hypertension) because the clinic mea-
surements give a false-negative diagnosis.9 Only by accumu-
lating enough measurements through supplemental pressures 
can an accurate classifi cation be made for normal, prehyper-
tension, or hypertension.

Ambulatory blood pressure monitoring has become a 
widespread and available technique as a result of its recogni-
tion for improved diagnostic accuracy. It is the gold standard 
for clinical diagnosis.10–14 Self-recorded home blood pres-
sures may be nearly as useful.15,16 Home pressures can be 

GFR, glomerular fi ltration rate; HDL, high-density lipoprotein; LDL, low-density lipoprotein; MI, myocardial infarction; TIA, transient isch-
emic attack.

Related to Blood Pressure
Ambulatory and home blood pres-

sures; for all ages, estimate of 
usual average pressures; consid-
eration of abnormal diurnal pat-
tern in selected patients

Age � 50 yr: diastolic pressure 
most important

Age 50–60 yr: both systolic and dia-
stolic pressures equally important

Age � 60 yr: systolic pressure and 
pulse pressure are more important

Age � 85 yr: increased risk of lower 
pressures, orthostatic hypotension, 
and low diastolic pressure; J-curve 
issue

Nonpressure Risk Factors
Best established: presence or ab-

sence of type 1 or 2 diabetes, 
history of smoking, lipid status 
(elevated LDL, low HDL choles-
terol, metabolic syndrome clus-
ter)

Less well established but may be 
useful: plasma renin profi le, tri-
glyceride levels

Suggested by recent research: 
C-reactive protein, fi brinogen, 
lipoprotein(a), homocysteine

Target Organ Damage Pathology
Cardiac: left ventricular enlargement, 

ischemia, previous MI or angina, ab-
normal stress test, impaired systolic 
function, arrhythmia

Renal microalbuminura or proteinuria, 
decreased GFR, increased creatinine

Peripheral vascular: Ankle-arm index, 
claudication, arterial bruits, aortic 
aneurysm

Cerebrovascular: history of TIA or stroke, 
carotid bruit

Box 48-1 Factors to Be Assessed in Establishing Cardiovascular and Renal Risk Status
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valuable for determining average pretreatment pressures and 
assessing treatment effects for adjusting antihypertensive 
medication.17

The systolic pressure is clearly a major determinant of risk 
in middle-aged and elderly populations,18,19 which is sup-
ported by results of clinical trials of antihypertensive therapy.20

However, retrospective analysis of some databases has sug-
gested that the simple arithmetic difference between systolic 
and diastolic pressures, the pulse pressure, may be a superior 
predictor of later CVD when compared with systolic pressure 
alone and that for equally high pulse pressures, a higher dia-
stolic pressure confers less risk for older patients.21 In treating 
older patients, an excessive decrease in diastolic pressure may 
be as harmful as an adverse effect of an overzealous decrease 
in systolic pressure.22 However, reanalysis of age-related trends 
in the Framingham study indicates that for those younger 
than 50 years of age, diastolic pressure remains the better pre-
dictor of risk; between ages 50 and 59, both systolic and 
diastolic pressures are directly related to risk; and for ages 
older than 59 years, systolic and pulse pressures are the best 
predictors.23 Thus, the age of the patient must be considered 
in determining whether the average systolic or diastolic pres-
sure has the greatest clinical relevance. This is another exam-
ple of a context-based defi nition. For the elderly, the risk of a 
low diastolic pressure needs greater emphasis for proper deci-
sions in treatment.

DECISION 3: PREHYPERTENSION 
OR HIGH NORMAL PRESSURE?

The Joint National Committee on Prevention, Detection, 
Evaluation, and Treatment of High Blood Pressure Report 7 
(JNC-7) provided a new classifi cation for high arterial blood 
pressure: optimal blood pressure, prehypertension, and hy-
pertension.3 The novel feature of this advisory was the intro-
duction of the term prehypertension to identify those with 
blood pressure higher than the optimal level (120/80 mm 
Hg), but lower than the hypertensive range (140/90 mm Hg). 
This classifi cation is based only on clinic measurements, 
omitting supplemental pressures to reclassify patients more 
precisely should false-positive or false-negative assessments 
occur due to inaccurate or misleading clinic measurements.9

Before the JNC-7, the term high-normal had been applied to 
those pressures near the hypertensive range, generally 130 to 
139/80 to 89 mm Hg. The JNC-7 did not include an age-
based classifi cation. However, the rationale for recommend-
ing that prehypertension be used could be found in the high 
likelihood that those with this level of pressure in middle age 
would eventually become hypertensive as they age, as shown 
by the longitudinal Framingham study.24 It is not surprising 
that retrospective assessments of population studies, such as 
the National Health and Nutrition Examination Survey, re-
port that a large fraction (20%–30%) of the sample could be 
classifi ed as prehypertensive.25 The important factors con-
tributing to the transition from prehypertension or high-
normal pressure to hypertension, in addition to age, are the 
actual pressure level, overweight, and weight gain.26 High salt 
intake may also contribute to this transition.27 Increased 
C-reactive protein levels have also been identifi ed as a predic-
tor of future hypertension, but this fi nding may be related 
only to overweight.28,29

Long-term follow-up has revealed that prehypertension is 
associated with eventual rates of CVD that are intermediate 
between those with optimal pressure at baseline and those 
that are hypertensives.30 As a group, prehypertensives tend to 
be overweight and have serum lipid abnormalities and type 2 
diabetes or the metabolic syndrome, but smoking is less fre-
quently a factor. Many prehypertensive individuals have a 
cluster of cardiovascular risk factors with high-normal blood 
pressure alone in only a small fraction. A schematic compari-
son of this relationship for prehypertension, compared with 
established hypertension, is given in Figure 48-1. Some risk 
calculations attribute all future risk of CVD in those who are 
prehypertensive to factors other than the blood pressure.31

That conclusion clearly implies that interventions to decrease 
the risk should focus on lifestyle improvement through weight 
loss, improved nutrition, and increased exercise.

Is there any basis for treatments to lower blood pressure as 
a primary goal for management of prehypertension or should 
all attention be given to encouraging a favorable lifestyle that 
may have benefi t whether or not pressure is lowered? What is 
the evidence to help clinicians make best decisions?

Many lifestyle interventions reduce blood pressure in short-
term studies. Those best studied are weight loss, decreased diet 
salt with increased potassium, and increased exercise.32 Chang-
ing the source of diet protein from a meat-based source to soy 
lowers pressure.33 The Dietary Approaches to Stop Hyperten-
sion trial diet, a diet high in potassium, fruits, and vegetables 
combined with low fat and restricted salt intake, has been given 
much attention in this regard. However, over 18 months, this 
strategy has a relatively small effect on blood pressure but does 
reduce the transition from prehypertension to hypertension.34

Bear in mind, however, that this event (new hypertension) oc-
curred when the clinic systolic pressure could increase as little 
as 1 mm Hg (from 139 to 140 mm Hg between visits), a very 
artifi cial and unstable defi nition. In a population survey of 
middle-aged women, there is no correlation between ingestion 
of a Dietary Approaches to Stop Hypertension–like diet and 
either hypertension or cardiovascular mortality after adjust-
ment for other risk factors.35

Do any lifestyle interventions impart a reduction in fu-
ture CVD? Only diet salt reduction has been shown to cause 
a small, but signifi cant, decrease in CVD events and mortal-
ity, in a combined analysis of two components from the Trial 
of Prevention of Hypertension. There was, over a 5- to 10-
year follow-up period, a 25% decrease in relative risk of 
cardiovascular events and a 19% decrease in relative risk of 
death.36 The absolute reductions were 1.5% for cardiovascu-
lar events and 0.3% for mortality. The numbers needed to 
treat, based on a 10-year follow-up with a 5% dropout rate 
per year, are 106 for one cardiovascular event and 528 for 
one death; these numbers are, however, compelling for an 
effective and safe population-based strategy.

There is a widespread consensus that the other lifestyle 
interventions, now favored by advisory groups, ought to be 
benefi cial, yet no trial evidence has yet emerged to confi rm 
this hope. Perhaps there should be more emphasis on a de-
crease in diet salt for those who are prehypertensive and 
equal emphasis on weight decrease and increased exercise 
for the entire population, regardless of their blood pressure, 
as those with optimal pressure may still be at risk due to 
overweight, lipid abnormalities, and high-normal blood 
glucose.
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Many antihypertensive drugs lower pressure in hyperten-
sive populations, and some appear to be benefi cial in nonhy-
pertensives who have abundant target organ damage (preex-
isting CVD) or diabetes. Candesartan, the angiotensin type I 
receptor blocker (ARB) decreased blood pressure signifi cantly 
in a placebo-controlled, randomized trial of prehypertensives 
who were young with no CVD.37 The design of the trial called 
for 2 years of active treatment combined with lifestyle advice 
followed by a 2-year phase in which the active drug was with-
drawn and both groups were placed on placebo. In this second 
phase, a high fraction of those whose pressure had previously 
been lowered by the angiotensin receptor blocker returned to 
higher pressure levels and became hypertensive at nearly the 
same rate as those on placebo in both phases. There were too 
few CVD events in the trial for evidence that angiotensin re-
ceptor blocker treatment is effective for decreasing mortality 
or morbidity as a treatment for prehypertension or high-
normal pressure.

What decisions should be made for the treatment of prehy-
pertension? Should prehypertensives be treated differently 
from those with optimal pressure who are overweight or have 
other risk factors or should they be treated as if they already 
had hypertension? Should they be treated only for the risk 
factors that are present— obesity, lipid disorders, or high fast-
ing glucose (prediabetes)—or by addition of antihypertensive 
drugs? Given the results of the Trial of Prevention of Hyper-
tension follow-up observations, would a low-dose diuretic be 
the equivalent of low-salt diet for long-term benefi t? Is the 
long-term risk of diabetes related to diuretics a concern?38

Without better evidence, these decisions can be made as well 
with a coin toss or by theoretical reasoning so that the deci-
sion, for any given patient with prehypertension, is for each 
clinician to make. It is not yet time for guidelines to set the 
rules.

DECISION 4: TREATMENT 
OF HYPERTENSION: SHOULD GOALS 
BE BASED ON BLOOD PRESSURE OR ON 
REVERSIBLE GLOBAL RISK OF FUTURE 
DISEASE? GUIDELINES COMPARED: 
IS THERE AGREEMENT?

The factors that determine future cardiovascular disease for 
hypertensive patients can be divided into categories: (1) age 
alone, (2) average pressures, (3) non–pressure-related reversible 
risk factors, and (4) preexisting cardiovascular or renal pathol-
ogy, that is, target organ damage such as left ventricular enlarge-
ment. For any given level of pressure, future risk of stroke, coro-
nary heart disease, or renal failure varies over a wide range. 
However, the abundant evidence from clinical trials clearly sup-
ports drug treatment of established hypertension.

Guidelines for the diagnosis and treatment of hypertension 
emerged shortly after evidence from randomized clinical trials 
demonstrated the effectiveness of drug treatment for high 
blood pressure. The most recent advisory from the United 
States is JNC-7.3 Guidelines have also been issued from a com-
bined effort by the European Society of Hypertension with the 
European Society of Cardiology4 and the British Hyperten-
sion Society.5 Although these three guidelines share many 
features, there are differences with regard to diagnostic cate-
gories and recommendations for treatment. Prehypertension 
is defi ned only in the JNC-7 recommendation, whereas the 
other two guidelines retain the term high-normal blood pres-
sure for those with clinic measurements of 130 to 139/85 to 
89 mm Hg. For stage 1 hypertension, clinic pressures of 140 to 
159/90 to 100 mm Hg, the JNC-7 advises drug treatment 
for all and favors starting with a thiazide-type diuretic. The 
European Society of Hypertension with the European Society 
of Cardiology and British Hypertension Society take a more 

Nonpressure risk 
factors: overweight, 
lipids, etc. Hypertension

Target organ 
damage

Nonpressure risk 
factors: overweight, 
lipids, etc. Prehypertension

Target organ 
damage

Figure 48-1 Comparison of the relationships between nonpressure risk factors and target organ damage in prehypertension 
or established hypertension (A) and high-normal blood pressure (B).
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restrained view using a global risk–based approach. For those 
with low risk and stage 1 hypertension, there is more emphasis 
on continued observation and patient preference. All guide-
lines recommend a favorable lifestyle change (smoking cessa-
tion, increased exercise, weight loss, and diet improvement) 
irrespective of the need for drug treatment.

For initiation of drug treatment, the British Hypertension 
Society guideline originally took age and ethnic status into ac-
count using the ABCD strategy. For those younger than 55 
years and nonblack, initial treatment with either an angioten-
sin-converting enzyme inhibitor (A) or �-blocker (B) was ini-
tially suggested. For those 55 years and older and/or black, the 
recommended initial treatment is a calcium blocker (C) or a 
thiazide-type diuretic (D). Due to evidence that �-blockers are 
associated with increased incidence of diabetes and a lack of 
clear-cut effectiveness,39 the B was dropped, resulting in the 
ACD strategy in a revision of the British Hypertension Society 
guideline.40 The European Society of Hypertension with the 
European Society of Cardiology approach is less stringent in 
suggesting monotherapy with any selected class as the fi rst step. 
Both age and risk status are included as bases for choice.

For defi nite hypertension, all three guidelines share the rec-
ognition that most patients will require two to three drugs for 
effective control (e.g., an angiotensin-converting enzyme in-
hibitor plus a diuretic or a calcium channel blocker). Goals for 
treatment are similar: lower than 140/90 for most patients and 
lower than 130/80 mm Hg for those with either diabetes or 
chronic renal disease. The guidelines also recommend drug 
treatment for defi nite hypertension from at least age 50 to age 
80, due to the abundant trial evidence of this conclusion. For 
those older than 80 years of age, there is recognition that 
defi nitive trial evidence is lacking. The European Society of 

Hypertension with the European Society of Cardiology and 
British Hypertension Society guidelines emphasize the need for 
individualization and recognize the risk of overtreatment and 
the need to screen for orthostatic hypotension in this age group 
to avoid syncope. Table 48-1 lists the main features for screen-
ing, classifying, and treatment for these three guidelines.

How should a clinician decide which guideline to use? Are 
the diagnosis and treatment of hypertension to be defi ned by 
national borders or are international standards more appro-
priate? One consideration for those nations with limited re-
sources for health care is to favor the most cost-effective 
strategies with emphasis on high-risk groups for control of 
hypertension to minimize ineffi cient resource consumption.41

The risk-based approach to choice of treatment will decrease 
or withhold drug treatment for those with the combination of 
stage 1 or grade 1 hypertension and low-risk profi les repre-
sented by less than a 10% to 15% likelihood of CVD over the 
next 10 years. All those with higher stages or higher risk will 
be given drug treatment. This strategy would decrease the 
number needed to treat for benefi t of individual patients and 
should be cost-effective, a necessity for nations with limited 
funds for health care. The JNC-7 imperative to treat all stage 
1 hypertensives with drug treatment irrespective of their over-
all risk profi les may lead to overtreatment with no benefi t for 
many (a high number needed to treat), excess cost, adverse 
effect (diuretics are still a problem in this regard), and dilution 
of the effort to fi nd and effectively treat those with high risk 
due to higher blood pressure or presence of other risk factors 
and/or target organ damage.

I suggest that those who manage hypertension be aware 
that experts who write guidelines have differing opinions due 
to lack of evidence and that treating physicians tailor the 

Initial Classifi cation JNC-7 ESH-ECS BHS

Prehypertension 120–139/80–89 Not used Not used

High normal No longer used A: 130–139/85–89 130–139/85–89

Hypertension Stage 1: 140�/90� to 
159/100; stage 2: 
� 159/100

B: 140–179/90–109; 
C: �180/�110

Grade 1: 140–159/90–99
Grade 2: 160–179/100–109
Grade 3: �180/�110

Isolated systolic 
hypertension

�140/�90 �140/�90 Grade 1: 140–159/�90
Grade 2: �160/�90

Goals for treatment �140/90 nondiabetic �140/90 nondiabetic �140/85 nondiabetic

�130/80 diabetes and chronic 
renal disease

�130/80 diabetes �130/80 diabetes, renal disease, es-
tablished cardiovascular disease

Initial treatment 
nondiabetics

Diuretic preferred Any drug class ACD* selection based on age and 
ethnic status (black-white)

Initial treatment 
diabetics

Two drugs, usually including 
ACEI or ARB

ACEI or ARB Type I: ACE
Type II: ARB

All blood pressures are given as mm Hg.
*AA, angiotensin-converting enzyme inhibitor for white patients and those younger than 55 years; CD, calcium blocker or diuretic for black 
or older patients.
ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; BHS, British Hypertension Society guidelines for hyper-
tension management, 2004 (BHS-IV)5,40; ESH-ECS, 2003 European Society of Hypertension–European Society of Cardiology guidelines for 
the management of arterial hypertension4; JNC-7, Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation and 
Treatment of High Blood Pressure.3

Table 48-1 Comparison of the Guidelines for Detection of Hypertension and Goals for Treatment
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guidelines to the patient rather than force the patient to fi t 
into a guideline. This is particularly the case for those with 
prehypertension or high-normal pressure or low-risk stage 1 
or grade 1 hypertensive patients.

DECISION 5: HOW SHOULD ELDERLY 
HYPERTENSIVE PATIENTS BE TREATED?

In developed countries, a larger fraction now survives longer 
than 80 years of age, with many alive in the 85- to 100-year 
range. Epidemiologic surveys project that more than 90% in 
this age range will be hypertensive according to current crite-
ria, most with isolated systolic hypertension.42 Antihyperten-
sive drug treatment of hypertension in those as old as 80 years 
of age is effective for reduction in stroke and CVD and pre-
vention of heart failure.21 The evidence is less convincing with 
those older than 85 years of age. Furthermore, the trials have 
largely recruited healthy older groups, yet many of the old-old 
have other diseases leading to frailty, diminished mobility, 
and, all too often, dementia. Low diastolic pressures often oc-
cur in the elderly that might decrease to levels near or below 
the threshold for coronary perfusion with antihypertensive 
treatment, leading to higher mortality due to lower treatment 
pressures, the J-curve phenomenon.22 Orthostatic hypoten-
sion is more likely in older patients, adding to risk of syncope 
and fractures.43 Where then does antihypertensive drug treat-
ment fi nd its place in the complex balance of considerations 
for this group? Epidemiologic surveys of the very old suggest 
that those with the lowest blood pressure actually have the 
highest short-term mortality rates compared with those with 
higher (even hypertensive) pressures.44,45 A meta-analysis of 
old-old subgroups selected from reports of larger trials found 
that active treatment does decrease the rate of stroke, but in-
creases overall mortality.46 A pilot trial of active treatment 
compared with placebo in hypertensives 85 years of age 
and older, found a similar pattern: reduced stroke and higher 
mortality.47 A larger trial (the Hypertension in the Very El-
derly Trial) will investigate the effect of antihypertensive treat-
ment in the old-old on cardiovascular event rates, dementia, 
and fractures.48,49 It is hoped that the results will be available 
in 2009.

The value of antihypertensive drug treatment in the old-
old offers potential benefi t and harm. This potential is con-
veyed in Figure 48-2, which portrays the likelihood of benefi t 
versus harm in relation to age. Until additional trials coupled 
with careful observational studies are available, emphasis 
should be placed on thoughtful assessment of each individual 
patient to ponder reversible risk of cardiovascular disease, 
quality of life, likelihood of syncope (orthostatic hypoten-
sion) and patient’s preferences. Primum non nocere should be 
balanced against the urge to write prescriptions in order to 
make the best decisions.

CONCLUSIONS

Physicians evaluate and treat patients one by one. The lessons 
learned from large epidemiologic and clinical trials need 
translation and individualized application for optimal deci-
sion making. It is recommended that physicians consider 
the views presented in this chapter to give attention to the 

following: (1) focus on the daily average pressure for diagno-
sis and treatment with recognition that age-based criteria for 
either systolic or diastolic pressure are relevant, (2) be aware 
of the limited or absent evidence of effective treatment of 
prehypertension or high-normal pressure, and (3) recognize 
that well-meaning guidelines differ among groups who are 
distant from the day-to-day challenges of patient care. Low-
ering blood pressure to compensate for other risk factors may 
be valuable in selected, but not all, cases.4 Treating systolic 
hypertension in the elderly and especially the old-old is a 
multifaceted challenge that should combine realistic goals for 
treatment with principles of geriatric medicine.

Decisions (choices made in ignorance) are built into the 
practice of preventive medicine. The current abundance of 
evidence combined with useful guidelines has reduced, but 
not eliminated, the ignorance, so that the best decisions will 
require knowledge, thought, and wisdom.
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Figure 48-2 Schematic estimate of the relationship between 
benefi t and harm of treatment of hypertension in relation to 
age. Based on trial evidence, benefi t clearly exceeds harm 
when drug treatment is given to those 50 to 80 years of age 
and very likely for those between 40 and 50. With increas-
ing frailty in the elderly, the presence of other diseases re-
quiring medications, and the likelihood of drug interactions, 
the potential for harm increases and may cross the benefi t 
line at ages 80 to 85.
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There is a continuum of risk between blood pressure and car-
diovascular events. Although 27% of the U.S. adult population 
has hypertension and often receives some form of pharmaco-
logical therapy,1 many fewer are counseled about, or actually 
implement, nonpharmacologic treatments. However, the great-
est impact of nonpharmacologic treatments may actually be in 
the large group of individuals with prehypertension. Nonphar-
macologic interventions involving dietary and lifestyle changes, 
such as weight loss, sodium restriction, and changes in dietary 
patterns, either alone or in combination, may decrease the in-
cidence and prevalence of hypertension. Clinicians do not 
place suffi cient emphasis on these interventions because pa-
tient acceptance and adherence are often low.

The treatment of hypertension has evolved over the past 40 
years. Research has generated changes in strategies, approaches, 
treatment options, and effects of nonpharmacologic treat-
ment. However, what has remained constant is the recognition 
that lifestyle modifi cations are a cornerstone of treatment. Al-
though clinical trials of nonpharmacologic treatments have 
not had suffi cient power to show differences in cardiovascular 
events, implementing these interventions can be supported 
from cardiovascular risk reduction associated with their blood 
pressure effects per se.

This chapter summarizes the results of studies that evalu-
ate the effects of nonpharmacologic treatments in prehyper-
tensives and hypertensives. A summary of systolic blood pres-
sure changes that may be anticipated with the interventions is 
shown in Table 49-1.

EFFECTS OF DIETARY PATTERNS

A diet that replaces animal products with vegetable products 
decreases blood pressure. However, it is unrealistic to assume 
that vegetarian diets would be widely accepted. Features of a 
vegetarian diet have been identifi ed (e.g., higher fi ber, potas-
sium, and magnesium content and decreased fat content) that 
may affect blood pressure. Although each of these individual 
nutrients is associated with decreased blood pressure, trials that 
have tested the effects of such individual nutrients have seen 
only small blood pressure changes. This may be due to each 
nutrient by itself having a small effect so that only when all are 
consumed together is a clinically signifi cant effect observed.

The Dietary Approaches to Stop Hypertension (DASH) 
trial2 was designed to identify a diet that decreases blood 
pressure and is also palatable and acceptable to the general 
population. Individuals with a diastolic blood pressure of 
80 to 95 mm Hg and a systolic blood pressure less than 
160 mm Hg were randomized to receive one of three interven-
tion diets. Participants were provided with all their meals for 
an 11-week period. After a 3-week run-in period on a control 
diet, participants were randomized to either continue with the 
control diet or receive (1) a diet rich in fruits and vegetables 
(fruits and vegetables diet) but otherwise similar to the con-
trol diet in fat and carbohydrate content or (2) a diet that 
combined the increased fruits and vegetables of the fruits and 
vegetables diet with increased low-fat dairy products and 
overall decreased total and saturated fat and cholesterol 
(DASH diet). All diets had similar sodium content (approxi-
mately 3 g/day). The diets and feeding protocols were de-
signed to prevent signifi cant weight change.

Participants randomized to the DASH diet had a signifi -
cant decrease in blood pressure. The fruits and vegetables diet 
produced an intermediate effect. The DASH diet decreased 
blood pressure by �6/�3 mm Hg. The response was greater 
in African Americans (�7/�4 mm Hg systolic/diastolic) than 
in whites (�3/�0.5 mm Hg) and those with hypertension 
benefi ted the most (�12/�5 mm Hg).3 By the end of the trial, 
70% of participants who entered the study with hypertension 
had normal blood pressure (�140/90 mm Hg) if they ate the 
DASH diet compared with only 23% of those eating the con-
trol diet.4 The DASH diet was well accepted and self-reported 
adherence with the diet was more than 90%.

Other dietary patterns that build on the components 
of the DASH diet may also be benefi cial for blood pressure 
in individuals with prehypertension and hypertension. Evi-
dence supporting favorable effects of protein and unsatu-
rated fat intake on blood pressure led to the Optimal 
Macronutrient Intake Trial to Prevent Heart Disease 
(OMNI-Heart).5 Three healthy dietary patterns were as-
sessed: a carbohydrate-rich diet (similar to the DASH diet), 
a diet rich in protein (approximately one half from plant 
sources), and a diet rich in unsaturated fat (mostly mono-
unsaturated fat). All the diets were enriched in vegetables, 
fi ber, potassium, and other minerals, with decreased satu-
rated fat and cholesterol. Participants consumed each of the 
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Thus, the DASH diet and similar dietary patterns studied in 
the OMNI-Heart Trial decrease blood pressure. Components 
of these dietary patterns are also associated with a decreased 
incidence of cardiovascular events. These fi ndings provide 
abundant evidence that dietary patterns enriched in fruits 
and vegetables and low in saturated fat are an effective, well-
tolerated, nonpharmacologic treatment for prehypertension 
and stage 1 hypertension.

EFFECTS OF INDIVIDUAL DIETARY 
MICRO- AND MACRONUTRIENTS

In an attempt to dissect the blood pressure effects of indi-
vidual dietary nutrients, several studies have evaluated 
effects of mineral intake (i.e., potassium, calcium, and mag-
nesium) and macronutrient intake (i.e., protein, carbohy-
drate, and fat).

Substantial evidence exists for an effect of higher potas-
sium intake on blood pressure. A number of clinical trials and 
meta-analyses have confi rmed that increased potassium in-
take is associated with lower blood pressure. Whelton and 
colleagues12 showed that a net increase in potassium intake 
of 2 g/day (50 mmol/day) resulted in a signifi cant decrease 
in blood pressure by �4/�3 mm Hg. Blood pressure effects in 
African Americans appear to be greater than those in whites.

Support for a small effect on blood pressure by increased 
calcium intake comes from a series of observational and inter-
ventional studies. Although increased calcium intake per se is 
associated with lower blood pressure, a meta-analyses of trials 
showed that the effects are modest, amounting to approxi-
mately 1 mm Hg or less for systolic and diastolic blood pres-
sures.13,14 Similarly, although there is an association between 
increased magnesium intake and lower blood pressure, an 
analysis of 20 trials did not show a signifi cant effect on blood 
pressure.15

Increased potassium, calcium, and magnesium intake 
may be achieved through individual supplements or food 
intake. However, the preferred strategy is to increase such 
micronutrient intake from foods rather than nutritional 
supplements because the former would also provide other 
nutrients. For example, adhering to the DASH dietary pat-
tern provides intake of these micronutrients at or near rec-
ommended levels, approximately 4.7 g/day of potassium, 
0.5 g/day of magnesium, and 1.25 g/day of calcium, based 
on 2100 kcal/day.

Dietary intake of macronutrients, that is, carbohydrate, 
protein, and fat, may also affect blood pressure. However, in 
general the effects are less certain and likely complex. Probably 
the most consistent evidence is an inverse relationship be-
tween blood pressure and protein intake (primarily from 
plant sources).16 However, in studies in which one macronu-
trient is altered, there is always a concomitant change in oth-
ers, making it diffi cult to discern whether an effect is due to 
increases in one or decreases in another. In the OMNI-Heart 
Trial,5 a carbohydrate-rich diet similar to the DASH diet de-
creased blood pressure signifi cantly, but partial substitution of 
carbohydrate with protein or monounsaturated fat further 
decreased blood pressure. Thus, these fi ndings are consistent 
with the hypothesis that substituting carbohydrate with either 
protein or monounsaturated fat decreases blood pressure fur-
ther. However, it is unclear whether this is mediated by the 

Table 49-1 Nonpharmacologic Treatments to Prevent and 
Manage Hypertension

Intervention
Approximate Systolic Blood 
Pressure Reduction (mm Hg)

Dietary patterns

 DASH 6–12

 DASH with higher protein or 
monounsaturated fat intake

8–14

Individual micronutrients

 Potassium 4

 Calcium 1

 Magnesium No change

Other dietary changes

 Restricting alcohol intake 3

 Coffee consumption +2

 Cocoa consumption 1–3

Weight loss 5–20/10 kg

Exercise 7

Other lifestyle changes

 Smoking cessation No change (short term)

 Tai chi No change

 Transcendental meditation 3

 Acupuncture No change

DASH, Dietary Approaches to Stop Hypertension study.

diets for 6 weeks. Each diet signifi cantly decreased blood 
pressure. However, the diets that substituted protein or un-
saturated fat for carbohydrate (~10% of total calories) fur-
ther decreased systolic blood pressure by as much as 4 mm 
Hg in hypertensive participants.

Each of these feeding studies was a short-term trial that 
assessed effects on blood pressure. Other epidemiologic stud-
ies have confi rmed the favorable long-term effects of similar 
lifestyle modifi cations on cardiovascular disease outcomes. 
Modifying dietary fat intake for secondary prevention of cor-
onary heart disease (CHD) was confi rmed in the Lyon Diet 
Heart Study, which showed that a Mediterranean-type diet, 
enriched in linolenic acid but with decreased saturated fat, 
decreased CHD mortality by 70%.6 Two large cohort studies, 
the Nurses’ Health Study (�75,000 women) and the Health 
Professionals’ Follow-up Study (�38,000 men), indicated that 
risk of ischemic stroke was decreased by 31%7 and the risk of 
CHD was decreased by 20%8 among individuals consuming 
the highest quintile for daily intake of fruits and vegetables 
(approximately fi ve to six servings per day). In other analyses 
from the Nurses’ Health Study, a dietary pattern similar to that 
of the DASH diet was associated with a 24% decreased risk of 
CHD over a 12-year period.9 Higher fi ber intake was associ-
ated with a 47% risk reduction for CHD events10 and higher 
whole-grain intake with a 43% decrease in ischemic stroke.11
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increases in protein or unsaturated fat rather than decreases in 
carbohydrate intake.

EFFECTS OF DIETARY SODIUM 
RESTRICTION

Sodium restriction has been well documented to decrease blood 
pressure in normal and hypertensive individuals. Guidelines for 
the prevention and treatment of hypertension continue to advo-
cate restriction of dietary sodium intake in the general popula-
tion by limiting intake to no more than 2.3 g/day.17 A discussion 
of the evidence and recommendations for reduced sodium in-
take are detailed in Chapter 50.

EFFECTS OF OTHER DIETARY CHANGES

There is ample evidence showing a direct relationship be-
tween alcohol intake and blood pressure. Some evidence sug-
gests that not only the amount but also the pattern of alcohol 
intake affects blood pressure. Binge drinking has acute effects 
on blood pressure compared with similar amounts consumed 
in a distributed manner.18 Although moderate alcohol intake 
is associated with favorable effects on CHD, this same rela-
tionship is not evident for the incidence of ischemic stroke. 
Possibly through its effects on blood pressure, increased alco-
hol intake is associated with higher risk.19 Decreasing excess 
alcohol intake decreases blood pressure. Results from a meta-
analysis of 15 trials showed that decreasing alcohol intake by 
approximately 75% resulted in a signifi cant decrease in blood 
pressure (�3/�2 mm Hg).20

Coffee consumption has a complex relationship with 
blood pressure. Some evidence suggests a positive relation-
ship, with intake of more than fi ve cups per day associated 
with increased blood pressure (�2/�1 mm Hg).21 One study 
suggested a direct relationship between coffee intake and 
incident hypertension22; another study showed a U-shaped 
relationship, with coffee abstainers and those with higher 
intake (more than six cups/day) having the lowest risk of 
hypertension.23 However, studies of coffee intake have not 
adequately controlled for other lifestyle factors, such as stress, 
smoking, alcohol intake, and brewing methods that may pro-
duce more or less caffeine in the beverage. Coffee contains a 
mixture of substances that affect blood pressure. In a meta-
analysis of studies evaluating coffee intake compared with 
caffeine per se, intake of caffeine tablets increased blood pres-
sure by �4/�2 mm Hg, whereas coffee intake increased 
blood pressure by �1/�0.5 mm Hg.24 In contrast, long-term 
green tea consumption has no signifi cant short-term effects 
on blood pressure25 but is associated with decreased risk of 
incident hypertension.26

Recently there has been much interest in the effects of 
cocoa consumption on blood pressure and endothelial func-
tion. Several short-term studies have investigated the effects 
of cocoa consumption on blood pressure. In a meta-analysis 
of fi ve trials, cocoa drinkers had a �5/�3 mm Hg decrease in 
blood pressure compared with control groups over a median 
of 2 weeks, with the greatest effects seen in younger hyperten-
sive individuals.25 Although these early results are intriguing, 
most studies are of short duration and conducted in an un-
blinded manner. At present, it is unclear whether long-term 

increased cocoa consumption is effective in decreasing blood 
pressure. Because most forms of dietary cocoa are contained 
in high-fat or carbohydrate-rich foods, cocoa consumption 
should be approached with caution, with particular attention 
to calorie substitution for other calorie-dense portions of the 
typical diet.

EFFECTS OF WEIGHT LOSS

Weight loss as a lifestyle modifi cation has long been advocated 
to decrease blood pressure and other cardiovascular risk fac-
tors. This has been explored in relationship to blood pressure 
in several recent trials.27–32 In each, weight loss (particularly 
among obese participants) decreased blood pressure, pre-
vented the development of hypertension, or potentiated the 
effects of antihypertensives.

The Trials of Hypertension Prevention phase I entailed an 
18-month lifestyle modifi cation in which individuals with 
high-normal blood pressure were randomized to weight loss, 
sodium restriction, or a control group.29 Follow-up examina-
tions (7 years after randomization) were conducted in 181 of 
the 208 participants studied at Johns Hopkins University.30

During the original 18-month study, signifi cant weight loss 
was achieved in the group randomized to the weight-loss in-
tervention. This was associated with a signifi cant decrease in 
blood pressure. However, after 7 years of follow-up, the 
weight-loss group did not differ from the other intervention 
groups in body weight or urinary sodium excretion. Despite 
this, the weight-loss group retained a decreased incidence of 
hypertension of 77%.

The Trials of Hypertension Prevention phase II study had 
a similar design but enrolled more patients and had 3 to 
4 years of follow-up.28,31 The group randomized to weight loss 
(595 individuals with high-normal blood pressure who were 
110%–165% of ideal body weight) had a 2-kg weight differ-
ence at 3 years of follow-up. This modest weight loss was as-
sociated with a 19% decreased risk of developing hyperten-
sion; those with a sustained 4.5-kg weight loss had a 65% 
decreased risk.

In a substudy of the Hypertension Optimal Treatment 
study, obese hypertensive patients were randomly assigned to 
receive a weight-loss intervention, including individual and 
group counseling, or no intervention.32 Those in the weight-
loss group lost signifi cantly more weight than the control 
group during the initial 6 months, but at 30 months of follow-
up, there was no signifi cant difference. Despite this, patients in 
the weight-loss group used fewer medications to achieve the 
same blood pressure.

These results show that weight-loss interventions may fa-
cilitate control of blood pressure and prevent the progression 
to hypertension or may control blood pressure with fewer 
antihypertensive medications, even without producing sus-
tained weight loss.

EFFECTS OF EXERCISE

Exercise is frequently promoted as a tool to facilitate weight 
loss and decrease blood pressure. Indeed, exercise and weight 
loss together result in lower blood pressure than either alone.33

The mechanisms that mediate decreasing of blood pressure 
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with exercise likely include effects on the sympathetic nervous 
system, renin-angiotensin system, and endothelial function. 
These effects appear to be independent of changes in weight 
or body composition.

Several studies have evaluated the effects of moderate-
intensity aerobic exercise or resistance training on blood pres-
sure. Among individuals with high-normal or stage 1 hyper-
tension, aerobic exercise decreases blood pressure signifi cantly, 
although the effects tend to be smaller than those seen with 
moderate sodium restriction.34 Among postmenopausal 
women35 or elderly individuals,36 low- to moderate-intensity 
aerobic exercise (e.g., walking) signifi cantly decreases blood 
pressure. Among postmenopausal women, increased fre-
quency of moderate physical activity is associated with a 30% 
decreased risk of mortality over 7 years.37

Meta-analyses have compared the effects of walking, aero-
bic exercise, and resistance exercise on blood pressure. One 
may conclude that regular aerobic exercise produces the great-
est reduction in blood pressure (�7/�6 mm Hg)38,39 com-
pared with walking (�3/�2 mm Hg)40 or resistance exercise 
(�3/�3 mm Hg).41

Thus, the optimal exercise program for decreasing blood 
pressure should include moderate-intensity aerobic exercise 
three to fi ve times per week for 30 to 60 minutes per session. 
Resistance exercise has limited effects on blood pressure. There 
is no apparent age- or sex-related difference in the response to 
exercise. Weight loss is facilitated by exercise programs that 
expend 1255 to 2090 kJ/day. Exercise intensity and duration 
should be appropriate to the individual’s abilities and con-
comitant medical conditions. In some cases, an assessment of 
cardiovascular risk may be appropriate before participation in 
a regular exercise program. As with most lifestyle modifi ca-
tions, the greatest effects on blood pressure occur in individu-
als with high-normal or stages 1 to 2 hypertension.

EFFECTS OF OTHER LIFESTYLE CHANGES

Smoking cessation clearly decreases cardiovascular risk. How-
ever, its effects on blood pressure are uncertain. Indeed, several 
studies have shown that former smokers have a signifi cant risk 
of developing hypertension with longer duration of smoking 
cessation. Among former smokers who quit for more than 
3 years, the relative risk of hypertension was 3.5.42 Much of this 
increased risk of hypertension may relate to the weight gain that 
frequently occurs after smoking cessation.43,44 Smoking is also 
associated with diffuse vascular changes including increased 
vascular stiffness and pulse wave velocity. Unlike the increasing 
risk of hypertension among former smokers, more than 10 years 
of smoking cessation reverses these vascular changes.45

Complementary and alternative medicine techniques to 
decrease blood pressure have been evaluated, although limi-
tations and biases are present in many studies. In a systematic 
review of the health outcomes of tai chi, there appears to be 
some physiologic and psychological benefi ts.46 However, spe-
cifi c studies of effects of tai chi on blood pressure have shown 
no benefi t. In a study that directly compared tai chi with re-
sistance training among healthy elderly participants over a 
12-month period, tai chi had no signifi cant effect on blood 
pressure.47

Stress reduction through transcendental meditation 
(TM) has varied effects on blood pressure. Results of a 
meta-analysis of randomized trials of TM revealed no con-

vincing evidence of an effect of TM on blood pressure, 
with signifi cant concerns about study methodologies and 
potential author bias. However, in a study of hypertensive 
African Americans, TM for 20 minutes twice daily decreased 
blood pressure �3/�5 mm Hg over 12 months.48 A ran-
domized trial of TM compared with health education in 
patients with CHD showed signifi cant benefi ts in blood 
pressure (�3/�2 mm Hg) and insulin resistance over a 
16-week period.49 In a study of long-term follow-up of 
participants in trials of TM and other behavioral stress-
reducing interventions, the TM group had a 23% decrease 
in all-cause mortality and a 30% decrease in cardiovascular 
mortality.50 Thus, stress-reducing interventions such as TM 
may have benefi cial effects among individuals with hyper-
tension, but good-quality evidence is lacking.

Small studies and anecdotal evidence initially supported an 
effect of acupuncture on blood pressure in hypertensive pa-
tients.51 However, the results of a randomized, controlled trial 
of acupuncture has now debunked that purported effect. The 
Stop Hypertension with Acupuncture Research Program study 
enrolled 192 participants with untreated hypertension, ran-
domized to individualized or standardized acupuncture com-
pared with sham acupuncture.52 After a 10-week period, there 
was no signifi cant difference between those receiving acu-
puncture compared with the sham control subjects. Thus, use 
of acupuncture to decrease blood pressure likely offers no 
signifi cant clinical benefi t.

EFFECTS OF COMBINED DIETARY 
AND NONPHARMACOLOGIC 
INTERVENTIONS

Although clinical trials have often studied the effects of single 
dietary or lifestyle interventions on blood pressure, guidelines 
and recommendations advocate combining multiple inter-
ventions. Those studies that have carefully evaluated such 
comprehensive lifestyle modifi cations have shown signifi cant 
favorable effects on blood pressure.

The PREMIER study assessed the blood pressure effects of 
implementing all the major lifestyle modifi cations. This ran-
domized trial was designed to assess the effects of multiple 
established lifestyle recommendations with or without the 
addition of the DASH diet.53 Participants with prehyperten-
sion and stage 1 hypertension were studied. Compared with 
a control group that received advice about adopting such 
lifestyle changes, both groups that received the multiple be-
havioral interventions experienced signifi cant weight loss, 
improved fi tness, and decreased sodium intake, whereas the 
group that received counseling on the DASH diet also in-
creased fruit, vegetable, and dairy intake over the 6 months of 
study. When compared with the advice-only group, the over-
all change in systolic blood pressure from the combined in-
terventions including the DASH diet was �4 mm Hg. The 
prevalence of hypertension was decreased from 38% to 12% 
among those following the behavioral intervention that in-
cluded the DASH diet. No participants had blood pressure 
less than 120/80 mm Hg at baseline, but this number in-
creased to 35% in the group that received counseling on the 
DASH diet. More than 90% of study participants were fol-
lowed for as long as 18 months to see whether the recom-
mended lifestyle changes persisted and to assess their clinical 
effects. Blood pressure remained lower in the groups that re-
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Table 49-2 Following the Dietary Approaches to Stop Hypertension (DASH) Diet

Food Group

Daily Servings 
(Except as 
Noted) Serving Sizes Examples and Notes

Signifi cance of Each Food 
Group to the DASH 
Eating Plan

Grain and grain 
products

7–8 1 slice bread
1 oz dry cereal*
1⁄2 cup cooked rice, pasta, 

or cereal

Whole wheat bread, English muf-
fi n, pita bread, bagel, cereals, 
grits, oatmeal, crackers, 
unsalted pretzels, popcorn

Major sources of energy 
and fi ber

Vegetables 4–5 1 cup raw leafy vegetable
1⁄2 cup cooked vegetable
6 oz vegetable juice

Tomatoes, potatoes, carrots, green 
peas, squash, broccoli, turnip 
greens, collards, kale, spinach, 
artichokes, green beans, lima 
beans, sweet potatoes

Rich sources of potas-
sium, magnesium, and 
fi ber

Fruits 4–5 6 oz fruit juice
1 medium fruit
1⁄4 cup dried fruit
1⁄2 cup fresh, frozen, or 

canned fruit

Apricots, bananas, dates, 
grapes, oranges, orange juice, 
grapefruit, grapefruit juice, 
mangoes, melons, peaches, 
pineapples, prunes, raisins, 
strawberries, tangerines

Important sources of 
potassium, magne-
sium, and fi ber

Low-fat or fat-
free dairy 
foods

2–3 8 oz skim milk
1 cup yogurt
11⁄2 oz cheese

Fat-free (skim) or low-fat (1%) 
milk, fat-free or low-fat fat 
buttermilk, fat-free or low-fat 
regular or frozen yogurt, low-
fat and fat-free cheese

Major sources of calcium 
and protein

Meats, poultry, 
and fi sh

�2 3 oz cooked meats, 
poultry, or fi sh

Select only lean; trim away 
visible fats; broil, roast, or boil 
instead of frying; remove skin 
from poultry

Rich sources of protein 
and magnesium

Nuts, seeds, 
and dry 
beans

4–5 per week 1⁄3 cup or 11⁄2 oz nuts
2 tbsp or 1⁄2 oz seeds
1⁄2 cup cooked dry beans

Almonds, fi lberts, mixed nuts, 
peanuts, walnuts, sunfl ower 
seeds, kidney beans, lentils, 
peas

Rich sources of energy, 
magnesium, potas-
sium, protein, and 
fi ber

Fats and oils† 2–3 1 tsp soft margarine
1 tbsp low-fat mayonnaise
2 tbsp light salad dressing
1 tsp vegetable oil

Soft margarine, low-fat mayon-
naise, light salad dressing, 
vegetable oil (such as olive, 
corn, canola, and saffl ower)

DASH has 27% of calo-
ries as fat, including 
that in or added to 
foods

*Equals 1⁄2 to 11⁄4 cups, depending on cereal type. Check the product’s nutrition label.
†Fat content changes serving counts for fats and oils; for example, 1 tbsp of regular salad dressing equals one serving; 1 tbsp of a 
low-fat dressing equals 1⁄2 serving; 1 tbsp of a fat-free dressing equals 0 servings.
The Dietary Approaches to Stop Hypertension (DASH) eating plan is based on a calorie intake of 2000 calories per day. The number
of daily servings in a food group may vary based on the caloric needs of the individual.
From Facts about the DASH Diet (NIH publication 01-4082), Bethesda, MD: NHLBI Health Information Center, May 2001.

ceived the multiple behavioral interventions with or without 
the DASH diet. The odds ratio for developing hypertension at 
18 months was decreased by 23% among those following the 
DASH diet (see Table 49-2).54

This same approach has been applied to individuals 
with treated hypertension. In a study of overweight hypertens -
ive patients taking a single antihypertensive medication, par-
ticipants were randomized to a control group or to a group 
that received a weight-reducing version of the DASH diet with 
sodium restriction and a supervised moderate-intensity exer -
cise program.55 After 9 weeks, those in the intervention group 
had signifi cant reductions in 24-hour ambulatory blood pres-

sure (�10/�5 mm Hg), weight (�5 kg), and cholesterol (�25 
mg/dL).

The Trial of Nonpharmacologic Interventions in the El-
derly (TONE) studied hypertensive patients between 60 and 
80 years of age who were treated with one antihypertensive 
medication.27 Overweight patients were randomized to 
either sodium restriction (�1.8 g/day), weight loss (at least 
10 lb), combined weight loss and decreased sodium intake, 
or usual care, whereas normal-weight patients were assigned 
to sodium reduction or usual care. Those in the weight-loss 
group lost an average of 8 to 10 lb. Thirty-eight percent of 
those in the sodium-reduction group decreased their 
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sodium intake to less than 1.8 g/day. After 30 months, 
30% were off antihypertensive medications. The need for 
antihypertensive medications was decreased by 31% with 
sodium restriction, by 36% with weight loss, and by 53% 
with the combination of both.

CONCLUSION AND RECOMMENDATIONS

There is ample evidence showing favorable blood pressure ef-
fects with consumption of low-fat diets enriched in fruits and 
vegetables such as the DASH diet, sodium restriction, weight-
loss interventions, restricting alcohol intake, and increased 
aerobic exercise. There is some evidence of favorable effects 
with relaxation techniques such as TM. There are no clear 
blood pressure benefi ts from restricting coffee intake and 
smoking cessation, although these and other lifestyle changes 
may have benefi ts for cardiovascular health that extend be-
yond blood pressure control.

The results of these studies have broad applicability. Al-
though lifestyle modifi cations and nonpharmacologic treat-
ments are diffi cult to sustain, a population-wide decrease in 
blood pressure to the same extent as was observed with the 
DASH diet would reduce the incidence of CHD by 15% and 
stroke by 27%.17 The long-term effects on blood pressure of 
weight-loss interventions, with or without aerobic exercise, 
provide a strong case to continue advocating for obese indi-
viduals to receive weight management counseling. A second-
ary benefi t of these lifestyle changes (2–3 kg weight loss) also 
includes a decreased incidence of type 2 diabetes mellitus, 
particularly in those with impaired glucose tolerance.56

The foods that comprise the DASH diet are readily available. 
The DASH diet is not expensive, but eating the DASH diet re-
quires attention to food groups, caloric requirements, and the 
calorie content of foods (Table 49-2). The servings of fruits and 
vegetables (8–10 daily) are approximately twice the typical daily 
consumption of four servings by U.S. adults. Likewise, the three 
servings of dairy products are twice the typical daily U.S. con-
sumption.57 More detailed summaries of the fi ndings of the 
DASH studies and some menus that employ the DASH diet 
have been published for lay audiences.58,59

Results from studies of lifestyle and dietary modifi cations 
are relevant to the care of patients with prehypertension and 
hypertension.60 However, it is important to keep in mind a few 
points that have not been addressed:

 1. Most studies have involved only short-term intervention 
periods. In some cases, it is not known whether such blood 
pressure changes are sustained over longer periods of 
time.

 2. Some studies of dietary patterns provided foods to study 
participants and therefore facilitated adherence to the diet. 
When such dietary patterns are replicated in real life 
and individuals are responsible for purchasing and prepar-
ing their own foods, it is not known what level of adher-
ence to the dietary pattern is necessary to produce the same 
effect.

 3. Studies of dietary patterns did not assess the effects of in-
dividual components of the diets. Thus, one cannot con-
clude that specifi c food items and/or nutrients (e.g., potas-
sium, magnesium, carbohydrate) produce the effects of the 
dietary pattern. It is very likely that an interaction of effects 

from the various dietary constituents is responsible for the 
favorable effects.

 4. Lifestyle changes have greater blood pressure effects in pa-
tients with hypertension than in those with prehyperten-
sion. However, individuals with higher levels of blood 
pressure (e.g., stage 2 hypertension) will likely require ad-
junctive therapy (i.e., antihypertensive medications) to 
fully control blood pressure.

 5. The DASH dietary pattern is enriched in potassium, mag-
nesium, and protein, which should be limited in patients 
with kidney disease. Therefore, this dietary pattern should 
be implemented with caution in such patients.

Patients can implement lifestyle modifi cations and non-
pharmacologic treatments on their own. Such interventions 
involve minimal risk, may have a positive impact on quality of 
life, and may also be less expensive than antihypertensive 
medications. The long-term benefi cial effects of eating a di-
etary pattern such as the DASH diet have been demonstrated. 
Clearly, the role of lifestyle modifi cations has been affi rmed in 
both the prevention and treatment of hypertension.
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Cardiovascular diseases (CVDs) are the leading cause of mor-
tality, morbidity, and disability worldwide.1 Although CVDs 
are proportionally more relevant in developed countries, cur-
rently 70% of the total number of cardiovascular deaths occurs 
in developing countries. Globally, high blood pressure causes 
7 million premature deaths per year.1 In particular, hyperten-
sion affects approximately 1 billion individuals.2 The burden of 
hypertension-related diseases is likely to increase as the popu-
lation ages.3 Overall, high blood pressure is the most important 
and independent risk factor for myocardial infarction, heart 
failure, stroke, and kidney disease. Accordingly, prevention and 
treatment of hypertension are increasingly regarded as a prior-
ity in both developed and developing countries.

Nonpharmacologic interventions, also termed lifestyle 
modifi cations, represent an essential approach to the primary 
prevention of high blood pressure and an important compo-
nent of the treatment of hypertension. These lifestyle modifi -
cations are effective in decreasing blood pressure, increasing 
the effi cacy of pharmacologic therapies, and decreasing the 
global risk of CVD. In this chapter, I evaluate the appropriate-
ness of recommendations at a population level regarding the 
reduction of dietary salt intake, the different approaches to 
intervention needed to implement a successful strategy to 
prevent hypertension in developing and developed countries, 
and the recommendations to individuals to reduce dietary salt 
intake for the overall management of hypertension.

DEFINITIONS

Publications refer to sodium intake as either mass or milli-
molar amounts of sodium or mass of sodium chloride (salt) 
(1 g of sodium chloride � 17.1 millimolar amounts of sodium 
or 393.4 mg of sodium). In this chapter, the word salt is used 
to refer to sodium and sodium chloride intake. The term re-
duction in dietary salt intake implies the reduction in total 
sodium intake from all dietary sources including, for example, 
additives such as monosodium glutamate and preservatives.

EFFECT OF DECREASING DIETARY SALT 
INTAKE ON BLOOD PRESSURE AND 
CARDIOVASCULAR DISEASE

Animal studies, ecologic analyses, epidemiologic investiga-
tions, and clinical trials support a relationship between salt 
intake and blood pressure. The amount of dietary salt is an 
important determinant of blood pressure levels and of hyper-
tension risk in both individuals and populations. This rela-
tionship is direct and progressive without an apparent thresh-
old. Thus, the reduction in dietary salt intake is one of the 
most important and effective lifestyle modifi cations to de-
crease blood pressure and control hypertension.4,5

The importance of salt intake in determining blood pres-
sure and the incidence of hypertension is well established. 
Furthermore, randomized, controlled clinical trials of moder-
ate reductions in salt intake show a dose-dependent cause-
and-effect relationship and a lack of threshold effect within 
usual levels of salt intake.6 The effect is independent of age, 
sex, ethnic origin, baseline blood pressure, and body mass. 
Prospective studies7–10 with one exception11 also indicate that 
higher salt intake predicts the incidence of cardiovascular 
events. Finally, participants in randomized clinical trials of 
long-term moderate reduction in salt intake (e.g., �2.5 g of 
salt reduction) show a 30% reduction in cardiovascular events 
10 to 15 years later.12

That habitual salt intake could be associated with blood 
pressure levels was suggested several millennia ago, in the his-
tory of humankind, after the transition from food gathering 
to food producing with the addition of salt to preserve food 
and the consequent shift to a high-salt diet.13

More than 50 randomized clinical trials support a role for 
decreasing salt intake in the prevention and management of 
high blood pressure. In the largest of these trials, the Dietary 
Approaches to Stop Hypertension (DASH) trial,14 salt reduc-
tion alone from a high to a low level was associated with a de-
crease in blood pressure of 8.3/4.4 mm Hg (systolic/diastolic) 
among hypertensive individuals and 5.6/2.8 mm Hg among 
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normotensive individuals. Moreover, the combination of this 
amount of salt reduction and the DASH diet further decreased 
blood pressure by 11.5/5.7 mm Hg and 7.1/3.7 mm Hg, re-
spectively, among those with and without hypertension. In 
subgroup analyses, signifi cant effects of salt intake reduction 
on blood pressure levels were present in both genders and 
all racial and age groups, although they were more marked 
among African Americans, women, and those older than 
45 years of age.15

Pooled estimates from meta-analyses of clinical trials on the 
effects of salt intake reduction on blood pressure levels indicate 
a decrease in blood pressure of 7.1/3.9 mm Hg in hypertensive 
individuals and 3.6/1.7 mm Hg in normotensive individuals 
per 100 mmol reduction of 24-hour urinary sodium excretion 
(�6 g of salt per day). For example, He and MacGregor16 esti-
mated blood pressure decreases of 5.0/2.7 mm Hg in hyperten-
sives and 2.0/1.0 in normotensives for a median reduction in 
urinary sodium of 78 mmol/day. In the latest published meta-
analysis of 40 randomized trials, an average decrease in urinary 
sodium excretion of 77 mmol/day was associated with a de-
crease in blood pressure levels of 2.5/2.0 mm Hg.17 Blood pres-
sure response was signifi cantly greater in hypertensive than 
normotensive individuals (systolic: �5.2 vs. �1.3 mm Hg; 
diastolic: �3.7 vs. �1.1 mm Hg). Accordingly, fi ndings from 
randomized clinical trials support a role for decreasing dietary 
salt intake in the primary prevention and management of 
hypertension.18,19

The response of blood pressure to dietary changes in salt 
intake, as to other environmental stimuli, may vary between 
individuals. This phenomenon has been termed salt sensitiv-
ity,20 and it is likely to be due to the degree of response of the 
renin-angiotensin system.21,22 The weaker the response of this 
system is to a change in sodium intake, the greater the response 
of the blood pressure will be. This phenomenon explains why 
the blood pressure–lowering effect of salt intake reduction is 
greater in hypertensive individuals, the elderly, and low-renin 
black populations. These groups are all characterized by weaker 
responses of the renin-angiotensin system to changes in the 
amount of salt ingested, showing a greater blood pressure de-
crease as a result of a decrease in dietary salt intake. Indeed, al-
though a signifi cant decrease in blood pressure induced by de-
creased salt intake has been observed in children and adolescents 
as well,23 this response increases with age and is greatest in the 
elderly.24 Furthermore, the blood pressure decrease observed in 
the elderly as a result of a dietary salt reduction may decrease 
the need for antihypertensive medication.25 These observations 
are relevant to the prevention of hypertension-related diseases 
in developed countries, where the majority of strokes occur in 
the elderly and individuals with blood pressure levels below the 
treatment threshold for hypertension.26 Nevertheless, several 
antihypertensive drugs blocking the renin-angiotensin system 
(e.g., angiotensin-converting enzyme inhibitors, �-blockers, 
angiotensin II receptor antagonists, and renin inhibitors) have 
an additive effect on blood pressure reduction in those patients 
already on a reduced salt diet27 (see later).

Furthermore, people of black African origin show a greater 
blood pressure response when dietary salt intake is de-
creased.14,22,28 For example, the effi cacy of a moderate decrease 
in salt intake has recently been tested in two short-term trials in 
both urban and rural areas of West Africa (Nigeria and Ghana), 
where the prevalence of hypertension is increasing.29,30 In both 
studies, a moderate decrease in salt intake was associated with a 

signifi cant decrease in blood pressure. In areas such as sub-
Saharan Africa, the prevalence of hypertension is increasing, the 
health care resources are scarce, and thus the identifi cation of 
people with hypertension is still haphazard. The effectiveness of 
a decrease in salt intake at a population level might prove ex-
tremely important for policy makers.

Given the overwhelming evidence of the effi cacy of decreas-
ing dietary salt intake in the prevention and management of 
hypertension, the debate is currently based on issues regarding 
the long-term outcome benefi ts and thereafter the appropriate-
ness of a population-wide strategy to reduce dietary salt intake. 
The major benefi t of salt reduction is the lowering of blood pres-
sure. It has been argued that the blood pressure decrease realisti-
cally achievable at a population level (i.e., 1–3 mm Hg in systolic 
blood pressure) is small, not clinically signifi cant, and with long-
term benefi ts remaining unclear.31 However, a meta-analysis of 
61 prospective studies estimated that even a decrease of 2 mm 
Hg in systolic blood pressure would determine a 10% decrease 
in stroke mortality and a 7% decrease in mortality from coro-
nary heart disease or other cardiovascular causes, meaning a 
large number of premature deaths and disabilities would be  
avoided.32 Other results corroborate these estimates and suggest 
that the benefi ts of such a small decrease in blood pressure, in-
duced by reducing dietary salt intake, in the population would 
be almost immediate.16 Finally, recent evidence from random-
ized clinical trials suggests a 30% decrease in CVD mortality af-
ter a moderate decrease in salt intake.13 Moreover, although the 
principal benefi t of decreasing dietary salt intake is a decrease in 
blood pressure, it is not the only one. There is a large body of 
evidence that supports other benefi ts: regression of left ventricu-
lar hypertrophy, reduction in proteinuria and glomerular hyper-
fi ltration, reduction in bone mineral loss with age and osteopo-
rosis, protection against stomach cancer, stroke, asthma attacks, 
and possibly cataracts.33

In light of the present evidence, decreasing dietary salt in-
take appears a plausible population-wide recommendation 
for the prevention and treatment of hypertension.4,5 A de-
crease in dietary salt intake to no more than 6 g/day (2.3 g or 
�100 mmol of sodium) represents a reasonable goal at a 
population level given the current dietary patterns of high 
levels of salt intake worldwide. However, this decrease will be  
feasible in Western societies only if efforts are made by the 
food industry, manufacturers, and restaurants to decrease the 
amount of salt added to processed food.34 In fact, in these 
societies, a large proportion of salt intake (75%–80%) comes 
from processed food and bread.35 On the contrary, in develop-
ing countries where the prevalence of hypertension continues 
to increase, more traditional health promotion strategies 
would be applicable and nutritional education might have an 
important effect in these settings.26,30,36 In the next sections, 
the issues pertaining to the implementation of public health 
strategies to reduce dietary salt intake in both developed and 
developing countries are more specifi cally addressed.

PUBLIC HEALTH STRATEGIES TO REDUCE 
SALT INTAKE IN DEVELOPED COUNTRIES

In developed countries, the estimated prevalence of hyperten-
sion is, on average, 28% in North America (Canada and the 
United States) and 44% in Western Europe.37 Community-
based intervention trials to decrease blood pressure by means 
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of decreasing dietary salt intake are scanty. For example, a 
community-based intervention trial in Portugal over 2 years 
involved a whole town receiving a health education program 
to reduce salt intake, while another town was not given any 
advice and was used as a control.38 The average blood pressure 
decreased by 3.6/5.0 mm Hg at 1 year and 5.0/5.1 mm Hg at 
2 years in the former. In developed countries, the majority of 
an individual’s salt intake is not added by the person but is 
already present in foods. Indeed, given that 75% to 80% of salt 
intake comes from salt added to bread and processed foods,35

a population-wide strategy involving the food industry would 
be more effective in the long term. The North Karelia Project 
is a meaningful example to support this concept. The program 
was launched in 1972 in Finland to prevent noncommunica-
ble diseases and, primarily, to decrease the mortality and 
morbidity from CVDs.39 The interventions implemented dur-
ing this trial were extensive: collaborations with the commu-
nity, health services, and food industry were added to a mass 
media campaign. The results have been outstanding. Over 25 
years, the age-adjusted mortality rate from CVDs among men 
aged 25 to 64 years decreased by 73%. These results clearly 
show that a comprehensive and collaborative program involv-
ing the food industry and health and community services is 
essential to successfully implement strategies of primary pre-
vention of CVDs in developed countries.

A complementary approach to lower salt intake in devel-
oped countries may reside in the use of salt substitutes. The 
American Heart Association recommends the use of non-
chloride salts of sodium because they do not increase blood 
pressure.40

In summary, in developed countries, comprehensive popu-
lation strategies to reduce the average levels of salt intake are 
required. The expected benefi ts of a modest decrease in blood 
pressure across the whole population would be signifi cant, es-
pecially on stroke, coronary heart disease, and all other cardio-
vascular conditions for which high blood pressure is a causative 
risk factor. The benefi ts would be greater in the elderly because 
they have a much higher stroke incidence (greater absolute 
risk); additionally, in this age group, most strokes occur at 
blood pressure levels not always requiring drug therapy (more 
stroke events attributable to the effect of blood pressure).

PUBLIC HEALTH STRATEGIES TO REDUCE 
SALT INTAKE IN DEVELOPING COUNTRIES

In developing countries, noncommunicable diseases are in-
creasingly becoming an important threat to the health of 
populations.1 Worldwide, stroke is second only to ischemic 
heart disease as a cause of death, and most of these deaths 
occur in developing countries.41 For example, data from 
Tanzania suggest a high burden of stroke comparable with 
that observed in developed countries.42 Likewise, in areas 
such as sub-Saharan Africa, the prevalence of hypertension is 
elevated and comparable with fi gures from developed re-
gions.2,36 Thus, preventing the impending epidemic of CVDs 
in these countries is critical as they are facing a rapid demo-
graphic change and already experiencing a double burden of 
disease, that is, communicable and noncommunicable. In the 
30-year period from 2000 to 2030, the population of elderly 
persons is projected to double in many sub-Saharan African 
countries.

Salt consumption in developing countries is becoming 
more common as urbanization increases. However, inter-
ventions to decrease salt intake at a population level have not 
been extensively studied in these countries. The population 
approach to reduce salt consumption is particularly relevant 
in developing countries due to the cost-effectiveness of these 
measures.43 Furthermore, in countries of sub-Saharan Africa 
where effective health care provision for chronic diseases is 
haphazard, a population strategy to limit salt consumption 
might prove extremely effective. It can be predicted that the 
same decrease in salt intake obtained with a behavioral in-
tervention will be more effective in black African origin 
populations than in white populations due to the higher salt 
sensitivity of people of black African origin and because 
most of the salt ingested is added to food by the consumer, 
whereas processed food is used relatively rarely compared 
with in developed countries.26 Two short-term trials in sub-
Saharan Africa have confi rmed that simple, cost-effective, 
and culturally adapted behavioral and educational interven-
tions to decrease blood pressure can be successfully imple-
mented.29,30 Concerns about population-wide strategies to 
limit salt consumption in developing countries pertain to 
the perceived risk of counteracting worldwide policies di-
rected at the prevention of iodine defi ciency disorders 
through universal salt iodination. There is therefore an ur-
gent need to consider alternative vehicles for the deliveries of 
iodine to populations.

In summary, in developing countries, which are experi-
encing an increasing burden of CVDs, multiple risk factor 
interventions and community-based programs of primary 
prevention should be encouraged. In particular, public 
health measures to promote dietary changes such as reduc-
tion in salt intake should be strongly recommended given 
that the prevalence of hypertension is likely to increase in 
these countries.

IMPORTANCE OF DIETARY PATTERNS

Diet plays a major role in the regulation of blood pressure 
and is one of the most important determinants of blood pres-
sure levels in both individuals and populations. There are 
large variations in dietary patterns across populations that 
are likely to account for a considerable part of the observed 
differences in mean blood pressure levels, with populations 
consuming mostly plant-based diets having lower blood 
pressure than populations in industrialized countries. Addi-
tionally, even within industrialized countries, individuals 
consuming diets with increased intakes of fruits and vegeta-
bles and decreased intake of saturated fats tend to have, on 
average, lower blood pressure than individuals following 
more typical Western diets.44

DIETARY APPROACHES TO STOP 
HYPERTENSION (DASH) DIET

The Seventh Report of the Joint National Committee on Pre-
vention, Detection, Evaluation, and Treatment of High Blood 
Pressure4 and a recent scientifi c statement from the American 
Heart Association5 emphasize the importance of adopting a 
dietary regimen resembling the so-called DASH diet as one 
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major lifestyle modifi cation to prevent and treat hypertension. 
The DASH dietary plan provides large intakes of fruits, vegeta-
bles, and low-fat dairy products; comprises whole grains, poul-
try, fi sh, and nuts; and has limited amounts of red meat, sweets, 
and sugar-containing beverages. Thus, compared with habitual 
diets of Western societies, the DASH dietary pattern provides 
higher intake of potassium, magnesium, calcium, fi ber, and 
proteins and lower intake of total fat, saturated fat, and choles-
terol.45 The blood pressure–lowering effect of this diet is the 
result of the combined effects of these nutrients when con-
sumed together in food rather than of the specifi c effect of a 
single nutrient. Indeed, the DASH trial was designed to test the 
effects on blood pressure of a change in dietary patterns rather 
than the effects of a change in a single nutrient, as generally 
tested in previous trials.46 This trial was an 11-week feeding 
program including 459 adults with (N � 133) and without 
(N � 326) hypertension. For 3 weeks, participants followed a 
control diet that was low in fruits, vegetables, and dairy prod-
ucts. Then, for the next 8 weeks, participants were randomly 
allocated to three groups and each group was fed a different 
diet. One group was fed the same control diet, the second 
group a diet richer in fruits and vegetables but similar to the 
control diet for other nutrients, and the third group was fed the 
DASH diet, which is a diet rich in fruits and vegetables, low-fat 
or fat-free dairy products, and reduced saturated and total fat 
content—in other words, a high potassium, magnesium, cal-
cium, fi ber, and protein diet. The salt intake was held constant 
in the three groups. Overall, fi ndings indicated a gradient in 
the decrease in blood pressure among the diets. The DASH diet 
signifi cantly decreased blood pressure by 5.5/3.0 mm Hg, and 
the fruits and vegetables diet signifi cantly decreased blood 
pressure by 2.8/1.1 mm Hg compared with the control diet. 
Among subjects with hypertension, the blood pressure de-
creases in the DASH diet group were more marked. Further 
subgroup analyses showed signifi cant effects of the DASH diet 
in all major subgroups (e.g., sex, race, age, body mass index), 
although the effects were more marked among African Ameri-
cans than in whites.47

In 2001, fi ndings from a further trial in the same population 
testing the effects of the DASH diet in combination with de-
creased salt intake were published.14 A total of 412 participants 
were randomly allocated to two dietary regimens, one follow-
ing a control diet representative of the average diet in the 
United States and one following the DASH diet. Within these 
two dietary regimens, participants were randomly assigned to 
three decreasing levels of salt consumption, defi ned as high 
(�9 g of salt or 150 mmol or 3.5 g of sodium per day, refl ecting 
typical consumption in the United States), intermediate (�6 g 
of salt or 100 mmol or 2.3 g of sodium per day, refl ecting the 
upper limit of the current recommendations), and low (�3 g 
of salt or 50 mmol or 1.6 g of sodium per day). Each feeding 
period lasted 30 consecutive days. Overall, fi ndings indicate 
that (1) the DASH diet lowers blood pressure independently of 
the level of salt intake; (2) the blood pressure–lowering effect 
of a decrease in salt intake occurs by decreasing the salt intake 
even to levels below the currently recommended limit (i.e., �6
g/day); (3) the effects of salt intake reduction are observed in 
all major subgroups; (4) greater lowering effects on blood pres-
sure may derive from the combination of the two interventions 
than from adopting either the DASH diet or low-salt diet indi-
vidually. In fact, the difference in systolic blood pressure be-
tween the DASH low-salt group and the control high-salt 
group was a substantial decrease of 7.1 mm Hg in participants 

without hypertension and 11.5 mm Hg in participants with 
hypertension. The last fi nding resembles the effect of a single-
drug therapy in hypertensive individuals. Thus, the combina-
tion of the DASH diet and decreased salt intake represents an 
alternative to drug therapy for individuals with mild hyperten-
sion and willing to comply with long-term dietary changes.

More recently, fi ndings from the Optimal Macronutrient 
Intake Trial to Prevent Heart Disease (OmniHeart) have 
extended the observations derived from the DASH trial.48

ASSESSMENT OF HYPERTENSIVE 
PATIENTS

All hypertensive patients should have a thorough history and 
physical examination, but need only a limited number of 
routine investigations. It is beyond the scope of this chapter 
to discuss every detail of the clinical evaluation, but it is 
important to consider and document the following: the 
causes of secondary hypertension, contributory factors, 
complications of hypertension, CVD risk factors to allow the 
assessment of CVD risk, and contraindications to specifi c 
drugs. Routine investigation must include urine strip test for 
protein and blood, serum creatinine and electrolytes, blood 
glucose (ideally fasted), lipid profi le (ideally fasted), and an 
electrocardiogram. A case should be made for the inclusion 
of 24-hour urinary collections for sodium, potassium, and 
creatinine to assess levels of sodium (salt) and potassium 
intake, given than more than 95% of the ingested salt and 
more than 80% of the ingested potassium are excreted in the 
urine daily. Chest radiograph, urine microscopy and culture, 
and an echocardiogram are not required routinely. An echo-
cardiogram is valuable to confi rm or refute the presence of 
target organ damage. When the clinical evaluation or results 
of these simple investigations suggest a need for further in-
vestigation, it may be best to refer for specialist advice if the 
additional investigations needed are diffi cult to arrange from 
general practice.

PRIMARY PREVENTION 
OF HYPERTENSION

Current approaches to the prevention of adverse cardiovascular 
sequelae due to hypertension are unsatisfactory because they 
require prolonged drug therapy for a large proportion of the 
adult population. Moreover, this strategy does not reduce the 
risk of treated hypertensive patients compared with that of 
the normotensive population.49 A population strategy is there-
fore necessary to (1) prevent the increase in blood pressure with 
age and therefore decrease the prevalence of hypertension, 
(2) reduce the need for antihypertensive drug therapy, and 
(3) reduce CVD burden.

The following lifestyle modifi cations for the primary 
prevention of hypertension are consistent with those re-
cently outlined by the U.S. National High BP Education 
Program and the British Hypertension Society: (1) main-
tain normal body weight for adults (e.g., body mass index 
20–25 kg/m2), (2) decrease dietary salt intake to less than 
6 g/day (�100 mmol or �2.4 g of sodium per day), 
(3) engage in regular aerobic physical activity such as 
brisk walking (30 minutes per day, most days of the week), 
(4) limit alcohol consumption to no more than three units 
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per day in men and no more than two units per day 
in women, (5) consume a diet rich in fruits and vegetables 
(e.g., at least fi ve portions per day), and (6) consume a diet 
with reduced saturated and total fat content.

LIFESTYLE CHANGES IN ESTABLISHED 
HYPERTENSION

Recent controlled trials5 have confi rmed that lifestyle changes 
can lower blood pressure. Clear verbal and written advice on 
lifestyle measures and moderate decrease in dietary salt in-
take in particular (Box 50-1) should be provided for all hy-
pertensive patients and also those with high-normal blood 
pressure or a strong family history. Effective lifestyle modifi -
cation may lower blood pressure as much as a single blood 
pressure–lowering drug.14 Combinations of two or more life-
style modifi cations can achieve even better results. Lifestyle 
interventions reduce the need for drug therapy, can enhance 
the antihypertensive effects of drugs, reduce the need for 
multiple drug regimens, and can favorably infl uence overall 
CVD risk. Conversely, failure to adopt these measures may 
attenuate the response to antihypertensive drugs.

In patients with grade 1 (mild) hypertension, but no cardio-
vascular complications or target organ damage, the response 
to these measures should be observed during the fi rst 4 to 
6 months of evaluation. When drug therapy has to be intro-
duced more urgently, for example, in patients with grade 3 
(severe) hypertension, lifestyle measures should be instituted 
along with drug treatment. The initiation of drug treatment 
should never be delayed unnecessarily, especially in patients at 
higher levels of risk.

Weight reduction by calorie restriction is appropriate for the 
majority of hypertensive patients because most are overweight.50

The blood pressure–lowering effect of weight reduction may be 

enhanced by a decrease in salt intake.19 Salt reduction from an 
average of 10 to 5 g (5 g is �1 teaspoon) daily lowers blood pres-
sure by approximately 5/2 mm Hg, with greater blood pressure 
decreases in the elderly and in those with higher initial blood 
pressure levels. These effects are additive to the blood pressure–
lowering effect of a healthy diet. As indicated earlier, all hyper-
tensive patients should have clear verbal and written advice to 
reduce salt intake to less than 6 g/day (�100 mmol/day) (see Box 
50-1). This will be achieved more effectively through dedicated 
sessions held by well-trained nurses or other health professionals 
outside the clinical consultation. In suitable cases, online re-
sources aimed at increasing education and awareness about the 
salt content of food and how to read food labels and make an 
informed choice should be used. Many will already have stopped 
adding salt at the table and even when cooking, but few are aware 
of the large amount of salt in processed foods, such as bread (one 
slice contains on average of �0.5 g of salt), some breakfast cere-
als, prepared meals, and fl avor enhancers such as stock cubes or 
manufactured sauces. Patients and those who cook for patients 
should be provided with specifi c written advice.

THE NATIONAL INSTITUTE FOR CLINICAL 
EXCELLENCE–BRITISH HYPERTENSION 
SOCIETY ALGORITHM

Hypertension control remains suboptimal in the United 
Kingdom and around the world.37 Most people require more 
than one drug to control blood pressure, and yet the major-
ity of treated hypertensive patients continue to receive 
monotherapy.37 The National Institute for Clinical Excel-
lence and the British Hypertension Society have recently 
jointly published a treatment algorithm (ACD) designed to 
encourage improved blood pressure control (Fig. 50-1). The 
theory underpinning the ACD algorithm is that hypertension 

Target daily salt intake should not exceed 6 g/day

1. Never Add Salt to a Meal

Do Not
Use rock salt or sea salt
Add sauces

2. Do Not Add Salt When Cooking

Do Not
Use stock cubes, gravy browning, soy sauce, salted dry 

fi sh, curry powers, and prepared mustards

3. Avoid Manufactured or Processed Foods with Added Salt

Food Labeling
Salt is sodium chloride. At present, most food labels only 

report sodium as grams per 100 g of food. To convert to 
salt, multiply by 2.5.

1 g of sodium per 100 g of food is the equivalent to the 
saltiness of seawater.

Beware
Most breads, many cereals
Ready-made soups and meals, processed meats, pizzas, 

Chinese take out

Instead
Use pepper, garlic, lemon, and herbs.

Instead
Try other fl avorings: any herbs, spices, lemon or lime, vin-

egar, onions, garlic, ginger, and chilies.

Ideally
Only choose food items with no more than 0.3 g of sodium 

per 100 g of food.

Box 50-1 Practical Advice for Patients on How to Reduce Dietary Salt Intake
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can be broadly classifi ed as high renin or low renin and is, 
therefore, best initially treated by one of two categories of 
antihypertensive drug, that is, those that inhibit (angioten-
sin-converting enzyme inhibitors, angiotensin receptor 
blockers, renin inhibitors, or �-blockers) and those that do 
not inhibit (calcium channel blockers or diuretics) the re-
nin-angiotensin system. Renin profi ling studies have dem-
onstrated that younger people (younger than 55 years) and 
whites tend to have higher renin levels relative to older peo-
ple (older than 55 years) or the black population (of African 
descent). Thus, the drugs that reduce blood pressure at least 
in part by suppressing the renin-angiotensin system at one 
point or another are generally more effective as initial blood 
pressure–lowering therapy in younger white patients. In 
contrast, calcium channel blockers and diuretics are less ef-
fective as initial blood pressure–lowering therapy in these 
patients and are better used as fi rst-line treatment in older 
whites or the black population of any age.51 The detailed 
analysis of this algorithm is beyond the scope of this chapter. 
However, it is important to consider the use of a moderate 
dietary salt reduction in the overall therapeutic framework. 
A moderate reduction in dietary salt intake is effective in 
lowering blood pressure on its own but is also additive to 
pharmacologic treatment and can be as effective as a low-
dose thiazide diuretic. Furthermore, based on the underlying 
principles informing the ACD algorithm, a moderate de-
crease in dietary salt intake can be added to the algorithm, 
emphasizing its additive blood pressure–lowering effect to 
drug classes that predominantly block the renin-angiotensin 
system (such as angiotensin-converting enzyme inhibitors, 
angiotensin receptor blockers, renin inhibitors, �-blockers), 
with less predicted additive effect to thiazide and thiazide-
like diuretics, dihydropyridine calcium channel blockers, 
and �-blockers (Fig. 50-2). Furthermore, a moderate 
decrease in dietary salt intake is more effective in low renin 
hypertension as seen in people of black African origin, in the 
elderly, and in many cases of type 2 diabetes and metabolic 

syndrome whether or not associated with hyperfi ltration or 
microalbuminuria.

CONCLUSIONS

Extensive and consistent evidence provides the scientifi c 
basis for clinical and public health strategies directed at 
long-term lifestyle modifi cations to prevent and reduce 
the burden of disease related to high blood pressure in 
both individuals and populations. In the clinical setting, a 
comprehensive lifestyle intervention, including a moderate 
reduction in dietary salt intake, represents a cost-effective 
therapeutic option among nonhypertensive individuals with 
above-optimal blood pressure levels as well as among hyper-
tensive individuals who are not receiving medication therapy 
but who comply with long-term lifestyle changes. In addi-
tion, a moderate decrease in dietary salt intake is an essential 
adjuvant therapy in hypertensive individuals who are already 
pharmacologically treated. In the public health arena, there 
is an urgent need to develop and implement population-
wide strategies aimed at substantial societal changes to tackle 
the current epidemic of hypertension in both developed and 
developing countries. However, these changes will be realis-
tic only if collaborative initiatives are implemented at mul-
tiple levels: government, manufacturers, health care provid-
ers, researchers, and the general public.34 In the clinical 
setting, there is the need to provide specifi c and targeted 
advice on how to effectively reduce dietary salt intake and to 
provide support to patients to sustain the decreases by 
monitoring compliance through regular assessment of salt 
intake with 24-hour urine collections.

Figure 50-1 National Institute for Clinical Excellence–British 
Hypertension Society algorithm for the pharmacologic man-
agement of hypertension. A, angiotensin-converting enzyme 
inhibitors or angiotensin receptor blockers; C, calcium chan-
nel blockers; D, diuretics.

Younger than 
55 yr

55 yr or older or 
black patients of any age

A C or D

A + C or A + D

A + C + D

Add
Further diuretic therapy
or
�-Blocker
or
�-Blocker
Consider seeking specialist’s advice

Step 1

Step 2

Step 3

Step 4

Figure 50-2 Modifi ed National Institute for Clinical Excellence–
British Hypertension Society algorithm with the inclusion of a 
moderate reduction in dietary salt intake as lifestyle modifi ca-
tion step. The size of the arrow indicates the strength of the 
estimated effect. A, angiotensin-converting enzyme inhibitors 
or angiotensin receptor blockers; C, calcium channel blockers; 
D, diuretics.

Younger than 
55 yr

55 yr or older 
or black patients of any age

Moderate reduction in dietary salt intake 
(< 6 g per day)

A C or D

A + C or A + D

A + C + D

Add
Further diuretic therapy
or

or
�-Blocker

Lifestyle
modification

Step 1

Step 2

Step 3

Step 4�-Blocker

Consider seeking specialist’s advice
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The original large-scale trials that established the benefi t of 
lowering blood pressure (BP) in reducing cardiovascular mor-
tality in uncomplicated hypertension were based largely on 
the use of �-blockers and diuretics. Until recently both have 
remained fi rst-line treatments. However, since the last edition 
of this book, the situation has changed. The role of �-blockers 
has been questioned because of growing evidence of adverse 
metabolic effects (such as glucose intolerance) and recogni-
tion that �-blockers may be inferior to other fi rst-line treat-
ments in reducing the risk of stroke. These conclusions are 
controversial; moreover, newer �-blockers may redress these 
concerns. Yet thiazide diuretics retain their position as an ex-
cellent, inexpensive fi rst-line therapy. Debate continues as to 
whether they are superior to other fi rst-line options, such as 
angiotensin-converting enzyme (ACE) inhibitors. Diuretic 
therapy for patients with normal renal function is usually 
based on thiazides. Loop diuretics are not effective antihyper-
tensive therapy because of their short duration of action and 
the postdiuretic renal salt retention that occurs unless they are 
given two or three times daily with restriction of dietary salt 
intake; however, they are used to control fl uid retention and 
hypertension and in patients with renal failure who are refrac-
tory to thiazides.

RANDOMIZED TRIALS OF DIURETIC 
OR �-BLOCKER TREATMENT AGAINST 
PLACEBO

Although the place of �-blockers as fi rst-line therapy has 
recently been called into question,1 the original studies es-
tablished that these drugs lower BP and reduce the risk of 

stroke. The results of randomized trials comparing diuretics 
or �-blockers with placebo are discussed extensively in the 
meta-analysis and review by Psaty and colleagues.2 The 
18 trials identifi ed included 48,220 patients followed for an 
average of 5 years. The earlier trials were conducted mainly 
in middle-aged adults given higher doses of diuretics or 
�-blockers, whereas trials from the late 1980s were mainly in 
older adults given lower doses. High-dose diuretics, low-
dose diuretics, and �-blockers all reduced the risk of stroke, 
with relative risks (RR) in the meta-analysis of 0.49, 0.66, 
and 0.71, respectively. The risk of coronary artery disease 
(CAD) was reduced in the low-dose diuretic trials (RR, 
0.72), but not in the high-dose diuretic trials or in the 
�-blocker trials. These results are surprising in view of the 
proven benefi ts of �-blockers in secondary prevention of 
CAD. It is not clear if this difference in the rate of coronary 
events is due to differences in the patient groups included in 
these trials or to real biologic differences in these therapies, 
including their metabolic side effects (see “Adverse Effects of 
Diuretics and �-Blockers” in this chapter). Cardiovascular 
mortality was signifi cantly reduced with high-dose and low-
dose diuretic therapy, but not with �-blockers. There was a 
trend toward reduced overall mortality for all therapies, but 
in no case did this reach statistical signifi cance.

In a 22-year follow-up of hypertensive men identifi ed and 
treated in the 1970s, a signifi cant excess of deaths due to car-
diovascular disease and stroke has been shown, despite ap-
parently adequate control of their BP.3 This suggests that even 
patients adequately treated with current therapies do not re-
turn to the cardiovascular risk of the general population. An 
overview and meta-analysis of drug treatment of hyperten-
sion concluded that even over the short term (a few years), 
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effective treatment of hypertension reduces the risk of stroke 
in treated patients by almost exactly the amount expected 
from epidemiologic studies.4 However, the reduction in risk 
of CAD, although clinically and statistically signifi cant, is less 
than might have been expected from the observed fall in 
BP. It has been suggested that this failure of predominantly 
diuretic-based treatments to reverse the increased mortality 
associated with hypertension may be due to the adverse 
metabolic effects of diuretics.5 Hypertension often occurs in 
the setting of the metabolic syndrome, which is associated 
with a number of risk factors for cardiovascular disease, such 
as insulin resistance, glucose intolerance, hypertriglyceride-
mia, and central obesity, which are not addressed by lowering 
BP alone.

RANDOMIZED TRIALS OF DIURETICS 
OR �-BLOCKERS AGAINST OTHER 
ANTIHYPERTENSIVE TREATMENTS

General agreement concerning the benefi ts of treatment of 
hypertension in middle-aged and elderly persons now exists. 
Further placebo-controlled trials are probably no longer ethi-
cally justifi ed. Therefore, recent trials have compared one 
therapy with another.

The established dogma has been that �-blockers, diuret-
ics, ACE inhibitors, and calcium channel blockers (CCBs) 
are equally effective in lowering BP. The choice of therapy 
should be tailored to the individual patient according to the 
side effect profi le and the specifi c indications or contraindi-
cations of one other agent. Thiazides and �-blockers have 
often been used as fi rst-line treatment because of their low 
cost. However, two recent developments have questioned 
this approach.

First, a large meta-analysis of trials comparing �-blockers 
with other therapies published in the Lancet in 20051 con-
cluded that �-blockers were associated with an increased risk 
of stroke of approximately 16% (although �-blockers did re-
duce the risk when compared with placebo). There was a non-
signifi cant trend toward increased mortality. The authors ar-
gued that �-blockers could no longer be recommended as 
fi rst-line treatment for hypertension in the absence of other 
specifi c indications, such as secondary prevention of CAD. 
They suggested possible reasons for this difference, including 
the adverse metabolic and hemodynamic effects of �-blockers. 
Most antihypertensive agents act by decreasing systemic vascu-
lar resistance (SVR). However, �-blockers can increase SVR 
by allowing unopposed activation of vascular smooth muscle 
�-adrenergic receptors. They can also reduce cardiac output. 
Newer vasodilating �-blockers have been developed to address 
these concerns, although outcome data for these �-blockers are 
limited.

These new fi ndings remain controversial. A subsequent 
meta-analysis of the �-blocker trials subdivided them into 
those involving younger or older (�60 years) patients. The 
authors concluded that the increased risk of stroke with 
�-blocker therapy only applied to the older age group.6 This 
result may be explained by differences in the underlying patho-
physiology in the two groups, with hypertension in younger 
patients believed to be due to an increase in cardiac output 
(hyperdynamic circulation), whereas hypertension in the el-
derly is due to an increase in SVR. The guidelines have begun 

to change. In 2004, The British Hypertension Society did not 
recommend �-blockers as fi rst-line therapy for uncomplicated 
hypertension, because of the risk of developing diabetes.7

Moreover, the Canadian Hypertension Education Program 
recommends that �-blockers should only be fi rst line treat-
ment in patients younger than 60 years of age,8 in accordance 
with the meta-analysis referred to previously.

Unlike �-blockers, thiazide diuretics have retained their 
position as recommended fi rst-line therapy for hyperten-
sion. In the second major recent development, it was sug-
gested that thiazides may actually be superior to other fi rst-
line therapies. This fi nding derives from the ALLHAT study, 
which compared a thiazide diuretic (chlorthalidone) with 
either an ACE inhibitor (lisinopril), a CCB (amlodopine), 
or an �-adrenoreceptor blocker.9 The last arm of the study 
was halted early due to an increase in the risk of heart fail-
ure. When compared with the ACE inhibitor or the CCB, 
the thiazide diuretic had a better outcome in heart failure 
(vs. amlodopine) and stroke (vs. lisinopril). The Joint Na-
tional Committee on Prevention, Detection, Evaluation, 
and Treatment of High BP now recommends thiazides as 
fi rst-line treatment for uncomplicated hypertension.10

However, this view has been challenged,11 and it was 
not endorsed in the 2003 guidelines issued jointly by the 
European Society of Hypertension and the European Soci-
ety of Cardiology.12

ADVERSE EFFECTS OF DIURETICS 
AND �-BLOCKERS

Hypokalemia
Thiazide diuretics reduce serum potassium concentration in a 
dose-dependent fashion. In the Multiple Risk Factor Interven-
tion Trial, in a subgroup of patients with abnormal electrocar-
diograms at baseline, there was an increase in the risk of death 
due to CAD in those patients randomized to high-dose thia-
zide diuretics.13 However, in patients with normal electrocar-
diograms, there was a lower mortality in this group. In the 
Systolic Hypertension in the Elderly Program (SHEP) trial, 
patients randomized to diuretics had signifi cantly lower se-
rum potassium levels than those on placebo (average reduc-
tion, 0.36 mmol/L), and signifi cantly more of them were 
clearly hypokalemic (7.2% vs. 1%).14 Hypokalemic patients 
had higher event rates, similar to those seen in patients on 
placebo. A case-control study reported that patients on high-
dose diuretics were at increased risk of cardiac arrest.15 The 
lowest risk of all was in patients taking thiazides in combina-
tion with a potassium-sparing diuretic. A recent meta-analysis 
of trials involving thiazide diuretics also suggested that an in-
verse relationship exists between hypokalemia and hypergly-
cemia,16 providing an additional mechanism for the associa-
tion of thiazide usage with the development of glucose 
intolerance and diabetes.

It is clearly important to measure serum potassium in pa-
tients taking thiazide diuretics and, if necessary, to correct 
hypokalemia. However, the increasing use of treatment com-
binations to lower BP with agents such as ACE inhibitors, 
which can raise serum potassium concentrations, and the low 
doses of thiazides currently recommended, make hypokale-
mia with thiazide diuretic treatment less common. This can be 
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easily prevented by combined therapy with a thiazide and a 
distal-acting potassium-sparing diuretic.

Dyslipidemia
Diuretics cause modest adverse changes in serum lipids in 
short-term studies. A meta-analysis concluded that thiazides 
caused a signifi cant increase in total and low-density lipopro-
tein cholesterol but no change in high-density lipoprotein cho-
lesterol.17 These changes were more marked in patients on 
higher doses of diuretic. However, in longer-term studies these 
effects do not persist beyond about 1 year.18,19 In the Treatment 
Of Mild Hypertension Study (TOMHS), no difference was seen 
in serum lipids between the placebo and diuretic groups after 
the fi rst year.18 In the Multicentre Isradipine Diuretic Athero-
sclerosis Study (MIDAS), the difference in lipids noted in the 
fi rst year between patients treated with thiazides or CCBs disap-
peared by the third year. The ALLHAT study reported that after 
4 years of treatment thiazide diuretics increased total choles-
terol when compared with an ACE inhibitor or a CCB,9 al-
though this did not translate into any worsening of outcome. 
A longer follow-up period may be required to evaluate this 
potentially adverse, but small, metabolic effect of diuretics.

The effects of both thiazides and �-blockers on serum lip-
ids appear small and of little clinical signifi cance.20 The wide-
spread use of statins in hypertensive patients may counteract 
any detrimental effect of a small rise in serum lipids. Carve-
dilol, a newer third-generation �-blocker, does not cause sig-
nifi cant changes in serum cholesterol.21

Insulin Resistance/Diabetes
Diuretics and �-blockers can impair glucose tolerance. The 
ALLHAT study9 reported an increased incidence of diabetes in 
the group taking a thiazide diuretic compared with either 
lisinopril or amlodipine. However, this did not translate into 
any observed worsening of outcomes over the 8 years of the 
study. Hyperglycemia has been related to hypokalemia in pa-
tients taking diuretics.16 Other studies have not detected any 
increase in diabetes in patients on thiazides.22,23

One prospective study of middle-aged patients found no 
increased risk of diabetes with thiazide diuretics, CCBs, or 
ACE inhibitors,22 but a 28% increased risk in patients taking 
�-blockers. However, because the study was not randomized, 
differences in patient selection for these drug classes cannot be 
ruled out. An increased risk of diabetes with �-blockers com-
pared with other antihypertensives may be due to the protec-
tive effects of ACE inhibitors24 and CCBs25 rather than to any 
adverse effects of �-blockers.

Suggested mechanisms of �-blocker-induced diabetes in-
clude systemic vasoconstriction with reduced tissue glucose 
uptake, impaired insulin secretion from the pancreas, weight 
gain, and increased hepatic gluconeogenesis (for review, see 
Sarafi dis and Bakris26). In the United Kingdom Prospective 
Diabetes Study (UKPDS 38), diabetic patients randomized to 
a �-blocker-based regimen had as much cardiovascular dis-
ease protection as those receiving ACE inhibitors, perhaps re-
fl ecting the high incidence of CAD in the diabetic population 
and the protective effects of �-blockers.27 Carvedilol, a newer 
vasodilating and antioxidant �-blocker, has shown promise 
that may translate into additional benefi t. In a controlled trial 
(GEMINI) involving diabetic hypertensive patients random-

ized to carvedilol or metoprolol, with similar control of BP, 
carvedilol was associated with better insulin sensitivity.28 Lon-
ger-term trials are required to see if this translates into better 
morbidity and mortality outcomes.

A recent “network meta-analysis” examined the risk of dia-
betes associated with antihypertensive drugs.29 Only angioten-
sin receptor blockers were associated with a signifi cantly re-
duced risk of developing diabetes, and only diuretics with a 
signifi cantly increased risk. However, the numbers of new dia-
betics were small, and the absolute differences in the incidence 
of new-onset diabetes were less than 5%. Thus, this may only 
be a factor in high-risk groups such as the obese.

Hyperuricemia
Diuretics raise serum urate levels by decreasing renal secretion 
and increasing reabsorption. Gout is one of the few contraindi-
cations to thiazide therapy. Hyperuricemia per se is associated 
with cardiovascular disease.30 However, in the Framingham 
cohort urate level was not found to be a signifi cant predictor 
once allowance had been made for other risk factors.31 Urate 
production may be toxic, perhaps through the generation of 
free radicals,32 but the association with CV risk may not be 
causal.31 Among patients in the SHEP trial,33 the baseline serum 
urate level did predict subsequent events. Relative risk for the 
highest versus the lowest quintile of serum urate was only 1.32. 
Baseline urate levels did not affect the demonstrable benefi ts of 
active treatment in this trial. However, treatment with a thiazide 
increased serum urate by a median of 0.06 mmol/L. After divid-
ing patients into two groups according to the increase in serum 
urate level, those with a small change in serum urate (�0.06 
mmol/L) had a highly signifi cant reduction in event rates on 
treatment, whereas those with a larger increase in urate had no 
decrease in event rates on active treatment.

These data suggest that patients’ cardiovascular risk can be 
stratifi ed according to their serum urate response to thiazides. 
However, there is no direct evidence that the increases in urate 
observed in patients taking thiazides are harmful per se. 
Moreover, thiazides have similar effects to �-blockers and 
ACE inhibitors (which do not affect serum urate) on the risk 
of cardiac death.

Sexual Dysfunction
A high incidence of impotence was reported in the Medical 
Research Council trial of mild hypertension, leading to the 
withdrawal of 12.6% of male patients in the diuretic arm, 
compared with 6.3% in the �-blocker arm and 1.3% in the 
placebo arm.34 The incidence of this adverse effect seems to 
be lower in more recent trials, although whether this relates 
to the lower doses of diuretics used or the older patients 
studied in more recent trials is not clear. A review of trials 
involving �-blockers found overall a small increased risk of 
sexual dysfunction and fatigue, with no increased risk of 
depressive symptoms (another side effect previously associ-
ated with �-blockers).35

The incidence of sexual dysfunction is increased in men 
with hypertension, whether they are on treatment or not. The 
incidence of complete erectile dysfunction was 15% in those 
with treated hypertension and 14% in those with untreated 
hypertension in a population sample of American men in 
whom the overall incidence of impotence was 9.6%.36 A post 
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hoc subanalysis of patients in trials of sildenafi l who were tak-
ing antihypertensives concluded that sildenafi l was as effective 
in these patients as in those not on antihypertensives and was 
no more likely to cause adverse effects.37 Whether antihyper-
tensive treatment causes sexual dysfunction in women is less 
clear, although most investigators have reported no signifi cant 
problems. Prisant and colleagues38 concluded that only high-
dose diuretics consistently cause sexual dysfunction.

Increased Risk of Cancer
An association of diuretic use with renal or colonic cancers 
has been noted.39 Case-control studies have suggested an in-
creased risk of renal cell carcinoma. However, the largest of 
these studies found that the excess risk associated with being 
hypertensive was larger than that associated with any drug 
exposure. The risk associated with diuretics disappeared once 
adjusted for the risk associated with hypertension itself.40 A 
more recent case-control study of women with breast cancer 
reported an association with both hypertension and diuretic 
usage.41 However, this was most pronounced in women with a 
high body mass index (a recognized risk factor), perhaps indi-
cating that the link may be more with shared metabolic risk 
factors in hypertension and cancer (including diet), rather 
than any causal relationship.

No clinical trial of diuretics and �-blockers has demon-
strated an increased risk of cancer in treated patients, al-
though, because most trials are followed up for less than 
5 years and many patients take antihypertensive medication 
for decades, this issue is still an open question. In a cohort of 
hypertensive men treated for longer than 2 decades with 
therapy based on these agents, there was no increase in cancer 
mortality.3 At present, the proven benefi t of BP reduction 
outweighs the unproven, and rather poorly defi ned, risk of 
cancer.

Effects on Bone
Thiazide diuretics reduce urinary calcium excretion and are 
thought to reduce postmenopausal bone loss. Numerous case-
control studies have demonstrated a reduction in risk of frac-
tures in patients taking thiazides.42 Hypertension itself has 
been suggested as a risk factor for bone mineral loss43 (and is 
also associated with renal stone disease). A recent randomized, 
controlled trial demonstrated that thiazides slow cortical bone 
loss in postmenopausal women, although the effect was 
small44; a recent extension to this trial has shown that the ef-
fect persists for at least 4 years.45

Studies in mice have suggested that �-blockers can increase 
bone mass,46 but human studies have failed to show any sig-
nifi cant association; at present �-blockers are not indicated 
for the treatment of osteoporosis.47

Chronic Obstructive Pulmonary Disease 
and Bronchospasm
�-Blockers have traditionally been withheld from patients with 
chronic obstructive pulmonary disease (COPD) because of 
the risk of provoking bronchospasm by blocking �2-adrenergic 
receptors in the lung, even with more selective �1-blockers. How-
ever, a Cochrane database systematic review of trials comparing 
cardioselective (�1-adrenergic receptor-specifi c) �-blockers with 

placebo found no adverse respiratory effects and concluded that 
these drugs need not be withheld in COPD patients who have a 
valid indication for �-blocker therapy, such as CAD or heart 
failure.48

DIURETIC AND �-BLOCKER USE 
IN SPECIFIC GROUPS OF PATIENTS

Elderly Patients
The evidence for the benefi ts of drug treatment of isolated 
systolic hypertension in elderly patients is now very 
strong.14,49,50 The most dramatic reductions are in risk of 
stroke, both ischemic and hemorrhagic,51 but there are also 
reductions in the risk of CAD and heart failure. Elderly pa-
tients also benefi t from the treatment of diastolic hyperten-
sion.52 There is still some uncertainty about the treatment of 
patients over age 80, although a subgroup meta-analysis of 
patients over this age included in the trials of the past 20 years 
concluded that they too can benefi t from treatment.53 Thia-
zide diuretics are well tolerated in the elderly and are of 
proven effectiveness.52 A systematic review of the risk of falls 
in elderly patients on antihypertensive drugs found a mod-
estly increased risk with diuretics (odds ratio, 1.08) and non-
signifi cant differences for �-blockers (perhaps surprisingly) 
and other classes of antihypertensive drugs.54 However, none 
of the studies was randomized and the effects were small. The 
presence or absence of postural hypotension should always 
be determined in elderly patients before commencing anti-
hypertensive therapy.

Because of their high absolute risk of stroke and cardiovas-
cular events, elderly patients have much to gain from effective 
BP control. In older patients, a low-dose thiazide is the pre-
ferred treatment. An appropriate second or additional treat-
ment is a CCB. �-Blockers seem to be less well tolerated by 
older patients; because they are apparently less effective in 
preventing stroke in older age groups, they should probably be 
avoided, unless there is a specifi c indication (e.g., angina or 
post–myocardial infarction [MI]).55

Black Patients
There is considerable evidence that black people have higher 
rates of hypertension.56 They also have higher risks of stroke 
and renal failure, although (at least in the UK) not of CAD.57

Black patients are more likely to have salt-sensitive hyperten-
sion and are less likely to have high renin levels.58 Hyperten-
sive black men have a larger BP response to hydrochlorothia-
zide than to propranolol, whereas there is no signifi cant 
difference in responses in white men.59 Studies have usually 
found that black patients respond well to diuretics19 but re-
quire higher doses of ACE inhibitors to achieve a given level 
of BP control. A trial from South Africa60 concluded that in 
black patients, CCBs were more effective as monotherapy 
than either diuretics or ACE inhibitors; however, these pa-
tients were younger than those in most other published stud-
ies. A systematic review of hypertension treatment in blacks 
has concluded that �-blockers are less effi cacious than either 
diuretics or CCBs. However, there is no difference in outcome 
if BP is lowered to the same level by using combinations of 
drugs that contain a �-blocker.61 Current UK and U.S. guide-
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lines recommend using thiazides as the preferred treatment 
in black patients.

Patients with Cardiovascular Disease
In patients who have suffered an MI, prescription of a 
�-blocker reduces mortality by approximately 20%.62 This 
also applies to diabetic patients.63 ACE inhibitors also ben-
efi t this group of patients. Many patients should be taking 
both drugs, as well as aspirin.64 The Heart Outcomes Pre-
vention Evaluation (HOPE) study showed that the ACE in-
hibitor ramipril reduced the risk of death, MI, and stroke, 
each by approximately 20% in patients at high vascular 
risk.65 Although 80% of patients in this trial had previously 
suffered an MI, only 40% were on a �-blocker. Patients in 
the HOPE study had acceptable control of BP at study entry, 
and the investigators concluded that the effects of ACE in-
hibition were not due to BP reduction; this has been vigor-
ously challenged.

Although there is clear evidence for the use of �-blockers 
in patients who have suffered an MI, the evidence is less good 
for the use of these agents in patients with hypertension 
and stable CAD but no history of a major cardiac event. Al-
though �-blockers are an effective treatment for the symp-
toms of angina, as with other antianginals, outcome data are 
lacking. In the INVEST trial, which looked specifi cally at pa-
tients with hypertension and CAD, no signifi cant difference 
was observed between either a verapamil/trandolapril-based 
or atenolol/hydrochlorothiazide-based strategy,25 suggesting 
that treatment of BP per se may be more important than the 
choice of antihypertensive agent.

In the PROGRESS perindopril-based trial of secondary 
prevention of stroke, a lower risk of subsequent stroke was 
recorded among actively treated patients, although subgroup 
analysis found that only those treated with both an ACE in-
hibitor and a thiazide diuretic had signifi cant benefi t.66 As 
previously mentioned, �-blockers are not thought to be suit-
able fi rst-line agents in the prevention of stroke.

Patients with Heart Failure
�-Blockers are negatively inotropic and can worsen or pre-
cipitate heart failure, especially at high doses. For this reason, 
heart failure was long considered a contraindication to 
�-blocker therapy. However, trials have shown that closely 
supervised �-blocker treatment is associated with reduced 
mortality in patients with moderate67,68 and severe heart fail-
ure. This is partly due to a reduction in the incidence of sud-
den death. Trials have used the cardioselective �-blockers bi-
soprolol and metoprolol and the nonselective ��-blocker 
carvedilol. It remains unclear whether these have the same 
benefi t. A head-to-head comparison showed a greater im-
provement in left ventricular ejection fraction with carvedilol 
but a greater increase in exercise capacity with metoprolol.68

A more recent study compared nebivolol (another vasodilat-
ing �-blocker) with placebo in patients over age 70 and 
found a reduction in all-cause mortality.69 Further trials are 
needed to establish whether newer �-blockers are superior to 
older agents.

The most appropriate strategy, based on currently pub-
lished data, is to treat with both ACE inhibitors and �-blockers, 
if tolerated, and to aim for a BP target of 130/70 mm Hg or less. 

Diuretics can be added to control fl uid retention, although 
there is no evidence that this alters outcome.

Patients with Left Ventricular 
Hypertrophy
Left ventricular hypertrophy (LVH) is an independent risk 
factor for cardiovascular events and sudden cardiac death.70

Patients with hypertension often have LVH. In the Framing-
ham Heart Study of persons older than age 40, less than 1% 
had an ECG suggesting LVH, but 15.5% of men and 21% of 
women had LVH on echocardiography.70 Some of the newer 
antihypertensives may be better at inducing regression of LVH 
than diuretics or �-blockers. A meta-analysis of randomized 
studies concluded that ACE inhibitors are more effective at 
reducing LVH than �-blockers, CCBs, or diuretics.71 However, 
direct head-to-head trial evidence suggests that diuretics are 
as effective as other drugs in inducing regression of LVH, al-
though �-blockers seem less effective. In the LIFE study of 
patients with diabetes and hypertension (with echocardio-
graphic evidence of LVH), losartan reduced cardiovascular 
morbidity and mortality compared with atenolol.72 In the 
Veterans Study,73 hydrochlorothiazide was at least as effective 
as any other drug in reversing LVH. In the TOMHS trial, di-
uretic treatment was superior to any other drug.74

Patients with Hypertension in Pregnancy
The treatment of hypertension in pregnancy is an especially 
diffi cult area. There remains disagreement as to the most ap-
propriate treatment strategy (see Chapter 41). �-Blockers 
have been widely used in treating hypertension in pregnancy, 
particularly in the United States. A Cochrane review of trials 
of �-blockers for the treatment of mild-to-moderate hyper-
tension in pregnancy concluded that although �-blockers 
lower BP when compared with placebo, no benefi t to either 
the mother or baby has been demonstrated. In addition, the 
authors found a trend toward small-for-gestational-age in-
fants and no advantages over other established drugs such as 
methyldopa.75

Diuretics have not been widely used in pregnancy-associated 
hypertension because of concerns about contraction of the 
circulating volume. However, they can be safely continued dur-
ing pregnancy in those taking them for hypertension before 
conception.76

Patients with Chronic Kidney Disease
The goal of treatment in patients with hypertension and 
chronic kidney disease (CKD) is twofold: fi rst, to reduce the 
rate of decline of renal function, and, second, to reduce mor-
tality from cardiovascular disease (for which CKD is a signifi -
cant and independent risk factor). Generally, very few studies 
have examined the treatment of hypertension in CKD pa-
tients. Guidelines extrapolate data from studies on patients 
with normal renal function.

In patients with signifi cant proteinuria, ACE inhibitors are 
generally thought to be the agents of choice,77 particularly in 
diabetic patients with renal disease.78 A meta-analysis re-
ported that regimens containing ACE inhibitors are more ef-
fective in slowing the progression of renal disease than those 
without, but for the subset of patients with proteinuria less 
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than 0.5 g/day, no defi nite advantage of ACE inhibitors is evi-
dent.79 This is probably because the rate of decline of renal 
function in patients with minimal proteinuria is very slow.

A recent meta-analysis of trials published in 2005 challenged 
this view, concluding that in patients with proteinuric CKD, 
ACE inhibitors provide only a very small benefi t in comparison 
with other drug classes, and that any additional benefi ts ob-
served in placebo-controlled trials are due only to a greater re-
duction in BP rather than any class-specifi c effect.80 This view 
remains controversial, but it does highlight the paucity of data 
on the treatment of hypertension in CKD and the need on 
more trials to determine which agents should be fi rst-line. In 
support of this, UKPDS 38 found no differences between pa-
tients randomized to captopril or atenolol as their fi rst antihy-
pertensive agent, again suggesting that tight control of BP is 
much more important than the agent used to achieve it.27

In practice, patients with renal disease often require multiple 
drugs for BP control. In the REIN follow-up study, 77% of pa-
tients required antihypertensives in addition to ramipril to keep 
their diastolic BP below 90 mm Hg.81 The majority of patients 
are currently undertreated. For dialysis patients, adjustment of 
circulating volume is a key nonpharmacologic factor in BP 
control. Water-soluble �-blockers such as atenolol can accumu-
late in renal failure; doses should be reduced. This recommen-
dation does not apply to lipid-soluble drugs such as metoprolol. 
In addition, �-blockers can worsen hyperkalemia by causing a 
shift of potassium from the intracellular to extracellular com-
partment. In a subset analysis of the ALLHAT study in patients 
with CKD Stage 3 (glomerular fi ltration rate, 30–59 mL/min), 
thiazide diuretics appeared equivalent to either ACE inhibitors 
or CCBs in reducing the rate of decline of renal function.9 For 
more advanced stages of CKD, thiazides are less effective natri-
uretic agents, and loop diuretics are more commonly used.

Patients Outside the Developed World
The vast majority of patients in trials of hypertension have come 
from Western Europe, North America, Australia, and New 
Zealand. One major exception is the Sys-China trial, which dem-
onstrated signifi cant benefi ts for stroke risk and reduced mortal-
ity when older Chinese patients with isolated systolic hyperten-
sion were treated.82 The Global Burden of Disease Study 
attempted to look at premature mortality and disability world-
wide. This study found that in 1990 ischemic heart disease was 
the fi fth leading cause of disability-adjusted life years lost and 
that cerebrovascular disease was the sixth leading cause.83 Pro-
jections for 2020 are that cardiovascular disease will be the lead-
ing cause of disability-adjusted life years lost and cerebrovascu-
lar disease will be the fourth leading cause.84 The overall burden 
of cerebrovascular and cardiovascular disease worldwide is pro-
jected to almost double by 2020 from what it was in 1990, with 
the biggest increase occurring in the developing world.

Evidence from Africa indicates that urbanization leads to a 
signifi cant increase in the incidence of hypertension.85 Very 
high age-adjusted rates of stroke are seen in sub-Saharan 
Africa.86 Because other cardiovascular risk factors are largely 
absent in this population, these high rates have been attrib -
uted to untreated hypertension. The countries of Eastern 
Europe are also suffering an epidemic of cardiovascular dis-
ease.87,88 Clearly, a great need exists for effective and inexpen -
sive treatment of hypertension in these populations. In view 
of their low cost and documented effectiveness, thiazides and 

�-blockers are the drugs of choice, although outcome trials in 
these populations are urgently needed. Sadly, a World Health 
Organization study of 10,000 patients with either CAD or cere-
brovascular disease in middle- to low-income countries found 
that many modifi able cardiovascular risk factors were still not 
being addressed.89

CONCLUSIONS AND TREATMENT 
ALGORITHM

Several epidemiologic studies in Europe and the United States 
have shown that many patients known to be hypertensive have 
poorly controlled BP, either because they are not on treatment or 
because their treatment is inadequate.90 These fi ndings have 
been confi rmed in a study of 24-hour BP control.91 It is becom-
ing increasingly clear that a signifi cant proportion of all patients 
requiring treatment for hypertension need a combination of 
drugs to bring their BP down to a desirable level.55 At present, 
guidelines from the British Hypertension Society and the US 
Joint National Committee on Prevention, Detection, Evaluation 
and Treatment of High BP recommend thiazide diuretics as fi rst-
line agents for the treatment of hypertension. The latter commit-
tee goes further, currently recommending thiazides over other 
agents in the absence of any other specifi c indications. �-Blockers 
have lost their place as fi rst-line treatment because of more re-
cent concerns over metabolic side effects and possibly reduced 
effi cacy in reducing stroke, particularly in an aging population. 
This view has been endorsed by a recent Cochrane systematic 
review.92 Perhaps with time, newer vasodilating �-blockers may 
be shown to address these concerns. In certain cases, such as 
secondary prevention of CAD and heart failure, �-blockers are 
still indicated as fi rst-line antihypertensive therapy.

A low starting dose of a thiazide diuretic or �-blocker (e.g., 
hydrochlorothiazide 12.5 mg, bendrofl uazide 1.25 mg, or aten-
olol 25 mg) should always be used initially. If after 4 weeks the 
BP is not adequately controlled, these doses can be doubled. 
Little further gain in BP control is seen by increasing doses be-
yond these levels, and there is also good evidence that more 
adverse side effects will occur.93 Patients receiving diuretics 
should have their serum potassium level checked within the 
fi rst month of treatment and at least annually thereafter. Sig-
nifi cant hypokalemia is not common on low-dose thiazide 
diuretics; its occurrence should raise the possibility of an un-
derlying endocrine abnormality such as primary aldosteronism. 
Patients who become hypokalemic should have the serum 
potassium level corrected. No clear evidence exists on whether 
oral potassium supplementation or the addition of a potas-
sium-sparing diuretic is the better way to do this, although both 
have been shown to be effective.94 Our practice is to add 
amiloride or spironolactone (the latter may be more benefi cial 
in patients with CKD or heart failure95).

Patients in whom BP control is still poor after 3 months of 
treatment require a change of therapy. In practice, most patients 
need a combination of antihypertensive drugs to reach their 
target BP.55 Monotherapy is rarely successful. We recommend 
adding another agent sooner rather than later and before the 
maximum dose of the starting agent has been reached.

Some of the commonly used diuretics and �-blockers in 
hypertension are listed in Tables 51-1 and 51-2. An algorithm 
for the use of diuretics or �-blockers in the treatment of 
hypertension is shown in Figure 51-1.
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Is antihypertensive treatment necessary (see Chapter 48)?
Are there any contraindications to a particular class of antihypertensive drug (e.g., thiazides and gout)?
Are there any additional indications for a particular class of antihypertensive drug (e.g., β-blocker in secondary prevention of CAD)?

For most patients thiazides are an appropriate first-line choice; β-blockers can be considered in younger patients (<60 years old) or 
if there are specific indications (e.g., heart failure).

Perform appropriate baseline tests for cardiovascular risk factors and target organ damage:
 • Urea and electrolytes, serum glucose, urate and lipids (re-check fasting if glucose or lipids raised)
 • Urine dipstick for blood and protein (quantity if present)
 • ECG
 • Consider echocardiography (for LVH) and a renal ultrasound scan with Doppler renal artery flow.

Begin treatment with the lowest available dose of chosen antihypertensive agent.

Review patient and blood pressure at ~2 weeks:
 • Check urea, electrolytes, and glucose again
 • Enquire about side effects.

Review blood pressure at ~1 month; if not adequately controlled, double dose of antihypertensive agent.

Review at 3 months and every ~4–6 months thereafter:
 • Check urea, electrolytes, and glucose annually
 • If hypokalemic on thiazides, evaluate for hyperaldosteronism and add amiloride or spironolactone
 • If blood pressure is still not controlled, add a different class of antihypertensive agent.

Figure 51-1 Algorithm for the use of thiazides or �-blockers in the treatment of hypertension.

Table 51-1 Diuretics for the Treatment of Hypertension

Initial Daily 
Dose (mg)

Maximum Daily 
Dose (mg)

Hydrochlorothiazide 12.5 50

Bendrofl umethiazide 1.25 5

Chlorthalidone 25 50

Trichloromethiazide 2 4

Amiloride 5 10

Spironolactone 25 100

Table 51-2 �-Blockers for the Treatment of Hypertension*

Initial Dose Maximum Dose

Atenolol 25 mg once daily 100 mg once daily

Metoprolol† 50 mg once daily 100 mg twice daily

Propranolol† 40 mg twice daily 80 mg three times 
daily

Bisoprolol 2.5 mg once daily 10 mg once daily

Carvedilol† 12.5 mg once daily 25 mg twice daily

Nebivolol 2.5 mg once daily 10 mg once daily

*Low doses of �-blockers are appropriate for the treatment of hyper-
tension, as discussed in the text. Higher doses (if tolerated) are 
of proven benefi t in the treatment of heart failure and should be 
employed in this situation.
†A sustained-release preparation is available for once-daily dosing.
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When pharmacologic interruption of the renin-angiotensin 
system fi rst became possible through the development of 
angiotensin-converting enzyme (ACE) inhibitors, even the 
wildest enthusiast could not have predicted the evolution of this 
fi eld.1,2 Agents that block the renin system were thought by 
many at that time to hold promise only in a small patient popu-
lation, those with hypertension associated with elevated plasma 
renin activity. This group of patients is important, because it 
includes those with accelerated hypertension and those in 
whom hypertension tends to be diffi cult to treat, but these pro-
cesses are relatively uncommon. This class of drug was therefore 
perceived to occupy an important but rather small niche.

That niche has grown and, indeed, continues to grow. 
The introduction of ACE inhibitors was marked by early 
success in patients with extremely high blood pressure (BP) 
resistant to the effects of triple-drug regimens. A series of 
studies over the past two decades has identifi ed a much 
broader range of effi cacy for ACE inhibitors, indicating that 
these drugs are also remarkably helpful in patients with 
advanced heart failure, those with a large anterior myocar-
dial infarction, and those at risk of diabetic nephropathy, 
other forms of nephropathy, and (in the HOPE study) the 
consequences of atherosclerosis.2 ACE inhibitors have grad-
ually emerged, therefore, as the leading class for the treat-
ment not only of those complicated patients initially de-
scribed, but also of the patient with mild-to-moderate 
essential hypertension who is free of any identifi able target 
organ damage and who is at rather low risk. Although this 
chapter lies in a section entitled Management of Essential 
Hypertension, and there are separate and relevant chapters 
on drug dosing and renal failure, prevention of progressive 
renal failure, cardiovascular complications, control of car-
diovascular risk factors in hypertension, and individualiza-
tion of pharmacologic therapy, as well as on management of 
diabetic nephropathy, IgA nephropathy, and other forms of 

glomerulonephritis, and clinical trials in nephrology and 
hypertension—with inevitable overlap—it is necessary to 
touch on many of these subjects in this chapter. Because the 
drugs are not the subject of any other individual chapter, 
greater emphasis will be given to their pharmacology and to 
their handling in patients who have lost kidney function.

Despite their remarkable record of success, it is impor-
tant to recognize that ACE inhibition was not the product 
of a planned pharmacologic approach, but rather was an 
accidental byproduct of snake venom toxicology. A pharma-
cologist examining the renin cascade would fi rst have cho-
sen two alternative points as candidates for blockade.3 In 
principle, blockade of a system is most effective at the rate-
limiting step: in the renin cascade, the interaction between 
renin and its substrate, angiotensinogen. Renin inhibitors 
were developed and were effi cacious, but poor bioavailabil-
ity and cost of synthesis brought development programs to 
a halt for more than a decade. With the development of 
aliskiren, the fi rst clinically approved renin inhibitor, we 
have a new tool, as is discussed under Pharmacology of Di-
rect Renin Inhibition in this chapter. Blockade at the level of 
the angiotensin II receptor is also attractive, especially if 
non-ACE-dependent pathways for angiotensin II genera-
tion exist. Evidence for such pathways (especially in the 
kidney) in the intact human is growing,3 which makes 
blockade of the renin system at the level of the angiotensin 
II receptor an important therapeutic step.

Another factor shapes use of these agents. The angiotensin 
II antagonists are products of imidazole chemistry, and imid-
azole derivatives have a wide range of pharmacologic activity.4

Thus, no one could have anticipated how remarkably well 
tolerated this class of agents is. In study after study, AT1 recep-
tor blockers compare favorably with placebo in frequency of 
adverse reactions,1,5 a statement that could never have been 
made about antihypertensive agents in the past.
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PHARMACOLOGY OF THE ACE 
INHIBITORS

Angiotensin-converting enzyme is a widely distributed zinc 
metallopeptidase that represents the fi nal enzymatic step in 
the lysis of angiotensin I to produce angiotensin II. There are 
three main ACE isoforms: somatic ACE, plasma ACE, and 
testicular ACE. Somatic ACE is attached to the cell membrane 
and has an extracellular region that consists of two homolo-
gous domains,6,7 each of which contains an active catalytic 
site. Testicular ACE, conversely, has only one catalytically ac-
tive site. Plasma ACE is thought to be derived from the so-
matic ACE but lacks the transmembrane domain and intracel-
lular portion. Like somatic ACE, plasma ACE contains two 
active sites. The presence of two catalytic sites in somatic ACE, 
each capable of converting angiotensin I to angiotensin II and 
displaying different kinetics, has raised the interesting possi-
bility that ACE inhibitors could differ in their affi nity for the 
two sites. The C-terminal site accounts for approximately 75% 
of total ACE7 and is largely responsible for the conversion of 
angiotensin I to angiotensin II. It has been suggested that the 
N-terminal site has greater responsibility for the metabolism 
of other peptide substrates.8

ACE inhibitors interact differently with ACE-active sites, 
depending on their structure.9,10 Lisinopril, for example, shows 
affi nity for only one binding site on both somatic and testicu-
lar ACE, suggesting that it binds only the C-terminal active 
site of ACE. Conversely, cilazaprilat has affi nity for the two 
binding sites on somatic ACE. These fi ndings suggest that the 
two active sites of somatic ACE have different structural re-
quirements. Although of interest, at the moment there are no 
compelling data to indicate a functional or therapeutic impli-
cation for these fi ndings.

ACE generally functions as a carboxyl-dipeptide hydro-
lase, which includes many substrates, not only angiotensin I 
and bradykinin, but also a wide range of peptides, including 
enkephalins, substance P, and the beta chain of insulin.11

Clearly there are consequences to the broad range of peptide 
substrates degraded by ACE for the specifi city of ACE in-
hibitor function. A number of studies in animal models, not 
yet supported by information from studies in humans, have 
suggested that bradykinin might play a role in the tissue-
sparing effects of ACE inhibitors. Conversely, it is thought 
that the same mechanism might underlie the cough so often 
induced by ACE inhibitors, which represents their main 
drawback.11

The fi rst early effective ACE inhibitor, captopril, is a 
sulfhydryl-containing compound, which is relatively rapid in 
onset and short acting.11 Thereafter, all of the ACE inhibitors 
that have been developed are longer-acting and, with the 
exception of lisinopril and captopril, undergo metabolic con-
version into an active diacid form. There is no evidence that 
this conversion is ever rate-limiting. The ACE inhibitors 
are structurally heterogeneous in both their primary binding 
sites to the ACE receptor and in the side chains capable of 
binding ACE. The sulfhydryl group in captopril was replaced 
by a carboxyl group in most of the remaining ACE inhibitors, 
with the exception of a phosphinyl group in fosinopril. 
Although there are a number of claims that these substitu-
tions have functional signifi cance—for example, the reduced 
frequency of cough claimed for fosinopril and free-radical 
scavenging for the sulfhydryl group on captopril—in fact, 

clinically meaningful difference remains to be proved. Indeed, 
beyond the frequency of dosing and handling of these agents 
in the patient with renal failure, there are few persuasive 
differences.

For all of the ACE inhibitors, with the exception of fosino-
pril and trandolapril, the diazo-form is excreted primarily via 
renal clearance, involving both fi ltration and tubular secre-
tion.11,12 In the case of fosinopril and trandolapril, excretion is 
more balanced, and hepatic excretion rises with a reduction in 
renal function (Table 52-1).

Although there are many claims that ACE inhibitors differ 
in functionally important ways, such as tissue penetration and 
action on endothelial function, in fact the available evidence 
for such differences is not persuasive; neither is there clear 
evidence that these differences have therapeutic implications. 
Most of the impetus for such claims has come from industry. 
Quantitatively important differences in duration of action 
and in metabolism have implications for use in the patient 
with renal failure.

PHARMACOLOGY OF THE ANGIOTENSIN 
RECEPTOR BLOCKERS

The fi rst antagonists to angiotensin II and its receptor were pep-
tide analogs of angiotensin II, developed as a byproduct of 
analyses of the structural requirements for binding of angioten-
sin II to its receptor and the synthesis of many structural analogs 
of angiotensin II.1,5 The most widely studied angiotensin 
receptor blocker (ARB), saralasin, is an octapeptide that differs 
from angiotensin II in structure at the eighth amino acid, 
where alanine is the residue, and at the fi rst amino acid, where 

Drug
Elimination 
Route

Serum 
Half-life 
(hr)

Effect of 
Food

Protein 
Binding 
(%)

Benazepril Renal, 
some
biliary

10–11 None �95

Captopril Renal, as 
disulfi des 

�2 Reduced 25–30

Enalapril Renal 11 None 50

Fosinopril Renal �

hepatic
11 None 95

Lisinopril Renal 13 None 10

Moexipril Renal, 
some
biliary

2–9 Reduced 50

Perindopril Renal 7 None 60

Quinapril Renal �

hepatic
2 Reduced 97

Ramipril Renal 13–17 Reduced 73

Trandolapril Renal �

hepatic
16–24 None 80–94

Table 52-1 Clinical Pharmacology of ACE Inhibitors
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sarcosine—an amino acid that does not occur in mammals—
was employed to slow the degradation of the molecule. Because 
saralasin could only be given intravenously, was a partial agonist, 
and was very expensive to manufacture, it never developed a 
major role in therapy or diagnostics.

In 1982, an unanticipated advance was made through the 
application of high throughput screening in the laboratory 
of Takeda in Japan.13 They identifi ed a series of imidazole 
derivatives that bound specifi cally to the angiotensin II recep-
tor. Structure action work at Dupont Laboratories led to the 
development of losartan, the fi rst of a new class of nonpep-
tide, clinically effective ARBs.14 Most of the antihypertensive 
action of losartan in vivo involves conversion of the parent 
compound to EXP-3174, the carboxylic acid metabolite of 
losartan.15 Further structural modifi cations led to the identi-
fi cation of valsartan, irbesartan, candesartan, and telmisar-
tan.5 All are biphenyl tetrazoles. Investigators at SmithKline 
Beecham pursued an alternative pathway from the original 
Takeda compound to produce eprosartan, which is a nonbi-
phenyl, nontetrazole compound.16

One clear difference among the available agents involves 
structure. All of the currently marketed AT1 receptor antago-
nists, with the exception of eprosartan, are biphenyl tetra-
zoles.4,5 Eprosartan also differs from all of the other marketed 
drugs in its interaction with the AT1 receptor. Eprosartan is a 
pure competitive antagonist, the action of which is surmount-
able by suffi ciently high angiotensin II concentration.17 Val-
sartan, irbesartan, candesartan, telmisartan, and the active 
metabolite of losartan, EXP-3174, all show noncompetitive 
kinetics, which suggests a nonequilibrium relation to the re-
ceptor.18 When the binding is suffi ciently tight, equilibrium 
conditions required to show competitive antagonism are not 
in place, and the kinetics become insurmountable. In the case 
of losartan, the parent molecule is a weak competitive antago-
nist, and virtually all of the blockade after the fi rst several 
hours depends on the 15% that is converted to a much more 
potent nonequilibrium antagonist, EXP-3174. One clinically 
relevant byproduct of the tight binding is the very long dura-
tion of action of the nonequilibrium ARBs. The half-life in 
plasma poorly predicts the duration of the blockade because 
of the long sojourn of the blocker on the receptor.

The available angiotensin II receptor blockers differ from 
one another in their oral bioavailability, metabolism, and 
elimination.1,5 Candesartan cilexetil is a true prodrug, the ac-
tive agent being candesartan, which is freed from the complex 
during passage through the gut wall. Losartan is an active 
agent, a very weak competitive antagonist, with an active me-
tabolite (EXP-3174) that is substantially more potent and long 
acting. Bioavailability ranges from approximately 25% for 
valsartan to 80% for irbesartan (Table 52-2). The absorption 
of neither candesartan nor irbesartan is infl uenced by food, 
whereas valsartan and losartan do show interference with ab-
sorption by food. With the exception of candesartan, which 
has a 60% renal route of elimination, for most of the agents 
the primary excretion is biliary (see Table 52-2). Only one of 
the agents, losartan, has a tubular action that leads to in-
creased uric acid excretion.

The angiotensin II receptors are divided into AT1 and 
AT2 subtypes, characterized both pharmacologically and 
by cloning. All of the clinically important, well-defi ned ac-
tions of angiotensin on the kidney are mediated via the AT1

receptor. Studies in animal models where AT2 receptor 

competitive antagonists are available has suggested that the 
renal actions supported by the AT2 receptor are opposite to 
those of the AT1 receptor, including vasodilation, natriure-
sis, and growth inhibition.19 The AT2 receptor is prominent 
during embryogenesis, in the kidney and elsewhere, but 
becomes rapidly and progressively more sparse after birth. 
Any discussion of the role played by the AT2 receptor in 
humans is speculative, because there are no direct data 
available from studies in humans. Species difference in the 
contribution of the renin-angiotensin system to renal con-
trol mechanisms is discussed in Renal Actions of Renin-
Angiotensin System Blockers in this chapter, and may well 
be relevant. For example, there is a single AT1 receptor and 
responsible gene in humans and two AT1 receptor isoforms 
in the rat.20

PHARMACOLOGY OF DIRECT RENIN 
INHIBITION

Although renin inhibition has long been recognized as a 
preferred site for blockade of the renin-angiotensin system 
because renin is the rate-limiting step in the cascade, until 
recently the development of renin inhibitors has been lim-
ited by poor bioavailability, limited effi cacy, and substantial 
cost.21-23 The aid of molecular modeling and x-ray structure 
analysis has brought about signifi cant improvement in the 
design of potent and selective inhibitors of renin. The result 
has been the development of aliskiren, the fi rst orally effec-
tive direct renin inhibitor approved for use in humans. Sig-
nifi cant improvement in binding has resulted from the rec-
ognition of compounds that optimize the interaction of the 
molecule with elements of the active site. Although aliskiren 
has limited bioavailability, with some 2% to 3% of an oral 
dose being absorbed, its affi nity for the receptor is profound, 
with an IC50 of 0.6 nmol/L. Thus, the limited plasma con-
centrations achieved are more than adequate to produce 
complete inhibition of renin.

The importance of the direct renin inhibitor has been en-
hanced by the recent recognition of a functional role for pro-
renin at the tissue level in the pathogenesis of a number of 
clinical problems. Data are available, for example, to indicate 
that prorenin acting on a special renin receptor found in the 

Drug
Elimination 
Route

Effect 
of Food

Protein 
Binding 
(%) Uricosuric

Candesartan Renal (60%) No 99 No

Eprosartan Biliary (70%) No 90 No

Irbesartan Biliary (99%) No 90 No

Losartan Biliary (90%) Yes 98 Yes

EXP-3174 Renal (50%) — 99 Yes

Telmesartan Biliary (99%) No 99 No

Valsartan Biliary (70%) Yes 95 No

Table 52-2 Clinical Pharmacology of Angiotensin Receptor 
Blockers
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glomerular mesangium and in arteries contributes to the 
pathogenesis of diabetic nephropathy and retinopathy.24–25

Aliskiren is very long acting, with a half-life of approxi-
mately 40 hours after ingestion, and is extremely hypo-
philic.21–23

The usual doses employed in humans, 150 and 300 mg, are 
well tolerated and appear to be largely free of important 
adverse effects. Frequent diarrhea limits the use of doses of 
600 mg or more.

Although the BP effects of aliskiren are similar to the re-
sponses to ACE inhibitors and ARBs in double-blind stud-
ies,21–23 there is evidence at the tissue level that aliskiren may 
have effects that go beyond what can be achieved with an ACE 
inhibitor or an ARB.26 These effects include an especially 
prominent infl uence on the kidney.26

RENAL ACTIONS OF RENIN-
ANGIOTENSIN SYSTEM BLOCKERS

The renal response to blocking the renin-angiotensin system 
with any of the three classes of blocker that have been studied 
depends on three factors. The fi rst is the actions of angiotensin 
II on the kidney in the setting of the study. Thus, for example, 
salt intake is a major determinant of the response to blocking 
the renin system, because salt intake infl uences the production 
and action of angiotensin II on the kidney. Second, the com-
pleteness of blockade induced by the agent is a crucial factor. 
In many studies, a somewhat arbitrary dose of a blocker has 
been employed, often much less than the optimal dose for 
blockade. The third major factor involves additional actions of 
the pharmacologic agent employed. Achieving an overall syn-
thesis of the data is further complicated by the important spe-
cies differences both in the renin-angiotensin system pathways 
and in the additional effects of the agents used to block 
the system.20 Moreover, in protocols performed in animals, 
anesthesia is often used, which further modifi es both the state 
of the renin-angiotensin system and the condition of the 
kidney.21

Shortly after the fi rst ACE inhibitor, the peptide teprotide, 
became available, studies in dogs and rabbits made it clear that 
when the renin system was activated by a low-salt diet, the 
administration of the ACE inhibitor would lead to striking and 
consistent renal vasodilation and natriuresis, with little or no 
change in glomerular fi ltration rate.3 In studies performed in 
trained animals that could be studied without anesthesia, it 
became apparent that the responses were much smaller when 
the animals were studied on a high-salt diet to suppress the 
renin-angiotensin system. The angiotensin II receptor blocker 
available at that time, saralasin, was a partial agonist with sub-
stantial angiotensin-like activity—especially when the dose 
was pushed. When used properly, saralasin revealed a qualita-
tively similar, albeit smaller, renal vasodilator response as that 
seen with the ACE inhibitor. Essentially identical fi ndings were 
found with teprotide, captopril, and saralasin in humans.27

The striking infl uence of salt intake on the renal vasodila-
tor response to ACE inhibition, recognized early, supported a 
dominant role for the angiotensin II mechanism.20 If the renal 
vasodilator response induced by ACE inhibitors in humans 
included a substantial component due to bradykinin, prosta-
glandins, nitric oxide, or some other vasodilator pathway, 
several conclusions follow. First, if alternative vasodilator 

pathways were engaged, the vasodilation should have been as-
sociated with blunting of the renal vascular response to angio-
tensin II. Conversely, if the vasodilator response refl ected a 
reduction in angiotensin II formation, enhancement of the 
renal vascular response to angiotensin II would be expected. 
Because such enhancement was found, it seemed likely that 
the other vasodilator pathways were less important.

A second consequence would have been that the renal 
vasodilator response to renin inhibition would have been 
substantially less than the response to ACE inhibition. In fact, 
in humans the renal vasodilator response to two renin in-
hibitors exceeded expectations from earlier experience with 
ACE inhibition.3 Because of the notorious risk of employing 
historical controls, a coded, double-blind study was per-
formed in which volunteers received an ACE inhibitor, a re-
nin inhibitor, or placebo during the same week. The response 
was unambiguous: Renin inhibition induced a substantially 
larger renal vasodilator response than did ACE inhibition. 
That left no room for ACE inhibition-induced activation of 
renal vasodilator pathways, but did not provide an explana-
tion for why the response to renin inhibition was substan-
tially larger. In this case, the angiotensin II receptor blocker 
provided a “tie breaker.” If the renin inhibitor indeed oper-
ated via the renin-angiotensin system cascade, one would 
anticipate a similar or larger renal vasodilator response to the 
angiotensin II antagonist in studies performed with an 
identical protocol. This is precisely what was found. Three 
angiotensin II receptor blockers—eprosartan, irbesartan, and 
candesartan—induced a renal vasodilator response that 
matched or slightly exceeded the response to renin inhibition 
in healthy humans in balance on a low-salt diet.20 All of the 
studies were performed at the top of the relationship between 
drug dose and renal vascular response.

From this observation, a series of conclusions is reason-
able. The renal hemodynamic response to ACE inhibition 
has systematically underestimated the contribution of angio-
tensin II to renal vascular tone in humans. The effectiveness 
of renin inhibition suggests that this response represents in-
terruption of primarily renin-dependent but non-ACE-
dependent pathways, probably involving chymase. From 
quantitative considerations—response to ACE inhibition was 
90 to 100 mL/min/1.73 m2 in this model as opposed to the 
140 to 150 mL/min/1.73 m2 induced by renin inhibition or 
angiotensin II receptor blockers—it follows that 30% to 40% 
of angiotensin-dependent renal vascular tone refl ects angio-
tensin generated via a non-ACE-dependent pathway.3 That 
percentage is higher when the renin system is suppressed by 
a high-salt diet in healthy humans.22

In more recent studies in an identical model, aliskiren has 
led to a response substantially larger than ever seen with an 
ACE inhibitor or an ARB, averaging at peak dose approxi-
mately 200 mL/min/1.73m2.26 Given the specifi city of renin 
inhibition, it is unlikely that a nonrenin pathway is involved. 
A more likely explanation is that the direct renin inhibitor is 
also interfering with pathways involving prorenin.24,25

Several important species differences merit discussion.20

The fi rst involves pathways for non-ACE generation. In hu-
mans and other primates the enzyme chymase has a single 
substrate, angiotensin I, and a single product, angiotensin II. 
Indeed, it should have been called angiotensin-converting en-
zyme, but that name was subsumed for another enzyme in 
the 1950s. The primate separated from other mammals in 
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phylogeny millions of years ago. Since that time, there have 
been ample opportunities for shifts in metabolic pathways. In 
the rat and rabbit, chymase does not have angiotensin I as its 
substrate, but rather has angiotensin II as its substrate and 
degradation products of angiotensin II as its product. Thus, 
the action of chymase in humans and in small animals is op-
posite. One would anticipate that ACE inhibitors and angio-
tensin II receptor blockers would have similar actions. In 
these small creatures, they do.

A second major species-dependent difference involves the 
mechanism by which ACE inhibition infl uences the renal blood 
supply. In rats and dogs, considerable evidence indicates that 
bradykinin and other vasodilator pathways make a substantial 
contribution to the renal vasodilator response to ACE inhibition. 
Conversely, in the rabbit and humans, available evidence sug-
gests that the dominant action, by far, involves a reduction in 
angiotensin II production with little evidence of activation of 
these alternative pathways.28 The biochemical explanation un-
derlying these differences is not yet available.

RENIN-ANGIOTENSIN SYSTEM 
BLOCKADE AND THE NATURAL HISTORY 
OF RENAL INJURY

Opinion will vary as to the fi rst observation that pointed to a 
specifi c renal action of ACE inhibitors, especially their potential 
for preserving renal function. One can argue that this was fi rst 
recognized in 1979, in a description of maintenance of renal 
function with BP control during captopril treatment of two pa-
tients with unequivocal scleroderma renal crisis.24 Because this 
process is characterized by a rapidly progressive downhill course, 
with no exceptions in the literature, it was clear that something 
special had happened. The outcome did raise debate on whether 
it was BP control, which was improved with ACE inhibition, that 
led to improvement of the renal course or whether ACE inhibi-
tion offered other renal protective qualities.

In 1985, studies in animal models and in patients with pro-
teinuria led to the fi rst discussion of the possibility that ACE 
inhibition might be renal protective and to discussions of a pos-
sible ambitious therapeutic trial in patients with type 1 diabetes 
mellitus. The decision to focus on the patient with type 1 diabe-
tes mellitus had nothing to do with the special role of ACE 
inhibitor therapy in diabetes, but rather recognized that these 
patients represent a very attractive target for establishing a prin-
ciple. The disease course is relatively predictable based on renal 
function and level of proteinuria; the patient population is rela-
tively homogeneous and young, so that the natural history of 
nephropathy is less likely to be complicated by cardiovascular 
events. Thus, one could isolate a specifi c renal infl uence and 
thereby establish a principle. In part because the study was 
planned as a collaboration between a corporate sponsor and the 
National Institutes of Health, several years were required before 
the study was launched, and the data did not become available 
until late 1993.27 During that time, a large literature had accrued 
both in animal models and in humans, reported as a meta-
analysis of 100 clinical studies performed during that time. With 
the 1993 publication, policy changed; for the fi rst time, a regula-
tory agency approved a drug for a specifi c renal protective indi-
cation. Since that time, studies on ACE inhibition have been 
extended to studies in patients with type 2 diabetes mellitus and 
nondiabetic renal disease.26

What of the ARBs? Until recently, their potential utility in 
preventing the progression of renal disease was a construct. The 
outcome predicted depended on whether one thought that 
non-ACE angiotensin II generation (in which case, the ARBs 
would be better) or the non-angiotensin-dependent actions of 
ACE inhibition (in which case, the ACE inhibitors would be 
better) was quantitatively important. In 2001, three studies ap-
peared in a single issue of the New England Journal of Medi-
cine.27,29–32 In patients with type 2 diabetes mellitus and ne-
phropathy, both irbesartan and losartan reduced the frequency 
of progression to a renal endpoint—doubling serum creatinine, 
need for dialysis, or death—by approximately 20%. The study 
in which irbesartan was employed included three limbs: irbe-
sartan in one limb, placebo addon in the second limb, and 
amlodipine addon in the third limb. Amlodipine proved to be 
essentially identical to placebo. Perhaps the most exciting fi nd-
ing was in the third study, in which two doses of irbesartan were 
employed in patients with type 2 diabetes mellitus and micro-
albuminuria to assess the frequency with which the patients 
would move on to frank proteinuria.31 The results were extraor-
dinarily striking. The 150-mg irbesartan dose reduced the fre-
quency of progression from about 15% to about 10%. An in-
crease in the irbesartan dose to 300 mg reduced the frequency 
of progression further, to about 5%. Overall, at the highest dose, 
the protective effect was a 70% reduction, much the largest re-
duction in risk induced by blockade of the renin-angiotensin 
system in any clinical condition. The important message seems 
to be that it is better, indeed far better, to treat early.

RENIN SYSTEM BLOCKADE 
AND NEPHROPATHY: WHY DO 
THE NEWSPAPERS SAY THERE 
IS A CONTROVERSY?

Recently, the special role of the renin-angiotensin system in 
determining the progression of renal disease was called into 
question. The fi rst challenge came from the Antihypertensive 
and Lipid-Lowering Treatment to Prevent Heart Attack Trial 
(ALLHAT),33 and the second came from a recent meta-analysis 
on this subject.34 The third challenge arose from an epidemio-
logical study in Canada. In the last study, they claimed not only 
that ACE inhibitors were not protective, but moreover that 
they may have contributed to the development of end-stage 
renal disease (ESRD).35 Here we discuss each in turn.36

ALLHAT was not designed specifi cally to address the issue 
of kidney disease, but with the massive number of patients 
enrolled, in fact it is the largest study on diabetes yet reported. 
Had nephrologists designed such a study, surely they would 
have insisted on better renal evaluation, measurement of pro-
teinuria, and more regular follow-up. However, it must be ac-
cepted that the likelihood that the investigators missed ESRD 
is small. ALLHAT found that patients who were treated with 
the ACE inhibitor lisinopril did not show the anticipated pro-
tection from renal injury. Patients who were treated with a di-
uretic did as well as lisinopril-treated patients. The authors of 
a report emphasized their failure to confi rm the value of renin 
system blockade: The premise, not stated, was that the earlier 
studies were “wrong” and that ALLHAT—presumably by vir-
tue of the fact that it was big—provided the correct answer.

But, did it? One of the fundamentals of therapeutics is 
dose.37 Each of the major clinical trials that led to approval used 
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a very substantial dose of the ACE inhibitor or the ARB. Indeed, 
in one of these important studies, the experimental design in-
volved identifying the relationship between dose and response. 
Whereas 150 mg/day of irbesartan was effective, it was substan-
tially less effective than 300 mg/day of irbesartan.31

In ALLHAT, they initiated lisinopril treatment with a daily 
dose of 10 mg. Few would choose to use 10 mg of lisinopril in 
the average patient. Experts do not hesitate to titrate upward. 
Conversely, the physicians involved in ALLHAT were often re-
luctant to update drug dose. Information on which drug dose 
the patient received was not given in the original article but has 
appeared recently in response to a letter to the editor.38,39 More 
than 50% of the patients randomly assigned to lisinopril either 
were taking no ACE inhibitor or had remained at the lowest 
dosage level in year 1, year 3, and year 5. Only a little more than 
one third received the top dose. From this study, we can con-
clude fi rmly only that an inadequate dose of ACE inhibitor is 
not better than other antihypertensive agents. Surely, if we did 
not already know that, we at least so suspected.

The second source of confusion and one that received sub-
stantial attention in the lay press is a recent meta-analysis34 that 
concluded that there was little or no advantage to renin-system 
blockade in preventing nephropathy. In view of the fact that the 
meta-analysis involved more than 73,000 patients who were 
culled from 127 studies, they were confi dent that their conclu-
sion was correct. Thus, the predecessors must have been wrong.

The large studies that led to regulatory approval shared a 
number of features. All were big enough to have the necessary 
power. In each the dose of drug was adequate to the task. Fi-
nally, in each, follow-up was suffi ciently long that an endpoint 
could be achieved. A useful meta-analysis would have required 
that all three criteria be met. Regretfully, this meta-analysis 
did not. Adding small, poor studies to large, excellent studies 
does not improve the information yield. The problems of 
many of the studies were that the drug doses were too low and 
follow-up was too short.

The third challenge to a contribution of the renin system to 
ESRD came from an epidemiologic study in Canada. The au-
thors, using a database that provides information on clinically 
relevant events, concluded not only that ACE inhibition did 
not protect patients from ESRD, but that in fact ACE inhibi-
tion promoted ESRD.35 The authors treated the groups as 
though the individual patients were randomly assigned to 
drug therapy. Nowhere in their article does it indicate the pos-
sibility that patients who were at greater risk for ESRD 
received captopril and other ACE inhibitors preferentially be-
cause of that risk. Proteinuria is an important driving force in 
clinical decision making, and proteinuria was not listed in 
their database. By the early to the mid-1980s, there was al-
ready substantial interest in the possibility that ACE inhibition 
might improve the natural history of renal disease.40

For all of these reasons, the use of the term controversial is 
inappropriate.

USE OF THESE AGENTS IN THE PATIENT 
WITH RENAL FAILURE

ACE inhibitors are used in the patient who has lost renal excre-
tory function for two reasons: to control hypertension and to 
retard the progression of renal injury. There is much less clini-
cal experience with the ARBs, but the goal of their use is the 

same, and preliminary data indicate that their effi cacy is prob-
ably similar to that of ACE inhibitors. ACE inhibitors are effec-
tive antihypertensive agents in most patients with renal insuf-
fi ciency, but their use is complicated by their tendency to 
increase azotemia in certain patients. This is especially likely to 
occur in the patient who has been treated aggressively with 
restriction of salt intake or diuretic therapy, and their use may 
be diffi cult to manage in the patient who is already very azo-
temic. Too often physicians are tempted to discontinue ACE 
inhibitor therapy because of an abrupt rise in serum creatinine 
during initiation of treatment.11 Whenever possible, generally 
when the patient is free of symptoms of azotemia, it is worth-
while to maintain ACE inhibitor therapy. In the Collaborative 
Study Group Trial of captopril in patients with type 1 diabetes 
mellitus, the patients who were already azotemic at baseline 
showed the greatest benefi t from captopril treatment,25 and 
most showed increased azotemia during initial therapy.

In such patients, it is important to be aware of the possibility 
of drug accumulation during treatment because of renal excre-
tion.12 Although not entirely predictable, in general, dosage 
modifi cation is not required with the use of fosinopril, trandol-
april, or quinipril. With the use of perindopril, benazepril, 
enalapril, lisinopril, and ramipril, a 50% to 75% reduction in 
dose is recommended. In the case of captopril, the dose should 
be reduced by 50% to 75% and administered only once daily.

In general, the principles for the use of ARBs are the same, 
although only candesartan is more than 50% excreted by the 
kidney, and there is little information to suggest that dose 
adjustment is crucial in the patient with renal failure for any 
of these agents.5

Another consideration in the use of drugs that block the 
renin-angiotensin system in the patient with renal failure in-
volves potential hyperkalemia.11,12 The patient at greatest risk 
has diabetes mellitus, mild to moderate azotemia, and evidence 
of hyporeninemic hypoaldosteronism, such as a high baseline 
serum potassium concentration. In addition, often evidence of 
metabolic acidosis that is more severe than expected for the 
degree of renal failure is present. Such patients should be 
treated cautiously and seen within 48 hours of beginning ACE 
inhibitor therapy for repeat serum potassium and creatinine 
measurement because they can develop a life-threatening rise 
in serum potassium. The use of cyclooxygenase inhibitors in 
such patients can precipitate hyporeninemic hypoaldosteron-
ism; patients should be cautioned about their use.

For reasons that are not entirely clear, the ARBs appear to 
cause less hyperkalemia than do ACE inhibitors.1,5,41 Because 
a close correlation was found between the uricosuric effect 
and kaliuretic effect when losartan was used, it was initially 
believed that the potassium effect of losartan refl ected a tubu-
lar action rather than angiotensin receptor blockade. This ex-
planation has been called into question by the recent observa-
tion that valsartan, which has no tubular action, also appears 
to spare potassium.29 In the patient in whom hyperkalemia is 
an important threat, the uses of one of these two ARBs in 
place of an ACE inhibitor should be considered.

Goal BP for such patients is the subject of substantial de-
bate, remains controversial, and is addressed in greater detail 
elsewhere. Most advisory groups now recommend a goal of 
less than 130/80 mm Hg in patients at risk of progression to 
ESRD, and it will not be surprising to fi nd groups recom-
mending systolic BPs of 120 mm Hg or lower—if only we can 
fi nd a way to get down to those BP levels.
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ALDOSTERONE ANTAGONISTS

The fi rst aldosterone antagonist, spironolactone, was intro-
duced in 1959, well before ACE inhibitors were developed. The 
agent, a 17-spirolactone steroid, was an unanticipated byprod-
uct of progesterone chemistry and pharmacology. It was 
quickly shown to be a specifi c competitive antagonist of aldo-
sterone at the receptor level and was developed as a potassium-
sparing diuretic. Because of a substantial frequency of side 
effects, it was of limited therapeutic interest until about 
10 years ago when interest in a specifi c interruption of aldoste-
rone production or action began to grow, arising from three 
major sources. The fi rst involves a series of studies in the heart 
and kidney that indicated that aldosterone leads to substantial 
fi brosis and tissue injury via a mechanism that could be 
interrupted by an aldosterone antagonist.42-44 Indeed, in some 
studies, a substantial portion of the tissue sparing provided 
by ACE inhibition involved reduction in plasma aldosterone 
concentration.

The second line of investigation leading to renewed interest 
in blockade of aldosterone effects was the RALES Trial in pa-
tients with advanced heart failure. In this study, the addition 
of spironolactone in very low doses—averaging 25 mg a 
day—reduced cardiovascular event rate by a striking 30%.45

Because the doses were very low, the agent was well tolerated, 
but the doses are probably too low to have a major infl uence 
on BP or electrolyte homeostasis. Thus, another mechanism 
must be sought.

The third reason for a renewal of interest in aldosterone 
antagonists as a therapeutic area involved the development of 
a new aldosterone antagonist, eplerenone, which is much bet-
ter tolerated than spironolactone. Eplerenone doses produc-
ing a substantial infl uence on BP and electrolyte homeostasis, 
comparable to the top of the spironolactone dose-response 
(believed to be about 150 mg daily) had little or no effect on 
libido, gynecomastia, or breast pain and tenderness.

Epstein and colleagues recently reported compelling results 
in a study with eplerenone in patients with type 2 diabetes mel-
litus.46 The 268 patients enrolled were randomized into three 
equal-sized groups, each of which was maintained on enala-
pril, 20 mg/day. In one third a placebo was added for 12 weeks; 
in a second group eplerenone was added at 50 mg/day; in a 
third group eplerenone was added at 100 mg/day. By week 12, 
proteinuria was reduced by 7.4% in the placebo group, by 41% 
in the eplerenone 50 mg group, and by 48.4% in the eplere-
none 100 mg group. The frequency of hyperkalemia was not 
different in any of the three treatment groups. These striking 
results suggest that we should be more involved in blocking 
aldosterone in such patients. DelVecchio and co-workers47 re-
cently reviewed eight small studies in patients with proteinuria 
treated with an aldosterone antagonist. Results in all studies are 
in striking accord of those of Epstein and colleagues.

MECHANISMS AND PHARMACOLOGY 
OF ALDOSTERONE ANTAGONISTS

Although until recently most attention had focused on the distal 
tubules in the nephron, in fact aldosterone receptors are found 
in many tissues. Spironolactone acts as a competitive inhibitor of 
aldosterone binding to its receptor. Spironolactone is extensively 
metabolized in humans, and at least some of the metabolites—

especially canrenone—have anti-aldosterone activities, but the 
dominant effect appears to be due to the parent compound.

In part because it was developed in the 1950s, the pharma-
cokinetics of spironolactone have not been well worked out. 
Concomitant food intake enhances bioavailability by increasing 
the absorption of spironolactone and decreasing the fi rst-pass 
effect.48,49 A gradual onset of diuretic action is seen, requiring 
3 days to reach its maximum, and the diuretic response persists 
for 2 or 3 days.49 It is unlikely that the tissue-sparing effect in-
volves sodium or potassium handling, and little is known about 
the kinetics of that action.

The most troubling adverse effect of spironolactone has been 
gynecomastia. This adverse effect is dose sensitive. In a sys-
tematic comparison of spironolactone doses of 100, 200, and 
400 mg/day, the 200- and 400-mg/day doses were associated 
with a striking increase of gynecomastia and no greater antihy-
pertensive effect than that associated with 100 mg/day.50,51 In 
general, spironolactone has much more often been used in com-
bination with a thiazide diuretic, as much for the potassium-
sparing effect as for the primary diuretic action.

The adverse effect of greatest concern is hyperkalemia. 
The risk of hyperkalemia was found to be greatly increased in 
patients with renal insuffi ciency and in those in whom there 
was simultaneous exposure to potassium supplements.49,50 In 
one large survey, 8.6% of patients taking spironolactone devel-
oped hyperkalemia. The frequency was only 2.8% in those 
with a normal blood urea nitrogen in that study and rose to 
42.1% in those in whom blood urea nitrogen exceeded 
50 mg/dL.38

At least in part because of the interaction between azotemia 
and hyperkalemia, few studies have been performed in patients 
with renal failure. Glomerular fi ltration rate has been shown to 
be stable over 3 months of spironolactone therapy.52

Substantially less has been published on eplerenone, which 
is not yet marketed for hypertension. Presumably many of the 
issues addressed in this review will become available in the 
medical literature before long.

OPTIMIZATION OF RENIN SYSTEM 
BLOCKADE

It is now about three decades since the introduction of renin-
system blockade with the advent of the ACE inhibitor captopril. 
The fi rst two decades or so involved large studies designed to 
ascertain when blocking the renin system provided benefi t. The 
past several years have seen a shift in emphasis to address the 
issue of optimization of renin system blockade. The addition of 
aldosterone antagonists to an ACE inhibitor or ARB represents 
one approach to doing so. The use of combinations of ACE 
inhibitors and ARBs represents a second approach. Although 
there have been dozens of reports on such combinations in the 
patient with proteinuria, the literature is not very useful, be-
cause the issue of dose has not been addressed directly.53

As an alternative, very high-dose ARBs have received re-
cent attention.54 These studies take advantage of the fact 
that angiotensin receptor blockers are so well tolerated 
that very high doses can be employed. In fact, there is a 
very clear benefi t to using very high doses of ARBs in the 
patient with proteinuria. The drugs employed have included 
irbesartan (to 900 mg), valsartan (to 640 mg), and cande-
sartan (to 96 mg).
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Renin inhibition clearly will join these three other ap-
proaches to optimization of treatment. We have a lot of work 
to do. The next 10 years should prove to be very interesting.
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Calcium channel blockers (CCBs) were developed in the 1960s, 
introduced for clinical practice in the 1980s, and are widely 
used for the treatment of hypertension, angina, and cardiac 
arrhythmias. They are structurally heterogeneous but share the 
universal property of blocking the transmembrane fl ow of 
calcium ions through voltage-derived channels (L-type chan-
nels) in vascular and nonvascular smooth muscle.1 Blockade of 
these channels results in smooth muscle relaxation, decreased 
peripheral vascular resistance, dilation of coronary arteries, 
and a decrease in myocardial contractility.

CLINICAL PHARMACOLOGY

Calcium channel blockers can be divided into two classes based 
on differences in structure and function: dihydropyridines and 
nondihydropyridines. Dihydropyridines block L-type channels 
relatively selectively in peripheral vascular tissue and act pri-
marily by dilating resistance vessels. Nondihydropyridines 
block L-type channels in both vascular and cardiac tissue and 
therefore affect cardiac function and the atrioventricular (AV) 
node in addition to causing vasodilation. They decrease heart 
rate and prevent refl ex tachycardia. Only nondihydropyridine 
agents decrease glomerular protein and albumin sieving and 
decrease renal protein excretion.1

Most CCBs currently in use are dihydropyridines. In the 
United States, commercially available dihydropyridines in-
clude amlodipine, felodipine, isradipine, nicardipine, nifedip-
ine, nimodipine, nisoldipine, and nitrendipine. The two non-
dihydropyridines are verapamil, a phenylalkylamine, and 
diltiazem, a benzothiapine (Table 53-1). Barnidipine, lacidip-
ine, lercanidipine, and manidipine, all dihydropyridines, are 
not commercially available in the United States. Nimodopine, 
a dihydropyridine, is approved for use as a cerbral vasodilator 
but not for hypertension.

The newer agents and formulations of most CCBs have a 
relatively long half-life and time to peak effect, either be-
cause the intrisinc half-life is long, as in the case of amlo-
dipine, or because drug delivery has been manipulated. 
Immediate-release, relatively short-acting preparations of 
diltiazem, verapimil, nifedipine, and nicardipine are also 
available. Diltiazem, nicardipine, and verapamil are avail-
able in intravenous formulations. Because of the potential 
risks of short-acting agents, only the long-acting prepara-
tions are recommended for use in hypertension, although 
the short-acting nondihydropyridine agents can be used to 
decrease AV nodal conduction in arrhythmias or atrial 
tachycardia.

Calcium channel blockers are primarily metabolized in the 
liver. Dose adjustment generally is not required even in end-
stage renal disease (ESRD),2 although there have been reports 
of toxicity with long-acting verapamil in patients with 
ESRD.3,4

Clinical studies of CCBs in hypertensive patients have ex-
amined their use in four settings: controlling hypertension, 
reducing cardiovascular morbidity and mortality, preventing 
progression of kidney disease, and treating hypertension as-
sociated with ESRD.

EFFICACY IN TREATMENT FOR ESSENTIAL 
HYPERTENSION

In short-term studies single-agent therapy with CCBs yields 
results at lowering of blood pressure (BP) similar to those 
seen with other antihypertensive agents. In the VA coopera-
tive study, hypertensive patients were randomized to placebo 
or one of six agents as monotherapy. Those randomized to 
diltiazem had the highest rate of success compared to those 
given hydrochlorothiazide, atenolol, captopril, clonidine, or 
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611 Calcium Channel Blockers

Table 53-1 Calcium Channel Blockers: Recommended Doses for Hypertension

U.S. Trade Name
Half-life (hr) 
(Normal/ESRD) Dosage Comment

Amlodipine Norvasc 35–50/50 Initial: 2.5 mg/day
Maintenance:

2.5–10 mg/day

Dihydropyridine
Combinations with benazepril and 

atorvtastatin available
Dosage adjustment for liver disease

Barnidipine 24/24 Dihydropyridine
Not in use in the U.S.

Diltiazem Dilacor, Cardi-
zem, Cartia, 
Tiazac

2–8/2–8 Initial: 120–180 mg/day
Maintenance:

120–360 mg/day

Benzothiazepine
Greater potential than dihydropyridines 

to cause AV nodal dysfunction and 
impaired LV function

Dosage adjustment for liver disease
Comes in long-acting (CD, XR, LA) 

formulations for once-daily dosing

Felodipine Plendil 10–14/21 5–10 mg/day Dihydropyridine; combination with 
enalapril available

Isradipine Dynacirc 2–5/10–12 Initial: 5 mg/day
Maintenance:

5–10 mg/day

Dihydropyridine
Comes in long-acting (CR) formulation

Lacidipine 12/12 Dihydropyridine
Not in use in the U.S.

Lercanidipine 8–10/8–10 Dihydropyridine.
Not in use in the U.S.

Manidipine 4–6/4–6 Dihydropyridine
Not in use in the U.S.

Nicardipine Cardene 5/5–8 Initial: 60 mg/day
Maintenance:

60–120 mg/day
IV: 1–15 mg/hr

Dihydropyridine
Comes in long-acting (SR) preparations
Can be given parenterally as continuous 

infusion in malignant hypertension

Nifedipine Adalat, Pro-
cardia

4–6/6–8 Initial: 30–60 mg SR/day
Maintenance: 30–90 mg 

SR/day

Dihydropyridine
Comes in long-acting (CC, XL) 

preparations

Nimodopine Nimotop 1–3/20–24 60 mg q4h for 21 days Dihydropyridine
Not approved for hypertension
Used to treat neurological defi cits due 

to cerebral artery spasm in patients 
with subarachnoid hemorrhage

Nisoldipine Sular 6–8/7–10 Initial: 20 mg/day
Maintenance:

10–40 mg/day

Dihydropyridine
Dosage adjustment for liver disease

Nitrendipine 4–6/4–6 Initial: 10 mg/day
Maintenance:

10–40 mg/day

Dihydropyridine

Verapamil Calan, Covera, 
Isoptin,
Verelan

3–7/3–7 180–480 mg/day Phenylalkylamine
Greater potential than dihydropyridines 

to cause AV nodal dysfunction or LV 
dysfunction

Comes in long-acting (SR, HS, PM) 
preparations

Combination with trandolapril available

AV, atrioventricular; LV, ventricular.
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612 Management of Essential Hypertension

prazosin.5 In the Treatment Of Mild Hypertension Study 
(TOMHS), amlodipine was as effective as chlorthalidone, 
acebutolol, doxazosin, or enalapril in hypertensive men and 
women.6 In the German HANE study, nitrendipine was 
equivalent in BP lowering to hydrochlorothiazide, atenolol, 
or enalapril.7

PREVENTION OF CARDIOVASCULAR 
MORBIDITY AND MORTALITY

Table 53-2 lists the major prospective, randomized clinical 
trials in which cardiovascular outcomes were compared 
in hypertensive patients randomly assigned to receive a CCB 
or to another antihypertensive agent. In general, CCBs 
are as, or marginally less, effective than other agents, particu-
larly when they are prescribed as sole agents. In the FACET 
study (Fosinopril versus Amlodipine Cardiovascular Events 
Randomized Trial), hypertensive diabetics were randomly 
assigned to receive fosinopril or amlodipine; the rate of car-
diovascular morbid and mortal events was greater in the 
amlodipine group.8 In the Verapamil in Hypertension and 
Atherosclerosis Study (VHAS), there was no difference 
in outcome between patients randomly assigned to receive 
verapamil or a diuretic.9 In the STOP-2 trial, elderly patients 
with hypertension were randomly assigned to a calcium 
channel blocker (isradipine or felodipine), an angiotensin-
converting enzyme (ACE) inhibitor, or conventional therapy 
with diuretics and �-blockers. CCBs were equivalent to 
ACE inhibitors and conventional therapies in preventing 
most cardiovascular morbidity, but were inferior to ACE 

inhibitors in preventing congestive heart failure or myocar-
dial infarction (MI).10 In the Intervention as a Goal in Hy-
pertension Treatment (INSIGHT) trial, in patients randomly 
assigned to long-acting nifedipine, a trend was seen toward 
a lower risk of stroke compared to those receiving a diuretic, 
but the risk of fatal MI, congestive heart failure, or any car-
diovascular mortality was signifi cantly increased.11 In the 
Appropriate Blood Pressure Control in Diabetes (ABCD) 
trial, subjects with diabetes and hypertension were randomly 
assigned to receive nisoldipine or enalapril. The study was 
stopped prematurely because of an increase in the risk of 
nonfatal MI in the nisoldipine group.12 However, there was 
no signifi cant difference in overall mortality, and the origi-
nal assessment of relative risk was lowered when additional 
patient safety data became available.13 In the Multicenter 
Isradipine Diuretic Atherosclerosis Study (MIDAS), patients 
were randomly assigned to isradipine or hydrochlorothia-
zide.14 Some adverse cardiovascular effects, such as the de-
velopment of angina, occurred more commonly in the isra-
dipine group. In the huge Antihypertensive and Lipid 
Lowering treatment to prevent Heart Attack Trial (ALL-
HAT), patients were randomly assigned to amlodipine, 
a diuretic, or an ACE inhibitor. The primary endpoints of 
fatal coronary disease or nonfatal MI did not differ in the 
amlodipine-treated group, but patients receiving amlodipine 
were signifi cantly more likely to have heart failure than the 
diuretic-treated group.15 In the Controlled ONset Verapamil 
INvestigation of Cardiovascular Endpoints (CONVINCE) 
trial, patients were randomly assigned to extended-release 
verapamil or a �-blocker/hydrochlorothiazide combination; 
most cardiovascular endpoints were equivalent in the two 

Table 53-2  Summary of Studies of Calcium Channel Blockers in Prevention of Cardiovascular Disease in Hypertensive Patients

Study and 
Reference

Patients 
(N) Drugs Studied CV Morbidity* CV Mortality* Stroke*

FACET8 380 Amlodipine vs. ACE inhibitor 2.04 (1.05–3.84) 2.56 (0.81–8.33)

VHAS9 498 Verapamil vs. diuretic Lower event rate

STOP-210 6614 Isradipine/felodipine vs. 
diuretic/�-blocker vs. ACE inhibitor

0.99 (0.87–1.12) 0.97 (0.80–1.17) 0.88 (0.73–1.06)

INSIGHT11 6321 Nifedipine vs. diuretic 1.11 (0.90–1.36) 3.22 (1.18–8.80) 0.87 (0.61–1.26)

ABCD12 470 Nisoldipine vs. ACE inhibitor 3.3 (1.5–7.1) NS

MIDAS14 883 Isradipine vs. diuretic 1.78 (0.94–3.38) 2.00 (0.50–7.93)

ALLHAT15 33,357 Amlodipine vs. diuretic 0.98 (0.90–1.07)

CONVINCE16 8241 Verapamil vs. �-blocker vs. diuretic 1.08 (0.93–1.26) 1.15 (0.90–1.48)

VALUE17 15,245 Amlodipine vs. ARB 1.04 (0.90–1.16) 0.98 (0.72–1.19)

IDNT19 1715 Amlodipine vs. ARB 1.11 (0.91–1.35) 0.74 (0.48–1.12) 0.64 (0.35–1.19)

CAMELOT20 1991 Amlodipine vs. ACE inhibitor 0.81 (0.63–1.04) 1.07 (0.31–3.70) 0.76 (0.26–2.20)

SYST-EUR22 4695 Nitrendipine vs. placebo 0.69 (0.55–0.86) 0.73 (0.52–1.02) 0.58 (0.40–0.83)

NORDIL23 10,881 Diltiazem vs. �- blocker 1.04 (0.91–1.18) 1.11 (0.87–1.43) 0.80 (0.65–0.99)

INVEST25 22,576 Verapamil vs. �- blocker 1.03 (0.93–1.14) 0.98 (0.90–1.07) 0.89 (0.70–1.12)

ASCOT26 19,257 Amlodipine vs. �- blocker 0.89 (0.81–0.99) 0.77 (0.66–0.99)

*Data presented are for relative risk of those randomized to calcium channel blockade (95% confi dence intervals).
ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; CV, cardiovascular.
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613 Calcium Channel Blockers

groups, but there was a higher risk of hemorrhage in the 
verapamil group.16 In the NICS-EH (National Intervention 
Cooperative Study in Elderly Hypertensives; nicardipine vs. 
diuretic), the CAMELOT (Comparison of AMlodipine vs 
Enalapril to Limit Occurrences of Thrombosis; amlodipine 
vs. enalapril), the VALUE (Valsartan Antihypertensive Long-
term Use Evaluation trial; amlodipine vs. valsartan), and the 
IDNT (Irbesartan Diabetic Nephropathy Trial; irbesartan vs. 
amlodipine), cardiovascular events were similar in CCB-
treated groups and comparison groups.17–20 In a recent 
meta-analysis of more than 150,000 patients in 29 trials,21

comparing therapies based on different categories of antihy-
pertensive drugs, CCB-based therapy was superior to pla-
cebo in preventing stroke and coronary heart disease and 
inferior to diuretic/�-blocker therapy and ACE inhibitor 
therapy in preventing heart failure.

On the other hand, a number of clinical trials have 
shown improved cardiovascular outcomes in patients ran-
domly assigned to CCBs, especially in prevention of cere-
brovascular disease. In the SYST-EUR study, elderly patients 
with hypertension were randomly assigned to nitrendipine 
or placebo; ACE inhibitors and diuretics were added to both 
groups to decrease the systolic BP equivalently. The risk of 
cardiovascular events and stroke was lower in the nitrendip-
ine group.22 In the Nordic Diltiazem (NORDIL) study, pa-
tients were randomly assigned to diltiazem or to a �-blocker 
and diuretic; there was a lower risk of stroke in the diltiazem 
group.23 A large meta-analysis of more than 100,000 pa-
tients in 13 trials demonstrated a 10% lower risk of stroke 
in patients randomly assigned to CCBs; this benefi t was 
greatest with dihydropyridines.24

A number of studies support the use of CCBs in preven-
tion of cardiovascular disease when these agents are used in 
combination with other antihypertensive agents to achieve 
low BP targets. In the International Verapamil-Trandolapril 
Study (INVEST), patients were randomly assigned to vera-
pamil or a �-blocker; an ACE inhibitor and diuretic were 
added to both groups to achieve JNC-VI blood pressure 
targets; the verapamil- and �-blocker-treated groups had 
similar outcomes.25 In the Anglo-Scandinavian Cardiac 
Outcomes Trial (ASCOT), patients were randomized to 
amlodipine with the subsequent addition of an ACE inhibi-
tor, or to a �-blocker with the subsequent addition of a di-
uretic. Patients randomly assigned to the amlodipine/ACE 
inhibitor arm had lower rates of cardiovascular morbidity 
and all-cause mortality.26 Finally, in the Hypertension Opti-
mal Treatment (HOT) trial, patients with hypertension 
were randomized to three different diastolic BP goals, from 
less than 80 mm Hg to 90 mm Hg. Felodipine was given to 
every patient; other agents were added to reach the specifi c 
BP target. Patients whose diastolic BP fell below 85 mm Hg 
benefi ted from the use of a CCB; this effect was greater in 
diabetics.27

The rate of cardiovascular effects in the HOT trial was 
lower than reported in previous studies; along with the 
other studies discussed here, this suggests that CCBs do 
improve cardiovascular outcomes, but this effect is greatest 
when low BP targets are achieved and CCBs are used in 
conjunction with other agents, especially ACE inhibitors. 
The question of which combination of antihypertensive 
therapy is optimal will hopefully be addressed by the Avoid-
ing Cardiovascular events through COMbination Therapy 

in Patients Living with Systolic Hypertension (ACCOM-
PLISH) trial,28 which randomizes 11,000 hypertensive pa-
tients to an ACE inhibitor/diuretic (benazepril/hydrochlo-
rothiazide) versus ACE inhibitor/calcium channel blocker 
(benazepril/amlodipine) combination. Study results should 
be available by 2009.

PREVENTION OF PROGRESSION 
OF CHRONIC KIDNEY DISEASE

Calcium channel blockers modulate the progression of chronic 
kidney disease (CKD) by a number of mechanisms, including 
alterations in renal hemodynamics and renal growth, and by 
direct effects on the production and/or responses to cytokines, 
growth factors, and vasoconstrictor substances by glomerular 
or tubular cells. CCBs tend to have a protective effect on renal 
progression in experimental models, but the results are incon-
sistent. Explanations for these divergent fi ndings are not al-
ways apparent; fi ndings have been attributed to differences in 
the animal model, the drug or dose administered, variability 
in systemic or intraglomerular pressure, and other factors. A 
detailed discussion of these data is beyond the scope of this 
chapter; the reader is referred to some recent comprehensive 
reviews.29–32

The effects of CCBs on progression of renal disease in hu-
mans has been examined in several randomized, prospective 
clinical trials. A discussion of these trials follows, divided into 
three categories: (1) studies examining the development of re-
nal disease in hypertensive patients with normal renal function, 
(2) studies in patients with CKD in which CCBs were compared 
to drugs that block the renin-angiotensin-aldosterone system, 
and (3) studies in patients with CKD in which CCBs were 
added to drugs that block the renin-angiotensin-aldosterone 
system.

Studies Examining the Effect of Calcium 
Channel Blockers on the Development 
of Kidney Disease
The ALLHAT study excluded patients with a serum creati-
nine level above 2.0 mg/dL. There was no difference in the 
incidence of either a 50% decrease in the glomerular fi ltra-
tion rate (GFR) or the development of ESRD in patients who 
were randomly assigned to chlorthalidone, amlodipine, or 
lisinopril.33

The BEergamo NEphrologic Diabetic Complications Trial 
(BENEDICT)34 randomly assigned hypertensive diabetics 
with normal kidney function and normoalbuminuira to the 
ACE inhibitor trandolapril, long-acting verapamil, a combi-
nation of the two, or placebo, with additional agents given to 
reduce BP to less than 130/80 mm Hg. The group receiving 
ACE inhibitors had a signifi cantly lower risk of microalbu-
minuria, even when the BP was not controlled to the target 
range.

A meta-analysis of 16 trials of the effect of various antihy-
pertensive agents on the development of diabetic nephropa-
thy, defi ned as the development of microalbuminuria, in dia-
betic patients with normoalbuminura, showed that there was 
a 42% lower risk of development of microalbuminuria in 
patients given ACE inhibitors rather than CCBs in clinical 
trials. The effect of CCBs compared to �-blockers or other 
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antihypertensive agents on the development of renal disease 
was not examined.35

Studies Comparing Calcium Channel 
Blockers to Blockers of the Renin-
Angiotensin-Aldosterone System on 
Progression of Kidney Disease
Most comparison studies evaluating the progression of renal 
disease have compared CCBs to ACE inhibitors. Zucchelli and 
colleagues studied 121 patients with hypertension and CKD36;
patients were observed for 1 year on standard therapy and 
then randomly assigned to captopril or long-acting nifedip-
ine. The mean BP dropped by more than 20 mm Hg in both 
groups; mean protein excretion did not signifi cantly decline, 
and the rate of renal functional decline was slowed signifi -
cantly, but was similar in both groups. The study concluded 
that ACE inhibitors and CCBs have similar renal protective 
effects when hypertension is aggressively treated.

Velussi and colleagues37 studied 44 patients with hyperten-
sion and type 2 diabetes mellitus; they had microalbuminuria or 
no proteinuria and all had normal renal function. They were 
randomly assigned to the ACE inhibitor cilazopril or to amlo-
dipine. Blood pressure was lowered aggressively. The GFR stabi-
lized after an initial decline, and protein excretion declined 
comparably in both groups. In another relatively small study, 
Bakris and colleagues38 compared treatment with diltiazem or 
verapamil to the ACE inhibitor lisinopril or the �-blocker ateno-
lol in 52 patients with type 2 diabetes mellitus and diabetic ne-
phropathy. The decline of the creatinine clearance was modest 
and similar in patients receiving lisinopril or one of the CCBs, 
and proteinuria was reduced similarly by all three agents.

The dihydropyridine CCB nisoldipine was compared to 
the ACE inhibitor enalapril, examining its effects on the rate 
of change in creatinine clearance in 470 hypertensive diabetic 
subjects, in the ABCD trial.12 The study was stopped prema-
turely because of an increase in nonfatal MI in the nisoldipine 
group. The renal endpoint data were subsequently analyzed, 
and there was little difference between the two groups. The 
enalapril-treated patients had an initial decline in proteinuria, 
but there was no difference in proteinuria, or in progression 
of proteinuria, between the groups by the end of the study; 
changes in renal function were equivalent.

The Modifi cation of Diet in Renal Disease (MDRD) study 
examined the effect of a low BP target on progression of non-
diabetic CKD.39 Post hoc subset analysis suggested that African 
Americans with hypertensive nephropathy specifi cally benefi ted 
from a low BP target, but the number of subjects was insuffi -
cient. The African American Study of Kidney Disease and 
Hypertension (AASK) was launched to address this question.40

Participants were 1094 African Americans with hypertension 
and presumed nephrosclerosis, with GFR between 20 and 
63 mL/min/1.73 m2. Subjects were randomized to a usual 
(102–107 mm Hg) or low (92 mm Hg) mean BP goal and to 
one of three antihypertensive agents as preferred therapy: the 
�-blocker metoprolol, the ACE inhibitor ramipril, or amlodip-
ine. Additional agents were used to attain the target BP. The 
primary endpoint of the study was the rate of change in GFR. 
The amlodipine intervention was discontinued prematurely 
because of an apparent increase in the rate of decline of the 
GFR in proteinuric patients randomized to this group. A fi nal 
analysis failed to confi rm a signifi cant difference in the rate of 

decline in GFR. However, signifi cantly more subjects assigned 
to the amlodipine group had a reduction in GFR of at least 
50%, developed ESRD, or died during the study compared to 
the subjects assigned to ramipril, and the risk of development 
of new-onset glucose intolerance was more common in subjects 
assigned to amlodipine.40 There were no signifi cant differences 
in the rate of decline in GFR between those randomly assigned 
to the ACE inhibitor or the �-blocker, or between those ran-
domized to the normal or low BP goal.

In the Irbesartan Diabetic Nephropathy Trial (IDNT), Lewis 
and colleagues examined the BP-independent capacity of the 
angotensin receptor blocker irbesartan and amlodipine to slow 
progression of kidney disease in patients with type 2 diabetes 
mellitus and nephropathy.19 Subjects were randomly assigned to 
receive irbesartan, amlodipine, or placebo, and BP was treated 
aggressively in all groups to an average value of 142/77 mm Hg. 
The risk of reaching the primary endpoint (doubling of serum 
creatinine, development of ESRD, or death) was reduced by 23% 
in patients receiving irbesartan compared to those receiving 
amlodipine or placebo. Primary outcomes were not signifi cantly 
different in patients receiving amlodipine and placebo (the “pla-
cebo arm” were receiving diuretics, �-blockers, and other agents 
and had similar BPs as the other groups). The risk of doubling 
of serum creatinine was 37% lower in the irbesartan group, 
whose urine protein excretion was also substantially lower.

Studies in Which Calcium Channel 
Blockers Were Combined with Blockers 
of the Renin-Angiotensin-Aldosterone 
System to Prevent Progression of 
Kidney Disease
Bakris and colleagues41 randomly assigned 37 patients with 
hypertension and diabetic nephropathy to receive the ACE 
inhibitor trandolapril, the CCB verapamil, or both drugs in 
combination. Blood pressure was reduced in all three groups 
to less than 140/90 mm Hg; virtually all patients needed the 
addition of a diuretic to achieve this goal. Protein excretion 
was reduced somewhat in the verapamil group and to a 
greater extent in the trandolapril group, but to the greatest 
extent (a drop of 62%) in the group receiving combination 
therapy.

The Ramipril Effi cacy in Nephropathy (REIN) Study42 ran-
domized patients with nondiabetic CKD (GFR 20–70 mL/min, 
�1 g proteinuria/24 hr) to either the ACE inhibitor ramipril or 
to placebo. Antihypertensive agents, including CCBs, were given 
to lower the diastolic BP to less than 90 mm Hg. Patients ran-
domly assigned to ramipril had signifi cant decreases in protein-
uria and in the rate of decrease of GFR. In a subsequent report 
Ruggenenti and colleagues described a subset of 117 patients in 
the study given CCBs.43 Subjects in the placebo group (not re-
ceiving an ACE inhibitor) who received a CCB had an increase 
in protein excretion and a more rapid decline in the GFR. How-
ever, if the BP was well controlled or if the patients received an 
ACE inhibitor, proteinuria declined and renal progression was 
slowed.

A similar outcome was observed in patients with type 2 
diabetes mellitus in the Reduction of Endpoints in NIDDM 
(RENAAL) trial,44 which enrolled 1500 patients with type 2 
diabetes and nephropathy and randomly assigned them to 
receive the angiotensin receptor blocker losartan or placebo; 
BP was treated to a goal BP of 140/90 mm Hg or less; subjects 
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received other antihypertensive agents to achieve this goal. 
Losartan administration reduced the number of patients who 
doubled their serum creatinine level or reached ESRD, com-
pared to the patients who received placebo. More than 85% of 
patients in both arms received CCBs, and more than 60% 

received dihydropyridine CCBs. This study showed that si-
multaneous therapy with CCBs does not detract from the 
benefi cial effects of losartan.

Table 53-3 summarizes clinical trials examining the effects 
of CCBs on the progression of CKD.

Table 53-3   Summary of Long-term Randomized Clinical Trials Examining the Effects of Calcium Channel Blockers on Progression 
of Chronic Kidney Disease

Ref. Renal Disease
Patients 
(N) Duration Drugs

Effect on 
Proteinuria Effect on GFR Decline

ABCD12 Hypertensive NIDDM 470 5 yr Nisoldipine vs. 
enalapril

No change Stable in patients with 
microalbuminuria

Annual rate of decline 
5–6 mL/min in patients 
with overt albuminuria

ALLHAT15 Hypertensives with 
serum creatinine 
� 2.0 mg/dL

33,357 6 yr Amlodipine vs. 
chlorthalidone 
vs. lisinopril

Not measured No differences between 
groups in decline of 
GFR

IDNT19 NIDDM with ne-
phropathy

1715 2.6 yr Amlodipine vs. 
irbesartan vs. 
placebo

Declined by 6%, 
similar to 
placebo, inferior 
to losartan

Decline similar to placebo, 
inferior to irbesartan

BENEDICT 34 Hypertensives with 
normal GFR

1204 3.6 yr Verapamil vs. 
trandolapril vs. 
combination

Lower rate of mi-
croalbuminuria
in trandolapril 
groups

Not measured

Zucchelli
et al36

Nondiabetic 121 3 yr Nifedipine vs. 
captopril

Declined if MAP 
� 100 mm Hg

50% reduction in rate of 
decline compared to 
baseline

Velussi 
et al37

NIDDM 44 3 yr Amlodipine vs. 
cilazapril

Declined Annual rate of decline 
2 mL/min

Bakris et al38 Hypertensive NIDDM 52 63 mo Diltiazem or 
verapamil vs. 
lisinopril vs. 
atenolol

Decreased Annual rate of decline 
1.44 mL/min on CCBs

AASK40 African-Americans
with hypertensive 
nephrosclerosis

653 3 yr Amlodipine vs. 
ramipril

Increased Annual rate of decline 
3.22 mL/min for all

Faster with baseline 
proteinuria or GFR 
� 40 mL/min

Bakris41 NIDDM with 
nephropathy

37 1 yr Verapamil vs. 
trandolapril vs 
combination

Declined by 27% 
on verapamil 
alone, 62% on 
combination
therapy

GFR unchanged

REIN43 Nondiabetic
nephropathies

117 18 mo Various dihydro-
pyridines
± ramipril

Increased by 20%, 
but not in pa-
tients on ACE 
inhibitor and 
good BP control

30% faster than non-CCBs, 
but not in patients on 
ACE inhibitors with 
good BP control

RENAAL44 NIDDM with 
nephropathy

1513 3.4 yr Various CCBs 
± losartan

No adverse impact 
on benefi cial re-
sponse to ARB

No adverse impact on 
benefi cial response to 
ARB

ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blockers; BP, blood pressure; CCBs, calcium channel blockers; GFR, glomerular 
fi ltration rate; MAP, mean arterial pressure; NIDDM, non–insulin-dependent diabetes mellitus.
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USE IN END-STAGE RENAL DISEASE 
AND RENAL TRANSPLANTATION

Hypertension is prevalent in ESRD requiring dialysis. More 
than 70% of these patients receive antihypertensive therapy.45

See Chapter 60 for a detailed discussion of therapy of dialy-
sis-associated hypertension. CCBs are commonly used in this 
population because of the lack of effi cacy of diuretics as urine 
output declines, as well as the toxicity of angiotensin-aldoste-
rone blockers as renal function declines and hyperkalemia 
becomes problematic. The United States Renal Data System 
(USRDS) Dialysis Morbidity and Mortality Study (DMMS) 
Wave 2 reported that CCBs were by far the most commonly 
prescribed class of antihypertensive agent in a cohort of al-
most 3000 hemodialysis patients.46 Of these, 54% were pre-
scribed a dihydropyridine agent and 18% a nondihydropyri-
dine agent; CCBs were used more than twice as often as ACE 
inhibitors, which were the next most commonly used drug 
class.46 In a survey from 2003, CCBs were used in 61% of 
patients; they were still the most common class of antihyper-
tensive agent used.47

Very little data is available on cardiovascular outcomes in 
patients prescribed one or another class of antihypertensive 
agent, and such data that exists is observational or retrospec-
tive. In the USRDS DMMS study, the use of both dihydropyri-
dine and nondihydropyridine CCBs was associated with a 
lower risk of all-cause mortality and cardiovascular mortal-
ity.21 This confl icts with the fi ndings of an earlier study,48

which observed that hemodialysis patients prescribed �-block-
ers had a mortality advantage over those prescribed CCBs. In 
contradiction, Kesten baum and colleagues49 reported that the 
prescription of a CCB in a prospective cohort study of 4000 
hemodialysis patients was associated with decreased overall 
and cardiovascular mortality, even when adjusted for other 
comorbidities. In this study, 25% of patients used ACE inhibi-
tors and none used angiotensin receptor blockers. Kesten-
baum’s observations were confi rmed in a smaller prospective 
observational study of 188 hemodialysis patients; patients tak-
ing CCBs had a signifi cantly lower mortality rate after adjust-
ment for age and smoking status.50 In the Dialysis Outcomes 
and Practice Patterns Study (DOPPS), in 2500 U.S. patients 
with arteriovenous grafts and fi stulae for dialysis access, the use 
of CCBs for hypertension was associated with an improved 
arteriovenous graft patency rate.47

The dose of dihydropyridine CCBs does not need to be 
changed in patients with chronic kidney failure or those 
treated with dialysis. Although the recommended dose of 
nondihydropyridine agents is also unchanged in chronic kid-
ney failure,2 there have been case reports3,4 of dangerous junc-
tional bradycardias in patients with ESRD treated with long-
acting verapamil.

Hypertension complicating renal transplant is discussed in 
Chapter 59. Many centers avoid renin-angiotensin-aldosterone 
blockers out of concern that they may exacerbate azotemia 
with concomitant calcineurin inhibitor therapy and may delay 
a diagnosis of rejection if azotemia is attributed to their use. 
Consequently, CCBs are widely prescribed. In a series of more 
than 600 hypertensive renal transplant recipients, CCBs were 
prescribed to more than 40% of subjects.51

In the 1990s, when cyclosporine-based immunosuppression 
was used extensively, CCBs, especially dihydropyridines, were 
recommended as the agents of choice in renal transplant 

patients because of their ability to reverse cyclosporine-induced 
vasoconstriction.52 Calcium channel blockers also were reputed 
to be mildly immunosuppressive, because of the relationship 
between intracellular calcium levels and T cell activation. In a 
study over a 2-year period of 154 renal transplant recipients 
receiving cyclosporine who were randomly assigned to receive 
nifedipine or the ACE inhibitor lisinopril, patients treated with 
nifedipine had BPs equal to those treated with lisinopril, but a 
lower serum creatinine level. It is possible that the worse renal 
function in the lisinopril group was due to renal hemodynamic 
effects.53 A meta-analysis of 21 studies showed no clear evidence 
that CCBs had independent effects on preventing renal trans-
plant rejection.54 However, a report of an observational cohort 
of more than 600 hypertensive renal transplant recipients con-
cluded that patients prescribed a CCB for hypertension had a 
reduced renal graft survival and a higher mortality.51 In a recent 
study of 60 renal transplant patients prospectively randomized 
to amlodipine or the angiotensin receptor blocker losartan,55

BP control and renal function were equivalent at 1 year after 
transplant. This study reported that amlodipine use was often 
associated with edema.

The controversy over whether renin-angiotensin-aldosterone 
blockers or CCBs are optimal for transplant hypertension 
may have been resolved by a study of 200 French renal 
transplant recipients randomly assigned to amlodipine, the 
ACE inhibitor enalapril, or a combination of enalapril and am-
lodipine.56 There was a higher degree of BP control in the com-
bination group. The creatinine clearance was lowest in the 
enalapril group and was unchanged in the combination group, 
suggesting that amlodipine mitigated adverse renal hemody-
namic changes due to the ACE inhibitor. This study suggests 
that combination therapy with a CCB may be ideal for this 
population.

Dihydropyridine CCBs have no signifi cant drug interac-
tions with immunosuppressive agents used in renal transplan-
tation. Verapamil and diltiazem decrease the clearance of cy-
closporine and, to a lesser extent, tacrolimus and may 
contibute to high plasma levels of cyclosporine and tacroli-
mus unless the dose is decreased.2

SAFETY

Short-acting CCBs were anecdotally linked to a number of se-
rious acute cardiovascular morbid events beginning in the 
1980s. This was especially true for nifedipine administered 
sublingually for severe hypertension, perhaps because of refl ex 
activation of the adrenergic system induced by sudden changes 
in BP. The use of short-acting CCBs for the treatment of hy-
pertension is not recommended and has largely been aban-
doned.30 In addition, a series of observational studies has de-
scribed an increased risk of cardiovascular morbidity associated 
with the use of CCBs; for example, the Nurses Health Study of 
more than 14,000 women reported that those taking a CCB 
had an increased risk of death or MI.57 A meta-analysis of 16 
observational trials noted a dose-dependent link between nife-
dipine and cardiovascular mortality. Most of these studies in-
cluded a large group of heterogeneous patients, and the choice 
of antihypertensive agent was not controlled. Differences in 
patient characteristics may explain the different outcomes. For 
example, in the Nurses Health Study, CCBs were more likely to 
be used in women with underlying heart disease. In addition, 
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a number of studies did not differentiate between long-acting 
and the more risky short-acting CCBs.

A few population-based studies in the 1990s reported a 
higher risk of cancer and gastrointestinal bleeding in patients 
taking CCBs.58,59 However, this observation was subsequently 
refuted by other observational studies, and a subcommittee of 
the World Health Organization and the International Society 
of Hypertension that formally reviewed the issue found no 
relationship between the use of CCBs and the risk of cancer or 
bleeding.60

Calcium channel blockers generally are not associated with 
drug-drug interactions, aside from the obvious ones—for ex-
ample, hypotension when combined with another antihyper-
tensive agent or AV nodal dysfunction when diltiazem or 
verapamil are combined with a �-blocker or digoxin. An im-
portant exception is with the nondihydropyridine agents 
verapamil and diltiazem, which inhibit hepatic oxidation of 
statins, cyclosporine, carbamazepine, and quinidine, thereby 
increasing their blood levels.2

Most adverse effects associated with CCBs are relatively 
minor. They include dose-dependent dizziness, hypotension, 
and tachycardia with dihydropyridines and bradycardia and 
AV nodal dysfunction with nondihydropyridines. The most 
common side effect is peripheral edema, which is attributed to 
greater arteriolar than venular dilation that increases intracap-
illary pressure.61 More common with dihydropyridines, this 
effect is dose dependent,61 and is reduced if the treatment is 
combined with an ACE inhibitor.62 Symptoms of gastrointesti-
nal refl ux and constipation2 are more common with CCB use.

CONCLUSIONS

Calcium channel blockers are effective and generally well tol-
erated antihypertensive agents. Their long duration of action 
and favorable adverse effect profi le are benefi ts, and they are 
very widely prescribed. In observational studies, 30% to 40% 
of patients with hypertension are prescribed a CCB,63 and the 
prevalence of their use is increasing.64

When used as monotherapy, CCBs seem to be equal or 
superior to agents of other classes in decreasing BP. Although 
data is not completely consistent, when used as monotherapy, 
they are no better, and may be worse, than alternative agents, 
especially �-blockers, ACE inhibitors, and diuretics, in de-
creasing cardiovascular morbidity and mortality, with the 
possible exception of the benefi cial effect of dihydropyridine 
agents on decreasing the risk of stroke. However, they do ef-
fectively decrease cardiovascular morbidity when used in 
combination with other agents, such as ACE inhibitors, while 
aggressive BP goals are targeted.

Calcium channel blockers as monotherapy probably do 
not increase the risk of developing renal disease in nondia-
betic hypertensive subjects, but may be inferior to agents 
blocking the renin-angiotensin-aldosterone system, especially 
ACE inhibitors, in preventing the development of renal dis-
ease in diabetics. When used as initial therapy or as mono-
therapy, dihydropyridine CCBs seem to be inferior to ACE 
inhibitors and angiotensin receptor blockers in preventing 
progression of kidney disease, especially in diabetics. Most 
studies have been done with dihydropyridine CCBs. Data 
is scantier with nondihydropyridine CCBs, and it is possible 
that nondihydropyridine agents may be as protective as 

renin-angiotensin-aldosterone blockers. When used in combi-
nation with ACE inhibitors or angiotensin receptor blockers, 
CCBs do not detract from the renal protective actions of these 
agents and might have an additive benefi cial effect on decreas-
ing the rate of progression of kidney disease if they further 
lower the BP.

Calcium channel blockers are widely used in patients with 
ESRD. There is evidence that they may be associated with a 
survival benefi t, but most of this data comes from studies with 
low rates of use of ACE inhibitors or angiotensin receptor 
blockers. CCBs are effective in renal transplant recipients as 
antihypertensive agents, especially with the concomitant use 
of cyclosporine. They do not seem to have an independent 
effect on renal transplant function.

In summary, CCBs for patients with uncomplicated 
hypertension may be used as initial therapy or monother-
apy, or added therapy to achieve a BP target of less than 
140/90 mm Hg. They should not be used as initial therapy 
or monotherapy in patients at increased risk for cardiovas-
cular disease, in those with renal disease or diabetes, or in 
those who are at risk for renal disease progression. They can 
be selected as second-, third-, or fourth-line agents to 
achieve a BP target of less than 130/80 mm Hg. Their wide-
spread use continues because it is diffi cult to achieve a low 
BP target without them.
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All of the nondrug and drug therapies described in the pre-
ceding chapters can reduce the cardiovascular and renal con-
sequences of hypertension.1 Most, if not all, of this benefi t 
derives from their ability to lower the blood pressure (BP).2

Faced with this large number of possible choices, what 
should the prudent practitioner do? In this age of evidence-
based medicine, the number of choices can be reduced by 
deletion of modalities that have been shown to have no ben-
efi t (e.g., acupuncture) or that have not yet been tested for 
meaningful outcomes (e.g., direct renin inhibitors). Even so, 
there are many choices and they need to be carefully adapted 
to each patient. This is individualized therapy.

To be sure, all drugs approved for use in the treatment of 
hypertension will, in moderate doses, lower elevated BP by 
approximately 10% in about two thirds of patients. This uni-
formity of response is inherent in the approval process: Each 
drug must have been shown to lower BP signifi cantly when 
compared to placebo and to have an effi cacy equal to other 
antihypertensive drugs. Doses are chosen to provide signifi -
cant but not excessive lowering of BP so that patients will 
tolerate them and achieve a demonstrable effect.

When comparisons between various antihypertensive drugs 
are made, they almost always demonstrate similar antihyper-
tensive effi cacy.3 However, individual patients show consider-
able differences in their response to one drug or another. Some 
of this variability can be accounted for by patient characteris-
tics, including age and race, which in turn could be mediated by 
differences in activity of the renin-angiotensin system. In a Vet-
erans Administration cooperative 1-year trial, 1292 men were 
randomly given one of six drugs from each major class; overall, 
and in the black patients, the calcium channel blocker (CCB) 
was most effective, but the angiotensin-converting enzyme 
(ACE) inhibitor was best in younger whites.4 Similarly, in a 
randomized, crossover trial of elderly patients with isolated 
systolic hypertension given a representative of four major 
classes (ACE inhibitor, �-blocker, CCB, and diuretic) each for 
1 month, diuretics or CCBs were more effective than �-blockers 
or ACE inhibitors.5 In a similarly designed trial of younger pa-
tients with combined systolic and diastolic hypertension, the 
ACE inhibitor or �-blocker was more effective than the CCB or 
diuretic.6

A general pattern emerges from these various comparative 
trials.7 Younger and white patients, who have higher renin lev-
els, respond better to drugs that work in large part by blocking 

the renin-angiotensin system. Conversely, older and black pa-
tients, who tend to have lower renin levels, respond better to 
diuretics and CCBs, which work in ways independent of initial 
renin levels. As portrayed in the algorithm presented by the 
British Hypertension Society (Fig. 54-1),8 this separation can 
be used to decide on the fi rst choice. However, the U.S. Seventh 
Joint National Committee algorithm recommends a low-dose 
thiazide diuretic for initial therapy for almost all patients.9

In clinical practice, the decision for fi rst drug is less rele-
vant now that two or more drugs are generally used to ade-
quately control BP in most patients to below 140/90 mm 
Hg.10,11 This is even more the case for higher-risk patients, 
including those with diabetes or chronic renal disease who 
have been found to do better with BP below 130/80 mm Hg.1

Fortunately all members of the major classes of drugs ex-
cept CCBs are marketed with a low-dose thiazide diuretic. 
Therefore, the choice could easily be the diuretic fi rst, fol-
lowed by a combination of a diuretic plus a renin-angiotensin 
inhibitor (i.e., �-blocker, ACE inhibitor, or angiotensin recep-
tor blocker [ARB]).

Combinations of a CCB, in particular the now generic 
amlodipine, with either an ACE inhibitor or an ARB will be-
come more widely marketed and may logically be used, along 
with a diuretic, for the third level of therapy.

COMPELLING INDICATIONS

Most hypertensive patients have one or more coexisting condi-
tions for which one class of antihypertensive drugs is either in-
dicated or contraindicated (Table 54-1). Even though overall 
and cardiovascular mortality is similar with equal degrees of BP 
reduction by any drug, it is logical to choose an antihypertensive 
agent that has been shown to also improve a coexisting condi-
tion. Examples that have been strongly documented include 
�-blockers and ACE inhibitors post-myocardial infarction12 and 
either ACE inhibitors or ARBs with heavy proteinuria.13

AVOIDANCE OF DIABETES

As obesity grows, the need to avoid diabetes increases. Antihy-
pertensives differ in their propensity to provoke diabetes.14

High doses of diuretic and �-blockers are the worst; ACE 
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621 Individualization of Pharmacologic Therapy

Figure 54-1 An algorithm for initial and subsequent choices of antihypertensive therapy. (Modifi ed from Williams B, Poulter 
NR, Brown MJ, et al: British Hypertension Society guidelines for hypertension management, 2004 [BHS-IV]: Summary. BM J
2004;238:634–640.)

Younger (<55 years)
and nonblack

Older (≥55 years)
or black

A (or B*) C or D

A (or B*) + C or D

A (or B*) + C + D

Add either α blocker
or spironolactone or other diuretic

Step 1

Step 2

Step 3

Step 4
Resistant
hypertension

A: ACE inhibitor or angiotensin receptor blocker 
B: β blocker
C: Calcium channel blocker 
D: Diuretic (thiazide and thiazide-like)

*Combination therapy involving B and D may induce more new 
onset diabetes compared with other combination therapies

Class of Drug Compelling Indications Possible Indications
Compelling 
Contraindications Possible Contraindications

Diuretics Heart failure
Elderly patients
Systolic hypertension

Diabetes Gout Dyslipidemia

�-Blockers Angina
After myocardial infarction
Tachyarrhythmias

Heart failure
Pregnancy
Diabetes

Asthma and COPD
Heart block

Dyslipidemia
Athletes and physically active patients
Peripheral vascular disease

ACE inhibitors 
or angioten-
sin receptor 
blockers

Heart failure
Left ventricular dysfunction
After myocardial infarction
Diabetic nephropathy

Pregnancy
Hyperkalemia
Bilateral renal 

artery stenosis

Calcium
channel
blockers

Angina
Elderly patients
Systolic hypertension

Peripheral vascular 
disease

Heart block Congestive heart failure

�-Blockers Prostatic hypertrophy Glucose 
intolerance

Dyslipidemia

Orthostatic hypotension

Table 54-1 Guidelines for Selecting Drug Treatment of Hypertension

From Guidelines Subcommittee: 1999 World Health Organization—International Society of Hypertension guidelines for the management 
of hypertension. J Hypertens 1999;17:151.

inhibitors and ARBs are the best. Part of the difference may 
relate to the length of time that patients have been exposed to 
the metabolic infl uences of the various agents. However, there 
is a measurable infl uence of the various agents on insulin 
sensitivity, so these differences are almost certainly real. There-
fore, an obese patient with a family history of diabetes and a 

borderline elevated blood sugar level should be given an ACE 
inhibitor or an ARB.

If the results of two ongoing trials comparing the ARB 
telmisartan to an ACE inhibitor confi rm the experimental and 
limited clinical evidence of this drug’s signifi cant PPAR gamma 
agonist activity, telmisartan may become the ARB of choice.15
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THE FALL OF �-BLOCKERS

A meta-analysis on the degree of primary prevention of heart 
attacks and stroke by the various classes of antihyperten-
sives16 corroborates a previous warning about the lesser ef-
fectiveness of �-blockers.17 The degree of protection against 
heart attack was the same with �-blockers as with other 
drugs, but there was a 16% higher incidence of stroke with 
�-blockers.

This lesser protection against stroke has been attributed to 
a lesser fall in central BP with �-blockers despite equal effi cacy 
on peripheral BP. The adverse effects on lipids and insulin 
sensitivity may also be involved.

�-Blockers are vital for secondary protection, but they 
should not be used in the absence of a compelling indication 
(see Table 54-1).

THE RISE OF ALDOSTERONE RECEPTOR 
BLOCKERS

In the British Hypertension Society algorithm (see Fig. 54-1), 
spironolactone is shown as a fourth choice, to be added to those 
who are not controlled on three drugs.8 This later positioning 
may rapidly change as the effi cacy and safety of low doses of 
spironolactone are increasingly recognized.18 In the study by 
Chapman and colleagues,18 as well as in most other recently 
published studies, spironolactone has been used primarily in 
resistant patients. However, there is a good reason to use it much 
earlier, particularly since a potassium-sparing agent is useful to 
prevent diuretic-induced potassium wastage, which, in turn, has 
been closely correlated with worsening of glucose tolerance.19

Both currently available aldosterone antagonists, spirono-
lactone and eplerenone, are now generic. This will save the 
patient money but will prevent effective marketing of the 
agents by pharmaceutical companies, so physicians may not 
use them as often as they should. When an aldosterone an-
tagonist is added to an ACE inhibitor or ARB in patients with 
any degree of renal impairment, close monitoring of serum 
potassium is needed to identify hyperkalemia.

CONCLUSION

More than 50 years after the advent of effective oral antihyper-
tensive drugs, more choices are available, but they are often 
not provided in the most effective and least bothersome man-
ner. The principles of individualization reviewed in this chap-
ter should be useful guidelines to do better.
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The term hypertensive emergency covers many clinical situa-
tions, with the degree of urgency determined by either the 
severity or acuteness of onset of blood pressure (BP) elevation 
or the presence of a critical underlying medical condition 
(e.g., acute aortic dissection) when even modest degrees of BP 
elevation may require immediate treatment.

True hypertensive “emergencies” (Box 55-1) require lower-
ing of BP within minutes. The drug employed should act im-
mediately and be predictably effective. In contrast, more 
gradual lowering of BP, over 30 minutes to hours, is appropri-
ate in treating medical “urgencies” (Box 55-2). Rapidly acting 
drugs requiring intra-arterial monitoring are not necessary.

Rapid lowering of BP greatly increases the risk of unwanted 
adverse effects that can exceed benefi ts, particularly in the el-
derly and in patients in whom urgent treatment is not needed. 
Patients with severe, but asymptomatic, BP elevations usually 
do not require urgent therapy to lower BP.

NATURAL HISTORY OF UNTREATED 
SEVERE HYPERTENSION

Accelerated or Malignant Hypertension
The classic hypertensive crisis of accelerated or malignant hyper-
tension is characterized by severe elevation of arterial pressure 
(usually with diastolic pressure � 140 mm Hg) and vascular 

damage manifested by retinal hemorrhages and exudates.1 The 
term accelerated signifi es the absence, and malignant the pres-
ence, of papilledema. The pathogenesis, management, and prog-
nosis of accelerated and malignant hypertension are similar.2

The syndrome usually occurs as an accelerated phase of 
preexisting hypertension.3 Severe and inadequately treated es-
sential hypertension, particularly in smokers,2 is the most 
common antecedent. Renovascular and renal parenchymal 
disorders, as well as primary hyperaldosteronism, are also as-
sociated with hypertensive crises.4

Why some individuals with hypertension proceed to an ac-
celerated phase is not clear. A vicious cycle has been postulated 
whereby vascular damage from severe hypertension causes re-
nal ischemia, which stimulates renin secretion and angiotensin-
mediated vasoconstriction, which in turn worsens renal ische-
mia and further activates the renin-angiotensin system.3

Elevations of plasma renin activity and serum aldosterone 
concentration are commonly found. Moreover, angiotensin-
converting enzyme (ACE) inhibitors usually lower BP.2

Hypertensive Encephalopathy
Hypertensive encephalopathy is characterized by a reversible 
alteration in neurological function during a severe or abrupt BP 
elevation. Manifestations include headache, altered mental sta-
tus, visual impairment, nausea, and seizures.5 Focal neurologi-
cal signs can occur.5 Although frequently a complication of 
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625 Hypertensive Emergencies

malignant hypertension, hypertensive encephalopathy can re-
sult from an acute, albeit less severe, BP elevation from other 
causes, such as acute glomerulonephritis, preeclampsia, cloni-
dine withdrawal, cocaine, or monoamine oxidase (MAO) in-
hibitor/tyramine interaction. The risk of encephalopathy or 
hemorrhage may be present at relatively modest BP elevation in 
patients without preexisting hypertension who lack protective 
vascular thickening.

Encephalopathy is ascribed by some to cerebral ischemia as 
a result of luminal narrowing and spasm2 and even occlusion5

and by others to a breakdown (or failure) of autoregulation at 
high systemic pressures, leading to localized hyperperfusion 
and edema.5,6 Cerebral edema is a constant fi nding.2 Pathologic 
fi ndings suggest that both may occur because patients can have 
cerebral microinfarctions, petechial hemorrhages, and edema.2

Magnetic resonance imaging or computed tomography of 
the brains of patients with hypertensive encephalopathy show 
white matter edema in the posterior regions of the cerebral 
hemispheres, brain stem, or cerebellum.7 This disorder, named 
reversible posterior leukoencephalopathy, can occur without 
severe BP elevation.8 It has been associated with preeclampsia, 
hemolytic uremic syndrome, and drugs such as erythropoie-
tin, tacrolimus, and interferon-alfa.8 It requires urgent BP 
lowering. Radiologic recovery occurs within days; complete 
clinical recovery, within weeks.

TREATMENT OF HYPERTENSIVE 
EMERGENCIES

General Considerations
Two initial decisions that must be made are how quickly and 
by how much to lower BP. Normalization of BP can cause 

complications that are sometimes irreversible, particularly in 
patients with cerebrovascular or coronary artery disease. Un-
intended hypotension exaggerates this risk. Therefore, rapid 
normalization of BP should not generally be the goal of acute 
management.

The choice of antihypertensive agents should take into 
consideration the following factors.

Age

Elderly patients are at greater risk for adverse effects of 
acute BP lowering. Known or occult coronary and cerebro-
vascular disease, together with reduced autoregulatory ca-
pacity, predispose to hypoperfusion as BP is lowered. Often 
an increased sensitivity to the pharmacologic effect of drugs 
is present; this should prompt the use of lower doses, selec-
tion of a higher target BP, and careful monitoring in elderly 
patients.

Volume Status

Severe hypertension, particularly in the malignant phase, is 
often accompanied by vasoconstriction that reduces the intra-
vascular volume.2,9 This volume constriction may be exagger-
ated by nausea, vomiting, reduced oral intake, or prior use of 
diuretics. Potent vasodilators can cause a precipitous fall in BP 
in patients with reduced vascular volume that may require 1 
to 2 L of crystalloid infusion initially. Therefore, diuretics 
should usually be withheld until sodium retention induced by 
administration of a vasodilator is evident. In contrast, patients 
with volume overload, such as hypertension associated with 
left ventricular failure, renal parenchymal disease, acute 
glomerulonephritis, or iatrogenic volume overload, require 
diuretics.

Concurrent Antihypertensive Treatment

Antihypertensive medications taken before presentation may 
have blocked compensatory mechanisms suffi ciently to lead 
to a drastic reduction in BP in response to the drug given 
acutely. Therefore, short-acting parenteral drugs should be 
considered.

Duration of Hypertension

Autoregulation of cerebral blood fl ow is impaired in chronic 
hypertension.10 Therefore, rapid normalization of BP can 
produce cerebral ischemia. Localized areas of ischemia may 
occur in malignant hypertension. Thus, cerebral ischemia can 
occur at a BP level that is close to normal, even in the absence 
of large-vessel cerebrovascular disease.

Underlying Medical Conditions

As described in Drugs for Hypertensive Emergencies in this 
chapter, central nervous system depressant drugs such as 
clonidine, methyldopa, and reserpine should be avoided in 
patients requiring neurological monitoring. Drugs that in-
crease myocardial oxygen consumption or cardiac contractil-
ity should be avoided in patients with myocardial ischemia or 
dissecting aortic aneurysm. Other specifi c examples are con-
sidered later in this chapter.

Oral Versus Parenteral Agents

Oral agents are not always safer than those administered 
parenterally. Oral captopril and short-acting nifedipine 
can lower BP precipitously, whereas agents with short 

Hypertension associated with acute myocardial ischemia 
or infarct

Hypertensive encephalopathy
Hypertension associated with intracranial hemorrhage
Hypertension associated with stroke
Hypertension associated with pulmonary edema
Adrenergic crisis
Dissecting aortic aneurysm
Eclampsia
Perioperative hypertension
Severe epistaxis

Box 55-1 Hypertensive Emergencies

Hypertension associated with left ventricular failure
Accelerated or malignant hypertension
Hypertension associated with angina
Perioperative hypertension
Preeclampsia
Acute glomerulonephritis
Scleroderma renal crisis

Box 55-2 Hypertensive Urgencies
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half-lives that are infused intravenously can be titrated 
more accurately.

Predictability of Response

A universally effective agent should be employed in true emer-
gencies. Intravenous nitroprusside and labetalol are more 
predictably effective than enalaprilat, which is effective in only 
about 60% of hypertensive urgencies.11,12 An ACE inhibitor 
seems better suited in hypertensive urgencies, in which the 
initial BP response can help to predict the response to subse-
quent treatment with an oral ACE inhibitor or an angiotensin 
receptor blocker (ARB). ACE inhibitors have a unique thera-
peutic advantage in hypertensive urgencies associated with 
congestive heart failure.

Cost

Treatment with oral labetalol, captopril, or other agents that 
do not require intra-arterial monitoring in an intensive care 
unit reduces costs. Agents such as nitroprusside should be re-
served for true emergencies.

Drugs for Hypertensive Emergencies
Drugs for the treatment of hypertensive emergencies are out-
lined in Table 55-1.

Sodium Nitroprusside

Sodium nitroprusside provides rapid onset and offset of ac-
tion, ease of titration, and almost universal effectiveness. It is 
an arterial and venous dilator that reduces myocardial oxygen 
requirement and is highly suitable for patients with coronary 
artery disease. Adverse effects are attributed to both the rapid-
ity of BP lowering and toxic effects. The risk of unintended 
hypotension mandates intra-arterial monitoring in an inten-
sive care unit. Computer-controlled infusion facilitates BP 
control.13

Thiocyanate toxicity causes blurred vision, tinnitus, con-
fusion, and seizures. It occurs only rarely at infusion rates 
below 3 �g/kg/min for up to 72 hours, except in patients 
with renal insuffi ciency. Blood thiocyanate levels should be 
monitored during high-dose or prolonged treatment. Cya-
nide accumulation can occur when the infusion rate is above 
2 �g/kg/min, and concern about undiagnosed and hazard-
ous cyanide toxicity has been raised.14 Thiosulfate infusion 
(150–200 mg/kg over 15 minutes) can prevent or treat cya-
nide toxicity.15,16 However, because the frequency of cyanide 
toxicity is unclear and because thiosulfate infusion can cause 
thiocyanate accumulation, particularly in patients with re-
duced renal function, the use of prophylactic thiosulfate in-
fusion remains controversial.

Labetalol

Labetalol, a combination �- and �-receptor blocker, is usually 
effective, can be given intravenously for a rapid onset, has a 
sustained effect, is of low toxicity, and does not require intra-
arterial monitoring. However, the use of large initial boluses 
(1–2 mg/kg) has been associated with precipitous falls in BP.2

An initial bolus of 10 to 20 mg or an infusion of 1 to 2 mg/min 
can lower blood pressure within 15 minutes.2 If an initial bo-
lus does not lower blood pressure, repeat boluses of 20 to 
40 mg can be administered at 10-minute intervals, up to a 
maximum cumulative dose of 300 mg.

Labetalol reduces peripheral resistance without refl ex stimu-
lation of cardiac output. Because of its �-blocking effect, it can 
cause deterioration in patients with preexisting left ventricular 
dysfunction.2 It is useful in the treatment of hyperadrenergic 
states, including hypertension after coronary artery bypass graft 
(CABG), and clonidine withdrawal.2 However, in patients with 
pheochromocytoma, it is generally preferable to fi rst establish 
�-blockade and then add a �-blocker because of the risk of a 
paradoxical pressor response associated with �-blockade.

Diazoxide

Diazoxide is an arterial vasodilator. It fell into disfavor because 
of reports of precipitous falls in BP resulting in cerebral and 
coronary complications after administration of 300 mg as 
a rapid bolus.2 However, the use of repeated smaller (e.g., 
50 mg) boluses or a continuous infusion appears safer.2

Diazoxide is almost universally effective. Its sustained ef-
fect obviates the need for minute-to-minute monitoring once 
BP reduction has been achieved. A precipitous fall in BP is 
unlikely to occur beyond 5 minutes after administration, en-
abling repeated boluses to be given as frequently as every 5 to 
10 minutes.2 The sustained action is undesirable when BP 
lowering may cause clinical deterioration.

Because of refl ex increases in cardiac rate, contractility, and 
output, diazoxide should not be used in patients with coro-
nary disease or dissecting aneurysm. Adjunctive treatment 
with a diuretic and sympatholytic agent is generally required. 
The drug may cause hyperglycemia by inhibiting insulin re-
lease. Monitoring of blood glucose is advisable.2

Nitroglycerin

Intravenous nitroglycerin reduces BP, afterload, left ventricu-
lar fi lling pressures, and myocardial oxygen consumption. For 
an equivalent degree of BP reduction, it reduces myocardial 
oxygen consumption more and preserves coronary perfusion 
better than nitroprusside. Thus, it is favored for coronary in-
suffi ciency.16 It is also suitable in treating perioperative hyper-
tension, including that following CABG.16 Nitroprusside is 
more effective in patients with severe hypertension.

Phentolamine

Phentolamine is a nonselective �-adrenergic blocker. It is 
most effective in situations of catecholamine excess, such as 
pheochromocytoma. It can be useful in diagnosing a pheo-
chromocytoma but can lower BP precipitously. A test dose of 
0.5 to 1 mg infused in 1 minute is generally advised, followed 
by infusion at 1 mg/min or more. The absence of a dramatic 
response virtually rules out the diagnosis.

Trimethaphan Camsylate

Trimethaphan is a rapidly acting, titratable, ganglionic block-
ing agent. It is rarely used because of adverse effects resulting 
from autonomic blockade and rare unpredictable reactions 
that include respiratory arrest. Because it impairs pupillary 
refl exes, it is contraindicated in patients requiring neurologi-
cal monitoring. Its use requires intra-arterial monitoring of 
BP in an intensive care unit. It is more diffi cult to achieve 
stable BP with trimethaphan than with nitroprusside.

Its use has been generally limited to the following special 
situations: (1) hypertension associated with dissecting aortic 
aneurysm, for which blockade of a sympathetically mediated 
increase in ejection velocity is advantageous; (2) nitroprusside 
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629 Hypertensive Emergencies

resistance or toxicity; and (3) absence of alternative effective 
therapy.

New Agents

Fenoldopam
Fenoldopam is a vasodilator, a dopamine (D1) receptor ago-
nist that increases cardiac output, heart rate, and renal sodium 
excretion and preserves glomerular fi ltration rate.17,18 Its anti-
hypertensive effect is comparable to that of nitroprusside, but 
is slower in onset.17 The dose can be titrated every 15 minutes. 
In comparison to nitroprusside, fenoldopam offers the advan-
tages of lack of toxicity, a lower likelihood of hypotension, and 
lack of need for intra-arterial BP monitoring or shielding of 
the infusion line from light.19

Fenoldopam can substitute for nitroprusside in most hy-
pertensive urgencies. The most common adverse effects are 
headache and increase in heart rate.19 Because fenoldopam 
increases intraocular pressure, it is contraindicated in patients 
with glaucoma.

Urapidil
Urapidil is a combination �1-adrenergic blocker and central 
serotonin antagonist at 5HT1A receptors that prevents refl ex 
tachycardia.20 Urapidil lowers BP in hypertensive urgencies, 
although the onset of effect and time to BP target is slower 
than with nitroprusside.21 It requires further study.

Drugs for Hypertensive Urgencies
ACE Inhibitors

Captopril is most effective in patients with an activated 
renin-angiotensin system, such as those with accelerated or 
malignant hypertension, scleroderma, and other forms of 
renal vasculitis.2 The antihypertensive response is exacer-
bated by volume depletion,2 which can lead to hypotension 
requiring aggressive intravenous fl uid replacement. Con-
versely, the BP response is small or absent in volume-
expanded patients. The acute BP response is usually predic-
tive of the chronic response. Thus, nonresponders can be 
switched to a different class of drug (Fig. 55-1). Patients with 
elevated plasma renin activity are much more likely to re-
spond than patients with lower renin activity.22 Enalaprilat is 
the bioactive form of the prodrug enalapril that acts within 
5 minutes when given intravenously.23 Doses higher than 
0.625 mg increase the duration, but not the magnitude, of 
the initial response.9,23 However, because enalaprilat is not 
universally effective, it is generally not a preferred drug in 
the treatment of true emergencies.

Direct Vasodilators

Intravenous hydralazine has been used for rapid reduction of 
BP in urgent situations, particularly preeclampsia. However, 
in a true emergency, more universally effective agents are pref-
erable. Minoxidil may be effective within 4 hours of oral ad-
ministration at doses of 5 to 20 mg. However, marked sodium 
retention and tachycardia require the addition of a diuretic 
and adrenergic blocker and discourage its more widespread 
use. Sympathetically mediated increases in cardiac contractil-
ity and heart rate associated with both of these drugs contra-
indicate their use in patients with coronary insuffi ciency or 
dissecting aortic aneurysm. Isosorbide dinitrate, given either 

by sublingual or aerosol route, is an alternative to intravenous 
agents.24

Calcium Channel Blockers

Nifedipine
Short-acting nifedipine causes a rapid fall in BP that can cause 
coronary or cerebrovascular events, even at a “normal” BP.25

Consequently, its use in hypertensive urgencies is no longer rec-
ommended, particularly in elderly patients and those with sus-
pected coronary or cerebrovascular disease. Refl ex sympathetic 
discharge and tachycardia are the basis for contraindications to 
its use in patients with coronary insuffi ciency or dissecting aortic 
aneurysm. The use of nondihydropyridine calcium channel 
blockers in hypertensive emergencies is less well studied.

Nicardipine
Nicardipine is a dihydropyridine calcium channel blocker. A 
continuous infusion of nicardipine requires fewer dose ad-
justments, is associated with fewer adverse effects, and appears 
equally effective to nitroprusside.26,27 The infusion rate can be 
increased at 5- to 15-minute intervals. The mean time to re-
sponse is 12 minutes.28 It is selective for vascular tissue and 
actually increases cardiac output.28 It causes less headache and 
tachycardia than nitroprusside.28

Adrenergic Blocking Agents

Labetalol
Intravenous labetalol can be used in hypertensive urgencies. 
Oral labetalol, at doses of 100 to 400 mg, can lower BP 
within 1 to 3 hours.2 A second dose can be administered after 
3 to 4 hours.

Other �-Receptor Blockers
Intravenous propranolol, metoprolol, and esmolol have little 
acute BP-lowering effect but minimize refl ex cardiac stimula-
tion. They are useful in combination with vasodilators such as 
nitroprusside, in patients with acute aortic dissection or coro-
nary insuffi ciency, and in combination with phentolamine in 
patients with pheochromocytoma.

Sympatholytic Agents

Clonidine lowers BP with a maximal response within 2 to 
4 hours and little risk of a precipitous fall. However, the acute 
response and dosage do not predict the long-term response. 
Prolonged treatment with clonidine causes bothersome ad-
verse effects (i.e., drowsiness, dry mouth, impotence, and 
constipation).

MANAGEMENT OF SPECIFIC 
CONDITIONS

Table 55-2 lists recommended agents.

Accelerated or Malignant Hypertension
Unless complicated by encephalopathy, symptomatic coro-
nary insuffi ciency, or severe congestive heart failure, malig-
nant hypertension is a medical urgency that does not require 
intravenous drugs, such as nitroprusside. A target diastolic 
BP of 100 to 110 mm Hg or higher is recommended during 
the fi rst 24 to 48 hours of treatment. When time allows, the 
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ACEI or 
labetalol or 
nicardipine

Nitrates (sl, po, 
or transdermal) 
+ β-blocker

Nitroprusside 
or phentol-
amine +/-
β-blocker

or labetalol

Nitroprusside 
or labetalol or 
?fenoldopam

β-blocker + 
nitroglycerin or 
nitroprusside

Nitroprusside + 
β-blocker 

or labetalol

Nitroprusside 
or labetalol

Labetalol or 
nitroprusside 
or hydralazine

Labetalol or 
nitroglycerin or 
nitroprusside or 
fenoldopam or 

nicardipine

ACEI + loop 
diuretic +/- 

nitroglycerin or 
nitroprusside

Aortic 
dissection

Stroke; intracranial 
hemorrhage

EclampsiaPerioperative 
hypertension

Pulmonary 
edema

Myocardial 
infarction

Hypertensive 
encephalopathy

Adrenergic
crisis

Emergency

Hypertensive crisis: initial drug therapy

Urgency

Pre-eclampsiaPerioperative 
hypertension

CHFAnginaAccelerated/malignant 
hypertension

Labetalol or 
hydralazine or 
?ketanserin or
?nicardipine

Labetalol or 
nitroglycerin or 

nicardipine

ACEI + 
loop diuretic

Figure 55-1 Algorithm for approach to treatment of hypertensive crises. ACE, angiotensin-converting enzyme.

response to a rapidly acting ACE inhibitor such as oral capto-
pril or intravenous enalaprilat can provide useful diagnostic 
and therapeutic information. A different agent should be 
given if there is no response within 30 minutes.

Hypertensive Encephalopathy
The risk of imminent brain damage necessitates rapid lower-
ing of BP. Treatment ameliorates the signs and symptoms of 
encephalopathy rapidly,5 but if BP falls below the autoregula-
tory limit, cerebral ischemia can worsen.29 Therefore, drugs 
with a rapid offset of effect, such as nitroprusside, are recom-
mended. If the neurological status deteriorates, the BP should 
be allowed to rise and other diagnoses, such as cerebrovascular 
accident, head injury, or other cerebral pathologic processes, 
should be considered as a contributory factor.

The mean BP in patients known to be hypertensive should 
generally be reduced during the fi rst hour by a maximum of 
20%, or to a diastolic BP of 100 to 110 mm Hg, although even 
higher target BPs may be advisable in selected patients. In 
previously normotensive patients, rapid normalization of BP 
is less hazardous.

Cerebrovascular Accident
Blood pressure elevation commonly accompanies thrombotic 
stroke.30 Increased sympathetic tone and intracranial pres-
sure may contribute. Whether BP elevation has the benefi cial 

effect of increasing fl ow through partially occluded, stenotic, 
or collateral vessels or a harmful effect by aggravating local 
edema formation is hotly debated.

Although there is agreement that mild BP elevation during 
an acute thrombotic stroke should not be treated, the need to 
treat acute and severe BP elevation is more controversial. An 
acute fall in BP might reduce cerebral blood fl ow and exacer-
bate the neurological defi cit, particularly in the elderly, in 
which cerebral autoregulation is impaired. A recent meta-
analysis of 32 trials concluded that there is still inadequate 
evidence to evaluate the effect of BP lowering on outcome.31

Recent guidelines for management of hypertension in acute 
stroke are presented in Table 55-3.32 Patients in whom throm-
bolytic therapy has been given or is being considered require 
intervention if systolic BP is higher than 180 mm Hg, or dia-
stolic pressure is higher than 110 mm Hg.32

Antihypertensive treatment in patients with hemorrhagic 
infarction after thrombotic stroke should follow the preceding 
guidelines. Stroke due to hypertensive hemorrhage may be 
treated more aggressively. However, this requires careful dif-
ferentiation between hemorrhagic stroke and hemorrhagic 
infarction after thrombotic stroke.

Subarachnoid Hemorrhage
The best management of hypertension during subarachnoid 
hemorrhage is controversial. An abrupt reduction in BP might 
prevent rebleeding and reduce edema but could reduce cerebral 
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perfusion, particularly in patients with chronic hypertension or 
increased intracranial pressure. Although mortality and re-
bleeding are higher in patients presenting with a systolic pres-
sure exceeding 160 mm Hg,33 the effect of BP lowering on 
mortality is uncertain.

It seems reasonable to treat acutely and severely elevated 
BP with rapidly acting and easily titratable drugs. However, 
there is less evidence of benefi t in patients with mildly elevated 
BP, or those with chronic hypertension. Nimodipine improves 
neurological outcome, likely by reducing cerebral vasospasm.34

However, nicardipine, although also reducing vasospasm, does 
not affect the long-term outcome.35 Treatment according to 
the guidelines for hypertension after stroke (see Table 55-3) is 
recommended, although defi nitive studies do not exist.

Hypertension Associated with Left 
Ventricular Failure
Left ventricular failure increases catecholamines and angio-
tensin II. The resultant elevation of peripheral vascular resis-
tance can impair left ventricular performance. Consequently, 
vasodilators, including nitrates and ACE inhibitors, can 
improve cardiac output dramatically.

Acute pulmonary edema generally requires parenteral ther-
apy. Either nitroglycerin or nitroprusside can be used initially, 
although nitroprusside is more effective. Administration of 

oral captopril or intravenous enalaprilat, often with a loop 
diuretic, assists weaning from parenteral therapy.

Hypertension Associated 
with Myocardial Infarction 
or Coronary Ischemia
The goal of acute antihypertensive therapy is to reduce myocar-
dial oxygen demand and increase myocardial blood supply. In-
travenous nitroglycerin is ideal because it reduces myocardial 
oxygen consumption more than nitroprusside and sustains re-
gional blood fl ow distal to a stenosis. �-Blockers generally have 
little acute antihypertensive effect but can reduce heart rate and 
oxygen consumption. The combined effects of �-blockers and 
nitrates are advantageous. The use of short-acting nifedipine 
can aggravate ischemia and is contraindicated.

Dissecting Aortic Aneurysm
Acute BP reduction reduces the distending forces on the dam-
aged aorta. However, arterial vasodilators, such as hydralazine, 
diazoxide, and nifedipine, which cause a refl ex increase in the 
rate and velocity of left ventricular ejection, are contraindi-
cated because they can increase endothelial shear force. Nitro-
prusside combined with a �-blocker has replaced trimeth-
aphan as the treatment of choice for immediate reduction in 

Table 55-2 Drugs of Choice

Drugs Relative Contraindications

Hypertensive encephalopathy Nitroprusside, labetalol IV Centrally acting sympatholytic agents

Malignant hypertension ACE inhibitor, labetalol IV, clonidine, 
? fenoldopam

Hypertension associated with:

Intracranial hemorrhage Nitroprusside, labetalol IV Diazoxide, nifedipine

Stroke Nitroprusside, labetalol IV Diazoxide, nifedipine

Left ventricular failure

Pulmonary edema ACE inhibitor � loop diuretic ± nitroprusside 
or nitroglycerin

�-Blocker, verapamil

Congestive heart failure ACE inhibitor � loop diuretic �-Blocker, verapamil

Coronary insuffi ciency

Acute myocardial infarction Nitroglycerin ± �-blocker
Nitroprusside ± �-blocker

Diazoxide, hydralazine

Unstable angina Nitrates (sublingual, oral, or transdermal) ± 
�-blocker, or as for myocardial infarction

Diazoxide, hydralazine

Adrenergic crisis Nitroprusside, phentolamine ± �-blocker, ? IV 
labetalol

�-Blocker monotherapy

Dissecting aortic aneurysm Nitroprusside � �-blocker; labetalol Diazoxide, hydralazine, nifedipine

Perioperative hypertension Nitroprusside, nitroglycerin, labetalol; fenoldopam, 
nicardipine

Adapted from Mann SJ, Atlas SA: Hypertensive emergencies. In Laragh JH, Brenner BM (eds): Hypertension: Pathophysiology, Diagnosis 
and Management, 2nd ed. New York: Raven Press, 1995, pp 3009–3022.
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Blood Pressure Intervention

Not Eligible for Thrombolytic Therapy

SBP � 220 mm Hg or 
DBP � 120 mm Hg

Observe unless other indica-
tions for urgent BP lowering

SBP � 220 mm Hg or 
DBP 121–140 mm Hg

Labetalol 10–20 mg IV; repeat 
or double q10min (max 
dose 300 mg)

OR nicardipine 5 mg/hr IV in-
fusion; titrate by 2.5 mg/hr 
q5min (max 15 mg/hr)

Aim for 10%–15% BP reduction

DBP � 140 mm Hg Nitroprusside, starting with 
0.5 mg/kg/min infusion

Aim for 10%–15% BP reduction

Blood Pressure Intervention

Eligible for Thrombolytic Therapy
Pretreatment 

SBP � 185 mm Hg or 
DBP � 110 mm Hg

Labetalol 10–20 mg IV, may 
repeat 1 time; nitropaste 
1–2 inches

During/After Treatment

1. BP monitoring Monitor q15min for 2 hr, then 
q30min for 6 hr, then q1h 
for 16 hr

2. DBP � 140 mm Hg Nitroprusside, as above

3. SBP � 230 mm Hg or 
DBP 121–140 mm Hg

Labetalol as above, or 10-mg 
bolus followed by drip at 
2–8 mg/min

If ineffective, consider nitro-
prusside

OR nicardipine as above

4. SBP 180–230 mm Hg 
or DBP 105–120 mm 
Hg

Labetalol as above, or 10-mg 
bolus followed by drip at 
2–8 mg/min

DBP, diastolic blood pressure; SBP, systolic blood pressure
Adapted from Adams H, Adams R, del Zoppo G, Goldstein LB:
Guidelines for the early management of patients with ischemic 
stroke. 2005 Guidelines Update. A scientifi c statement from the 
Stroke Council of the American Heart Association/American Stroke 
Association. Stroke 2005;36:916–921.

Table 55-3  Approach to Elevated Blood Pressure in Acute 
Ischemic Stroke: AHA and American Stroke Association 
Guidelines

propanolamine. Acute BP elevation is largely due to �-
mediated vasoconstriction.

Although the use of phentolamine is logical, nitroprusside is 
equally effective and more familiar. However, if adjunctive ther-
apy with �-blockers is indicated (e.g., because of severe tachycar-
dia or ventricular ectopy), establishment of �-blockade (with 
phentolamine or perhaps prazosin) should be accomplished 
fi rst. �-Blockade, in the absence of prior �-blockade, can pro-
duce an undesired pressor effect due to unopposed � tone and 
loss of �-mediated vasodilation. Intravenous labetalol appears 
effective, but further experience with its use in pheochromocy-
toma is needed. If time allows, oral clonidine is an effective alter-
native for hypertension caused by clonidine withdrawal.

Preeclampsia
Hypertensive crises near the end of pregnancy are tradition-
ally treated with parenteral hydralazine or labetalol. A recent 
trial found intravenous hydralazine and intravenous labetalol 
to be equally effective.36 Magnesium sulfate can also lower BP 
but is indicated specifi cally to prevent convulsions.

Recent trials have examined the role of newer agents. Al-
though the selective serotonin (5HT2A)-receptor antagonist 
ketanserin is as effective as hydralazine37 and nicardipine is as 
effective as labetalol,38 their roles in clinical practice remain to 
be established.

Postoperative Hypertension
Postoperative hypertension is characterized by increased sym-
pathetic tone and vascular resistance. Pain and overhydration 
contribute to blood pressure elevation. Nonspecifi c vasodila-
tors, including intravenous nitroglycerin and nitroprusside, 
are effective,39 but nitroglycerin is preferred after CABG. Isra-
dipine,40 nicardipine,41 fenoldopam17,19 and, in patients with 
preserved left ventricular function, labetalol42 provide alterna-
tives. Fenoldopam used after CABG achieves BP control as 
rapidly as nitroprusside.28 After carotid endarterectomy, nica-
rdipine controls BP elevation within 10 minutes in most pa-
tients.43 Nicardipine resembles labetalol in its rapid onset and 
slow offset of action, and is an alternative to labetalol, particu-
larly in patients in whom a �-blocker is contraindicated.

Postoperative hypertension is often a consequence of over-
zealous hydration, in which case an intravenous loop diuretic 
merits consideration.

Renal Failure
First and foremost in treatment of hypertension in the setting of 
renal failure is the need to increase sodium excretion. Furose-
mide doses up to 80 to 240 mg are required in those unrespon-
sive to thiazides. Adding a thiazide diuretic such as metolazone 
to a loop diuretic further promotes sodium excretion and lowers 
BP. Aggressive volume control often increases serum creatinine. 
If it is not extreme, it is not a contraindication to continued 
diuretic therapy.

The renin-angiotensin system frequently contributes to 
hypertension in patients with renal failure. Thus, ACE inhibi-
tors or ARBs are usually effective. Excretion of ACE inhibitors 
is reduced in renal insuffi ciency, and dosage should be reduced, 
with the exception of fosinopril. Dosage and excretion of 
ARBs is not altered in renal insuffi ciency. Combining an ACE 

BP. Thereafter, intravenous labetalol can serve as a bridge to 
oral �- plus �-blockade.

Adrenergic Crises
Increased catecholamine and sympathetic tone mediate the 
acute hypertension complicating clonidine withdrawal, pheo-
chromocytoma, cocaine abuse, MAO inhibitor/tyramine 
interaction, and use of sympathomimetics such as phenyl-
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inhibitor with an ARB is less effective than combining either 
agent with a drug from a different class. Other agents, includ-
ing calcium channel blockers, �-blockers, and �-blockers, are 
also effective, but studies provide little guidance as to which to 
choose. Erythropoietin can precipitate hypertensive crisis, es-
pecially if the hematocrit rises abruptly; phlebotomy has been 
reported to be helpful in management.44

The majority of patients requiring hemodialysis have hy-
pertension.45 All classes of antihypertensive agents except di-
uretics can lower BP,46 but hypertension remains uncontrolled 
in 62%.46 Prominent reasons for this include failure to achieve 
dry weight, interdialytic weight gain, inadequate medication, 
and withholding of medication before dialysis.46 If hypoten-
sion during dialysis prevents attainment of dry weight, with-
holding of antihypertensive agents such as ACE inhibitors, 
calcium channel blockers, or �-blockers on the day of dialysis 
can be helpful. For further discussion, see Chapter 60.

The blood levels of renally excreted agents such as atenolol 
persist longer in patients with renal failure, and lower dosage 
is usually suffi cient.47 Because atenolol is dialyzable, it should 
be given after dialysis.47

“Severe” Hypertension
Severe hypertension usually does not constitute an emergency 
or urgency. If a patient presents with a BP of 180–220/110–130 
mm Hg but is asymptomatic, without retinal hemorrhages or 
exudates or renal insuffi ciency, prescription of oral agents 
with close follow-up is appropriate.

The low probability of controlling severe hypertension 
with a single agent provides a rationale for ACE inhibitor/
diuretic and ARB/diuretic combinations. A diuretic should 
nearly always be a component of any multidrug regimen. Fail-
ure to control hypertension is frequently due to inadequate 
diuretic dosage. Addition of a potassium-sparing diuretic 
such as spironolactone, eplerenone, or amiloride or, in pa-
tients with renal insuffi ciency, substitution of a loop diuretic, 
can enhance control of BP and blood volume.

CONCLUSIONS

Hypertensive “crises” can be viewed as a spectrum, from non-
urgent, to urgent, to truly emergent. Most instances of severe 
but asymptomatic hypertension need not be treated urgently 
unless required by underlying conditions. Hypertensive ur-
gencies can be treated with oral or intravenous agents, whereas 
true emergencies require short-acting intravenous agents such 
as sodium nitroprusside. The treatment of accelerated or ma-
lignant hypertension is usually suffi ciently urgent to preclude 
the use of agents that can help identify pathogenetic mecha-
nisms and guide subsequent treatment (see Fig. 55-1). Thera-
peutic restraint, particularly in patients with severe but asymp-
tomatic BP elevation, is required to avoid complications from 
unnecessary and overzealous lowering of BP.
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Management of Associated Cardiovascular 
Risk in Essential Hypertension
Vasilios Papademetriou

Hypertension is a major contributor to cardiovascular disease 
(CVD). Whereas some CVD endpoints, such as encephalopa-
thy, hemorrhagic stroke, and acute renal failure, may be directly 
attributable to elevated blood pressure (BP), the most common 
consequence of chronic hypertension is progressive atheroscle-
rosis. Hypertension plays a signifi cant and independent role in 
atherogenesis, but its impact is greatly exaggerated by the pres-
ence of other risk factors. It seems that there is a threshold of BP 
required for the development of atherosclerosis. Lesions do not 
appear in normally low-pressure vascular beds, such as the pul-
monary vasculature, but do appear in patients with pulmonary 
hypertension. Veins do not develop atherosclerosis until they 
are utilized as grafts in the systemic circulation. Animal experi-
ments demonstrate that the development of atherosclerosis can 
be altered by manipulation of BP.1,2

In the Framingham Heart Study, the risk of ischemic heart 
disease over a 10-year period was greatly infl uenced by other 
risk factors, as shown in Figure 56-1.3,4 The presence of other 
CVD risk factors is important for other reasons: (1) they in-
fl uence the decision to treat, how aggressively to treat, and 
with what agents; (2) they affect the response to hypertension 
therapy; and (3) they infl uence the expected benefi t on CVD 
endpoints (Box 56-1).

INFLUENCE OF DYSLIPIDEMIAS

A synergistic interaction between the risk for CVD events, 
systolic BP, and low-density lipoprotein (LDL) cholesterol has 
been shown. High-density lipoprotein (HDL) cholesterol en-
hances the removal of oxidized LDL from the tissues. An in-
verse relationship exists between HDL cholesterol and systolic 
BP.5,6 The interaction of LDL and HDL cholesterol and BP is 
shown in Figure 56-2. Several large randomized trials in pa-
tients with and without preexisting CVD have demonstrated 
conclusively that lowering of LDL cholesterol substantially 
reduces the risk of myocardial infarction (MI) and coronary 
events.6–10 Although epidemiologic observations have not de-
tected a relationship between LDL and stroke, post hoc analy-
sis has concluded that lowering LDL cholesterol also appar-
ently lowers stroke incidence.11 Women, minorities, diabetic 

patients, and the elderly have been underrepresented in these 
trials. Three prominent primary prevention trials are the 
Helsinki Heart Study,12 the West of Scotland Coronary Pre-
vention Study (WOSCOPS),9 and the Air Force/Texas Coro-
nary Atherosclerosis Prevention Study (AFCAPS/TexCAPS).13

The upper age limit for enrollment in the Helsinki Heart 
Study12 was 55 years. The baseline LDL cholesterol averaged 
270 mg/dL. This study demonstrated a 34% reduction in 
combined CVD events with the fi bric acid derivative gemfi -
brozil. WOSCOPS was also limited to middle-aged men, with 
an upper age limit of 64 years and mean baseline LDL choles-
terol of 272 mg/dL. This study also demonstrated a reduction 
of combined coronary events, CVD death, nonfatal MI, and 
all cardiovascular deaths by nearly one third, using pravastatin 
as the lipid-lowering intervention. The AFCAPS/TexCAPS 
included a lower risk but more representative population: the 
average age was 58 years, but 21% were older than age 65, 15% 
were women, 3% blacks, and 7% Hispanics. The average LDL 
cholesterol at baseline was 150 mg/dL. Treatment with lova-
statin reduced the risk of coronary events, MI, and revascular-
ization, but the number of participants in the subgroups was 
too small to allow defi nitive conclusions.

Three major secondary prevention trials established the 
benefi t of lipid-lowering therapy in patients with known 
CVD. Although these studies also focused primarily on 
middle-aged men, they included women and patients older 
than age 65; they also included patients with LDL cholesterol 
from the high-normal range (110 mg/dL) and the very high 
range (232 mg/dL). The Scandinavian Simvastatin Survival 
Study (4S) included patients with established CVD and LDL 
cholesterol of 174 to 232 mg/dL (average, 188 mg/dL), of 
whom 19% were women and 23% were older than age 65.7 In 
this study, simvastatin resulted in a signifi cant reduction in 
total mortality, coronary events, CVD deaths, revasculariza-
tion procedures, and strokes. The Cholesterol And Recurrent 
Events (CARE) trial included post-MI patients with LDL cho-
lesterol of 116 to 174 mg/dL (mean, 139 mg/dL), of whom 
14% were women and 31% were older than age 65. In this 
study, treatment with pravastatin resulted in a 24% risk reduc-
tion of fatal coronary events and nonfatal MI and a 25% re-
duction in the need for revascularization.10,14 The Long-term 
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636 Management of Essential Hypertension

Intervention with Pravastatin in Ischemic Disease (LIPID) 
study included patients with a broad range of serum choles-
terol levels (155–271 mg/dL).15 Average LDL at baseline was 
150 mg/dL. Of the patients in this study, 17% were women 
and 39% were older than age 65. This study also demonstrated 
that treatment with pravastatin reduced the risk of major 
cardiovascular events, including stroke, by about 25%.

In a recent meta-analysis, LaRosa and colleagues16 examined 
the data from the fi ve large trials that used statins as the lipid-
lowering intervention (i.e., 4S, WOSCOPS, CARE, AFCAPS/ 
TexCAPS, LIPID), with primary focus on risk reduction in 
women and the elderly. Collectively, these trials included 30,817 
patients, of whom 13% were women and 29% were older than 
age 65. The overall proportional risk reduction for major cardio-
vascular events was similar in men and women, in younger and 
older patients, and in patients with or without hypertension. 
However, the effect on coronary deaths remained unclear. Over-
all, only two of the studies (4S and LIPID) showed signifi cant 
reduction in coronary deaths, whereas the subgroups of women 
and the elderly were too small for defi nitive conclusions.

Figure 56-1 Estimated risk of 
ischemic heart disease over 
10 years according to various 
combinations of risk factors for 
men and women. HDL, high-
density lipoprotein; LVH, left 
ventricular hypertrophy. (From 
Anderson KM, Wilson PWF, 
Odell PM, et al: An updated 
coronary risk profi le. Statement 
for health professionals. Circu-
lation 1991;83:357–363.)

Major Risk Factors Emerging Risk Factors

High LDL cholesterol 
(�130 mg/dL)

High lipoprotein (a) level

High homocysteine level

High-sensitivity CRP

Prothrombotic factors

Proinfl ammatory factors

Impaired fasting glucose

Subclinical atherosclerosis

High uric acid

Vascular calcifi cation

Low HDL cholesterol 
(�40 mg/dL)

Cigarette smoking

Diabetes mellitus

Physical activity

Obesity

Box 56-1 Cardiovascular Risk Factors That May Interact with 
Hypertension

CRP, C-reactive protein; HDL, high-density lipoprotein; LDL, low-
density lipoprotein.
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Figure 56-2 Relative risk of ischemic heart disease accord-
ing to high-density lipoprotein cholesterol (HDL), low-density 
lipoprotein cholesterol (LDL), and systolic blood pressure in 
the Framingham Study. All subjects were men ages 50 to 70 
years. (From Gordon T, Kannel WB, Castelli WP, et al: Lipo-
proteins, cardiovascular disease, and death: The Framing-
ham Study. Arch Intern Med 1981;252:1123–1131.)

More recent studies have shed light on the optimal level of 
LDL cholesterol according to the risk of the patient. The lipid-
lowering trial ALLHAT randomized 10,000 patients with hy-
pertension and mild LDL cholesterol elevation to pravastatin 
or placebo. Unfortunately, during the course of the trial more 
than 25% of the control patients received therapy with other 
statins. The end result was a small difference in LDL choles-
terol of 11%, which resulted in a nonsignifi cant 9% reduction 
on fatal/nonfatal MI.17 In a recent meta-analysis, Cannon and 
colleagues18 presented four recently published clinical trials 
comparing moderate to aggressive LDL cholesterol reduction 
with statin therapy (Table 56-1). Two studies addressed high-
risk patients with stable coronary artery disease (CAD),19,20
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and two studies addressed patients with acute coronary syn-
drome.21,22 These studies demonstrated that lower LDL cho-
lesterol is better. The revised guidelines currently recommend 
LDL of less than 70 mg/dL in very high-risk patients. Whether 
there is benefi t at even lower levels has not been yet estab-
lished. These results are applicable to hypertensive and nor-
motensive high-risk patients.

Role of Low HDL Cholesterol
Considerable epidemiologic data demonstrate that low HDL 
cholesterol is a major risk factor for CVD and stroke.23–26 Low 
HDL cholesterol is the most common lipid abnormality in men 
with CVD in the United States. Furthermore, low HDL choles-
terol better distinguishes populations with CAD from those 
without. The Veterans Administration High-density lipoprotein 
cholesterol Intervention Trial (VA-HIT) established substantial 
benefi ts of interventions to raise low HDL cholesterol. The VA-
HIT included 2531 men with known CAD, low HDL cholesterol, 
and fairly normal LDL cholesterol. Approximately 45% were 
also hypertensive. Patients were randomized to receive gemfi -
brozil (600 mg bid) or placebo. At baseline, the average total 
cholesterol was 175 mg/dL, triglycerides 162 mg/dL, LDL choles-
terol 111 mg/dL, and HDL cholesterol 32 mg/dL. After 1 year of 
treatment and throughout the study, therapy with gemfi brozil 
reduced triglycerides by 31% and increased HDL cholesterol by 
6%. No change in LDL cholesterol or total cholesterol was noted. 

Over a median follow-up of 5.1 years, gemfi brozil therapy re-
sulted in a signifi cant 22% reduction in the primary endpoint of 
nonfatal MI and CVD death and a 31% reduction in athero-
thrombotic strokes.27 Further extensive analysis of the data 
demonstrated that the reduction in the primary endpoint was 
signifi cantly related with on-therapy changes in HDL cholesterol 
but not LDL cholesterol or triglycerides.28 The benefi ts observed 
were similar among all subgroups analyzed, including hyperten-
sive and diabetic patients. Thus, this study established for the 
fi rst time that raising HDL cholesterol in patients with CVD and 
no other major lipid abnormality is benefi cial. This was true 
even though the change in HDL cholesterol was only 6%.

Greater increases in HDL cholesterol can be achieved with 
niacin. Increases of up to 30% have been noted with daily 
doses of 3 g. However, several problems have limited the wide-
spread use of niacin. Short-acting preparations need to be 
administered three times a day with food and/or aspirin to 
avoid fl ushing and gastrointestinal symptoms. Slow-release 
preparations are well tolerated but are associated with sub-
stantial hepatotoxicity.29 A recently developed intermediate-
release niacin (Niaspan) given at night with a snack is well 
tolerated and is devoid of hepatotoxicity. Changes in lipid 
profi le noted with this intermediate-release preparation are 
similar to those seen with short-acting niacin and include up 
to 30% increase in HDL cholesterol, 15% reduction in triglyc-
erides, 20% reduction in LDL cholesterol, and 28% reduction 
in lipoprotein (a) [Lp(a)]. These lipid improvements may 

Table 56-1 Summary of Major Features of Intensive Versus Moderate Lipid-Lowering Trials

Trial Enrollment Population Studied Treatments
LDL 
Achieved

Duration of 
Follow-up Result

Secondary Prevention in Stable Patients

TNT 10,001 History of MI or 
angina and cor-
onary revascu-
larization, LDL-C 
130–250 mg/dL

Atorvastatin 10 
mg vs. 80 mg

101 vs. 
77 mg/dL

Median
4.9 years

HR 0.78 for major 
cardiac events 
(P < .001)

IDEAL 8888 History of MI meet-
ing national 
guideline recom-
mendations for 
cholesterol
lowering

Simvastatin 20 mg 
vs. atorvastatin 
80 mg

104 mg/dL 
vs. 81 
mg/dL

Median
4.8 years

HR 0.89 death/MI/
cardiac arrest 
(P = .07)

Secondary Prevention Following Acute Coronary Syndrome

A to Z 4497 Acute coronary 
syndrome

Simvastatin
placebo/20 mg 
vs. 40/80 mg

81 mg/dL 
vs. 66 
mg/dL

Median
2.0 years

HR 0.89 for CV 
death/MI/stroke/
ACS (P = .14)

PROVE 
IT—TIMI 
22

4162 Acute coronary 
syndrome

Pravastatin 40 mg 
vs. Atorvastatin 
80 mg

95 mg/dL 
vs. 62 
mg/dL

Median
2.0 years

HR 0.84 for death/
MI/UA/revascu-
larization/stroke
(P = .005)

A to Z, Aggrastat to Zocor; ACS, acute coronary syndrome; CV, cardiovascular; IDEAL, Incremental Decrease in End Points Through
Aggressive Lipid Lowering; LDL-C, LDL cholesterol; MI, myocardial infarction; PROVE IT, Pravastatin or Atorvastatin Evaluation and
Infection Therapy; TNT, Treating to New Targets; UA, unstable angina. 
From Cannon CP, Steinberg BA, Murphy SA, et al: Meta-analysis of cardiovascular outcomes trials comparing intensive versus moder-
ate statin therapy. J Am Coll Cardiol 2006;48:438–445.
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confer substantial improvements in CVD outcomes, particu-
larly when combined with a statin.30

More than 30 years ago, the Coronary Drug Project exam-
ined the effect of niacin on prevention of CVD.31 Over a 
6.2-year follow-up, the study demonstrated that niacin-
treated patients experienced 26% fewer MIs and 24% fewer 
strokes; need for cardiovascular surgery was reduced by 47%. 
After 15 years of follow-up the study still continued to show 
11% lower total mortality in the niacin-treated patients (P �
.0004).32 Interest in HDL continued unabated; the recently 
developed cholesteryl ester transfer protein (CETP) inhibi-
tors entered clinical testing. The fi rst to be evaluated exten-
sively in humans was torcetrapib, whose use has been associ-
ated with substantial increases in HDL. Torcetrapib was 
evaluated in recent trials, of which the largest is the ILLUS-
TRATE.33 Patients were treated with atorvastatin 10 to 40 mg 
as needed to reduce LDL cholesterol to close to 100 mg/dL. 
After 4 to 6 weeks of therapy, patients were randomized to 
either continue atorvastatin or to have 60 mg of torcetrapib 
added to the regimen. The primary endpoint for the study 
was average reduction in atheroma volume as measured by 
intravascular ultrasound. After 2 years of treatment, torcetra-
pib resulted in a 58% increase in HDL cholesterol and a fur-
ther 12% reduction in LDL cholesterol, but no change in 
atheroma volume was noted. Overall adverse events were 
more freqent in the torcetrapib group. Systolic BP increased 
on average by 4.6 mm Hg, and a trend toward an increase in 
cardiovascular events was noted. The study was terminated 
prematurily and torcetrapib withdrawn from further testing. 
The future of CETP inhibitors remains uncertain.

Cholesterol and Blood Pressure 
Regulation
Therapy with a statin attenuates the onset and progression of 
hypertension and renal disease in Dahl salt-sensitive rats.34

More recent data demonstrate a similar effect of long-term 
treatment with lovastatin in spontaneously hypertensive rats.35

The mechanism by which statin therapy attenuates the devel-
opment of hypertension may not be directly related to lipid 
lowering. Treatment shifts the relation between renal perfusion 
pressure and sodium excretion toward a lower BP. This effect 
has been attributed to the ability of statins to prevent vascular 
hypertrophy, thus improving pressure natriuresis. The effect 
of statins is largely related to their ability to inhibit synthesis of 
mevalonate, a precursor of isoprenoids,36 and not to reduction 
of LDL cholesterol. A review of the literature suggests that a 
reduction of plasma cholesterol in humans is associated with a 
signifi cant 3 to 5 mm Hg reduction in diastolic BP.37 Statin 
therapy resulted in the greatest reduction of BP, and patients 
with the highest cholesterol benefi ted the most. In the Bri-
sighella Heart Study, more than 1500 hyperlipidemic patients 
were randomly treated with either a statin or other lipid-lowering 
therapy (fi brates or cholestyramine) for 5 years.38 Changes in 
lipid profi le and BP were assessed every 6 months. Lipid lower-
ing was associated with a signifi cant reduction of both systolic 
and diastolic BP (10–15 mm Hg) only among hypertensive 
patients in the higher two quartiles. There was only a weak cor-
relation between changes in total cholesterol and blood pres-
sure (R � 0.16, P � 0.044).

Glorioso and colleagues39 conducted a double-blind, 
crossover study of patients with untreated hypertension and 

hypercholesterolemia. Participants were randomly assigned 
to either pravastatin or placebo. Pravastatin resulted in a sig-
nifi cant reduction of systolic, diastolic, and pulse pressure 
and blunted the cold pressor response. This study also found 
that the effect of statin therapy on BP was largely indepen-
dent of the effects on LDL and total cholesterol.

More impressive data have been published recently from 
studies using 24-hour ambulatory blood pressure measure-
ments. This more reliable methodology for assessment of BP 
changes has less variability, higher reproducibility, and no 
placebo effect compared to standard BP measurements. The 
four such studies suggest that statin therapy can reduce BP by 
an average of 6–7/5–6 mm Hg, particularly in patients in 
whom hypertension is not well controlled.40–43

These data strongly suggest that treatment of hyperlipid-
emic hypertensive patients with a statin may result in better 
regulation of BP. The most plausible mechanism is a vasodila-
tory effect due to improvement in endothelial dysfunction. 
Increased cholesterol contributes to reduced arterial compli-
ance44 and increased BP. Reduction in cholesterol with statins 
can therefore contribute to improved arterial compliance and 
BP regulation and also may contribute to up-regulation of 
nitric oxide.45

SMOKING AND HYPERTENSION

Epidemiologic data indicate that smoking and hypertension 
are additive major CVD risk factors. Approximately 30% of 
the U.S. population and 35% of hypertensive patients smoke.46

The relative risk for death attributable to hypertension in par-
ticipants in the Medical Research Council (MRC) Hyperten-
sion Trial was 1.9 for men smokers and 1.7 for women smok-
ers, as opposed to 1.3 and 1.2 in nonsmoking men and 
women, respectively. The acute short-term effects of smoking 
on BP are related to nicotine, carbon monoxide, and other 
constituents of tobacco smoke. Heart rate and BP increase 
within 1 minute of smoking and rise about 30% during the 
fi rst 10 minutes. The effects of nicotine are maintained for 
several minutes after smoking has ceased. The half-life of 
nicotine is more than 2 hours. Thus, heavy smokers may 
maintain elevated heart rates and BPs for most of their waking 
hours.47 Several studies have suggested that infrequent and 
moderate smokers may have lower BP than nonsmokers.48

However, in most of these studies, patients abstained from 
smoking before BP determination. The lower BP found in 
smokers persists after adjustments are made for body weight.48

A recent study examined the effect of smoking cessation on 
BP and the incidence of hypertension in 8170 healthy male 
employees of a steel manufacturing company.49 Mildly hyper-
tensive patients were excluded from this analysis. Adjustments 
were made for baseline age, body mass index, cigarette smok-
ing, alcohol consumption, exercise, family history of hyper-
tension, systolic BP, and change in body mass index over the 
follow-up period of 4 years. The adjusted relative risks of hy-
pertension in those who had quit smoking for less than 1 year, 
1 to 3 years, and more than 3 years were 0.6, 1.5, and 3.5, re-
spectively, compared with nonsmokers. The trends were simi-
lar among those who lost or gained weight during the follow-
up period. The mechanism by which long-term smoking 
lowers BP or prevents hypertension and by which smoking 
cessation increases the frequency of hypertension is not clear, 
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but it should not distract from the well-known harmful effects 
of cigarette smoking.

Cigarette smoking increases the risk of MI, ischemic 
heart disease, sudden death, stroke, and peripheral arterial 
disease; worsens outcomes after percutaneous vascular pro-
cedures and bypass surgery; and worsens complications of 
hypertension.50

Cigarette smokers may not derive the expected benefi ts from 
hypertension control. In the MRC trial �-blocker therapy in 
smokers was less effective in preventing strokes than thiazide 
diuretics.51 In the Heart Attack Primary Prevention in Hyperten-
sion (HAPPHY) trial, �-blockers failed to improve coronary 
morbidity in smokers.52 It is important, therefore, to inform 
patients of the importance of smoking cessation and encourage 
them to stop smoking at every visit. Smoking cessation is an 
important intervention in reducing CVD risk in patients with 
hypertension. Use of various smoking deterrents may be helpful. 
Pharmacotherapy for smoking cessation is a cost-effective inter-
vention and it should be offered to all consenting smokers.

DIABETES IN PATIENTS 
WITH HYPERTENSION

Diabetes and hypertension commonly coexist. In the United 
States, more than 60% of diabetics have hypertension and ap-
proximately 20% of hypertensives have diabetes.53 Diabetics 
are two to three times more likely to have hypertension than 
nondiabetics. The incidence is even higher among African 
Americans. Diabetes is the most common cause of end-stage 
renal disease and a major contributor to CVD.54 Even mild 
elevations of BP in diabetics increase the risk of CVD and re-
nal disease dramatically. It is therefore of the utmost impor-
tance to control both BP and blood glucose tightly in diabetics 
with hypertension.

Aggressive treatment of BP in diabetics has been largely 
ignored, although it may confer greater reduction of CVD 
events than glycemic control. The goal for BP reduction has 
been set at lower levels in diabetics, mostly because studies 
have shown continued benefi t with lower BP. The Appropri-
ate Blood Pressure Control in Diabetes (ABCD)55 and the 
Hypertension Optimal Treatment (HOT)56 trials indicated 
that aggressive reduction of diastolic BP to below 80 mm Hg 
provides greater reduction in CVD events. Similarly, the UK 
Prospective Diabetes Study (UKPDS) demonstrated that 
tight control of BP had greater impact on CVD events than 
tight glycemic control.57 The impact on CVD events in-
cluded a 44% reduction in strokes, a 24% reduction in dia-
betes-associated endpoints, and a 32% reduction in deaths. 
For every 10-mm Hg reduction in systolic BP, there was an 
associated risk reduction of 12% for any complication re-
lated to diabetes.58 For these reasons, the recommended tar-
get BP in patients with diabetes is lower than 130/80 mm Hg. 
Angiotensin-converting enzyme inhibitors and angiotensin 
receptor blockers provide better vascular and renal protec-
tion, although most patients require combinations of three 
to four drugs to achieve target BP control.

The UKPDS study compared the effects of intensive blood 
glucose control with conventional treatment on microvascular 
and macrovascular complications of diabetes over 10 years in 
more than 4000 patients.59,60 Average glycosylated hemoglobin 
(HbA1c) was reduced to 7% in the intensively treated group and 

to 7.9% in the conventional group. This difference resulted in a 
12% reduction in diabetes-related endpoints, a 10% reduction 
in deaths, and a 25% reduction in microvascular complications. 
There was minimal reduction in macrovascular disease. For 
every 1% reduction in HbA1c, there was a 21% reduction in any 
endpoint related to diabetes, a 21% reduction in deaths, a 14% 
reduction in MIs, and a 37% reduction in microvascular com-
plications. There was no threshold for any of the endpoints.

These observations suggest that aggressive glycemic and BP 
control is important in patients with diabetes and hypertension.

Whether lower levels of BP and HbA1c confer better bene-
fi ts for prevention of cardiovascular outcomes in diabetics has 
not been yet defi ned. The Action to Control Cardiovascular 
Risk in Diabetes (ACCORD), an ongoing study, targets HbA1c

less than 6.0% and systolic BP lower than 120 mm Hg as com-
pared to recommended levels, in 10,000 patients with type 2 
diabetes mellitus. Recently the glycemic arm of the study was 
discontinued prematurely because an interim analysis showed 
increased mortality and cardiovascular morbidity in patients 
randomized to tight glycemic control.

DIET, WEIGHT LOSS, AND EXERCISE 
IN PATIENTS WITH HYPERTENSION

Epidemiologic studies have consistently shown a substantial cor-
relation between hypertension, excess body weight, and physical 
inactivity. Although all three variables are independently associ-
ated with increased CVD risk,61–63 their coexistence increases the 
risk for complications cumulatively. Guidelines for the manage-
ment of hypertension recommend lifestyle changes for non-
pharmacologic treatment of hypertension.61,64 Dietary changes 
are effective even without weight loss. The DASH study showed 
that a combination diet of fruits and vegetables low in saturated 
fats reduces BP in patients in the high-normal BP range. This 
diet was more effective in African Americans and in patients 
with established hypertension.65 There is roughly a 1-mm Hg 
reduction in diastolic BP for every kilogram of weight loss in 
obese subjects. The World Health Organization/International 
Society of Hypertension guidelines recommend at least 5 kg of 
weight loss to induce BP reduction.64

Numerous observational studies have shown an inverse rela-
tionship between physical activity and BP.66,67 We identifi ed 12 
prospective, randomized trials completed in the past 10 years.68

Signifi cant reduction in resting BP was reported with aerobic 
exercise in 10 of these studies. The average BP reduction was 
8.7/7.0 mm Hg in the exercise group, compared with 3.8/1.3 mm 
Hg in the controls despite body weight remaining unchanged. An 
important observation is that low- to moderate-intensity exercise 
may be more effective in lowering BP than high-intensity exer-
cise. Exercise appears safe and effective in improving hyperten-
sion in treated patients with severe hypertension and left ven-
tricular hypertrophy. In a study of 46 African Americans with 
severe hypertension, we found that regular aerobic exercise for 
30 to 60 minutes at least three times per week resulted in signifi -
cant reduction of BP despite a decrease in antihypertensive 
medication of 30% to 40%. The body weight in the exercise and 
control groups and the BP in the controls remained unchanged 
at 32 weeks.68 Blumenthal and colleagues69 studied 134 patients 
with stage 1 hypertension. They compared the effect of aerobic 
exercise alone with weight management, including exercise. Aero-
bic exercise was more effective and reduced BP by 7/5 mm Hg.
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These data indicate that diet, weight reduction, and exercise 
can reduce BP independently. However, reductions are modest. 
A combination can be more effective. Their feasibility and ap-
plication in clinical practice remains to be demonstrated.

EMERGING CARDIOVASCULAR RISK 
FACTORS

New CVD risk factors have emerged in recent years. These have 
been associated with a high risk for coronary atherosclerosis, 
CVD complications, and cardiac death. These new risk factors 
include Lp(a), homocysteine, infl ammatory markers, high tri-
glycerides, coronary calcifi cations, high uric acid, and others. 
Extensive coverage of these risk factors is beyond the scope of 
this chapter. In general, clinical associations have been well es-
tablished with all these factors, but interventional data conclu-
sively demonstrating benefi t is lacking in most instances. Figure 
56-3 demonstrates the relative predictive value of many of these 
emerging risk factors derived from the Women’s Health Study.

Lipoprotein (a)
Lipoprotein (a) resembles LDL but contains a highly glycosyl-
ated protein, apolipoprotein A. Elevated Lp(a) has been asso-
ciated with CAD in most but not all studies. Some studies 
suggest gender differences in the prognostic signifi cance of 
Lp(a). In a large cohort study, 4967 men and 4968 women free 
of atherosclerosis were followed for up to 14 years. There was 
a signifi cant increase in the adjusted hazards ratio for CAD 
with increased Lp(a) (1.9 for women, 1.6 for men), but the 
association with cerebrovascular disease was less certain.70

Lp(a) can be reduced signifi cantly with niacin (up to 30% 
reduction), but the clinical importance of such an interven-
tion has not been demonstrated.

Homocysteine
Homocysteinemia is an independent predictor of CAD, MI, 
and peripheral vascular disease. One recent study examined 
the association of homocysteine levels with recurrent events 
in 110 young patients (�56 years old) who had suffered a 
prior MI. Over a 7-year follow-up, patients with normal ho-
mocysteine levels had signifi cantly fewer combined events 

Figure 56-4 Prognostic value of various cardiovascular bio-
markers in healthy women in the Women’s Health Study. The 
combination of high-sensitivity CRP with the total cholesterol:
high-density lipoprotein cholesterol (TC:HDL-C) ratio provided 
a stronger predictor than either CRP or TC:HDL-C alone. Rel-
ative risks and 95% confi dence interval (CI) are shown for 
individuals in the top versus the bottom quartile for each fac-
tor. sICAM-1 indicates soluble intracellular adhesion mole-
cule-1; and sVCAM-1, soluble vascular adhesion molecule-1. 
Top versus the bottom quartile, after adjustment for age and 
smoking. (From Willerson JT, Ridker PM: Infl ammation as a 
cardiovascular factor. Circulation 2004;109[Suppl]:II2–II10.)

Figure 56-3 Multivariable-
adjusted relative risks of cardio-
vascular disease according to lev-
els of high-sensitivity C-reactive 
protein (hs-CRP) and categories 
of low-density lipoprotein choles-
terol (LDL-C). hs-CRP levels add 
prognostic information at all lev-
els of LDL-C and at all levels of 
the Framingham Risk Score. 
(From Willerson JT, Ridker PM: 
Infl ammation as a cardiovascular 
factor. Circulation 2004;
109[Suppl]:II2–II10.)

(26% vs. 72%), lower mortality (1.6% vs. 6%), lower morbid-
ity (14% vs. 36%), and less need for revascularization (18% vs. 
48%).71 Other studies, however, failed to demonstrate any 
benefi t with drug therapy to reduce homocysteine. Defi nite 
interventional data with treatment to reduce homocysteine 
(vitamin B6, vitamin B12, or folic acid) is lacking. Similar defi -
ciencies exist for all other emerging CVD risk factors.

C-Reactive Protein
Low-grade infl ammation occurs in the vasculature in 
response to injury, lipid oxidation, and perhaps infection. 
All cardiovascular risk factors, including hypertension, dia-
betes, and smoking, are amplifi ed by mild modifi cation and 
oxidation of LDL cholesterol. Oxidation of LDL leads to in-
fl ammation, recruitment of monocytes, and production of 
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infl ammatory markers that initiate the atherosclerotic pro-
cess. Observational and experimental data have consistently 
shown a strong association between infl ammatory markers 
and risk of cardiovascular events. Of all markers of infl am-
mation the most reliable, reproducible, and widely available 
marker is currently high-sensitivity C-reactive protein (hs-
CRP). It has been shown in many large trials to be a strong 
predictor of MI and stroke. Among 28,263 apparently healthy 
postmenopausal women72 monitored prospectively in the 
Women’s Health Study, hs-CRP was the strongest predictor 
of cardiovascular events, outperforming homocysteine, 
LP(a), and LDL cholesterol (Fig. 56-4; see also Fig. 56-3). 
CRP is drastically reduced with good management of high 
cholesterol and treatment of hypertension.
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The effects of medical treatment on the control of blood 
pressure (BP) and on stabilization or improvement of renal 
function in trials of patients with renovascular disease have 
been reviewed comprehensively.1–7 The indications for, and 
expected outcomes from, angioplasty and surgery for renal 
artery stenosis are reviewed in Chapter 58.

Renal artery stenosis (RAS) is defi ned as a narrowing of one 
or both renal arteries or their branches (usually by more than 
70% to 80% to be functionally signifi cant).8 It can be caused by 
either malformation of the renal arteries, the most common 
type being fi bromuscular dysplasia, or by atherosclerotic dis-
ease. These two conditions occur in different settings and have 
distinct clinical consequences and treatment. However, athero-
sclerosis is about three times more common. In the Medicare 
population the incidence of clinically manifest atherosclerotic 
RAS is 0.5% overall and 5.5% in those with chronic kidney 
disease (CKD).9 This value undoubtedly underestimates the 
true incidence of RAS because patients are often asymptomatic 
(approximately 7% in one community-based screening 
study).10 Interest in this diagnosis is spurred by the belief that 
hemodynamically signifi cant RAS is a major cause of hyper-
tension and CKD in affected patients. However, although RAS 
is common, the prevalence of renovascular hypertension, de-
fi ned as hypertension caused by RAS, is unknown. No test reli-
ably identifi es hypertension that is improved or cured after 
correction of RAS.

Fibromuscular dysplasia is rarely associated with kidney 
failure, but impaired renal function is common in patients 
with atherosclerotic disease. The term ischemic nephropathy is 
often applied to individuals with atherosclerotic RAS and ab-
normal kidney function. However, in the absence of complete 
occlusion, there is little evidence that stenosis of the main re-
nal artery actually causes renal failure or that renal ischemia 
causes progressive loss of renal function. Therefore, this con-
dition is better referred to as azotemic renovascular disease.
Regardless of whether hypertension and CKD are a direct 

consequence of the renovascular lesion, it is important to 
diagnose atherosclerotic RAS because clinical outcomes are 
signifi cantly worse in such patients. It is essential to under-
stand the natural history of untreated subjects and the under-
lying pathophysiology to plan for rational therapy.

NATURAL HISTORY OF UNTREATED 
PATIENTS

Fibromuscular dysplasia has numerous subtypes. The most 
common is medial fi broplasia, which is not normally progres-
sive. Thus, the aim of therapy is to improve or cure hyperten-
sion rather than to prevent azotemic renovascular disease. 
Approximately half of carefully selected patients may be cured 
of hypertension by percutaneous transluminal renal angio-
plasty (PTRA) or reconstructive surgery.11 In contrast, cure of 
hypertension after correction of RAS due to atherosclerosis 
occurs in less than 20% of patients.12 Studies with duplex ul-
trasound measurements over 5 years reported progression of 
atherosclerotic RAS in more than one third of patients and 
complete occlusion in 3% to 15%.13 Contemporary studies 
indicate that less than 10% to 15% of patients with RAS 
treated medically develop intractable hypertension, progres-
sive renal insuffi ciency, or total arterial occlusion.13–15 In fact, 
in contrast to early studies, which suggested that RAS was a 
frequent cause of end-stage renal disease (ESRD), patients 
with untreated RAS often have stable kidney function for 
many years; progression to ESRD is relatively uncommon.16

Numerous observational studies1,2 have shown that, after in-
tervention with PTRA and stenting (PTRA-S) or reconstruc-
tive surgery, approximately 25% of patients have a worthwhile 
improvement in glomerular fi ltration rate (GFR) matched by 
a reduction in serum creatinine concentration and blood urea 
nitrogen (BUN), approximately 50% have a stable GFR, and 
approximately 20% have a deterioration in GFR. Outcomes in 
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the three small prospective, randomized studies reported to 
date were inconclusive. In the Dutch Renal Artery Stenosis 
Intervention Cooperative (DRASTIC) trial, the largest study, 
the creatinine clearance was unchanged at 1 year both in pa-
tients treated medically and in those who were revascular-
ized.14 A recent comprehensive review of published series and 
trials concluded that available evidence fails to demonstrate 
that revascularization or medical therapy is the treatment of 
choice for atherosclerotic RAS.5 Weak data suggest that mor-
tality and cardiovascular event rates are similar for medically 
treated and revascularized patients. There is also a trend to-
ward lower BP with angioplasty in patients with bilateral dis-
ease. However, this trend is based on very few patients, the 
data are more than 10 years old, and medical therapy has 
evolved signifi cantly in that time. No study to date has com-
pared aggressive medical therapy with revascularization. All of 
the studies in the review suffer from serious methodologic 
weakness. One observation that continues to drive clinical 
practice is that some patients appear to benefi t either because 
of improvement in BP control or in kidney function. How-
ever, others deteriorate, either because of—or despite—the 
intervention. Published studies fail to adequately assess ad-
verse events associated with revascularization.

These considerations give rise to the following suggestions 
regarding the choice of medical therapy or intervention:

 1. Medical therapy is appropriate for patients with fi bro-
muscular disease because it is not progressive and does 
not lead to signifi cant loss of renal function. On the other 
hand, rates of cure of hypertension after intervention are 
high, and complications of PTRA-S (such as atheroembo-
lism) are quite uncommon. Therefore, most patients with 
troublesome hypertension are offered an intervention, 
but this can be preceded by a prolonged trial of medical 
therapy.

 2. Few patients with atherosclerotic RAS will benefi t from in-
tervention (see Chapter 58). It is reasonable to use medical 
therapy alone for atherosclerotic RAS, regardless of the level 
of kidney function, the presence of resistant hypertension, 
or episodes of congestive heart failure.

 3. Whether or not an intervention is performed, all patients 
with RAS require intensive medical therapy to reduce the 
risk of adverse cardiovascular and renal events. This in-
cludes tight control of BP, administration of an antiplatelet 
agent, and treatment of any associated dyslipidemia, diabe-
tes, or CKD.

 4. In patients with resistant hypertension and atherosclerotic 
RAS, revascularization may be associated with a reduction 
in the number of medications needed to control BP, but 
almost all patients will continue to require some antihyper-
tensive medications.

 5. The small risk of progression to ESRD in patients with 
RAS is not predictably reduced by intervention. Never-
theless, it is reasonable to offer intervention to patients 
with progressive renal insuffi ciency and bilateral high-
grade stenosis or high-grade unilateral stenosis to a soli-
tary functioning kidney. Revascularization is unlikely to 
improve kidney function if the kidney distal to the steno-
sis is less than 7 to 8 cm in length or if the patient has 
impaired function in the setting of unilateral RAS. A re-
nal biopsy in selected patients may help predict the re-
sponse to revascularization.

PATHOPHYSIOLOGIC BASIS 
FOR THERAPY

Animal models provide some insight into what may be antici-
pated from medical therapy. The two-kidney, one-clip (2K,1C) 
Goldblatt rat model of unilateral RAS is characterized by an 
early rise in BP and plasma renin activity. Hypertension ini-
tially is entirely dependent on angiotensin II. It can be rapidly 
restored to normal by an angiotensin converting enzyme 
(ACE) inhibitor or an angiotensin receptor blocker (ARB). 
After 2 to 12 months, the BP increases further, and many rats 
perish from malignant hypertension. The remainder develop 
normal-renin hypertension complicated by vascular and renal 
damage. At this stage, acute administration of an ACE inhibi-
tor or ARB does little to the BP. However, prolonged adminis-
tration over 3 days can restore BP to a nearly normal level.17

The one-kidney, one-clip (1K,1C) Goldblatt model of 
bilateral RAS or stenosis of a single or dominant kidney is 
characterized by an early rise in BP. The plasma renin activ-
ity increases only if fl uid retention is prevented. The hyper-
tension depends on the combined effects of salt intake and 
angiotensin II.18

Human renovascular disease usually has components of 
both models. Therefore, therapy directed at an overactive re-
nin-angiotensin system on the one hand, and inappropriate 
renal salt and water retention on the other, is usually required 
for full control of hypertension, but carries risks of adverse 
changes in renal function, as described in Chapter 52.

The role of angiotensin II in maintaining BP and renal 
hemodynamics in Goldblatt hypertension has been studied 
with the use of ARBs and ACE inhibitors.18–20 As shown in 
Figure 57-1, compared with spontaneously hypertensive rats, 
an ACE inhibitor causes a larger fall in mean arterial pressure 
in 2K,1C Goldblatt rats.19,20 The GFR and excretion of fl uid 
and sodium ions increase with the ACE inhibitor in the con-
tralateral kidney, but decrease in the postclipped kidney. 
There is an increase in renal blood fl ow (RBF) at the contra-
lateral kidney but variable changes at the poststenotic kidney, 
according to how the BP falls. The fi ltration fraction falls quite 
sharply.

The renal microvessels downstream from a functionally 
signifi cant RAS are under two dominant infl uences (Fig. 57-2). 
One is renal autoregulation—vasodilation, especially of the 
afferent but also of the efferent arterioles—that maintains RBF. 
The second is the release of renin from the juxtaglomerular 
cells in the afferent arteriole in response to decreased stretch 
and decreased sodium chloride delivery to the macula densa21

(see Fig. 57-2). The ensuing increase in the generation of an-
giotensin I from angiotensinogen, and the action of ACE, in-
crease the interstitial generation of angiotensin II in the kidney. 
Angiotensin II acts on angiotensin type 1 (AT1) receptors to 
preferentially constrict the efferent arterioles, thereby main-
taining a reasonable pressure for ultrafi ltration at the glomeru-
lar capillaries despite a fall in mean arterial pressure. Therefore, 
an ACE inhibitor or an ARB may prevent an increase in effer-
ent arteriolar resistance, leading to a fall in the pressure for 
ultrafi ltration with a consequent fall in the GFR. However, RBF 
may be maintained because of a reduction in overall renal 
vascular resistance. These effects have been confi rmed in stud-
ies of split renal function in patients with unilateral RAS.22,23

A recent study compared responses to an ACE inhibitor and 
an ARB in 1K,1C Goldblatt hypertensive rats.24 Both lowered 
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649 Medical Management of Patients with Renal Artery Stenosis

the BP similarly, but the fall in GFR was greater with the ACE 
inhibitor, perhaps due to accumulation of bradykinin and its 
effects on the bradykinin type 2 receptor. A current study has 
contrasted the acute effects of an ACE inhibitor (enalaprilat) 
with an ARB (candesartan) in rats with early 2K,1C hyperten-
sion.25 Whereas the ACE inhibitor reduced renal cortical blood 
fl ow and oxygen tension and actually increased the renal vas-
cular resistance, the ARB did not cause these perturbations. Of 
interest was the fi nding that blockade of angiotensin type 2 
(AT2) receptors produced effects similar to those of the ACE 
inhibitor on renal hemodynamics and oxygenation. The au-
thors concluded that angiotensin II can have a paradoxical ef-
fect by its action on AT2 receptors in the poststenotic kidney, 
maintaining blood fl ow and oxygenation. Further analysis in 
this model demonstrated that these benefi cial effects of AT2

receptors in the postclipped kidney are due to generation of 
nitric oxide from nitric oxide synthase. Although these results 
have yet to be confi rmed clinically, they suggest the possibility 
of some advantage of ARBs over ACE inhibitors in patients 
with renovascular disease who experience a reduction in GFR 
during treatment.

Calcium channel blockers (CCBs) administered to animals 
with angiotensin-induced hypertension reduce BP and renal 
vascular resistance substantially. However, in contrast to ACE 
inhibitors and ARBs, CCBs increase the GFR.26 This is attrib-
uted to a preferential effect on vasodilation of afferent—rather 
than efferent—arterioles because of selective distribution of 
voltage-gated calcium channels to the afferent arteriole27 (see 
Fig. 57-2). These effects of CCBs have been confi rmed in stud-
ies of split renal function in patients with renovascular hyper-
tension.22

ACE inhibitors and CCBs should have contrasting effects 
on glomerular hemodynamics in the clipped kidney. Two stud-
ies compared therapy with ACE inhibitors and CCBs in Gold-
blatt hypertensive rats over 5 to 6 weeks.28,29 ACE inhibitor 
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shown for spontaneously hypertensive rats (open symbols and 
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an angiotensin converting enzyme inhibitor, compared to 
before *P � .05; **P � .01. (Drawn from data from Huang 
WC, Ploth DW, Bell PD, et al: Bilateral renal function re-
sponses to converting enzyme inhibitor (SQ 20,881) in 
two-kidney, one clip Goldblatt hypertensive rats. Hypertension 
1981;3:285–293.)
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1 receptors and reduce the PUf.
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650 Management of Secondary Hypertension

therapy prevented glomerular hypertrophy and glomerular 
sclerosis in the contralateral kidney, whereas CCB therapy 
worsened these changes.28 Only the ACE inhibitor reduced 
proteinuria from the clipped kidney.29 Interestingly, the CCB 
worsened the lesions in the clipped kidney to the same extent 
as the ACE inhibitor.29 These data suggest the possibility of a 
trade-off: ACE inhibitor therapy may reduce the GFR, and 
perhaps enhance irreversible atrophy in the poststenotic kid-
ney, but may improve function in the contralateral kidney 
through better antihypertensive action, better control of glo-
merular capillary hypertension, and prevention of the fi brotic 
and sclerotic effects of angiotensin II. The role of ARBs and 
CCBs in therapy is not yet clear.

Further insight into potential therapeutic differences be-
tween ACE inhibitors and ARBs on the one hand, and vasodila-
tors or CCBs on the other, comes from longer-term studies. In 
the 2K,1C model, both minoxidil, a vasodilator, and enalapril, an 
ACE inhibitor, compared with no treatment, reduced the BP, 
although the ACE inhibitor was more effective (Fig. 57-3). After 
1 year, the postclipped kidney of the ACE inhibitor–treated rats 
was atrophic and had no residual function, but that of the min-
oxidil-treated rats that survived retained some residual GFR. 
This led to the concept of pharmacologic nephrectomy with ACE 
inhibitors.30 This adverse effect of ACE inhibitors was, however, 
offset by two benefi ts. First, there was a signifi cant increase in the 
GFR of the contralateral kidney with the ACE inhibitor, but not 
with the vasodilator. This resulted in an overall GFR of animals 
treated with an ACE inhibitor that was better preserved than 
those treated with minoxidil. Second, the 1-year survival was 
15% in untreated rats, 48% in minoxidil-treated rats, and 
84% in ACE inhibitor–treated rats. This study poses very ele-
gantly the clinical dilemma: can a loss of GFR, with potential 
structural atrophy of the postclipped kidney during ACE inhibi-
tor therapy, be considered a reasonable trade-off for improved 
function of the contralateral kidney, overall better BP control, 
and better cardiovascular survival? These issues are discussed in 
this chapter in the context of data from human subjects with 
renovascular disease (see “Specifi c Agents,” in this chapter).

Clinical studies have shown that there is a critical level of 
vascular occlusion beyond which the RBF and GFR fall with 
any further reduction in BP because the renal perfusion pres-
sure is below autoregulatory limits.31,32 Revascularization can 
restore the ability of such kidneys to tolerate a reduction of BP 
to normal levels. The report of the Joint National Commission 
(JNC)33 explicitly recognizes the potential for BP reduction to 
slow renal disease progression. It sets reduced goals (�130/75
mm Hg) for BP reduction in azotemic patients with protein-
uria. However, a reduction of systemic pressures in patients 
with critical renal artery stenosis can cause a sharp fall in GFR, 
regardless of the type of antihypertensive agent used. Hence, 
chronic azotemic renovascular disease must be considered 
before vigorous BP reduction to low target goals is undertaken 
in patients with renal disease.

Atherosclerotic Renal Artery Stenosis, 
Comorbidities, and Clinical Outcomes
Atherosclerotic RAS is closely associated with hypertension, 
CKD, and vascular disease in other beds, including coronary 
artery disease, cerebrovascular disease, and peripheral vas-
cular disease. Kalra and colleagues9 performed a retrospec-
tive analysis of patients with renal vascular disease in the 
U.S. Medicare population using a random sample of Medi-
care patients without RAS as controls. Results shown in 
Table 57-1 demonstrate a markedly greater prevalence and 
relative risk of CKD and other vascular disease in patients 
with RAS. Somewhat surprising, several other conditions 
thought to be highly associated with atherosclerotic RAS 
were in fact not more common than in controls. Thus, al-
though quite prevalent, both congestive heart failure and 
diabetes mellitus had relative risks of 1 or less in patients 
with RAS after adjusting for other known risk factors and 
comorbidities.

Patients with RAS have worse outcomes from cardiovascu-
lar disease. In a large group of patients in whom renal arteriog-
raphy was performed at the time of cardiac catheterization, 
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651 Medical Management of Patients with Renal Artery Stenosis

those with RAS had a much higher incidence of adverse car-
diovascular events.34 Furthermore, there was a direct correla-
tion between the degree of stenosis and survival. Patients with 
renal artery narrowings greater than 95% had only about a 
40% 4-year survival, as compared to 80% in those with normal 
arteries. These fi ndings were independent of whether the pa-
tients underwent revascularization. In a cohort of almost 900 
patients older than age 65 followed prospectively, the presence 
of RAS detected by duplex ultrasonography was associated 
with 1.96 (95% confi dence interval, 1.00–3.83; P � .05) in-
creased risk of an adverse coronary event after adjusting for 
demographics, prevalent cardiovascular disease, and tradi-
tional cardiovascular risk factors. The explanation for the in-
creased risk of cardiovascular events in RAS is uncertain but 
may relate to concomitant atherosclerosis in other vascular 
beds.35–41 Alternatively, neuroendocrine systems activated by 
renal ischemia may lead to deleterious cardiovascular and renal 
outcomes. Angiotensin II has direct adverse effects on multiple 
tissues42–50 that may persist even when BP is controlled.51 Renal 
dysfunction itself is associated with increased rates of cardio-
vascular events52–55 and cardiovascular mortality.56,57 This is 
particularly true for patients with RAS.58,59 Renal ischemia may 
lead to neuroendocrine activation, hypertension, and renal 
insuffi ciency, which may accelerate atherosclerosis and pro-
mote thrombosis, renal dysfunction, and left ventricular hy-
pertrophy. These may hasten the onset of congestive heart 
failure, myocardial infarction, stroke, progressive renal insuffi -
ciency, and ultimately death. Therefore, clinical outcomes may 
depend on the extent to which specifi c pathways, such as the 
renin-angiotensin-aldosterone system, are interrupted, and on 
preserving kidney function, which requires drug therapy and 
sometimes intervention.

Treatment has the following aims: (1) to control BP to 
recommended targets, (2) to improve or preserve kidney 
function, and (3) to treat common comorbidities and prevent 
adverse cardiovascular events.

OUTCOMES AND GOALS OF MEDICAL 
THERAPY

Three controlled trials and many observational trials have com-
pared the outcomes of patients treated medically with those 
treated by intervention.5,6,14,60 In contrast, no controlled trials 
have examined specifi c medical therapies for renovascular dis-
ease. Consequently, the optimal medical management of pa-
tients with RAS has not been established. Nevertheless, extrapo-
lations of data from other populations suggest that standard 
medical interventions should produce signifi cant reductions in 
cardiovascular event rates. By analogy to patients with vascular 
disease in other beds, medical therapy should include BP con-
trol to standard targets with a regimen that includes an agent 
that inhibits the renin-angiotensin-aldosterone system if toler-
ated. Cholesterol management to the low target recommended 
for patients with vascular disease, antiplatelet therapy, tight 
glycemic control in diabetic patients, smoking cessation, and 
treatment of the complications of CKD, including anemia and 
secondary hyperparathyroidism, are recommended.

Hypertension
The optimal target BP for patients with RAS has not been estab-
lished. However, by extension from other populations, a BP of 
no more than 140/90 mm Hg is suggested for patients without 
other comorbidities, and no more than 130/80 mm Hg for those 
with diabetes, or with CKD and proteinuria above 1 g/day.

Three groups performed controlled trials in which patients 
were randomized to receive medical therapy or intervention 
with PTRA.14,60 Blood pressure was measured with automated 
devices. Each group concluded that patients randomized to 
intervention had a similar reduction in BP as those random-
ized to medical therapy, although those receiving the interven-
tion required on average about one less antihypertensive 
drug.14,60 Apparently, modern antihypertensive drug therapy 

Table 57-1 Prevalence and Relative Risk of Hypertension, Chronic Kidney Disease, Other Vascular Disease, Congestive Heart 
Failure, and Diabetes in Medicare Patients with Atherosclerotic RAS

Comorbid Condition

No RAS 
N � 1,085,250 
(%)

With RAS 
N � 5875 (%) Adjusted Odds Ratio P Value

Hypertension 53.4 90.8 4.31 (3.93–4.73) �.0001

Chronic kidney disease 2.3 24.6 4.61 (4.27–4.98) �.0001

Coronary artery disease 24.9 66.8 2.45 (2.30–2.61) �.0001

CVA or TIA 12.0 36.9 1.58 (1.49–1.67) �.0001

Peripheral vascular disease 12.7 56.0 3.96 (3.74–4.20) �.0001

Aortic aneurysm 0.5 6.4 3.38 (3.00–3.81) �.0001

Congestive heart failure 13.6 37.6 1.01 (0.94–1.07) .9

Diabetes mellitus 17.9 32.5 0.89 (0.84–0.95) .0001

CVA, cerebrovascular accident; TIA, transient ischemic attack
Adjusted odds ratio was calculated using a multiple logistic regression model that included multiple variables, including all those shown in 
the fi rst column. Data from Kalra PA, Guo H, Kausz AT, et al: Atherosclerotic renovascular disease in United States patients aged 67 years 
or older: Risk factors, revascularization, and prognosis. Kidney Int 2005;68:293–301.
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given under protocol conditions is effective in controlling 
hypertension in the majority of patients with renovascular 
disease. These trials were relatively short-term (6–12 months). 
They provide no compelling evidence for intervention to con-
trol BP. However, it has yet to be determined whether these 
conclusions will hold over a longer period, whether reduc-
tions in BP achieved by medical therapy versus revasculariza-
tion are equally effective in preventing adverse cardiovascular 
and renal events, and whether the choice of antihypertensive 
agent will infl uence the outcome.

Specifi c Agents
No controlled trials have been performed in patients with reno-
vascular disease comparing classes of antihypertensive agents.

Angiotensin-Converting Enzyme Inhibitors 
and Angiotensin Receptor Blockers

Three groups measured the BP of patients with renovascular 
hypertension during steady-state treatment with an ACE in-
hibitor and compared it with BP recorded after intervention by 
PTRA or reconstructive surgery.61 There was a close correlation 
between the systolic and diastolic BP achieved by these two 
forms of treatment. This implies that medical therapy with an 
ACE inhibitor is generally as effective in controlling hyperten-
sion as interventions. When these agents are given to patients 
with essential hypertension, they normally increase the GFR 
and block the sodium and fl uid retention that normally ac-
companies a fall in BP. On the other hand, they can cause a 
sharp fall in GFR in some patients with chronic renal failure 
due to polycystic kidney disease62 or nephrosclerosis63 when 
given with salt-depleting therapy. When given to patients with 
renovascular hypertension, they can reduce the GFR in the 
poststenotic kidney.22,64–67 There may be unacceptable worsen-
ing of azotemia if these drugs are given to patients with bilat-
eral RAS or stenosis of a single or dominant kidney. Although 
many cases of acute renal failure have been reported, the risk is 
relatively low; renal function usually returns to baseline with 
cessation of the inciting drug. In patients with hypertension 
and CKD with or without RAS, a sharp fall in BP produced by 
any antihypertensive drug may be associated with a signifi cant 
decline in GFR, at least in the fi rst few weeks or months of 
treatment.31,68 Even the effects of angiotensin II on enhancing 
efferent arteriolar resistance cannot maintain the pressure for 
ultrafi ltration of the glomerular capillaries in the presence of a 
tight stenosis and a sharp fall in arterial pressure.

Van de Ven and colleagues69 studied 108 patients at high 
risk for renovascular disease. All patients received a 2-week 
course of ACE inhibitor therapy. This increased the serum 
creatinine level by more than 20% in all 52 patients with se-
vere bilateral RAS when volume retention was prevented by 
diuretic therapy. These authors proposed that a reversible in-
crease in serum creatinine could be used as a safe clinical test 
for bilateral renovascular disease. These interesting results also 
show that caution is needed when using ACE inhibitors in 
patients with bilateral RAS and azotemia, especially during 
diuretic therapy.

Long-term studies over 6 to 24 months in a small number 
of patients with renovascular disease have shown that ACE 
inhibitor therapy is effective in reducing or normalizing BP 
and does not lead (in the group as a whole) to a progressive 
deterioration in renal function or to a decrease in size of the 

poststenotic kidney.70,71 In a worldwide study of 269 patients 
treated with captopril, 40% were azotemic before therapy; a 
similar fraction had either a solitary kidney or advanced bilat-
eral renovascular disease.72 Even within this latter group, clini-
cally signifi cant renal failure during captopril therapy devel-
oped in only 12%. Overall, there was good control of BP.

In another study, 75 patients with renovascular hyperten-
sion were randomized to triple therapy (hydrochlorothiazide, 
�-blocker, and hydralazine) or to an ACE inhibitor and a di-
uretic. Antihypertensive control was clearly better in the 
group given an ACE inhibitor plus diuretic; some 80% of this 
group maintained their GFR over a mean follow-up period of 
7.5 months. However, 10 patients—mostly with very high-
grade RAS—had a deterioration of renal function.73

In a 4-year study of patients with renovascular hyperten-
sion, Losito and colleagues74 found a cumulative survival of 
only 60%. Cerebrovascular and cardiovascular disease caused 
92% of these deaths. A multivariate analysis identifi ed treat-
ment with ACE inhibitors as the only factor associated with 
signifi cantly better survival. Their observational data high-
lights once more the dilemma facing physicians using medi-
cal therapy for renovascular disease. Do the benefi ts from 
better control of hypertension and prevention of associated 
cardiovascular disease with ACE inhibitors or ARBs out-
weigh the possibility of a reduction in the GFR of the post-
stenotic kidney?

An important issue is whether a reduction in the GFR of a 
poststenotic kidney during long-term ACE inhibitor treat-
ment for RAS leads to irreversible renal atrophy, as in the ani-
mal model.30 In a study of split renal function in six patients 
with RAS, Miyamori and colleagues75 reported the individual 
kidney responses to 1 week and 1 year of captopril therapy 
(Fig. 57-4). After 1 week, the GFR of the poststenotic kidney 
was reduced, but renal plasma fl ow to the two kidneys was 
maintained or increased. These changes remained stable over 
1 year. This study is reassuring because it shows that progres-
sive loss of GFR leading to renal atrophy is quite unlikely in 
RAS patients treated with ACE inhibitors. However, this con-
clusion may not hold for patients with high-grade RAS.

Another potentially important consideration is the effects 
of renin-angiotensin-aldosterone system blockade on the non-
stenotic kidney in patients with unilateral RAS. Clinical and 
experimental data in patients with hypertension and CKD 
from other causes suggest that ACE inhibitors and ARBs often 
improve renal outcomes, and these data may be relevant to ef-
fects on the nonstenotic kidney in patients with unilateral RAS. 
Theoretically, reducing the glomerular pressure with these 
drugs should be associated with better preservation of struc-
ture and function in the nonstenotic kidney and, therefore, 
equivalent or better long-term preservation of total kidney 
function. The use of ACE inhibitors and ARBs in hypertension 
is discussed in Chapter 52.

Diuretics

Renovascular disease is a high-renin state. It has been consid-
ered resistant to diuretic therapy. However, there are good 
reasons for selecting a diuretic with dietary salt restriction as 
a fi rst-line therapy for many patients. The poststenotic kidney 
has sharply reduced perfusion pressure, which is a powerful 
stimulus for salt and water retention. The contralateral kidney, 
although perfused at high pressure, is under the infl uence of 
unusually high levels of circulating angiotensin II and aldoste-
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rone. Its pressure natriuresis mechanism is also reset to favor 
salt retention. Moreover, the contralateral kidney may be 
damaged by nephrosclerosis or may develop a stenosis of its 
artery, which will leave no normal kidney to regulate salt bal-
ance. Severe and unpredictable episodes of primary renal salt 
and fl uid retention can occur, leading to overfl ow fl ash pul-
monary edema.76 Diuretics and salt restriction enhance the 
antihypertensive response to all other medical therapies, ex-
cept perhaps CCBs. For these reasons, dietary salt should be 
restricted and a diuretic used at an early stage in most treat-
ment regimens. Because diuretics cause a further stimulation 
of plasma renin activity, with enhancement of angiotensin II 
and aldosterone, additional measures to combat renin secre-
tion or inhibit its effects are usually necessary. Renin secretion 
can be inhibited by a �-blocker, and the effects of angiotensin 
II and aldosterone blunted by an ACE inhibitor, ARB, spirono-
lactone, or eplerenone.

Dietary salt restriction and diuretics have little effect on the 
GFR of normal subjects.77 However, in patients with renal dis-
ease and hypertension, such treatment often reduces the GFR—
at least initially.78 Therefore, some increase in serum creatinine 
and BUN after initiating diuretic therapy should be anticipated. 
Diuretic therapy for hypertension is discussed in Chapter 51.

�-Blockers

�-Blockers are most effective in patients with high-renin hyper-
tension. Thus, these are a rational treatment for renovascular 
hypertension. Moreover, �-blockers inhibit renin secretion 
powerfully,79 so it is rational to combine �-blockers with diuret-
ics to prevent the further rise in plasma renin activity that 
would otherwise occur. �-Blockers are strongly indicated in 
patients with angina or with prior myocardial infarction. 
�-Blocker therapy for hypertension is discussed in Chapter 51.

Central Agents and �-Blockers

Central agents such as clonidine, or peripheral �- and 
�-blockers such as labetalol or carvedilol, are effective in hy-
pertension that is associated with increased sympathetic 
drive. During renovascular or renal parenchymal hyperten-
sion, there is increased neural input from the affected kidney, 
which engages a central sympathetic drive that maintains the 
hypertension.80 Therefore, the use of these agents is rational, 
and usually effective as adjunctive treatment for more severe 
forms of renovascular disease. Comparison of the short-term 
response to clonidine and an ACE inhibitor in patients with 
renovascular disease shows that both agents reduce the BP, 
although the ACE inhibitor is more effective.64 However, the 
ACE inhibitor reduces the GFR in the poststenotic kidney, 
whereas this remains stable with clonidine.

Calcium Channel Blockers

Calcium channel blockers reverse the hypertension and renal 
vasoconstriction associated with prolonged angiotensin II infu-
sion and selectively vasodilate the afferent arteriole.26 They 
should, therefore, be ideal for patients with renovascular disease 
by controlling hypertension without compromising GFR in the 
poststenotic kidney, which is prevented from barotrauma by the 
upstream stenosis. Moreover, they have mild natriuretic actions 
and can blunt the aldosterone response to angiotensin II.81 Their 
role in treatment is not yet clear. The effects of CCBs seen in 
animal models are confi rmed in acute studies of patients with 
renovascular disease. In studies of patients with RAS65 or post-
renal transplant stenosis,66 the GFR in the poststenotic kidney is 
reduced by ACE inhibitors but unchanged by CCBs. During 
longer-term studies in patients with unilateral RAS, both ACE 
inhibitors and CCBs reduce the blood pressure and increase the 
RBF in the contralateral kidney.22 The total GFR is not affected 
signifi cantly by either treatment, but the GFR of the poststenotic 
kidney is reduced by 54% during ACE inhibitor therapy, com-
pared to only 21% during CCB therapy. Hence, there can be a 
relative sparing of the GFR of the poststenotic kidney with a 
CCB. Therefore, CCBs are indicated in patients with renovascu-
lar hypertension when renal function is already compromised or 
has been unacceptably reduced by an ACE inhibitor or ARB. 
Moreover, CCBs can be used in azotemia without modifi cation 
of the dosage. Further study is needed on the role of CCBs in 
long-term management of patients with renovascular disease. 
CCB therapy for hypertension is discussed in Chapter 53.

Renal Function
In general, trials that have compared an intervention by PTRA 
alone or combined with stenting (PTRA-S) with medical ther-
apy have failed to show statistically signifi cant differences in re-
nal function at follow-up.1,2 On the other hand, case series82

Figure 57-4 Mean ± SEM values from four patients with uni-
lateral renal artery stenosis studied (a) before, (b) 1 week 
after, and (c) 1 year after starting therapy with captopril. 
Using split renal function for glomerular fi ltration rate and 
effective renal plasma fl ow, data were obtained for the overall 
function (Total) and individual functions in the nonstenotic (NS) 
and stenotic (S) kidneys. Compared with before *P � .05. 
(After Miyamori I, Yasuhara S, Takeda Y, et al: Effects of con-
verting enzyme inhibition on split renal function in renovascu-
lar hypertension. Hypertension 1986;8:415–421.)
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describe patients with global renal ischemia and progressive re-
nal impairment in whom renal function is stabilized or im-
proved after PTRA-S, suggesting that patients with documented 
progression of renal insuffi ciency may benefi t from revascular-
ization. In a large case series of patients with RAS and elevated 
levels of serum creatinine who underwent surgical revascular-
ization and were followed for at least 3 years, 25% had an im-
provement in kidney function, it was unchanged in about half, 
and 20% experienced a signifi cant worsening in function. With-
out a control group for comparison, it is unclear how patients 
would have fared if they had been treated medically. However, 
improvements in kidney function are rarely seen in medically 
treated patients. Nevertheless, for the group as a whole, there was 
little net benefi t of revascularization on kidney function.

To date, only one controlled trial, by van Jaarsveld and col-
leagues,14 has compared the renal function of patients ran-
domized to medical therapy or PTRA, examining approxi-
mately 100 patients over 1 year. At completion there were no 
differences in creatinine clearance between the two groups, 
leading to the conclusion that there was no clear benefi t of 
PTRA over medical therapy. However, closer inspection high-
lights problems with this study that make it diffi cult to inter-
pret. Some 44% of the patients randomized to medical therapy 
were subsequently referred for PTRA during the 1 year of 
study because they were felt not to have responded adequately 
to medical therapy. These crossover patients were nevertheless 
analyzed with the medical treatment group, thereby very seri-
ously confounding the interpretation of the results. Of con-
cern, 12% of patients in the medical treatment group suffered 
complete occlusion of a renal artery, and twice as many suf-
fered a signifi cant decline in renal function, as indicated by a 
doubling of serum creatinine level or a need for hemodialysis. 
This trial included patients with refractory hypertension and 
an RAS of more than 50%. Recent studies show clearly that a 
narrowing of 75% to 80% is required to produce renovascular 
disease.8 Thus, many patients in this study may not have had 
functional renovascular disease and therefore could not have 
benefi ted from therapy. However, similar outcomes for renal 
function after treatment with medical therapy or interven-
tions lead to the conclusion that medical therapy is an accept-
able choice for patients with RAS and CKD, at least in the 
short term. Medical therapy is less expensive and less likely to 
produce serious short-term adverse effects, such as atheroem-
bolic disease or contrast nephropathy.60

Many patients with RAS have renal insuffi ciency that may 
progress over time. Elevation in serum creatinine is a relatively 
insensitive marker for reductions in GFR in elderly patients. A 
formula such as the one derived from the Modifi cation of Diet 
in Renal Disease (MDRD) study should be used to estimate 
GFR more accurately in affected patients. If renal functional 
impairment is present, practitioners should follow the guide-
lines established by the National Kidney Foundation Kidney 
Disease Quality Initiatives (DOQI). Treatment of hyperten-
sion, diabetes, and lipid disorders are specifi cally addressed 
elsewhere in this chapter. Dietary modifi cations and vitamin 
supplements, as outlined in the DOQI guidelines, may be 
needed as GFR declines. Anemia commonly develops as renal 
disease progresses, even before the need for renal replacement 
therapy. This should be treated with erythropoeitin or a related 
analogue when the hemoglobin falls below approximately 11 
g/dL.83 Many patients also require either oral or parenteral iron 
supplements once therapy with erythropoeitin is initiated.

COMMON COMORBIDITIES AND 
ADVERSE CARDIOVASCULAR EVENTS

Dyslipidemia
Data suggest that therapy that reduces low-density lipoprotein 
(LDL) cholesterol reduces total mortality, cardiovascular mor-
tality, major cardiovascular events, and strokes in persons with 
established coronary artery disease. No specifi c evidence exists 
for treatment of LDL cholesterol in patients with RAS. How-
ever, according to the established guidelines, RAS should be 
considered a coronary artery disease equivalent for cardiovas-
cular risk. Therefore, as in patients with established coronary 
artery disease, an LDL cholesterol below 70 mg/dL is the goal 
of therapy.84,85 This goal should be accompanied by therapeu-
tic lifestyle changes, including diet and exercise. However, if 
these measures fail, patients should be started on one or more 
lipid-lowering medications, including statins, nicotinic acids, 
or fi brates (see Chapters 56 and 63).

Diabetes Mellitus
Of the patients with atherosclerotic RAS, approximately 20% 
to 30% will have diabetes, predominantly type 2 diabetes. In 
addition to controlling BP to a lower target than recommended 
in hypertensive patients without diabetes, evidence-based 
guidelines regarding glucose control should be followed (see 
Chapter 28). Clear evidence suggests that tight glucose control 
to an HbA1c of less than 7% is associated with reductions in 
microvascular and macrovascular complications in both type 1 
and type 2 diabetes.86,87 Additionally, medical nutrition ther-
apy, multidisciplinary foot care (particularly for patients with 
peripheral vascular disease), eye care to prevent and treat dia-
betic retinopathy, and physical activity are recommended.

Smoking
Smoking is common among patients with RAS. Cessation is 
an important, but underemphasized, component of therapy 
for these patients. Smoking triggers vascular spasm, reduces 
the anti-ischemic and antihypertensive effects of �-blockers, 
and increases mortality after acute myocardial infarction. 
Smoking may accelerate the course of RAS by promotion of 
atherosclerosis and cholesterol emboli. Smoking worsens ath-
erosclerotic disease in normotensive, nondiabetic, elderly pa-
tients with normal GFR. This is associated with a lower renal 
plasma fl ow, which likely results from ischemic nephropathy.88

Smoking cessation reduces progression of vascular disease 
and the rates of reinfarction and death within 1 year after 
quitting. Unfortunately, many patients who quit smoking re-
lapse within 6 to 12 months. Practitioners treating patients 
with RAS should adopt an aggressive approach to encourage 
and assist patients in smoking cessation (see Chapter 56).

Antiplatelet Agents
The long-term use of aspirin in patients with hypertension and 
those who have had a myocardial infarction is associated with a 
signifi cant reduction in subsequent cardiovascular events and 
mortality.89 In a meta-analysis of randomized, controlled trials 
in patients 1 week to 7 years after a myocardial infarction, those 
receiving aspirin experienced a 13% reduction in mortality, a 
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31% reduction in nonfatal reinfarction, and a 42% decline in 
nonfatal stroke.90 Although these trials involved the use of aspi-
rin in doses ranging from 300 to 1500 mg/day, a trial of 
75 mg/day in patients with hypertension demonstrated a sig-
nifi cant 15% reduction in cardiovascular events.91 This suggests 
that, even though there are no direct data in patients with RAS, 
long-term administration of aspirin in a dose as low as 
75 mg/day is effective and should be recommended to patients 
with RAS. Thienopyridines such as clopidogrel or ticlopidine 
may also be useful for the prevention of cardiovascular events, 
either as alternatives or in addition to aspirin.

CONCLUSIONS 
AND RECOMMENDATIONS

Although the studies are small and suffer from methodologic 
fl aws, controlled clinical trials in patients with RAS have not 
shown any particular benefi t of intervention over medical 
management for short-term changes in BP or renal func-
tion.14,60 Therefore, medical management is a reasonable 
choice for most patients with newly diagnosed renovascular 
disease. It is important to recognize that patients with athero-
sclerotic RAS are a high-risk group with poor outcomes, pri-
marily due to adverse cardiovascular events. Therefore, re-
gardless of whether an intervention is performed, all patients 
with atherosclerotic RAS require multifacted medical inter-
vention aimed at reducing their cardiovascular risk.

No long-term comparisons have been made between spe-
cifi c antihypertensive drugs in patients with renovascular 

disease. Therefore, defi nite, evidence-based recommendations 
cannot be made. Nevertheless, as in other forms of hyperten-
sion, many patients benefi t from a reduction in dietary salt 
intake and a low dose of diuretic. A reasonable goal for daily 
dietary salt intake is 100 mmol. The level of sodium intake can 
be assessed from the level of sodium excretion in a 24-hour 
urine collection. Data from a variety of studies in other set-
tings suggest that blocking the renin-angiotensin-aldosterone 
system is benefi cial both to slow progression of chronic renal 
disease and reduce cardiovascular risk. Case series suggest that 
ACE inhibitors or ARBs can be safely administered to patients 
with hypertension and RAS, often produce marked declines in 
BP, and may even improve clinical outcomes. Therefore, it is 
suggested that these drugs be included in the antihypertensive 
regimen for such patients. The small risk of severe acute renal 
failure in patients with bilateral high-grade RAS developing 
during renin system intervention mandates that serum creati-
nine, and serum potassium should be closely monitored after 
initiation of an ACE inhibitor or an ARB in this population. 
An early adverse change in renal function is not necessarily 
grounds to discontinue treatment. In any patient with an 
abrupt fall in BP, there may be a temporary decline in GFR 
with a rise of serum creatinine and BUN. This usually amounts 
to no more than a 20% to 30% increase, peaks in 3 to 7 days, 
and returns to baseline over the following few weeks or 
months of therapy. The trade-off hypothesis for benefi cial and 
adverse effects of therapy in patients with renovascular hyper-
tension is summarized in Figure 57-5.

Additional therapies depend on the clinical circumstances, 
concurrent disease, and identifi ed cardiovascular risk factors 

RAS

ACE 
inhibitors

↑ Angiotensin II

ARBs

↑ AT1-R

↑ RE>RA

Stable GFR

Renal
function

maintained

↑ Vasoconstrictor 
Prostaglandins ↑ Endothelin ↑ TGFβ ↑ Hypertension

↑ Cytokines ↑ Oxidative 
stress

↓ Renal Po2

↑ Proliferation and remodeling
↑ Inflammation
↑ Fibrosis and sclerosis

Figure 57-5 A diagrammatic representation of the contrasting effects of angiotensin-converting enzyme (ACE) inhibitor or 
angiotensin receptor blocker (ARB) therapy in patients with renovascular disease. Such therapy reduces the glomerular fi ltration 
rate (GFR) due to the effect of angiotensin II, increasing resistance of the efferent arteriole (RE) compared to the afferent arteriole 
(RA) of the poststenotic kidney. However, it counteracts many of the adverse mediators generated in response to angiotensin II 
action on type 1 receptors (AT1-R) in blood vessels and kidneys. These include endothelin, vasoconstrictor prostaglandins, trans-
forming growth factor-� (TGF-�), and numerous cytokines, as well as physiologic changes related to hypertension, hypoxia, and 
oxidative stress.

Ch57_645-659-X5484.indd 655Ch57_645-659-X5484.indd   655 6/18/08 1:36:18 PM6/18/08   1:36:18 PM



656 Management of Secondary Hypertension

(see Chapter 56). All patients require a lipid profi le with cor-
rection of any identifi ed increases in LDL cholesterol and 
lipoprotein(a) with appropriate use of statins, slow-release 
nicotinic acid, or other treatments (see Chapter 63). A low 
target for LDL cholesterol, such as 70 mg/dL, is indicated be-
cause the cardiovascular risk for patients with peripheral vas-
cular disease or RAS is roughly equivalent to those with docu-
mented coronary artery disease. Consideration should be given 
to all patients for lifelong therapy with aspirin, at least in low 
doses (e.g., 80 mg once daily). The use of high-dose aspirin or 
other antiplatelet agents should also be considered. If the pa-
tient is a current smoker, a therapeutic antismoking program 
must be a high priority. Other rational recommendations in-

clude three to four periods of exercise of 20 to 30 minutes each 
week, a diet to limit intake of saturated fats and salt and, if 
necessary, a lower body weight.

Nontraditional cardiovascular risk factors have been iden-
tifi ed in patients with renal insuffi ciency.92 These include hy-
perhomocysteinemia, oxidative stress, and nitric oxide defi -
ciency related to accumulation of asymmetric dimethyl 
arginine93,94 (see Chapters 56, 64, and 65). The complications 
of chronic renal disease or diabetes, if present, should be 
treated according to published guidelines.

Patients who are established on medical therapy who do not 
have evidence of functional deterioration can often be man-
aged by continued therapy under close medical supervision 

Detection of Atheromatous RAS

Undertake Functional Assessment
• Blood Pressure
• Estimated GFR (eGFR) by MDRD formula
• Proteinuria
• Renal size

Optimize Medical Therapy Regardless of Whether an Intervention is Planned

Antihypertensive Therapy
•  Target BP
  o <140/90 in general
  o <130/80 in patients with

  diabetes or chronic kidney disease
• Regimen should include a renin-

angiotensin blocking drug if tolerated
• Monitor kidney function and serum 

potassium closely after instituting ACEI or 
ARB therapy

Concomitant Therapies
• Dyslipidemia
  o LDL cholesterol to <70 mg/dL
•  Antiplatelet therapy
  o Aspirin at 80 or 325 mg/day
  o Consider thienopyridines
• Smoking cessation
• Diabetes mellitus
  o Treat HbA1C to <7 mg/dL
• Chronic kidney disease management
  o Anemia 
  o Secondary hyperparathyroidism

Repeat Functional Assessment and Response to Medical Therapy

Suboptimal Response to Medical Therapy
• Uncontrollable hypertension
• Progressive severe decline in kidney function
• ACEI-induced uremia
• Recurrent admissions for severe CHF

Good Response to Medical Therapy
• Blood pressure at goal
• Stable kidney function

Determine Kidney Size and RAS Severity Continue Medical Therapy
Repeat Functional Assessment at 6 Months

Kidney size > 7.5 cm and RAS severity > 60% No

Yes Consider Revascularization

Figure 57-6 An algorithm 
for the approach to medical 
management of patients with re-
novascular disease. ACEI, 
angiotensin-converting enzyme 
inhibitor; ARB, angiotensin recep-
tor blocker; BP, blood pressure; 
CHF, congestive heart failure; 
GFR, glomerular fi ltration rate; 
LDL, low-density lipoprotein; 
MDRD, Modifi cation of Diet in 
Renal Disease; RAS, renal artery 
stenosis.
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with regular quantitative assessments, as indicated in Figure 
57-6. Those who receive intervention with PTRA, PTRA-S, or 
reconstructive surgery also require close follow-up using simi-
lar quantitative measures, because there is approximately a 
20% rate of restenosis, even in those treated by stenting, and a 
signifi cant probability of developing a stenosis in the contralat-
eral kidney.

A group of patients exists who either cannot be controlled 
adequately by medical therapy or who experience dangerous 
complications, such as recurrent fl ash pulmonary edema. 
Others have less to lose from a failed intervention, namely 
those who are already receiving dialysis therapy or are very 
close to ESRD. These patients may benefi t from an interven-
tion with PTRA, PTRA-S, or reconstructive surgery. (This is 
discussed further in Chapter 58.)

The individual steps in the algorithm shown in Figure 57-6 
have not been subjected to properly controlled clinical trials. 
Therefore, they represent only an attempt at providing rational 
advice.
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Few problems in nephrology are more controversial than de-
cisions about when to undertake revascularization for renal 
artery stenosis (RAS). Technical advances related to endovas-
cular stenting have led to widespread application of these 
procedures in the United States over the past decade. Minor 
degrees of stenosis may be detected “incidentally” in many 
patients with atherosclerosis elsewhere. These are often of 
minimal signifi cance. However, high-grade RAS can lead to 
renovascular hypertension, which remains one of the most 
common secondary causes of hypertension. More severe le-
sions can produce critical loss of renal perfusion in the form 
of ischemic nephropathy, a potentially treatable form of pro-
gressive renal failure (Box 58-1). Advances in detection and 
imaging of RAS, in medical therapy of hypertension, and in 
endovascular methods, including vascular stents, make this a 
rapidly evolving fi eld. With the use of endovascular stents, 
restoring the renal circulation becomes a realistic possibility 
for patients with ostial lesions, who were previously consid-
ered at unacceptable risk for major surgical procedures.

At the same time, application of endovascular procedures 
has expanded the range of clinicians caring for patients with 
refractory hypertension and declining kidney function. Dur-
ing the era of surgical reconstruction of renal arteries, the 
clinical care of refractory hypertension fell mainly to inter-
nists specializing in hypertension and kidney disease, who 
worked quite closely with vascular surgeons. Renal revascular-
ization was applied cautiously because of the morbidity asso-
ciated with aortic surgery and only after major efforts to en-
sure clinical benefi t. As awareness of atherosclerotic renal 
artery disease has grown and noninvasive imaging has become 
more widely applied, general internists and cardiologists now 
address these problems. The fi nding that renal artery lesions 
commonly occur with other atherosclerotic disease has 
prompted some centers to perform aortic and renal angiogra-
phy along with coronary angiography.1,2 Renal arterial lesions 

that are detected are frequently treated with endovascular 
stents. During the years between 1996 and 2000 the number 
of Medicare claims for renal artery stenting rose from 7660 to 
18,520. This was mainly due to procedures performed by in-
terventional cardiologists3 (Fig. 58-1A). Recent guidelines 
proposed by interventional groups reinforce these practices, 
even while acknowledging the limited outcomes data to sup-
port this approach.4,5 This practice continues to expand. One 
stent manufacturer (Boston Scientifi c, personal communica-
tion) indicated that more than 60,000 procedures were under-
taken during 2005. Whether these procedures produce objec-
tive clinical benefi ts is questionable, according to evidence of 
published studies of randomized, controlled trials.6 For this 
reason, the U.S. Centers for Medicare & Medicaid Services 
(CMS) is reviewing reimbursement criteria for renal artery 
stenting with a stated goal to limit Medicare reimbursement 
for this procedure. Several prospective trials are in progress in 
the United States and elsewhere to better defi ne the natural 
history and need for intervention in the current era of cardio-
vascular risk reduction. The National Heart, Lung, and Blood 
Institute (NHLBI) is funding a randomized, prospective trial 
of intensive medical therapy with and without stenting—the 
Cardiovascular Outcomes of Renal Atherosclerotic Lesions 
(CORAL) trial, which is scheduled for completion in 2011.7

The purpose of angioplasty with or without stenting is to 
restore blood fl ow and perfusion pressure to the kidney be-
yond a stenotic lesion. Ultimately, these procedures are in-
tended to improve blood pressure (BP) control and to reduce 
the risks of hypertension—in principle, to “cure” renovascular 
hypertension—and to salvage kidney function beyond a “criti-
cal” RAS. Although these goals seem quite reasonable, it re-
mains diffi cult to identify individual patients who have the 
greatest likelihood of achieving them. Nephrologists recognize 
that invasive renal vascular procedures present hazards even in 
the best of circumstances. Complications from atheroemboli, 
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vessel dissection, contrast toxicity, and other adverse events 
sometimes worsen renal function and aggravate hypertension, 
such that renovascular procedures cannot be undertaken casu-
ally. Moreover, these proceedings entail considerable expense. 
Hence, the risks and benefi ts for each patient’s situation 
require careful consideration. The goal of this chapter is to 
summarize our current state of knowledge regarding patient 
selection, technical features, outcomes, and hazards of renal 
artery angioplasty and stenting in the current era.

DEMOGRAPHICS OF RENOVASCULAR 
DISEASE

Patients with fi bromuscular diseases of the renal arteries are 
more commonly young and female than those with atheroscle-
rosis. The former constitute 16% to 20% of patients with reno-
vascular lesions referred for vascular procedures, at least for 
refractory hypertension. It should be emphasized that patients 
with fi bromuscular disease usually have normal renal function 

Asymptomatic
Incidental renal artery stenosis
Easily treated hypertension

Symptomatic
Treatment-resistant hypertension
Bilateral disease/solitary function kidney
Progressive renal failure in treated hypertension
Renal failure limiting antihypertensive therapy
Pulmonary vascular congestion: “fl ash” pulmonary edema
End-stage renal disease

Box 58-1 Clinical syndromes of renal artery stenosis
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and are at low risk for progressive occlusive disease and renal 
functional loss.8 Such patients are sometimes detected as a re-
sult of developing hypertension during pregnancy or at an 
early age. Most often patients with fi bromuscular disease have 
normal-appearing aortic vessels and are at low risk for compli-
cations of vascular manipulation. As a result, the potential risks 
of angioplasty are low and the benefi ts of improved BP more 
likely to offer long-term advantage. As a result, revasculariza-
tion is often recommended for these patients .9

The advancing age of the U.S. population is associated with 
the rising prevalence of RAS from atherosclerosis.10 Whether 
the true prevalence is increasing is not known. What is certain, 
however, is that the mean age of reported series of renal revas-
cularization has increased by more than 15 years from the 
1970s.11 The median age of treated patients is now 71 years 
(see Fig. 58-1B). As a result, patients with atherosclerosis have 
a longer background history of hypertension and a greater 
risk of comorbid disease (including diabetes, peripheral vas-
cular disease, coronary disease, and carotid disease). Athero-
sclerosis is a systemic disease. Thus, it is not surprising that 
some degree of atherosclerosis affects the kidney in 30% to 
50% of individuals when atherosclerosis is detected elsewhere 
(e.g., during coronary or lower extremity angiography).12 The 
benefi ts and goals of renal revascularization must be weighed 
in the context of “competing” risk from other cardiovascular 
diseases. These competing risks can offset the benefi ts of re-
storing the renal circulation in marginal cases.

RISKS OF DISEASE PROGRESSION

One of the compelling reasons to restore renal artery patency 
is the potential for untreated lesions to progress to total oc-
clusion and functional loss of the entire kidney. Such argu-
ments have led to speculation that unsuspected renal artery 

Figure 58-1 A, Rise in the number of Medicare claims for renal artery revascularization during the years 1996–2000, corre-
sponding to widespread application of endovascular stents. The largest rise in procedures came from interventional cardiologists
(2.4-fold increase). (From Murphy TP, Soares G, Kim M: Increase in utilization of percutaneous renal artery interventions by Medi-
care benefi ciaries 1996–2000. Am J Roentgenol 2004;183:561–568.) B, Mean ages of selected series of surgical or endovas-
cular intervention for renal artery stenosis. Early data, including unilateral nephrectomy, are included as a reference point. The 
techniques available have changed, with a marked increase in the use of angioplasty and stenting in recent years. The ages and 
associated comorbid disease risks have increased considerably during this period. Reasons for the change in demographics in-
clude changes in survival from coronary disease and stroke, changes in medical therapy, and the ability to intervene safely in pa-
tients considered at unacceptable risk in the past (see text). PTRA, percutaneous transluminal renal angioplasty.
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occlusive disease may account for up to 14% to 20% of pa-
tients, particularly whites, reaching end-stage renal disease 
(ESRD).13 Doppler ultrasound studies conducted between 
1990 and 1997 confi rm that stenotic lesions can progress, 
as evidenced by increases in blood fl ow velocities over time 
(Fig. 58-2).14 The likelihood of progression is directly related 
to the severity of the initial stenosis. Remarkably, total occlu-
sion was observed in only 9 of 295 vessels (3%). This is a 
lower frequency than had been reported in earlier angio-
graphic series.

Whether progressive vascular stenosis by Doppler ultraso-
nography translates into clinical progression is less clear. 
Reports from The Netherlands of high-grade renal artery dis-
ease discovered incidentally suggest that none resulted in renal 
failure during follow-up periods of 8 to 10 years.15 Serial mea-
surements of kidney size during Doppler ultrasound measure-
ments identify loss of kidney volume as less frequent than a 
change in renal hemodynamics16 (Fig. 58-3). Follow-up studies 
of patients with incidental high-grade RAS (�70% lumen af-
fected), who were managed without revascularization during 

Prospective Study of Atherosclerotic Disease
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Figure 58-2 Rates of progressive 
vascular disease, as evidenced by 
increased fl ow velocities in 295 
arteries measured prospectively at 
6-month intervals between 1990 
and 1997. The probability of 
disease progression was related 
to the initial severity of stenosis, 
but remarkably few proceeded to 
total occlusion (9/295 vessels, or 
3%). Estimates of change in vessel 
characteristics are higher than the 
number demonstrating clinical 
progression in the form of either 
intractable hypertension or renal 
dysfunction (see text). (From Caps 
MT, Perissinotto C, Zierler RE, et 
al: Prospective study of atheroscle-
rotic disease progression in the 
renal artery. Circulation 1998;98:
2866–2872.)
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Figure 58-3 Cumulative rates of “atrophy,” defi ned as a 1-cm reduction in renal length in kidneys followed prospectively by 
Doppler ultrasonography between 1990 and 1997. The likelihood of loss of size was less than that for measurable progres-
sion of fl ow velocities; atrophy was infrequently associated with a rise in creatinine. Predictors of atrophy included peak sys-
tolic velocity above 400 cm/sec. (From Caps MT, Zierler RE, Polissar NL, et al: Risk of atrophy in kidneys with atherosclerotic
renal artery stenosis. Kidney Int 1998;53:735–742.)
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1989–1993 in the United States, indicate that only 10% to 15% 
come to revascularization based on progressive renal dysfunc-
tion or uncontrollable hypertension.17 Recent population-
based studies indicate that 6.8% of individuals older than age 
65 have more than 60% renal artery stenosis but that rates of 
progression appear to be approximately between 0.5% and 
1.3% per year.18 During an 8-year follow-up, just 4% pro-
gressed to “signifi cant” stenosis. These observations are sup-
ported by follow-up of 40 patients with high-grade RAS 
treated with “aggressive” medical therapy, only 6 of whom later 
went on to revascularization on clinical grounds.19 The hazard 
of RAS is different for patients with unilateral disease (one 
kidney affected by stenosis, the other without stenosis) com-
pared to those with bilateral disease (usually identifi ed as high-
grade stenosis to both kidneys or stenosis to a solitary func-
tioning kidney).20 In the former, vascular progression, even to 
the loss of one kidney, is buffered by a “spare” contralateral 
kidney. Therefore, the change in renal function associated with 
unilateral disease is usually minor. Moreover, both kidneys are 
rarely affected to the same degree. Many clinical reports focus 
on tracking the “reciprocal creatinine” or other estimates of 
glomerular fi ltration rate (GFR) over time.21 Although this 
method is time-honored with regard to monitoring progres-
sion of parenchymal kidney diseases such as diabetic nephrop-
athy, it has only limited relevance to tracking the decline in 
function associated with renovascular disease. Cases have been 
observed in which slope has changed from negative to zero 
with complete occlusion of one renal artery, a change that 
might wrongly have been attributed to a benefi t of “successful” 
stenting as proposed by some interventional guidelines.22 Pre-
sumably, improved function of the other kidney must have 
offset loss of negligible function in the thrombosed kidney.

In the instance of RAS to the entire renal mass, however, 
progressive loss of blood supply does threaten renal function 
overall, making renal failure and circulatory congestion, or 
“fl ash” pulmonary edema, genuine concerns.23 Understanding 
the true magnitude of progression risk for the individual pa-
tient is crucial to identifying the risk-benefi t ratio regarding 
angioplasty and stenting. It is likely that current levels of disease 
progression will continue to fall. This may refl ect more intense 
efforts at BP control, smoking cessation, and lipid lowering.

DIAGNOSTIC CONSIDERATIONS 
IN RENAL ARTERY DISEASE

Physicians in the United States are encouraged to obtain basic 
information regarding kidney function and cardiovascular 
risk and to follow recommendations of the Joint National 
Commission (JNC) to minimize testing and focus on BP re-
duction.24 With the widespread application of effective anti-
hypertensive medications, including agents that interrupt the 
renin-angiotensin system, such as angiotensin-converting en-
zyme (ACE) inhibitors and angiotensin receptor blockers 
(ARBs), many individuals with RAS are treated effectively and 
are never detected (see Chapter 48 and Chapter 52 regarding 
recommendations for medical therapy). Thus, many patients 
considered candidates for renal revascularization have been 
treated for hypertension for a long time. Consideration for 
revascularization often begins as they develop recognizable 
syndromes of progressive renovascular disease, as summa-
rized in Box 58-1. Most of these include a combination of 

resistance to antihypertensive therapy and deterioration of 
renal function. Often, these signal more severe stenoses or the 
development of bilateral disease.

Diagnostic studies now focus primarily on establishing 
whether high-grade RAS is present, whether it affects both 
kidneys or the entire functioning renal mass, and whether it is 
amenable to endovascular repair or is associated with more 
widespread aortic disease, such as an abdominal aortic aneu-
rysm. Biochemical studies to determine renin release or later-
alization are less commonly performed. In many centers, an-
giography is reserved until these issues are resolved, with the 
intention of undertaking endovascular repair at the same sit-
ting if needed. As a result, most individuals undergo some 
form of vascular staging, which may consist of Doppler ultra-
sonography, captopril renography, and magnetic resonance 
angiography (MRA) or computed tomographic angiography 
(CTA). The last two now produce excellent images, including 
localization of the site of lesions and associated aortic disease 
(Fig. 58-4). CTA has the disadvantage of requiring iodinated 
contrast and carries a risk of contrast nephrotoxicity, particu-
larly in patients with preexisting impairment of kidney func-
tion or diabetes.25 Although gadolinium contrast carries little 
or no nephrotoxic risk at the doses used for MRA, recent re-
ports of nephrogenic systemic fi brosis have led the U.S. Food 
and Drug Administration (FDA) to express concern that 
gadolinium-based contrast may be a contributory factor. This 
rare condition, a disabling fi brotic process that restricts move-
ment of skin, joints, and muscles,26 has been reported to date 
only in patients with reduced GFR (�30 mL/min/1.73 m2), 

Figure 58-4 Magnetic resonance angiogram in an 81-year-
old woman with deteriorating renal function and accelerated 
hypertension. This study illustrates extensive aortic disease 
associated with high-grade stenoses of both renal arteries 
and a delayed nephrogram in the left kidney. Although these 
images can be obtained with little risk of nephrotoxicity, re-
cent concerns about the potential for gadolinium-based con-
trast to produce nephrogenic systemic fi brosis limit its use 
to subjects with estimated glomerular fi ltration rate above 
30 mL/min/1.73 m2 (see text).
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often in those with hepatorenal syndrome in and around the 
period of liver transplantation. Until now, no treatment for 
nephrogenic systemic fi brosis has proven effective; it appears 
to be irreversible. The FDA has offered an “alert” regarding the 
need to limit procedures in patients with estimated GFR 
(eGFR) less than 30 mL/min, attempt to avoid them in pa-
tients with eGFR less than 15 mL/min, and inform patients of 
the potential risks. There is a pressing need to improve alter-
native methods for imaging the renal vasculature in patients 
with reduced GFR.

Predictors of a favorable response to renal revasculariza-
tion remain elusive. Recent progression of hypertension de-
spite therapy or recent loss of GFR remain among the most 
valuable features. Some authors argue that demonstration of 
elevated resistive index on Doppler ultrasonography portends 
intrinsic fi brosis and small-vessel disease in the kidney that 
will not improve after stenting.27 Other reports challenge this 
observation.28,29

RENAL ANGIOPLASTY AND STENTING

Goals of Renal Angioplasty and Stenting
The goals of correcting RAS include improving BP and pre-
serving renal function. These goals for clinical success differ 
from the goal of technical success, restoring vessel patency.

Angioplasty alone for fi bromuscular disease can open the 
renal arteries with excellent results.30 This disease often affects 
the midportion segments of the renal artery and may com-
prise “webs” with partial obstructive effects in series. Individ-
uals with fi bromuscular disease often have normal kidney 
function and may derive more clinical benefi t than patients 
with parenchymal renal disease. Occasionally, fi bromuscular 
disease and atherosclerosis may coexist and must be addressed 
separately in the same patient.

Atherosclerosis commonly affects the proximal portion of 
the renal artery, particularly at the ostium. It may represent 
extension of an aortic plaque into the renal artery. Such le-
sions typically do not respond well to balloon angioplasty 
alone and tend to recoil immediately after dilation. For that 
reason, stents have been employed to maintain vessel patency 
for ostial lesions. Randomized, prospective studies indicate 
that stents unquestionably improve primary patency rates for 
ostial renal artery stenoses.31 Although in the United States 
stents are approved by the FDA for use in the renal arteries 
only for failed angioplasty, interventional radiologists and 
cardiologists now commonly employ them for “primary” 
stenting of atherosclerotic lesions.

The role of distal embolic protection devices in the renal 
artery is unclear. Although these devices are approved for use 
in specifi c coronary artery procedures and are commonly 
used in carotid stenting, the anatomy of the renal arteries dif-
fers in some respects from those vessels. Whereas atheroem-
boli represent a major concern for the success of renal artery 
stenting, experimental studies indicate that embolic phenom-
ena can occur at any stage of the procedure, including the 
initial passage of the guidewire, infl ation of the balloon, and 
expansion of the stent. Clinical studies indicate that embolic 
phenomena can develop in subsequent days or weeks. Initial 
reports indicate that embolic protection devices can, in fact, 
capture embolic debris, but whether they improve long-term 

results is not yet known. Initial experience in CORAL using a 
protection device led to enough adverse events that its use was 
discontinued.

Techniques of Renal Angioplasty 
and Stenting
Renal arteriography with angioplasty and stent placement 
should be performed in a peripheral vascular suite with digi-
tal subtraction capability by an individual who is properly 
trained and skilled in percutaneous vascular intervention. In 
general, these procedures are done under conscious intrave-
nous sedation from a transfemoral approach. For patients 
with chronic renal insuffi ciency, especially those who are dia-
betic, an alternative to iodinated contrast material for arteri-
ography should be considered. Although image quality may 
not be as good, carbon dioxide or gadolinium provide suffi -
cient enhancement for diagnostic imaging and intervention 
and lack the nephrotoxicity of iodine. However, as noted 
above, the potential for gadolinium to predispose to nephro-
genic systemic fi brosis favors avoiding this agent when the 
eGFR is lower than 30 mL/min/1.73 ml2.

The tools for endovascular therapy have improved.32 Equip-
ment manufacturers now provide a wide variety of smaller 
catheters (commonly 0.014 mm) and an array of low-profi le 
systems. The interventionist can now safely open even the most 
severely stenosed renal artery arising from a tortuous, ulcer-
ated aorta. Digital imaging systems with high-quality fl uoros-
copy, excellent image acquisition, and accurate stenosis assess-
ment programs provide physicians maximum fl exibility in 
treating patients with atheromatous disease in all vascular 
beds. The proliferation of these systems in cardiology catheter-
ization laboratories, radiology angiography suites, and surgical 
operating rooms testifi es to the broad acceptance of endovas-
cular therapy for occlusive arterial disease by both the public 
and the majority of practitioners.

Patients with fi bromuscular dysplasia are treated with 
balloon angioplasty alone. Atheromatous disease is now 
treated almost universally with balloon-expandable stents. 
Prestent placement planning has been simplifi ed by the 
three-dimensional angiographic images generated via CTA 
and MRA. It is now common in most experienced centers to 
have such studies available before catheterization as part of 
a thorough workup to determine eligibility and suitability 
for invasive treatment.

Femoral access for stent placement is preferred for most 
patients. Some patients with severe inferior angled renal arteries 
may be better approached from the brachial artery. If a patient 
has adequate prior imaging of the aorta, it is not necessary to do 
an aortic fl ush. Direct baseline imaging of the renal artery is 
performed with a guide catheter chosen to fi t the anatomy. The 
image intensifi er is angled to produce a tangential view of the 
origin of the renal artery from the aorta. Confi rming the degree 
of stenosis with imaging software is recommended, because 
simple visual estimates (the “eyeball” technique) overestimate 
the severity.32 Intravenous heparin is administered to achieve 
an activated clotting time of  225 to 300 seconds. Using a 0.014-
mm wire, the stenosis is crossed and the wire advanced only as 
far as needed to gain purchase for catheter manipulation. If 
fi lter wire protection is desired, the wire can be positioned 
at this time. Some practitioners measure pressure gradients 
routinely as well, a practice recommended for borderline 
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lesions. In general, a 20 mm Hg systolic or 10 mm Hg mean 
gradient is considered signifi cant.32 Most lesions do not require 
predilatation when using low-profi le, premounted stents. The 
stent should be sized so that it completely covers the lesion and 
extends slightly into the abdominal aorta. The diameter should 
be such that the stent does not overexpand the natural diameter 
of the vessel. The balloon-mounted stent should be positioned 
across the lesion and checked with small contrast injections to 
allow for adjustment. Balloon expansion is done slowly while 
holding the system steady. The stent is allowed to “dog bone” 
slightly and can be adjusted for optimal positioning. Slow, 
gradual balloon infl ation with a steady hand on the guide cath-
eter, balloon, and wire can avoid movement of the stent during 
deployment.

After stent placement, careful imaging is important to con-
fi rm stent position and expansion and to identify renal artery 
branches. A nephrogram should be visualized. This step al-
lows one to determine if additional stent expansion is needed. 
Documenting preservation of renal parenchyma or identify-
ing embolic complications or peripheral branch dissections is 
helpful for immediate postprocedure management.

The presence of multiple renal arteries can complicate 
therapy. These arteries tend to be smaller caliber vessels that 
can originate from awkward locations. The likelihood of 
restenosis or technical failure is greater in smaller vessels.33

It is our opinion that stenting arteries smaller than 4 mm in 
diameter should be avoided. Early renal artery bifurcations 
also can pose a technical challenge. They may require mul-
tiple stents with coordinated junctions (kissing stents). In 
patients with diffi cult anatomy, having two interventional 
operators with experience working together has proven to 
be useful.

After stent placement, patients are placed on an antiplatelet 
regimen (usually clopidogrel) for 6 to 8 weeks and evaluated 
with Doppler ultrasonography. Because renal artery stent re-
stenosis is common, careful follow-up is needed to allow for 
timely re-intervention if in-stent hyperplasia occurs.

Embolic Protection Devices

The effect of renal artery stent placement on renal function 
remains ambiguous, in part because no randomized, prospec-
tive studies compare medical therapy directly with stent place-
ment. Perhaps just as important, observational cohort studies 
from patients with reduced GFR indicate that renal function 
after stent placement sometimes improves (�25%), some-
times remains stable (no clinically important change, �50%), 
but sometimes worsens (18%–24%).34,35 For some of those 
patients with functional deterioration, local and systemic em-
bolization play a role. In patients with low functional reserve, 
even small amounts of microembolic particles may cause fur-
ther losses in glomerular fi ltration. Investigators have explored 
the renal artery application of fi ltration devices designed for 
coronary and cerebral vascular procedures.

Walker and associates reported that particles as large as 
3 mm in diameter could be aspirated from guide catheters 
placed into renal arteries during intervention.36 Angiogra-
phers have observed atheromatous debris welling out of a 
backbleeding catheter hub in patients with advanced athero-
sclerosis. Hiramoto and colleagues reported that manipulat-
ing a 0.018-mm guidewire across an ex vivo aortorenal ath-
eroma could release thousands of tiny particles and that stent 
expansion was associated with further embolic particle 

release.37 It is likely that nearly any vascular manipulation 
releases some embolic debris. Remarkably, overt clinical 
manifestations remain uncommon.

Although distal microembolization during renal artery 
stent placement undoubtedly occurs, its true prevalence is 
not known. Many patients appear to have suffi cient renal 
functional reserve to mask the effect of microembolization. 
For those with preexisting renal insuffi ciency, the clinical ef-
fects of atheroemboli can be signifi cant. In a prospective se-
ries of 95 cases with acute renal failure developing from ath-
eroemboli, 37% of patients required dialysis, 24% progressed 
to ESRD, and mortality was 38%.38 Krishnamurthi and col-
leagues reported a decreased 5-year survival in patients with 
renal biopsy-proven atheroembolus (54%) as opposed to 
those without (85%) after open renal revascularization.39

There is no treatment for atheroembolism. Prevention is the 
only solution.

Currently available embolic protection devices are basically 
either balloon occluders or fi lters. A device developed for renal 
intervention (Angiogard, Cordis Corp, Warren, N.J.) was used 
in the CORAL trial, but its use was discontinued. Operator 
experience indicated many limitations, and it was considered 
uneconomical. Because of the variability of renal artery anat-
omy, not all cases will be suitable for embolic protection de-
vice use. Our experience is that effective use of these devices 
requires experience because improper use can result in sig-
nifi cant complications.

Few published reports examine renal protection devices. 
Holden and associates achieved improved or stabilized renal 
function in 95% of 37 patients with renal insuffi ciency using 
the Angioguard device.40 Embolic debris was demonstrated 
in 65% of cases. Henry and colleagues reported results in 105 
poorly controlled hypertensive patients in which they used 
both balloon occlusion and fi lter types of protection devices 
during stent placement41; 39 of these patients had a serum 
creatinine of 1.5 mg/dL or greater. Particulate debris was 
captured in more than 80% of cases. At 6 months, only 1 of 
91 patients who had moderate renal insuffi ciency had a dete-
rioration in renal function, whereas 21 with renal insuffi -
ciency had improved renal function and 69 patients had sta-
ble function. At 2 years (75 patients), only 2 patients had 
deteriorations in renal function (3%). These results suggest a 
signifi cant benefi t to using a renal protection device as op-
posed to stenting without protection, based on historical 
comparisons.

Conversely, Cooper and colleagues reported their experi-
ence to the 2007 American College of Cardiology Innova-
tion in Intervention Summit on a multicenter trial in which 
100 patients undergoing renal artery stent placement were 
randomized to the use of an Angioguard device or double-
blinded use of a glycoprotein IIb/IIIa inhibitor (abciximab) 
in a 2�2 factorial design (C. Cooper, personal communica-
tion). There was no benefi t to renal function in the patients 
treated with the fi lter alone. Only patients who had both 
fi lter wire use and received abciximab had any improvement 
in renal function after stent placement.

Although distal protection during stent placement seems 
reasonable, much more work needs to be done. Optimal pa-
tient selection needs to be defi ned. Randomized trials are es-
sential. An easily deployed device designed specifi cally for the 
renal arteries is required before this technology can be estab-
lished for renal artery revascularization.
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Outcomes of Renal Artery Angioplasty 
and Stenting

Endovascular procedures are evaluated by considering the 
benefi ts on BP control and renal function in comparison with 
complications.

Fibromuscular Disease

“Technical success” exceeds 90% in fi bromuscular disease 
(Fig. 58-5). These lesions are made more complicated if they 
extend into segmental branches. Occasionally fi bromuscular 
disease is associated with aneurysmal dilation, which does not 
benefi t from angioplasty. Dilation of dysplastic webs occa-
sionally leads to arterial dissection or occlusion of the small 
segmental vessels.

Blood Pressure Outcomes
Clinical effectiveness of intervention for fi bromuscular disease 
is high. Some patients need no further antihypertensive medi-
cations (Table 58-1),8,42,43 and many others are considered 

“improved.” As a result, many authors consider balloon angio-
plasty as standard therapy for fi bromuscular disease. As noted 
by Aurell and Jensen, Ramsay and Waller,42,44 and others, re-
ported response rates to percutaneous transluminal renal an-
gioplasty (PTRA) differ widely between studies and between 
different time periods. This may be the case for several reasons 
that are worth emphasizing:

 1. Target BP levels are changing, generally to lower levels. 
Earlier studies used criteria of achieved BPs lower than 
160/95 mm Hg, or simply diastolic pressure lower than 
90 mm Hg, whereas more recent targets seek to achieve BP 
levels lower than 140/90 mm Hg. Consequently, fewer pa-
tients remain medication-free or are considered “cured.”

 2. Standards for measuring BP and administering antihy-
pertensive therapy are highly variable. Therefore, inter-
pretation of “benefi t” is inconsistent.

 3. Patient selection varies among studies, including such 
factors as duration of hypertension and urgency of 
intervention.

A B

Figure 58-5 A, Focal fi bromuscular disease in the midportion of the right renal artery in a 42-year-old female. Note that dis-
tal vessels are well preserved with normal renal function but severe hypertension. B, This lesion was dilated successfully using 
percutaneous transluminal renal angioplasty with an excellent technical result and clinical outcome.
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Renal Function Outcomes
Most patients with isolated fi bromuscular disease have nor-
mal renal function. Medial fi broplasia is the most common 
variant of fi bromuscular disease and rarely progresses to renal 
insuffi ciency. Hence, there is little justifi cation for undertak-
ing balloon dilation of these lesions for preservation of renal 
function alone.

Atherosclerotic Disease

The results of PTRA with or without stents for atherosclerosis 
are more ambiguous and merit close consideration. A recent 
review of the fi eld commissioned by the U.S. Agency for 
Healthcare Research and Quality (AHRQ) concluded that “. . . 
the evidence is not suffi ciently robust to determine the com-
parative effectiveness of angioplasty (with or without stent-
ing) and medical treatment alone. . .”6

Blood Pressure Outcomes
Many reports are limited to retrospective observations of BP 
before and at intervals after a procedure, without standardiza-
tion of conditions or antihypertensive therapy. Several sum-
maries have been published comprising more than 1000 peo-
ple subjected to PTRA and stenting. Some of these are 
summarized in Tables 58-2A and B. Lack of standard medical 
therapy has led to reports of reduced “number of medica-
tions” with little regard for differences between medication 
regimens. This point deserves emphasis because three pro-
spective, randomized controlled trials comparing medical 
therapy of atherosclerotic renal artery disease with PTRA, in 
which therapy and BP measurement were standardized, found 
only minor BP benefi ts from PTRA (Table 58-3).45–47 These 

Table 58-2A Outcomes of PTRA and Stenting

ATHEROSCLEROTIC 
DISEASE

Blood 
Pressure “Cured” Improved Failed

Stent
(N � 678)

20% 49% 31%

PTRA
(N � 644)

10% 53% 37%

Renal 
Function “Improved” Stable Worse

Stent
(N � 678)

30% 38% 32%

PTRA
(N � 674)

38% 49% 21%

Surgery 
(N � 733)

25%–30% 45%–50% 20%–25%

Summary of published outcomes of PTRA (angioplasty) and stenting 
for atherosclerotic renal artery stenosis. Interpretation of these re-
ports must be considered in the context of highly variable defi nitions 
of “cure” and “improved” blood pressure responses, which lead to 
high variability between reports42–44 (see text). Results in patients 
with atherosclerotic disease generally are worse than in those with 
fi bromuscular disease. The results with PTRA and stents are adapted 
from a recent “meta-analysis” of published series.56

studies were small and limited by patient selection, but they 
underscore the effectiveness of current drug regimens and the 
relative infrequency of “cure” in patients with atherosclerosis. 
They excluded many patients with progressive renal dysfunc-
tion, accelerated hypertensive disease, or recent cardiovascular 
events.

The DRASTIC study (Dutch RAS Intervention Coopera-
tive Study Group) included 106 patients with relatively resis-
tant hypertension, randomized to either medical therapy or 
PTRA. The lack of difference in BP after 1 year between pa-
tients treated with PTRA and those treated medically led the 
authors to conclude that “angioplasty has little advantage over 
antihypertensive drug therapy.”47 This study was analyzed 
under “intention to treat” statistical rules, in which 22/50 pa-
tients assigned to medical therapy (44%) crossed over to the 
PTRA arm due to uncontrolled BP at 3 months. Some might 
argue that this group provides compelling evidence of medical 
treatment failures and the benefi t of the renal revasculariza-
tion for such individuals.

The ambiguity of these recent studies highlights changes in 
medical practice. In the era before potent antihypertensives, 
renovascular hypertension commonly presented as refractory 
to treatment, with accelerated or malignant-phase manifesta-
tions. Reports from emergency departments suggested that 
nearly 30% of hypertensive emergencies in white people were 
derived from individuals with renovascular hypertension. 
Some of these were refractory to therapy with the agents then 
available; the patients suffered recurrent episodes of malig-
nant hypertension, sometimes requiring bilateral nephrec-
tomy as a lifesaving measure.48 With the introduction of more 
effective and tolerable antihypertensive regimens, particularly 
those capable of blocking activation of the renin-angiotensin 
system, an inability to control BP is a far less frequent motiva-
tion for renal revascularization. What must be considered in 
each case is whether the limits of antihypertensive therapy 
have been reached and whether progressive occlusive disease 
poses a hazard for the individual patient.

Renal Function Outcomes
Some authors argue that the primary motivation for renal 
revascularization is now “preservation of renal function.”49

This premise is based on the potential for progressive loss of 
renal function beyond critical levels of RAS and the possibility 
of restoring blood fl ow with effective procedures. Dramatic 
proof of this concept is available from case studies of indi-
vidual patients with advanced renal insuffi ciency regaining 
viable kidney function after successful PTRA or surgery.50,51 In 
some instances, this has meant that they no longer require 
dialysis therapy. Few experiences are more rewarding to ne-
phrologists. Even when advanced renal dysfunction is not 
present, it is sometimes prudent to revascularize the kidney to 
protect it from future progressive vascular occlusion. An ex-
ample of this is illustrated in Figures 58-6 and 58-7.

However, this argument is tempered by review of renal 
functional outcomes in several recent series, summarized in 
Table 58-1. Remarkably, group mean measures of renal func-
tion, as refl ected by serum creatinine levels, are rarely changed 
by renal revascularization, with either surgery or PTRA. 
However, mean values obscure several distinctly different 
outcomes.34 Some patients experience major improvements 
in renal function (20%–25%). Most have no detectable 
change in function (50%). Unfortunately, the fi rst group is 
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Table 58-3 Three Randomized, Prospective Studies Comparing Medical Therapy and PTRA (with and without Stents)

Study Number of Subjects Features Outcome

Webster et al45 N � 55
Unilateral � 27

Run-in medical therapy No difference in BP, renal function, 
survival

?Crossover?

Plouin et al46 N � 49
All unilateral

Multicenter
Ambulatory BP monitoring at 6 months
No ACE inhibitors

No difference in BP
Slightly fewer meds in PTRA 

group, more complications
Crossover in medical therapy: 

7/26 (27%)

Van Jaarsveld47 N � 106 Multicenter, offi ce and automated BP 
measurement, lateralization studies 
(scan, renal vein renin)

No difference in BP at 12 mos
Crossover in medical therapy: 

22/50

Summary of three recent prospective, randomized, controlled trials comparing medical therapy to PTRA in atherosclerotic RAS. These series 
were limited to selected groups of patients, but had the benefi t of careful prospective use of antihypertensive medications, standardized BP 
measurement, and defi nitions of outcomes. The results of these trials are less dramatic than those of observational reports.45–47

ACE, angiotensin-converting enzyme; BP, blood pressure; PTRA, percutaneous transluminal renal angioplasty.

Table 58-2B Effects of Renal Artery Revascularization versus Medical Treatment Alone on Clinical Outcomes

STUDIES (PARTICIPANTS), N

Outcomes
Strength 
of Evidence

Randomized 
Trials

Other Comparative 
Studies Cohort Studies Conclusion

Death Weak 1 (55) 4 (381) 30 (4646) No large difference in mortality up to 
about 5 yr between revascularization 
and medical treatment.

Kidney
function

Acceptable 2 (103) 7 (428) 34 (4916) No substantial difference in kidney func-
tion; improvements were reported in 
cohort studies only among patients 
receiving revascularization.

Blood
pressure

Acceptable 2 (103) 8 (597) 34 (4275) Some evidence that blood pressure may 
be lowered more after angioplasty 
than with medical treatment alone, 
particularly among patients with bilat-
eral disease (range, no difference to 
26/10 mm Hg lower after angio-
plasty); cure of hypertension was 
reported in cohort studies only among 
patients receiving revascularization.

Cardiovascu-
lar events

Weak 1 (55) 1 (52) 3 (560) No large differences found in compara-
tive studies up to about 4 yr.

Adverse
events

Weak 2 (103) 4 (323) 31 (4906) Evidence does not support meaningful 
conclusions about relative adverse 
events or complications from angio-
plasty compared with medical 
treatment.

Summary of randomized trials, comparative studies, and observational cohort studies with more than 5000 patients reviewed as part of an 
Agency for Healthcare Research and Quality (AHRQ) report on comparative effectiveness strategies for renal artery stenosis.6
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Figure 58-7 A, Bilateral ostial atherosclerotic disease in a 
63-year-old male fi rst detected incidentally, then later associ-
ated with accelerated hypertension. B, Post-stent fi lms indicate 
excellent vessel patency despite their proximal location, which 
would previously have made them unlikely to remain patent 
after percutaneous transluminal renal angioplasty alone.
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Figure 58-6 Blood pressure and serum creatinine levels in a 
patient with bilateral renal artery stenosis treated with percuta-
neous transluminal renal angioplasty. Blood pressure control 
improved during more than 5 years of follow-up, although 
medication was still required, including an angiotensin-
converting enzyme inhibitor. Most importantly, far advanced 
renal dysfunction (serum creatinine above 6 mg/dL) improved, 
avoiding need for renal replacement therapy. Although not 
uniformly observed, such cases establish the concept that 
angioplasty and stenting can provide major clinical benefi ts in 
selected cases. (Adapted from Textor SC, Wilcox CS: Ischemic 
nephropathy/azotemic renovascular disease. Semin Nephrol 
2000;20:489–502.)

offset by a substantial fraction (15%–22%) who rapidly lose 
renal function.

Results in the latter group remain the Achilles heel of gen-
eral application of renal revascularization, whether achieved 
by endovascular stenting or surgery. Nearly one in fi ve sub-
jects with advanced chronic kidney disease will lose additional 
renal function, sometimes drastically, as a result of the proce-
dure. The precise reasons for this are not well understood. It is 
agreed that atheroemboli commonly develop within the renal 
parenchyma, sometimes producing irreversible renal injury.52

Importantly, adverse renal outcomes may only unfold days or 
weeks after the procedure. Patients who follow this course 

have a far worse prognosis for renal and patient survival.38,53

Hence, the clinician must weigh the potential hazards of an 
adverse outcome of renal revascularization against the true 
potential for disease progression or adverse events from un-
controlled hypertension.

It has been diffi cult to predict who will gain from renal 
revascularization procedures. Greatly advanced renal dys-
function (serum creatinine � 3 mg/dL) is an adverse sign, 
as are small kidneys (�7 cm in length). Recent studies using 
Doppler “resistive index” suggest that high vascular resis-
tance within the poststenotic kidney is an adverse sign.27

The duration and rapidity of onset of renal dysfunction 
appear to be relevant, although these are diffi cult to quan-
tify. Some individuals appear to have preserved renal paren-
chyma via capsular arteries and have been successfully 
restored to viable renal function after years on dialysis, 
although this is rare.

Complications of Angioplasty 
and Stenting
Procedure-related complications from PTRA with stenting 
(PTRA-S) are common, usually clinically insignifi cant, and di-
rectly proportional to the experience and skill of the operator.54

Complications include events related to catheter insertion and 
aortoiliac manipulation, guidewire and catheter negotiation of 
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the renal artery and branches, balloon angioplasty and stent 
placement itself, and adverse effects of contrast material on re-
nal function (Box 58-2).

Groin hematoma after renal PTRA-S occurs in at least 20% 
of patients. False aneurysms of the common femoral artery 
occur far less frequently and are now readily treated with ul-
trasound compression or thrombin injection. More serious is 
cholesterol or atheromatous embolization of either the lower 
extremities or kidneys, which can occur in as many as 10% of 
patients.55 This can lead to a permanent reduction in renal 
function or even death.

Review of data from the Mayo Clinic in Rochester, Minn., 
during a 3-year period (1997–2000) indicates an overall ma-
jor complication rate of 7.5% per attempted procedure in 
140 consecutive patients. No deaths were directly attributable 
to PTRA-S. Complications included renal artery rupture in 
2%, partial kidney infarction in 2.7%, transient or permanent 
elevation of serum creatinine of 20% or more in 9.5%, 
procedure-induced requirement of hemodialysis in 2.7%, 
and blood transfusion in 2.7%.

As serious as these complications were, it is noteworthy 
that none of these patients required open surgical rescue. 
Stents allowed endovascular treatment of renal artery rupture 
or wire perforation and renal artery dissection. Renal artery 
stent placement is probably safer than balloon angioplasty 
alone. These data are supported by observations from a meta-
analysis comparing 678 patients after renal artery stent place-
ment and 644 patients treated with PTRA alone. The authors 
concluded that technical success, vessel patency, and restenosis 
were improved by the use of stents. Remarkably, clinical out-
comes in the short term (6–15 months) were no different be-
tween the PTRA-S and PTRA groups.56

Restenosis

Although implantable metallic stents have expanded the popula-
tion of patients eligible for PTRA or PTRA-S intervention, reste-
nosis rates remain substantial (Fig. 58-8). A meta-analysis of 
14 published series reporting on a total of 678 patients revealed 

an angiographically proven restenosis rate of 17% (range, 0%–
39%) during a follow-up period of 6 to 29 months.56 Restenosis 
is related to renal artery size. Henry and colleagues57 reported 
restenosis in 17.6% of stents 5 mm in diameter or less, whereas 
those 6 mm or larger had a 10.2% rate. This should limit the use 
of these devices in patients with multiple small renal arteries or 
severely atrophic kidneys. Studies of coated stents in the renal 
arteries have been disappointing,58 further tempering the enthu-
siasm for stent placement in “incidental” lesions of marginal 
clinical signifi cance, in which the probability of requiring 
reintervention for restenosis may exceed the probability of pro-
gressive disease needing intervention at all.17

Periodic Doppler ultrasonography is useful to evaluate in-
stent stenosis.59 The decision to redilate should be based on 
the clinical response to the initial intervention. Secondary 
patency rates are well over 85% and usually do not require 
additional stent placement. However, the costs of additional 
intervention are not trivial.

Selection of Patients for Percutaneous Transluminal 
Renal Angioplasty and Stenting

Selection for endovascular renal revascularization involves a 
considered judgment of risks and benefi ts for each patient. 
With current medical regimens using effective antihyperten-
sive drugs and intensive measures to reduce cardiovascular 
risk, many individuals with RAS can be managed indefi nitely 
without renal revascularization. There is suffi cient ambiguity 

Most Common
Groin hematoma
Contrast toxicity
Renal artery dissection
Segmental infarction/thrombosis

Most Severe
Cholesterol embolism
Cerebral hemorrhage
Bowel infarction

Vascular Events
Iliac artery dissection
Aortic dissection
Peripheral atheroemboli

Miscellaneous
Sepsis
Stent migration
Perinephric hematoma

Box 58-2 Complications of percutaneous transluminal renal 
angioplasty and stenting

R

Figure 58-8 Angiogram demonstrating development of re-
stenosis within an endovascular stent and development of a 
stenotic lesion at the distal portion of the stent. The latter 
may relate to movement of the kidney relative to a fi xed 
stent. Such lesions may account for worsening hypertension 
and declining renal function and require repeat intervention. 
Rates of restenosis currently appear to be in the 14% to 20% 
range within the fi rst year.
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as to the benefi ts of vascular intervention that several ran-
domized, prospective trials (including CORAL, ASTRAL, 
NITER, and STAR) are in progress to better defi ne these is-
sues. The current issues are summarized in recent debates in 
the cardiology literature and position papers from nephrolo-
gists.60–63 Until results from such trials are available, clinicians 
will continue to apply their best judgment to individual 
cases.

Several points merit re-emphasis in this regard: Patients 
with unilateral renovascular disease with reasonable BP con-
trol and stable kidney function may gain little from vascular 
procedures; most will continue to need antihypertensive ther-

apy. Every effort should be directed to medical management, 
including limiting atherosclerosis by statins and providing 
meticulous control of BP and other risk factors, including ces-
sation of smoking.

Patients with bilateral disease (or stenosis to a solitary func-
tioning kidney) face particular risks for both deterioration of 
renal function and unsatisfactory BP control with medical 
management alone.17 Studies that most consistently indicate 
benefi ts to renal function after endovascular stenting are lim-
ited to patients with stenosis affecting the entire functioning 
renal mass.64 Although many individuals with bilateral disease 
can be managed without clinical evidence of progression, they 

Management of Renovascular Hypertension and Ischemic Nephropathy

Hypertension ± Reduced GFR

Initiate Therapy: Antihypertensive Medications
          Lifestyle, risk factor, and 
            dyslipidemia management

Suspicion of Renovascular Disease
        ? Age, associated vascular disease
        ? Diminishing GFR/proteinuria
        ? Clinical features/abrupt onset (see text)

Low

Low

High

Stable renal function 
Excellent blood pressure

Noninvasive Imaging: RAS present
  ? Cormorbid disease risk
? Indications for revascularization

     – Circulatory congestion
     – Deteriorating kidney function
           ACE inhibitor
           Advanced renal failure
    – Bilateral high-grade RAS
    – Solitary functioning kidney
    – Uncontrolled hypertension

High: 
Rx Failure

Optimize antihypertensive and medical therapy

Repeat assessment: 3–6 months
? Significant disease progression?

Progression

No

Renal Intervention
     PTRA/stent
     Surgical revascularization
     Nephrectomy (nonsalvageable 
          pressor kidney)

Stable renal function
Excellent blood pressure

Stable

Repeat assessment: 6–12 weeks
? Excellent blood pressure control
? Stable renal function

May need 
to repeat 
procedure

? Recheck for vessel patency
? Restenosis
? Technical failure
? Denovo/contralateral lesions
? Atheroemboli

Optimize antihypertensive and medical therapy

Figure 58-9 Algorithm for an 
approach to the management 
of patient with renal artery 
stenosis.
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may have more to gain from successful renal revascularization 
than other groups, although this has not been proven.

Many patients fall between these limits, with relatively sta-
ble BP and kidney function, but at risk for progressive disease 
and extensive comorbid risk factors. They merit close follow-
up and reconsideration based on demonstrated vascular pro-
gression. RAS is analogous to other vascular lesions, such as an 
abdominal aneurysm or carotid stenoses, both of which may 
exist for many years without posing a true hazard. Evidence of 
progression may be the critical determinant of who will gain 
the most from angioplasty or stenting in the kidney also.

SUMMARY

The endovascular techniques of angioplasty and stenting offer 
effective alternatives for restoring renal blood fl ow to a wide 
group of patients. Interventional procedures should be con-
sidered for patients with progressive hypertension or loss of 
renal parenchymal function due to renal artery lesions. There 
is a potential for recurrence (restenosis) and for serious ad-
verse effects, although these are not common. Clinicians must 
balance the potential for benefi t against the potential for ad-
verse effects. An algorithm for the approach to management is 
presented in Figure 58-9.
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Management of hypertension is a common challenge for 
physicians involved in the care of renal allograft recipients. 
Hypertension may appear at any time after engraftment, and 
ultimately affl icts 75% to 80% of patients in the current era of 
immunosuppressive therapy.1 Advances in therapeutics for 
transplantation patients have reduced graft loss due to rejec-
tion.2 Current recipients are older and have more comorbid 
disease. The most common cause of transplant failure is death 
with a functioning allograft, and the most common cause of 
death is cardiovascular disease. The risk of cardiovascular mor-
tality in transplant recipients greatly exceeds that of the general 
population.1 Clearly hypertension is a signifi cant risk factor for 
accelerated atherosclerosis and premature coronary disease, 
and the impact of hypertension and other variables on cardio-
vascular risk is exaggerated in transplant recipients.3,4 In addi-
tion, hypertension increases the risk of allograft failure and 
may accelerate deterioration of graft function.5,6 Thus, the 
primary objectives for management of posttransplant hyper-
tension include reducing cardiovascular morbidity and mor-
tality and preserving allograft function.

CLINICAL FEATURES

Whereas more than 90% of cases of hypertension in the general 
population are essential hypertension, most cases of post-
transplant hypertension have an evident cause. Although age, 
sex, and race predispose patients to essential hypertension, they 
do not signifi cantly infl uence development of post-transplant 
hypertension. The nature of a recipient’s original renal disease 
is of little importance. Posttransplant hypertension is usually 
mild to moderate in severity.7

In the past, hypertension was noted most frequently in re-
nal transplant recipients with retained native kidneys or with 
a cadaveric organ. However, under current immunosuppres-
sive protocols, the impact of calcineurin inhibitor therapy 
with cyclosporine or tacrolimus overrides the infl uence of 
other factors.8 Defi nable causes of posttransplant hyperten-
sion may be grouped conveniently as either intrinsic or extrin-
sic to the allograft (Box 59-1). Several pathogenic factors often 
coexist. Some causes are amenable to specifi c diagnosis and 

correction; others are relatively fi xed, needing long-term anti-
hypertensive therapy. Virtually all posttransplant hyperten-
sion is related to impaired renal allograft function.

APPROACH TO THE PATIENT 
WITH HYPERTENSION AFTER RENAL 
TRANSPLANTATION

The initial challenge is to identify correctable causes. Immedi-
ately after transplantation, delayed graft function (with so-
dium and volume excess) may be the main cause of elevated 
blood pressure (BP). Inadequately controlled postoperative 
pain may contribute. Thereafter, new or worsening hyperten-
sion may represent the onset of acute rejection. Alternatively, 
because plasma levels of cyclosporine and tacrolimus are usu-
ally kept highest during the early post-transplant period, a 
dose-dependent elevation in BP often results. Six months after 
transplant, acute rejection becomes less likely; in the recipient 
with de novo or worsening hypertension, other causes should 
be considered. These include toxicity from calcineurin inhibi-
tors, recurrent disease, chronic rejection, or transplant renal 
artery stenosis (TRAS). Finally, retained native kidneys may 
contribute to hypertension at any time.7

Initial studies should document allograft function (Fig. 59-1) 
with serum creatinine levels, 24-hour urinary protein excretion, 
and a reliable estimate of glomerular fi ltration rate (GFR) or 
renal plasma fl ow (RPF). Control of extracellular volume should 
be optimized. If allograft dysfunction is present, renal biopsy 
may distinguish specifi c causes.

Immunosuppressants play a major role in the pathogenesis 
of posttransplant hypertension. Thus, antirejection therapy 
may need reassessment. Calcineurin inhibitors (either cyclo-
sporine or tacrolimus) remain the cornerstone of current im-
munosuppressive regimens. Although recent data indicate that 
hypertension is slightly less common with tacrolimus, both 
agents are nephrotoxic and—particularly at high blood 
levels—elevate BP.9 The dose of cyclosporine or tacrolimus 
should be optimized. Excessive reduction of the dose to reduce 
BP may increase the risk of acute rejection. When given in com-
bination with cyclosporine, the immunosuppressant sirolimus 
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may potentiate hypertension, but independently it does not 
appear to cause high BP in transplant recipients.10 Although 
corticosteroids clearly contribute to hypertension, the infl uence 
of prednisone at a maintenance dose of 5 to 10 mg/day on BP 
seems minimal, and withdrawal of steroids remains controver-
sial.11 Azathioprine and mycophenolate mofetil seemingly have 
no adverse effect on BP.

Late onset of hypertension, particularly in a previously 
stable recipient, is suggestive of TRAS. Administration of an 
angiotensin-converting enzyme (ACE) inhibitor or an angio-
tensin receptor blocker (ARB) may help to screen for hemo-
dynamically signifi cant stenosis because a low dose of an ACE 
inhibitor often causes an immediate and marked decline in 
GFR in TRAS. Such patients often demonstrate TRAS at angi-
ography. Although radionuclide scanning and Doppler imag-
ing may be useful adjuncts, magnetic resonance angiography 
has greatly simplifi ed evaluation for TRAS. Use of conven-
tional angiography and its risks can now be limited to patients 
with a high chance of benefi ting from angioplasty or surgery.

Improvement in surgical experience and techniques has 
decreased the incidence of TRAS, which is now rarely seen but 
was once claimed to have an incidence of nearly 25%. Because 
TRAS can be treated and outcomes are excellent, the search 
for this now rare vascular complication should not be ne-
glected. The most obvious clues are refractory hypertension 
and increasing serum creatinine level. Recently investigators 
have pointed to a history of acute rejection or delayed graft 
function and cytomegalovirus infection as other important 
clues to consider.12,13 Although technical causes of TRAS have 
lessened, the incidence of stenosis of the aortoiliac segment 
proximal to the graft may be increasing with older transplant 
recipients. Such lesions can also be diagnosed via Doppler 
ultrasonography and respond well to intervention.14

Outcomes from various radiologic and surgical forms of 
treatment of TRAS are good, with lowering of BP and return 
of serum creatinine to baseline values. Restenosis is common 
after angioplasty, less frequent after stent placement, and much 
less frequent after surgical intervention, but the risk varies in 
reverse order and depends on the expertise of the center.

CALCINEURIN INHIBITORS 
AND HYPERTENSION

The introduction of the calcineurin inhibitors (CNIs) cyclo-
sporine and tacrolimus dramatically reduced acute rejection 
for transplant recipients. Long-term graft survival, free of 
rejection, became more common. However, both agents cause 
hypertension. Before the introduction of these agents, the 
incidence of posttransplant hypertension was approximately 
50%, but with these agents it is 90% or greater. It has been 
suggested that a lower incidence of hypertension is seen with 
tacrolimus than with cyclosporine. However, these reports 
are inconsistent; lower doses are now given, and different 
methods of monitoring BP are used. Moreover, the drug 
manufacturer sponsors many of the studies. For example, a 
recent large study comparison suggested that low-dose tacro-
limus resulted in better BP control than cyclosporine,15

whereas a large, controlled trial with cyclosporine C2 moni-
toring did not report differences in the incidence or severity 
of hypertension between the two agents.16 Although most 
transplant centers in the United States have switched from 
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Figure 59-1 Diagnosis and management of hypertension in the 
renal allograft recipient. ACEI, angiotensin-converting enzyme 
inhibitor; ARB, angiotensin receptor blocker; BP, blood pressure; 
CCB, calcium channel blocker; ECF, extracellular fl uid; GFR, glo-
merular fi ltration rate; JNC VI, Sixth Report of the Joint National 
Committee20; TRAS, transplant renal artery stenosis.

Intrinsic
Delayed graft function
Acute rejection
Chronic rejection
Cyclosporine nephropathy (chronic)
Recurrent primary renal disease

Extrinsic
Native kidneys
Immunosuppression

• Cyclosporine
• Tacrolimus
• Corticosteroids

Transplant renal artery stenosis
Hypercalcemia

Box 59-1 Causes of Posttransplant Hypertension
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cyclosporine to tacrolimus as their primary CNI, there 
does not seem to have been an improvement in either the 
incidence or prevalence of hypertension comparable to the 
50% seen before routine use of CNIs.

The mechanisms of CNI-induced hypertension have not 
been identifi ed with certainty. Sodium retention due to pre-
glomerular vasoconstriction, sympathetic nerve stimulation, 
and direct effects of CNI on arterial vessels have all been 
documented. Controlling hypertension in patients treated 
with a CNI is diffi cult. Patients remain on multiple drug 
therapy. Suggested methods of treatment include using cal-
cium channel blockers to reverse preglomerular vasoconstric-
tion,17 switching from cyclosporine to tacrolimus,18and mini-
mizing the dose or withdrawing CNIs altogether.19 The latter 
seems to have the best effect on CNI-induced hypertension 
but carries the risk of acute rejection.

MANAGEMENT

Normalization of BP (�140/90 mm Hg) has always been the 
goal of treatment for hypertensive transplant recipients with 
stable allograft function or those with chronic rejection. How-
ever, recent recommendations from the Joint National Commit-
tee (JNC)20 and the World Health Organization/International 
Society of Hypertension21 suggest a more aggressive target. A 
recent Task Force endorsed target BPs lower than 130/85 mm Hg 
for patients without proteinuria and 125/75 mm Hg for those 
excreting more than 1 g of urinary protein per day.1

Blood pressure may fl uctuate considerably in the transplant 
recipient because of use of varying doses of steroids and CNIs 
and changes in GFR, requiring vigilance by the physician and 
continuous reevaluation of treatment. Although the Sixth Re-
port of the JNC emphasizes the role of “lifestyle modifi cations” 
in treating hypertension (including smoking cessation, weight 
loss, limited sodium intake, and exercise), renal transplant 
recipients will generally require additional pharmacologic 
therapy to achieve adequate BP control.1,20

Calcium Channel Blockers
Calcium channel blockers (CCBs) effectively reduce BP in most 
patients. They attenuate both cyclosporine- and endothelin-
induced vasoconstriction.22 These agents can prevent the acute 
deterioration in RPF and GFR that may accompany elevated 
cyclosporine blood levels. Theoretically, their other benefi ts 
include enhancement of immunosuppression, prevention of 
delayed graft function, and improvement of GFR in cyclospo-
rine-treated allograft recipients.23

Currently available CCBs differ in their effects on the me-
tabolism of cyclosporine and tacrolimus, and on blood levels 
of the immunosuppressant sirolimus.10 Verapamil, diltiazem, 
and the dihydropyridine nicardipine reduce the hepatic me-
tabolism of cyclosporine, thereby increasing its blood level by 
40% to 50%. Although some investigators have found this 
interaction benefi cial, it clearly complicates immunosuppres-
sive management. Dosages of the CCB and of the immuno-
suppressant must be altered concurrently. Other investigators 
prefer nifedipine or isradipine, which have little effect on 
blood levels of cyclosporine or tacrolimus. Amlodipine has an 
intermediate effect on cyclosporine metabolism, and the dose 
does not usually need adjustment.24

Calcium channel blockers are generally well tolerated. 
However, they may cause peripheral edema and can exacer-
bate cyclosporine-induced gingival hyperplasia. A retrospec-
tive study reported an increased risk of cardiac mortality in 
renal transplant recipients receiving dihydropyridine CCBs.3

The implications of this observation remain unclear.

Angiotensin-Converting Enzyme Inhibitors 
and Angiotensin Receptor Blockers
Use of ACE inhibitors and ARBs to treat hypertension in 
transplant recipients is becoming increasingly common.25,26

These agents effectively reduce BP and exert a salutary 
impact on renal hemodynamics. However, their use in 
cyclosporine-treated patients has been associated with acute 
renal failure, hyperkalemia, and anemia. A theoretical basis 
for avoiding ACE inhibitors and ARBs in such patients is the 
physiologic similarity between TRAS and cyclosporine-
induced afferent arteriolar vasoconstriction. Because angio-
tensin II is critical for maintaining glomerular perfusion in 
both situations, inhibition of its effect in the postglomeru-
lar circulation might adversely affect GFR. Indeed, in a re-
cent crossover study comparing amlodipine with losartan, 
there was a similar effi cacy in BP reduction but an increase 
in GFR with amlodipine versus a slight (though not statisti-
cally signifi cant) decline with the ARB.25 However, only 
losartan signifi cantly reduced proteinuria and plasma levels 
of transforming growth factor-�1 (TGF-�1). These effects 
may be benefi cial in preserving renal function and reducing 
risk of cardiovascular disease.

Although therapy with these agents must be introduced cau-
tiously, paying close attention to renal function, potassium lev-
els, and blood counts, the vast majority of transplant recipients 
tolerate ACE inhibitors and ARBs quite well. In some of the 
10% to15% of patients who develop anemia while receiving 
these drugs, we have at times prescribed recombinant erythro-
poietin to continue what appears to be benefi cial therapy. Post-
transplant erythrocytosis, a late complication seen most often 
in stable recipients with well-functioning grafts, resolves with 
ACE inhibitor or ARB therapy in most patients.27

Diuretics
Diuretics are an important therapeutic option because of the 
volume expansion and salt sensitivity that often accompany 
post-transplant hypertension. Although salt restriction may 
pose less of a medical risk, it is rarely adequate to achieve or 
enhance BP control in this population. Diuretics are a useful 
adjunct for those who respond to a CCB or another vasodilator 
with suboptimal BP control or worsening edema. In this set-
ting, a loop diuretic (furosemide or bumetanide) may be re-
quired to achieve adequate natriuresis. Thiazides increase the 
risk of hyperuricemia and hypercalcemia but may also be ef-
fective. Given the predisposition of transplant recipients to 
hyperkalemia, there is little role for potassium-sparing agents.

Other Agents
There appear to be no distinct advantages or disadvantages 
associated with use of other antihypertensive agents (de-
scribed extensively elsewhere in Part XI: Management of Sec-
ondary Hypertension in this book.
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Refractory Posttransplant Hypertension

Transplant recipients with refractory hypertension, or those 
who require more than three drugs to normalize BP, should 
undergo evaluation for TRAS. When TRAS is demonstrated, it 
appears that surgical repair offers the best hope for both im-
mediate and long-term cures (92% and 82%, respectively). 
However, angioplasty may be successful in as many as three 
quarters of patients, with long-lasting remissions in 40% to 
50%. Most transplant physicians would thus offer angioplasty 
as a fi rst intervention, particularly for those patients with le-
sions removed from the vascular anastomosis. Proximal le-
sions or stenoses at the vascular anastomosis may more fre-
quently require surgical intervention.

When TRAS is excluded in the patient with well-preserved 
allograft function and no evidence of rejection, bilateral na-
tive kidney nephrectomy is an option for intractable hyper-
tension. In experienced hands this substantial operation can 
be performed safely and—for most patients—will improve 
control of posttransplant hypertension. Unfortunately, no 
diagnostic study accurately predicts who will benefi t from 
surgery. With the currently available medical therapies, native 
kidney nephrectomy is rarely indicated.
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Hypertension is an increasingly common cause of end-stage 
renal disease (ESRD).1 The prevalence of hypertension in-
creases with declining renal function. When renal disease 
reaches end-stage, approximately 80% to 90% of patients suf-
fer from signifi cant hypertension. Diseases that predomi-
nantly affect the renal interstitium may produce a salt-losing 
state, with normotension or even episodes of hypotension and 
hypovolemia, whereas the more common arterial and glo-
merular diseases almost invariably cause hypertension. In a 
meta-analysis by Thompson and Pickering,2 it was shown that 
ambulatory blood pressure monitoring (ABPM) for 44 hours 
and home blood pressure (BP) monitoring over a 1-week pe-
riod are superior to the routine method of intermittent mea-
surements of BP in the hemodialysis center in predicting 
end-organ damage and interdialytic BP control. Loss of the 
nocturnal decline in ABPM has been linked to left ventricular 
hypertrophy (LVH), adverse cardiovascular outcomes, and 
all-cause mortality in patients with ESRD.2

Blood pressure control usually improves after initiation of 
dialysis therapy. Nevertheless, more than 75% of people re-
ceiving outpatient hemodialysis are also receiving antihyper-
tensive drug therapy. Cheigh and colleagues3 reported ade-
quate control in only 15% of their patients monitored with 
ABPM over 48 hours despite widespread use of antihyperten-
sive agents. The U.S. Renal Data System (USRDS) analyzed 
predialysis BP data on 5369 patients; even with antihyperten-
sive therapy 63% of patients were hypertensive, which was 
classifi ed as mild in 27%, moderate in 25%, and severe in 
11%.4 Multivariate analysis showed that higher BP was associ-
ated with greater intradialytic weight gain, noncompliance 
with the dialysis regimen, and younger age. This last surpris-
ing fi nding perhaps refl ects the observation that patients with 
congestive heart failure (CHF) or coronary artery disease 
(CAD) are generally older and have low BP.

Dialysis patients are more prone to accelerated athero-
sclerosis, independent of comorbid conditions or age.5

Longitudinal observations in the general population have 
concluded that atherosclerosis is retarded by control of BP, 
which also appears to increase life expectancy. Cardiovascu-
lar disease and cerebrovascular disease are the major causes 
of mortality in the ESRD population. Among patients re-
ceiving hemodialysis or peritoneal dialysis, the rates of car-
diovascular disease (CVD) mortality are 3 to 20 times 
higher than in age-matched subjects. 5 CVD is the primary 
cause of mortality and morbidity in the ESRD population, 
and is present in as many as 50% to 60% of ESRD patients. 
Some 28% of hemodialysis patients die each year, and CVD 
accounts for 45% of this alarming mortality. LVH occurs in 
75%, CAD in 40%, and cardiac chamber dilation and CHF 
in 40% of dialysis patients. ESRD is associated with a 2- to 
10-fold increased risk of cardiovascular events.6 It is diffi -
cult to assess the importance of hypertension for CVD risk 
in ESRD. Remarkably, despite the very high prevalence of 
CVD and of hypertension in the dialysis population, the 
largest studies have shown an inverse relationship between 
BP and total cardiovascular death in these patients.7–9 Closer 
examination of the data provides some insight into this 
paradox. First, the overall relationship between relative risk 
and BP is U-shaped (Fig. 60-1).7,8 Patients with a predialysis 
systolic BP below 120 mm Hg (�10%) and the relatively 
few (�5%) who have dialysis-resistant, severe hypertension 
with a postdialysis systolic BP above 180 mm Hg both are at 
increased risk. However, there is no trend for increased risk 
among the many patients with moderate hypertension, or 
even among the 10% with severe predialysis hypertension. 
The sharply increased risk among those with low BP may 
relate to the high proportion of these patients who have 
CHF and CAD. Whereas in the general population CHF 
presents with fl uid overload, in the dialysis population these 
symptoms are managed by fl uid removal at dialysis. Conse-
quently, many dialysis patients with CHF are not recog-
nized, and their predominant fi nding is hypotension.
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During the fi rst 2 years of hemodialysis, low systolic BP is 
associated with a sharp increase in mortality.7 During more 
prolonged follow-up, increased mortality is apparent in those 
with a high systolic BP. This suggests that those with low BP are 
at risk for early death from CHF and CAD. If this group is ex-
cluded, and later deaths are examined, hypertension is seen to 
enhance cardiovascular death modestly. These results are prob-
ably infl uenced by the very high prevalence of prolonged hy-
pertension and atherosclerosis in this population before they 
begin receiving hemodialysis. This presumably contributes to 
the greatly increased risk of CVD in those receiving hemodi-
alysis even at a normal BP level. An analysis of 1053 patients on 
peritoneal dialysis from USRDS related systolic BP lower than 
111 mm Hg with higher all-cause and cardiovascular mortality 
and related systolic BP higher than 120 mm Hg with fewer 
hospital days during the mean follow-up of 2 years.10

As anticipated, cerebrovascular death is predicted by predi-
alysis hypertension.8 A Japanese study found that death from 
cerebral hemorrhage and the size of the intracerebral hema-
toma are positively related to BP in dialysis patients.11 This 
confi rms the very close association between incident BP and 
the occurrence and severity of cerebral hemorrhage in the 
general population.

No controlled interventional trials assess whether CVD is 
reduced by controlling hypertension in the hemodialysis pop-
ulation. Several lines of evidence from retrospective analyses 
support the benefi t of angiotensin-converting enzyme (ACE) 
inhibitors in ESRD patients.12,13 The FOSinopril In DIALysis 

(FOSIDIAL) study evaluated the effect of reducing BP by the 
ACE inhibitor fosinopril on cardiovascular events in ESRD 
patients with LVH. Some 400 ESRD patients were randomized 
to fosinopril or placebo and followed for 2 years. Although the 
BP was signifi cantly lower in the fosinopril group, there were 
no statistically signifi cant benefi ts.14 Good control of BP can 
cause regression of LVH in patients with ESRD, as in those 
with essential hypertension. Indeed, a controlled trial of ACE 
inhibitor therapy in normotensive hemodialysis patients over 
2 years demonstrated regression of LVH in the treatment 
group, without a change in the control group.15

Sleep apnea is common in hemodialysis patients. In these 
patients nocturnal oxygen desaturation is related to “nondip-
per” BP status and predicts LVH.16 Because nocturnal BP is 
not routinely assessed, the high incidence of “nondipping” 
may confound the relationship between BP measured during 
the day at dialysis sessions and CVD mortality. Indeed, in a 
small study of 48-hour ABPM in hemodialysis patients, this 
measure of BP was shown to be a much better predictor 
of LVH than predialysis BP.17 Another study has reported a 
signifi cant correlation between predialysis hypertension and 
cerebral atrophy in hemodialysis patients.18

These complex data suggest that low BP is a very serious 
prognostic sign in hemodialysis patients. Such patients should 
be urgently tested for occult CHF and CAD. Severe hyperten-
sion that is resistant to dialysis-induced fl uid loss is also an 
established risk for CVD. Failure to detect a relationship be-
tween death from CVD and more modest elevations of BP 
may arise from a failure to detect nocturnal hypertension ac-
companying sleep apnea, the irreversible effect of pre-ESRD 
hypertension and atherosclerosis, and confounding effects 
due to early cardiovascular deaths from low BP. At this time, it 
seems reasonable to treat hypertension in patients receiving 
hemodialysis. Patients benefi t from ABPM to assess their true 
BP burden and to diagnose and assess the effects of therapy on 
nocturnal hypertension or “nondipper” status.

PATHOPHYSIOLOGY

The pathophysiology of hypertension in renal failure has been 
reviewed19 and is summarized in Figure 60-2. Blood pressure is 
a refl ection of cardiac output and total peripheral resistance. A 
third factor that determines systolic BP and pulse pressure, and 
becomes important in patients with decreased arterial compli-
ance, is the refl ection of the systolic pressure wave retrograde 
from the resistance vessels.20 In the elderly, in diabetic patients, 
and in those with advanced atherosclerosis and vascular calci-
fi cation, this pressure wave travels suffi ciently fast to reach the 
ascending aorta during systole, thereby accentuating the sys-
tolic BP and widening the pulse pressure. Many different fac-
tors interact in patients with ESRD to produce hypertension.

Salt and Fluid Retention
A reduction in renal function, associated with a fall in the glo-
merular fi ltration rate (GFR), restricts the excretion of salt 
(NaCl) and fl uid. Early in renal failure, there is generally an in-
crease in cardiac output with a relatively low total peripheral 
resistance that may partly be a response to the development of 
anemia. With further declines in the GFR, total peripheral resis-
tance begins to increase, refl ecting an autoregulatory response 
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Figure 60-1 The adjusted relative risk for mortality in end-
stage renal disease patients established on maintenance he-
modialysis as a function of systolic blood pressure, measured 
predialysis (solid circles and continuous lines) or postdialysis
(open circles and broken lines). Compared to reference val-
ues at systolic blood pressure 120 to 149 mm Hg; *P � 0.06. 
Data are from 4500 patients. (Drawn from Port FK, Hulbert-
Shearon TE, Wolfe RA, et al: Predialysis blood pressure and 
mortality risk in a national sample of maintenance hemodial-
ysis patients. Am J Kidney Dis 1999;33:507–517.)
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to a sustained increase in cardiac output. This phenomenon is 
known as total body autoregulation. However, activation of spe-
cifi c vasoconstrictor mechanisms and inhibition of vasodilator 
mechanisms can override this autoregulatory response.

Most studies of body fl uid volumes in patients with renal 
insuffi ciency have shown an expansion of plasma, extracellular 
and intracellular fl uid volumes, and of total body sodium and 
water.21 Prolonged expansion of extracellular fl uid (ECF) vol-
ume may be the major factor underlying hypertension in 
ESRD. As the GFR declines, the fraction of patients with salt-
sensitive hypertension increases exponentially. Scrupulous 
control of ECF volume by fl uid removal at dialysis and restric-
tion of salt and fl uid intake between dialysis treatments can 
reverse hypertension in many patients. In a multivariate analy-
sis of a large USRDS database, large intradialytic weight gain 
and noncompliance with the dialysis regimen were signifi cant 
determinants of hypertension.4 These effects were most pro-
nounced in those without CHF and with established hyperten-
sion. In a study conducted over 1 year, patients who were 
switched from conventional (three times per week) dialysis to 
dialysis six times per week had a signifi cant reduction in BP, 
despite using fewer antihypertensive drugs.22 Survival rate in 
this selected group of compliant and motivated patients was 
excellent. Another small study compared extended standard 
hemodialysis (three sessions of 4.5 to 5 hours per week) with a 
slower ultrafi ltration rate with short daily hemodialysis (six 
sessions of 2 hours per week). Daily hemodialysis produced 
better BP control in a group of older hypertensive patients with 
other cardiovascular morbidities.23 Another small study re-
ported similar BP levels among patients receiving conventional 

dialysis or high-fl ux dialysis for a shorter time.24 These data 
suggest that a more frequent dialysis and good control of salt 
and fl uid intake between treatments can maintain a more nor-
mal level of ECF and can moderate hypertension. Indeed, hy-
pertension is remarkably rare in patients receiving daily over-
night hemodialysis.25

Another technique to reduce thirst and thereby reduce the 
ECF volume is to reduce the dialysate sodium concentration. 
However, this can cause hypotension, dizziness, fatigue, and 
cramp. Another method is to use a variable sodium dialysis in 
which the dialysate [Na] is reduced exponentially from 155 to 
135 mmol/L over 3 hours and maintained at this level for the 
last hour. A crossover study of this technique reported that it 
is tolerated, reduces intradialytic weight gain and the need for 
antihypertensives, and lowers BP.26 Further study in larger 
groups is needed to evaluate this simple technique.

Structural Changes and Endothelial 
Dysfunction
Hypertension in patients with ESRD is associated with func-
tional and morphologic changes in the resistance vessels. Vaso-
dilation is limited by an increase of the media-to-lumen ratio 
in arterioles. There are increased levels of asymmetrical di-
methyl arginine (ADMA, an endogenous nitric oxide synthase 
inhibitor), and endothelin, and diminished endothelium-
dependent vasodilation in patients on dialysis. The impaired 
endothelial control of vascular smooth muscle tone is particu-
larly important in those who are prone to intradialytic 
hypertension, whose inappropriately increased peripheral vas-
cular resistance is not related to sympathetic stimulation or 
renin activation but correlates with the balance between nitric 
oxide metabolites and endothelin-1.27

Endogenous Na�/K�-Adenosine
Triphosphatase Inhibitor
A ouabain-like factor has been extracted from uremic serum 
that might be an endogenous natriuretic substance that can 
inhibit Na�/K�-adenosine triphosphatase (ATPase) in renal 
tubules, thus promoting salt excretion.28 Elevated levels, as 
seen in uremia, could cause more generalized inhibition of 
Na�/K�-ATPase, leading to increased intracellular sodium in 
vascular smooth muscle cells, diminished Na�/Ca2� exchange, 
and increased intracellular calcium concentration, thereby 
increasing vascular tone. Inhibition of Na�/K�-ATPase activ-
ity at synaptic neuronal clefts could reduce norepinephrine 
uptake, prolong activation of vascular smooth muscle cells, 
and further enhance vasoconstriction.

Renin-Angiotensin-Aldosterone System
Renin, angiotensin, and aldosterone are important in the 
pathogenesis of hypertension in most patients with chronic 
renal failure. In selected patients with intractable hypertension, 
BP control improves after bilateral nephrectomy and correlates 
with the prenephrectomy levels of plasma renin activity (PRA). 
Although PRA is normal or mildly elevated in most dialysis-
dependent patients, the PRA is inappropriately high for the 
expansion of ECF volume and the high BP. Moreover, tissue 
angiotensin II may be important in patients in whom hyper-
tension responds to ACE inhibitors yet the PRA is normal. 

↑ ROS and ↓ NO
↑ Asymmetric dimethyl arginine
↑ TxA2/PGH2
↑ Isoprostanes
↑ Endothelin
↑ Ouabain-like compound

↑ Renal afferent  
nerve activity

↑ Sympathetic 
nervous system 

activity

↑ Systemic 
vascular 

resistance

Renal vascular 
or parenchymal 

disease
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Figure 60-2 Some pathophysiologic mechanisms identifi ed 
in patients, or animal models, that can increase blood pres-
sure in chronic renal insuffi ciency. BP, blood pressure; GFR, 
glomerular fi ltration rate; NO, nitric oxide; PGH2, prostaglan-
din H2; RBF, renal blood fl ow; ROS, reactive oxygen species; 
TxA2, thromboxane A2. For full explanation, see text.
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Angiotensin II may potentiate vascular and cardiac hypertro-
phy both as a vasoconstrictor and by trophic actions.

Sympathetic Nervous System
The sympathetic nervous system is implicated in the patho-
genesis of hypertension in patients with ESRD. Total auto-
nomic blockade, or selective inhibition of norepinephrine 
with debrisoquine, reduces total peripheral resistance and BP. 
However, plasma norepinephrine levels are variously reported 
as low, normal, or high, perhaps refl ecting the complex nature 
of catecholamine release, reuptake, metabolism, and excretion 
in chronic renal failure. Converse and associates29 made direct 
recordings of postganglionic sympathetic nerve activity using 
implanted microelectrodes. They reported that the frequency 
of sympathetic nerve discharge was nearly three times greater 
in patients receiving hemodialysis than in normal subjects. 
Interestingly, after bilateral nephrectomy, BP and peripheral 
vascular resistance were lowered, and normal rates of sympa-
thetic nerve discharge were seen. These investigators con-
cluded that chronic renal failure activates the sympathetic 
nervous system via afferent nerve signals arising in the failing 
kidney.

These studies demonstrate the complexity of the underly-
ing pathophysiology of hypertension in ESRD. They provide a 
rational basis for using therapies aimed at reducing ECF vol-
ume, for using calcium channel blockers (CCBs) and thera-
pies that interrupt the renin-angiotensin-aldosterone system 
or the sympathetic nervous system.

BLOOD PRESSURE GOALS

Values for lying and standing BP and heart rate should be 
obtained before and after dialysis treatment. Ideally, BP should 
be monitored periodically between hemodialysis sessions by 
48-hour ABPM because casual measures do not refl ect inter-
dialytic BP control and cannot assess “nondipper” status.

The ideal target level for BP is controversial. Studies are 
lacking on BP goals that are safe and effective in minimizing 
cardiovascular events in ESRD. However, the Modifi cation of 
Diet in Renal Disease (MDRD) study demonstrated that it was 
both feasible and safe, at least under protocol conditions, to 
have a reduced BP goal of approximately 120/75 mm Hg in 
patients with moderate or severe chronic kidney disease.30

However, this study used a selected group that was free of re-
cent cardiovascular or cerebrovascular disease.

We recommend a target predialysis systolic BP of 130 mm 
Hg in uncomplicated ESRD patients. This is based on experi-
ence gained by the MDRD, results from normal subjects in the 
epidemiologic study by MacMahon and Rodgers,31 and hy-
pertensive subjects in a trial by Hansson and colleagues32 in 
which morbidity and mortality increased with BP levels above 
this target. It seems probable that many patients who have 
end-organ damage or LVH, and those with diabetes, would 
benefi t from a lower systolic BP goal of 120 mm Hg. However, 
some elderly patients will not tolerate this lower BP and re-
quire a target of 140/90 mm Hg. Moreover, lower BPs are 
dangerous for patients who have recently sustained a stroke or 
an episode of coronary ischemia or myocardial infarction. It is 
important also to evaluate postdialysis BP in the standing 
position (or seated for those patients who cannot stand). A 

reasonable goal is a systolic postdialysis BP of 110 mm Hg or 
above. It is preferable to assess BP intermittently with ABPM 
to assess the full BP burden and diurnal variation.

NONPHARMACOLOGIC TREATMENT

The fi rst step in nonpharmacologic treatment is to set and to 
achieve a true target dry weight, defi ned as the weight at which 
intravascular volume is optimal. Weight above the target is 
accompanied by fl uid overload, edema, and hypertension, 
whereas weight below target is accompanied by fatigue, ortho-
static dizziness, hypotension during or between dialysis, exces-
sive thirst, and cramps.33

The dry weight must be maintained by a combination of 
scrupulous attention to salt and water restriction between 
treatments and effective dialytic fl uid removal. Some studies 
suggest that when this goal is achieved, 85% of hemodialysis 
patients no longer need antihypertensive medication. In prac-
tice, this ideal is rarely achieved. Generally, daily salt restric-
tion to 2 g and daily fl uid restriction to 1.0 to 1.25 L produces 
a tolerable interdialytic weight gain of 2 to 3 kg.

It is advisable to remove fl uid gradually during initiation of 
dialysis over 6 to 8 weeks to achieve the target weight and to 
prevent hypotension and severe cramps. Overuse of antihy-
pertensives at this time can complicate the removal of fl uid 
because of severe falls in BP. Therefore, a stepwise withdrawal 
of antihypertensive agents is recommended as body weight is 
reduced toward the target dry weight. Some hemodialysis pa-
tients who do not tolerate removal of fl uid by conventional 
ultrafi ltration respond to sequential hemofi ltration and he-
modialysis, or to treatment with isolated ultrafi ltration on 
consecutive days until the target dry weight is achieved. Oth-
ers respond to a variable sodium bath regimen.26

Patients treated by continuous ambulatory peritoneal di-
alysis (CAPD) generally have better control of BP, probably 
because of the continuous and smooth ultrafi ltration of fl uid. 
Because daily NaCl and fl uid losses are greater in CAPD, re-
striction of salt and water can be less stringent.

Other nonpharmacologic measures that help to control 
hypertension include reduction of body weight, regular ex-
ercise, avoidance of drugs causing hypertension (e.g., over-
the-counter nasal decongestants and nonsteroidal anti-
infl ammatory drugs), and stress reduction. It is critical to 
tackle other cardiovascular risk factors, including smoking, 
dyslipidemia, and coagulopathy states (see Chapter 57).

PHARMACOLOGIC MANAGEMENT

Diuretics
Diuretics are reviewed in Chapters 33 and 51. Thiazide diuret-
ics are generally ineffective when the GFR falls below 20 to 
40 mL/min. Increasing dosage of loop diuretics is required in 
proportion to the reduction in GFR; they become ineffective 
when the GFR falls below 5 mL/min. An increase in urine 
output can be achieved in some hemodialysis patients by loop 
diuretics, reducing the interdialytic weight gain. However, 
because of the high doses needed in patients with ESRD (e.g., 
100–250 mg of furosemide), plasma levels will be elevated and 
the likelihood of ototoxicity increased. Moreover, in a study of 
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CAPD patients with residual renal function, loop diuretics did 
not infl uence the rate of loss of renal function or the out-
come.34 Diuretics are often withdrawn as dialysis is initiated. 
However, in a study of 16,420 hemodialysis patients from the 
Dialysis Outcomes and Practice Patterns Study (DOPPS), di-
uretic use was associated with lesser interdialytic weight gain 
and lower odds of hyperkalemia. Patients with residual renal 
function who received diuretic therapy were almost twice 
as likely to retain renal function after 1 year in this study. 
Moreover, this group had a 7% lower all-cause mortality and 
a 14% lower cardiac-specifi c mortality risk.35 It is important 
to emphasize that this is an observational study and does not 
prove that diuretics were the cause of these better outcomes.

Calcium Channel Blockers
These agents (Table 60-1) are reviewed in Chapter 53. They 
inhibit voltage-dependent Ca2� channels in vascular smooth 
muscle cells and, to some extent, in cardiac cells. Three classes 
of chemical compounds and eight agents are currently ap-
proved for use in the United States.

These agents are readily absorbed after oral administra-
tion. No dosage adjustments of CCBs are required in dialysis 
patients because they are metabolized extensively in the liver, 
are not renally excreted, and are not signifi cantly removed by 
hemodialysis or CAPD.

Calcium channel blockers are among the most frequently 
prescribed antihypertensive drugs in ESRD patients. Their 
antihypertensive effi cacy, unlike all other classes of agents, is 
relatively well preserved in patients with volume expansion.

Calcium channel blockers are generally well tolerated in 
dialysis patients. Minor adverse effects relate to vasodilation 
and include dizziness, intradialytic hypotension (more marked 
in patients with high interdialytic weight gain), headache, 
fl ushing, and edema. Less common effects are nausea, consti-
pation, skin rash, somnolence, and transient abnormalities in 
liver function tests. Studies in hypertensive patients without 
ESRD have implicated short-acting CCBs in increased cardio-
vascular morbidity and mortality. Short-acting agents are not 
recommended even for hypertensive urgencies. Verapamil and 
diltiazem have negative inotropic and chronotropic actions. 
Therefore, they should be used with great caution in patients 
with poor cardiac function or in those receiving �-blockers.

Because of their effi cacy, their safety in renal failure, their 
removal by metabolism, and a low profi le of adverse effects, 
long-acting CCBs are appropriate for hypertension in dialysis 
patients. They have added benefi ts in patients with ischemic 
heart disease, dilated cardiomyopathy, peripheral vascular 
disease, Raynaud’s phenomenon, and vascular headaches. 
Further information is needed about their risk-benefi t ratio 
for this group of patients.

�-Blockers
�-Blockers (Table 60-2) are reviewed in Chapter 51. They 
block renin release and initially reduce cardiac output, central 
adrenergic drive, and norepinephrine release. In patients with 
essential hypertension, cardiac output returns toward pre-
treatment levels over the fi rst 1 or 2 months of therapy, and 
any fall in BP is due to a reduction in peripheral resistance. It 

Table 60-1 Calcium Channel Blockers

REMOVAL WITH 
DIALYSIS

Agent Daily Dose in ESRD (mg)
Dose Modifi cation 
in ESRD Special Adverse Effects HD PD

Phenylalkylamine

Verapamil SR 120–240 max 480 qid None Bradycardia, constipation N U

Benzodiazepam

Diltiazem CD 120–360 qid None Bradycardia N U

Dihydropyridines

Amlodipine 5–10 qid None N U

Bepridil 200–400 qd None Prolonged Q–T, torsades de 
pointes, agranulocytosis

U U

Felodipine 5–20 qid None Tachyarrhythmia N U

Isradipine 2.5–10 bid None N U

Nicardipine SR 30–60 bid None N U

Nifedipine XL 30–120 qid None Tachycardia N N

Nisoldipine 20–50 qid None U U

CD, controlled diffusion; ESRD, end-stage renal disease; HD, hemodialysis; N, not dialyzed; PD, peritoneal dialysis; Q–T, interval on EEG; 
SR, slow release; XL, extended length; U, unknown.
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is not known if similar changes occur in hemodialysis 
patients. Labetalol and carvedilol also block �-adrenergic re-
ceptors, which signifi cantly increases their antihypertensive 
effi cacy, and carvedilol is an antioxidant drug. Moreover, these 
additional actions maintain cardiac output.

�-Blockers are either predominantly lipid-soluble (lipo-
philic) or water-soluble (hydrophilic). Lipophilic �-blockers 
such as propranolol or metoprolol are metabolized exten-
sively in the liver and have a short duration of action. How-
ever, the metabolites may be active and may be hydrophilic, 
as in the case of acebutolol. Hydrophilic �-blockers such as 
atenolol and nadolol are long-acting, are excreted by the kid-
neys, and are removed during hemodialysis or CAPD. They 
accumulate in patients with renal failure. Therefore, nadolol, 
atenolol, acebutolol, and sotalol must be used with extra 
caution in patients with ESRD. Some noncompliant or con-
fused patients may not be able to manage a daily intake of 
antihypertensives. For them, a dose of long-acting atenolol 
after hemodialysis provides a measure of BP control between 
dialysis. Nebivolol is a relatively new lipophilic �-blocker ap-
proved for hypertension that is devoid of intrinsic sympatho-
mimetic or membrane-stabilizing activity. Its unique 

properties are nitric oxide-mediated vasodilation, which ap-
pears to protect left ventricular function. It requires study in 
hemodialysis patients.

�-Blockers produce a spectrum of dose-dependent adverse 
effects. They can increase insulin resistance and dyslipidemia, 
which are correlates of cardiovascular mortality. However, 
these effects are less obvious with cardioselective agents such as 
metoprolol or those with intrinsic sympathomimetic activity 
such as pindolol. Other adverse effects include hyperkalemia, 
bradycardia, Raynaud’s phenomenon, and central nervous 
system effects, including nightmares and sleep disturbance, 
fatigue, and depression. �-Blockers may exaggerate cardiac 
failure in poorly compensated patients or produce broncho-
spasm in patients with asthma; they may mask the symptoms 
of hypoglycemia in patients with diabetes.

�-Blockers can be used as antihypertensive agents in pa-
tients with ESRD. Antihypertensive effi cacy in essential hyper-
tension is greater in white than in black patients, in young 
than in old, and in those with high plasma renin levels. There-
fore, they are most effective in ESRD patients who are main-
tained at a low target weight. Their benefi cial effect on cardio-
vascular morbidity and mortality, on symptomatic angina, 

Table 60-2  �-Blockers

REMOVAL WITH 
DIALYSIS

Agent
ISA/CS/
���

Daily Dose in 
ESRD (mg)

Dose Modifi cation 
in ESRD

Special Adverse 
Effects HD PD

Acebutolol �/�/0* NR Y U

Atenolol 0/�/0 NR Y Y

Betaxolol 0/�/0 NR N N

Bisoprolol 0/�/0 NR N N

Carvedilol 0/0/� 6.25–12.5 bid Orthostasis N N

Carvedilol CR 0/0/� 10, 20, 40, 80 Bradycardia, 
dizziness,
shortness of 
breath

N N

Labetalol 0/0/� 200–600 tid None Orthostasis N N

Metoprolol 0/�/0 50–100 bid Additional dose 
post-HD

Y U

Nadolol 0/0/0 NR Y U

Nebivolol 0/0/0 1.25, 2.5, 5, 
10, 20

Bradycardia U U

Pindolol �/0/0 NR Y N

Propanolol 0/0/0 80–160 bid Additional dose 
post-HD

N N

Sotalol 0/0/0 NR Torsades de 
pointes

Y N

Timolol 0/0/0 10 bid Hypotension U U

�, present; 0, not present at therapeutic doses; *, drug has active metabolites.
���, alpha- and beta-blocking activity; CS, cardioselectivity; ESRD, end-stage renal disease; HD, hemodialysis; ISA, intrinsic sympathomi-
metic activity; N, no; NR, not recommended for initial therapy in ESRD because the drug is cumulative and, if used, needs careful monitor-
ing and dose reduction; PD, peritoneal dialysis; U, unknown; Y, yes.
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and on preventing death in patients who have had a myocar-
dial infarction have not been studied in ESRD. However, be-
cause of the experience with these drugs in other areas, they 
are our preferred treatment for ESRD patients with these con-
ditions, even in a patient without signifi cant hypertension.

An important fi nding in patients on hemodialysis with 
dilated cardiomyopathy is that after 1 year of treatment with 
carvedilol their left ventricular ejection fraction increased by 
39%, and their left ventricular systolic anad diastolic vol-
umes decreased by 16% and 6%, respectively, compared with 
those treated with placebo. Remarkably, by the end of the 
second year of the trial, 49% fewer patients in the carvedilol 
group died compared with those receiving placebo.36 These 
are some of the most positive clinical trial data in patients 
with ESRD. Although they require confi rmation, these fi nd-
ings provide a strong rationale for the use of slow-release 
carvedilol in the many hemodialysis patients with dilated 
cardiomyopathy.

ACE Inhibitors
ACE inhibitors (Table 60-3) are reviewed in Chapter 52. They 
lower BP by reducing peripheral vascular resistance. They not 
only inhibit conversion of angiotensin I to angiotensin II in 
the circulation and tissues, but also inhibit bradykinin degra-
dation by blocking kinase II. The increased bradykinin levels 
stimulate nitric oxide and prostaglandin synthesis. ACE in-
hibitors reset the barorefl ex and dampen the sympathetic 
nervous system so that heart rate does not normally change.

ACE inhibitors are divided into three broad groups: 
sulfhydryl-containing (captopril), dicarboxyl-containing (lisin-
opril, benazepril, quinapril, ramipril, spirapril, perindopril, 

enalapril, and cilazapril), and phosphorus-containing (fosino-
pril). Only captopril and lisinopril are active drugs; the others 
are prodrugs that are converted in vivo to active compounds.

Absorption of captopril is markedly affected by food. It 
should be taken 1 hour before meals. The active form of most 
ACE inhibitors and their metabolites is largely excreted by the 
kidneys. However, another important route of elimination for 
fosinopril, spirapril, and benazepril is by hepatic metabolism. 
In renal failure, this compensates for lack of renal excretion 
and prevents substantial accumulation of these agents. 
Quinapril is tightly bound to tissue angiotensin-converting 
enzyme, which prevents major accumulation in ESRD. There-
fore, only modest dose reduction is required.

ACE inhibitors are generally well tolerated. Common 
adverse effects include cough in 5% to 20%. Serious hyperka-
lemia can occur but is uncommon in hemodialysis patients. 
Other adverse effects are quite rare but include skin rashes, 
angioedema, abnormal taste, neutropenia, and hepatotoxicity. 
Anaphylactoid reactions have been reported in patients on 
ACE inhibitors treated with the high-fl ux dialysis membrane 
AN69. Therefore, this membrane should be avoided in pa-
tients receiving ACE inhibitors.

ACE inhibitors (or �-blockers) are particularly effective in 
treating hypertension that is resistant to dialysis, in which 
high levels of plasma renin activity are encountered. In con-
trast, they have little antihypertensive action in patients who 
are overloaded with fl uid and salt and in those who have very 
low levels of plasma renin activity. Other benefi cial actions of 
ACE inhibitors in treating essential hypertension include an 
increase in large artery compliance, reduction in LVH, and 
improvement in insulin resistance. These drugs can moderate 
the excessive thirst that plagues some patients with ESRD. A 

Table 60-3  Angiotensin-Converting Enzyme Inhibitors

REMOVAL WITH DIALYSIS

Agent Daily Dose in ESRD (mg) Dose Modifi cation in ESRD HD PD

Benazepril 2.5–20 qid 50%–75% dose reduction N U

Captopril 12.5–25 qid 50% dose reduction, and once-daily 
dosing; additional dose post-HD

Y N

Enalapril 2.5–10 bid 50% dose reduction, and additional 
dose post-HD

Y N

Fosinopril* 10–40 qid Additional dose post-HD Y N

Lisinopril 2.5–20 qid 50%–75% dose reduction, and ad-
ditional dose post-HD

Y N

Moexipril 7.5–15 qid U U

Quinapril* 10–40 qid 0–25% dose reduction, and addi-
tional dose post-HD

Y N

Ramipril 2.5–10 qid 50%–75% dose reduction, and ad-
ditional dose post- HD

Y N

Spirapril* 3–6 qid None U U

Trandolapril 1–3 qid 50% dose reduction U U

*Preferred agents in end-stage renal disease (ESRD) because major modifi cations of dose are not required. 
HD, hemodialysis; N, no; PD, peritoneal dialysis; U, unknown; Y, yes.
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controlled trial of fosinopril in 400 hemodialysis patients with 
LVH failed to detect statistically signifi cant benefi t.14

Angiotensin II Receptor Blockers
These drugs (Table 60-4) are reviewed in Chapter 52. They act 
by blocking the binding of angiotensin II to its type 1 receptors 
(AT1). The role of angiotensin II type 2 receptors (AT2) is un-
clear, and no therapeutic AT2 receptor antagonists are available. 
Angiotensin receptor blockers (ARBs) reduce BP and inhibit the 
effects of angiotensin II on the kidney, sympathetic nervous 
system, and aldosterone secretion.

Losartan is readily absorbed. It has a bioavailability of 33%, 
and is metabolized in the liver to active metabolites. Losartan 
and its metabolite have plasma half-lives of 2 hours and 6 to 
9 hours, respectively. Only 4% to 7% is excreted through the 
kidneys. Thus, accumulation in renal failure is not likely. The 
safety and effi cacy of losartan in ESRD has been established in 
a controlled study.37 Unlike an ACE inhibitor, losartan does 
not produce cough or angioedema, but it has other adverse 
effects that are similar to those of ACE inhibitors and may also 
cause headache, lightheadedness, and gastrointestinal prob-

lems. Other ARBs appear well tolerated and are effective in 
patients with ESRD. Because none is excreted signifi cantly in 
an active form by the kidney, they do not accumulate in he-
modialysis patients.

Centrally Acting Drugs
These agents (Table 60-5) reduce BP by activating �2-adrenergic 
receptors and imidazoline-preferring receptors in the brain. This 
reduces sympathetic outfl ow and thus reduces peripheral vascu-
lar resistance.

Centrally acting drugs are well absorbed after oral admin-
istration. Methyldopa is metabolized to �-methylnorepineph-
rine, which is the active compound in the brain. The active 
metabolites of methyldopa and 50% of the dose of clonidine 
and guanfacine are excreted by the kidneys. Therefore, these 
drugs accumulate modestly in ESRD.

Sedation and dry mouth are dose-dependent adverse ef-
fects that usually improve after several weeks of treatment. 
Sexual dysfunction with decreased libido is common. Brady-
cardia, especially in patients with sinoatrial nodal disease, may 
necessitate discontinuation of treatment.

Clonidine has been used extensively in ESRD and is an ef-
fective antihypertensive. A clonidine transdermal patch is 
particularly benefi cial when compliance is a problem. It pro-
vides useful background antihypertensive action in patients 
undergoing hemodialysis.

Adrenergic Blocking Agents
These agents (Table 60-6) antagonize the action of catechol-
amines at postjunctional �1-receptors, thereby inhibiting va-
soconstriction. This results in dilation of arterial (resistance) 
and venous (capacitance) vessels that reduce peripheral vascu-
lar resistance and BP. Cardiac output and heart rate are not 
usually affected.

These drugs are well absorbed, metabolized extensively in 
the liver, and excreted in the bile. Very small amounts are ex-
creted unchanged in urine. They do not accumulate in ESRD.

Short-acting adrenergic blocking agents can cause a 
fi rst-dose phenomenon, in which marked hypotension and 

Table 60-4 Angiotensin Receptor Blockers

Agent
Daily Dose 
in ESRD (mg)

Removal 
with HD

Removal 
with PD

Candesartan 8–32 N N

Eprosartan 400–800 N N

Irbesartan 150–300 N N

Losartan 25–100 N N

Telmisartan 40–80 N N

Valsartan 80–320 N N

None of these agents requires major dose reductions in HD patients.
ESRD, end-stage renal disease; HD, hemodialysis; PD, peritoneal 
dialysis.

Table 60-5 Centrally Acting Agents

REMOVAL WITH 
DIALYSIS

Agent Daily Dose in ESRD (mg) Dose Modifi cation in ESRD Special Adverse Effects HD PD

Methyldopa 250–500 qid Increase dose interval to 
once-daily dosing; addi-
tional dose of 250 mg 
post-HD

Hepatotoxicity, HUS, 
Coombs-positive
hemolytic anemia, 
LE-like syndrome, ret-
roperitoneal fi brosis, 
pancreatitis, bone 
marrow suppression

Y Y

Clonidine 0.1–0.3 bid 25%–50% dose reduction, 
and bid dosing

Contact dermatitis with 
patch

N N

Guanfacine 0.5–1.5 qid 25%–50% dose reduction N N

ESRD, end-stage renal disease; HD, hemodialysis; HUS, hemolyticuremic syndrome; LE, lupus erythematosus; N, no; PD, peritoneal dialysis.
Y, yes.
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syncope occur 30 to 90 minutes after taking the medication. 
Other adverse effects, such as headache, dizziness, drowsiness, 
and nausea, are usually transient. However, their use in ESRD 
can exacerbate hypotension during dialysis-induced fl uid 
removal. Therefore, they require careful monitoring and are 
not the drugs of fi rst choice for these patients.

Nonspecifi c Vasodilators
These drugs (Table 60-7) lower BP by acting directly on vas-
cular smooth muscle cells. Minoxidil produces vasodilation 
through its metabolite, which activates ATP-dependent potas-
sium channels in vascular smooth muscle cells, thereby 
increasing cellular potassium ion infl ux. This leads to cell 
membrane hyperpolarization, exit of calcium ions, and vaso-
dilation. Minoxidil is readily absorbed and metabolized in the 
liver. Only 10% to 20% is excreted unchanged in urine.

Minoxidil remains an important agent for short-term treat-
ment of severe and refractory hypertension in ESRD (see Fig. 
60-3) despite an adverse-effect profi le that includes pericardial 
effusion, hypertrichosis, tachycardia, sympathetic excitation, 
and postural hypotension. It is contraindicated in patients with 
diastolic dysfunction and severe LVH, in whom it can cause 
cardiac failure. It can induce nonspecifi c T-wave changes, 
rashes, Stevens-Johnson syndrome, glucose intolerance, for-
mation of antinuclear antibodies, and thrombocytopenia.

Hydralazine is also a direct vasodilator, but its mechanism 
of action is not well understood. It causes quite marked 
tachycardia due to refl ex sympathetic activation. It is well 
absorbed and is inactivated by acetylation in the liver and 
bowel. The rate of acetylation is genetically determined. The 

Table 60-6 Adrenergic Blocking Agents

REMOVAL 
WITH DIALYSIS

Agent
Daily Dose in 
ESRD (Mg)

Dose 
Modifi cation 

in ESRD HD PD

Doxazosin 1–16 qid None N N

Prazosin 1–15 bid None N N

Terazosin 1–20 qid None U U

ESRD, end-stage renal disease; HD, hemodialysis; N, no; PD, peri-
toneal dialysis; U, unknown.

Table 60-7 Vasodilators

REMOVAL 
WITH DIALYSIS

Agent
Daily Dose in 
ESRD (mg)

Dose Modifi cation in 
ESRD

Special Adverse 
Effects HD PD

Hydralazine 25–50 bid bid dosing Lupuslike syndrome N N

Minoxidil 5–30 bid Additional dose post-HD Pericardial effusion Y Y

Nitroprusside 0.25–8 �g/kg/min Not be used for more 
than 36–72 hr

Thiocyanate toxicity Y Y

ESRD, end-stage renal disease; HD, hemodialysis; N, no; PD, peritoneal dialysis; Y, yes.

ESRD with hypertension

Set target BP Set target dry weight

•  Evaluate hypertension
•  Initiate nonpharmacologic
 measures
•  Control other CVS risk factors
•  Check for over-the-counter
 medications

•  Review volume status and
 NaCI + H2O intakes
•  Adjust ultrafiltration, 
 dialysis duration, and 
 dialysis [Na]

BP at target level?

Specific indication 
or contraindication for 

one class of drug?

Continue plan 
and

reassess weekly

Select appropriate 
agent

• Reassess volume status and dry weight
• Check drug compliance
• Start titration with
 - ACEI or ARB and/or
 - CCB and/or
 - Metabolized β-blocker and/or
 - Central agent and/or
 - α-Blockers and/or
 - Direct vasodilator

No

NoYes

Yes

Figure 60-3 Algorithm for management of hypertension in 
hemodialysis patients. ACEI, angiotensin-converting enzyme 
inhibitor; BP, blood pressure; CCB, calcium channel blocker; 
CVS, cardiovascular system; ESRD, end-stage renal disease.

drug is excreted hepatically, but its metabolite is excreted 
primarily by the kidneys. It has a longer duration of action in 
patients with ESRD. Adverse effects include headache, fl ush-
ing, hypotension, palpitations, tachycardia, dizziness, and 
angina pectoris. Other important, but less common, reac-
tions include drug-induced lupus, hemolytic anemia, serum 
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sickness, and vasculitis. The use of hydralazine in ESRD has 
diminished with the advent of more effective agents that have 
fewer adverse effects.

Sodium nitroprusside is a nitrovasodilator with consider-
able value in hypertensive emergencies. It is converted in 
smooth muscle to nitric oxide, which activates guanyl cyclase, 
providing cyclic guanosine monophosphate, which leads to 
vasorelaxation. It is used parenterally in hypertensive emer-
gencies (see Chapter 55). The thiocyanate produced during its 
metabolism is excreted solely through the kidneys and accu-
mulates in patients with ESRD, in whom it causes lactic acido-
sis, central nervous system disturbance, seizures, and coma.

OVERVIEW OF HYPERTENSION 
MANAGEMENT IN ESRD

Our approach to hypertension management is reviewed in 
Figure 60-3. The fi rst step toward controlling hypertension in 
ESRD is fl uid management. Removal of salt and water with di-
alysis should be complemented by educating patients about re-
striction of their salt and water intake. If medications are re-
quired, they should be tailored according to the needs of each 
patient and their own associated medical conditions (see Chapter 
56). BP control is improved by judicious use of ABPM to review 
control of arterial pressure and to make appropriate adjustment 
of treatment. Long-term studies of BP control in dialysis popula-
tions and the relative importance of different agents, in particular 
the role of ACE inhibitors and ARBs, are urgently required.
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ADRENOCORTICAL DISORDERS

The adrenal cortex can cause hypertension through overproduc-
tion of 11-deoxycorticosterone (DOC), aldosterone, or cortisol. 
DOC and aldosterone are mineralocorticoids that produce hy-
pertension primarily through salt and water retention. Cortisol 
is a glucocorticoid that can cause hypertension, in part by exert-
ing a mineralocorticoid effect because of incomplete metabolism 
at target sites. The adrenal medulla can cause hypertension by 
overproduction of catecholamines from a pheochromocytoma.

Hypertensive Syndromes Due to Excess 
Production of 11-Deoxycorticosterone
Congenital adrenocortical disorders due to enzyme defi ciency 
of either 11�-hydroxylase1 or 17�-hydroxylase2 reduce produc-
tion of cortisol, leading to uninhibited secretion of corticotro-
pin, which drives the zona fasciculata to increase production of 
DOC. In both 11�- and 17�-hydroxylase defi ciency, physiologic 
replacement doses of dexamethasone 0.5–0.75 mg/day) de-
crease DOC production by inhibiting corticotropin release, re-
sulting in normalization of arterial blood pressure (BP) and 
serum potassium concentration.

In generalized glucocorticoid resistance, cortisol secretion 
remains corticotropin-dependent but is reset to a higher than 
normal level.3 There is a corticotropin-dependent increase in 
mineralocorticoids (primarily DOC) and adrenal androgens. 
Because there is no peripheral resistance to these hormones, 
they produce their clinical effects of hypertension and hypoka-
lemia (together with signs of excess androgens). Two strategies 
are used to treat generalized glucocorticoid resistance. The fi rst 
employs large doses of dexamethasone (i.e., supraphysiological 
amounts) to suppress corticotropin secretion. The second em-
ploys mineralocorticoid or androgen antagonists.

Hypertensive Syndromes Due to Excess 
Production of Aldosterone
Primary Aldosteronism

The therapeutic goals in all patients with excessive aldosterone 
production are threefold: fi rst, to control BP; second, to correct 
hypokalemia, which is often associated with cardiac arrhythmias; 

and third, to normalize plasma aldosterone concentration or 
block aldosterone activity with a mineralocorticoid receptor 
antagonist. Increasing evidence indicates that prolonged eleva-
tions of circulating aldosterone contribute to cardiac injury4 and 
progressive renal disease.5

Medical therapy (Table 61-1) is indicated in patients with 
adrenal hyperplasia, in those with adenoma who are poor 
surgical risks, and in those with bilateral adrenal adenomas. 
Total bilateral adrenalectomy has no place in the management 
of primary aldosteronism because adrenal insuffi ciency may 
be more diffi cult to treat than hypertension caused by aldoste-
ronism. The hypertension associated with primary aldoste-
ronism is salt and water dependent and is best treated by 
sustained salt and water depletion (Fig. 61-1).6

An approach to medical management of patients with 
primary aldosteronism is illustrated in Figure 61-2.7 An aldo-
sterone receptor antagonist is given fi rst to correct the hypo-
kalemia. Prompt normalization of serum potassium occurs 
within 1 to 2 weeks without any change in BP. Thereafter, ad-
dition of a diuretic promptly reduces BP with maintenance of 
serum potassium at normal values. The usual doses of diuret-
ics are hydrochlorothiazide 25 to 50 mg/day or furosemide 
80 to 160 mg/day in combination with either spironolactone 
100 to 200 mg/day or amiloride 10 to 20 mg/day.

In cases in which BP is not yet at goal after 6 to 8 weeks on 
maximal doses of the drug combination, addition of a �-blocker 
or a vasodilator may be necessary. For those patients who refuse 
surgery or are not surgical candidates, long-term administration 
of a mineralocorticoid receptor antagonist is an effective alterna-
tive. In our study of 24 patients treated medically for at least 
5 years,8 systolic and diastolic BP decreased from a mean of 
175/106 to 129/79 mm Hg and serum potassium increased from 
a mean of 3.0 to 4.3 mEq/L. There was no evidence of malignant 
transformation in any of the patients. Five tumors increased in 
size by at least 0.5 cm while maintaining their benign character-
istics (as determined by computed tomography scan).

Placebo-controlled, randomized trials evaluating the rela-
tive effi cacy of different drugs in the management of primary 
aldosteronism are not available. Spironolactone is highly effi -
cacious and has always been the drug of choice. In addition, it 
is readily available and inexpensive. However, it is associated 
with undesirable side effects. Because it also blocks androgen 
and progesterone receptors, its chronic use often results in 
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692 Management of Secondary Hypertension

impotence, decreased libido, and gynecomastia in males and 
menstrual irregularities and breast engorgement or enlarge-
ment in females. These adverse events had no relationship to 
dose in one long-term study8 but were found to be dose-
dependent in another study.9

Eplerenone is a highly selective mineralocorticoid receptor 
antagonist with none of the endocrine side effects of spirono-
lactone. However, it has only 75% of the activity of spirono-
lactone and has been approved only for the treatment of un-
complicated essential hypertension10 and for heart failure 
after acute myocardial infarction.11 Its effi cacy in patients with 
primary aldosteronism has not been reported.

Potassium-sparing diuretics (amiloride, triamterene) 
decrease epithelial sodium channel activity in the renal col-
lecting duct and can increase serum potassium values. 
Neither are effective antihypertensive agents by themselves. 
A diuretic should be added to achieve good BP control. 
These drugs do not block mineralocorticoid receptors, and 
persistence of elevated plasma aldosterone concentrations 
could lead to deleterious effects on the heart.12 For this 
reason, they should not be used as first-line drugs in the 
management of patients with primary aldosteronism.

Agents that block transmembrane calcium fl ux and inhibit 
in vitro aldosterone production induced by angiotensin II, 
corticotropin, and potassium13 are potent direct arteriolar va-
sodilators and, in some studies, are reported to have natriuretic 
properties.14 For these reasons, calcium channel blockers 
should be ideally suited for treating the hypertension associ-
ated with excessive aldosterone production. In a study by Bravo 

RECOMMENDED DOSES

Drug Class* Initial Maximal

Mineralocorticoid Receptor Antagonists (Mineralocorticoid Dependent)

Spironolactone 12.5–50 mg bid 75–100 mg bid

Eplerenone† 25–50 mg bid 100 mg bid

Decrease Epithelial Sodium Channels (Mineralocorticoid Independent)

Amiloride 5–10 mg bid 20 mg bid

Triamterene 37.5–50 mg bid 100 mg bid

*Antihypertensive response can be enhanced with concomitant use of either hydrochlorothiazide 
(25–50 mg/day) or furosemide (80–160 mg/day).
†Doses are approximate. No published data of its use in primary aldosteronism exist.

Table 61-1 Drugs for the Medical Management of Primary Aldosteronism
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Figure 61-1 The effect of adequate volume depletion on the 
blood pressure of patients with primary aldosteronism and 
resistant hypertension. Spironolactone (200 mg/day) and 
hydrochlorothiazide (50–100 mg/day) were added to cur-
rent therapy. Blood pressure and plasma volume values were 
those obtained after 8 to 12 weeks of continued therapy. 
Mean arterial pressure (MAP) was signifi cantly reduced in 
all. For the group as a whole, it fell from 138±2 to 103±9 
(SEM) mm Hg (P � .01). Associated with reduction in MAP 
were decreases in plasma volume (from 114±3 to 97±2 
[SEM]% normal) (P � .01). (From Bravo EL: Primary aldoste-
ronism. Issues in diagnosis and management. Endocrinol 
Metab Clin North Am 1994;23:271–283.)
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tions in patients with aldosterone-producing tumors. (From 
Bravo EL, Dustan HP, Tarazi RC: Spironolactone as a non-
specifi c treatment for primary aldosteronism. Circulation 
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and colleagues,15 nifedipine (30–80 mg/day) was given for at 
least 4 weeks to 8 hypertensive patients with solitary adenomas, 
followed by the addition of spironolactone (100–200 mg/day) 
for 4 weeks, after which nifedipine was discontinued and pa-
tients remained on spironolactone alone. During the fourth 
week of each phase of the study, weekly averages of supine 
home BP, plasma volume, plasma renin activity (PRA), 
plasma aldosterone concentration, and serum electrolyte levels 
were assessed. Nifedipine decreased blood pressure, but not to 
normal levels (157/97±4/4 mm Hg [SE]), and did not alter 
plasma volume, PRA, aldosterone, or serum potassium con-
centration. Spironolactone normalized BP (122/80±5/3 mm 
Hg) and serum potassium concentration, reduced plasma 
volume, and increased PRA and plasma aldosterone concen-
tration. Nifedipine plus spironolactone did not result in greater 
antihypertensive effect than spironolactone alone. These re-
sults suggest that nifedipine is not as effi cacious as spironolac-
tone in the treatment of primary aldosteronism.

Surgical excision of an aldosterone-producing adenoma 
normalizes BP and the biochemical defects in most patients. 
Surgery renders arterial pressure easier to control with medi-
cations. Neither the duration and severity of hypertension, 
nor the degree of target organ involvement, has any relation-
ship to the arterial pressure response after surgery.16 One year 
postoperatively, approximately 70% of patients are normoten-
sive, but 5 years postoperatively, only 53% remain normoten-
sive. The restoration of normal potassium homeostasis is 
permanent.

Patients undergoing surgery should receive drug treatment 
for at least 8 to 10 weeks both to decrease BP and to correct 
metabolic abnormalities. These patients have signifi cant potas-
sium defi ciency that must be corrected preoperatively because 
hypokalemia increases the risk of cardiac arrhythmias during 
anesthesia. Prolonged control of BP (at least 3 months before 
surgery) permits the use of intravenous fl uids during surgery 
without producing hypertension and decreases morbidity. 
Administration of antihypertensive medications should nor-
mally be continued until surgery. Glucocorticoid administra-
tion is not needed before surgery. After removal of an aldoste-
rone-producing adenoma, selective hypoaldosteronism usually 
occurs, even in patients whose PRA has been stimulated with 
chronic diuretic therapy.17 Potassium supplementation, there-
fore, should be given cautiously, and serum potassium values 
should be monitored closely. Residual mineralocorticoid activ-
ity is often suffi cient to prevent excessive renal retention of 
potassium provided that sodium intake is adequate (i.e., at 
least 150 mEq/day). If hyperkalemia does occur, furosemide in 
doses of 80 to 160 mg/day should be started. Treatment with 
fl udrocortisone is not usually necessary, but if it is required, 
0.1 mg/day may be used as the initial dose with liberalized salt 
intake. Abnormalities in aldosterone production can persist for 
as long as 3 months after tumor removal.

Glucocorticoid-Remediable Aldosteronism

Glucocorticoid-remediable aldosteronism is an inherited au-
tosomal disorder that mimics primary aldosteronism.18 It is 
caused by a genetic mutation that results in a chimeric gene 
product fusing nucleotide sequences of the 11�-hydroxylase 
and aldosterone synthase genes.19 The structure of the dupli-
cated gene contains 5′ regulatory sequences conferring the 
corticotropin responsiveness of 11�-hydroxylase fused to 
more distal coding sequences of the aldosterone synthase 

gene. This hybrid gene is regulated by corticotropin and has 
aldosterone synthase activity. It dictates ectopic expression of 
aldosterone synthase activity in the corticotropin-regulated 
zona fasciculata, which normally produces cortisol.19

No controlled studies of treatment of glucocorticoid-
remediable aldosteronism have been reported. The suppres-
sion of corticotropin with exogenous glucocorticoid should 
correct all glucocorticoid-remediable aldosteronism abnor-
malities. However, this may cause complications of glucocor-
ticoid administration. Moreover, patients may become miner-
alocorticoid-insuffi cient when therapy is initiated before the 
renin-angiotensin axis recovers fully. Additional treatment 
modalities include mineralocorticoid receptor blockade 
with spironolactone or inhibition of the mineralocorticoid-
sensitive distal tubule sodium channel with amiloride.

Activation of Mineralocorticoid Receptors 
by Decreased Metabolism of Cortisol at 
Target Sites
Mineralocorticoid receptors in the distal nephron have equal 
affi nity for their two ligands—aldosterone and cortisol—but 
are protected from activation by cortisol by 11�-hydroxysteroid 
dehydrogenase (11�-OHSD), which converts cortisol to the 
inactive cortisone.20 The 11,18-hemiacetal structure of aldoste-
rone protects it from the action of 11�-OHSD. Consequently, 
aldosterone gains access to the receptors. When this mechanism 
fails within the kidney, cortisol increases suffi ciently to activate 
mineralocorticoid receptors,21 resulting in antinatriuresis and 
kaliuresis, thereby producing hypertension and hypokalemia. 
A genetic disorder of the syndrome of apparent mineralocorti-
coid excess22 or prolonged ingestion of licorice or licorice-like 
compounds (such as carbenoxolone) both cause defects in 
the 11�-OHSD enzyme type 2, which is the kidney isoform.23

Such patients have clinical features similar to those with pri-
mary aldosteronism but have low aldosterone production. 
The features are reversed by spironolactone or dexamethasone 
but are exacerbated by administration of physiological doses 
of cortisol.

In patients with Cushing’s phenomenon associated with 
ectopic corticotropin secretion, cortisol secretion may be so 
high that it exceeds the metabolic capacity of 11�-OHSD en-
zyme type 2,24 resulting in severe hypokalemic metabolic alka-
losis and hypertension. The initial goal of therapy is blockade 
of the mineralocorticoid effects of cortisol to normalize serum 
potassium concentration and to control BP. The ultimate goal 
is to reduce plasma cortisol concentrations by resection of the 
ectopic source of corticotropin. If the ectopic sources of cor-
ticotropin cannot be localized, bilateral adrenalectomy is 
performed. If the patient is not a surgical candidate, cortisol 
production can be reduced with adrenocortical enzyme in-
hibitors, such as ketoconazole, metyrapone, aminoglutheti-
mide, and etomidate.25

PHEOCHROMOCYTOMA

The aim of management of pheochromocytoma (Box 61-1) is 
to prevent hypertensive crises and complications mediated by 
catecholamine-induced �-adrenergic receptor stimulation 
and to diminish postoperative hypotension. The use of �-
blockers is advocated for control of BP. Phenoxybenzamine 
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hydrochloride (Dibenzyline, 10–20 mg tid to qid) is given in 
increasing doses until the BP is controlled and symptomatic 
paroxysms are prevented. Theoretically, phenoxybenzamine 
should permit vascular volume repletion, block �-adrenergic 
receptors noncompetitively, and disable the effects of released 
catecholamines.26 Its blockade of presynaptic �2-adrenergic 
receptors produces signifi cant tachycardia, which requires 
concomitant �-adrenergic blockade. It may prolong BP re-
duction after removal of the tumor because it decreases recep-
tor number and synthesis. Total elimination of cardiovascular 
disturbances is seldom achieved despite adequate �-blockade. 
Signifi cant elevations of BP are to be anticipated during ma-
nipulation of the tumor.27

Other �-adrenergic antagonists may circumvent some of 
the disadvantages of phenoxybenzamine. Doxazosin is a selec-
tive postsynaptic �1-adrenergic receptor antagonist that does 
not produce tachycardia and has a shorter duration of action, 
thereby allowing more rapid adjustment of dosage and de-
creasing the duration of postoperative hypotension. It has been 
reported to be as potent as phenoxybenzamine with fewer ad-
verse effects.28 The initial dose of doxazosin is 2 mg once daily, 
increased as needed at increments of 2 mg every 3 days up to a 
total dose of 10 mg. No �-adrenergic blockade is required un-
less tachycardia is present. Labetalol is an �- and �-adrenergic 
blocker. It was reported to be effective in the control of BP and 
clinical manifestations associated with pheochromocytoma.29

The initial dosage is 100 mg 4 times daily, increased stepwise to 
a maximum of 800 to 1600 mg/day. However, its safety has 
been questioned because it occasionally precipitates hyperten-
sive crises.

Calcium channel blockers have also been successful in con-
trolling BP in patients with pheochromocytoma.30 These 
agents have the advantage of not producing overshoot hypo-
tension or orthostatic hypotension and therefore may be used 
safely in patients who are normotensive but who have occa-
sional episodes of paroxysmal hypertension. They are useful 
agents in managing cardiovascular complications because 
they may also prevent catecholamine-induced coronary vaso-
spasm and myocarditis.31 They have none of the complica-
tions associated with chronic use of �-adrenergic blockers. In 

doses of 40 to 60 mg/day, nifedipine normalizes basal BP in 
hypertensive patients and prevents the hypertensive response 
to provocative challenge. Verapamil and diltiazem produce 
similar results.32 It is likely that they reduce arterial pressure 
by inhibiting norepinephrine-mediated transmembrane cal-
cium infl ux in vascular smooth muscle and not by decreasing 
catecholamine synthesis in tumors.

Doxazosin combined with a calcium channel blocker is of-
ten suffi cient to control the signs and symptoms. A �-blocker 
may be added if there is persistent tachycardia. Patients should 
be advised to maintain a high salt intake (10–12 g NaCl/day). 
Diuretics should be discontinued unless they are deemed neces-
sary. Hypertensive crises may be managed with intravenous 
phentolamine mesylate (Regitine) or sodium nitroprusside. 
Nifedipine, 10 mg orally or sublingually, has been used success-
fully.

Patients with pheochromocytoma have a high plasma vol-
ume requirement, both during and after surgery. The expansion 
of the intravascular volume approximately 12 hours before 
operation, with generous replacement of blood lost during the 
procedure, greatly reduces the frequency and severity of post-
operative hypotension. Persistence of hypotension may be 
caused by hemorrhage, sudden increases in venous capacitance, 
inadequate volume repletion, or residual effects of preoperative 
�-blockade. Fluids should be administered fi rst, keeping in 
mind that these patients require large amounts of volume after 
tumor resection. Pressor agents are not usually effective in the 
presence of persistent hypovolemia. It is often diffi cult to with-
draw vasopressors once they have been started.

Until recently, a pheochromocytoma was removed only 
through an open approach. With technological advances and 
experience in minimally invasive techniques, the tumor can now 
be removed safely and successfully with laparoscopic surgery. In 
a recent study,33 14 patients who underwent laparoscopic sur-
gery for pheochromocytoma were compared with 20 patients 
who underwent the traditional open approach. The intraopera-
tive hemodynamic values during laparoscopic surgery (adrenal-
ectomy) were comparable to those during open surgery. How-
ever, in patients undergoing laparoscopy, intraoperative 
hypotension was less severe (mean lowest BP, 98/57 mm Hg 
vs. 80/50 mm Hg, P � .05) and hypotensive episodes were less f
requent (median, 0 vs. 2 episodes, P � .005). The median esti-
mated blood loss was 100 mL (range, 100–200 mL) in the lapa-
roscopy group and 400 mL (range, 150–1500 mL) in the open 
group (P � .0001). Surgery time was not different (196±69 min 
for open vs. 177±59 min for laparoscopy). Patients who under-
went laparoscopy recovered quicker. The time to ambulation 
was 1.5 versus 4 days (P � .002). They resumed oral food intake 
sooner (median, 1 vs. 3.5 days, P � .001) and required fewer 
days in hospital (median, 3 vs. 7.5 days, P � .001). This study 
indicates that laparoscopic removal of pheochromocytoma is 
not only safe, but also has marked advantages over the open ap-
proach. Patients have faster recovery, shorter hospitalization, and 
better cosmetic outcome.

1. Start with doxazosin, 2 mg once daily. Increase by 
2 mg every third day up to a total of 10 mg once daily.

2. Add a calcium channel blocker (amlodipine preferred) 
if blood pressure is not yet at goal.

3. Add �-blocker for persistent tachycardia or signs and 
symptoms of ischemic heart disease.

4. Other measures:
• No diuretics unless deemed essential
• High salt intake (10–12 g NaCl/day)

5. Therapeutic goals:
• Supine BP � 140/90 mm Hg
• No cardiac arrhythmias
• No orthostatic hypotension
• Completely asymptomatic for at least 6–8 weeks 

before surgery
• Continue all medications on day of surgery

Box 61-1  Suggested Approach to Preoperative Management 
of Patients with Pheochromocytoma
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Despite substantial advances in medical science over the past 
50 to 60 years, there are as yet few effective treatments for 
specifi c renal diseases. Consequently, many cases progress to 
chronic renal failure and the population of patients requiring 
renal replacement therapy continues to grow rapidly. In the 
United States alone 335,963 people were receiving chronic 
dialysis and 136,136 had a functioning renal transplant at 
the end of 2004, resulting in annual Medicare costs of $20.1 
billion.1 Moreover, the mortality rate on dialysis remains as 
high as 20% to 25% per annum,1 and there is a worldwide 
shortage of organs for transplantation. The publication of a 
classifi cation system for chronic kidney disease (CKD) by the 
Kidney Disease Outcomes Quality Initiative (K/DOQI)2 and 
subsequent epidemiologic studies based on that classifi cation 
have drawn attention to the fact that up to 17% of the U.S. 
population may suffer from CKD.3 There is thus an urgent 
need to identify undiagnosed cases and to minimize the risk 
of progression. It has been appreciated for several decades that 
substantial loss of functioning nephrons due to kidney disease 
of any etiology provokes a common syndrome characterized 
by systemic hypertension, proteinuria, and a progressive de-
cline in glomerular fi ltration rate (GFR), the rate of which 
depends more on individual patient characteristics than spe-
cifi c disease etiology.4,5 These observations suggest that CKD 
progresses via a common pathway of mechanisms and that 
therapeutic interventions that inhibit this pathway may be 
successful in slowing the rate of progression of CKD irrespec-
tive of the initiating cause. We review experimental and clini-
cal evidence in support of this hypothesis and discuss how 
interventions based on an understanding of common pathway 
mechanisms may be combined into a comprehensive strategy 
for achieving maximal renoprotection.

MECHANISMS UNDERLYING CHRONIC 
KIDNEY DISEASE PROGRESSION

Glomerular Hemodynamic Factors
When rats are subjected to surgical ablation of fi ve sixths of 
their renal mass, they develop hypertension, proteinuria, and 
a progressive loss of GFR, features similar to those of human 
CKD. Brenner and colleagues, using micropuncture tech-
niques, measured the glomerular capillary hydraulic pressure 
(PGC) and GFR in single nephrons (single nephron GFR; 
SNGFR) and showed that when nephrons were lost, remain-
ing glomeruli underwent hemodynamic adaptations resulting 
in substantial increases in SNGFR (glomerular hyperfi ltra-
tion) and PGC (glomerular capillary hypertension).6 The pres-
ence of structural injury to glomerular cells as early as 1 week 
after fi ve sixths nephrectomy suggests that these hemody-
namic changes provoke glomerular damage that results in a 
further loss of nephrons, thereby establishing a vicious cycle 
of progressive renal injury.7 Support for this hypothesis was 
provided by experimental studies showing that renoprotective 
interventions were associated with attenuation of the glo-
merular hemodynamic changes.

 Low-protein diet feeding was associated with normalization 
of SNGFR and PGC as well as substantial protection from pro-
gressive glomerular injury.6 Treatment with an angiotensin-
converting enzyme (ACE) inhibitor had little effect on SNGFR 
but did normalize PGC and afforded renoprotection, suggesting 
that PGC rather than SNGFR was the critical determinant of 
glomerular injury in the remnant kidney.8 Treatment with a 
combination of hydralazine, hydrochlorothiazide, and reser-
pine resulted in a similar lowering of systemic blood pressure to 
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that seen with ACE inhibitor treatment but did not lower PGC

or prevent glomerulosclerosis.9 Micropuncture studies in a 
rodent model of diabetic nephropathy confi rmed that glomer-
ular hypertension and hyperfi ltration are present. The impor-
tance of these hemodynamic factors in the complex pathogen-
esis of diabetic nephropathy was confi rmed by experimental 
studies showing that normalization of PGC by low-protein 
diet or treatment with an ACE inhibitor resulted in the preven-
tion of progressive renal injury despite persistent chronic 
hyperglycemia.10,11

Angiotensin II
Angiotensin II has been identifi ed as an important mediator 
of the glomerular hemodynamic changes associated with pro-
gressive renal injury. Experimental studies have revealed sev-
eral nonhemodynamic effects of angiotensin II that may also 
be important in CKD progression. These include loss of glo-
merular size permselectivity resulting in proteinuria, mesan-
gial cell proliferation and induction of transforming growth 
factor-� (TGF-�) expression, stimulation of plasminogen ac-
tivator inhibitor-1 production by endothelial and vascular 
smooth muscle cells, macrophage activation, and increased 
phagocytosis, as well as induction of cytokine expression and 
fi brogenic effects via aldosterone.12 Angiotensin II has thus 
emerged as a central mediator in the pathogenesis of progres-
sive renal injury and is therefore a logical target for interven-
tions to slow CKD progression (Fig. 62-1).

Tubulointerstitial Fibrosis
In CKD, progressive glomerulosclerosis is accompanied by tu-
bulointerstitial fi brosis, the extent of which correlates closely 
with prognosis.13 Several mechanisms have been proposed to 

link glomerular and tubulointerstitial damage. These include 
adverse effects of the abnormal fi ltration of plasma proteins 
that provoke proinfl ammatory and profi brotic responses when 
absorbed by renal tubule cells,14 downstream effects of cyto-
kines fi ltered or produced by injured glomeruli,15 misdirection 
of protein-rich glomerular fi ltrate into the interstitium,16 epi-
thelial to mesenchymal transition of tubule cells to form inter-
stitial myofi broblasts,17 and reduced perfusion of peritubular 
capillaries resulting in hypoxia.18 Mechanisms that may con-
tribute to progressive renal injury are discussed further in the 
sections that follow and are summarized in Figure 62-1.

INTERVENTIONS FOR SLOWING 
THE RATE OF CKD PROGRESSION

Antihypertensive Therapy
Optimal Blood Pressure

The treatment of systemic hypertension was the fi rst interven-
tion shown to signifi cantly slow the rate of CKD progression, 
and it remains fundamental to renoprotective strategies. 
Among insulin-dependent diabetic patients with diabetic ne-
phropathy, the initiation of antihypertensive therapy resulted 
in marked reductions in rates of GFR decline,19,20 implying 
that hypertension, an almost universal consequence of im-
paired renal function, also contributes to the progression of 
CKD. Similar observations were reported among patients with 
nondiabetic forms of CKD.21–23 Uncertainty remains, how-
ever, about how much blood pressure (BP) lowering is re-
quired to achieve optimal renoprotection.

 The Modifi cation of Diet in Renal Disease (MDRD) study 
sought to resolve this issue by evaluating whether lower 
than previously recommended BP targets afforded greater 

Antihypertensives

Systemic
hypertension

↑ PGC
↑ SNGFR

Low-protein
diet

Nephron
loss ↑ Angiotensin II Proteinuria

Glomerular
cell

mechanical
stress

ACEI or ARB

Lipid
lowering Hyperlipidemia Inflammatory

response

FSGS
TIF

Smoking
cessation Smoking

Figure 62-1 Schema depicting the 
proposed mechanisms resulting in a 
common pathway of progressive 
nephron loss in chronic kidney dis-
ease and illustrating the actions of 
different interventions (in italics) in 
interrupting this pathway. ACEI, an-
giotensin-converting enzyme inhibitor; 
AngII, angiotensin II; ARB, angioten-
sin receptor blocker; FSGS, focal and 
segmental glomerulosclerosis; PGC,

glomerular capillary hydraulic pres-
sure; SNGFR, single nephron glomer-
ular fi ltration rate; TIF, tubulointerstitial 
fi brosis.
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renoprotection than “usual” BP control among patients with 
predominantly nondiabetic CKD. Patients were randomized to 
a target mean arterial pressure (MAP) of 107 mm Hg (equiva-
lent to BP of 140/90 mm Hg) or 92 mm Hg (equivalent to BP 
of 125/75 mm Hg). Whereas primary analysis did not show any 
overall difference in rate of GFR decline between these groups, 
patients randomized to the low BP group evidenced an early 
rapid decrease in GFR, likely due to associated renal hemody-
namic effects, that obscured a later signifi cantly slower rate of 
GFR decline than that observed in the “usual” BP target group. 
Baseline proteinuria more than 1 g/day was associated with 
more rapid GFR decline in usual versus low BP groups.24 Sec-
ondary analysis revealed signifi cant correlations between the 
rate of GFR decline and achieved blood pressure, an effect that 
was also more marked among those with greater baseline pro-
teinuria. The authors conclude by recommending a BP goal of 
lower than 125/75 mm Hg (MAP � 92 mm Hg) for CKD pa-
tients with more than 1 g/day of proteinuria, and a goal of 
lower than 130/80 mm Hg (MAP � 98 mm Hg) for those with 
proteinuria of 0.25 to 1 g/day.25 Subsequent follow-up of 
MDRD patients suggests that the benefi ts of lower blood pres-
sure may become evident only over a longer period; after a 
mean of 6.6 years the risk of end-stage renal disease (ESRD) 
(adjusted hazard ratio [HR], 0.68; 95% confi dence interval 
[95% CI], 0.57–0.82) was lower and that of a combined end-
point of ESRD or death (adjusted HR, 0.77; 95% CI, 0.65–0.91) 
was lower in patients randomized to the low BP target even 
though treatment and BP data were not available beyond the 
2.2 years of the original trial.26 Unfortunately, these results are 
confounded by the random use of ACE inhibitor treatment in 
the study. Consequently, it remains unclear whether the level of 
blood pressure attained is critically important in CKD patients 
receiving an ACE inhibitor or angiotensin receptor blocker 
(ARB). However, among patients with type 1 diabetes and es-
tablished nephropathy receiving ACE inhibitor treatment, ran-
domization to a low (MAP � 92 mm Hg) versus “usual” (MAP 
� 100–107 mm Hg) target blood pressure was associated with 
signifi cantly lower levels of proteinuria after 2 years but no 
signifi cant difference in the loss of GFR.27  Secondary analysis 
of data from the Irbesartan Diabetic Nephropathy Trial (IDNT) 
revealed greater renoprotection among patients who achieved 
lower BP targets; an achieved systolic blood pressure higher 
than 149 mm Hg was associated with a 2.2-fold higher risk of 
developing ESRD or a doubling of serum creatinine versus an 
achieved systolic blood pressure lower than 134 mm Hg, inde-
pendent of ARB treatment.28

Other studies have failed to fi nd additional benefi t associated 
with lower BP targets. For example, intensive BP control was not 
associated with signifi cantly improved preservation of renal 
function among patients with autosomal dominant polycystic 
kidney disease, but the authors point out that the study may not 
have had adequate statistical power to detect a difference.29 In 
the African American Study of Kidney Disease and Hyperten-
sion (AASK), no signifi cant difference in the rate of GFR decline 
was observed between patients randomized to MAP goals of no 
more than 92 mm Hg compared to those assigned to MAP goals 
of 102 to 107 mm Hg. One possible explanation for the lack of a 
benefi t is that these patients generally had low baseline levels of 
proteinuria (mean urine protein, 0.38–0.63 g/day).30 In the 
Ramipril Effi cacy in Nephropathy 2 (REIN-2) trial, additional 
BP reduction (�130/80 mm Hg versus diastolic BP � 90 mm 
Hg irrespective of systolic BP) with a nondihydropyridine 

calcium channel blocker (CCB) plus ACE inhibitor treatment in 
patients with nondiabetic CKD did not yield additional reno-
protection.31 However, the degree of additional BP reduction 
(4.1/2.8 mm Hg) may have been insuffi cient or the specifi c anti-
hypertensive agent may have been ineffective.

 Two additional pieces of evidence support a lower BP tar-
get; a meta-analysis of 11 randomized trials that included 
1860 patients revealed that the lowest risk of progression of 
nondiabetic CKD was associated with an achieved systolic 
blood pressure of 110 to 129 mm Hg, independent of ACE 
inhibitor treatment.32 Secondly, results from several clinical 
trials that included diabetic and nondiabetic CKD revealed a 
slower rate of CKD progression in patients achieving the low-
est blood pressures.33 Two recent reports raise a note of cau-
tion. They suggest that excessive lowering of blood pressure 
may be associated with adverse effects. In the same meta-
analysis, an achieved systolic blood pressure lower than 110 
mm Hg was associated with an increased risk of CKD progres-
sion (relative risk [RR], 2.48; 95% CI, 1.07–5.77),32 and in the 
IDNT an achieved systolic blood pressure lower than 120 mm 
Hg was associated with increased all-cause mortality and no 
further improvement in renal outcomes.28

In summary, results from randomized trials comparing 
“low” and “usual” BP targets among CKD patients have not 
yielded unequivocal results, but the overall picture suggests 
that lower BP targets are associated with more effective reno-
protection, particularly among those with signifi cant protein-
uria. These observations have led to a consensus that blood 
pressure should be lowered to less than 130/80 mm Hg in all 
patients with CKD33,34 and, for patients with more than 1 
g/day of proteinuria, a blood pressure of less than 125/75 mm 
Hg should be achieved. Potentially dangerous hypotension, 
particularly in patients with autonomic neuropathy, labile 
blood pressure, or atherosclerosis with decreased vascular 
compliance, should be avoided.

Antihypertensive Drugs

Data from the Antihypertensive and Lipid-Lowering Treat-
ment to Prevent Heart Attack Trial (ALLHAT) have been 
misinterpreted to imply that the choice of antihypertensive 
drug does not affect renal outcomes in patients with CKD. 
ALLHAT was designed to investigate the effect of antihyper-
tensive drugs on cardiovascular outcomes in patients with 
hypertension and at least one cardiovascular risk factor; they 
found no signifi cant difference in the incidence of the primary 
outcome of fatal ischemic heart disease or nonfatal myocar-
dial infarction among patients randomized to treatment with 
a thiazide diuretic, a CCB, or an ACE inhibitor.35 In a post hoc 
analysis there was also no difference found in the secondary 
outcome of ESRD or more than 50% decrease in GFR. Nota-
bly, patients with serum creatinine levels higher than 2 mg/dL 
were specifi cally excluded from the analysis, resulting in only 
a minority of patients (5662 of 33,357) having CKD (esti-
mated GFR, �60 mL/min/1.73 m2), and there was no assess-
ment of proteinuria.36 In contrast to the ALLHAT results, a 
large body of evidence supports the use of ACE inhibitors or 
ARBs as fi rst-line antihypertensive therapy in patients with 
CKD (see “Pharmacologic Inhibition of the Renin-Angiotensin 
System” in this chapter).

Nevertheless, dietary salt restriction and diuretics are im-
portant antihypertensive therapies in the treatment of CKD. 
Studies have demonstrated that high dietary sodium intake 
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may abrogate the antiproteinuric effect of ACE inhibitor treat-
ment but that addition of a thiazide diuretic restores the anti-
proteinuric effect despite ongoing high sodium intake.37 Addi-
tion of a thiazide diuretic to ARB treatment was found to 
reduce blood pressure and proteinuria in patients with IgA 
nephropathy.38 We recommend dietary salt restriction with a 
thiazide diuretic as second-line antihypertensive therapy for 
patients with stage 1 to 3 CKD who are not achieving adequate 
BP control with an ACE inhibitor or ARB alone. With more 
advanced CKD, a loop diuretic should be used to reduce ex-
tracellular volume and blood pressure.

There is concern that the dihydropyridine class of CCBs may 
adversely affect the progression of CKD. In experimental stud-
ies dihydropyridine CCB treatment allowed greater transmis-
sion of systemic blood pressure to the renal microcirculation 
and was associated with more rapid progression of renal injury 
when compared to ACE inhibitor treatment in the fi ve sixths 
nephrectomy model.39 Whereas one relatively small study 
found no difference between the renoprotective effects of the 
dihydropyridine CCB nifedipine and the ACE inhibitor capto-
pril,40 but two larger studies have reported adverse outcomes 
associated with the use of dihydropyridine CCBs. A secondary 
analysis of data from REIN-2 found that treatment with the 
dihydropyridine CCBs nifedipine and amlodipine was associ-
ated with higher levels of proteinuria and more rapid GFR de-
cline than other antihypertensives in patients who failed to 
achieve a MAP less than 100 mm Hg and were not receiving an 
ACE inhibitor.41 In AASK,42 patients with CKD and hyperten-
sion were randomized to treatment with an ACE inhibitor, the 
dihydropyridine CCB amlodipine, or a �-blocker and diuretic 
in combination. Amlodipine therapy was stopped prematurely 
due to identifi cation of a more rapid decline in GFR compared 
to patients receiving the �-blocker or ACE inhibitor, particu-
larly in the presence of proteinuria higher than 1 g/day. As dis-
cussed previously, the REIN-2 study found no additional 
renoprotection when a dihydropyridine CCB was added to 
ACE inhibitor treatment in patients with nondiabetic CKD.31

In contrast, nondihydropyridine CCBs lower PGC, reduce 
proteinuria, and afford renoprotection in experimental stud-
ies. In one clinical study, the combination of ACE inhibitor 
and nondihydropyridine CCB treatment resulted in greater 
reduction of proteinuria than either treatment alone in pa-
tients with type 2 diabetes and overt nephropathy.43 A meta-
analysis of data from 28 randomized, clinical trials in hyper-
tensive patients with proteinuria found a 2% increase in 
proteinuria with dihydropyridine CCB treatment versus a 
30% reduction with nondihydropyridine CCB treatment de-
spite similar effects on blood pressure.44 Consequently, we 
recommend that dihydropyridine CCBs should be avoided in 
patients with CKD unless they are required as combination 
therapy with other antihypertensives to achieve the targets for 
BP control outlined in this chapter and used in combination 
with ACE inhibitor or ARB treatment. If possible nondihydro-
pyridine CCBs should be used in preference to dihydropyri-
dine CCBs.

Pharmacologic Inhibition 
of the Renin-Angiotensin System
A large number of published clinical trials and meta-analyses 
provide clear evidence to support the use of pharmacologic 
inhibitors of the renin-angiotensin system as an essential 

component of any strategy aiming to achieve maximal reno-
protection in patients with CKD (summarized in Table 62-1).

Angiotensin-Converting Enzyme Inhibitors

Diabetic Nephropathy
In 1993, the Captopril Collaborative Study Group demon-
strated specifi c renoprotection attributable to ACE inhibitor 
treatment in human CKD for the fi rst time.45 In this study, 409 
patients with type 1 diabetes and established nephropathy 
(proteinuria � 0.5 g/day; serum creatinine � 2.5 mg/dL) were 
randomized to receive captopril or placebo to achieve a BP goal 
of less than 140/90 mm Hg. After median follow-up of 3 years, 
captopril treatment was associated with a 50% reduction in the 
risk of the combined endpoint of death, dialysis, and renal 
transplantation and a 48% reduction in the risk of a doubling 
of serum creatinine level. Renoprotection was not attributable 
simply to the antihypertensive effects of ACE inhibitors be-
cause BP control was not statistically different between the 
groups. Subsequently, investigators evaluated whether ACE 
inhibitor would also benefi t type 1 diabetic patients with mi-
croalbumiuria. A meta-analysis of 12 studies, including 689 
patients with type 1 diabetes followed for at least a year, found 
that ACE inhibitor treatment was associated with a signifi cant 
reduction in the risk of progression to overt nephropathy 
(odds ratio, 0.38) and three times the incidence of complete 
normalization of microalbuminuria.46 Another study showed 
that ACE inhibitors prevented progression to overt nephropa-
thy over 8 years and was associated with preservation of a 
normal GFR.47 Finally, a subgroup analysis of the EUCLID 
study found that ACE inhibitor treatment reduced albumin-
uria by 12.7% among normotensive, normoalbuminuric type 
1 diabetic patients; this trend was not statistically signifi cant 
and was associated with a lower blood pressure.48

Data on the renoprotective effects of ACE inhibitors in pa-
tients with type 2 diabetes are confl icting because studies have 
included relatively small numbers of patients and only one49

was able to show a greater reduction in GFR decline associated 
with ACE inhibitors versus other antihypertensives.50–52 In 
contrast, the diabetic subgroup analysis of the Heart Outcomes 
Prevention Evaluation (HOPE) study revealed benefi cial ef-
fects of ACE inhibitor treatment in decreasing microalbumin-
uria53–55 and reducing the number of patients progressing from 
microalbuminuria to overt proteinuria among type 2 diabetic 
patients (risk reduction, 24%–67%).56–58 The HOPE study also 
revealed a 25% reduction in the combined primary endpoint 
of myocardial infarction, stroke, or cardiovascular death in 
ramipril-treated type 2 diabetic patients who had risk factors 
for cardiovascular disease. Finally, a benefi cial role for ACE 
inhibitor treatment in primary prevention of nephropathy 
among 156 normotensive, normoalbuminuric type 2 diabetic 
patients has been reported, noting a 12.5% absolute risk reduc-
tion for microalbuminuria.59,60 Another study has reported 
similar benefi t among 1204 hypertensive normoalbuminuric 
type 2 diabetic patients (estimated acceleration factor, 0.39 for 
trandolapril � verapamil versus placebo and 0.47 for trandol-
april versus placebo; P � .01 for both).60 On the other hand, 
one relatively large study found no renoprotective benefi t of 
ACE inhibitor over �-blocker treatment among hypertensive 
type 2 diabetic patients with normoalbuminuria or microalbu-
minuria.61 Regarding meta-analyses, one included only studies 
of type 2 diabetes and concluded there was a statistically 
signifi cant reduction in albuminuria associated with ACE 
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inhibitor treatment versus placebo.62 A second, larger analysis 
combined data from studies of type 1 and type 2 diabetes and 
reported weak evidence that ACE inhibitors were associated 
with a reduced risk of doubling of serum creatinine (RR, 0.60; 
95% CI, 0.34–1.05) or incidence of ESRD (RR, 0.64; 95% CI, 
0.40–1.03) even though there was stronger evidence of reduced 
risk of progression of microalbuminuria to macroalbuminuria 
(RR, 0.45; 95% CI, 0.28–0.71). All-cause mortality was signifi -
cantly reduced in patients receiving ACE inhibitors (RR, 0.79; 
95% CI, 0.63–0.99).63 Finally, a meta-analysis of 16 trials that 
assessed the effect of ACE inhibitors on reducing the risk of 
microalbuminuria in type 1 and type 2 diabetes found a sig-
nifi cantly lower risk of developing microalbuminuria versus 
placebo (RR, 0.60; 95% CI, 0.43–0.84) or CCB treatment (RR, 
0.58; 95% CI, 0.40–0.84).64

Consequently, we recommend ACE inhibitor treatment for 
all type 1 diabetic patients with microalbuminuria or overt 
nephropathy. Insuffi cient data exist to support the use of ACE 
inhibitors in normoalbuminuric type 1 diabetic patients, but it 
seems reasonable to recommend ACE inhibitors for those with 
elevated blood pressure. There is no clear evidence of specifi c 
benefi t associated with ACE inhibitors in slowing the progres-
sion of established nephropathy in type 2 diabetic patients, but 
this may be due to the lack of adequately powered studies. The 

evidence does support the recommendation to use ACE in-
hibitors to reduce progression to overt nephropathy in type 2 
diabetic patients with microalbuminuria or to prevent micro-
albuminuria from developing in patients with hypertension. 
Finally, cardiovascular disease is the most common cause of 
morbidity and mortality among type 2 diabetic patients, and 
ACE inhibitors should be considered to reduce cardiovascular 
risk in these patients.

Nondiabetic CKD
Regarding renoprotection in nondiabetic CKD, an early study 
reported a 53% reduction in the risk of reaching the combined 
endpoint of doubling of serum creatinine level or incidence of 
ESRD associated with ACE inhibitor treatment. However, blood 
pressure was lower among patients receiving an ACE inhibitor 
versus placebo, making it impossible to separate the benefi cial 
effects of lowering blood pressure from any unique effects of 
ACE inhibitor treatment.65 In the REIN study of 352 patients 
with nondiabetic CKD randomized to either ACE inhibitor or 
placebo, blood pressures were similar in the two groups. Among 
patients with at least 3 g/day of proteinuria at baseline, the study 
was stopped early because the rate of decline in GFR was sig-
nifi cantly slower in patients receiving the ACE inhibitor (0.53 vs. 
0.88 mL/min/mo).66 There also was a signifi cant reduction in 

Table 62-1 Summary of Studies Showing the Renoprotective Effects of Angiotensin-Converting Enzyme Inhibitors and Angiotensin 
Receptor Blockers in Diabetic and Nondiabetic Chronic Kidney Disease

CKD Type Trial Outcome Ref.

Angiotensin-Converting Enzyme Inhibitors (ACEIs)

Type 1 DM + CKD 50% ↓ risk of dialysis, transplant, or death 45

Type 1 DM + µA ↓ Risk of overt nephropathy (OR = 0.38) 46, 47

Type 1 DM + NA 12.7% ↓ in albuminuria (NS) 48

Type 2 DM + CKD Benefi t in only one study 49–52

Type 2 DM + µA 24%–67% ↓ risk of overt nephropathy 53–58

Type 2 DM + NA 12.5% ↓ risk of developing µA 59, 60

Nondiabetic CKD ↓ Creatinine doubling/ESRD (RR = 0.52) 66–69

Advanced CKD 43% ↓ risk of creatinine doubling, ESRD or death 70

Angiotensin Receptor Blockers (ARBs)

Type 2 DM + µA ↓ Risk of overt nephropathy (HR = 0.30) 76

Type 2 DM + CKD 25%–37% ↓ risk of creatinine doubling

23%–28% ↓ risk of ESRD 74, 75

Combination ACEI and ARB

Type 2 DM + µA ↓ BP and ↓ albuminuria vs. ACEI or ARB 90

Nondiabetic CKD HR for ESRD 0.38–0.40 vs. ACEI or ARB 89

All CKD 
(meta-analysis)

Mean 440mg/day less proteinuria vs. ACEI 94

CKD, chronic kidney disease; ESRD end-stage renal disease; HR hazard ratio; µA, microalbuminuria; NA, normoalbuminuria; OR odds
ratio; RR, risk ratio.
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the risk of the combined endpoint of a doubling of serum cre-
atinine or ESRD with ACE inhibitor treatment (risk ratio � 1.91 
for the placebo group). When REIN patients who had received 
placebo were switched to an ACE inhibitor, there was a signifi -
cant reduction in the rate of decline in GFR. Patients continuing 
ACE inhibitor treatment had a further reduction in the rate of 
GFR decline. Notably, patients who received ACE inhibitors 
from the start had a signifi cantly lower risk of reaching ESRD 
than those subsequently switched to ACE inhibitors (RR for 
placebo group, 1.86; 95% CI, 1.07–3.26); over 36 to 54 months 
of follow-up, none of the patients who received ACE inhibitors 
from the start reached ESRD.67,68 When 186 REIN patients with 
less than 3 g/day of proteinuria were followed for a median of 31 
months after randomization, similar results were seen. ACE in-
hibitor treatment signifi cantly reduced the incidence of ESRD 
(RR for placebo group, 2.72; 95% CI, 1.22–6.08), particularly 
among those with a baseline GFR of less than 45 mL/min.69 Even 
in advanced stages of CKD (244 patients with a serum creatinine 
of 3.1–5.0 mg/dL at baseline randomly assigned to ACE inhibi-
tor treatment), ACE inhibitors are associated with a 52% reduc-
tion in proteinuria and a 43% reduction in the risk of the pri-
mary endpoint (doubling of serum creatinine, ESRD, or death).70

A meta-analysis of 11 studies that included 1860 patients with 
nondiabetic CKD confi rmed these fi ndings71; ACE inhibitor 
treatment was associated with signifi cantly lower risks of reach-
ing ESRD (RR, 0.69; 95% CI, 0.51–0.94) or the combined end-
point of a doubling in serum creatinine or ESRD (RR, 0.70; 95% 
CI, 0.55–0.88). Thus, the renoprotective effects of ACE inhibi-
tors are mediated by factors in addition to their antihypertensive 
and antiproteinuric effects, and benefi ts of their use were greater 
in patients with higher levels of baseline proteinuria but not in 
those patients with less than 0.5 g/day of proteinuria. Even in 
patients with autosomal dominant polycystic kidney disease, 
ACE inhibitor treatment reduced proteinuria, but the overall 
evidence of slowing CKD progression was inconclusive and 
limited to those with higher levels of proteinuria.72

In addition to the renoprotective benefi ts of ACE inhibitor 
treatment, the HOPE study revealed substantial reductions in 
overall (RR, 0.84) and cardiovascular mortality (RR, 0.74) in 
patients receiving an ACE inhibitor versus placebo among 9297 
patients at increased risk of cardiovascular disease.73 Although 
the HOPE study did not include large numbers of patients with 
nondiabetic CKD, cardiovascular disease remains the single larg-
est cause of morbidity and mortality in this population, and the 
HOPE study results provide a further rationale for the use of 
ACE inhibitor therapy in patients with CKD.

In light of these trials regarding renoprotection and the 
probable reduction in cardiovascular risk, we recommend 
ACE inhibitor treatment for all patients with CKD and 
proteinuria more than 0.5 g/day unless there are specifi c 
contraindications.

Angiotensin Receptor Blockers

Angiotensin receptor blockers inhibit the renin-angiotensin 
system by blocking angiotensin II subtype 1 (AT1) receptors.12

Despite differences in their effects on the renin-angiotensin 
system, experimental studies have found that ACE inhibitor 
and ARB treatment produce similar changes in glomerular 
hemodynamics and afford equivalent renoprotection in a va-
riety of experimental CKD models.12

 The simultaneous publication of three large randomized 
studies clearly established a role for ARB therapy in achieving 

renoprotection in patients with type 2 diabetes. In the Reduction 
of Endpoints in NIDDM with Angiotensin II Antagonist Losar-
tan (RENAAL) Trial, 1513 patients with overt diabetic nephrop-
athy were randomized to ARB treatment or placebo and fol-
lowed for a mean of 3.4 years.74 ARB treatment was associated 
with signifi cant, 25% reduction in the incidence of a doubling of 
baseline serum creatinine and ESRD (RR reduction � 28%). In 
the IDNT, 1715 patients with overt diabetic nephropathy were 
randomized to treatment with ARB, amlodipine, or placebo.75

After a mean of 2.6 years, ARB treatment was associated with a 
33% lower risk of doubling of serum creatinine versus placebo 
and a 37% reduction versus amlodipine. Although not statisti-
cally signifi cant, the ARB was associated with a 23% reduction in 
the risk of ESRD versus placebo and amlodipine. Because 
achieved blood pressure between groups was closely matched in 
both of these trials, the additional renoprotective effects of ARB 
treatment cannot be attributed merely to their antihypertensive 
effects. A third study examined the renoprotective effects of an 
ARB (irbesartan) in 590 type 2 diabetic patients with hyperten-
sion and microalbuminuria.76 Patients were randomized to irbe-
sartan at two different doses (300 or 150 mg/day) or placebo. 
After 2 years there were signifi cant differences in the incidence of 
overt proteinuria (5.2% vs. 9.7% vs. 14.9%); the higher dose of 
irbesartan was also associated with substantial reduction in the 
risk of overt nephropathy (HR, 0.30; 95% CI, 0.14–0.61 vs. pla-
cebo). The practical implication of this dose-dependent effect is 
that when ARBs are used to treat diabetic microalbuminuria, the 
dose should be titrated to the maximum antihypertensive dose.

 A meta-analysis has confi rmed the results of individual trials 
by showing a signifi cant reduction in the risk of ESRD (RR, 0.78; 
95% CI, 0.67–0.91) and doubling of serum creatinine (RR, 0.79; 
95% CI, 0.67–0.93) as well as a reduction in risk of progression 
from microalbuminuria to macroalbuminuria (RR, 0.49; 95% 
CI, 0.32–0.75) among diabetic patients treated with ARB versus 
placebo.63 Interestingly, there was no reduction in all cause mor-
tality. In summary, clear evidence of the renoprotective effects of 
ACE inhibitor in type 2 diabetic patients with overt nephropathy 
is lacking, but there is suffi cient evidence to support the use of 
ARB treatment to achieve renoprotection in these patients. ARB 
treatment is also effective in preventing progression from micro-
albuminuria to overt diabetic nephropathy. Preliminary results 
show that doses of ARB higher than the recommended maxi-
mum may result in greater lowering of proteinuria without a 
further reduction in blood pressure,77,78 but further trials are 
required before this can be recommended.

ACE Inhibitor versus ARB Treatment

Strict application of available evidence would result in a rec-
ommendation for ACE inhibitor treatment to achieve reno-
protection in patients with type 1 diabetes and microalbumin-
uria or overt diabetic nephropathy, type 2 diabetes with 
hypertension or microalbuminuria, and nondiabetic CKD 
with proteinuria greater than 0.5 g/day. ARBs would be indi-
cated for patients with type 2 diabetes and microalbuminuria 
or overt nephropathy. It should be noted, however, that no 
adequate placebo-controlled trials of ARB treatment in pa-
tients with type 1 diabetes or in those with nondiabetic ne-
phropathy have been conducted, and few studies have directly 
compared ACE inhibitor and ARB treatment in patients with 
CKD. The only substantial trial was conducted in a mixed 
group of type 2 diabetic patients with microalbuminuria as 
well as macroalbuminuria and was designed to assess noninfe-

Ch62_697-714-X5484.indd 704Ch62_697-714-X5484.indd   704 6/24/08 5:51:11 PM6/24/08   5:51:11 PM



705 Prevention of Progressive Renal Failure

riority. There was no signifi cant difference between ACE in-
hibitor and ARB treatment in the primary outcome—namely, 
a change in GFR—or in the secondary outcome of decreasing 
the urine albumin-to-creatinine ratio.79 A meta-analysis of 
small trials comparing ACE inhibitor and ARB treatment in 
patients with diabetic CKD reported similar benefi ts with re-
spect to incidence of ESRD, doubling of creatinine, and pro-
gression of microalbuminuria to macroalbuminuria.80 Most 
national and international guidelines therefore recommend 
ACE inhibitor or ARB treatment for all forms of diabetic and 
nondiabetic CKD and leave the choice to individual physicians. 
One advantage of ARBs over ACE inhibitors is their more fa-
vorable adverse-effect profi le. In clinical trials, ARBs have been 
reported to have adverse-effect profi les similar to placebo81,82;
in particular, they are not associated with the cough that may 
occur in up to 20% of patients receiving an ACE inhibitor. 
Among patients converted from ACE inhibitor to ARB therapy, 
recurrence of a cough was signifi cantly lower than in patients 
rechallenged with an ACE inhibitor.83,84 In choosing between 
ACE inhibitor and ARB therapy for patients with type 2 diabe-
tes and diabetic nephropathy, physicians have to consider evi-
dence of proven renoprotection for ARB treatment versus a 
mortality benefi t associated with ACE inhibitor treatment (in 
patients without established diabetic nephropathy).

One meta-analysis has called into question the value of 
renin-angiotensin system inhibition for renoprotection. Trials 
of ACE inhibitor and ARB treatment were pooled; when all 
studies of diabetic and nondiabetic CKD were considered, 
the analysis found a benefi t in reducing the risk of ESRD 
(RR, 0.87; 95% CI, 0.75–0.99) and urine albumin excretion 
(mean, �15.7mg/day; 95% CI, �24.7 to �6.7 mg/day) but no 
signifi cant benefi t in reducing the risk of doubling of serum 
creatinine (RR, 0.71; 95% CI, 0.49–1.04). When diabetic and 
nondiabetic studies were considered separately, no signifi cant 
benefi ts were evident with respect to incidence of ESRD or 
doubling of creatinine, but the benefi t for albuminuria reduc-
tion persisted. The authors concluded that any renoprotective 
effects of ACE inhibitor or ARB therapy result only from their 
antihypertensive effects.85 These conclusions have been re-
jected by many nephrologists because of principal weaknesses: 
inclusion of data from the very large ALLHAT study, in which 
only a minority of patients (5662 of 33,357) actually had 
CKD36; heterogeneity across trials, invalidating a pooling 
method; and lack of patient-level data.86

Combination ACE Inhibitor and ARB Treatment

The added antihypertensive effects of combination therapy 
with ACE inhibitors and ARBs have made it diffi cult to separate 
the benefi ts of additional BP lowering from benefi ts directly 
attributable to dual blockade of the renin-angiotensin system. 
Two studies have reported an additional reduction in protein-
uria and blood pressure in patients receiving combination ver-
sus monotherapy.87,88 One large study revealed additional reno-
protective benefi t with combination therapy in the absence of 
additional BP lowering: In the COOPERATE study, 263 patients 
with nondiabetic CKD were randomized to treatment with 
trandolapril or losartan or a combination of both.89 In a unique 
study design, hypertension was intensively controlled with 
drugs other than renin-angiotensin system inhibitors before 
initiating the trial medication. If patients became hypotensive 
after adding the study medication, the dose of other antihyper-
tensives was reduced. Combination therapy was associated with 

signifi cantly greater reductions in proteinuria (�75.6% vs. 
�44.3% with ACE inhibitor and �42.1% with ARB treatment) 
and a lower incidence of the primary endpoint (doubling of 
serum creatinine or ESRD; HR, 0.38; 95% CI, 0.18–0.63 vs. ACE 
inhibitor and HR, 0.40; 95% CI, 0.17–0.69 vs. ARB). Studies of 
diabetic CKD patients have been small or limited to microalbu-
minuria. The Candesartan And Lisinopril Microalbuminuria 
(CALM) study included 199 patients with type 2 diabetes, hy-
pertension, and microalbuminuria, randomized fi rst to ACE 
inhibitor or ARB therapy and then, after 12 weeks, to combina-
tion therapy or continued monotherapy. Combination therapy 
afforded greater reductions in blood pressure and albuminuria, 
but the incidence of macroalbuminuria and preservation of 
renal function were not reported.90 Small studies have uncov-
ered an additional BP lowering and proteinuria reduction when 
ARB treatment was added to patients with type 1 diabetes91 or 
type 2 diabetes92 but with persistent proteinuria and hyperten-
sion despite ACE inhibitor treatment. Two meta-analyses have 
confi rmed the fi ndings of the above individual trials; one analy-
sis reported a small additional reduction in blood pressure with 
combination therapy that was largely attributable to the use of 
submaximal doses of ACE inhibitor or short-acting ACE in-
hibitors. Combination therapy in several studies was associated 
with additional reduction of proteinuria that was independent 
of blood pressure.93 The other analysis found a signifi cant ad-
ditional reduction in proteinuria with combination therapy 
versus monotherapy that was evident in patients with diabetic 
and nondiabetic CKD (weighted mean difference, 440 mg/day; 
95% CI, 289–591 vs. ACE inhibitor alone).94

In summary, combination ACE inhibitor and ARB therapy 
seems to reduce blood pressure and proteinuria to a greater 
extent than monotherapy. Whether this effect is attributable 
to additional BP lowering that could be achieved by other 
antihypertensive agents remains unanswered, but the COOP-
ERATE study suggests there is a unique benefi t attributable to 
dual blockade of the renin-angiotensin system. Further stud-
ies are required to confi rm the long-term benefi ts of combina-
tion therapy with respect to preservation of renal function in 
other groups of CKD patients, but we recommend that the 
combination should be considered in CKD patients who have 
not achieved therapeutic goals for BP and proteinuria reduc-
tion with ACE inhibitor or ARB monotherapy.

Safety Considerations

Despite the clear trial evidence of renoprotection by ACE in-
hibitors and ARBs, many physicians remain reluctant to pre-
scribe these drugs because of concerns about a potential rise in 
serum creatinine or potassium level. It should be noted, how-
ever, that the incidence of these complications in published trials 
is low. Discontinuation of therapy due to uncontrolled hyperka-
lemia has been reported in only 0 to 4% of patients, and the 
overall incidence of hyperkalemia was not different in ACE in-
hibitor– versus non–ACE inhibitor-treated patients when data 
from 6 studies were combined.95 The discontinuation of potas-
sium supplements, avoidance of potassium-sparing diuretics, 
and dietary advice to avoid high-potassium foods may all help to 
reduce the incidence of hyperkalemia. Similarly, a progressive 
rise in serum creatinine rarely occurs in patients unless there is 
bilateral renal artery stenosis (in this case, ACE inhibitor and 
ARB treatment is contraindicated). It is important to appreciate 
that an initial increase in serum creatinine level probably results 
from the renal hemodynamic effects of ACE inhibitors or ARBs 
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and may predict greater renoprotective effi cacy.96 Provided that 
the increase in serum creatinine is less than 30% and that it is 
not progressive, an initial rise should not be an indication for 
discontinuing ACE inhibitor therapy. Patients with compro-
mised renal perfusion due to intravascular volume depletion, for 
example, are most likely to exhibit a serious decline in renal 
function after the introduction of ACE inhibitor or ARB therapy. 
It is therefore important to ensure adequate hydration, omit or 
reduce diuretics for 48 to 72 hours, and avoid nonsteroidal anti-
infl ammatory drugs before starting an ACE inhibitor in CKD 
patients. In addition, the ACE inhibitor or ARB should be started 
at a low dose and titrated upward with repeated monitoring. 
Figure 62-2 is an algorithm to facilitate the safe initiation of ACE 
inhibitor or ARB treatment in patients with CKD.

Proteinuria as a Therapeutic Target
Proteinuria has traditionally been regarded as a marker of 
glomerular fi ltration barrier integrity, and the extent of pro-
teinuria has been used as an indicator of glomerular disease 
severity. Indeed, the severity of proteinuria at baseline is the 
most important independent predictor of renal outcomes in 
randomized trials of patients with diabetic nephropathy97,98

and nondiabetic CKD.66,99,100 It has also been proposed that 
proteinuria per se contributes to progressive renal injury14;

therefore, proteinuria reduction should be viewed as a thera-
peutic goal. For example, results from the MDRD showed that 
a reduction in proteinuria, independent of blood pressure, 
was associated with slower progression of CKD; the degree of 
benefi t achieved through blood pressure lowering depended 
on the extent of baseline proteinuria.25

 Other studies have observed that the percentage reduction in 
proteinuria after initiation of ACE inhibitor or ARB treatment 
and the absolute level of proteinuria are independent predictors 
of the subsequent rate of decline in GFR among patients with 
diabetic nephropathy97,98 and nondiabetic CKD.100,101 A meta-
analysis of data from 1860 patients with nondiabetic CKD con-
fi rmed these fi ndings and showed that during antihypertensive 
treatment, the achieved level of proteinuria was a powerful pre-
dictor of the combined endpoint of doubling of baseline serum 
creatinine level or onset of ESRD (RR, 5.56; 95% CI, 3.87–7.98 
for each 1 g/day increase in achieved level of proteinuria).102 

One prospective study has reported improved preservation of 
GFR when ACE inhibitor or ARB therapy was titrated to the 
maximum antiproteinuric dose.103 Whether or not proteinuria 
contributes directly to renal injury, the strong association be-
tween the degree of proteinuria reduction and renoprotection in 
clinical studies implies that minimization of proteinuria should 
be regarded as an important independent therapeutic goal in 
renoprotective strategies.

Minimize risk of ↑ serum K+

• Stop K+ supplements
• Stop K+ -sparing diuretics
• Low-K+ diet

Minimize risk of ↑ serum creatinine
• Avoid dehydration
• Stop diuretics for 48–72 hr
• Avoid NSAIDs

Start ACEI or ARB
at low dose

Check serum K+ and
creatinine on day 3–5

Serum K+ Serum creatinine

↑ < 6.0 mEq/L ↑ > 6.0 mEq/L No ↑ No ↑ ↑ > 30% ↑ < 30%

Reassess
low-K+ diet

Stop drug
Treat ↑ K+

Repeat
serum K+ in

5–7 days 
> 6.0 mEq/L

Stable or ↓

Stop drug

Further ↑
Repeat

creatinine in
2–3 days

Continue
ACEI or ARB

Stable

↑ Dose of
ACEI or ARB

Figure 62-2 An algorithm for the 
safe initiation of ACE inhibitor or ARB 
treatment in patients with CKD. K�,
potassium; NSAID, nonsteroidal anti-
infl ammatory drugs.
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Dietary Interventions
Weight Loss

Obesity has been shown in experimental models to cause glo-
merular hypertension and hyperfi ltration, factors that are 
central to mechanisms of CKD progression.104 In humans as 
well, obesity is associated with glomerular hyperfi ltration and 
albuminuria, both of which are reversed by weight loss.105

Epidemiologic studies have identifi ed obesity as a risk factor 
for CKD106,107; in one study, obesity was an independent risk 
factor for progression of CKD (IgA nephropathy).108 Large 
interventional studies of weight loss in patients with CKD are 
lacking, but based on the above data it seems reasonable to 
recommend weight loss in obese patients with CKD.

Sodium Restriction

In the general population high dietary sodium intake is as-
sociated with hypertension, and sodium restriction produces 
a signifi cant reduction in blood pressure.109 One observa-
tional study among patients with CKD reported that those 
who restricted their sodium intake to less than 100 mmol/day 
evidenced a lower rate of decline in GFR versus those with 
a high sodium intake (�200 mmol/day); there was no in-
crease in proteinuria despite having lower creatinine clearance 
and higher levels of proteinuria at baseline. BP control was 
similar between the groups.110 Several other small studies 
have sought to investigate the effect of dietary sodium in-
take on CKD progression. A recent systematic review of 
16 studies concluded that marked heterogeneity between the 
studies precluded meta-analysis.111 Nevertheless, there was a 
general trend for increasing sodium intake to be associated 
with worsening albuminuria. Only two reports indicated no 
benefi t from reducing dietary sodium, and both were of low 
methodologic quality. High dietary sodium intake has also 
been shown to negate the antiproteinuric effects of ACE in-
hibitor treatment,37 as well as the antihypertensive response. 
Long-term randomized trials are required to defi ne the role 
of sodium restriction in renoprotective strategies, but 
even the incomplete evidence available supports a recom-
mendation for moderate dietary sodium restriction (�100 
mmol/day) in patients with CKD.

Protein Restriction

Based on the notion that reducing the excretory burden on the 
kidneys would slow the rate of progressive injury, dietary pro-
tein restriction was among the fi rst interventions proposed to 
slow CKD progression. Experimental studies showed that a 
low-protein diet normalized glomerular hemodynamics in the 
remnant kidney model6 and resulted in effective long-term 
renoprotection.112 Unfortunately, clinical studies to date have 
failed to provide unambiguous evidence to support the use of 
protein restriction in human CKD.

 In the MDRD study 585 patients with mostly nondiabetic 
CKD (GFR � 25–55 mL/min/1.73 m2) were randomized to 
“usual” (1.3 g/kg/day) or “low” (0.58 g/kg/day) protein diet in 
study A, and 255 patients with GFR � 13–24 mL/min/1.73 
m2 to “low” (0.58 g/kg/day) or “very low” (0.28 g/kg/day) 
protein diet (study B). After a mean of 2.2 years’ follow-up 
there was no difference in the rate of GFR decline in study A, 
and only a trend toward slower decline in the “very low” pro-
tein group in study B.24 Further analysis, however, revealed 
that the desired protein intake was not achieved in the ran-
domized groups; when data were analyzed according to 

achieved dietary protein intake, a reduction in protein intake 
of 0.2 g/kg/day correlated with a 1.15 mL/min/year reduction 
in the rate of GFR decline, equivalent to a 29% reduction in 
mean rate of GFR decline, implying a 41% prolongation in 
renal survival.113 Several factors have been identifi ed that may 
account for the inconclusive results of the MDRD study, in-
cluding the generally slow rate of decline in GFR (4 mL/min/
year or less), short follow-up, high proportion of patients 
with adult polycystic kidney disease, and random use of ACE 
inhibitors in the different groups. Evidence supporting a 
renoprotective effect of low-protein diet was provided by 
meta-analyses of randomized studies.114 Among 1413 pa-
tients with nondiabetic CKD from 5 studies (including those 
from study A of the MDRD), low-protein diet was associated 
with a relative risk of 0.67 (95% CI, 0.50–0.89) for ESRD or 
death. Similarly, among 108 type 1 diabetic patients from fi ve 
studies, low-protein diet signifi cantly slowed the increase in 
albuminuria or the decline in GFR/creatinine clearance (RR 
0.56; 95% CI, 0.40–0.77). Unfortunately, long-term follow-
up of the MDRD study A cohort has also proved inconclu-
sive.115 Small studies suggest that the antiproteinuric effects 
of dietary protein restriction are additive to those of ACE 
inhibitor treatment,116 but large long-term studies are re-
quired to evaluate this further. Although no single study has 
yet provided conclusive evidence of the renoprotective effect 
of dietary protein restriction in humans, we believe that suf-
fi cient evidence exists to consider moderate protein restric-
tion of 0.6 g/kg/day in patients with CKD and evidence of 
progression. In addition to possible renoprotective effects, 
dietary protein restriction results in reduced sodium, phos-
phate and acid intake, all of which are benefi cial for CKD 
patients.117 The decision to institute dietary protein restric-
tion should be individualized; it should be avoided in pa-
tients with low serum albumin due to severe nephrotic syn-
drome or malnutrition. Fortunately, Medicare will pay for 
dietician visits for CKD patients in the United States.

Treatment of Dyslipidemia
Chronic kidney disease is commonly associated with abnor-
malities of plasma lipids: elevated levels of the triglyceride-rich 
lipoproteins very low-density lipoprotein and low-density lipo-
protein, and reduced levels of high-density lipoprotein.118 In 
addition to placing CKD patients at increased risk of cardiovas-
cular disease, these lipid abnormalities may also accelerate 
the progression of CKD. In the MDRD study, low serum high-
density lipoprotein cholesterol was an independent predictor of 
more rapid decline in GFR99; in another study elevated triglycer-
ide-rich apolipoprotein B-containing lipoprotein correlated sig-
nifi cantly with the rate of deterioration of renal function.119

Hypercholesterolemia has been associated with more rapid pro-
gression among patients with diabetic120–122 and nondiabetic 
CKD.123 Mechanisms offered to explain why hyperlipidemia 
might contribute to CKD progression include stimulation of 
mesangial cell proliferation, cytokine expression, and extracel-
lular matrix synthesis124,125; oxidation of LDL to form reactive 
oxygen species126; and elevations in PGC.127 In experimental stud-
ies, treatment of hyperlipidemia has resulted in attenuation of 
renal injury in a variety of models of CKD.128,129 Results from 
large randomized trials of lipid-lowering therapy in CKD pa-
tients have not been reported, but a meta-analysis of 12 small 
studies that included both diabetic and nondiabetic CKD found 
that lipid-lowering therapy signifi cantly reduced the rate of 
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decline in GFR (mean reduction, 1.9 mL/min/year).130 Several 
secondary analyses of data from clinical trials also suggest that 
lipid-lowering therapy may slow CKD progression; these results 
should be interpreted with caution. Among patients with a his-
tory of myocardial infarction, pravastatin slowed the rate of GFR 
decline in patients with estimated GFR values less than 40 
mL/min/1.73 m2, particularly in patients with proteinuria.131

Similarly, in the Heart Protection Study, patients with previous 
cardiovascular disease or diabetes who were randomized to 
simva statin treatment had a smaller increase in serum creatinine 
compared to those who received placebo.132 In an open-label 
study, atorvastatin treatment of CKD patients with proteinuria 
and hypercholesterolemia was associated with preservation of 
creatinine clearance, whereas those receiving placebo evidenced 
a signifi cant decline.133 On the other hand, lipid lowering with 
fi brates has not been associated with preservation of renal func-
tion,134,135 although one study did show reduced progression to 
microalbuminuria among type 2 diabetic patients receiving fe-
nofi brate.136 This suggests that some of the renoprotective effects 
observed above may be due to other, pleiotropic effects of 
“statins.” Pending the results of trials in CKD patients, these re-
sults, plus the fact that CKD patients are at substantially in-
creased risk for cardiovascular disease, support a policy of active 
dietary and drug intervention to correct dyslipidemia to the 
levels recommended for other patients at high cardiovascular 
risk (low-density lipoprotein cholesterol � 100 mg/dL).137

Smoking Cessation
Smoking has been identifi ed as a risk factor for the develop-
ment of microalbuminuria, overt proteinuria, and CKD pro-
gression in type 1 and 2 diabetes.138–141 Smoking is also a risk 
factor for progression in a variety of forms of nondiabetic CKD: 
Among patients with adult polycystic kidney disease or IgA 
nephropathy, smokers had a substantially increased risk of pro-
gression to ESRD versus nonsmokers142; among patients with 
lupus nephritis,143 the median time to ESRD was almost halved 
in smokers versus nonsmokers; patients with a primary glo-
merulonephritis and serum creatinine higher than 1.7 mg/dL 
were signifi cantly more likely to be smokers than those with 
normal creatinine144; and smoking was the most powerful 
predictor of a rise in serum creatinine level among patients 
with severe essential hypertension.145 Epidemiologic studies 
have identifi ed smoking as a risk factor for albuminuria,146,147

renal impairment,106,148,149 and ESRD.150 Proposed mechanisms 
whereby smoking may exacerbate renal injury include sympa-
thetic nervous system activation, glomerular capillary hyper-
tension, endothelial cell injury, and direct tubulotoxicity.151 Al-
though prospective studies showing renoprotective benefi t from 
smoking cessation are lacking, these reports suggest that the 
kidney is another organ that is adversely affected by smoking. 
The well-established benefi ts of smoking cessation for preven-
tion of lung and cardiovascular disease as well as malignancy 
mandate that all patients with CKD should be counseled to stop 
smoking and assisted in achieving this goal.

Control of Hyperglycemia
The role of glycemic control in diabetic renoprotection is dis-
cussed more fully in Chapter 28. Randomized trials have pro-
vided unequivocal evidence that tight glycemic control signifi -
cantly reduces the risk of developing microalbuminuria or 

overt nephropathy among patients with type 1 diabetes152 and 
type 2 diabetes.153 Unfortunately the benefi ts of improved gly-
cemic control in those who already have microalbuminuria are 
not well established. Only two of fi ve small randomized studies 
have demonstrated a reduction in progression to overt ne-
phropathy with “tight” versus “normal” glycemic control 
among type 1 diabetic patients with microalbuminuria.154–158

On the other hand, there is evidence of histologic reversal of 
diabetic glomerulopathy lesions in type 1 diabetic patients 
with normoalbuminuria or microalbuminuria after pancreatic 
transplantation.159 No data are available to assess the renopro-
tective effect of tight glycemic control among diabetic patients 
with established nephropathy. Despite the fact that glycemic 
control has not been proven to prevent progression of diabetic 
nephropathy, these patients are also at risk of developing other 
microvascular and macrovascular complications. We recom-
mend tight glycemic control (target HBA1C � 7.0%) in all pa-
tients, regardless of the severity of diabetic nephropathy.

Monitoring
Regular monitoring is essential to facilitate optimization of 
therapeutic interventions for slowing CKD progression. Serum 
creatinine provides a relatively insensitive estimate of GFR, but 
a plot of values of the reciprocal of serum creatinine (1/Scr) 
versus time for an individual patient yields a linear relation-
ship.4,5 This means that changes in creatinine clearance or GFR 
are also declining linearly with time; hence, the plot can be 
used to evaluate changes in progression of CKD.5,24 Alterna-
tively, renal function is assessed using estimated GFR derived 
from a serum creatinine measurement using the 4-variable 
MDRD equation.160 Like 1/Scr, sequential values of estimated 
GFR can be plotted, with the goal of reducing the rate of GFR 
decline to less than 1 mL/min/year, a rate associated with nor-
mal aging. Many laboratories now facilitate this by reporting 
the estimated GFR with every serum creatinine measurement. 
As noted, an alternative method of monitoring progression is 
to plot 1/Scr. As discussed, proteinuria should be assessed after 
each change in therapy, with the goal of reducing it to less than 
0.5 g/day. The use of urine protein-to-creatinine ratio mea-
surements, which correlate well with 24-hour urinary protein 
excretion, allows frequent monitoring with minimal inconve-
nience to the patient.161 Finally, blood pressure should be as-
sessed at each examination and controlled to a level lower than 
130/80 mm Hg. In some patients, particularly those affected by 
“white coat” hypertension, the use of home or ambulatory 
monitoring may be indicated. 

Future Therapies
Currently available renoprotective therapies have in general 
achieved a slowing in the rate of progression of CKD, but 
relatively few patients have achieved complete cessation of 
progression and still fewer have evidenced a reversal of renal 
injury. Clearly, there is a need for more effective treatments. 
Novel renoprotective interventions are currently being inves-
tigated in experimental studies and clinical trials.

Drugs with Hemodynamic Effects

Endothelins are potent vasoconstrictor peptides that are up-
regulated in experimental models of CKD and could contrib-
ute to the glomerular hemodynamic changes that are central 
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to CKD progression. In experimental diabetes, selective 
endothelin type A (ETA) receptor antagonists, as well as com-
bined ETA/ETB antagonists, ameliorate hypertension, renal 
vasoconstriction, proteinuria, and renal damage in experi-
mental diabetes.162 Recent evidence suggests that ETA block-
ade also exerts anti-infl ammatory effects that contribute to 
renoprotection.163 Vasopeptidase inhibitors are molecules 
that simultaneously inhibit both angiotensin-converting 
enzyme and neutral endopeptidase. This latter ecto-enzyme 
is localized principally in the brush border membrane of 
renal tubule cells and catabolizes several vasodilator mole-
cules, including the natriuretic peptides, adrenomedullin, 
and bradykinin. Thus, vasopeptidase inhibitor treatment is 
associated with reduced production of the vasoconstrictor 
angiotensin II and accumulation of the above vasodilators. 
Vasopeptidase inhibitors are effective antihypertensive agents 
in both low and high renin states.164 In experimental models, 
vasopeptidase inhibitors produced a greater lowering of PGC

than an ACE inhibitor and more effective renoprotection 
despite equivalent control of systemic blood pressure.165,166

Orally active inhibitors of renin are currently undergoing 
clinical trials and offer a novel pharmacologic intervention 
for inhibiting the renin-angiotensin system. Preliminary clin-
ical evidence indicates that renin inhibitors are effective as 
antihypertensives,167 but further studies are required to eval-
uate renoprotective benefi ts, as well as effects when combined 
with other renin-angiotensin system inhibitors.

Antiproteinuric and Antifi brotic Therapies

Recent insights into the role of proteinuria and fi brosis in CKD 
progression have prompted the development of several new 
therapies. For example, albuminuria can be reduced by preserv-
ing the integrity of the glomerular fi ltration barrier. In an ex-
perimental model of diabetes, glycosaminoglycan treatment has 
been shown to prevent the loss of glomerular basement mem-
brane charge selectivity and to inhibit development of protein-
uria. Treatment with sulodexide, an orally available glycosami-
noglycan, reduced albuminuria among patients with type 1 or 
type 2 diabetes and microalbuminuria or microalbuminuria168

and is currently being evaluated in clinical trials. Aldosterone has 
been identifi ed as an important mediator of progressive renal 
injury via hemodynamic and profi brotic actions. Treatment 
with spironolactone and other aldosterone antagonists has pro-
duced renoprotective effects in experimental169 and small clini-
cal studies.170 Further studies are required to evaluate the risk-
benefi t of this strategy in view of hyperkalemia, especially when 
a renin-angiotensin system inhibitor is combined with an aldo-
sterone antagonist. Perfi nidone is an orally active antifi brotic 
agent with evidence of renoprotective benefi ts in several experi-
mental models of CKD. Importantly, these effects were additive 
to those of ARB treatment in one study,171 and clinical trials of 
perfi nidone are underway. Hepatocyte growth factor is up-regu-
lated in experimental models of CKD and appears to exert mul-
tiple antifi brotic effects. Treatment with heptocyte growth factor 
prevents renal injury in several models; importantly, it was as-
sociated with reduced interstitial fi brosis in rats with established 
renal injury after fi ve sixths nephrectomy.172 Bone morphoge-
netic protein-7 has emerged as an endogenous antagonist of 
TGF-�; it also inhibits the epithelial to mesenchymal transition 
involved in interstitial fi brosis. Bone morphogenetic protein-7 
treatment reduced interstitial fi brosis in the unilateral ureteric 
obstruction model173 and ameliorated glomerulosclerosis as well 

as interstitial fi brosis in an experimental model of diabetic ne-
phropathy.174

A STRATEGY FOR MAXIMAL 
RENOPROTECTION

We have considered a variety of interventions that have been 
shown to slow the rate of progression of CKD. At best, however, 
each intervention slows the rate of progression by approxi-
mately 50%. Therefore, we suggest that for maximal long-term 
renoprotection, a comprehensive strategy employing multiple 
elements directed at different aspects of the pathogenesis of 
progressive renal injury is required (see Fig. 62-1). Once treat-
ments have been introduced, frequent monitoring of blood 
pressure, proteinuria, and GFR is essential so therapy can be 
escalated to achieve established therapeutic goals (Table 62-2). 
Our approach is analogous to that applied in modern chemo-
therapeutic strategies for cancer; multiple agents are used and 
treatment is directed toward correcting all signs of disease activ-
ity until the patient is said to be in “remission.” Importantly, 
data from a small number of patients suggest that if remission 
is maintained in the long term, some recovery of renal function 
or “regression” of renal disease may be achieved.68 Limited data 
already indicate that signifi cant improvements in renoprotec-
tion can be achieved with a combination strategy. Among 160 
type 2 diabetic patients with microalbuminuria, a combined 
approach of intensive therapy resulted in a marked reduction in 
the risk of overt nephropathy (odds ratio, 0.27).175 Similarly, 
9 of 13 patients with resistant nephrotic range proteinuria and 
CKD referred to a “remission clinic” achieved reduction of 
proteinuria to less than 1 g/day and stabilization of renal func-
tion after application of a similar intensive therapy protocol.95

These recommendations are based on currently available 

Table 62-2 A Comprehensive Strategy and Therapeutic 
Goals for Achieving Maximal Renoprotection in Patients with 
Chronic Kidney Disease

Intervention Goal

1. ACEI or ARB treatment 
(consider combination 
therapy if goals not 
achieved with monoth-
erapy)

Proteinuria � 0.5 g/day
GFR decline � 1 mL/min/

year

2. Additional antihyperten-
sive therapy

� 125/75 mm Hg if 
proteinuria � 1 g/day

� 130/80 mm Hg if 
proteinuria � 1 g/day

3. Weight loss if obese

4. Dietary sodium restriction <100 mmol/day

5. Dietary protein restriction 0.6 g/kg/day

6. Tight glycemic control HBA1C � 7.0%

7. Smoking cessation

8. Lipid lowering therapy LDL cholesterol < 100mg/dL

ACE inhibitor, angiotensin-converting enzyme inhibitor: ARB, 
angiotensin receptor blocker; BP, blood pressure; GFR, glomeru-
lar fi ltration rate; HBA1c, hemoglobin A1c.
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interventions and the monitoring methods already widely used, 
so a comprehensive approach to renoprotection is an achievable 
goal for all patients with CKD. Although it has been argued that 
there is a need for new renoprotective agents, it is also true that 
these available therapies have not yet been applied to all patients 
with CKD.176 If widely implemented, a comprehensive renopro-
tective strategy may not only delay the need for dialysis in many 
patients, but may also substantially reduce the number of CKD 
patients progressing to ESRD. Recent reports of a small decline 
in the incidence of new patients starting dialysis therapy in the 
United States indicate that such strategies are starting to yield a 
benefi t.1
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In the past few decades, several important clinical trials have 
documented that lowering of serum cholesterol reduces the risk 
for development of myocardial infarction and other complica-
tions of coronary artery disease (CAD). These trials have added 
strength to national recommendations for detection and treat-
ment of high serum cholesterol levels. In the United States, the 
most recent guidelines on the clinical management of elevated 
serum cholesterol have been published by the National Choles-
terol Education Program (NCEP) as the Adult Treatment Panel 
III (ATP III) report.1 The report did not provide specifi c advice 
on treating lipid disorders in patients with chronic kidney dis-
ease (CKD). However, the general framework of the guidelines 
may apply to many CKD patients who are at increased risk for 
CHD. We review the general features of the ATP III report, but it 
must be pointed out that clinical judgment is required when 
determining therapies for patients with complex medical condi-
tions such as CKD using the ATP III guidelines. We do not at-
tempt to provide “hard and fast” rules for management of lipid 
disorders in patients with CKD but instead review available in-
formation about the nature of lipid disorders in different types 
of CKD and outline areas for potential intervention.

Many CKD patients are at increased risk for major cardiovas-
cular events, either because they already have established athero-
sclerotic disease or because they have risk factors for CAD. In 
addition, CKD by itself probably imparts a higher risk indepen-
dent of the usual cardiovascular risk factors.2,3 The extent of in-
cremental risk likely depends on the type of CKD. Regardless, 
patients with most forms of CKD commonly have multiple 
cardiovascular risk factors. Among these are a variety of abnor-
malities in plasma lipoproteins. For these reasons, physicians 
who care for CKD patients often are faced with the need to make 
decisions whether to intervene in a given patient’s lipid disorder 
and, if so, how.

SUMMARY OF ATP III GUIDELINES 
AS RELATED TO CKD

Low-Density Lipoprotein 
Cholesterol: The Primary 
Target of Therapy
There are several classes of lipoproteins, such as low-density 
lipoproteins (LDL), very low-density lipoproteins (VLDL), 
high-density lipoproteins (HDL), and lipoprotein(a) [Lp(a)]. 
Of these, elevated serum LDL has the most robust relation-
ship to CAD.1,4 LDL is usually identifi ed in clinical practice 
as LDL cholesterol. The ATP III report recognizes it as the 
primary target of lipid-lowering therapy and provides a de-
tailed listing of evidence supporting that concept. Recent 
clinical trials5–9 have documented that LDL-lowering therapy 
will reduce the risk for developing CAD by about one third. 
The Treat to New Targets (TNT) trial, performed in more 
than 10,000 patients with stable CAD, revealed that intensive 
LDL cholesterol lowering to obtain levels below 100 mg/dL 
(mean, 77 mg/dL) using high-dose (80 mg daily) versus low-
dose (10 mg daily) atorvastatin was associated with im-
proved cardiovascular outcome.10 Other lipoproteins are 
potential secondary targets of therapy. For example, many 
CKD patients have a lipoprotein abnormality called athero-
genic dyslipidemia.1 This disorder is characterized by raised 
serum triglyceride, small LDL particles, and low HDL cho-
lesterol levels. It seems likely that LDL cholesterol should be 
the primary target of therapy in CKD patients, but the ques-
tion of whether to intervene in those with atherogenic dys-
lipidemia is an important issue. Table 63-1 summarizes the 
ATP III classifi cation of lipids, lipoproteins, and atherogenic 
dyslipidemia.
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716 Chronic Renal Failure and Its Systemic Manifestations

Risk Assessment: First Step in Risk 
Management

The ATP III report indicates that the intensity of risk-
reduction therapy should be adjusted to the patient’s absolute 
risk. An assessment of risk depends on identifying medical 
conditions that impart higher risk and risk factors for cardio-
vascular disease. Several forms of CKD may increase the risk 
for CAD independent of the major risk factors; nonetheless, 
CKD patients often have multiple, major risk factors (Box 
63-1), including the emerging risk factors that are common in 
patients with CAD (Box 63-2). Some CKD patients will have 
a constellation of risk factors, called the metabolic syndrome
(Box 63-3). This condition includes several borderline risk 
factors that when combined confer higher risk. In patients 
without CAD, the ATP III report recommends that risk assess-
ment be carried out using the Framingham risk algorithm.11

In patients with CKD, however, Framingham scores may not 
accurately predict future cardiovascular events, and the pres-
ence of multiple risk factors likely raises the risk for major 
cardiovascular events in patients with CKD even more than 
suggested by Framingham scoring.

High-Risk Conditions: Established CAD 
and Risk Equivalents
Conditions at highest risk deserve the most intensive lipid-
lowering therapy. The ATP III report recognizes three categories 
of high-risk patients: (1) very high risk, defi ned as the presence 

of established atherosclerotic cardiovascular disease and one or 
more of the following: multiple risk factors (especially diabetes), 
severe and poorly controlled risk factors (e.g., cigarette smok-
ing), metabolic syndrome (especially high triglycerides � 200 
mg/dL and non-HDL cholesterol � 130 mg/dL with low HDL 
cholesterol � 40 mg/dL) and acute coronary syndromes; (2) 
high risk, defi ned as those with established CAD; and (3) those 
with CAD risk-equivalents. According to the ATP III report, LDL 

Cigarette smoking (any smoking in past year)
Hypertension (blood pressure � 140/90 mm Hg or on 

antihypertensive medication)
High LDL cholesterol (� 160 mg/dL)*
Low HDL cholesterol (�40 mg/dL)†
High plasma glucose (� 126 mg/dL)‡
Family history of premature coronary artery disease (in 

male fi rst-degree relative � 55 years; in female fi rst-
degree relative � 65 years)

Age (men � 50 years; women � 55 years)

Box 63-1 Categorical Classifi cation of Major Risk Factors

*High LDL cholesterol is not included in the “risk factor” count in ATP 
III because it is the target of therapy based on other risk factors.
†HDL cholesterol � 60 mg/dL counts as a “negative” risk factor; 
its presence removes one risk factor from the total count.
‡High plasma glucose is not included in the “risk factor” count in 
ATP III because its presence identifi es a patient as having diabe-
tes, which is counted as a CAD risk-equivalent.

Table 63-1 ATP III LDL Cholesterol Goals and Cutpoints for Therapeutic Lifestyle Changes and Drug Therapy in Different Risk 
Categories and Proposed Modifi cations Based on Recent Clinical Trial Evidence

Risk Category
LDL Cholesterol Goal 
(Non-HDL Cholesterol Goals)*

Initiate TLC Based on LDL 
Cholesterol (or Non-HDL 
Cholesterol) Levels

Consider Drug Therapy Using 
LDL Cholesterol or (Non-HDL 
Cholesterol) Levels

High risk: CAD* or CAD risk equiv-
alents† (10-year risk �20%)

�100 mg/dL 
(Optional goal: 70 mg/dL) 

�100 mg/dL¶ �100 mg/dL (�100 mg/dL: 
consider drug options)**

Moderately high risk: 2� risk fac-
tors‡ (10-year risk 10%–20%)ıı

�130 mg/dL �130 mg/dL¶ �130 mg/dL
(100–129 mg/dL: consider 

drug options)††

Moderate risk: 2� risk factors‡

(10-year risk � 10%)ıı
�130 mg/dL �130 mg/dL �160 mg/dL

Lower risk: 0–1 risk factor§ �160 mg/dL �160 mg/dL �190 mg/dL (160–189 mg/dL: 
LDL-lowering drug optional)

*Non-HDL cholesterol � VLDL cholesterol � LDL cholesterol; non-HDL cholesterol is about 30 mg/dL higher than LDL goal.
†CHD risk equivalents include clinical manifestations of noncoronary forms of atherosclerotic disease (peripheral arterial disease, abdominal 
aortic aneurysm, and carotid artery disease transient ischemic attacks or stroke of carotid origin or 50% obstruction of a carotid artery), 
diabetes, and two risk factors with 10-year risk for hard CHD of 20%.
‡Risk factors include cigarette smoking, hypertension (BP 140/90 mm Hg or antihypertensive medication), low HDL cholesterol (40 mg/dL),
family history of premature CHD (CHD in male fi rst-degree relative 55 years of age; CHD in female fi rst-degree relative 65 years of age), 
and age (men 45 years, women 55 years).
§Almost all people with no risk factors or one risk factor have a 10-year risk of 10%, and 10-year risk assessment in people with no risk 
factors or one risk factor thus is not necessary.
¶Any person at high risk or moderately high risk who has lifestyle-related factors (e.g., obesity, physical inactivity, elevated triglyceride, low 
HDL-C, or metabolic syndrome) is a candidate for therapeutic lifestyle changes to modify these risk factors regardless of LDL-C level.
ııElectronic 10-year risk calculators are available at www.nhlbi.nih.gov/guidelines/cholesterol.
**When LDL-lowering drug therapy is employed, it is advised that the intensity of therapy be suffi cient to achieve at least a 30% to 40% re-
duction in LDL-C levels. 
††For moderately high-risk persons, when LDL-C level is 100–129 mg/dL, at baseline or on lifestyle therapy, initiation of an LDL-lowering
drug to achieve an LDL-C level of 100 mg/dL is a therapeutic option on the basis of available clinical trial results.
ATP III, Adult Treatment Panel III report; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TLC, therapeutic lifestyle changes.
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cholesterol in very high risk patients should be lowered to the 
optimal level of less than 70 mg/dL; in high-risk patients, it 
should be lowered to less than 100 mg/dL (see Table 63-1). Many 
CKD patients will fall into one of these categories, particularly 
those with diabetic nephropathy or patients with nondiabetic 
CKD and heavy proteinuria (see Primary Nephrotic Syndrome 
in this chapter). The conditions that defi ne established CAD are 
(1) history of acute coronary syndromes (unstable angina 
or myocardial infarction), (2) history of angina pectoris, and 
(3) history of coronary artery procedures (coronary angioplasty 
or coronary artery bypass grafting).

Any patient with CKD who has one of these forms of es-
tablished CAD can be considered at high risk for future 
events. These patients, therefore, are candidates for intensive 
lowering of LDL cholesterol to a goal of less than 100 mg/dL 
(in very high risk patients, the goal is �70 mg/dL).

Lipid-lowering therapy is not the only intervention 
for patients with established CAD. The American Heart As-
sociation has published general guidelines for risk reduc-
tion in patients with CAD or other atherosclerotic dis-
eases.12 These guidelines, summarized in Box 63-4, include 

smoking cessation, blood pressure regulation, physical ac-
tivity as part of a program of cardiac rehabilitation, weight 
loss in overweight patients, appropriate antiplatelet therapy, 
and cardioprotective drugs (�-blockers and angiotensin-
converting enzyme inhibitors). A large body of data sup-
ports benefi ts from each of these regimens.12 Particular 
attention should be given to using a full range of risk-
reduction modalities in patients with CKD who also have 
established CAD.

Patients with CAD risk-equivalents have one of the fol-
lowing: (1) a noncoronary form of atherosclerotic disease 
(peripheral arterial disease, carotid artery disease [carotid 
transient ischemic attacks], carotid stroke, �50% obstruc-
tion of carotid artery) or abdominal aortic aneurysm; 
(2) diabetes mellitus; or (3) multiple risk factors, with 10-year 
risk for CAD higher than 10% (based on Framingham risk 
scoring).

Some investigators speculate that various forms of CKD 
constitute a CAD risk-equivalent similar to the presence of 
diabetes.13 Certainly a sizable fraction of CKD patients will 
have diabetes, warranting their inclusion in the category of 
CAD risk-equivalent. Whether kidney disease per se with-
out diabetes or noncoronary forms of atherosclerosis con-
fers a high-risk status probably depends on the type of 
CKD. Two questions must be considered: (1) What is the 
absolute risk for patients with various forms of CKD? and 
(2) How effective is LDL-lowering in reducing major coro-
nary events in such patients? For both questions, the litera-
ture is limited and generalizations are diffi cult, so clinical 
judgment is required to determine if it is appropriate to 
classify particular patients as CAD risk-equivalents. Fram-
ingham risk scoring probably underestimates the 10-year 
risk for CAD patients with CKD and therefore is of limited 
value in assessing absolute 10-year risk. Observational stud-
ies from large numbers of unselected clinic patients suggest 
that the presence of stage 3 to 5 CKD is an independent risk 
factor for cardiovascular morbidity and all-cause mortal-
ity.14 It also is estimated that the 10-year CAD incidence 
among CKD patients is in the range of 20% based on Fram-
ingham risk score. Although the ATP III report does not 
consider the presence of CKD as a CAD equivalent, it seems 
reasonable to assume that most CKD patients with several 
major risk factors belong in the category of CAD risk-
equivalents. The National Kidney Foundation guidelines for 
treatment of dyslipidemia in CKD recommend lowering 
LDL cholesterol into the optimal range (�100 mg/dL).15

Standard doses of statin are recommended as fi rst-line 
therapy in patients in whom this drug class is effective and 
generally well tolerated. For patients at very high risk, 
higher doses of statins or combining statins with cholesterol 
absorption inhibitors such as ezetimibe may be desirable. 
Cholesterol absorption inhibitors are generally better toler-
ated than bile acid resins or nicotinic acid derivatives, albeit 
more expensive.

For patients with established CAD or CAD risk-equiva-
lents, the ATP III report recommends starting LDL-lowering 
drug therapy simultaneously with dietary therapy when LDL 
cholesterol levels are higher than 130 mg/dL. If baseline (or 
on-treatment) LDL cholesterol levels are in the range of 100 
to 129 mg/dL, dietary therapy can be intensifi ed fi rst before 
starting (or intensifying) LDL-lowering drugs; in some cases, 
the LDL goal may be achieved without the need for starting 
(or changing) drug therapy.

Lipid Risk Factors
Lipoprotein(a)
Apolipoproteins (CIII, B, AI)
Small lipoprotein particles (small LDL, small HDL)

Infl ammatory Markers
High-sensitivity C-reactive protein
Cytokines
Fibrinogen

Prothrombotic Markers
Plasminogen activator inhibitor-1
Fibrinogen
Homocysteine

Box 63-2 Emerging Risk Factors

Atherogenic dyslipidemia
Elevated triglycerides (�50 mg/dL)
Small LDL particles
Elevated non-HDL cholesterol (�30 mg/dL)
Low HDL cholesterol (�40 mg/dL in men; �50 mg/dL 
in women)

High-normal blood pressure (120–139/80–89 mm Hg)
Insulin resistance
± Impaired fasting glucose (110–126 mg/dL)
Proinfl ammatory*
Prothrombotic state†

Box 63-3 Risk Factors of Metabolic Syndrome

*Indicated by one or more of elevated high-sensitivity C-reactive 
protein (hs-CRP) (� 3.0 mg/L), homocysteine (�15 mmol/L) or 
lipoprotein(a) [Lp(a)] (�30 mg/dL), and fi brinogen. Elevated hs-
CRP appears to be the most reliable indicator of proinfl ammatory 
state. Lp(a) can be elevated on a genetic basis.
†Indicated by elevated plasminogen activator inhibitor-1, fi brino-
gen, or clotting factor VIIc.
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Low-Density Lipoprotein-Lowering 
Therapies
Two modalities of LDL-lowering therapy are recognized in 
the ATP III report: therapeutic lifestyle changes and drug 
therapy. Therapeutic lifestyle changes go beyond LDL lower-
ing by dietary therapy to achieve maximal risk reduction. 
The changes include (1) maximal reduction of saturated fats 
and cholesterol, (2) adding LDL-lowering adjuncts (plant 
stanol or sterols or increased viscous fi ber), (3) weight re-
duction (in overweight or obese patients), and (4) increased 
physical activity.

When therapeutic lifestyle changes are recommended, 
dietary saturated fatty acids should be reduced to less than 
7% of total energy intake, and dietary cholesterol to less than 
200 mg/day. Physicians are advised to seek consultation from 
a registered dietitian or other qualifi ed nutritional profes-

sional to provide patients with appropriate medical nutri-
tion therapy. In the United States, Medicare pays for dietary 
consultation for CAD patients. A cholesterol-lowering diet is 
only one component of medical nutrition therapy for CKD 
patients. Adding LDL-lowering adjuncts can provide an-
other 10% to 15% reduction in LDL cholesterol levels; these 
include plant stanols or sterols (2 g/day) and increased vis-
cous fi ber (10–25 g/day). Medical nutrition therapy should 
include calorie restriction in overweight patients. To match 
the patient’s clinical needs, the physician should prescribe 
regular physical activity. Several drugs are available for LDL 
lowering (Table 63-2). The statins, bile acid sequestrants, 
and cholesterol absorption inhibitors mainly lower LDL. Fi-
brates and nicotinic acid can moderately reduce LDL levels, 
but they are used primarily for treatment of atherogenic 
dyslipidemia. The use of these drugs is considered for each 
category of CKD discussed.

Atherogenic Dyslipidemia 
and the Metabolic Syndrome
Atherogenic dyslipidemia is common in CKD patients and 
represents a potential secondary target of lipid-lowering ther-
apy. It consists of raised blood levels of triglycerides, small 
LDL particles, and low HDL cholesterol levels. In some pa-
tients, weight reduction and increased physical activity may 
help normalize levels of triglyceride and HDL, but in some 
forms of CKD, atherogenic dyslipidemia results mainly from 
metabolic defects secondary to the kidney disease.16–18 The 
standard drugs for treatment of atherogenic dyslipidemia are 
fi brates and nicotinic acid. Unfortunately, both types of drugs 
can cause adverse effects that may be accentuated in CKD 
patients. For example, when fi brates are combined with statins, 
there is an increased risk for severe myopathy. This adverse 
effect is particularly dangerous in CKD patients because it 
may result in myoglobinuria and acute tubular necrosis.

In patients with atherogenic dyslipidemia, the primary tar-
get of therapy is still LDL. Nonetheless, the ATP III guidelines 
note that elevated VLDL cholesterol and triglycerides may 
contribute substantially to the risk for CAD. For this reason, 
the ATP III report identifi es LDL plus VLDL cholesterol (also 
called non-HDL cholesterol) as a secondary target of therapy in 
patients with raised triglyceride levels. The goal for reduction 
of non-HDL cholesterol is a level 30 mg/dL higher than for 
LDL cholesterol. For example, with an LDL cholesterol goal of 
less than 100 mg/dL, the non-HDL cholesterol goal would be 
less than 130 mg/dL.

Some CKD patients have elements of the metabolic syn-
drome (see Box 63-3). Obesity is prevalent in patients with 
diabetic or nondiabetic forms of CKD and has been associated 
with increased risk for the development of kidney disease in 
the general population.19,20 The ATP III report criteria for a 
clinical diagnosis of the metabolic syndrome are shown in 
Table 63-3. Patients with three of the fi ve abnormalities shown 
in this table are diagnosed as having the metabolic syndrome. 
If a patient with CKD also has the metabolic syndrome, more 
intensive treatment of serum lipids seems warranted. Dietary 
intervention and aerobic exercise are recommended in the 
ATP III report for those without kidney disease. The literature 
is limited on the benefi ts of weight loss in obese CKD patients, 
but it seems prudent to apply the ATP III recommendations to 
these patients as well.

Smoking
Goal to stop tobacco use altogether
Encourage patient and family to stop smoking
Provide counseling and use cessation programs as 

appropriate

Hypertension
Blood pressure goal � 130/85 mm Hg
Modify life habits to lower blood pressure (weight con-

trol, exercise, alcohol moderation, moderate sodium 
restriction)

Add blood pressure medication if needed to achieve 
blood pressure goal (consider ACE inhibitors and 
�-blockers for concomitant benefi ts)

Physical Activity
Minimum goal of 30 min three or four times per week
Assess overall risk to guide prescription
Encourage use of cardiac rehabilitation programs for 

patients with CAD (when available)
Encourage moderate intensity exercise

Weight Management
Goal to achieve desirable body weight
Provide counseling and use of professional dietitian as 

appropriate

Antiplatelet Agents/Anticoagulants
Start aspirin 80–325 mg/day if not contraindicated

�-Blockers
Start and continue for 6 mo minimum in high-risk patients 

(arrhythmia, LV dysfunction, include ischemia)

ACE Inhibitors
Start early in stable high-risk patients (anterior MI, previ-
ous MI, Killip class II: S3 gallop, radiographic CHF)

Box 63-4 Risk Reduction Strategy in Patients with Coronary 
and Other Vascular Disease (Modifi ed from American Heart 
Association Recommendations)

ACE, angiotensin-converting enzyme; CAD, coronary heart dis-
ease; CHF, congestive heart failure; LV, left ventricular; MI, myo-
cardial infarction.
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720 Chronic Renal Failure and Its Systemic Manifestations

AREAS FOR POTENTIAL INTERVENTION

Primary Nephrotic Syndrome
Hyperlipidemia is a typical feature of the nephrotic syndrome. 
In most patients, serum LDL cholesterol levels are raised21–24;
in some cases, VLDL cholesterol and VLDL triglycerides are 
increased as well.18,23 The mechanisms causing nephrotic hy-
perlipidemia are not fully understood and appear to be mul-
tiple. Hepatic overproduction of lipoproteins is related to de-
pletion of serum albumin in in vivo and in vitro studies.25,26

Research in humans,18,23 as well as in experimental ani-
mals,27,28 indicates that catabolism of VLDL can be impaired, 
accentuating the high circulating triglyceride levels. Removal 
of LDL via LDL receptors also may be delayed,18 raising LDL 
cholesterol levels further. Nephrotic patients apparently have 
increased serum levels of cholesterol ester transport protein29

This abnormality could account for the high content of cho-
lesterol in LDL particles.23 In short, a single mechanism prob-
ably cannot explain nephrotic hyperlipidemia.

Prolonged severe hyperlipidemia in patients with an irre-
versible nephrotic syndrome almost certainly promotes coro-
nary atherosclerosis and predisposes to premature CAD.30–33

For such patients, application of the NCEP guidelines1 for 
primary prevention seems appropriate. If LDL cholesterol 
levels exceed 100 mg/dL (or non-HDL cholesterol exceeds 
220 mg/dL), cholesterol-lowering drugs can be employed in 
most patients. The goal of therapy for primary prevention 
is to reduce LDL cholesterol levels to less than 100 mg/dL 
(non-HDL cholesterol to � 130 mg/dL).

Several studies23,34–36 have demonstrated that hyperlipid-
emia in the nephrotic syndrome is responsive to statin drugs. 

Statins lower both LDL cholesterol and VLDL cholesterol lev-
els. Bile acid sequestrants also reduce LDL levels and enhance 
LDL lowering when given in combination with statins.37 Even 
when triglycerides and cholesterol are high in nephrotic pa-
tients, statins are the preferred therapy because of their ability 
to lower levels of VLDL remnants as well as LDL.23,38 Nicotinic 
acid also reduces triglyceride levels39 and may have additive 
effects with statins. The combination of statins plus fi brates 
has received little attention for patients with the nephrotic 
syndrome. Finally, it has been reported that LDL-pheresis can 
be used successfully to lower LDL in nephrotic patients with 
severe hypercholesterolemia.40,41

Recommendations

In patients with the nephrotic syndrome, LDL is the primary 
target of therapy (Fig. 63-1). Statins are fi rst-line therapy and 
at moderate doses can be used safely in most patients. There is 
little experience with high-dose statins. In nephrotic patients 
with severe hypercholesterolemia, it may not be possible to 
reduce LDL cholesterol to the near-optimal or optimal levels 
shown in Table 63-1. The LDL lowering that can be achieved 
with statin therapy nonetheless can be enhanced by adding a 
bile acid sequestrant. Statins also lower VLDL remnants and 
thus remain the preferred therapy in patients with combined 
elevations of LDL cholesterol and triglycerides. Addition of 

Table 63-3 Clinical Diagnosis of the Metabolic Syndrome 
(based on any three of the following)

Risk Factor Defi ning Level

Abdominal obesity (waist 
circumference)*,†

Men
Women

�102 cm (�40 inches)
�88 cm (�35 inches)

Triglycerides �150 mg/dL

HDL cholesterol
Men
Women

�40 mg/dL
�50 mg/dL

Blood pressure �130/�85 mm Hg

Fasting glucose �110 mg/dL

*Overweight and obesity are associated with insulin resistance 
and the metabolic syndrome. However, the presence of abdomi-
nal obesity is more highly correlated than elevated body mass 
index with metabolic risk factors. Therefore, the simple measure 
of waist circumference is recommended to identify the body 
weight component of the metabolic syndrome.
†Some male patients can develop multiple metabolic risk factors 
when the waist circumference is only marginally increased (e.g., 
94–102 cm; 37–39 inches). Such patients may have a strong ge-
netic contribution to insulin resistance. They should benefi t from 
changes in life habits, similarly to men with categorical increases in 
waist circumference.

LDL cholesterol ≥ 100 mg/dL

Yes No

Yes No

Yes No

Yes No

YesNo

TLC

TLC

Statin contraindicated Very high CV risk

Initiate
Ezetimibe/Niacin

Initiate
Low dose statin

Monitor q
3 months

LDL < 100 mg/dL
LDL < 70 mg/dL in very high risk

Monitor q 
3 months

Uptitrate statin or combine 
with ezetimibe

LDL < 100 mg/dL
LDL < 70 mg/dL in very high risk

Figure 63-1 Management of hypercholesterolemia in 
chronic kidney disease. Very high risk � 20% risk of MI in 
10 years, coronary artery disease equivalent. TLC, therapeu-
tic lifestyle changes; include low fat, low transfat diet, 
aerobic exercise 30 to 45 min 4 times/week, weight loss for 
overweight.
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721 Cholesterol Management in Patients with Chronic Kidney Disease

nicotinic acid to statin therapy can be considered for patients 
with combined hyperlipidemia. The combination of statin 
plus fi brate, however, should be used with caution; it may be 
contraindicated because of the increased risk of severe my-
opathy, rhabdomyolysis, and acute kidney disease.

Diabetic Nephropathy
One cause of the nephrotic syndrome in patients with type 1 
or 2 diabetes is diabetic nephropathy. Lipid disorders are 
more common in patients with type 2 than type 1 diabetes. 
Diabetic dyslipidemia is essentially identical to atherogenic 
dyslipidemia (see Table 63-1).1 When the nephrotic syn-
drome is present in patients with diabetes, LDL cholesterol 
levels are raised, and VLDL elevations are accentuated, caus-
ing combined hyperlipidemia.42 In patients with type 1 dia-
betes, the development of the nephrotic syndrome appar-
ently produces a lipoprotein pattern resembling that of the 
primary nephrotic syndrome (i.e., a predominance of hyper-
cholesterolemia).43

Patients with diabetes are at high risk for CAD even before 
developing nephropathy.1,4 The high-risk status is due to at 
least two factors: metabolic risk factors that are especially com-
mon in type 2 diabetes,44 and hyperglycemia, which appears to 
accelerate atherogenesis. Because of the high risk for major 
coronary events, the ATP III report designated diabetes as a 
CAD risk-equivalent. This designation was partly due to a high 
risk for future coronary events, but there were other reasons: 
once patients with diabetes develop CAD, they have a poorer 
prognosis for survival compared to nondiabetics with CAD.45

Identifying a CAD risk-equivalent for a diabetic patient leads 
to treatment until the LDL cholesterol goal of less than 
100 mg/dL is reached. Because many patients with diabetes 
also have elevated triglycerides, a non-HDL cholesterol goal of 
less than 130 mg/dL is indicated.46 These goals are independent 
of established CAD. The use of cholesterol-lowering drugs 
to achieve LDL cholesterol goals in patients with diabetes is 
supported in secondary prevention trials by the favorable out-
comes of statin therapy.47,48

Available evidence indicates that the onset of nephropathy 
in patients with diabetes enhances CAD risk.45 To lower cho-
lesterol levels, combining a fi bric acid derivative with a statin 
could be used, but there is an increased risk for myopathy. 
Therefore, prudence favors the use of a statin alone for most 
patients with diabetic nephropathy.

Recommendations

When a patient with diabetes also has CKD, that patient should 
be designated as having a CAD risk-equivalent, even if estab-
lished CAD is not present. Regardless, the LDL cholesterol goal 
is less than 100 mg/dL and the non-HDL cholesterol goal is less 
than 130 mg/dL. To achieve these goals, LDL-lowering drugs are 
usually required; a statin is preferred (see Table 63-2). An alter-
native would be to combine a statin with a cholesterol absorp-
tion inhibitor, such as ezetimibe, because the combination is as 
effective as high-dose statin treatment. The combination may 
also be used for patients who cannot tolerate a high dose of a 
statin (e.g., patients receiving a fi brate or cyclosporine). A recent 
multicenter trial demonstrated that relatively low doses of 
extended-release nicotinic acid are well tolerated in patients with 
diabetes,49 but for patients treated with a statin, lower doses of 
nicotinic acid are required to prevent worsening of diabetes.

CKD Not Requiring Dialysis

It is uncertain whether CKD before institution of dialysis in-
dependently raises CAD risk beyond that associated with 
major risk factors. Therefore, full attention should be given to 
modifying existing cardiovascular risk factors, such as ciga-
rette smoking, hypertension, high LDL cholesterol, and low 
HDL cholesterol levels (see Box 63-1). Many CKD patients 
exhibit hypertriglyceridemia3,17 because of an underlying de-
fect in the catabolism of VLDL triglycerides.50 The result is an 
accumulation of VLDL remnants.17 Some investigators specu-
late that remnant lipoproteins are particularly atherogenic51

and should be treated independent of LDL cholesterol levels. 
This is an attractive hypothesis, although evidence that thera-
peutic reduction of VLDL levels will reduce CAD risk is lack-
ing from clinical trials. Meta-analyses from clinical trials 
conducted exclusively in patients with early and later stages of 
CKD and post hoc analyses from clinical trials that included 
participants with early stages of CKD demonstrated that long-
term treatment with statins was associated with reduction in 
risk for major coronary events.13,52–55 These studies suggest 
but do not prove that statin therapy is benefi cial in patients 
with early and late stage CKD. Regardless, there are no defi ni-
tive clinical trials demonstrating a benefi t of cholesterol low-
ering in those with stages 4 and 5 CKD.

Recommendations

If a patient with CKD but not requiring dialysis has multiple 
CAD risk factors but no clinically manifested atherosclerotic 
disease, the LDL cholesterol target goal is less than 100 mg/dL 
(non-HDL cholesterol � 130 mg/dL).1,15 For untreated pa-
tients with LDL cholesterol (or non-HDL cholesterol) levels 
above the target for high-risk primary prevention, the pre-
ferred drug is a statin. If non-HDL cholesterol levels are main-
tained below the target without statin therapy but hypertri-
glyceridemia is present, a fi bric acid derivative can be used.56–58

The dose of fi bric acid derivative should be adjusted down as 
recommended in the package insert to reduce the risk for 
myopathy. In general, it is not appropriate to use a statin in 
combination with a fi bric acid derivative in patients with 
CKD because of the increased danger of rhabdomyolysis and 
acute kidney disease.59

CKD with Dialysis Treatment
The risk of acute coronary events and CAD death goes up 
dramatically in patients treated by hemodialysis or peritoneal 
dialysis.60 The mechanisms underlying this increase in risk are 
poorly understood. Two pathologic factors acting at the level 
of coronary arteries likely play a role: coronary plaques may 
become more fragile and prone to erosion or rupture, and a 
hypercoagulable state may exist, which will increase the size of 
any newly formed thrombus. These two abnormalities could 
increase both the frequency and size of myocardial infarction. 
It is almost certain that hemodialysis patients have an absolute 
risk for major coronary events that is suffi ciently high to jus-
tify classifi cation as a CAD risk-equivalent. To date, however, 
no clinical trials have documented how much LDL-lowering 
therapy reduces the risk. Nonetheless, reduction of LDL cho-
lesterol (and non-HDL cholesterol) levels may help to stabilize 
coronary plaques and reduce the high frequency of acute 
coronary syndromes in this population.
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722 Chronic Renal Failure and Its Systemic Manifestations

The major lipoprotein abnormality in dialysis patients 
with CKD is a high VLDL level, refl ected as an increase in 
VLDL cholesterol and triglycerides.61–63 This abnormality re-
sults mainly from defective catabolism of VLDL particles.61 In 
patients treated with peritoneal dialysis, high VLDL triglycer-
ide levels are particularly common, probably from both he-
patic overproduction of VLDL triglycerides due to a high 
carbohydrate content in dialysis fl uid and from defective 
clearance of VLDL due to loss of kidney function. VLDL rem-
nants in dialysis patients may be unusually atherogenic; if so, 
efforts to reduce VLDL levels would be warranted. Unfortu-
nately, no clinical trials have investigated whether lowering of 
serum VLDL levels in dialysis patients will reduce risk for 
major coronary events. Considering the high absolute risk for 
CAD in these patients, however, it is reasonable to institute 
therapy to decrease VLDL levels as part of an overall regimen 
to control cardiovascular risk factors.

Recommendations

Because dialysis patients are at higher risk for CAD, reduction 
of LDL cholesterol into the optimal range seems warranted; a 
recent study64 suggested that statin therapy reduces total mor-
tality in patients with end-stage renal disease. In the 4-D study, 
which included approximately 1200 type 2 diabetic patients 
treated by maintenance hemodialysis, atorvastatin (20 mg once 
daily) failed to exert an overall cardiovascular mortality bene-
fi t, although cardiac morbidity was signifi cantly reduced. In 
this study, the achieved mean plasma LDL cholesterol level in 
those assigned to 20 mg of atorvastatin was 77 mg/dL.65 Even 
so, patients on dialysis are probably at higher risk for myopathy 
with statin therapy because of kidney dysfunction combined 
with multiple medications.66–68 Based on currently available 
data, administration of a statin starting with a low dose and 
titrating upward to achieve the goals included in the ATP III 
report is a reasonable approach.65,69 Two large-scale ongoing 
clinical trials are designed to determine whether cholesterol-
lowering agents, including statins and ezetimibe, can reduce 
cardiovascular morbidity and mortality among CKD patients, 
including those on hemodialysis. The results of these trials 
should provide additional information that will modify guide-
lines for therapy.70–72

Many patients on dialysis have elevated triglyceride levels, 
and statin therapy can reduce levels of VLDL as well as LDL. 
An alternative approach is to reduce VLDL levels with a fi bric 
acid derivative instead of with a statin.16,73,74 Fibrates may in 
fact be more widely used in clinical practice than statins, be-
cause of the high frequency of elevated triglyceride levels. 
Even so, it is uncertain whether reduction of VLDL levels by 
fi bric acid derivatives gives as great a decrease in CAD risk as 
statins. A recent report64 found no benefi t from fi brate therapy 
in patients with end-stage renal disease.

CKD Post–Kidney Transplant
Cardiovascular disease appears to be a major cause of death in 
postkidney transplant patients60 compared to dialysis patients. 
A different set of factors may be responsible for this increased 
CAD risk. Post-transplant, the patients are more likely than 
dialysis patients to have high cholesterol levels, seemingly related 
to the use of immunosuppressive agents.75,76 The ALERT study 
demonstrated a trend for reducing cardiovascular morbidity 

and mortality among postkidney transplant patients treated 
with fl uvastatin. This trend was not statistically signifi cant, al-
though there were fewer cardiac events, including nonfatal 
myocardial infarctions, in the fl uvastatin-treated group.77

Recommendations

The aim of therapy in postkidney transplant patients is to re-
duce LDL cholesterol levels to target goals (i.e., to �100 mg/dL) 
in patients with established CAD and CAD risk-equivalents.15

Parallel reductions of non-HDL cholesterol levels are recom-
mended for patients with hypertriglyceridemia. If drug therapy 
to lower serum cholesterol levels is required for post-transplant 
patients, statins appear to be the preferred agents.75,76 Certainly 
they are more effective than fi bric acid derivatives for lowering 
LDL and VLDL cholesterol levels. Nevertheless, it must be kept 
in mind that the combination of a statin with cyclosporine is 
accompanied by increased risk for severe myopathy.
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Homocysteine is a sulfa-containing amino acid that circulates 
in oxidized, reduced, and complex forms. About 75% is bound 
to albumin, and routine assays measure total homocysteine 
(i.e., free plus bound homocysteine, or tHcy).1,2 Homocyste-
ine is manufactured in all cells, including erythrocytes. Conse-
quently, it leaks into plasma in blood samples. Blood samples, 
therefore, must be cooled to 4°C, centrifuged, and the plasma 
separated rapidly to avoid artifi cially high plasma tHcy values. 
Reported normal values vary widely between laboratories but 
average 6 to 10 �mol/L. Hyperhomocysteinemia implies a 
value more than two standard deviations above normal; this is 
typically 12 to 16 �mol/L.

More than 90% of patients with end-stage renal disease 
(ESRD) receiving hemodialysis or continuous ambulatory peri-
toneal dialysis have hyperhomocysteinemia. Plasma levels of 
tHcy appear to be elevated to a similar degree in patients treated 
by either continuous ambulatory peritoneal dialysis or hemodi-
alysis.3–5 After renal transplantation, tHcy levels fall, but less 
than anticipated from the improvement in renal function.6

Very severe hyperhomocysteinemia (�100 �mol/L) occurs 
as a genetic metabolic defect and is associated with early and 
severe atherosclerosis. Mild hyperhomocysteinemia (12–20 
�mol/L) occurs in otherwise normal people, often as a mani-
festation of vitamin B defi ciency. Patients with ESRD usually 
have moderate hyperhomocysteinemia (20–100 �mol/L). 
Confl icting data exist regarding the relationship between hy-
perhomocysteinemia and cardiovascular disease. In retrospec-
tive and cross-sectional studies of the general population, a 
consistently strong relationship is seen between homocysteine 
concentrations and cardiovascular events.7 This fi nding, how-
ever, is not confi rmed in all prospective studies.8 Five retro-
spective9–12 and three prospective studies13–15 concur that tHcy 
is an independent risk factor for the development of cardio-
vascular disease in patients with ESRD. Two recent reports 
have contradictory results, suggesting that the highest inci-
dence of cardiovascular events is associated with the lowest 
quartile for homocysteine concentrations.16,17 A subsequent 
study revealed that this phenomenon applied only to indi-
viduals with chronic infl ammation and malnutrition, as 
defi ned by low serum albumin and high C-reactive protein 
values.18

The major determinant of tHcy in patients with chronic 
kidney disease is an increase in the serum creatinine concen-
tration or a reduction in the glomerular fi ltration rate.19

Among patients with ESRD, malnutrition, low serum albumin 

concentration,20 and high-fl ux hemodialysis21 predict lower 
levels of tHcy. The polymorphism status for 5,10-methylene 
tetrahydrofolate reductase (MTHFR) has a relatively minor 
effect on tHcy levels in ESRD patients.22

The mechanism causing hyperhomocysteinemia in ESRD 
remains obscure.2 Therapy is empiric and remains highly un-
satisfactory. Because no effective treatment has been devised 
to normalize tHcy in ESRD patients, it has not been possible 
to establish whether reversal of hyperhomocysteinemia re-
verses the associated risk of cardiovascular disease. Three large 
randomized trials are being conducted in patients with chronic 
kidney disease to evaluate the effect of treatment of hyperho-
mocysteinemia on cardiovascular outcome. The FAVORIT 
study will examine the effect of lowering homocysteine in 
4000 renal transplant patients. Available data suggest that 
treatment with folic acid can normalize homocysteine in this 
population.23 The Atherosclerosis and Folic Acid Supplemen-
tation Trial (ASFAST) will evaluate the effect of folic acid on 
cardiovascular outcome and endothelial function in 315 pre-
dialysis and dialysis patients.24 The Homocysteinemia in 
Kidney and End State Renal Disease Study (HOST) is a U.S. 
Veterans Administration-industry funded study initiated in 
2001 to assess the effects of 4 years of a daily regimen of folic 
acid, pyridoxine, and vitamin B12 on vascular outcomes.

METABOLISM

Homocysteine is metabolized to methionine via the remethyl-
ation pathway. Alternatively, it may be metabolized by trans-
sulfuration (Fig. 64-1).1 Two hypotheses have been proposed to 
explain hyperhomocysteinemia in renal failure: homocysteine 
metabolism and excretion by the kidneys may be impaired or 
extrarenal homocysteine metabolism is impaired. Homocyste-
ine transsulfuration and remethylation enzymes are present in 
the kidney; a study in the rat showed that homocysteine is taken 
up and metabolized by the kidney.25 However, two studies in 
humans with normal renal function did not fi nd a signifi cant 
arteriovenous difference in homocysteine concentration across 
the kidney.26,27 Whole-body sulfur amino acid metabolism 
studied using a stable isotope method has demonstrated that 
total remethylation and transmethylation fl ux are decreased in 
ESRD patients, whereas the transsulfuration rate was similar 
to controls.28–30 ESRD patients do fail to up-regulate the trans-
sulfuration pathway in response to hyperhomocysteinemia.31
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Remethylation via methionine synthase depends on the active 
form of folate, 5-methyltetrahydrofolate (5-Me-THF), and the 
active form of vitamin B12. The transsulfuration pathway is 
initiated by cystathionine �-synthase, which catalyzes the con-
jugation of homocysteine and serine to form cystathionine. 
This is a vitamin B6-dependent pathway. Therefore, folate, vita-
mins B12 and B6, or their active metabolites are essential for 
homocysteine metabolism. Indeed, defects in these three vita-
mins account for most cases of mild hyperhomocysteinemia in 
the general population.32

B vitamins are water-soluble and are removed signifi cantly 
during dialysis. Therefore, dialysis patients normally receive a 
water-soluble multivitamin. One widely used capsule, Neph-
rocap, contains folic acid 1 mg, vitamin B6 10 mg, and vitamin 
B12 6 �g. Such a prescription should maintain plasma vitamin 
levels in the normal range for most dialysis patients.33 There is 
a strong inverse relationship between the log of plasma folate 
concentration and the log of plasma tHcy concentration in 
both healthy adults and those with ESRD. However, the rela-
tionship is shifted to higher plasma levels of homocysteine in 
patients with ESRD.10 This has prompted the hypothesis that 
ESRD is a state of folate- and B vitamin-resistance, requiring 
supranormal doses of these vitamins to reverse the defect.

PHARMACOLOGIC THERAPY

Prospective trials in patients with ESRD have evaluated the 
effects on hyperhomocysteinemia of folic acid (or its deriva-
tives), vitamins B6 and B12, serine, and betaine.

The effi cacy of supplementation with B vitamins in pa-
tients with ESRD has been the subject of 18 prospective clini-
cal trials.4,5,16,22,34–48 Despite this wealth of information, there 
are no fi rm conclusions about the role of vitamin supplemen-
tation in doses above those routinely recommended (folic acid 
1 mg, vitamin B6 10–50 mg, and vitamin B12 5–50 �g daily). 

Even though no consistent conclusions can be drawn from 
these trials, some trends are apparent:

 1. All trials except two44–46 report a statistically signifi cant 
reduction in tHcy with folate supplementation. However, 
those two negative trials are among only three trials that 
were placebo-controlled,34,44–46 and both used very high 
doses of folic acid (30 or 60 mg daily)45,46 or of a folate 
metabolite (intravenous leucovorin 100 mg, three times 
per week).44,46 The majority of fully controlled trials have 
failed to show any detectable reduction in tHcy even with 
massive supplemental doses of folic acid. The reason for 
the modest reductions seen in most uncontrolled trials is 
not yet clear but may relate to better compliance with vita-
min replacement therapy.

 2. Larger decreases in tHcy usually occur during active 
treatment, in part because routine vitamin supplementa-
tion is withdrawn before the trial starts, suggesting that 
the baseline tHcy level is what has been changed. In fact, 
participants in the two negative trials,44–46 as well as those 
from some positive trials,4,34,37,39,42 were studied while 
maintaining the standard of care prescription with folate. 
In some studies, the routine vitamin supplement was 
withdrawn before the trial.5,35,36,40 On the whole, partici-
pants in these trials had the highest pretreatment values 
for tHcy, probably refl ecting some B-vitamin defi ciency 
caused by dialytic losses. Consequently, these patients 
generally had the most robust responses to folate therapy 
(Fig. 64-2A). Clearly, these trials are severely fl awed; it has 
been known for many years that B-vitamin defi ciency 
develops quite rapidly in hemodialysis patients if they 
are not provided with a routine supplement to replace 
dialysis losses.

 3. There is no clear benefi t from additional supplementation 
of vitamins B6 and B12 over responses that are achieved 
with folic acid alone. This issue was studied specifi cally in 
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one controlled trial in which groups of hemodialysis pa-
tients received either placebo, folic acid 30 mg or 60 mg, 
vitamins B6 and B12, or all three treatments together. There 
was no signifi cant difference in any group relative to the 
placebo control.45,46

 4. Although there are substantial, and largely unexplained, 
variations in the values for plasma tHcy before supplemen-
tation, all trials report mean values during supplementa-
tion of 12 to 27 �mol/L (see Fig. 64-2A).

 5. The trials that used folate metabolites (5 Me-THF)35,39,41 or 
folinic acid (leucovorin)37,40,42,44,46–48 produced similar re-
sults to folic acid. Indeed, within-trial comparisons of folic 
acid and its metabolic derivatives have shown no signifi -
cant differences.37,39,41,42

 6. In only two trials were the values for tHcy normalized in the 
majority of patients. Touam and colleagues40 supplemented 
patients with a single postdialysis injection of folinic acid (50 
mg) given once weekly and 250 mg of vitamin B6 after each 
dialysis session. They reported normalization of total plasma 
homocysteine levels. However, a subsequent study found no 
benefi t of equimolar folinic acid over folic acid.42 In a small 
study by Gonella and colleagues,48 89% of patients on hemo-
diafi ltration treated with folinic acid and vitamins B6 and B12

for 4 months had normalized homocysteine values. This may 
refl ect the process of hemodiafi ltration as compared to rou-
tine hemodialysis.

 7. Supplementation with serine alone or in addition to folate 
metabolites produces no further fall in tHcy.44,46

 8. No relationship is apparent between the fractional change in 
tHcy concentration during therapy and the daily dose of fo-
late (or metabolite) that is given as a supplement (see Fig. 
64-2B). For example, one trial reported that compared to no 
vitamin supplements, supplementation with folic acid 1 mg 
daily reduced tHcy levels by 32%; an increase to 10 mg daily 
produced no further change.36 The highest doses of folic acid 
(60 mg daily) or folinic acid (100 mg/day intravenously three 
times per week) tested have been reported to reduce tHcy by 
38%22 or to have no signifi cant effect whatsoever.44–46 The 

complete absence of a relationship between the dose of folic 
acid delivered and the change in tHcy among the numerous 
trials summarized in Figure 64-2B refutes the hypothesis that 
hemodialysis patients have resistance to the effects of folic 
acid on tHcy. They also cast very serious doubt about the ef-
fectiveness of folic acid, above a routine replacement dose of 
1 mg daily.

 9. Several studies have suggested that intravenous vitamin B12,
when added to high-dose folic acid and pyridoxine, may 
achieve a reduction of homocysteine of 32% to 50%.49–52 It 
has been suggested that inhibition of methionine synthase 
in uremia contributes to hyperhomocysteinemia in ESRD 
patients and that pharmacologic concentrations of vitamin 
B12 given intravenously may increase methionine synthase 
activity via a post-translational mechanism.53 These condi-
tions require validation in formal trials.

An alternative approach to the lowering of homocysteine in 
ESRD is the administration of acetylcysteine, a thiol-containing 
antioxidant. Scholze and associates showed that a single dose of 
intravenous acetylcysteine given during a dialysis session low-
ered tHcy from 20 mmol/L to 2.2 mmol/L, compared to a reduc-
tion from 19.8 mmol/L to 11.9 mmol/L with placebo. Although 
tHcy rebounded after dialysis, it remained signifi cantly lower in 
the treated group 2 days later.54 In another randomized, con-
trolled trial, 1200 mg of acetylcysteine was given orally twice a 
day for 4 weeks to patients with ESRD. The tHcy was lowered by 
19% compared to 8% in the placebo group. Unfortunately, this 
difference was not statistically signifi cant,55 which casts doubt on 
the effi cacy of oral acetylcysteine in these patients.

These reports lead to the following conclusions:

 1. Presently there is no rational justifi cation for recommend-
ing more than routine vitamin supplementation with a 
daily dose of folic acid (1 mg), vitamin B6 (10–50 mg), and 
vitamin B12 (5–50 g) in ESRD patients.

 2. There is no benefi t from active folate metabolites or folate 
analogues over folic acid itself.

Figure 64-2 Mean data from prospective trials of supplementation with folic acid (solid symbols), or folate metabolites or an-
alogues (open symbols) given with or without other treatments, such as vitamins B6 and B12. A, Mean total homocysteine 
(tHcy) for trial subjects before and during folate supplementation; the shaded area represents the normal range. B, Relation-
ship between the mean fractional change of plasma tHcy concentration during therapy and the daily dose of folate or folate 
metabolite or analogue used.
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 3. Intravenous vitamin B12 may be more benefi cial than oral 
vitamin B12, but this requires validation before routine 
recommendation.

 4. The potential benefi ts of n-acetylcysteine remain un-
proven.

 5. There must be powerful, uncontrolled, and presently un-
recognized factors in the studies to account for the high 
degree of variability reported in responses to vitamin sup-
plementation.

Figure 64-2A demonstrates that ESRD patients should 
normally be able to achieve a predialysis tHcy concentration 
of less than 30 �mol/L. Patients with higher values require 
assessment to ensure that they have been prescribed, and are 
indeed receiving, the routine vitamin supplement. If this does 
not explain the above-average plasma level of tHcy, the plasma 
levels of folate, vitamin B12, and vitamin B6 should be assessed 
to ensure that they are within the normal range. Occasionally, 
patients present with very high values for tHcy due to unrec-
ognized concurrent disease, such as pernicious anemia or hy-
pothyroidism, or because of concurrent therapy with antifo-
late drugs such as methotrexate. An algorithm for evaluation 
and treatment of hyperhomocysteinemia in renal disease is 
presented in Figure 64-3.

Clearly, the present state of knowledge concerning hyperho-
mocysteinemia in patients with ESRD is highly unsatisfactory. 
On the one hand, hyperhomocysteinemia is almost universal in 

these patients and is a powerful predictor of associated or future 
development of cardiovascular disease. On the other, treatment 
is generally ineffective in normalizing hyperhomocysteinemia, 
and available clinical trials are so discordant that strong conclu-
sions concerning the need for more than routine supplementa-
tion with folate and B vitamins are not warranted. Therapeutic 
advances may have to await the outcome of scientifi c studies 
that disclose the mechanism of hyperhomocysteinemia in 
ESRD and evaluate whether reductions in tHcy, or prolonged 
supplementation with high doses of B vitamins, indeed have 
benefi cial effects in reducing cardiovascular disease in patients 
with ESRD.

Prescribe a daily 
vitamin supplement, e.g.
• Folic acid (1 mg)
• Vitamin B6  (10–50 mg)
• Vitamin B12 (5–50 µg)

Measure predialysis
plasma total homocysteine

Total homocysteine > 30 µmol/L Total homocysteine < 30 µmol/L

Check and correct
vitamin prescription

Reassess annually

Total homocysteine < 30 µmol/L

Measure plasma
• Folate
• Vitamin B6
• Vitamin B12

Evaluate for
• Pernicious anemia
• Malabsorption
• Antifolate medications

Adjust vitamin prescription

Figure 64-3 Algorithm for routine evaluation and manage-
ment of hyperhomocysteinemia in patients with end-stage re-
nal disease. tHcy, total homocysteine.
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Reactive oxygen species (ROS) include superoxide anions, 
hydroxyl anions, and hydrogen peroxide. Superoxide anion 
is the primary ROS, and it interacts with other molecules to 
generate secondary ROS, including reactive nitrogen species. 
ROS are produced as a by-product during oxygen metabo-
lism. In physiologic concentrations ROS act as signaling 
molecules and play an important role in the regulation of 
renal and vascular functions.1–5 In vascular endothelial cells, 
ROS regulate vascular tone, oxygen sensing, cell growth and 
proliferation, apoptosis, and infl ammatory responses. Be-
cause of their highly reactive nature, the generation and 
elimination of ROS are very tightly regulated. Loss of this 
regulation with increased ROS accumulation leads to oxida-
tive stress (OS), which causes vascular dysfunction by several 
mechanisms: Superoxide anion reduces the bioavailability of 
vasodilator nitric oxide and forms peroxynitrite, which inac-
tivates prostacyclin synthase.6 This reaction reduces the 
production of vasodilator and antiplatelet prostacyclins. By 
oxidizing low-density lipoprotein, ROS facilitates its uptake 
by macrophages via the scavenger receptor CD36, resulting 
in foam cell formation, an early event in atherosclerosis.7

An important interaction also occurs between OS and the 
production of methylated arginines that include asymmetric 
dimethylarginine (ADMA).8 Asymmetric dimethylarginine is 
an endogenous inhibitor of endothelial nitric oxide syn-
thase, and its levels are universally elevated in patients with 
chronic kidney disease (CKD).9 OS increases the plasma 
levels of ADMA by inhibiting the activity of dimethylargi-
nine dimethylaminohydrolase, the major enzyme responsi-
ble for ADMA metabolism. OS also up-regulates the expres-
sion of protein arginine methyltransferases, the enzymes 
that methylate arginine residues on proteins.8,10 Plasma 
ADMA levels predict the presence of cardiovascular disease 
(CVD) and all-cause mortality in the normal population 
and in patients with CKD.11

In a remnant kidney model of CKD, the advanced oxida-
tion protein products accelerated renal fi brosis, suggesting a 
deleterious effect of OS on CKD progression.12 OS is highly 
prevalent in all stages of CKD13-15 and therefore represents a 
logical therapeutic target.

STUDIES IN THE GENERAL POPULATION

Despite the compelling clinical and experimental data, large 
randomized, controlled studies in the general population us-
ing antioxidant vitamins that include vitamin C and vitamin 
E (�-tocopherol) failed to show an improvement in the pri-
mary or secondary cardiovascular endpoints (or in overall 
mortality).16-18 Even in patients with mild to moderate renal 
insuffi ciency, treatment with 400 IU of vitamin E in the HOPE 
study had no benefi cial effect on cardiovascular endpoints or 
proteinuria in a group of high-risk patients.19 Before attempt-
ing to interpret these studies, their limitations must be noted: 
First, none of these studies actually measured any parameters 
of OS; the effectiveness of the antioxidant intervention in 
these studies is not known, partly due to the lack of an easily 
measurable, standardized, and widely available marker of OS 
for clinical use.20 This is complicated by the fact that none of 
the available markers of OS have been prospectively shown to 
predict adverse cardiovascular outcome or mortality. Second, 
the optimum dose of vitamin E is not known. The doses used 
in the cited studies failed to reduce urinary 8-isoprostanes, a 
marker of lipid peroxidation, in healthy smokers.21 A dose of 
300 mg/day (equivalent to 660 IU/day) of synthetic vitamin E 
given to 10 healthy subjects failed to increase plasma total 
antioxidant activity despite a 30% rise in plasma levels.22

Third, the bioavailability of vitamin E is highly variable and is 
regulated by �-tocopherol transfer protein. Genetic factors 
account for up 22% of the total variance in serum �-tocopherol 
levels.23 Furthermore, serum �-tocopherol concentrations 
correlate poorly with dietary intake. Increased serum levels 
are seen with rising serum lipid levels, whereas smoking de-
creases the �-tocopherol bioavailability.24 The attainment of 
an effective plasma level can only be ensured by measuring 
serum �-tocopherol levels, and this was not done in large 
trials. Establishing the relationship between a reduction in 
oxidative stress parameters (if any) and plasma levels of 
�-tocopherol in properly controlled dose-response studies in 
a group of subjects with oxidative stress is needed but absent. 
Last, several antihypertensive agents exhibit clinically signifi -
cant antioxidant properties, and some of their apparent blood 
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pressure-independent benefi cial effects in CVD seen in large 
clinical trials may in fact be due to antioxidant properties. 
Therefore, interventional studies to test the antioxidant hy-
pothesis should not be limited to testing vitamins and their 
analogues.

STUDIES IN PATIENTS WITH CHRONIC 
KIDNEY DISEASE

Most studies of CKD patients have been carried out in dialysis-
dependent patients. They can be divided into two main catego-
ries: studies that used systemic vitamin E and studies that used 
vitamin E-coated hemodialysis membranes. Among the latter 
(Table 65-1), only two studies used reasonable surrogate clinical 
endpoints of CVD, namely the progression of aortic calcifi ca-
tion25 and changes in carotid intimal thickness.26 The remainder 
used biochemical parameters of OS or immunologic parameters 
related to infl ammatory responses to the hemodialysis mem-
brane exposure, which is a measure of membrane biocompati-
bility.27-29 Exposure of the patient’s blood to an artifi cial 
membrane (and possibly back-diffusion of pyrogens or endo-
toxins in the dialysate) elicits a strong cellular immunologic re-
sponse, manifested by leukopenia, complement activation, and 
production of free oxygen radicals by the activated white blood 
cells.30 The hemodialysis procedure itself can contribute to 
OS and endothelial dysfunction.31 To ameliorate hemodialysis-
induced OS, many manufacturers offer vitamin E-coated dialyz-
ers. In these dialyzers �-tocopherol is bonded to a cellulose- 
or polysulfone-based membrane. The membrane has other 

modifi cations that affect its function and biocompatibility.32 The 
inner surface of the hollow fi ber is bound, via an acrylic poly-
mer, to a complement-inhibiting fl uororesin polymer and to an 
oleyl alcohol chain that inhibits platelet aggregation. The oleyl 
alcohol chain itself is bonded to �-tocopherol by hydrophobic-
hydrophobic bonds. These modifi cations decrease the number 
of hydroxyl groups in the cellulose membrane and thereby in-
crease its biocompatibility. Several studies have shown a benefi -
cial effect of vitamin E-coated dialyzers on various parameters of 
OS and immunologic reaction to hemodialysis. Most of these 
studies, however, are small, unblinded, and poorly controlled; a 
critical fl aw is that most have used less biocompatible mem-
branes as controls. Furthermore, the clinical relevance of the 
measured biomarkers in these studies is not known. Although 
the concept of vitamin E-coated membranes is interesting, larger 
randomized, controlled studies with hard clinical endpoints are 
needed to prove their utility; current evidence does not support 
their use in routine clinical practice at present.

Table 65-2 lists studies that have examined systemic anti-
oxidant agents, including n-acetylcysteine, �-tocopherol, and 
antihypertensive agents with antioxidant activity. The Second-
ary Prevention with Antioxidants of Cardiovascular disease in 
End-stage renal disease (SPACE) trial randomized 196 high-
risk hemodialysis patients who had underlying CVD to either 
800 IU/day of �-tocopherol or a placebo for a median follow-
up of 519 days. The patients treated with �-tocopherol had a 
54% relative-risk reduction in the primary endpoint of new 
cardiovascular events and acute myocardial infarction; the dif-
ference was statistically signifi cant, but there was no difference 
in fatal myocardial infarction, CVD mortality, and all-cause 

Table 65-1 Selected Studies of Vitamin E-Coated Hemodialysis Membranes

Year Control Membrane N Duration Study Design Outcome

2006 Polysynthane  20 2 mo Randomized ↓OS parameters and cytokines43 greater ↓ with 
IV vitamin C

2005 PS  31 18 mo RCT, crossover ↓OxLDL, MDA-LDL, ADMA44

2004 PS and hemophane  14 3 mo Crossover ↓ Monocyte CD40, CD86; ↑lectin-induced T-cell 
proliferation45

2003 Cellulose  34 1 yr Randomized ↓Carotid IMT, RBC viscosity, erythropoietin 
requirement26

2002 CA   8 6 mo Randomized ↓Jun N-terminal kinase activation46

2002 Cellulose  10 3 mo Randomized, crossover ↓Leukopenia, LDL oxidation, LDL, PMN superox-
ide generation47

2001 AN*  16 2 mo Randomized, crossover ↓Intradialytic elastase, vitamin C oxidation; 
↑basal vitamin C48

2000 Cellulose   7 10 wk Randomized, crossover ↓Neutropenia, C3a, PMN activation, MPO49

2000 Various 110 2–9 mo Randomized, crossover
Cross-sectional

↓Leukocyte DNA 8-oH2dG, granulocyte ROS 
generation50

1999 Cellulose  50 2 yr Randomized ↓LDL oxidation, MDA, % increase in aortic 
calcifi cation25

*Synthetic biocompatible membrane.
ADMA, asymmetric dimethylarginine; AN, acylonitrile and metalylsulfonate copolymer; CA, cellulose acetate; IMT, intimal media thick-
ness; IV, Intravenous; LDL, low-density lipoprotein; MDA, malondialdehyde; MPO, myeloperoxidase; OS, oxidative stress; OxLDL, 
oxidized LDL; PMN, polymorphonuclear leukocytes; PS, polysulfone; RBC, red blood cell; RCT, randomized controlled trial; ROS, reactive 
oxygen species; 8-oH2dG, 8-hydroxy, 2′deoxyguanosine.
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mortality among the treatment groups.33 The second trial 
randomized 134 hemodialysis patients to receive either a 
reduced thiol-containing compound n-acetylcysteine or a 
placebo.34 After a median follow-up of 14.5 months, the group 
treated with n-acetylcysteine had a statistically signifi cant, 
40% relative-risk reduction in the primary endpoint of car-
diovascular events. There was, however, no difference in CVD 
mortality or death from any cause. The effects of these inter-
ventions on parameters of oxidative stress were not measured 
in either of these studies. Although these studies are encourag-
ing because they demonstrate that either of two chemically 
dissimilar drugs that may be antioxidants do in fact reduce 
new myocardial infarctions, the results are presently inade-
quate to warrant the widespread use of antioxidant therapy in 
this patient population. Larger randomized studies will be 
needed to determine the true extent of any benefi cial effect of 
such interventions, not only on reducing cardiovascular 
events, but also on decreasing overall mortality.

Antagonists of the renin-angiotensin-aldosterone system 
reduce oxidative stress in animal models of hypertension.35

Moreover, some widely used antihypertensive drugs have a bio-
chemical confi guration that confers a direct antioxidant effect 
in vitro, including amlodipine,36 carvedilol,37 and hydralazine.38

None of these have been widely studied as antioxidant strategies 
in CKD patients. The renin-angiotensin-aldosterone system 
antagonists block angiotensin II-induced superoxide genera-
tion by nicotinamide adenine dinucleotide phosphate oxidase.39

The dihydropyridine calcium channel blocker amlodipine 
scavenges superoxide by donating two extractable protons in 
its dihydropyridine ring.40 The angiotensin receptor blocker 
valsartan and amlodipine reduces OS in patients on hemodialy-

sis independent of the blood pressure-lowering effects of these 
drugs.41 This reduction in OS is associated with a parallel reduc-
tion in plasma levels of ADMA and symmetric dimethylargi-
nine; this suggests a strong link between OS and methylarginine 
metabolism. Because ADMA is one of the strongest predictors 
of CVD and mortality, it represents a novel therapeutic target 
for further studies with clinical endpoints.

SUMMARY

Oxidative stress is highly prevalent at all stages of CKD. It may 
contribute to the very high CVD mortality and the progressive 
deterioration in renal function. End-stage renal disease pa-
tients on maintenance hemodialysis are exposed to a multitude 
of unique stimuli that exacerbate OS. Although large random-
ized trials in the general population using �-tocopherol have 
been disappointing, this type of therapeutic intervention may 
be more relevant to CKD patients, who have high levels of OS. 
Given the complexity of OS, no single intervention may be 
adequate to address the many contributing mechanisms. Mul-
tiple agents administered systemically or modifi cations of the 
dialysis procedure may be needed to establish benefi t. Novel 
agents, such as superoxide dismutase and glutathione peroxi-
dase mimetics, should be explored because they exhibit strong 
antioxidant activity in experimental models of OS.42 Large 
randomized controlled trials with CVD and overall mortality 
as endpoints are needed to confi rm the benefi cial effects of 
antioxidant therapy seen in small trials. It is my opinion that 
the strength of current evidence does not support the use of 
antioxidant therapy in patients with CKD.

Table 65-2 Selected Studies of Systemic Antioxidant Therapy in ESRD Patients

Year N Intervention Duration Study Design Outcome

2006  19 Valsartan and amlo-
dipine

6 wk Randomized, double-blind, 
crossover

↓ OS parameters, ADMA, SDMA both 
drugs41

2006  29 �-Tocopherol 400 mg 5 wk Randomized No effect on CRP, ICAM-1, E-selectin, 
PAPP-A51

2006  47 �-Tocopherol 300 mg 
daily

20 wk Randomized, placebo-
controlled

↓ EOF, LPO52

2005  44 Atorvastatin ± 
�-tocopherol 800 IU

12 wk Randomized, double-blind, 
placebo-controlled

↓ In vitro LDL oxidizability; no effect on 
oxLDL53

2003 134 N-Acetylcysteine 1200 
mg daily

14.5 mo Randomized, placebo-
controlled

↓ Composite CVD events; no effect on 
mortality34

2002 196 �-Tocopherol 800 IU 
daily

519 days Randomized, placebo-
controlled

↓ MI, CVD events; no effect on mortality33

2000  22 �-Tocopherol 1200 IU 
daily

1 dose Randomized, crossover ↓ IV iron-induced LPO54

1985  30 �-Tocopherol 600 mg 
daily

30 days Randomized ↑ Hematocrit55

1984  35 �-Tocopherol 400 IU 
daily

20 wk Randomized, placebo-
controlled

No effect on hematocrit56

ADMA, asymmetric dimethylarginine; CRP, C-reactive protein; CVD, cardiovascular disease; EOF, erythrocyte osmotic fragility; ESRD, end-
stage renal disease; ICAM-1, intercellular adhesion molecule-1; IV, intravenous; LPO, lipid peroxidation; MI, myocardial infarction; OS, 
oxidative stress; oxLDL, oxidized LDL; PAPP-A, pregnancy-associated plasma protein-A; RCT, randomized controlled trial; SDMA, symmetric
dimethylarginine.
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The cost of care for patients with chronic kidney disease (CKD) 
and end-stage renal disease (ESRD) is a huge economic burden. 
In 2004, CKD and ESRD patients together consumed 23.7% of 
Medicare expenses, although they accounted for only 5.7% and 
1.1% of the Medicare population, respectively.1 There are now 
385,000 people in the United States with a diagnosis of ESRD, 
but 19.2 million Americans are living with some form of CKD, 
constituting 11% of the adult U.S. population. For this reason 
the Centers for Disease Control has labeled CKD as a “public 
health disease that needs a public health action plan.”2 It is not 
only about the numbers: CKD patients have premature morbid-
ity, a poor quality of life, and higher mortality. Therefore, we 
believe all methods should be used to slow the progression of 
renal disease and delay the onset of dialysis for CKD patients. 
The available methods include maintaining stringent control of 
blood pressure, use of angiotensin-converting enzyme inhibitors 
and angiotensin receptor blockers, maintaining glycemic con-
trol, targeting cardiovascular risk factors, and using controlled-
protein diets to preserve the nutritional status of these patients. 
Before discussing the nutritional requirements of patients with 
CKD and the role of low-protein diets in the progression of renal 
disease, we clarify the commonly misunderstood term malnutri-
tion in renal patients.

MALNUTRITION IN RENAL DISEASE

Malnutrition refers to abnormalities caused by an insuffi cient or 
imbalanced diet; hence, it should be cured simply by increasing 
dietary protein. Abundant evidence shows that patients with 

CKD, including those treated by peritoneal dialysis or hemodi-
alysis, have decreased body weight and subnormal values of 
serum proteins.3–5 The mechanisms for these abnormalities are 
complex and have not been fully identifi ed, but assigning their 
cause to protein-energy malnutrition alone is misleading be-
cause they frequently cannot be overcome simply by supplying 
more food or altering the composition of the diet. Studies of 
rodents with experimental uremia and investigations of pa-
tients with kidney failure have suggested several other mecha-
nisms that can account for fatigue, loss of lean body mass, and 
low serum proteins, the abnormalities mistakenly assigned to 
malnutrition (Fig. 66-1).6

Hypoalbuminemia and Infl ammation
A low serum albumin level is clinically important because it is 
the strongest independent predictor of total and cardiovascu-
lar mortality in ESRD patients.4,5 Much has been made of low 
serum albumin being an index of malnutrition, yet there are 
several other causes besides malnutrition for low serum albu-
min and loss of protein stores in renal patients.6 The serum 
albumin concentration is infl uenced by age, fl uid overload, 
capillary leakage, and infl ammation in addition to the amount 
of dietary protein consumed.7,8 Regarding its clinical relevance, 
there is a strong association between the severity of atheroscle-
rosis, a low serum albumin level, and high C-reactive protein 
level in CKD patients.9 In incident dialysis patients studied 
prospectively, malnutrition assessed by means of Subjective 
Global Assessment is best predicted by levels of C-reactive 
protein and interleukin-6 but not by serum albumin.10 In this 
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study, low serum albumin predicted mortality and a high in-
terleukin-6 was the most reliable predictor of the presence of 
cardiovascular disease.10 In dialysis patients, albumin genera-
tion and serum albumin levels are negatively correlated with 
markers of infl ammation, including C-reactive protein, fi -
brinogen, and interleukin-6.11 Contact of blood with “foreign” 
surfaces, such as the hemodialyzer membrane or peritoneal 
dialysate, activates several humoral and cellular pathways, with 
higher levels of C-reactive protein and other pro-infl ammatory 
cytokines.11,12 The common thread in infl ammatory condi-
tions that cause loss of muscle mass is activation of protein 
breakdown. This has been demonstrated repeatedly in models 
of sepsis and infl ammatory conditions.13 These fi ndings sug-
gest that infl ammation, mediated by pro-infl ammatory cyto-
kines, causes hypoalbuminemia, loss of lean body mass, and 
the development of cardiovascular disease in CKD patients. In 
summary, a normal or low serum albumin concentration may 
not accurately refl ect total albumin mass and should not be 
used as the sole indicator of protein stores.

Metabolic Acidosis
Metabolic acidosis is common in kidney failure; it acts to 
stimulate the irreversible destruction of the essential, 
branched-chain amino acids and accelerates the degradation 
of protein, especially of muscles.14,15 Moreover, metabolic aci-
dosis can cause endocrine abnormalities, including insulin 
resistance, decreased serum leptin level, and infl ammation, 
among patients with CKD.16 Correction of acidosis in patients 
treated by chronic ambulatory peritoneal dialysis suppresses 
the ubiquitin-proteasome proteolytic system and leads to gain 
of body weight.17 Evidence also indicates that acidosis con-
tributes to the low level of serum albumin in dialysis pa-
tients.18,19 Therefore, metabolic acidosis in CKD patients 
should be corrected because it contributes substantially to the 
abnormalities presumed to be caused by malnutrition.

Insulin Resistance
Because diabetes is a common cause of CKD and uremia 
causes resistance to the hypoglycemic action of insulin, it is 
likely that diabetes or insulin resistance causes abnormalities 
similar to those caused by malnutrition.20 Experimentally, 
acute diabetes mellitus causes rapid loss of body weight and 

muscle mass due to activation of the ubiquitin-proteasome 
proteolytic system in muscle.21 These catabolic responses are 
rapidly reversed by insulin but are independent of the acidosis 
of acute diabetes.22

Another potential cause of ESRD-associated abnormalities 
in weight, muscle mass, and serum proteins is the hodgepodge 
of accumulated waste products and metabolic abnormalities 
caused by the loss of kidney function. Again, this mechanism 
is not directly connected to an inadequate diet. In fact, the 
contrary is true because an excess of protein-rich foods only 
increases the accumulation of waste products such as phos-
phates, acid, and nitrogen-containing products.23 To date, no 
cause-and-effect association has been demonstrated between 
the accumulation of nitrogen-containing waste products and 
a specifi c syndrome, despite intriguing investigations about 
links between unidentifi ed “middle molecules” and depressed 
appetite.24

In summary, there are several adverse consequences of CKD, 
including the constellation of signs and symptoms glossed over as 
malnutrition. However, assigning these abnormalities to protein-
energy malnutrition alone is misleading because these cannot be 
overcome by simply supplying more food.

ASSESSMENT OF NUTRITIONAL STATUS 
IN RENAL DISEASES

Because loss of lean body mass is a serious concern for pa-
tients with CKD, it is important to use longitudinal assess-
ments of nutritional status to recognize substrate defi ciencies 
early. No single method of assessment has been validated to 
accurately evaluate variables that affect nutritional status, so a 
number of indices are needed to defi ne the nutritional status 
of patients (Box 66-1).

There must be a medical history for the type of renal dis-
ease and comorbid conditions, plus a physical examination. 
The dietary history should include the amount and patterns 
of nutrient intake, and a dietitian should obtain information 
about socioeconomic circumstances that could interfere with 
dietary needs. The energy level, appetite, physical activity, use 
of medications, and the use of dietary and herbal supple-
ments, alcohol, and illicit drugs must also be documented.25

The most common methods for estimating intake in pa-
tients with renal disease are dietary recalls, dietary diaries, and 
determination of protein equivalent of nitrogen appearance 
(PNA). The dietary recall (usually obtained for the previous 
24 hr) is a simple, rapid method of obtaining a crude assess-
ment of dietary intake.26 Dietary diaries are written reports 
of foods consumed during a specifi ed length of time (i.e., 
3–7 days). However, the validity and reliability of dietary in-
terviews and diaries depend on the patient’s ability to provide 
accurate data and the ability of the dietitian to conduct de-
tailed and probing interviews.

Protein Equivalent of Nitrogen 
Appearance
This method for estimating protein intake is based on the 
concept that ingested nitrogen is equal to total nitrogen excre-
tion if there is no change in body nitrogen pool. Ingested 
protein plus the products arising from endogenous protein 
are metabolized to several nitrogenous products (e.g., urea, 

Acidosis

True
malnutrition Metabolic

“toxins”

Fatigue, loss of weight and
muscle mass, low serum

protein

Inflammation
Diabetes/insulin

resistance

Dialysis
procedure

Figure 66-1 Factors leading to the fatigue, loss of lean 
body mass, and low serum proteins associated with loss of 
kidney function.
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amino acids, peptides, urate, and creatinine). If nitrogen 
balance is neutral (neither catabolism nor anabolism), the 
nitrogenous products that are removed from the body through 
urine, stool, and skin plus any change in the body’s urea nitro-
gen pool are equal to the nitrogen intake. Because urea is the 
principal nitrogen waste product, protein intake in stable 
CKD patients can be estimated from the urea appearance rate 
in urine.27,28 The urea nitrogen appearance rate (i.e., urine 
urea excretion plus accumulation) parallels protein intake, but 
nonurea nitrogen excretion (i.e., the nitrogen in feces and 
urinary creatinine, uric acid, ammonia, peptides, and so 
forth) does not vary substantially with dietary protein; it aver-
ages 0.031 g N/kg daily.

In the steady state (when blood urea nitrogen and weight 
are constant), the urea nitrogen appearance equals urinary 
urea nitrogen excretion. Consequently, nitrogen intake equals 
urinary urea nitrogen plus 0.031 g N/kg. To convert grams of 
nitrogen into its protein equivalent (PNA), multiply it by 6.25, 
because proteins on average consist of 16% nitrogen. This 
method of estimating protein intake can be used for assess-
ment of compliance with a prescribed diet, as illustrated by 
the example in Box 66-2.

There are important limitations in interpreting urea-
derived estimates of dietary protein intake. First, in catabolic 
states (e.g., acidosis, infection), endogenous protein break-
down can increase urea appearance so PNA will exceed protein 
intake estimates. Conversely, when a patient becomes anabolic, 
PNA will underestimate actual protein intake. Second, day-to-
day variations in protein intake are refl ected rapidly by the 
PNA, so a single measurement may not tell us about average 

protein intake over the month. Finally, protein nitrogen ap-
pearance may not accurately estimate intake at extremes of 
protein intake. This is due to increased nitrogen losses through 
unmeasured pathways of excretion at higher protein intake 
and greater endogenous protein catabolism at lower protein 
intake.29 Regardless, this method is much more accurate and 
reproducible than dietary history or recall methods.

Biochemical Values and Nutritional 
Assessment
Serum levels of albumin and prealbumin are often used as 
biochemical markers to assess visceral protein stores, to mon-
itor the adequacy of responses to a nutritional intervention, 
and to identify patients who are at risk for complications or 
are responding poorly to medical/surgical treatment. How-
ever, there is substantial evidence that a low serum albumin 
level in CKD patients is generally due to infl ammation rather 
than decreased dietary protein.30 When comparative analysis 
of predictors of outcome in ESRD was studied, no signifi cant 
difference in serum albumin levels was found between mal-
nourished and well-nourished ESRD patients.31 The serum 
prealbumin concentration also refl ects its role as a negative 
acute-phase reactant; it is infl uenced by infl ammation and is 
thus considered to be no more sensitive or accurate than se-
rum albumin as a marker of visceral protein stores.26

Serum transferrin concentration is frequently reduced in 
renal failure independent of malnutrition, perhaps due to 
fl uctuation in iron stores. Serum transferrin rises in iron defi -
ciency, in pregnancy, and in the early phases of acute hepatitis; 
it decreases with certain chronic infections, liver diseases, can-
cer, and iron loading. In summary, no single serum protein 
measurement is ideal for detecting protein malnutrition.

Clinical
Medical history
Physical examination
Psychosocial history
Dietary history

Diet history
Appetite assessment
Food habits and patterns 
Dietary nutrient intake
Food intake records and dietary recall

Protein equivalent of total nitrogen appearance (PNA)
Biochemical measurements

Serum albumin, serum prealbumin, serum transferrin
Serum bicarbonate, serum potassium, serum glucose
Serum creatinine, urea nitrogen, calcium and phos-

phorus
Serum cholesterol

Subjective Global Assessment (SGA)
Body composition
Anthropometric measurements
Creatinine kinetics
Bioelectrical impedance
Dual energy x-ray absorptiometery (DEXA)
Near infrared interactance
Total body nitrogen, total body potassium

Box 66-1 Categories of Nutritional Assessment in Chronic 
Kidney Disease Patients

Categories shown in italics are not routinely recommended.

A patient weighs 70 kg and the 24-hr urinary collection 
contains: volume 2400 mL, creatinine 1100 mg, 
protein 7 g, urea nitrogen 7.9 g
Nitrogen � nitrogen intake (IN) �
balance (BN)  urea nitrogen appearance (U) �
  nonurea nitrogen excretion (NUN)*
 BN � IN � U � NUN
If the patient is in steady state and is compliant, nitro-
gen input equals output, therefore:
 IN � U � NUN
 � 7.9 g N/day �

(70 kg � 0.031 g N/kg/day �
7 g urinary protein � 0.16)

 � 7.9 g N/day � (2.17 g N/kg/day �
1.12 g N/kg/day)

 � 11.19 g N/day
Assuming that protein is 16% nitrogen (i.e. conversion 
factor is 1/0.16 � 6/25), the patient is eating:
11.19 � 6.25 � 70 g protein/day

Box 66-2 Estimation of Protein Intake for a Patient Prescribed 
a Diet Containing 1 g protein/kg/day

*Nitrogen in feces, urine creatinine, uric acid, other unmeasured 
nitrogen-containing compounds, and urinary protein � 5 g.
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Low serum bicarbonate levels in CKD patients usually 
refl ect development of metabolic acidosis. In CKD and di-
alysis patients a low serum bicarbonate is also indicative of 
the amount of protein intake, because metabolism of amino 
acids, particularly cysteine and methionine, generates pro-
tons. As noted, metabolic acidosis affects nutrition by stim-
ulating protein catabolism, and correction of acidosis de-
creases whole-body protein degradation.32 The serum 
creatinine level in CKD patients is refl ective of the esti-
mated glomerular fi ltration rate (GFR), but in ESRD pa-
tients it may have some nutritional signifi cance as a refl ec-
tion of muscle mass and a decrease in meat in the diet. 
Likewise, a low serum potassium level in CKD patients is 
mostly due to the use of diuretics, whereas in ESRD patients 
this fi nding should raise the suspicion of a poor nutritional 
intake.

Anthropometrics are used to assess adipose stores and lean 
body mass. This series of noninvasive, inexpensive measure-
ments, which include body weight, percent of usual weight, 
skeletal frame size, body mass index, body fat, and fat-free mass, 
can be determined reliably.33 A decline in anthropometric mea-
surements can detect a loss of lean body mass during long-term 
evaluations. The key is to have consistency in the measure-
ments, preferably by having them performed by a single indi-
vidual. Unfortunately, very little data are available on how 
closely subnormal anthropometric values correlate with an ad-
verse clinical outcome in CKD patients, and the techniques 
have been used only for research purposes. Cross-sectional 
studies of large groups of patients do show a linkage between 
large body size and reduced risk of mortality in hemodialysis 
patients.34,35 Body size is best estimated by body mass index, a 
measure of body fat based on height and weight that applies to 
both adult men and women. On the other hand, increased body 
mass index has been shown to be an independent risk factor for 
appearance of proteinuria, poor control of hypertension, ad-
verse cardiovascular and mortality outcomes, and the progres-
sion of CKD.36–39

Subjective Global Assessment
Subjective Global Assessment is a nutritional assessment 
technique based on evaluating subjective and objective pa-
tient information, including medical history and physical 
examination, gastrointestinal symptoms, body weight pat-
terns, and patient functional capacity, plus the presence of 
comorbid conditions that could affect nutritional require-
ments. The patient is assigned to one of the three nutritional 
status groups: (A) well nourished, (B) mildly to moderately 
malnourished, or (C) severely malnourished. The Subjective 
Global Assessment method was developed for hospitalized 
patients but has been used to assess nutritional status and 
predict increased risk of morbidity and mortality in CKD 
and ESRD patients.40–42 Limitations of the Subjective Global 
Assessment include a heavy reliance on subjective judgment; 
it may not identify functional impairment due to malnutri-
tion, and it also does not identify the type or amount of 
nutritional support needed to provide repletion of lost body 
protein stores. In summary, no single parameter has been 
defi ned to evaluate the variables that affect the nutritional 
status of CKD patients. Consequently, we recommend a 
complete nutritional evaluation using all the categories listed 
in Box 66-1.

MANAGEMENT OF NUTRITIONAL ISSUES 
IN CHRONIC KIDNEY DISEASE

The goals of dietary therapy for patients with CKD are to 
diminish the accumulation of nitrogenous wastes and limit 
the metabolic disturbances characteristic of uremia, to pre-
vent malnutrition, and to slow the progression of renal fail-
ure. Protein-restricted diets improve uremic symptoms be-
cause they reduce the levels of uremic toxins, most of which 
result from the metabolism of protein. A low-protein diet 
also ameliorates specifi c complications of CKD, including 
metabolic acidosis, renal osteodystrophy, hyperkalemia, and 
hypertension, because a diet that is restricted in protein is 
invariably restricted in the quantities of sulfates, phosphates, 
potassium, and sodium eaten each day.43,44 These consider-
ations explain why dietary protein restriction has been used 
for decades to treat chronically uremic patients. However, 
there are some fundamental concerns regarding use of low-
protein diets in CKD patients: (1) Do they change the pro-
gression of renal failure? (2) Are low-protein diets safe? 
and (3) Does delaying the start of renal replacement therapy 
affect patient outcomes?

Low-Protein Diets and Progression 
of Chronic Renal Failure
A number of studies have examined the infl uence of dietary 
protein restriction on the progression of renal disease, 
but many of these reports suffer from problems in design, 
differences in measurement of effi cacy, a limited sample size, 
the type of diet, and degree of compliance with the diet.

The randomized, controlled trials that have enrolled only 
insulin-dependent diabetes patients have shown improved 
preservation of kidney function in patients assigned to a low-
protein diet when compared to patients eating unrestricted 
amounts of dietary protein.45–48 The number of diabetic pa-
tients studied in these trials was generally small, and the dura-
tion of follow-up was short. To examine this question in a larger 
number of patients, meta-analyses have been used; their results 
conclude that there is a signifi cant benefi t from low-protein 
diets in preserving the renal function of diabetic patients.49–51

Trials enrolling nondiabetic and noninsulin-dependent 
diabetic CKD patients in a randomized fashion have not con-
sistently demonstrated that dietary protein restriction slows 
progression, at least when analyzed according to the pre-
scribed diet. In the largest trial to address this question, the 
Modifi cation of Diet in Renal Disease (MDRD), patients 
were randomized to protein intakes of 1.3 and 0.6 g/kg per 
day, with or without aggressive blood pressure control; when 
renal failure was more advanced, protein intake was 0.6 g 
protein/kg/day or 0.28 g/kg/day supplemented with ketoac-
ids.52 The intention-to-treat analysis of the results (i.e., the 
outcome regardless of whether patients did or did not ingest 
the prescribed diet) did not demonstrate a statistically sig-
nifi cant benefi t of the low-protein diet on the rate of loss of 
GFR. However, when the results were analyzed according to 
the degree of compliance with the low-protein diet, signifi -
cant slowing of the loss of GFR was seen, as well as a substan-
tial delay until patients reached the stage of disease when di-
alysis was required.53 Similarly, all the other randomized 
trials (Table 66-1) studying the effect of protein restriction 
on the progression of renal disease suffered from signifi cant 
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differences in the prescribed and actual protein intake, thus 
confounding the interpretation of results.

Other shortcomings of the MDRD trial explain why this 
study did not fi nd a slowing of loss of the renal function in 
CKD patients eating low-protein diets. First, the criteria for 
entering the MDRD study did not include a requirement 
that patients were, in fact, losing renal function; approxi-
mately 15% of the Study A control group had no evidence 
of progressive loss of GFR. This factor would increase the 
number of patients required to demonstrate a benefi t from 
dietary manipulations. Second, the overall rate of loss of 
renal function in this study was slower than predicted. 

Third, a disproportionate number of patients (�20%) had 
polycystic kidney disease. These patients are known to ben-
efi t minimally from dietary restriction, at least in terms of 
slowing progression of renal insuffi ciency, and so including 
these patients in the study might have obscured a benefi t of 
the dietary manipulation. Fourth, patients in the MDRD 
study were not controlled for angiotensin-converting en-
zyme inhibitor therapy. Because these drugs can slow the 
loss of kidney function, their random use would make it 
more diffi cult to detect any benefi t of eating a low-protein 
diet on preserving residual kidney function. Finally, the 
MDRD study lasted an average of only 2.2 years. This is 

Table 66-1 Randomized Controlled Trials of Effect of Protein-restricted Diets on the Progression of Renal Failure

Ref. Patients (N)
Mean 
Follow-up (mo)

Prescribed Protein for 
Randomized Groups 
(g/kg/day)

Actual Protein 
Intake (g/kg/day) Outcome of Trial

Jungers et al120  14  9 0.6 vs. 0.4 � KA 0.7 vs. 0.4 � KA Time to dialysis longer 
and mean slope of 
1/SCr lower in KA 
group

Bergström et al121  16 12–24 Unrestricted vs. 0.4 �
EAA

0.86 vs. 0.65 Slope of 1/SCr and 
drop in CrCl similar

Ihle et al122  64 18 Unrestricted vs. 0.4 �0.75 vs. 0.4 Signifi cantly less de-
crease in GFR and 
progression to end-
stage in low-protein 
group

Rosman et al 123 239 48 Unrestricted vs. 0.4–0.6 No data available Renal survival better in 
low-protein group af-
ter 2 yr but no differ-
ence after 4 yr

Locatelli et al124 456 24 1.0 vs. 0.6 0.9 vs. 0.78 No difference in renal 
survival

William et al125  95 19 �0.8 vs. 0.6 1.0–1.14 vs. 0.69 Rate of fall of CrCl 
and 1/SCr similar

Klahr et al52

Study A
585 26 1.3 vs. 0.58 1.1 vs. 0.77 The intention-to-treat 

analysis revealed no 
difference in GFR de-
cline; when analyzed 
by degree of compli-
ance low-protein 
group has signifi cant 
slowing in GFR

Study B 255 26 0.58 vs. 0.28 � KA 0.73 vs. 0.48 No difference in slow-
ing of GFR; on sec-
ondary analysis 
lower protein intake 
caused slower mean 
decline in GFR but 
no independent ef-
fect of KA

D’Amico et al126 128 27 1.0 vs. 0.6 1.1 vs. 0.8 Low-protein group had 
signifi cant lower risk 
of progression

CrCl, creatinine clearance; EAA, essential amino acids; GFR, glomerular fi ltration rate; KA, ketoacids; SCr, serum creatinine.
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important because the patients with modest CKD (Study A) 
had an initial rapid loss of GFR just after initiation of the 
low-protein diet followed by a slower loss of GFR. The long-
term (up to 6 years) follow-up of patients after completion 
of the MDRD trial failed to show conclusive benefi t of 
dietary protein restriction on progression of renal insuffi -
ciency.54 However, the patients were not given dietary pro-
tein targets nor was there any measurement of protein 
intake. It is diffi cult to make any decision about the impact 
of a diet with such information.

In summary, the evidence to date has not settled the debate 
as to whether a low-protein diet is effective in slowing the loss 
of residual renal function in a large proportion of CKD pa-
tients. A recent meta-analysis of low-protein trials in nondia-
betic CKD favors the reduction of renal death by 31% as 
compared with higher or unrestricted protein intake.33

Are Low-Protein Diets Safe?
Nonacidotic patients with CKD are remarkably effi cient in 
adapting to dietary protein restriction. Goodship and associates 
showed that such patients reduce rates of amino acid oxidation 
and protein degradation in the same fashion as normal adults 
when their protein diet is restricted from 1.0 to 0.6 g/kg/day.55

The same adaptive metabolic responses are activated when the 
diet is restricted to only 0.3 g/kg/day and a supplement of es-
sential amino acids or their nitrogen-free analogues (ketoacids) 
is given. Such a dietary regimen maintains both neutral nitro-
gen balance and indices of adequate nutrition over 1 year of 
observation.56 The supplement is required when the diet is so 
restricted to meet the requirements for essential amino acids.

The fi nding that dialysis patients often have low levels of se-
rum proteins and evidence of malnutrition has led some to sug-
gest that low-protein diets should be used cautiously or avoided 
in CKD patients and that early start of dialysis therapy should be 
considered.57,58 It is true that if CKD patients are not properly 
instructed and supervised, there may well be a spontaneous de-
crease in protein intake and deterioration of some nutritional 
indices. On the other hand, hypoalbuminemia in these patients 
can be linked as much to evidence of infl ammation as it is to di-
etary inadequacy. In fact, CKD patients treated with low-protein 
diets were found to have an increase in serum protein concentra-
tions at the initiation of dietary therapy.59,60 A low-protein diet is 
also associated with improved survival of CKD patients who 
subsequently began dialysis.61 Finally, there is abundant evidence 
that with proper implementation, a low-protein diet yields neu-
tral nitrogen balance and maintenance of normal serum proteins 
and anthropometric indices during long-term therapy.56,62,63

Once on dialysis, patients treated with supplemented very low-
protein diet rapidly increase their protein intake and gain in lean 
body mass.64 In 5-year follow-up after initiation of renal replace-
ment therapy, these patients revealed low mortality, correlating 
with age of the subject but not to nutritional parameters at the 
end of supplemented very low-protein diet therapy.59

Does Delaying the Start of Renal 
Replacement Therapy Affect Patient 
Outcomes?
The Kidney Disease Outcomes Quality Initiative (K/DOQI) 
guidelines for initiation of dialysis were appropriately updated in 
2006, shifting the focus from relying solely on a specifi c level of 

GFR to include other factors, such as nutrition; acid-base and 
bone metabolism; homeostasis of potassium, sodium, and vol-
ume; and quality-of-life considerations.65 Observational studies 
clearly indicate that patients with comorbidities are sent to di-
alysis therapy at a higher level of estimated GFR.65,66 The con-
cerns about protein malnutrition in patients with delayed start 
of dialysis are unfounded. On the contrary, abundant evidence 
demonstrates that protein malnutrition is common in dialysis 
patients, suggesting that dialysis therapy could itself be a con-
tributing factor to malnutrition.67–71 Finally, those studies re-
porting a negative impact of low residual renal function on 
survival at the start of dialysis therapy are fl awed by failure to 
take into account lead-time bias, the effect whereby measuring 
survival from the start of dialysis increases apparent survival of 
those who begin dialysis with more residual renal function (i.e., 
earlier in the course of the disease) than those who start dialysis 
with less residual renal function.72 When CKD patients were fol-
lowed from an estimated creatinine clearance of 20 mL/min, and 
divided into early and late start groups by the median estimated 
creatinine clearance (8.3 mL/min) for all patients at the initia-
tion of dialysis, there was no benefi t of survival from earlier 
initiation of dialysis.73 More recently, Beddhu and colleagues 
examined data from the Dialysis Morbidity and Mortality 
Study, Wave 2, to evaluate if beginning dialysis at higher levels of 
creatinine clearance or GFR (estimated from the MDRD for-
mula) would improve mortality.74 They found an increase in 
mortality for each 5 mL/min increase in GFR at the initiation of 
dialysis. The authors concluded that there is insuffi cient evi-
dence to advocate early initiation of dialysis. This observation is 
supported by another recent cross-sectional study that showed 
2-year survival was determined by premorbid conditions rather 
than the timing of initiation of dialysis.75 This argument is 
further strengthened by another recent study of patients age 
70 years or older with very advanced CKD (GFR, 5–7 mL/min) 
but no uremic symptoms, when randomly assigned to initiate 
dialysis or supplemented very low-protein diet had similar 
1-year mortality with fewer hospitalizations.76

In summary, no substantial evidence demonstrates im-
proved survival with early initiation of dialysis in ESRD, nor is 
it associated with a better health-related quality of life.77 The 
results of clinical trials evaluating the effect of low-protein di-
ets on the progression of CKD to date have not settled whether 
such diets will be effective in slowing the loss of residual renal 
function in a large proportion of patients. When properly 
applied, these diets do not lead to malnutrition, even in pa-
tients with advanced renal insuffi ciency.56,59,63 For these rea-
sons, we recommend nutritional consultation be offered to all 
patients with moderate CKD, along with management of other 
important risk factors that affect progression of renal dis-
ease, such as optimal control of blood pressure, use of drugs 
blocking angiotensin II responses, treatment for hyperglyce-
mia, and treatment for dyslipidemia. This wholesome 
approach requires education of the patient and interaction 
with a skilled dietitian who monitors intake of protein and 
calories and performs periodic assessment of the nutritional 
status of the patient.

Dietary Protein Prescription 
for Chronic Kidney Disease Patients
The optimum level of protein intake for patients with mod-
erate to advanced CKD cannot be deduced from published 
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trials. In western societies typical protein intake by healthy 
individuals is 1 to 2 g/kg/day, well above the World Health 
Organization recommended daily protein allowance of 0.8 
g/kg/day (minimum daily requirement is 0.6 g/kg/day).78

In response to a decrease in the amount of protein eaten, 
healthy subjects can and will activate the following adap-
tive mechanisms to promote neutral nitrogen balance: (1) 
amino acid oxidation is suppressed, allowing more efficient 
utilization of dietary essential amino acids; (2) as dietary 
protein intake approaches 0.6 g/kg/day, another adaptive 
response is activated, suppression of protein degradation, 
along with increasing protein synthesis. The increase in 
protein synthesis is of less magnitude than the limitation of 
protein degradation. Notably, patients with uncomplicated 
CKD will activate the same metabolic responses to dietary 
protein restriction, even if the patient is eating only ap-
proximately 0.3 g protein/kg/day plus a supplement with 
nitrogen-free analogues of essential amino acids (ketoac-
ids).56,62 Similar responses are activated in CKD patients 
with the nephrotic syndrome. In these patients, however, 
the degree of suppression of amino acid oxidation is pro-

portional to the net protein intake (the amount of dietary 
protein minus the urinary loss of protein).79 These critical 
adaptive responses, which act to maintain protein balance, 
can be impaired by factors that are commonly present in 
CKD patients, such as metabolic acidosis, inflammation, 
and infection. Based on these findings, we support the K/
DOQI recommendations that patients with advanced renal 
disease (GFR � 25 mL/min), with or without symptoms 
attributable to uremia or with uncontrolled progressive 
renal insufficiency, be treated with a well-planned low-pro-
tein diet providing 0.6 g protein/kg/day26 (Table 66-2). For 
individuals who will not accept such a diet or who are un-
able to maintain adequate protein-energy intake with such 
a diet, an intake can be increased up to 0.8 g protein/kg/
day. Further increment in protein intake will not only gen-
erate more urea, but will also contribute to metabolic aci-
dosis and renal osteodystrophy through hyperphosphate-
mia. At least 50% of the protein intake for all of these 
patients should be of high biologic value. The diet should 
be designed by a nutritionist with an interest in the imple-
mentation of diets for CKD patients to take advantage of 

Table 66-2 Recommended Nutrient Intake in Chronic Kidney Disease Patients

Nutrient Daily Recommendations

Protein* 

 GFR (mL/min/1.73m2) Amount of protein (g/kg of ideal body weight)

�50 No restriction recommended

25–50 0.6–0.75 controlled

�25 0.6 or 0.3 plus supplementation†

Renal transplant recipient

Early phase or acute rejection 1.3

Stable phase As CKD

Nephrotic patient 0.8 �1 g of protein/g of proteinuria

Energy (kcal/kg of ideal body weight)

�60 yr old �35

�60 yr old 30–35

Carbohydrates 35% of nonprotein calories

Fat Polyunsaturated-to-saturated ratio of 2:1

Phosphorus 800–1000 mg

No restriction in transplant recipient if serum 
phosphorus is normal

Calcium Should not exceed 2.5 g (dietary � calcium-
based binders)

Potassium Individualized

Sodium and Water As tolerated, to maintain body weight and 
blood pressure

*At least 50% of proteins should be of high biological value.
†Mixture of essential amino acids and ketoacids.52
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the patient’s food preferences and to ensure an adequate 
intake of calories and vitamins.

Energy Requirements
It is important to monitor energy intake because a diet con-
taining too few calories will compromise the patient’s ability 
to achieve nitrogen balance and lead to loss of muscle mass. It 
has been shown that a diet providing about 35 kcal/kg/day is 
necessary to maintain neutral nitrogen balance in patients 
with CKD.80 Energy requirements for healthy CKD patients 
are not different from those for healthy adults.81,82 Unfortu-
nately, there is no simple method of estimating calorie intake, 
so the clinician must rely on repeated measurements of weight 
and muscle mass plus input from the dietitian.

Bicarbonate Therapy
To date there has been only one published randomized, con-
trolled trial of use of oral bicarbonate in patients with mild to 
moderate CKD.83 Maintaining serum bicarbonate and 22 to 
26 mmol/L results in attenuation of rise in blood urea nitrogen 
and parathyroid hormone compared to those given placebo. 
Correction of metabolic acidosis in CKD patients results in 
improved measures of nutritional status, such as Subjective 
Global Assessment and PNA, and reduced hospitalization 
rates.84,85 We recommend that predialysis patients or dialysis 
patients should have stabilized serum bicarbonate levels above 
22 mmol/L.

Dietary Phosphorus
The increased incidence and severity of vascular calcifi cation 
in uremia is attributed to the abnormalities of mineral me-
tabolism, which are common in CKD patients, especially 
those on dialysis. Cross-sectional studies in patients with 
advanced CKD have clearly shown that the presence of arte-
rial calcifi cation is associated with adverse clinical outcomes, 
including myocardial infarction, congestive heart failure, en-
docarditis, valvular heart disease, and death.86,87 Vascular 
calcifi cation is more common and severe in diabetic patients 
with stage 3 to 5 CKD compared to diabetics with an early 
stage or no CKD.88–90 For CKD patients on dialysis an 
association between elevated serum phosphorus, calcium-
phosphorus product (Ca � P), or elevated parathyroid hor-
mone and the risk for all-cause mortality and cardiovascular 
disease is clearly established.91–93 These fi ndings highlight the 
importance of controlling mineral metabolism from the early 
stages of CKD. When kidney function declines by 20% to 
25%, phosphate retention develops; this plays a major role in 
causing secondary hyperparathyroidism even without detect-
able elevation of serum phosphorus levels. Thus, dietary 
counselling for reduced phosphorus intake should be insti-
tuted in patients with CKD who approach stage 3, limiting 
the intake of high-phosphorus foods, mainly dairy products 
and protein-rich foods. The recommended phosphorus in-
take for patients with hyperphosphatemia irrespective of the 
stage of CKD is 800 to 1000 mg/day.94 For patients who in 
spite of dietary phosphorus restriction cannot control serum 
phosphorus levels, phosphate binders are required. For pa-
tients who have a high serum calcium-phosphorus product, 
the initial choice should be a noncalcium-containing phos-

phorus binder. If necessary, aluminum hydroxide should be 
used for only brief periods (especially in dialysis patients) to 
reduce the risk of aluminum toxicity. When serum calcium is 
low, calcium-based phosphate binders (carbonate or acetate) 
are effective and inexpensive.

Dietary Calcium
Biochemical measurements are not refl ective of calcium nu-
tritional status in subjects with normal kidney function nor in 
patients with CKD.94 The major indirect measures of calcium 
nutritional adequacy are skeletal health assessed by risk of 
fractures, bone mass measurements, and desirable rates of 
calcium retention. Based on these surrogate markers, the rec-
ommended adequate intakes of calcium in healthy adults is 
about 1.3 g/day, with a tolerable upper level of 2.5 g/day.95 In 
CKD patients decreased intestinal calcium absorption is 
thought to be linked to vitamin D defi ciency; because an ex-
cess of phosphates in intestinal secretions will bind calcium, 
the CKD patient requires a higher intake of elemental cal-
cium. Still the total should not exceed 2500 mg/day, including 
both dietary sources and calcium from phosphate binders.96

As CKD progresses and patients are also prescribed vitamin D 
analogues to control secondary hyperparathyroidism, there is 
risk for developing hypercalcemia or elevated serum calcium-
phosphorus product (Ca � P); thus, calcium-based drugs 
should not be the phosphate binders of choice. Again, dietary 
education is critical because dietary indiscretion, even by pa-
tients who are compliant with phosphate binders, leads to 
a rise in the calcium-phosphorus product, increasing the 
likelihood of spontaneous precipitation of calcium and phos-
phorus throughout the body.

Sodium
Control of blood pressure should be a part of any strategy di-
rected at slowing the progression of CKD.52 It is easy to achieve 
a recommended 2-g sodium diet when dietary protein is re-
stricted; it will potentiate the effi cacy of antihypertensive medi-
cines.43,97 Moreover, in edematous states, it is diffi cult if not im-
possible to achieve a net loss of sodium (and hence, extracel -
lular volume) with diuretics unless dietary sodium is restricted.

Trace Elements and Vitamin 
Requirements
In uremia, there are signifi cant alterations in blood and tis-
sue concentrations of trace elements and vitamins. These 
derangements are due to a decrease in glomerular fi ltration, 
impaired tubular function, and protein binding of micro-
nutrients. In addition, an inadequate diet or altered gastro-
intestinal absorption in patients with advanced uremia may 
limit the absorption of trace elements and vitamins. The 
water-soluble vitamin requirements for CKD patients are 
not different from those for healthy adults.98 Pharmacologic 
doses of folic acid have been recommended for lowering 
plasma homocysteine levels, but whether this decreases car-
diovascular risk in renal patients is yet to be established. 
Results of the two ongoing multicenter clinical trials are 
expected to provide more conclusive evidence as to whether 
lowering homocysteine levels in CKD patients with folic 
acid or vitamin B reduces the risk of cardiovascular 
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disease.99,100 Current expert opinion suggests that it is pru-
dent to supplement rather than risk the defi ciency, espe-
cially when supplementation is safe at the recommended 
level.101 Serum levels of 25-hydroxyvitamin D, as a measure 
of body stores of vitamin D, are decreased in patients with 
stage 4 or higher CKD as compared to the general popula-
tion.102 In these patients, 25-hydroxyvitamin D insuffi ciency 
(�30 ng/mL) increases risks for secondary hyperparathy-
roidism, increased prevalence of vertebral fracture, and in-
sulin resistance; it also has a possible role in the progression 
of renal disease.102–104 We recommend measuring 25-hy-
droxyvitamin D level in all patients with stage 3 or higher 
CKD, irrespective of serum parathyroid hormone levels. For 
those patients with serum 25-hydroxyvitamin D insuffi -
ciency, supplementation with an oral vitamin D, such as 
ergocalciferol 50,000 IU every month for 6 months, is rec-
ommended. For more severe 25-hydroxyvitamin D defi -
ciency (�15 ng/mL), the same dose should be given weekly 
for the fi rst 3 months.94 Vitamin C intake should be limited 
to 100 mg/day, because higher doses of supplementation 
can lead to tissue deposition of oxalate crystals, hastening 
renal insuffi ciency and increasing the risk of myocardial 
infarction, shunt failure, and muscle weakness in dialysis 
patients.105 Vitamin A and retinol-binding protein plasma 
levels are increased in renal patients, so vitamin A–contain-
ing multivitamin preparations for kidney disease patients 
should be avoided. There is no evidence that vitamin E re-
duces the risk of cardiovascular events and routine supple-
mentation is not recommended.106

In summary, the daily requirements for most trace elements 
and vitamins in renal patients are quite similar to those of 
healthy adults.98 Patients with CKD who do not have a good 
appetite are advised to take B-complex vitamin, along with folic 
acid. Some of the common prescription brands with this com-
bination include Nephro-Vite, Nephrocaps, and Nephroplex.

NUTRITIONAL ISSUES IN RENAL 
TRANSPLANT PATIENTS

A successful renal transplant into a patient with ESRD restores 
near-normal renal function and is expected to correct the nu-
tritional abnormalities arising from uremia. The renal trans-
plant recipient typically experiences a marked improvement of 
appetite, leading to weight gain. Nevertheless, these patients 
face many nutritional challenges that demand close dietary 
monitoring. The commonly prescribed immunosuppressives 
(i.e., corticosteroids, calcineurin inhibitors, and sirolimus) are 
known to induce metabolic adverse effects, such as protein 
hypercatabolism, hyperlipidemia, glucose intolerance, hyper-
kalemia, hypophosphatemia, hypomagnesemia, and obesity. 
The nutritional status after transplant is also determined by 
preexisting medical conditions, such as protein losses, renal 
osteodystrophy, hyperlipidemia, and cardiovascular disease. 
Moreover, these patients suffer from declining renal function 
due to recurrent acute or chronic rejection, varying degrees of 
proteinuria, hypertension, and poorly controlled diabetes. In 
the early postrenal transplant period the nutritional challenge 
is to counter the metabolic effects of protein hypercatabolism, 
hyperlipidemia, and hyperglycemia. For the stable transplant 
recipient, the nutritional status should be optimized, including 
weight gain, obesity control, and lipid control. With a failing 

graft, nutritional management is similar to that recommended 
for advanced CKD.

Dietary Protein and Calorie Prescription 
for Renal Transplant Patients
Soon after transplantation, there is a marked increase in 
amino acid and protein catabolism due to the use of large 
doses of steroids plus surgery-related stresses. Patients with 
preexisting malnutrition are at risk for poor wound healing 
and susceptibility to infection. Based on these concerns, a 
dietary protein intake of 1.3 g/kg body weight/day is recom-
mended for the early postrenal transplant patient.107 However, 
these recommendations are based on only a few nitrogen bal-
ance studies. The optimum dietary protein intake for trans-
plant patients on maintenance immunosuppressive therapy is 
not well established. Transplant recipients have been shown to 
maintain neutral nitrogen balance on a low-protein intake of 
0.6 g/kg/day as long as their energy intake is maintained at 
least 28 kcal/kg/day.108 Results of a 12-year follow-up on renal 
function in transplant recipients consuming protein intake of 
0.8 g/kg/day compared to those with protein intake of 1.4 
g/kg/day showed those with the lower protein intake main-
tained unchanged renal function, whereas patients with the 
higher protein intake lost more than 40% of excretory effi -
ciency.109 Based on limited available data, it is reasonable 
to recommend protein intake of 0.8 g/kg/day along with 
minimal energy intake of 30 to 35 kcal/kg/day for stable 
renal transplant patients. Those patients with progressive graft 
failure should have a more stringent protein intake of 0.6 
g/kg/day, because there is evidence that a low-protein diet is 
also associated with a reduction in proteinuria and decreased 
activity of the renin-angiotensin system.110 During an acute 
rejection episode requiring treatment with high doses of cor-
ticosteroids, protein catabolism increases, yielding high blood 
urea nitrogen levels. Protein restriction in such patients can 
lead to severe negative nitrogen balance, so increasing protein 
intake to 1.2 g/kg/day is appropriate.

Obesity, defi ned as body mass index of more than 30 kg/m2

or more than 130% ideal body weight, is present in 12% to 
40% of recipients within 1 year after renal transplant.111,112

Obesity is associated with decreased graft survival and in-
creased prevalence of cardiovascular disease after transplan-
tation.113,114 For stable transplant recipients who require 
weight reduction, a caloric intake of 25 kcal/kg/day along 
with appropriate dietary and lifestyle measures, including an 
exercise program, should be recommended. Weight reduc-
tion diets in obese, hyperlipidemic transplant recipients cause 
a modest reduction in cholesterol levels, although statin 
drugs are usually required.115 The American Heart Associa-
tion one-step diet is a reasonable initial approach for hyper-
lipidemic renal transplant patients. This diet, consisting of 
less than 300 mg of cholesterol per day (with a goal of �250
mg/day), 30% total calories as fat, 50% as carbohydrate, and 
20% as protein, is easily attainable and is familiar to renal 
dietitians.116

Dietary Phosphorus and Calcium 
after Renal Transplantation
Transient hypercalcemia and low-normal serum phosphorus 
levels can be observed after a successful kidney transplant. These 
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biochemical changes are due to persistent hyperparathyroidism, 
improved parathyroid hormone sensitivity, and recently de-
scribed non-parathyroid hormone humoral factor.117,118 A phos-
phaturic action of steroids must also be considered; an increase 
in serum phosphorus levels after reduction of steroid doses has 
been reported.119

The major improvement over a patient’s pretransplant re-
nal diet is the liberalization of dietary phosphorus. Neverthe-
less, oral phosphate supplements are required for periods of 
up to 1 year after renal transplant. In the absence of hypercal-
cemia, calcium intake through diet and supplements should 
be limited to about 1000 to 1500 mg/day.

In summary, a successful renal transplant allows greater 
dietary freedom and resultant weight gain. Immunosuppres-
sive medications contribute to the protein hypercatabolism, 
hyperlipidemia, hyperglycemia, and propensity toward weight 
gain. Protein requirements during the early phase are similar 
to the requirements of healthy adults. As GFR declines with 
failing graft, protein restrictions similar to those for CKD pa-
tients are re-instituted. Further, maintenance of optimal body 
weight, along with changes in lifestyle measures, including an 
exercise program, should be part of nutritional management 
in all renal transplant recipients.
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Anemia is a common problem for chronic kidney disease 
(CKD) patients. It may occur relatively early in the course of 
CKD and cause signifi cant symptoms such as dyspnea and 
fatigue. By end-stage renal disease (ESRD) the majority of 
patients have signifi cant anemia. Anemia is associated with 
important medical complications such as cardiac hypertrophy 
and an increased risk of death.1 The clinician’s task is to rec-
ognize the presence of anemia, to conduct an appropriate di-
agnostic evaluation, and to initiate treatment and monitor its 
effectiveness.

PATHOPHYSIOLOGY

The anemia of CKD is multifactorial in origin, but erythro-
poietin defi ciency is the most important etiologic factor.2

Erythropoietin is a glycoprotein hormone produced in renal 
peritubular cells. It stimulates erythropoietic progenitor cells 
in the bone marrow. Its greatest effect is on erythroid colony-
forming units, cells that bear the highest concentration of 
erythropoietin receptors of any erythroid precursor.3 When 
erythropoietin is not present, these cells rapidly undergo ne-
crosis and apoptosis. Erythropoietin facilitates the survival of 
and increases the colony-forming units erythroid that are 
maturing into precursors of erythrocytes, including the fi rst 
circulating form, the reticulocyte.

Under normoxic conditions, erythropoietin is produced at 
low, relatively continuous levels. When tissue hypoxia is pres-
ent, erythropoietin production is greatly increased, with se-
rum concentrations increasing 100- to 1000-fold. Hypoxemia 
or anemia may stimulate erythropoietin production; the pres-
ence of tissue hypoxia is sensed by the recently identifi ed hy-
poxia inducible factor-1 (HIF) complex.4 One component of 
this dimeric compound, HIF-1�, is rapidly degraded under 
normoxic conditions. When hypoxia is present, dimerization 
with HIF-1� occurs, yielding a HIF-1 complex that stimulates 
the activation of more than 90 oxygen-sensitive genes includ-
ing erythropoietin.

Serum erythropoietin levels tend to be elevated by CKD, 
but are still insuffi cient for the degree of anemia present.5,6

Some degree of response to anemia is maintained, at least 
until the late stages of CKD, but when creatinine clearance is 
less than 40 mL/min, the hemoglobin (Hgb) and serum eryth-
ropoietin concentrations become somewhat dissociated. Even 
in dialysis patients, however, a small erythropoietic response 
remains. In certain renal diseases, such as polycystic kidney 
disease, erythropoietin production may be somewhat pre-
served.

After the classic experiments of Eschbach and Adamson, 
the primary role of erythropoietin defi ciency became clear. 
However, the relative importance of erythropoietic inhibitors 
remains controversial.7 Both the benefi cial effect of dialysis on 
improving anemia and the demonstration of a shortened 
erythrocyte half-life in ESRD suggest that there is at least some 
contribution of circulating inhibitors of erythropoietic re-
sponses to the anemia of kidney disease.

DEFINING ANEMIA IN CHRONIC KIDNEY 
DISEASE

The absolute Hgb level that defi nes anemia in CKD has been 
determined by the National Kidney Foundation’s Kidney Dis-
ease Outcome Quality Initiative anemia guidelines as a level of 
less than 13.5 for men and 12.0 for women.8 Periodic measure-
ment of Hgb, to screen for anemia, is necessary for managing 
patients with CKD. The Kidney Disease Outcome Quality Ini-
tiative guidelines recommend testing at least once per year, but 
the decision to test for anemia fi rst requires that CKD has been 
recognized, and this can sometimes prove problematic. For 
example, in older adults with mildly elevated serum creatinine, 
a clinician may fail to appreciate that there has been a substan-
tial loss of renal function. Specifi cally, a 70-year-old woman 
with a serum creatinine level of 1.5 mg/dL has a creatinine 
clearance less than 50 mL/min, yet this level of serum creati-
nine may obscure the diagnosis. Failure to diagnose CKD and 
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750 Chronic Renal Failure and Its Systemic Manifestations

recognize the associated anemia is a missed opportunity to 
improve the patient’s life through treatment.

IMPACT OF ANEMIA IN CHRONIC 
KIDNEY DISEASE

The primary adverse effect of anemia in CKD is the develop-
ment of unpleasant symptoms such as fatigue and dyspnea 
that impair the individual’s quality of life.9 Symptoms are due 
to the direct as well as the compensatory biologic effects 
of anemia. Decreased erythrocyte mass results in decreased 
oxygen-carrying capacity to the body’s tissues and organs. The 
reduction in oxygen delivery leads to compensatory changes 
such as increased cardiac output and vasodilation. This in-
creases tissue perfusion and partially offsets the reduction in 
blood oxygen-carrying capacity, but there is a cost: increased 
cardiac work leading to cardiac hypertrophy and increased 
risk of cardiovascular disease.

The reduction in quality of life from anemia has been well 
documented. Treatment for anemia in CKD patients results in 
partial recovery, rehabilitation, and restoration of well-
being.9–12 There is general improvement in quality of life on 
partial to full correction of anemia. In an early study, Delano10

treated 37 hemodialysis patients with epoetin to achieve par-
tial correction of anemia. The mean hematocrit increased 
from 19.8% before therapy to 31.5% after therapy, and there 
was an improved sense of well-being in 84% of patients, with 
improvements in appetite (81%), sexual function (62%), so-
cializing (70%), and sleep (68%).

Anemia in CKD has also been associated with left ventricu-
lar hypertrophy, an increase in the risk of hospitalization, and 
mortality.13–17 It is unclear whether the relationship to mortal-
ity and hospitalization risk is causal as treatment studies have 
generally not demonstrated these benefi ts in outcomes.18–21 In 
contrast, the relationship to left ventricular hypertrophy is 
more likely to be causal, given the increased workload of the 
heart when anemia is present. Levin and colleagues22 found 
the association to be strong; each 1-g/dL decrease in Hgb was 
associated with a 6% increase in risk of left ventricular hyper-
trophy (LVH).22 The prevalence of LVH increases in relation 
to lower levels of kidney function, reaching 74% at the initia-
tion of hemodialysis.23 Despite the clear association between 
anemia and LVH in CKD, treatment studies have generally not 
found a decrease in LVH with erythropoietin treatment.20,21,24

EVALUATION OF ANEMIA IN CHRONIC 
KIDNEY DISEASE

The intensity of the ensuing evaluation and treatment 
depends to an extent on the signifi cance of symptoms. The 
clinician must ask directed questions of the patient related to 
energy, fatigue, shortness of breath, chest pain, and other 
symptoms. Symptoms may develop gradually, and the patient 
may partially compensate with restrictions in activities. To 
avoid this misdiagnosis, questions should probe changes in 
activity level, and the patient should be asked to compare cur-
rent capabilities to previous abilities.

The diagnostic evaluation should be based on the premise 
that although most anemia in CKD proves to be due to eryth-
ropoietin defi ciency, other causes of anemia may be present 

(Fig. 67-1). One of the most common management errors is to 
falsely assume that erythropoietin defi ciency is causing anemia 
and to miss an important diagnosis such as gastrointestinal 
bleeding or vitamin B12 defi ciency. In summary, any cause of 
anemia present in the age-related normal population of adults 
can cause anemia in CKD patients.

Because the diagnosis of erythropoietin defi ciency is one 
of exclusion, the evaluation should focus on excluding other 
causes of anemia with an appropriate history, examination, 
and laboratory testing. The complete blood count should be 
reviewed for any related problems in the leukocyte or plate-
let cell lines. Red blood cell indices should be examined, and 
the anemia classifi ed as microcytic, normocytic, or macro-
cytic. The anemia of kidney disease usually results in a 
normocytic erythrocyte classifi cation. If microcytosis is 
present, then iron defi ciency, thalassemia, and myelodyspla-
sia should be considered. With macrocytosis, folic acid and 
vitamin B12 defi ciency must be excluded. Fecal blood testing 
should be performed to evaluate for occult gastrointestinal 
bleeding. Serum ferritin and transferrin saturation should 
be measured to exclude iron defi ciency. When there are ap-
propriate clinical problems, multiple myeloma should be 
considered.

Hemoglobin < 13.0 g/dL 
in men 

or 12.5 g/dL in women
with CKD

Evaluate for cause of 
anemia

History/examination
Red cell indices
Serum ferritin

Transferrin saturation
Fecal occult blood testing

Identified cause of
anemia should be

treated
before starting ESA

If evaluation is
negative and

Hgb < 11 g/dL, then
ESA should be started if
patient has symptoms

During ESA treatment,
check Hgb every 2–4 wk

and generally
maintain Hgb at 11–12

Figure 67-1 Algorithm for anemia evaluation in chronic kid-
ney disease (CKD). ESA, erythropoiesis-stimulating agent; 
TSAT, transferrin saturation.
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If the initial diagnostic evaluation is unrevealing, then a 
diagnosis of renal anemia due to erythropoietin defi ciency is 
most likely. There is no utility in measuring serum erythro-
poietin because the defi ciency is relative, not absolute (serum 
erythropoietin levels are generally higher in CKD patients 
compared with adults without kidney disease). However, the 
serum level is insuffi cient for the degree of anemia present, 
indicating that there is a relative defi ciency. When ESRD is 
present, erythropoietin levels are substantially decreased, and 
overt erythropoietin defi ciency is present.

TREATMENT OF THE ANEMIA 
OF CHRONIC KIDNEY DISEASE

General Concepts
After other causes of anemia have been excluded, treatment 
should be considered. Until recently, erythropoietin therapy 
involved only the administration of recombinant human 
erythropoietin. However, there are drugs currently in develop-
ment that increase erythropoiesis without being erythropoie-
tin analogues. Consequently, the preferred acronym is therapy 
with erythropoiesis-stimulating agents (ESAs).

The established benefi ts of ESA treatment are avoidance of 
blood transfusion and improvement in quality of life. However, 
the literature does not support an evidence-based Hgb level at 
which treatment should be initiated. The Kidney Disease Out-
come Quality Initiative 2007 anemia update recommends that 
treatment of anemia should be individualized based on a pa-
tient’s clinical characteristics.25 If a patient has a decreased Hgb 
but no decrement in his or her quality of life, there is no press-
ing need to initiate ESA treatment. For example, if the Hgb is 
10.2 g/dL, but there are no symptoms present and the patient is 
highly active, then treatment should not be initiated. In con-
trast, if symptoms are present, then treatment should be started 
when Hgb is less than 11 g/dL. Furthermore, if the patient has 
symptoms such as fatigue and dyspnea or feels cold despite Hgb 
levels higher than 12 g/dL, then treatment can be initiated (but 
the ESA costs may not be reimbursed). However, the latter 
clinical condition is unusual, and ESA treatment should not be 
used to increase Hgb to more than 13 g/dL because of the in-
creased risk of adverse outcomes (see later).

Treatment with Erythropoiesis-
Stimulating Agents
Because an adequate supply of iron is required for an optimal 
response to ESA, iron defi ciency must be treated before initi-
ating ESA therapy. Once the patient is iron replete, ESA dosing 

should begin. Unfortunately, there have been few studies that 
compare different strategies of initiating ESA treatment. 
A reasonable approach is to correct anemia in a gradual, gen-
tle manner, avoiding overshoot of the Hgb to more than 12 to 
13 g/dL. Specifi cally, an increase in Hgb of 1 g/dL per month 
will improve symptoms while reducing the risk of complica-
tions such as uncontrolled hypertension.

For patients with CKD, ESA treatment is often inconve-
nient and requires extra offi ce visits, so a goal of therapy 
should be to avoid excessively frequent drug administration. 
In our clinic, we usually initiate treatment with either epoetin 
alfa or darbepoetin alfa, with injections once every 1 to 
2 weeks (Table 67-1). Some patients may require more fre-
quent injections, but most patients will have a benefi cial re-
sponse with this approach. For hemodialysis patients, ESAs 
are often administered intravenously three times weekly be-
cause of the convenience of readily available intravenous ac-
cess. However, there is no pharmacologic or medical reason 
for such frequent injections and less frequent injections can be 
effective in achieving the desired Hgb level.

The ability to extend dosing intervals may vary with the 
ESA; darbepoetin alfa has differences in its sialic acid com-
position that prolong its serum half-life compared with epo-
etin alfa.26 However, the lack of comparative studies between 
epoetin alfa and darbepoetin alfa makes it diffi cult to dif-
ferentiate between the drugs with respect to extended dosing 
intervals in nondialysis CKD. Studies for each drug have sug-
gested that the dose interval can be extended to once monthly 
in selected patients.27,28 A drug currently in development, 
CERA (continuous erythropoietin receptor activator), has a 
serum half-life 5 to 16 times as long as that of epoetin alfa 
and has been found to maintain stable Hgb levels with 
monthly dosing.29

When initiating ESA treatment, Hgb and iron stores should 
be assessed every month. Monthly iron testing during ESA 
treatment initiation is necessary due to the rapid transfer of 
iron from storage tissues to the erythron as Hgb levels in-
crease. Many patients will develop iron defi ciency during this 
period, resulting in diminished response to ESA therapy. This 
is particularly true for hemodialysis patients, in whom iron 
stores are also challenged by repeated blood loss. Obviously, if 
the Hgb is increasing too slowly or rapidly, then the ESA dose 
should be decreased accordingly.

The treatment target published in the Kidney Disease Out-
come Quality Initiative anemia guidelines is an Hgb level of 11 
or 12 g/dL. As with all clinical practice guidelines, clinical 
judgment must be used when applying this recommendation 
in the context of an individual patient. The guidelines recom-
mend not targeting Hgb levels greater than 13 g/dL. With the 
Hgb level in this range, the clinician must assess the patient’s 

Table 67-1 Erythropoiesis-Stimulating Agent Treatment for Patients with Chronic Kidney Disease

IV Half-life FDA Label Dose FDA Label Dose Interval Comments on Actual Clinical Practice

Epoetin alfa 8 hr 50–100 U/kg tid Often converted to once-weekly or less frequent 
administration

Darbepoetin alfa 25 hr 0.45 µg/kg Once weekly Often given every 2 wk or less frequently

CERA placeholder 134 hr

CERA, continuous erythropoietin receptor activator.
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symptoms; if fatigue or dyspnea persists, then cardiovascular, 
pulmonary, or other causes of symptoms should be pursued.

Complications of Erythropoiesis-
Stimulating Agent Treatment
The primary complication found during treatment with 
ESAs is the development or worsening of hypertension.30 It 
is likely that this occurs in 20% to 30% of patients treated.31

The mechanism has not been fully elucidated but may relate 
to loss of the compensatory vasodilatation that should occur 
with anemia.32 Because hypertension is a cardiovascular risk 
factor and there is a high prevalence of cardiac disease 
among CKD patients, avoiding uncontrolled hypertension is 
critically important. Furthermore, in CKD patients who are 
in the predialysis stage of their disease, hypertension plays a 
central role in determining progression of kidney disease 
(see Chapters 60 and 62).

There does not appear to be signifi cant differences between 
the risk of hypertension with different ESAs, but with all ESAs, 
avoidance of excessively rapid increases in Hgb is important. 
An overshoot to Hgb levels of more than 13 g/dL will increase 
the risk of cardiovascular diseases. If blood pressure increases 
during therapy, then the antihypertensive drug regimen 
should be adjusted accordingly. If severe hypertension devel-
ops, then the ESA should be temporarily held. It is rare for 
permanent cessation of therapy to be required.

Other complications of ESA treatment are rare. Seizures 
and encephalopathy were reported during early trials of epo-
etin alfa, probably related to hypertension and excessively ag-
gressive treatment.33–35 These complications rarely occur with 
appropriate monitoring. Pure red cell aplasia, a condition de-
tected by severely diminished erythropoiesis due to the devel-
opment of antierythropoietin antibodies, was reported in 
Europe, peaking in 2002.36–38 Cases outside of Europe were 
extremely rare. The majority of cases occurred with subcuta-
neous injection of epoetin alfa, and the patients lost all re-
sponse to ESAs, becoming transfusion dependent. The cause 
of this problem was determined to be a change in the manu-
facturing practice, and correction of the problem has essen-
tially eliminated pure red cell aplasia.

The Risk of Mortality with Higher 
Hemoglobin Levels
In March 2007, the U.S. Food and Drug Administration 
revised prescribing instructions for ESAs to include substan-
tially higher levels of warnings related to safety. This followed 
the publication of two studies, the Cardiovascular Risk 
Reduction by Early Anemia Treatment with Epoetin Beta 
(CREATE) and Correction of Hemoglobin and Outcomes in 
Renal Insuffi ciency (CHOIR); both studies uncovered strong 
trends for increased risk of death with ESA treatment de-
signed to achieve higher Hgb targets.24,39 Three published 
studies, CHOIR, CREATE, and the Normal Hematocrit Car-
diac Trial, included 3268 hemodialysis and nondialysis CKD 
patients. Each study revealed a trend for an increased risk of 
death from 21% to 48% with higher Hgb targets (P values of 
.07, .08, and .14, respectively).18,24,39 Taken together, these 
studies and related results from studies of cancer patients 
have created strong and consistent evidence that indicates 
that using ESAs to target Hgb levels greater than 13 g/L is 

harmful. Accordingly, the 2007 update to the Kidney Disease 
Outcome Quality Initiative anemia guidelines warns against 
targeting Hgb greater than 13 g/dL.25

Suboptimal Responses to Erythropoiesis-
Stimulating Agent Treatment
The response of an individual patient to ESA treatment is 
highly variable. Approximately 10% to 20% of patients have 
signifi cant degrees of hyporesponsiveness.40,41 The defi nition 
used for hyporesponsiveness varies but operationally is 
defi ned as diffi culty maintaining Hgb levels greater than 10 to 
11 g/dL. In some patients, the Hgb level can be maintained 
only with very high doses of ESAs (e.g., epoetin alfa doses 
greater than 36,000 U/kg in a hemodialysis patient).

When ESA hyporesponsiveness is present, the underlying 
reason should be sought. The most frequent and therapeuti-
cally important cause is iron defi ciency.42 In hemodialysis pa-
tients, repeated losses of blood in dialysis lines and fi lters, 
frequent blood testing, surgery, and access bleeding cause iron 
defi ciency. The incidence of iron defi ciency in CKD patients is 
not clear, but it probably occurs less frequently than in hemo-
dialysis patients.

Diagnosis of iron defi ciency in CKD patients has been pri-
marily based on the use of two tests: serum ferritin and trans-
ferrin saturation. Serum ferritin is a refl ection of iron storage 
but can be greatly affected by other factors such as infl amma-
tion, infection, and nutritional status.43,44 These noniron ef-
fects dilute the ability of serum ferritin to diagnose iron defi -
ciency in CKD accurately. In fact, the sensitivity of serum 
ferritin (100–200 ng/mL) as an index of true iron defi ciency 
in patients on hemodialysis has usually been found to be less 
than 50%.45–47 Transferrin saturation is calculated as serum 
iron divided by total iron binding capacity (closely related to 
the serum transferrin concentration). It is a refl ection of the 
small but important pool of circulating iron. It is a more sen-
sitive marker of iron status in CKD patients than serum fer-
ritin, but it is less specifi c. Therefore, the characteristics of 
these tests result in a diffi cult clinical paradox: the serum fer-
ritin level is often very high, concomitant with a low level of 
transferrin saturation. These divergent data leave the clinician 
with a diagnostic and therapeutic dilemma, one that is cur-
rently diffi cult to unravel.

Treatment with iron is frequently necessary for patients 
treated by hemodialysis (Fig. 67-2). A series of studies has 
found that oral iron has no demonstrable effi cacy in these 
patients. In contrast, intravenous iron treatment is highly ef-
fective and in studies in which the Hgb level has been main-
tained within a target range, intravenous iron treatment can 
reduce the ESA dose requirements by 25% to 75%.48–56 In 
clinical practice, this translates into the ability to achieve Hgb 
levels greater than 11 g/dL more consistently.

There are currently three intravenous iron drugs that are 
widely available (Table 67-2). Iron dextran is highly effective 
but associated with occasional anaphylactic reactions.57,58 Fer-
ric gluconate and iron sucrose are nondextran forms of iron 
that probably have a much lower risk of anaphylaxis. In hemo-
dialysis patients, a typical treatment strategy is to administer 
1000 mg when iron defi ciency develops. The treatment regi-
men is to give divided doses of 50 to 125 mg at successive he-
modialysis treatments. An alternative approach to treatment is 
the periodic and regular administration of smaller doses of 
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intravenous iron (e.g., iron sucrose 50 mg/wk). It is unclear 
which of these approaches is more effective.

In undialyzed CKD patients or those treated by peritoneal 
dialysis, iron defi ciency probably occurs less frequently than 
in hemodialysis patients, but the effi cacy of oral iron in these 
groups of patients has not been established as no studies com-
paring oral iron treatment with placebo or no iron treatment 
have been published. Still, we recommend assessing iron 
stores regularly because most patients treated with ESAs gen-
erally require iron supplements to support increased erythro-
poiesis adequately. A generic oral iron supplement may be 
suffi cient for most patients.

The role of intravenous iron in nondialysis CKD or perito-
neal dialysis patients has not been established. In nondialysis 

CKD patients, there have been four randomized, controlled 
trials comparing intravenous iron with oral iron treatment.59–62

Two of the four showed no signifi cant difference in effi cacy 
between the groups. The other two studies found superior ef-
fi cacy for intravenous iron. In the latter studies, there was only 
a modest degree of benefi t. Intravenous iron treatment is in-
convenient in nondialysis CKD patients, and occasionally se-
vere hypotension occurs. When these considerations are bal-
anced against only a modest benefi t of intravenous iron, it 
appears clear that intravenous iron should be reserved only 
for nondialysis CKD patients with severe iron defi ciency.

Other causes of ESA hyporesponsiveness include the 
presence of infl ammation, infection, hyperparathyroidism, 
excessive blood loss, and superimposed hematologic diseases 
such as megaloblastic anemia and myelodysplasia.41 Of these, 
infl ammation may be the most important. A number of re-
ports indicate that infl ammation, usually signifi ed by ele-
vated C-reactive protein levels, is strongly associated with 
decreased ESA responsiveness.44,63 The mechanisms by which 
infl ammation hinders response to ESA treatment are multi-
factorial. One important component is a reduction in iron 
utilization and availability. When infl ammation is present, 
the hepatic protein hepcidin blocks entry of iron from intes-
tinal absorption and release of stored iron in tissues into the 
circulation.64 The effect is that less iron is available for eryth-
ropoiesis. Although the cause of infl ammation is often not 
clear, when present, as indicated by elevated CRP levels, an 
evaluation for occult infection should be conducted. Nassar 
and colleagues65 have reported that infections in unused ar-
teriovenous grafts may be a common cause of infl ammation 
and ESA hyporesponsiveness. They found that removal of 
the infected graft led to a signifi cant improvement in ESA 
response.

Check iron indices
every 1–3 mo

Serum ferritin
< 200 ng/mL

or TSAT < 20%

Treat with course of
1000 mg IV iron and

consider starting
a weekly iron

maintenance dose

Serum ferritin
> 200 ng/mL

and TSAT > 20%

If hyporesponsive to
ESA or

symptomatically
anemic, then:

Treat with course of
1000 mg IV iron and

then consider starting
a weekly

maintenance dose

Figure 67-2 Algorithm for iron management in hemodialysis.

Table 67-2 Intravenous Iron Drugs

Need 
for Test 
Dose Indications

IV Push 
Administration

Iron dextran Yes General iron 
defi ciency 
anemia

Yes

Sodium ferric 
gluconate

No Iron defi ciency in 
chronic
hemodialysis

Yes

Iron sucrose No Iron defi ciency in 
chronic kidney 
disease:
dialysis and 
predialysis

Yes

Ferumoxytol
placeholder
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Anemia, defi ned by the World Health Organization as a 
hemoglobin (Hb) level less than 13 g/dL in males and post-
menopausal females and less than 12 g/dL in premenopausal 
females,1 is present virtually in all patients with chronic kid-
ney disease (CKD), including patients with impaired renal 
function, renal transplant recipients with allograft dysfunc-
tion, and those treated with long-term dialysis.2–4

The prevalence of anemia in CKD depends in part on the 
study population and in part on the level of Hb defi ned as 
constituting anemia. In a Canadian multicenter cohort study 
of patients referred to nephrology services, the prevalence of 
anemia was 25% in patients with creatinine clearance greater 
than 50 mL/min and increased stepwise to 87% when creati-
nine clearance was less than 25 mL/min.5 In another cross-
sectional study of adult patients with CKD, the mean level of 
Hb was 12.8 ± 1.5 in patients with CKD stage 1 and 2, 12.4 ± 
1.6 in CKD stage 3, 12.0 ± 1.6 in CKD stage 4, and 10.9 ± 1.6 
g/dL in CKD stage 5.6 The Kidney Disease Outcome and 
Quality Initiative (K/DOQI) clinical practice guidelines and 
clinical practice recommendations for anemia in chronic kid-
ney disease concluded that there is a defi nite trend toward 
lower Hb levels at lower levels of glomerular fi ltration rate.7

The anemia of renal failure is characterized by normocytic 
and normochromic red blood cells, a low reticulocyte count 
for the degree of anemia, and a hypoplastic erythroid series in 
the bone marrow with normal leukopoiesis and megakaryo-
cytopoiesis.8 The red cell mass and its adaptation to changes 
in oxygen need depend on erythropoietin. Both the oxygen 
sensor and the site of synthesis of erythropoietin (peritubular 
capillary endothelial cells) are in the renal cortex.9 Erythro-
poietin is detectable in blood after bilateral nephrectomy, 
consistent with experimental fi ndings that approximately 10% 
is produced by the liver. Erythropoietin stimulates prolifera-
tion and maturation of erythroid colony-forming units. It 
decreases programmed cell death, or apoptosis of erythroid 
progenitor cells in the bone marrow by binding to a receptor 
on the surface of erythroid cells, promoting a cascade of 

events starting by activation of JAK2 tyrosine kinase. There 
also is cell proliferation.10

Human erythropoietin was purifi ed in 1977, and its mo-
lecular structure was characterized in 1986 as a sialylglycopro-
tein composed of 165 amino acids. Its plasma level normally 
ranges between 15 and 25 mU/mL but may increase 100-fold 
in anemia. Erythropoietin production in CKD patients is di-
minished, but the erythropoietin-Hb feedback still operates, 
although at a lower set point.

In addition to the hypoproliferative, normochromic, and 
normocytic anemia in CKD, there is a hemolytic component. 
Red cell half-life is reduced to approximately one half to two 
thirds of normal, possibly due to uremic toxins. The anemia 
of CKD can also be related to iron and folate defi ciency, blood 
loss from repeated venipuncture or blood left in the dialyzer 
and tubing during dialysis, hyperparathyroidism, and alumi-
num toxicity.

The anemia of CKD has been associated with fatigue, de-
creased mental capacity, erectile dysfunction, altered men-
strual cycles, immunodepression, a bleeding tendency, and, 
most importantly, cardiovascular complications.11–15 Thus, 
anemia is indirectly responsible for decreased quality of life in 
CKD patients.

THERAPY FOR ANEMIA

Initial Evaluation
The correction of anemia in CKD patients is aimed at reliev-
ing symptoms, improving the quality of life, and possibly in-
creasing patient survival (Box 68-1). In the opinion of the 
Anemia Working Group who constructed the revised K/DOQI 
guidelines, all CKD patients should be tested for Hb levels at 
least yearly; more frequent measurements are indicated in 
selected patients.7 The K/DOQI guidelines conclude that 
evaluation of anemia should be considered for Hb less than 
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13.5 g/dL in adult males and less than 12 g/dL in adult fe-
males. The European Best Practice Guidelines16 have slightly 
different Hb cutoff levels. The treatment targets are based on 
Hb rather than hematocrit (Hct) levels because the stability of 
stored sample is greater and there is less variability with auto-
mated analyzers.17

In addition to Hb, the initial evaluation should include red 
blood cell (RBC) indices and a reticulocyte count as well as 
serum iron, total iron binding capacity, transferrin saturation, 
and serum ferritin.

Additional evaluations are warranted if there is a suspicion 
of occult blood loss from the gastrointestinal tract; the stool 
occult blood test is simple and inexpensive and should be in-
cluded whenever there is iron defi ciency.18 Determination of 
folate and vitamin B12 levels is not recommended unless there 
is an obvious cause of defi ciency. Determination of plasma 
erythropoietin concentration is not recommended in Euro-
pean and American guidelines (see Chapter 67).

Choice of Erythropoiesis-Stimulating 
Agents
The effi cacy of the fi rst erythropoiesis-stimulating agent (ESA), 
human recombinant erythropoietin (rhEPO) in reversing the 
anemia of uremia was established in the United States and in 
Europe and rhEPO quickly became available for clinical use.2

There are two forms of rhEPO, epoetin alfa and epoetin beta, 
produced from genomic DNA and complementary DNA, re-
spectively; they differ in their oligosaccharide components. Ex-
perimental and clinical fi ndings suggest their pharmacological 
activity and other biological effects are similar. Epoetin alfa has 
an average half-life of 4 to 13 hours after IV administration and 
approximately 24 hours after SC injection (the maximum level 
is only approximately 10% of that achieved by the same IV 
dose). The kinetics of epoetin beta are similar to those of epo-
etin alfa. Both preparations appear to be eliminated primarily 
by nonrenal mechanisms. Darbepoetin alfa or novel erythro-
poiesis-stimulating protein is a molecule that stimulates eryth-
ropoiesis by the same mechanisms as rhEPO.19 It has an elimi-
nation half-life two or three times longer than rhEPO; the mean 

half-life of darbepoetin is 49 hours when given subcutaneously 
and 21 hours when given intravenously. Therefore, it requires 
less frequent dosing. It is as effective and safe as rhEPO in the 
anemia of CKD. Interestingly, ESA therapy brings red cell sur-
vival back to normal associated with increased erythrocyte 
elasticity and deformability as well as the antioxidant enzymatic 
system of red blood cells. ESA treatment aims to make blood 
transfusions unnecessary, to prevent the consequences of ane-
mia, and to improve rehabilitation and the quality of life.

Target Hemoglobin
The complexity of establishing a target level for Hb has been 
recently highlighted.20 In 2001, the K/DOQI anemia guidelines 
recommended a Hb target level of 11.0 to 12.0 g/dL in CKD 
patients.21 Observational studies have shown that mortality 
rates were lower in hemodialysis (HD) patients who have Hb 
values close to 11 to 12 g/dL compared with HD patients with 
lower levels. Results from randomized, controlled trials com-
paring Hb targets suggest that partial correction of anemia to 
levels of approximately 11 to 12 g/dL leads to an improved qual-
ity of life.22 Finally, limited evidence suggests that partial correc-
tion of anemia to levels of 11 to 12 g/dL is associated with par-
tialregression of left ventricular hypertrophy.23–26 The 2006 
K/DOQI anemia guidelines confi rm the recommendation that 
the lower limit for Hb level for patients with CKD should be 
11 g/dL, but this is still lower than the normal range of Hb ac-
cording to the World Health Organization defi nition of ane-
mia.27 The issue of risks and benefi ts with the upper limit of Hb 
correction has been addressed. A study of more than 1200 HD 
patients with signifi cant cardiac disease had to be discontinued 
because of a trend toward higher mortality in the group tar-
geted with an Hct of 42%. The difference between the treated 
and control groups did not reach statistical signifi cance.28 Re-
cently, two studies involving a large population of patients were 
published in the New England Journal of Medicine, the Cardio-
vascular Risk Reduction by Early Anemia Treatment with Epo-
etin Beta (CREATE)29 trial and the Correction of Hemoglobin 
and Outcomes in Renal Insuffi ciency (CHOIR).30 Results of the 
CREATE trial showed that in CKD patients with an estimated 
glomerular fi ltration rate of 15 to 35 mL/min, the correction of 
anemia to a normal Hb range of 13.0 to 15.0 g/dL did not de-
crease the incidence of cardiovascular events when compared 
with partial correction of anemia (Hb value of 10.5–11.5 g/dL). 
The most surprising fi nding of this study was that a high target 
Hb level did not ameliorate left ventricular hypertrophy.

In the CHOIR trial, an Hb target of 13.5 g/dL versus 11.3 g/dL 
was associated with increased risk of death, myocardial infarc-
tion, and hospitalization for congestive heart failure and stroke; 
there was no improvement in the quality of life.

There are ongoing multicenter trials of complete versus 
partial correction of anemia in CKD patients. While waiting 
for publication of these trials, the available evidence suggests 
caution in treating the anemia of CKD patients.31 A target Hb 
value between 11 and 12 g/dL, as suggested by K/DOQI anemia 
guidelines, should be considered the goal of ESA therapy.

Dose and Route of Administration
The safe and effective rate of increase in Hb level is 1 to 2 g/dL 
per month. The recommended initial SC dose for adults is 
80 to 120 U/kg per week, typically given in two to three doses 

Who must be evaluated for renal anemia
All patients with chronic kidney disease

When
Hemoglobin concentration

�13.5 g/dL in adult males
�12.0 g/dL in adult females

What must be evaluated
Red blood cell indices: MCV, mean corpuscular hemo-

globin, reticulocyte count
Iron status: serum iron, ferritin, transferrin saturation, 

hypochromic red blood cells (if test is available)
Assessment of occult gastrointestinal blood loss, serum 

vitamin B12 folate; tests for hemolysis; hematological 
evaluation if there is clinical suspicion of other 
causes of anemia

Box 68-1 Anemia Evaluation in Patients with Chronic Kidney 
Disease

MCV, mean corpuscular volume.
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of 6000 U/week. The recommended IV regimen is 120 to 
180 U/kg per week, typically given as 9000 U/week in three 
divided doses.

Starting doses of 100 U/kg three times weekly by IV injec-
tion increase Hb levels in 90% of patients, whereas a dose of 
50 U/kg produces target Hb levels in 70% of patients. An in-
crease of more than 3 g/dL in 4 weeks should be avoided be-
cause of the potential exacerbation of hypertension.32 Doses 
exceeding 300 U/kg usually do not elicit more vigorous eryth-
ropoietic response. The Hb and Hct should be monitored ev-
ery 1 to 2 weeks until the target Hb is reached and then every 
2 to 4 weeks. If the increase in Hct is less than 2% in 4 weeks, 
the rhEPO dose should be increased by 50%; if it is more than 
8%, the rhEPO should be decreased by 25%. It takes 4 weeks 
to assess the response to a change in dose and an increase in 
dose should not exceed 30 U/kg three times per week. When 
the Hb or Hct value is near the target, the dose should be de-
creased by approximately 25 U/kg three times per week to 
avoid overshooting the target; the dose is then down-titrated 
gradually.

Regarding the route of administration, the average rhEPO 
dose needed to maintain an Hct of 33% was lower when ad-
ministered subcutaneously. In the maintenance phase of ane-
mia treatment, the median IV dose necessary to keep Hb at 
approximately 12 g/dL is approximately 75 U/kg three times 
per week, but limits are wide; some patients need 25 U/kg 
three times per week and others more than 200 U/kg three 
times per week. Subcutaneous ESA maintenance doses can be 
substantially lower; patients on continuous ambulatory peri-
toneal dialysis have been effectively managed with SC doses of 
ESA less than 40 U/kg three times per week. The suggested 
initial dose of darbepoetin is 0.45 �g/kg once weekly (SC or 
IV). To change from rhEPO to darbepoetin, the rhEPO dose 
can be divided by 200 to obtain the darbepoetin dose.

An alarming side effect of ESA can be the development of 
anti-EPO antibodies and pure red cell bone marrow aplasia 
(PRCA).33 There have been more than 200 reported cases of 
PRCA, and virtually all cases occurred in CKD patients who 
received a particular epoetin alfa product, Eprex, in single-
use syringes.34 The underlying cause may have been organic 
compounds acting as adjuvants because changes in storage 
and handling and discontinuation of SC administration of 
Eprex have led to a sharp decline in the incidence of anti-EPO 
antibody–mediated PRCA in CKD patients. Fortunately, 
EPO-related PRCA is extremely rare given the widespread use 
of EPO.

Iron Supplementation
Iron defi ciency is frequent in CKD patients and is the main 
cause of hyporesponsiveness to ESA.35 Therefore, iron status 
should be monitored before and after beginning ESA therapy 
and at regular intervals (usually every 2–3 months). Iron stores 
are most accurately assessed by staining the bone marrow for 
hemosiderin, but this is expensive, and generally the iron status 
is assessed from serum iron and ferritin and transferrin satura-
tion. Ferritin is secreted by the reticuloendothelial cells in pro-
portion to the intracellular iron concentration.36 A ferritin level 
less than 100 ng/mL indicates iron defi ciency (�50 ng/mL in-
dicates absolute iron defi ciency); a serum level greater than 
600 ng/mL refl ects iron overload. When the level is greater than 
300 ng/mL, iron supplementation is generally not needed 

(see Chapter 67), but iron defi ciency can develop with ESA 
therapy because of consumption of iron deposits. Iron is also 
required when the transferrin saturation is less than 20%. Inad-
equate iron stores will prevent a vigorous response to ESA, and 
this can be a therapeutic problem despite a normal serum fer-
ritin level; this condition is called functional iron defi ciency. In 
this case, the developing RBCs are hypochromic. A quantitative 
assessment of the amount of Hb in newly released RBCs can be 
made by measuring the percentage of circulating red cells that 
are hypochromic, defi ned as a mean erythrocyte Hb concentra-
tion less than 28 g/dL. When the hypochromic cells exceed 10% 
(the normal range is �2.5% of circulating RBCs) in patients 
without a hemoglobinopathy or infl ammatory disease, func-
tional iron defi ciency is present. More sophisticated tests for 
iron defi ciency include determination of serum transferrin re-
ceptor concentrations and measurement of free erythrocytic 
protoporphyrin. The serum transferrin receptor concentration 
is measured with monoclonal antibodies; it increases with the 
severity of iron store depletion. The percentage of hypochromic 
RBCs is a better marker for assessing iron availability for Hb 
synthesis than transferrin saturation, but the test is not univer-
sally available, whereas ferritin and transferrin saturation are 
widely available and used to monitor iron status.

Iron supplements are given to keep serum ferritin greater 
than 100 ng/mL, transferrin saturation greater than 20%, and 
hypochromic red cells less than 10%. HD patients usually re-
quire 150 mg of iron to achieve a 1-g/dL increase in Hb. This 
requirement is diffi cult to achieve by oral medications, and 
IV iron administration is preferred. During correction of 
the anemia, 1000 mg of iron given over 6 to 12 weeks should 
ensure adequate supplementation.

There are three forms of iron that can be given intrave-
nously: iron dextran, sodium ferric gluconate, and iron su-
crose. The European Best Practice Guidelines37 suggested 
that the fi rst choice should be iron sucrose; the second 
choice is ferric gluconate, and iron dextran is not generally 
recommended because of the risk of serious adverse reac-
tions. All IV iron formulations have been associated with 
vasoactive reactions and hypotension, but the rate of adverse 
reactions with IV iron dextran is reportedly 0.6% to 0.7% of 
patients. Therefore, a test dose is recommended before 
IV iron dextran is administered. Unfortunately, a successful 
test does not exclude a subsequent reaction on its adminis-
tration.37 The K/DOQI anemia guidelines strongly recom-
mend that IV iron dextran be administered only by trained 
personnel and that proper emergency medications be readily 
available.38 A test dose is not recommended before giving 
other iron preparations.

The protocol for IV iron dextran or iron gluconate in HD 
patients with absolute iron defi ciency is 100 mg of iron dex-
tran or 125 mg of iron gluconate during each dialysis for 10 or 
8 doses, respectively. For maintenance iron therapy and for 
treating and preventing functional iron defi ciency, the recom-
mendation is 25 to 100 mg of IV iron dextran every week for 
10 weeks or 31.25 to 125 mg of iron gluconate every week for 
8 weeks (responses are evaluated by an increase in transferrin 
saturation and serum ferritin).38

The ideal route of iron administration for pre-HD CKD 
and for peritoneal dialysis patients is not established. A daily 
oral dose of approximately 200 mg of elemental iron is ap-
propriate for most patients (approximately one sixth will be 
absorbed). Commercial oral iron preparations differ in their 
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content of elemental iron; a 325-mg tablet provides 107 mg of 
ferrous fumarate, 65 mg of ferrous sulfate, or 39 mg of ferrous 
gluconate. When ferritin has a downward trend during oral 
iron supplementation, IV iron dextran may be necessary.

Side Effects

The incidences (per patient-year) of some adverse events are 
0.75 for hypertension, 0.25 for clotted vascular access, 0.11 for 
hyperkalemia, and 0.048 for seizures. The association with 
seizures not related to hypertension is questionable because 
seizures can occur in patients not receiving ESA (0.05–0.10 
per patient-year). Still, the rate of seizures appears to be 
higher during the fi rst 90 days of ESA therapy, and strict con-
trol of the rate of the Hb increase (�1.5 g/dL every 4 weeks) 
and close monitoring of blood pressure are warranted. Hyper-
kalemia presumably refl ects less effi cient dialysis because the 
higher Hct decreases the plasma that can be treated and re-
fl ects poor dietary compliance with avoiding potassium-rich 
foods (it has been proposed that decreased dietary compliance 
is attributable to an improved sense of well-being). The ag-
gravation or appearance of hypertension in patients during 
ESA therapy has been attributed to increased whole-blood 
viscosity, reversal of hypoxia-dependent peripheral vasodila-
tation, and activation or enhancement of vascular responsive-
ness to vasoactive agents. Other suggested mechanisms in-
clude a functionally or structurally decreased cross-sectional 
area of the peripheral vascular bed, normalization of cardiac 
output, and an increase in RBC mass with minimal decrease 
in plasma volume. Risk factors for developing or worsening of 
hypertension in dialysis patients include preexisting hyperten-
sion, rapid correction of anemia, and high doses of ESA. No-
tably, IV administration of ESA and “nondipper” conditions 
were not identifi ed as risk factors. Increases in blood pressure 
are generally reported during the fi rst 90 days of therapy. In 
most cases, hypertension is controlled by reducing dry body 
weight, starting or increasing antihypertensive therapy, and 
reducing the dose of ESA. No patient should be excluded from 
ESA treatment because of increased risk of hypertension.

Causes of an Inadequate Response in Addition 
to Iron Defi ciency

When iron stores are repleted, more than 95% of patients will 
respond to ESA treatment by attaining the target Hb within 
3 to 6 months. An inadequate response to ESA is defi ned as a 
failure to attain the target Hb in 6 months despite maximum 
ESA doses and adequate iron stores. Maximum rhEPO doses 
are 300 U/kg/week SC and 450 U/kg/week IV. A blunted or 
absent response may be due not only to iron defi ciency but also 
to aluminum overload, underlying infectious, infl ammatory or 
malignant diseases, gastrointestinal or other sources of blood 
loss, underlying hematologic disease, severe hyperparathyroid-
ism, folate or vitamin B12 defi ciency, the presence of circulating 
inhibitors of erythropoiesis, and down-regulation of erythro-
poietin receptors on the surface of committed cells.39

In HD patients, aluminum overload may provoke micro-
cytic anemia even though iron stores are normal. Aluminum 
and iron share common pathways for intestinal absorption, 
transport in the plasma, binding to transferrin, and uptake 
into cells. Iron-depleted rats are more susceptible to alumi-
num accumulation, and this may infl uence patient responses 
as well. In HD patients, it is suggested that transferrin-bound 
aluminum may interfere with the insertion of iron into proto-

porphyrin to form heme. For example, a high plasma alumi-
num is related to a smaller erythropoietic response to ESA 
plus higher levels of protoporphyrin in red cells. Ferrochela-
tase activity and erythropoietic responses were not correlated. 
Fortunately, aluminum accumulation is becoming less com-
mon with increased use of deionizers and decreased use of 
aluminum-containing phosphate binders; aluminum in bone 
biopsy samples has an incidence of less than 5%. If suspected, 
aluminium toxicity should be documented with serum alumi-
num greater than 50 ng/mL and an increase in serum alumi-
num greater than 175 ng/mL after the deferoxamine (an alu-
minum-binding agent) challenge of a single IV dose of 500 to 
1000 mg. Chelation treatment with IV deferoxamine can im-
prove aluminum-induced microcytic anemia; it could also 
restore responsiveness to ESA.38

Erythropoiesis is negatively regulated by several macrophage-
derived cytokines, including tumor necrosis factor �, interleu-
kin-1, interleukin-6, and tumor growth factor �. These cytokines 
are all elevated in infl ammatory processes and exert inhibitory 
effects on the erythroid progenitor cells, the targets of ESA. Cy-
tokines may also impair iron metabolism by sequestering iron 
inside the macrophages. Characteristically, the anemia of chronic 
infectious and infl ammatory diseases has a low reticulocyte 
count for the degree of anemia, and RBCs are often microcytic 
or hypochromic despite normal or increased levels of serum fer-
ritin.40–44 Does this kind of anemia respond to ESA? There is 
evidence that ESA can overcome the inhibition of erythropoiesis 
caused by infl ammatory cytokines in chronic disease. Unrecog-
nized infection or subtle infl ammation can contribute to the 
anemia of uremia, and this is a diagnostic and therapeutic chal-
lenge; the anemia may be resistant to ESA at usual doses but re-
sponds, at least partially, to high doses.

HD patients with severe hyperparathyroidism need signifi -
cantly more ESA.45 Vitamin B12/folate defi ciency is no longer 
considered a problem for ESA therapy. Some commonly used 
drugs may infl uence erythropoiesis: Angiotensin-converting 
enzyme inhibitors can inhibit erythropoietin production and 
adversely affect erythropoiesis.46,47

BLEEDING IN CHRONIC KIDNEY DISEASE 
PATIENTS

An increased tendency to bleed as a major feature of uremia has 
been known for centuries.48,49 Ecchymoses, epistaxis, and gas-
trointestinal bleeding are common, and subdural hematomas 
occur in 5% to 15% of HD adults. Hemopericardium and sub-
capsular hematoma of the liver occur but fortunately are less 
frequent than bleeding manifestations. The bleeding tendency 
increases the risk of surgery or invasive procedures in dialysis 
patients. Although the pathogenesis of uremic bleeding is mul-
tifactorial, the central factor is altered platelet function and an 
altered platelet-endothelium interaction.50,51 The best measure 
of the platelet–vessel wall interaction is the bleeding time, a 
simple method tested by making a small incision of the skin 
(usually in forearm) and measuring the time from the fi rst drop 
of blood to the last oozing of blood from the cut.52 A normal 
bleeding time is 1 to 7 minutes, and the key to interpretation is 
to carefully standardize the technique; untrained personnel ac-
count for the substantial variation in the bleeding time. A pro-
longed bleeding time is a feature of uremic patients, but 
the prolongation does not correlate with retained metabolites 
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including urea, creatinine, phenol, phenolic acids, and guanidi-
nosuccinic acid; it is correlated with the Hct value.53 Notably, 
the platelet count and other coagulation parameters (partial 
thromboplastin time, prothrombin time, fi brinogen) are not 
altered in uremia (see Box 68-1).

von Willebrand’s factor (vWF) is an adhesion molecule 
that promotes platelet adhesion and aggregation to subendo-
thelial collagen through an interaction with GPIb/IX recep-
tors. This initiates a sequence of events resulting in the pro-
duction of thromboxane A2, a potent platelet-aggregating 
agent. In uremia, vWF is functionally defective and throm-
boxane A2 formation is impaired.54,55 Conversely, vascular 
synthesis of the antiaggregating prostaglandin I2 is enhanced 
in uremia, tipping the balance in favor of reduced platelet 
aggregation.

The anemia of uremia has consequences for the rheology 
of platelets because they fl ow in the midstream, away from the 
endothelium, thereby decreasing the chance of platelet–vessel 
wall interaction.56 Platelet dysfunction is potentiated by the 
use of aspirin and other nonsteroidal anti-infl ammatory 
drugs. Such drugs should be prescribed for uremic patients 
only cautiously.57 The pathogenesis of uremic bleeding is re-
viewed in references 50 and 51.

Therapy for Bleeding in Uremic Patients
Dialysis

HD shortens the prolonged bleeding time of uremic patients 
and partially corrects platelet dysfunction and the abnormal 
platelet-endothelial interaction. Unfortunately, removal of 
uremic toxins by HD is not enough to correct fully the he-
mostatic defects of uremia.58 Moreover, the need for heparin 
administration to prevent clotting of the dialyzer suggests 
that HD (or at least heparin) should be avoided during ac-
tive bleeding. It has been suggested that peritoneal dialysis is 

more effective in patients with uremic bleeding than HD, 
and tests of platelet function suggest this is the case, but 
controlled studies of clinical responses are lacking. Several 
methods have been proposed to minimize blood loss during 
HD in bleeding patients. These include regional hepariniza-
tion and the use of low molecular weight heparins, prostacy-
clin, or no anticoagulation at all. The method of choice at 
our center involves frequent fl ushes of saline through the 
dialyzer at intervals but no heparin. This approach gives the 
best results when used in association with hemodiafi ltration. 
The method is used after major surgery or trauma in HD 
patients (Table 68-1).

Correction of Anemia

Anemia has a major adverse infl uence on the bleeding time 
and bleeding tendency of uremic patients. An initial study of 
six uremic patients demonstrated that RBC transfusions 
shortened the bleeding time and controlled abnormal bleed-
ing. This was subsequently confi rmed in a larger group of 
patients.56

Relieving uremic anemia by ESA can also improve 
the hemostatic defects and normalize the bleeding time. 
Therefore, correction of the anemia, either by acute RBC 
transfusion or the use of ESA, is currently a major overall 
strategy for preventing and controlling abnormal bleeding 
in uremia.59

Cryoprecipitate and Desmopressin

Cryoprecipitate contains coagulation factor VIII, vWF, fi -
brinogen, and fi bronectin. It has been used in uremic patients 
with very long bleeding times that were resistant to blood 
transfusions or HD or both.60 In six uremic patients treated by 
infusing 10 units of cryoprecipitate, there was normalization 
or signifi cant shortening of the bleeding time. Surgical proce-
dures were undertaken in a few patients without excessive 
blood loss. The effect, however, was delayed (the nadir of 

Table 68-1 Therapeutic Strategies for Uremic Bleeding

EFFECT

Treatment Indication Dose Start Peak End

Blood or RBCs Prophylaxis of bleeding in 
high-risk patients

According to the se-
verity of anemia

Hct � 28%–32% Relate to RBC 
life span

Recombinant human 
erythropoietin

Prophylaxis of bleeding in 
high-risk patients with 
anemia

80–120 U/kg IV Hct � 28%–32%

Cryoprecipitate* Acute bleeding episodes 10 bags 1 hr 4–12 hr 24–36 hr

Desmopressin† Acute bleeding episodes 0.3 �g/kg IV‡ 1 hr 2–4 hr 6–8 hr

0.3 �g/kg SC

3.0 �g/kg intranasal

Conjugated estrogens Major surgery or when 
long-lasting effect is re-
quired

0.6 mg/kg/day
IV infusion for 5 

consecutive days

6 hr 5–7 days 21–30 days

*Its use is not recommended because there is no uniformly observed favorable effect.
†It loses effi cacy when administered repeatedly.
‡Added to 50 mL saline and infused over 30 minutes.
Hct, hematocrit; RBCs, red blood cells.
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bleeding time occurred at 4–6 hours after the infusion) and 
was transient, lasting no longer than 24 to 36 hours. Cryopre-
cipitate infusion did not improve defects of platelet aggrega-
tion, even though blood levels of factor VIII and vWF, which 
were normal or high before infusion, increased. Notably, the 
use of cryoprecipitate carries a risk of transmitting viral 
diseases such as hepatitis and acquired immunodefi ciency 
syndrome.

Desmopressin

Desmopressin, 1-deamino-8-d-arginine vasopressin (DDAVP), 
a synthetic derivative of antidiuretic hormone, was intro-
duced in the late 1970s to control abnormal bleeding in pa-
tients with von Willebrand’s disease and mild hemophilia A.60

DDAVP acts by increasing the release of vWF multimers from 
endothelial stores. DDAVP has been studied in uremic pa-
tients as a potentially safer alternative to cryoprecipitate.61,62

An open-label, controlled trial showed that DDAVP at a dose 
of 0.4 µg/kg IV shortened the prolonged bleeding times of 
CKD patients.63

This result was confi rmed in a randomized, placebo-
controlled, double-blind, crossover trial carried out in 
12 uremic patients with a history of abnormal bleeding and 
prolonged bleeding times. The patients were infused with 
DDAVP 0.3 �g/kg IV in 50 mL saline, and the bleeding time 
was normalized in nine patients within 1 hour of infusion, 
decreased to less than 10 minutes at 2 hours and 4 hours, 
and returned to baseline by 8 hours (Box 68-2). There were 
no signifi cant changes in platelet adhesion or aggregation, 
residual prothrombin, serum thromboxane B2, or platelet 
cyclic adenosine phosphate, but the level of vWF increased 
above the elevated baseline values. DDAVP was well toler-
ated and caused no change in Hct or plasma osmolality. The 
effectiveness of DDAVP in shortening bleeding time and/or 
controlling abnormal bleeding associated with invasive pro-
cedures (biopsies and major surgery) in CKD patients has 
been substantiated by studies in which the drug was given 
intravenously, subcutaneously, or intranasally. Repeated 

infusions during major surgery are associated with tachy-
phylaxis, probably due to depletion of vWF stores in endo-
thelial cells. Although remarkably free of serious side ef-
fects, DDAVP is reported to cause a mild to moderate 
decrease in the platelet count, facial fl ushing, mild transient 
headache, nausea, abdominal cramps, mild tachycardia, 
water retention, and hyponatremia. There also is a single 
report of a patient who suffered a stroke immediately after 
infusion of DDAVP.

Based on the currently available results, it appears that 
DDAVP (0.3 �g/kg either IV or SC or as 3 �g/kg intranasally) 
is useful for treating acute bleeding and preventing abnormal 
bleeding that could occur with surgery or invasive procedures; 
DDAVP seems preferable to cryoprecipitate because of varia-
tions in clinical response and the risk of transmitting viral 
disease. The authors do not use cryoprecipitate.

Conjugated Estrogens

In an initial report, six uremic adults with a bleeding tendency 
and prolonged bleeding time were given conjugated estrogens 
(orally in one patient, intravenously in the other fi ve) for a 
total dose of 30 to 75 mg over 2 to 5 days.64 Bleeding times 
shortened in all patients within 2 to 5 days of starting treat-
ment; it became normal in four patients and remained normal 
for 3 to 10 days after discontinuation of the drug. In a subse-
quent placebo-controlled, double-blind, crossover trial, conju-
gated estrogens were administered to six uremic patients with 
anemia and prolonged bleeding times. The dose was 0.6 mg/kg 
in 50 mL of saline and was infused intravenously over 40 min-
utes per day for 5 days (see Box 68-2). The bleeding time short-
ened within hours of the fi rst infusion, and the effect lasted as 
long as 14 days (or 9 days after the last infusion). No changes 
were noted in levels of or the multimeric structure of vWF. No 
serious side effects were observed.65

A dose-fi nding study showed that 0.3 mg estrogens/kg had 
no signifi cant effect on bleeding time, but there was a clear 
response to a cumulative dose. The effect of a single infusion 
of 0.6 mg/kg disappeared within 72 hours, but four or fi ve 
infusions given at 24 hours apart resulted in marked shorten-
ing of the bleeding time and this effect was maintained for 
14 days. Oral estrogens are also useful. Abnormal bleeding was 
corrected with regimens of 0.6 mg/kg/day IV for 5 days 
plus 60 mg/day PO for 5 days. Results from a small, placebo-
controlled trial of four uremic patients indicate that conju-
gated estrogens given orally at a dose of 50 mg/day may mark-
edly shorten the prolonged bleeding time after an average of 
7 days of treatment; the dose may also control abnormal 
bleeding.66 In addition to transient hot fl ushes (rare), minor 
side effects of conjugated estrogen include nausea, vomiting, 
loss of libido, and gynecomastia; these problems may limit 
prolonged use, particularly in men. The risks of malignancy 
and thromboembolic complications with intermittent high-
dose conjugated estrogens are unknown. A recent review of-
fers an evidence-based approach to current recommendations 
for uremic bleeding.67

Thrombotic Complications
Even though uremia is associated with a bleeding tendency, 
thrombotic occlusion of the dialysis vascular access is a frequent 
complication. Approximately 0.5 to 0.8 episodes of fi stula 
thrombosis occur per patient per year. The cause of vascular 

Choice of ESA erythropoiesis-stimulating agent: epoetin 
alfa, epoetin beta, darbepoetin.

The three erythropoiesis-stimulating agents are to be con-
sidered equivalent

Route of administration: subcutaneous administration is 
recommended, although in HD patients, intravenous 
route is preferred for practical reasons

Starting dose
Epoetin

80–120 U/kg/wk SC in two or three doses
120–180 U/kg/wk IV in two or three doses

Darbepoetin
0.45 �g/kg administered once weekly

Target hemoglobin: 11–12 g/dL
Desired hemoglobin increase rate: 0.3–0.5 g/wk
Interval to dose change: 4–6 wk
Dose change: Up-titration or down-titration by 25% of 

initial dose

Box 68-2 Treatment of Renal Anemia with Erythropoiesis-
Stimulating Agents
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access thrombosis is a stenotic lesion in the venous end of the 
anastomosis in approximately 75% of all cases. Other causes 
include sustained hypotension, excessive fi stula compression, 
and a high Hct. Treatment of and prophylaxis against vascular 
access thrombosis are very important issues as the life of dialysis 
patients depends on the availability of a functioning vascular 
access, and this complication causes hospitalization and signifi -
cant costs.68,69 There are pharmacologic approaches to prevent-
ing clotting of the dialysis access, but no study has formally 
compared the effi cacy of surgical thrombectomy with pharma-
cologic thrombolysis. Beathard70 reported that thrombolysis is 
safe and as effective as surgical therapy in treating thrombosed 
dialysis access grafts. Because it preserves vascular access sites 
and yields long-term patency rates superior to those for surgical 
thrombectomy, it should be regarded as the treatment of choice. 
Thrombolysis is often the only choice for permanent catheters. 
Urokinase and tissue plasminogen activator are the agents most 
often employed successfully.71,72

The effi cacy of prophylaxis using antiplatelet drugs in prolong-
ing the patency of vascular grafts has been assessed in clinical 
trials, but the results are inconclusive. A randomized, double-
blind trial in 44 patients found that aspirin 160 mg/day was 
better than placebo in preventing shunt thrombosis in uremic 
patients. It reduced the incidence of thrombi from 0.46 to 0.16 
per patient per month (P � .005).73 Other reports conclude 
that even low doses of aspirin also prolong the bleeding time, 
and occasional patients given aspirin will develop severe gastro-
intestinal bleeding. A meta-analysis of nine trials comprising 
418 patients indicated that antiplatelet treatment (essentially 
aspirin alone or aspirin plus dipyridamole) reduced the risk of 
vascular occlusions by 70%.74 The mean duration of these trials, 
however, was only 2 months. The absolute benefi t of antiplate-
let therapy appeared greater in patients with an arteriovenous 
shunt compared with results in patients with fi stulas.

Few clinical studies have tested the effect of the antiplatelet 
agent ticlopidine in preventing the primary occlusion of arte-
riovenous fi stulas. There appears to be a decreased incidence 
of thrombosis in treated patients.75 All these studies, however, 
were small in size and of short duration.

A ticlopidine analogue, clopidogrel, was evaluated in a 
randomized, controlled trial to prevent graft thrombosis. The 
study was stopped early because of an excessive risk of bleed-
ing in the active treatment group.76

There are few uncontrolled studies that have examined the 
effectiveness of systemic anticoagulation with warfarin in pre-

venting occlusion of permanent central venous catheters 
(placed for purposes other than dialysis). Results of these 
studies suggest that low, fi xed-dose warfarin may reduce the 
risk of venous thrombosis. It is not known whether this result 
can be extrapolated to HD permanent catheters (Table 68-2).
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A 40-year-old dialysis patient is 87 times more likely to suffer 
a hip fracture than a healthy control,1 and a 25-year-old dialy-
sis patient is more than 100 times more likely to suffer a car-
diovascular event than a healthy control.2 Chronic kidney 
disease (CKD)–mineral and bone disorder is implicated in the 
pathogenesis of both outcomes. Renal osteodystrophy was 
fi rst described in 1943 and has many names. With the intro-
duction of the new classifi cation of CKD (CKD staging) and 
the Kidney Disease Outcome and Quality Initiative (K/DOQI) 
guidelines in 2003, more and more patients are being referred 
to nephrologists for management of CKD and its related min-
eral and bone disorder.3 With loss of glomerular fi ltration, 
there is phosphorus retention, a decrease in calcitriol, and 
other factors that stimulate parathyroid (PTH) secretion and 
growth of the parathyroid glands. Even with normal serum 
calcium and phosphorus concentrations, patients with CKD 
stage 3 or 4 can still have an elevated PTH level. Levels of se-
rum calcium and phosphorus are maintained within normal 
range in these patients because there is secondary hyperpara-
thyroidism (HPT).3–6 It should be diagnosed and dealt with 
early to preserve bone health; for diagnosis, the K/DOQI 
guidelines recommend measuring serum calcium, phospho-
rus, and intact PTH in all patients with CKD stages 3, 4, and 5 
at regular intervals. There is strong evidence that the driving 
force for all these abnormalities is phosphate retention, which 
is a direct result of decreased excretion of phosphates by the 
damaged kidney. Treatment is based on decreasing phosphate 

accumulation by decreasing phosphate intake. Phosphate re-
tention increases PTH and decreases calcitriol directly and 
also indirectly by increasing the concentration of fi broblast 
growth factor-23.7 Decreased levels of calcitriol lead to an ad-
ditional stimulus of PTH. Hence, serum phosphorus must be 
kept within the target range by restricting the diet and limit-
ing phosphate absorption from the intestine.

RENAL OSTEODYSTROPHY

Renal osteodystrophy occurs in CKD–mineral and bone 
disorder.8 It should be emphasized that renal osteodystrophy 
is a qualitative disorder of bone in CKD patients. Dual x-ray 
absorptiometry scans or other imaging modalities are quanti-
tative tests of bone mineral content and are not very helpful in 
determining the pathologic bone turnover states associated 
with various stages of CKD. Serum markers of bone metabo-
lism such as alkaline phosphate, PTH, and osteocalcin are 
good predictive markers of the different types of bone turn-
over disease, but the defi nitive diagnosis can only be made by 
bone biopsy. This is true because bone is in a constant state of 
remodeling and is a buffer for calcium and other minerals; if 
serum calcium decreases, then PTH increases to release cal-
cium from the bone. Conversely with a high calcium intake, 
calcium is deposited in bone. The iliac crest is the usual site of 
bone biopsy for assessment of bone, but before the biopsy, a 
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patient should receive different types of tetracycline at 30 days 
and again at 4 days before biopsy to evaluate the amount and 
type of the bone formed during the time interval of adminis-
tering the two tetracycline labels. Symptoms of renal osteo-
dystrophy are nonspecifi c and may even be absent. They 
include pain and stiffness in joints, spontaneous tendon rup-
ture, a predisposition to fractures, and proximal muscle weak-
ness. A similar set of symptoms may be seen in both the low- 
and high-turnover type of skeletal abnormality.

High-Turnover Bone Disease
Calcium and phosphorus levels are disturbed with advancing 
kidney disease causing secondary HPT and parathyroid hy-
perplasia. The increase in PTH has skeletal and extraskeletal 
manifestations, as outlined in Figure 69-1. One skeletal abnor-
mality is high-turnover bone disease, which is associated with 
increased levels of intact PTH in serum. Other signs of ongo-
ing bone reabsorption are increases in serum phosphorus, al-
kaline phosphate, and osteocalcin. Secondary HPT can be 
present with serum calcium levels that are increased, normal, 
or low, but when PTH is high, it inhibits osteoclast apoptosis, 
causing increased bone resorption. At the same time, osteo-
blasts are stimulated to replace resorption areas with rapid 
bone formation, resulting in replacement of the normal la-
mellar bone with structurally inferior woven bone. There is 
fi brosis and sometimes cyst formation, hence yielding the 
name osteitis fi brosa cystica. Parathyroid hyperplasia and 
high-turnover bone disease are more recognized in patients 

with CKD stage 5 but can be present at any stage of CKD. 
Treatment of this disorder is effective control of serum PTH 
using therapy as outlined later in the chapter.

Low-Turnover Bone Disease
There are two kinds of low-turnover bone disease: osteomala-
cia and adynamic bone disease. In both, PTH is typically not 
elevated,9,10 but other serum bone markers like alkaline phos-
phatase and osteocalcin are in the normal range. Serum cal-
cium may be normal or increased in patients with adynamic 
bone disease because of the lack of buffering capacity in bone 
when an oral calcium load is given.11 In osteomalacia, there is 
usually aluminum deposition at the mineralization front, 
which blocks mineralization of osteoid. Osteomalacia is typi-
cally symptomatic, whereas adynamic bone disease is not. 
Adynamic bone disease is due to paucity of both osteoclasts 
and osteoblasts and is more prevalent in peritoneal dialysis 
patients than in hemodialysis patients. The disease can also 
occur in CKD (predialysis) patients.12 Treatment options in-
clude avoiding oversuppression of PTH, which occurs with 
excessive doses of active vitamin D sterols or calcimimetic 
agents. Other factors have been implicated, including exces-
sive oral calcium from high doses of calcium-containing 
phosphate binders.13 If present, an evaluation for aluminum 
toxicity by history, examination, and blood tests should be 
done, and if aluminum toxicity is confi rmed, then treatment 
involves deferoxamine 5 mg/kg/wk post-dialysis or intraperi-
toneally. The duration of therapy is typically 6 months to a 
year. Adverse effects associated with therapy include hearing 
loss, retinal damage, and infection with mucormycosis. Once-
weekly dosing is associated with fewer adverse effects com-
pared with administration three times per week.

PREVENTION OF PHOSPHORUS 
RETENTION AND HYPERPHOSPHATEMIA

Several large retrospective studies of patients on hemodialysis 
showed that patients with elevated phosphorus or calcium �
phosphorus product had an increase in mortality14,15; 39% of 
dialysis patients had hyperphosphatemia. Those with serum 
phosphorus greater than 6.5 mg/dL had a 27% increase in 
mortality after adjustment for other comorbid conditions. 
The goal should be to maintain serum phosphorus in all 
stages of CKD at levels recommended by the K/DOQI guide-
lines (Table 69-1). The available options for decreasing phos-
phorus accumulation in patients at all stages of CKD include 
(1) decreasing dietary phosphorus intake, (2) preventing 
the absorption of phosphorus with phosphorus binders, and 
(3) enhancing the removal of phosphorus by dialysis. It can be 
more complicated with severe secondary HPT because some 
compliant patients can develop hyperphosphatemia due to 
mobilization of phosphorus from bone.

Dietary Phosphorus Restriction
Dietary phosphorus restriction should always be the fi rst 
step in treating CKD–bone and mineral disease, especially in 
predialysis patients.16–18 The phosphorus intake of normal 
adults is 1.0 to 1.8 g/day with the variation depending pri-
marily on consumption of meat and dairy products. Poultry, 

Secondary hyperparathyroidism

In CKD 3 and early CKD 4

• Hyperphosphatemia
• Hypocalcemia
• Decreased calcitriol 

because of decreased 
renal mass or increased 
FGF-23 (fibroblast growth 
factor)

• Unclear/unknown factors

In late CKD 4 and CKD 5

• Hyperphosphatemia
• Decreased calcitriol
• Dysregulated parathyroid 

cell proliferation and PTH 
release

• Skeletal resistance to PTH

Extra-skeletal 
effects

• Encephalopathy
• Peripheral
  neuropathy
• Cardiac dysfunction
• Hyperlipidemia
• Impotence
• Anemia “epo
  resistant”

Renal effects 

• Stimulation of 1-α
hydroxylase in an 
effort to increase 
calcitriol production
• Inhibition of 
calcium excretion 
and increased 
phosphorus 
excretion in patients 
with CKD and 
hence the “trade off” 
for normal calcium 
and phosphorus in 
early CKD at the 
expense of 
hyperparathyroidism

Skeletal effects

• Renal 
osteodystrophy with 
classically high 
turnover 
• Bone disease with 
increased
mobilization of 
calcium and 
phosphorus from
bone and increased 
levels of 
bone-specific
alkaline phosphate 
and osteocalcin

Figure 69-1 Pathogenesis and effects of secondary hyper-
parathyroidism in chronic kidney disease (CKD).
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fi sh, liver, most soft drinks (especially colas), whole-grain 
breads, and some cereals, nuts, and legumes are rich in phos-
phorus. With elimination of dairy products and limiting the 
diet to 60 g of protein per day, the dietary intake of phospho-
rus is 750 to 1000 mg/day. Once a patient is on maintenance 
dialysis and dietary protein increases, the phosphorus may 
be increased. The National Cooperative Dialysis Study sug-
gested that with commencement of dialysis therapy, a pa-
tient should eat at least 0.8 to 1.0 g/day of protein, which 
would increase daily phosphorus intake to a range of 920 to 
1200 mg/day. Therefore, it can be diffi cult to achieve a 
balance between nutritional demands and limiting phospho-
rus intake in dialysis patients. In contrast, restriction of di-
etary phosphorus intake can be the sole measure needed to 
avoid phosphate retention in patients at the predialysis stage 
of CKD.

Phosphate Binders

Phosphate binders are broadly divided into calcium based 
(calcium carbonate, calcium acetate) and noncalcium based 
(sevelamer hydrochloride, lanthanum carbonate, aluminum 
hydroxide, and magnesium carbonate).

Calcium-Based Phosphate Binders

The use of calcium-based phosphate binders is limited to a 
total calcium intake of 2 g of elemental calcium per day be-
cause vascular calcifi cation is present in many CKD patients, 
and hypercalcemia from calcium-based phosphate binders is 
a factor contributing to the progression of vascular calcifi ca-
tion.3 Because the average daily intake of elemental calcium is 
500 mg with meals, 1500 mg of elemental calcium can be 

Table 69-1 Goals and Therapeutic Options for Chronic Kidney Disease–Mineral and Bone Disorder

TARGETS

Therapeutic Options Phosphorus Calcium PTH CKD stages

Restrict dietary phosphorus
Correct low 25-dihydroxy vitamin D levels
Phosphate binders, e.g., calcium acetate or 

calcium carbonate with meals
Avoid oversuppression of PTH
Avoid hypercalcemia

2.7–4.6 mg/dL 
(0.87–1.49
mmol/L)

Normal range for 
laboratory, 
e.g., 8.4–10.3 
mg/dL

35–70
pg/mL

CKD 3: GFR 
30–59 
mL/min/
1.73 m2

All the above treatments
Aggressive control of phosphorus with diet 

and binders (use of sevelamer HCI and 
lanthanum carbonate as phosphate bind-
ers is not FDA approved for use in pa-
tients with CKD stages 3 and 4.

Consider active vitamin D sterol if above 
not suffi cient (e.g., calcitriol 0.5 �g PO 
on M/W/F or 0.25 �g every day or 
paricalcitol or doxercalciferol; paricalci-
tol is preferred)

2.7–4.6 mg/dL 
(0.87–1.49
mmol/L)

Normal range for 
laboratory, e.g., 
8.4–10.3 mg/
dL

70–110
pg/mL

CKD 4: GFR 
15–29 mL/
min/1.73 m2

Dietary phosphate restriction but liberalize 
protein intake to 1.0–1.2 g/kg

Use vitamin D sterols with hemodialysis, 
e.g., paricalcitol 4 �g IV with hemodialy-
sis. For peritoneal dialysis, administer PO 
every day or higher dose three times/
week

Use of noncalcium-based phosphate bind-
ers if hypercalcemia or any signs of vas-
cular calcifi cation, e.g., sevelamer 1600 
mg with meals and large snacks

Adequate dialysis to target kt/v. Consider 
cinacalcet to keep PTH at target if vita-
min D sterol not adequate. Monitor se-
rum calcium.

PTX when, despite the above-mentioned 
options, PTH is very high, e.g., 
PTH � 1000 pg/mL and calcium or 
phosphorus limit other therapies

3.5–5.5 mg/dL 
(1.13–1.78
mmol/L)

Normal range for 
laboratory 
(preferably
towards the 
lower half)

150–300 
pg/mL

CKD 5: GFR 
� 15 mL/
min/1.73 m2

CKD, chronic kidney disease; FDA, U.S. Food and Drug Administration; GFR, glomerular fi ltration rate; M/W/F, Monday/Wednesday/
Friday; PTH, parathyroid hormone; PTX, parathyroidectomy.
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taken as calcium-based binders. It should be pointed out, 
however, that calcium-based binders have been associated 
with progression of vascular calcifi cation even at a dose of 
1100 mg of elemental calcium per day.19 The two types of 
calcium-based phosphate binders routinely used are calcium 
acetate and calcium carbonate: calcium acetate is available 
as 667-mg tablets providing 167 mg of elemental calcium 
per tablet and calcium carbonate is available in several sizes 
(tablets of 500 mg of calcium carbonate contain 200 mg of 
elemental calcium). The usual starting dose of these binders is 
one to two tablets with meals. Consequently, the 2-g limit 
of elemental calcium per day is exceeded if a patient takes 
approximately nine 667-mg calcium acetate tablets or seven 
500-mg calcium carbonate tablets daily. It should be empha-
sized that calcium-based phosphate binders do not necessarily 
cause hypercalcemia if they are used judiciously.

Another important observation is that a sizable number of 
patients with CKD stage 4 or 5 have vascular calcifi cation evi-
dent on plain radiographs, echocardiograms, or computed to-
mography scans. These patients will develop progressive vascu-
lar calcifi cation irrespective of the type of binders used. However, 
calcium-based binders appear to aggravate and accelerate the 
vascular calcifi cation, so calcium-based phosphate binders for 
these patients should be avoided. Patients who have no evidence 
of calcifi cation when they begin dialysis will likely never de-
velop calcifi cation, and it seems reasonable to use calcium-
based phosphate binders in these patients, but the 2 g/day limit 
should not be exceeded. Serum calcium must be monitored 
during the therapy to avoid hypercalcemia. Note that some 
patients will also be taking vitamin D therapy. Vitamin D avidly 
stimulates the adsorption of calcium and phosphorus from 
the gut. Another caveat is that calcium ingested when the stom-
ach is empty or between meals can facilitate calcium absorp-
tion. For this reason, calcium-based binders should only be 
taken with meals. K/DOQI guidelines recommend using non–
calcium-based phosphate binders in patients on dialysis if 
the serum PTH is less than 150 pg/mL and if there is evidence 
of vascular calcifi cation or hypercalcemia. With other CKD 
patients, phosphate binders should be determined by 
patient preference, compliance, comorbid illnesses, side effects, 
cost, and the ability to control serum phosphorus levels while 
avoiding hypercalcemia (and limiting the total calcium 
intake).

Sevelamer Hydrochloride

Sevelamer hydrochloride is a non–calcium-based phosphate 
binder.20 The usual effective dose is 2 to 8 g/day, given in di-
vided doses with meals and with large snacks. Sevelamer is 
available as 400- and 800-mg tablets. It can be used in combi-
nation with other calcium- and non–calcium-based phos-
phate binders and active vitamin D sterols. Since its approval 
by the U.S. Food and Drug Administration in 1998, sevelamer 
has been used across the United States for CKD stage 5 pa-
tients on hemodialysis and peritoneal dialysis; it has not been 
approved for use in predialysis CKD patients. The binder is 
unique because it also lowers total cholesterol levels, princi-
pally by sequestering bile salts and lowering low-density lipo-
protein levels.21 The effi cacy of this phosphate binder was 
compared with calcium-containing phosphate binders in a 
randomized, controlled year-long study. Both treatments 
reached target levels of serum phosphorus and the calcium �
phosphorus products, but sevelamer treatment was associated 

with less hypercalcemia and less oversuppression of PTH lev-
els. In addition, the calcium-containing phosphate binders 
(both calcium acetate and calcium carbonate), but not 
sevelamer, led to progressive calcifi cation of coronary arteries 
and the aorta.19 The average amount of elemental calcium 
associated with vascular calcifi cation was only 1.1 g/day, 
which is far less than the recommended K/DOQI maximum 
of 1.5 g/day. Treatment with sevelamer has also been associ-
ated with a survival benefi t compared with the use of calcium-
containing phosphate binders. The adverse side effects of 
sevelamer are gastrointestinal distress, bloating, and fl atu-
lence, and there are case reports of intestinal obstruction.

Lanthanum Carbonate

Lanthanum is a heavy metal ion, and lanthanum carbonate is 
an effective phosphate binder.22 Unlike sevelamer hydrochlo-
ride, which is nonabsorbable by the intestines, a small amount 
of lanthanum is absorbed, and over a period of time, lantha-
num can be found in various body tissues including bones 
and liver. To date, no adverse outcomes from this accumula-
tion have been identifi ed. The advantage of lanthanum car-
bonate is that it is chewable, which may improve compliance. 
In 2005, it was approved by the U.S. Food and Drug Adminis-
tration for use in hemodialysis patients with CKD stage 5. The 
usual starting dose is 750 mg to 1 g, to be taken with meals or 
with meals and snacks. Lanthanum carbonate can be taken in 
combination with calcium- and noncalcium-based phosphate 
binders and vitamin D sterols.

Aluminum Hydroxide and Aluminum Carbonate

Aluminum is a very potent phosphate binder, yet it is poten-
tially toxic. It was widely used around the world until the mid-
1980s, when it was identifi ed as a cause of a fatal neurological 
syndrome (seizures, dyspraxia, abnormal electroencephalo-
gram); later, it also was implicated in causing fractures, my-
opathy, and microcytic anemia. The routine use of aluminum-
based phosphate binder is not recommended because of these 
toxicities and because it can cause osteomalacia.23 However, a 
course of aluminum hydroxide for a few days can be used to 
bring the serum phosphorus down acutely when the phos-
phorus or calcium phosphorus product in the serum is very 
high and traditional methods alone are insuffi cient to correct 
the abnormality.

Magnesium Carbonate

Magnesium carbonate is an effective phosphate binder but 
causes hypermagnesemia in renal failure patients. Hypermag-
nesemia can be treated with low- or magnesium-free dialy-
sates. This poses a diffi cult logistic problem for outpatient 
dialysis units.

Vitamin D Defi ciency
Vitamin D defi ciency is prevalent in the general population 
and especially in patients with CKD. K/DOQI guidelines rec-
ommend measuring 25(OH) vitamin D levels and if low, cor-
recting the level for patients with CKD stages 3, 4, and 5. The 
measurements should be made annually in CKD 3 and quar-
terly in CKD 4 and 5 patients. The level of 25-dihydroxyvita-
min D (25-OH-D) considered normal is a value greater than 
30 ng/mL. If there is severe vitamin D defi ciency, a patient 
should be treated with weekly doses of 50,000 units of oral 
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ergocalciferol for 12 weeks followed by the same dose given 
monthly for another 6 months. Milder degrees of defi ciency 
can be treated with monthly oral doses of 50,000 units. CKD 
patients, especially those with heavy proteinuria, can develop 
vitamin D defi ciency because of urinary losses of vitamin 
D binding protein. Consequently, 25-OH-D levels should 
be checked in these patients at regular intervals. There is evi-
dence that repletion of a low 25-OH-D level in vitamin D–
defi cient CKD patient decreases PTH,24 especially in CKD 
stage 3 patients. Even if there is no benefi cial effect on 
PTH levels, we recommend measuring 25-OH-D in all 
patients with CKD stages 3, 4, and 5 with or without preexist-
ing secondary HPT; vitamin D should be replaced if the 
plasma levels are low. Vitamin D defi ciency should be consid-
ered as an independent condition with adverse outcomes that 
include aggravating secondary HPT, depressing the immune 
system, increasing cancer prevalence, and decreasing overall 
survival.

Use of Active Vitamin D Sterols
Some patients with CKD stage 3 or 4 and the majority of pa-
tients with CKD stage 5 will continue to have PTH levels 
above the goal even after bringing serum calcium, serum 
phosphorus, and 25-OH-D levels into the target range. These 
are the patients who will benefi t from one of the many avail-
able active vitamin D sterols.

Calcitriol

Calcitriol is available as a pill or an intravenous (IV) formula-
tion. Oral calcitriol effectively decreases PTH levels, decreases 
bone resorption, improves endosteal fi brosis and mineraliza-
tion, and to some extent helps in the bone pains associated 
with renal osteodystrophy. Calcitriol has a direct inhibiting 
effect on PTH synthesis. In predialysis patients (CKD stages 3 
and 4), the usual starting dose is 0.25 �g every day or every 
other day. In dialysis patients, the dose can be titrated upward. 
The unfavorable effects associated with calcitriol are hypercal-
cemia and hyperphosphatemia, mainly due to increased intes-
tinal absorption of calcium and phosphorus. Intravenous 
calcitriol is given to hemodialysis patients and is associated 
with less hypercalcemia and a more profound decrease in 
PTH levels. The usual starting dose of intravenous calcitriol is 
0.5 to 1.0 �g per dialysis session, and it can be increased to 
4 �g or more if hypercalcemia does not occur. Hypercalcemia 
with oral or intravenous calcitriol requires a decrease in the 
dose by 25% to 50% and rechecking calcium and PTH levels.

Paricalcitol

Paricalcitol or 19-nor-1,25(OH)2D2 is a vitamin D analogue 
that decreases PTH secretion while minimizing hypercalcemia 
and hyperphosphatemia.25,26 It does not appear to induce the 
vitamin D receptor in the intestine and hence does not pro-
mote calcium or phosphorus absorption from gut. Paricalcitol 
is available in oral and intravenous formulations; oral capsules 
are available as 1, 2, and 4 �g. The usual starting dose is 1 �g
every day or 2 �g every other day in CKD stages 3 and 4 pa-
tients; the dose is titrated upward in CKD stage 5 patients 
treated by hemodialysis or peritoneal dialysis. Hemodialysis 
patients are usually treated with intravenous formulation, and 
the starting dose of intravenous paricalcitol is 0.04 to 
0.1 �g/kg IV per dialysis session; it is increased as required. In 

retrospective studies, paricalcitol appears to have a potential 
survival advantage over calcitriol in patients with CKD stage 
5.27 Overall, paricalcitol is safe and effective in dialysis patients 
with secondary HPT and causes fewer changes in serum cal-
cium and phosphorus levels than calcitriol.

Doxercalciferol

Doxercalciferol is a vitamin D2 derivative, 1-(OH)-D2, and must 
undergo 25-hydroxylation in the liver to become biologically 
active. In a randomized study of doxercalciferol 4 �g/day or 4 �g
three times per week was effective in decreasing the PTH to the 
K/DOQI target range. However, the serum calcium increased 
from 8.8 mg/dL to 9.5 mg/dL along with a signifi cant incidence 
of hyperphosphatemia.28 Other studies have also revealed sig-
nifi cant hypercalcemia that is associated with doxercalciferol, so 
there is little evidence of selectivity of action of doxercalciferol 
(i.e., PTH suppression without inducing hypercalcemia or hy-
perphosphatemia).29

Dialysis Adequacy
For hemodialysis patients with CKD stage 5, a single hemodi-
alysis treatment can remove approximately 800 mg of phos-
phorus from the blood. Initially, there is a sharp gradient for 
phosphorus removal with increased removal in the fi rst half of 
hemodialysis; removal decreases during the second half of the 
treatment because phosphorus is predominantly stored in the 
intracellular compartment and is not rapidly mobilized. 
Hence, a single session of dialysis, no matter how long, can 
only remove a limited amount of phosphorus. Emerging data 
from patients treated by daily hemodialysis indicate that they 
have far better serum phosphorus control with far fewer oral 
phosphate binders than patients treated with hemodialysis 
three times per week.30 For hemodialysis patients, dialysis ad-
equacy must be ensured and recirculation in the dialysis access 
excluded to be sure dialysis helps decrease the uremic and 
phosphorus burden of CKD patients.

Calcimimetic Agents
Calcimimetic agents are the newest addition to the armamen-
tarium for treating secondary HPT. The available drug is 
cinacalcet hydrochloride in 30-, 60-, and 90-mg tablets.31 The 
usual starting dose is 30 mg and is titrated upward depending 
on the PTH level. The maximum dose is 180 mg, but most 
patients will respond well to 90 or 120 mg. Two things must 
be kept in mind about calcimimetic agents: First, the drug is 
very effective in lowering PTH and is akin to chemical para-
thyroidectomy, and, second, the drug can cause signifi cant 
hypocalcemia so serum calcium must be monitored.

Calcimimetic agents stimulate the calcium-sensing recep-
tor so the parathyroid gland senses a higher ionized calcium, 
which decreases the secretion of PTH. A high concentration 
of calcium-sensing receptor is present in parathyroid 
cell membrane, the kidney, bone, brain, and lungs, and small 
changes in the extracellular ionized calcium level will acti-
vate this receptor. In fact, decreased secretion of PTH 
by parathyroid cells occurs within seconds of increasing 
blood ionized calcium. However, the calcium-sensing recep-
tor is also sensitive to magnesium, trivalent elements, 
and gadolinium. Consequently, stimulation of the calcium-
sensing receptor in the kidney increases urinary calcium and 
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magnesium. Interestingly, concomitant treatment with vita-
min D sterols often given to hemodialysis patients not only 
acts to decrease PTH but also helps by ameliorating the hy-
pocalcemic effects of calcimimetic drugs. Currently, cinacal-
cet hydrochloride is not approved for treating patients with 
CKD stages 3 and 4.

Parathyroidectomy
Parathyroidectomy (PTX) for secondary HPT is indicated only 
if it is severe despite adequate medical management. There is no 
absolute PTH value signifying the need for PTX, but the pres-
ence of persistently elevated intact PTH levels greater than 1000 
pg/mL plus high serum calcium � phosphorus products (typi-
cally �55 mg2/dL2) despite therapy and physical problems such 
as bony aches and pains or fractures suggests consideration of 
surgical PTX. It was recommended to perform a bone biopsy 
before performing a PTX because some of the CKD patients 
will have adynamic bone disease, and removing the parathyroid 
gland in such patients would prove catastrophic. A routine bone 
biopsy before PTX is no longer recommended because alumi-
num is rarely used as a phosphate binder. Because the exact lo-
cation of all parathyroid glands in the neck is not consistent, a 
sestamibi nuclear scan can help locate the glands before surgery. 
Most experienced surgeons do not require a routine preopera-
tive sestamibi scan. If a patient has persistent secondary HPT 
after renal transplantation or if a parathyroid adenoma is sus-
pected, then sestamibi scan can help locate the culprit gland. 
The different surgical procedures are (1) subtotal PTX, 
(2) total PTX with autotransplantation of parathyroid tissue in 
the forearm, and (3) total PTX without autotransplantation. 
The number of surgical PTXs in the United States decreased 
between 1992 and 1998, but then steadily increased to the previ-
ous level in 2002. This probably refl ects changes in the indica-
tions for PTX.

Postparathyroidectomy Management

PTX is usually performed as an inpatient surgery because of the 
immediate postoperative development of hungry bone syn-
drome. With chronic and severe secondary HPT, patients who 
undergo PTX can develop rapid recalcifi cation of bones that 
have been demineralized by secondary HPT. This constitutes the 
hungry bone syndrome because serum calcium and phosphorus 
decrease sharply due to uptake into the bones. It requires a 
prompt and meticulous treatment plan. Postoperative manage-
ment of such patients includes a concentrated calcium gluconate 
solution, usually prepared as 20 or 40 g of calcium gluconate dis-
solved in 1000 mL of 5% dextrose in water and administered at 
20 to 30 mL/hr and adjusted by ± 5 mL/hr depending on serum 
calcium levels measured approximately every 6 hours. As soon as 
the patient is able to take oral medications, oral calcitriol 0.5 to 
2.0 �g/day is given along with calcium carbonate 1 to 3 g/day on 
an empty stomach and at night to maximize intestinal calcium 
absorption. The calcium gluconate drip must not be stopped 
abruptly when there is a single high or normal reading for cal-
cium because the bones may take up calcium very slowly Re-
moving the calcium infusion can precipitate tetany and prove 
fatal. Once the calcium gluconate drip is discontinued and the 
patient is taking a stable dose of oral calcium and calcitriol, out-
patient therapy is planned and the patient is instructed to contact 
the physicians if perioral numbness or tingling develops. This 
could indicate incipient tetany. Other laboratory abnormalities 

associated with postoperative PTX are hypophosphatemia, hy-
pomagnesemia, and hyperkalemia; the fi rst two require repletion 
because these minerals are also being taken up by the hungry 
bone and the latter requires standard therapy for hyperkalemia.

PERSISTENT SECONDARY 
HYPERPARATHYROIDISM AFTER 
RENAL TRANSPLANTATION

Persistent secondary HPT after renal transplantation is a fre-
quent occurrence and rarely needs therapy. The usual recom-
mendation is to wait as long as 1 year to let the parathyroid 
levels come back into the normal range. If therapy is needed, 
there are three ways to deal with the problem: (1) use bisphos-
phonates to block the osteoclastic effects of a persistently high 
PTH and wait for the serum PTH levels to normalize, (2) use 
calcimimetic agents to bring PTH levels into the normal range, 
and (3) surgically remove parathyroid gland tissue. In patients 
with persistent secondary HPT, a 24-hour urine specimen 
should be collected to measure calcium, phosphorus, and so-
dium excretion. If a patient is hypercalciuric (�200 mg/dL) 
while eating a normal salt diet, then the patient is most likely 
to benefi t from bisphosphonates.32 Conversely, if calcium ex-
cretion is low, then cinacalcet can be considered while serum 
calcium is measured at regular intervals.33

CALCIPHYLAXIS

Calciphylaxis is a rare but devastating disorder. Its pathogenesis 
is poorly understood, and emergency PTX was once considered 
to be defi nitive therapy for calciphylaxis. Subsequent reports 
of poor outcomes after PTX and the presence of calciphylaxis 
in patients who have had a PTX have changed this practice.34

Calciphylaxis is synonymous with calcifi c uremic arteriopathy 
and obliterative calcifi c vasculopathy, but none of these terms 
describes the abnormality adequately. Calciphylaxis involves 
mural calcifi cation, endovascular fi brosis, and thrombosis of 
small arterioles, venules, and capillaries, so an arteriopathy label 
is incomplete. Unfortunately, both calciphylaxis and calcifi c 
uremic arteriopathy are used to describe the disorder.

Risk factors associated with the development of calciphy-
laxis are obesity, female gender, white race, high serum cal-
cium and phosphorus levels, a high serum PTH and calcium 
� phosphorus product, and coumadin treatment. Whether 
local trauma is a risk factor for calciphylaxis is not clear; in 
rodent models of calciphylaxis, sensitization with high cal-
cium, phosphorus, and PTH levels followed by local trauma is 
usually required before the animal develops characteristic 
nonhealing ulcers. Moreover, many patients will report local 
trauma before developing the typical nonhealing ulcer.

The clinical features of calciphylaxis include painful subcuta-
neous nodules and dense plaques with an erythematous or vio-
laceous color that progresses to necrotizing, nonhealing ulcers. A 
common site of involvement is the medial aspects of thighs, 
lower abdomen, and lower extremities. The diagnosis is based on 
characteristic nonhealing lesions. A bone scan is a modern way 
to diagnose and monitor the progression/regression of the dis-
ease. A skin biopsy should not be performed because nonhealing 
wounds can develop and progress to large gaping wounds re-
quiring multiple débridements. This is particularly worrisome 
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because the major morbidity and mortality are wound infection 
and sepsis. There is no defi nitive therapy for calciphylaxis/
calcifi c uremic arteriopathy, and the prognosis is generally poor 
with a 1-year mortality rate as high as 85%. Therapeutic options 
include the following possibilities.

Daily Dialysis
Daily dialysis for a few weeks using a low calcium bath 
(2 mEq/L) can help reduce serum phosphorus and mobilize 
deposited calcium while correcting uremia.

Sodium Thiosulfate
There are case reports of using sodium thiosulfate (STS) with 
apparent healing of the ulcers.35,36 STS is an antidote for cya-
nide and cisplatin toxicity and has antioxidant properties. The 
solubility of calcium thiosulfate in aqueous solutions can mo-
bilize calcium from ectopic sources. The success of removing 
ectopic calcium is monitored by changes in bone scans. Inves-
tigators have given 25 g of STS/1.73 m2 over 60 minutes after 
each dialysis session for 35 to 92 weeks. Intraperitoneal instil-
lation of STS can also be used to treat calciphylaxis in perito-
neal dialysis patients. Adverse effects associated with STS are 
nausea, vomiting, and metabolic acidosis.

Parathyroidectomy
PTX should not be considered in treating calciphylaxis be-
cause of poor healing. However, if serum PTH levels are very 
high despite medical management, then PTX could be a valid 
therapy.

Phosphate Regulation
Noncalcium-based phosphate binders should be used to 
cause a negative phosphate balance. Active vitamin D sterols 
should be avoided because they can increase calcium and 
phosphate absorption from the gut leading to hypercalcemia 
and hyperphosphatemia to aggravate the disorder. Daily di-
alysis helps decrease serum phosphorus to the K/DOQI tar-
get of 3.5 to 5.5 mg/dL. Dietary phosphorus restriction must 
be strictly followed because lowering serum phosphorus is 
probably the most important aspect in the treatment of this 
disorder.37

Pain Management
The pain associated with calciphylaxis/calcifi c uremic arteriopa-
thy is considered to arise from the combination of ischemic and 
neuropathic pain. Pain control is often a challenge with options 
including nonsteroidal anti-infl ammatory drugs (ketorolac), 
narcotics (fentanyl), ketamine, and in some severe cases even 
spinal anesthesia. In studies of STS, most patients reported 
marked pain relief within days of initiating STS therapy.

Wound Care and Antibiotics
Although wound débridement might seem tempting, it is 
important not to be aggressive with débridement as it can 
increase the size of wound and the potential for infection. 
Close attention should be given to appropriate antibiotics; the 
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BACKGROUND

In patients with end-stage renal disease before (chronic kid-
ney disease [CKD] stages 4 and 5) and after the start of dialy-
sis treatment (stage 5D), angina pectoris, myocardial infarc-
tion, dysrhythmia, heart failure, stroke, and peripheral vascular 
disease are markedly more frequent than in the background 
population. The risk of death in dialysis patients is 15 times 
higher than in the background population. Age is a very 
prominent risk factor with a 3% risk increase per year in pa-
tients between 60 and 80 years old.1 The cardiovascular risk 
(Box 70-1) starts to increase even in the earliest stages of CKD 
and increases exponentially with progressive loss of glomeru-
lar fi ltration rate (GFR).2

TREATMENT GOALS FOR UREMIC 
PATIENTS

In the distant past, it had appeared plausible that one should 
aim in uremic patients and in dialysis patients for the same 
treatment target values (Table 70-1) as in the general popula-
tion. For a number of interventions, however, it has recently 
been suggested, unfortunately usually based on observational 
evidence, that targets for patients with end-stage renal disease 
should be different from those recommended in the general 
population, for example hemoglobin (Hb), parathyroid hor-
mone (PTH), and blood pressure. Little controlled prospec-
tive evidence is available for patients with CKD, mainly be-
cause in the past patients with renal disease had deliberately 
been excluded from major cardiovascular intervention trials.

Further complexity has been created by some intervention 
trials documenting that mechanistically plausible interven-
tions that had effectively improved cardiovascular outcome in 
nonrenal patients failed to yield signifi cant benefi t or yielded 
only marginal nonsignifi cant improvement in patients with 

end-stage renal disease, for example, lowering of low-density 
lipoprotein cholesterol with statins in patients with type 2 dia-
betes on hemodialysis,3 lowering homocysteine concentrations 
with folate,4 and administration of angiotensin-converting 
enzyme (ACE) inhibitors in dialysis patients.5

The absence of intervention trials with information on the 
effi cacy and safety of treatments makes it often diffi cult to 
make defi nite statements so that recommendations and guide-
lines for patients with end-stage renal disease are mainly based 
on expert opinion or low-grade evidence from observational 
data. The absence of controlled evidence has led to defi nite 
defi cits in the prescription of treatments particularly for car-
diovascular disease, as suggested by comparisons of the use of 
aspirin, statins, �-blockers, ACE inhibitors or AT1 receptor 
blockers in renal patients compared with nonrenal controls. 
Such defi cit is deplorable because, conversely, observational 
data suggest that risk reduction by intervention in this ex-
tremely high-risk population may be particularly rewarding. 
As a result, there remains a need for intervention trials to pro-
vide convincing evidence; the Cochrane group has shown that 
among several specialties in internal medicine, nephrology 
was the one where the least number of controlled trials had 
been performed.6

Healthy Lifestyle
A healthy lifestyle is routinely recommended to end-stage re-
nal disease patients.

Smoking

Smoking accelerates the progression of renal disease and 
increases the cardiovascular risk substantially by a factor of 
as much as 10-fold,7,8 both in diabetic and nondiabetic 
patients.8,9 There are confl icting reports whether smoking ag-
gravates the cardiovascular risk in patients on dialysis, but 
analogy to nonrenal patients suggests that this assumption is 
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774 Chronic Renal Failure and Its Systemic Manifestations

sensible. The proportion of smokers with early stages of CKD 
who stop smoking is disappointingly low, in our experience 
approximately 15%, although with the onset of ESRD, many 
smokers stop smoking.

The smoker with renal disease (and his or her partner) 
should be given advice, possibly nicotine replacement therapy 
or bupropion, but there is not suffi cient safety information 
available to recommend nortriptyline, varencilline, rimonabant, 
or monoamine and selective serotonin reuptake inhibitors.

Normoglycemia

There is increasing (although not uniform) evidence that 
near-normal blood glucose levels as assessed by HbA1c or 
glycated albumin10,11 are associated with decreased cardiovas-
cular events and improved survival of diabetic patients on 
dialysis,12 although the relationship is confounded by several 
factors.13 For several reasons, HbA1c is not a perfect refl ection 
of glycemic control, mainly because of the confounding infl u-
ence of erythrocyte half-life and the measurement of carba-
mylated Hb in some assays.

Physical Exercise

Physical exercise has been shown to have benefi cial metabolic 
and psychological effects,14–17 but in today’s elderly dialysis 
population, this intervention is, unfortunately, very diffi cult to 
implement.

Obesity

Among further lifestyle changes, weight reduction is an im-
portant issue for which there is currently no defi nite answer 
available. The presence of metabolic syndrome18 and obesity19

increases the risk of CKD and end-stage renal disease.20,21 It 
would, therefore, appear rational to decrease the risk by 
weight reduction. Against this, one has to balance the recent 
observation that—for partially unclear reasons—survival on 
dialysis is better for those with a high body mass index, even 
in the range of morbid obesity.22 However, when adequately 
corrected for duration of follow-up using an adequate control 
group, the effect of a high body mass index on better survival 
dissolves. Due to wasting, it is not advisable to recommend 
weight reduction in those with far advanced CKD, for exam-
ple, CKD stage 4 or 5.23

Blood Pressure

In patients on long slow dialysis protocols, it has been shown 
that impressive survival rates are achieved with dialysis sched-
ules resulting in normalization of blood pressure, primarily by 
low dietary salt intake, ultrafi ltration to achieve dry weight, 
and prolonged dialysis sessions (8 hours).24 Furthermore, a 
correlation was noted between blood pressure values (mostly 
in the normotensive range) and survival in the dialysis centers 
practicing long slow dialysis (e.g., Tassin25]. Strict normoten-
sion by decreased dietary salt intake and aggressive ultrafi ltra-
tion has even led to reversal of left ventricular (LV) hypertro-
phy without antihypertensive medication.26

Similarly, impressive blood pressure control with less need 
for antihypertensives has recently been achieved by protocols 
with daily short dialysis27,28 or daily nocturnal dialysis sched-
ules,29 which are not universally available, however. Improved 
blood pressure control is presumably the combined result of 
better control of hypervolemia, the potential removal of pres-
sor agents (e.g., asymmetric dimethyl l-arginine), and a de-
crease in sympathetic overactivity.30 There is a large trial on-
going to evaluate the clinical value of this modality.

The situation is much less clear in patients on the usual 
schedule of three times weekly short dialysis sessions (3 � 3–3 
� 5 hr/wk). Initial analyses showed that high blood pressure 
values31,32 were associated with no or minor increase in risk, 
whereas the risk was highest in patients with low blood pressure. 
This fi nding is now commonly interpreted as the result of re-
verse causality, that is, reversal of the normal blood pressure–
survival relationship because of the presence of heart disease or 
autonomic dysfunction. In the 4D study in patients with type 2 
diabetes receiving hemodialysis,3 we found no correlation what-
soever between blood pressure and short-term patient survival.

Episodes of hypotension during dialysis carry a particu-
larly adverse prognosis: Once blood pressure decreases below 
the threshold of coronary autoregulation of approximately 
95 mm Hg systolic, the risk of cardiovascular death is signifi -
cantly increased.33

In almost all studies, correct assessment of the impact of 
blood pressure on target organs is rendered diffi cult because 
of the absence of ambulatory blood pressure measurements. 
Because the circadian blood pressure profi le is abnormal and 
particularly because nighttime blood pressure values tend to 
be high, the blood pressure burden on target organs is under-
estimated by the offi ce blood pressure.

A further confounder is the situation that brachial artery 
blood pressure may markedly underestimate central (aortic) 
blood pressure to which the target organs are exposed (heart, 
brain, kidney).34

The frequently present high blood pressure amplitude is 
the result of increased aortic stiffness. Aortic stiffness, indi-
rectly assessed by pulse wave velocity, is an independent pre-
dictor of adverse cardiovascular outcome.35 A high blood 
pressure amplitude implies a low diastolic blood pressure, 
which exposes the patient to the risk of coronary underperfu-
sion because coronary fl ow occurs only during diastole.

Recommended Blood Pressure in Dialysis Patients

Which blood pressure should one aim for? Little well-
documented long-term evidence is available, but the follow-
ing strategy appears sensible for patients on the usual dialy-
sis schedules of three times for 3 to 5 hours per week.

Risk Factors
Smoking, glycemia, lack of exercise
Dyslipidemia
Anemia
Hyperphosphatemia
Lifestyle changes (metabolic syndrome)
Additional cardiovascular risk factors (obstructive sleep 

apnea, depression)
Dialysis modality

Cardiovascular Disease
Coronary heart disease
Sudden death
Heart failure

Box 70-1 Cardiovascular Risk Factors and Cardiovascular 
Events for Uremic Patients
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Table 70-1 Basis for Treatment Targets in Uremic Patients According to Current Kidney Disease Outcome and Quality Initiative 
Guidelines

Parameter Target/Goal Evidence

Smoking Cessation Observational, strong opinion, no pharmacotherapy 
studies1

Physical activity 30 min/day, moderate intensity Observational for hospitalizations and death1

Intervention for surrogate outcomes (clinical chemistry)1

Healthy weight Uremia (BMI � 18.5 kg/m2 avoid) Observational2

Diabetes and CKD stage 1–4 (BMI 18.5–24.9 
kg/m2)

Observational3

Glycemia Normoglycemia3

Preprandial capillary plasma glucose 
90–130 mg/dL (5.0–7.2 mmol/L)

Peak postprandial capillary plasma glucose 
4 � 180 mg/dL (10.0 mmol/L)

HbAlc � 7% Observational3

One observational study4

Blood pressure Pre-dialysis � 140/90 mm Hg Interventional, post hoc observational5

Post-dialysis � 130/80 mm Hg Observational (avoid hypotension)5

LDL cholesterol �100 mg/dL (mmol/L) CKD stage 4–5D observational retrospective3,6

CKD stage 1–3 meta-analysis of RCTs post hoc 
� observational1,3

�70 mg/dL (mmol/L) (option) CKD stage 1–4 KDOQI opinion3

Hemoglobin Normalization Observational, opinion7

11–12 g/dL Interventional8

�13 g/dL, avoid Interventional8

S-phosphorus 3.5–5.5 mg/dL (1.10–1.80 mmol/L) Observational9

 1. KDOQI clinical practice guidelines for cardiovascular disease in dialysis patients. Am J Kidney Dis 2005;45(Suppl 3):S1–S153.
 2. de Mutsert R, Snijder MB, van der Sman-de Beer F, et al: Association between body mass index and mortality is similar in the hemo-

dialysis population and the general population at high age and equal duration of follow-up. J Am Soc Nephrol 2007;18:
967–974.

 3. KDOQI clinical practice guidelines and clinical practice recommendations for diabetes and chronic kidney disease. Am J Kidney Dis 
2007;49(Suppl 2):S12–S154.

 4. Foley RN, Parfrey PS, Harnett JD, et al: Impact of hypertension on cardiomyopathy, morbidity and mortality in end-stage renal disease. 
Kidney Int 1996;49:1379–1385.

 5. KDOQI clinical practice guidelines on hypertension and antihypertensive agents in chronic kidney disease. Am J Kidney Dis 
2004;43(Suppl 1):S1–S290.

 6. National Kidney Foundation: K/DOQI clinical practice guidelines for managing dyslipidemias in chronic kidney disease. Am J Kidney 
Dis 2003;41(Suppl 3):S1–S92.

 7. KDOQI clinical practice guidelines and clinical practice recommendations for anemia in chronic kidney disease: 2007 update of hemo-
globin target. Am J Kidney Dis 2007;50:471–530.

 8. KDOQI clinical practice guidelines and clinical practice recommendations for anemia in chronic kidney disease. Am J Kidney Dis
2006;47(Suppl 3):S11–S145.

 9. National Kidney Foundation: KDOQI clinical practice guidelines for bone metabolism and disease in chronic kidney disease. Am J 
Kidney Dis 2003;42(Suppl 3):S1–S201.

BMI, body mass index; CKD, chronic kidney disease; HbAlc, hemoglobin Alc; KDOQI, Kidney Disease Outcome and Quality Initiative; RCTs, 
randomized, controlled trials.

In low-risk relatively young patients with potentially long 
life expectancy, one should aim for normotension according 
to Joint National Committee on Detection, Evaluation, and 
Treatment of High Blood Pressure.

In contrast, standards may have to be relaxed in the elderly 
polymorbid patient with poor ultrafi ltration tolerance and 

predisposition to intradialytic hypotension, which by itself is 
a predictor of and contributor to an adverse cardiovascular 
outcome.

Dietary salt restriction, as originally recommended by 
Scribner and colleagues36,37 is certainly the most neglected 
and underused aspect of dialysis patient management.38
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Reduction of dietary salt intake, combined with modest low-
ering of dialysate sodium concentration (�135 mmol/L) 
and effective ultrafi ltration, normalized blood pressure not 
only in centers with long slow dialysis but also centers with 
3 � 5 hr/week dialysis.26,39

Why is salt intake so important for blood pressure control? 
Ingestion of 9 g of salt by an anuric patient increases the os-
motic pressure, which forces the patient to drink 1 L of water 
to maintain osmolality. Although some salt is stored in a non-
osmotic form,40 daily intake of the usual amount of 13 to 14 g 
of salt in the Western diet increases body weight by 1.5 kg/day 
and causes hypervolemia, the most potent cause of hyperten-
sion in anuric patients. Furthermore, salt intake increases the 
plasma concentration of endogenous digitaloids,41 which in-
crease blood pressure.42 Such blood pressure increase can be 
reversed by ouabain antagonists in experimental studies43

documenting their causal role. In experimental studies, a salt-
induced increase in the concentration of cardiotonic steroids 
reproduced the features of uremic cardiomyopathy.44

The majority of dialysis patients require antihypertensive 
therapy. Are there differences between the different antihyper-
tensive agents?

There is recent controlled evidence from a small study in 
dialyzed patients with heart failure that the �-blocker carve-
dilol reduces cardiac mortality by approximately 50%.45 In 
dialysis patients, the use of �-blockers was also associated with 
less onset of heart failure.46 Furthermore, observational stud-
ies documented less mortality in dialysis patients treated with 
�-blockers.33,47

Recent preliminary studies suggest that angiotensin-receptor 
blockers on top of alternative antihypertensive medication im-
prove survival of dialysis patients, although the study sizes were 
quite limited. The effect of ACE inhibitors examined in one 
study on elderly dialysis patients failed to document a statisti-
cally signifi cant benefi t, but showed a tendency for some im-
provement of outcomes.5

Calcium channel blockers are very effective in dialyzed 
patients and in some analyses of the most frequently used 
antihypertensive drug.48

In contrast to the dialyzed patient, the situation is entirely 
different in the patient with CKD. There is consensus that 
high blood pressure, particularly systolic blood pressure, is 
the key factor that promotes progressive loss of renal func-
tion. There has been much discussion concerning whether it 
is more important to lower blood pressure or to block the 
renin-angiotensin system (RAS).49 There is no doubt that 
lowering blood pressure per se is of overriding importance, as 
illustrated by one striking comparison: Before the availability 
of antihypertensive treatment, the patient with diabetic ne-
phropathy lost approximately 10 mL/min/1.73 m2 GFR per 
year. In the RENAAL (Reduction of Endpoints in NIDDM 
with the Angiotensin II Antagonist Losartan) trial, the rate of 
loss of the estimated GFR was 5.24 mL/min/1.73 m2 per year 
in the placebo arm and 4.4 mL/min/1.73 m2 per year in the 
Losartan arm (Bakris, personal communication), illustrating 
the respective relative potencies for these two interventions. 
Controlled prospective evidence for this statement is some-
what weak, however. The Modifi cation of Diet in Renal 
Disease study compared routine (target 107 mm Hg mean 
arterial pressure) and intensifi ed (target 91 mm Hg mean 
arterial pressure) lowering of blood pressure. Intensifi ed 
blood pressure lowering was associated with a GFR loss of 

1.9 mL/min/1.73 m2 compared with 3.4 mL/min/1.73 m2,
but this was not statistically signifi cant.50 In the long-term 
follow-up observation, the difference in the occurrence of 
end-stage renal disease was signifi cant but small.51

Based on a number of observations, current guidelines rec-
ommend in patients with CKD a lower target blood pressure 
than in essential hypertension; most recommend 130/80 mm 
Hg. Such low blood pressure target is justifi ed not only by the 
consideration of renal protection but also because of the high 
cardiovascular risk of CKD patients: Lewington and col-
leagues52 had shown in individuals without renal disease that if 
systolic blood pressure was lowered by 20 mm Hg, the rate of 
cardiovascular events was lowered by 50%.

A specifi c benefi t from blockade of the RAS using ACE in-
hibitors or angiotensin receptor blockers has been documented 
in a series of head-on comparisons between RAS blockade and 
blood pressure lowering without RAS blockade. Even in stud-
ies, for example, the Ramipril Effect in Nephropathy study, in 
which blood pressure values in the ACE inhibitor and non-
ACE inhibitor arms were identical, a benefi t, that is, less de-
crease in GFR, was seen with RAS blockade,53 and this has been 
confi rmed by a meta-analysis of further controlled trials.54,55

The benefi cial effect of RAS blockade is particularly 
pronounced in patients with proteinuric renal disease and 
less certain in patients with CKD and proteinuria less than 
1 g/24 hr.56 One diffi culty in interpretation relates to the fact 
that offi ce blood pressure measurements are a poor refl ection 
of the 24-hour blood pressure profi le and may also substan-
tially underestimate the level of central blood pressure (to 
which heart and kidney are exposed).

One drawback of RAS blockade is the phenomenon of 
escape, that is, gradual return of proteinuria to baseline val-
ues despite treatment after several years of RAS blockade. 
Modern approaches include dose escalation of ACE inhibi-
tors and/or angiotensin receptor blockers, combination of 
ACE inhibitors and angiotensin receptor blockers.57 Cur-
rently further approaches, for example, mineralocorticoid 
receptor blockade (which in patients with impaired renal 
function carries the substantial risk of hyperkalemia and is 
not advisable in such patients) and renin blockers are under 
investigation

When lowering blood pressure, one caveat is the J-curve 
phenomenon. At low diastolic pressures, coronary perfusion is 
endangered as recently shown in the INVEST (International 
Verapamil SR/Trandolapril) study.58 Because of the high fre-
quency of coronary heart disease, it is advisable to not lower 
diastolic pressure to values less than approximately 70 mm Hg.

The single most neglected aspect of antihypertensive treat-
ment is decreasing the dietary salt intake and adequate di-
uretic treatment. The current discussions of which antihyper-
tensive drug reduces progression of renal disease best is 
entirely academic because mostly three to six antihypertensive 
classes are necessary to achieve the target blood pressure.59

Lipid Abnormalities
Two decades ago, Degoulet and colleagues60 made the coun-
terintuitive observation that, in dialysis patients, the lower 
serum cholesterol is, the higher the mortality rate.60 This ob-
servation has since been amply confi rmed and does of course 
not imply that in end-stage renal disease high cholesterol is 
protective. Rather it is explained by so-called reverse causality, 
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that is, confounding the relationship between serum choles-
terol and cardiovascular death by factors such as infl amma-
tion. This interpretation gains credence from the study of Liu 
and colleagues61 that documented that in CKD patients with 
high C-reactive protein low low-density lipoprotein choles-
terol was associated with a high mortality rate, whereas in 
CKD patients with low C-reactive protein, the usual continu-
ous positive relationship between serum cholesterol and car-
diovascular risk was observed.

The contribution of lipids to the elevation of cardiovascular 
risk in renal patients cannot be fully assessed by routine labora-
tory measurements, particularly not by total cholesterol and 
low-density lipoprotein cholesterol. In CKD the typical constel-
lation is low HDL cholesterol and high triglycerides. A number 
of further atherogenic lipid abnormalities are not measured 
routinely,62–64 for example, accumulation of remnants (chylo-
microns, intermediate-density lipoprotein, small dense low-
density lipoprotein); infl ammatory high-density lipoprotein; 
covalent modifi cation of apo-lipoproteins by carbamylation, 
glycation, and oxidation; increased lipoprotein(a).

In view of the strikingly increased cardiovascular risk in 
renal patients,65 the question arises whether statin treatment is 
indicated in CKD patients even when cholesterol values are not 
frankly increased, that is, whether CKD (analogous to diabe-
tes) should be considered a coronary equivalent with a 10-year 
mortality of more than 20%.66 Controlled information on this 
point is currently not available, but post hoc analyses of study 
participants with a decreased estimated GFR in the trials on 
cardiovascular disease showed that statins reduced cardiovas-
cular events in patients with CKD stages 2 and 3.67 There is no 
information available on patients with CKD stage 4.

In patients on dialysis, observational studies had suggested a 
lower mortality rate in patients on statins,68 but in diabetic pa-
tients on hemodialysis, the prospective controlled 4D study 
failed to show signifi cant benefi t for a composite cardiovascular 
endpoint, although a trend of benefi t was seen for adjudicated 
cardiovascular death, nonfatal myocardial infarction, bypass, 
percutaneous transluminal coronary angiography, which was 
less frequent by 18% per 1 mmol/L lower low-density lipopro-
tein cholesterol, exactly what had been seen for coronary death 
in trials on nonrenal patients.69

The prevailing opinion is currently that statin treatment 
should be started early in CKD and not stopped when patients 
go on dialysis, but the data do not justify de novo start of 
statin treatment for primary prevention in dialysis patients 
without clinical evidence of coronary heart disease. It is our 
opinion, however, that dialysis patients with established coro-
nary heart disease should receive statins, although admittedly 
defi nite evidence on this point is currently lacking.

Anemia
In CKD, anemia is mainly the result of reduced plasma eryth-
ropoietin concentration, although additional factors such as 
chronic microinfl ammation, gastrointestinal blood loss, and 
iron defi ciency play a role; in dialysis patients, blood loss 
through the dialysis procedure, blood sampling for laboratory 
investigation, etc. may further contribute. In the past, it was 
thought that anemia usually appears at an estimated GFR of 
approximately 30 mL/min, but more recent studies show that 
anemia may appear much earlier,70 particularly in diabetic 
patients.71 In observational studies, Hb and hematocrit are 

powerful predictors of mortality and adverse events.72 This 
appeared plausible because the circulatory adaptation to ane-
mia is maladaptive, that is, vasodilatation, increased venous 
return, cardiac enlargement, and increased cardiac output.73 It 
had therefore been widely anticipated that correction of ane-
mia including normalization of Hb values was benefi cial.

Undoubtedly, in the past, several small studies suggested 
that correction of severe anemia with Hb 7 to 10 g/dL did not 
improve only the quality of life, but also objective surrogate 
parameters such as LV hypertrophy.74 It was therefore extrapo-
lated that normalization of Hb was a promising goal. For sev-
eral reasons, this concept has recently been questioned. In the 
study of Besarab and colleagues,75 dialysis patients with cardiac 
disease were randomized to erythropoietin treatment with the 
goal of achieving predialytic target hematocrit values of 42% 
versus 30%. The study was prematurely stopped when an ex-
cess of adverse events was seen in the high hematocrit patients. 
This was primarily because of more frequent thromboses of 
the vascular access. In a prospective study of dialysis patients 
with concentric LV hypertrophy or LV dilatation, the changes 
in the cavity volume index were similar in both targets in pa-
tients with LV dilatation, whereas in patients with an initially 
normal LV volume, an inverse relationship was seen between 
the change in the LV volume index and the mean Hb level, 
potentially implying that normalization of Hb was better in 
preventing than in reversing LV dilatation.76 With respect to LV 
hypertrophy no signifi cant effect of full Hb correction was seen 
in nondiabetic incident hemodialysis77 and diabetic patients 
with CKD.78 Furthermore, in the CREATE (Cardiovascular 
Risk Reduction with Early Anemia Treatment with Epoetin 
Beta) study, patients with advanced CKD and anemia were 
randomized to achieve an Hb of 10.5 to 11.5 g/dL and 13 to 
15 g/dL, respectively.79 There was no difference in cardiovascu-
lar outcomes and a suggestive shortening of the time to the 
start of dialysis, but the quality of life was signifi cantly better 
in patients with a higher Hb. More recently, in the CHOIR 
(Correction of Hemoglobin and Outcomes in Renal Insuffi -
ciency) study, increased rates of cardiovascular events were 
observed in the arm with higher target hematocrit values.80 As 
a result, much concern has been raised whether normalizing 
Hb is safe.81 The defi nite answer will have to wait until the re-
sults of the ongoing TREAT (Trial to Reduce Cardiovascular 
Events with Aranesp) study in diabetic patients with CKD, in 
which normalization and incomplete normalization with 
erythropoietin beta are compared, are available.82

At the same time, it appears that current recommendations 
(European Renal Association guidelines) go the middle road 
between the undoubted adverse effects of Hb less than 10g/dL 
on surrogate markers such as LV hypertrophy,74 on the one 
hand, and a potential (although currently not proven) cardio-
vascular risk of normalization of Hb.81 Indeed, theoretically, 
mechanisms are conceivable regarding how renal failure may 
promote adverse effects of Hb normalization: Experimental 
work points to the importance of normal endothelial function 
to prevent adverse effects of erythropoietin and endothelial 
function is frequently disturbed in uremia.83

Calcium Phosphate Metabolism
In the past, the only known adverse effects of hyperparathy-
roidism and abnormal plasma concentrations of calcium and 
phosphate were bone disease and soft-tissue calcifi cation. The 
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treatment target was normalization of the PTH concentration 
by administration of active vitamin D (1,25-dihydroxychole-
calciferol or its congeners) to prevent bone disease and to 
lower plasma phosphate by oral phosphate binders, mainly 
oral calcium carbonate or acetate.

It was recently recognized that both low- and high-
turnover bone disease promote vascular calcifi cation includ-
ing coronary calcifi cation84 and that vascular calcifi cation is 
closely related to adverse cardiovascular events as a result 
of arterial stiffening, increased blood pressure amplitude 
with decreased diastolic blood pressure, decreased coronary 
perfusion, and other factors.85 The targets for treating ab-
normal mineral metabolism have therefore been broadened 
to include reduction of cardiovascular risk. The term CKD–
metabolic bone disease has been coined to emphasize the 
link between metabolic bone disease and cardiovascular 
complications of CKD.86

Hyperparathyroidism has an impact on survival as illus-
trated by improved long-term survival after parathyroidec-
tomy,87,88 but, conversely, low immunoreactive PTH concen-
trations are associated with low bone turnover and increased 
risk of vascular calcifi cation.84

Treatment of elevated immunoreactive PTH includes 
reduction of plasma phosphate, administration of active 
vitamin D (1,25-dihydroxycholecalciferol or its congeners) at 
doses that avoid hypercalcemia and/or hyperphosphatemia, 
the calcium receptor agonist (calcimimetic) cinacalcet,89 and 
parathyroidectomy.90

Improved achievement of treatment targets with cinacalcet 
has been documented,91 but evidence of a positive effect on 
hard endpoints is still lacking.

The rationale for the administration of active vitamin D 
(i.e., 1,25-dihydroxycholecalciferol or its congeners) may go 
beyond the inhibition of elevated immunoreactive PTH con-
centrations. Several observational studies on dialysis patients 
documented better survival of patients given active vitamin 
D, particularly the congener paricalcitol, independent of im-
munoreactive PTH, plasma calcium, and phosphate.92,93 Al-
though prospective controlled evidence is still lacking, an 
explanation for this unexpected fi nding may be the fact that 
active vitamin D inhibits renin secretion in the juxtaglo-
merular apparatus94 and exerts PTH independent effects on 
the heart.94–96

It has been well documented that hyperphosphatemia af-
fects patient survival97 so that currently serum phosphate 
concentrations of 5.5 mg/dL are recommended as a therapeu-
tic target, which is admittedly diffi cult to achieve with current 
dialysis schedules. Even lower serum phosphate values are as-
sociated with a higher risk of cardiovascular events in CKD 
patients98 and even in coronary patients without CKD.99

The recognition that a positive calcium balance facilitates 
vascular calcifi cation, including coronary calcifi cation, has led 
to the introduction of noncalcium-containing phosphate 
binders for the prophylaxis of hyperphosphatemia. Although 
the phosphate binder sevelamer decreased vascular calcifi ca-
tion,100 thus far, despite suggestive trends,101 defi nite evidence 
that it also decreases hard cardiovascular endpoints is absent. 
The latter is also true for lanthanum carbonate.

Currently used phosphate binders include calcium acetate 
or calcium or magnesium carbonate, lanthanum carbonate,102

sevelamer,100 and inhibition of intestinal phosphate absorp-
tion by nicotinamide.103

Finally, it was only recently recognized that patients with 
CKD tend to have low 25(OH) vitamin D3 concentrations,104

which has been shown to be related to a number of functions 
unrelated to mineral metabolism, for example, impaired infec-
tion control (specifi cally tuberculosis), impaired insulin secre-
tion and insulin sensitivity, and altered immune response. It 
has therefore been recommended to normalize 25(OH)D con-
centrations by administration of native vitamin D3 (or D2) to 
achieve a target 25-dihydroxyvitamin D of 30 ng/mL.

Dialysis Modality
Uremia is a state of intoxication by retention not only of urea, 
but also the number of more or less hypothetical low molecu-
lar weight, water-soluble substances, which are not very ef-
fectively removed with current dialysis strategies.105 There has 
been much recent interest in strategies to modify the dialysis 
procedure.

On the one hand, the relative value of removal of urea 
(Kt/V) versus hypothetical higher molecular weight sub-
stances was assessed in the HEMO (Hemodialysis) Study, 
which failed to provide a clear-cut result,106 although the 
currently unpublished results of the European MPO (Mem-
brane Permeability Outcomes) trial show that high-fl ux 
membranes improve hard endpoints in dialysis patients.

Even more spectacular are observations on dialysis proce-
dures other than the routinely used 3 � 3 to 3 � 5-hours 
per week schedule, for example, daily short-term dialysis 
(2–3 hours), on the one hand28,107 and daily nighttime dialy-
sis.29 Such modifi ed schedules reduced hypertension and 
permitted reduction or omission of antihypertensive agents, 
facilitated phosphate removal, improved anemia, and de-
creased or eliminated the use of erythropoietin, improved 
sleep and sleep apnea syndrome as well as many other facets 
of the uremic syndrome. Ongoing controlled trials will pro-
vide information on the true real-life value of these alternative 
procedures.

CORONARY ARTERY DISEASE

Coronary artery disease is extremely common in the popula-
tion of uremic patients. Its morphology differs from that of 
nonuremic individuals by the high prevalence of calcifi ca-
tion108 and higher degree of infl ammatory changes and intra-
plaque hemorrhage.109 Myocardial infarction accounts for 
approximately 9% of deaths of patients on dialysis, which, as 
a percentage of total death, appears low, but compared with 
absolute rates in the general population, it is high. The prog-
nosis of myocardial infarction in dialysis patients is abys-
mal.110 Observational studies suggest, despite higher periop-
erative risk, superior long-term survival with coronary artery 
bypass graft compared with percutaneous transluminal an-
gioplasty with stent placement.111 It is important that even 
minor reductions in renal function accelerate atherogenesis in 
experimental models112 and that in observational studies, the 
risk of coronary heart disease increases progressively with 
decreasing GFR.113 Unfortunately, patients with CKD tend to 
be undertreated with respect to interventions such as aspirin, 
�-blockers, and statins, although undertreatment alone does 
not fully account for the more adverse prognosis of coronary 
heart disease in CKD patients.
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In patients with end-stage renal disease, the symptomatol-
ogy of CHD is frequently atypical (dyspnea without precor-
dial pain) and the exercise electrocardiogram usually cannot 
be performed because of muscular weakness. The best option 
is to perform coronarography if there is a high suspicion of 
coronary heart disease (particularly before renal transplanta-
tion) and if intervention by percutaneous transluminal angio-
plasty or bypass surgery is possible.

SUDDEN DEATH

Sudden death is the most common modality of death in dialy-
sis patients.114 In contrast to the general population, it occurs 
most frequently at night (patients are found dead in bed). 
Pathogenetic factors include myocardial fi brosis, repolariza-
tion disturbances, electrolyte changes, and possibly medica-
tion-induced QT prolongation. There is no documented pro-
phylaxis, but medications causing QT prolongation should be 
avoided.115 Although there is no formal proof, �-blockers are 
apparently helpful.114

HEART FAILURE

Heart failure is common in dialysis patients and is found in as 
many as 50% of patients if sophisticated techniques are used. 
Structural heart disease is common (aortic and mitral valve 
calcifi cation/stenosis, coronary heart disease, cardiac hyper-
trophy and fi brosis, cardiac underperfusion because of mi-
crovessel disease). The role of endogenous cardiotonic digital-
oids in the genesis of hypertension and organ damage of 
uremia had been postulated by Ahmad and colleagues116 and 
was recently documented in the genesis of uremic cardiomy-
opathy by Kennedy and colleagues.44

A major correctable factor is overhydration by volume 
control (see earlier). Impressive results have been obtained by 
the prophylactic administration of �-blockers,46 particularly 
carvedilol in trials involving a limited number of patients.
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Treatment of Erectile Dysfunction 
in Chronic Kidney Disease
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Chapter 71

783

In men with chronic kidney disease (CKD), quality of life is 
signifi cantly affected by erectile dysfunction (ED).1 The cause 
is often multifactorial. Uremia, medications, associated co-
morbid conditions, physiologic changes with dialysis, and the 
causative pathophysiology leading to the patient’s CKD should 
be considered before initiating treatment (Box 71-1).

INCIDENCE

Is the incidence of ED greater than in normal men? Masters 
and Johnson2 reported that the incidence of ED in normal 
men younger than the age of 50 years was less than 5%. The 
Massachusetts Male Aging Study reported that 5% of men at 
age 40 years have complete ED; and this increases to 50% 
among men aged 70.3 Rodger and colleagues4 reported on 100 
uremic men with a signifi cantly higher prevalence. In a cur-
rent study, Rosas and colleagues5 found that 82% of patients 
on hemodialysis had ED. ED was much more prevalent in the 
dialysis patients older than 50 years (63% in those younger 
than 50 compared with 90% in those older than 50).

Karacan6 observed that rapid eye movement sleep was as-
sociated with penile tumescence, using a nocturnal penile tu-
mescence (NPT) monitor. If psychological factors predomi-
nate, the NPT results should not be affected. Thus, these 
studies showed that organic disturbances or pharmacologic 

alteration of physiology correlated with altered NPT and im-
potence. Karacan reported that 50% of patients on hemodi-
alysis had abnormal NPT.

CAUSES OF ERECTILE DYSFUNCTION 
IN CHRONIC KIDNEY DISEASE: 
AN OVERVIEW

Physiologic factors in the evaluation of ED include alterations 
in venous and arterial fl ow patterns, altered smooth muscle 
tone, hormonal aberrations, neurogenic abnormalities, and 
structural damage secondary to infection, trauma, or associ-
ated diseases. In addition, chronic fatigue, depression, and 
psychosocial stress may result from chronic indolent illnesses 
that can contribute as psychological components of ED.7

PHYSIOLOGIC ALTERATIONS 
IN CHRONIC KIDNEY DISEASE 
PREDISPOSING TO ERECTILE 
DYSFUNCTION

In evaluation of a patient with CKD who presents with erectile 
problems, several physiologic processes must be considered: 
endocrine abnormalities, neurological compromise, vascular 
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elimination, with maintained testicular hormone-binding 
capacity. Not all patients, however, have abnormal serum 
testosterone levels. Thus patients with CKD are likely to have 
a defi ciency in hormone production and secretion as the 
primary mechanism for their hypogonadism, as well as an 
element of end-organ failure. Interestingly, giving exogenous 
testosterone to CKD patients with diminished levels of cir-
culating testosterone does not improve erectile function or 
fertility.9

Men with CKD have abnormal secretion of luteinizing 
hormone, follicle-stimulating hormone, and prolactin. Lu-
teinizing hormone levels are generally increased in response 
to low testosterone levels and because of a decrease in the 
metabolic clearance of luteinizing hormone.10 Follicle-
stimulating hormone is also elevated in those men with 
suboptimal spermatogenesis. The increase in serum lutein-
izing hormone and follicle-stimulating hormone correlates 
well with the pituitary response to hypothalamic stimulation 
by gonadotropin-releasing hormone, which is preserved in 
the CKD patient. Thus, if the luteinizing hormone response 
to low testosterone levels is inadequate, a pituitary abnor-
mality may be present.

The frequently elevated prolactin levels in men with CKD 
may cause sexual dysfunction. Medications that induce hyper-
prolactinemia include methyldopa, digoxin, cimetidine, and 
metoclopramide. Patients with hyperprolactinemia often have 
ED. Once the hyperprolactinemia is treated, erectile function 
improves, as does fertility.

Diabetes mellitus is a common cause of ED. The auto-
nomic and sensory neuropathic dysfunction resulting in ED is 
not amenable to medical therapy. This is especially diffi cult 
for the young patient who has adequate vascular and venous 
function but insuffi cient neurological ability to produce a suf-
fi cient erectile response.10

Secondary hyperparathyroidism is a common manifesta-
tion of CKD. Massry and associates11 suggested in 1977 that 
the excess blood levels of parathyroid hormone in uremic 
patients might contribute, at least partly, to the disturbance in 
hormones of the hypothalamic-pituitary-gonadal axis and in 
the genesis of the impotence of uremia.

NEUROGENIC ALTERATIONS

In the fl accid state and during detumescence, sympathetic 
neural activity predominates. Norepinephrine activates post-
synaptic �1a, �1b, and �1b receptors, and its activity is modu-
lated by presynaptic �2 receptors (Fig. 71-1).12 Erections are 
mediated through the parasympathetic system via acetylcho-
line. Activation of muscarinic receptors liberates nitric oxide, 
which relaxes smooth muscle and causes erection. There are 
also nonadrenergic, noncholinergic neurons that release nitric 
oxide (Fig. 71-2). Nitric oxide increases cyclic guanosine mo-
nophosphate production, which relaxes cavernous smooth 
muscle.13

In studies of 12 CKD patients with ED, an abnormal 
Valsalva maneuver correlated with abnormal NPT and dimin-
ished ability to achieve erections suitable for intercourse.14

Peripheral neuropathy in CKD is frequent. Evaluation of pa-
tients with suspected neurogenic causes of impotency must 
rely on clinical judgment.14

Anatomic (Trauma, Pelvic Surgery, Renal Transplant, 
Vasculitis, Penile Surgery, Arteriovenous Malformations)
Structural
Tunica albuginea
Corpora cavernosa
Corpora spongiosum/glans penis

Vascular
Arterial compromise
Veno-occlusive dysfunction

Neurological
Autonomic innervation
Somatic innervation

Physiologic
Endocrine
Abnormal testosterone metabolism and excretion
Stimulation of pituitary function
Elevated prolactin
Elevated parathyroid hormone
Diabetes mellitus

Neurogenic
Autonomic dysfunction
Supratentorial lesions (tumor, Alzheimer’s disease, Parkin-

son’s disease, trauma)
Infratentorial lesions

Suprasacral
Sacral

Peripheral somatic nervous system deterioration

Vascular
Arterial blood fl ow obstruction
Venous occlusive incompetence

Other
Pharmacologic causes
Hypoxia
Comorbid disease states (hypertension, diabetes mellitus, 

smoking, anemia, Paget’s disease, Dupuytren’s con-
tracture, liver failure)

Pelvic radiation
Peyronie’s disease
Psychosocial concerns

Box 71-1 Causes of Erectile Dysfunction in Men with Chronic 
Renal Failure

insuffi ciency, venous incompetence, pharmacologic manipula-
tions, psychological disturbances, and associated chronic dis-
eases (such as hypertension, diabetes mellitus, anemia, and 
electrolyte abnormalities).

ENDOCRINE ABNORMALITIES

CKD leads to abnormal hormonal balances throughout the 
hypothalamic-pituitary-gonadal axis. Semen quality is also 
affected and correlates with decreased testosterone levels.8

The decrease in serum testosterone results from increased 
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VASCULAR COMPROMISE

Sexual stimulation releases nitric oxide, which relaxes smooth 
muscle and dilates the arterioles, thus increasing blood fl ow. 
Blood trapped in the expanding sinusoids compresses the ve-
nous system, increasing the pressure within the cavernosal 
bodies to approximately 100 mm Hg. Contraction of the is-
chiocavernosus muscle further increases pressure in the penis 
leading to a rigid erection.

Acceleration of atherosclerosis leads to vasculogenic ED by 
occluding large vessels and their arterial tributaries. Therefore, 
regardless of age, vasculogenic ED occurs even in younger 

men with CKD. Kaufman and colleagues15 reported that 78% 
of impotent CKD patients had signifi cant occlusive disease of 
the cavernosal artery.

Techniques to identify venous outfl ow abnormalities in ED 
include dynamic infusion studies, pharmacocavernosometry, 
and pharmacocavernosography.16 In a series by Kaufman and 
colleagues,15 90% of CKD patients had venous occlusive 
incompetence.

MEDICINAL AGENTS IMPLICATED 
IN ERECTILE DYSFUNCTION

Medications frequently associated with ED are listed in Box 
71-2. Reductions in libido are seen with centrally acting 
agents like clonidine and reserpine, as well as drugs that 
increase prolactin levels. ED has been associated with virtu-
ally all antihypertensive agents. Calcium channel blockers, 
angiotensin-converting enzyme inhibitors, angiotensin re-
ceptor blockers, and �-adrenergic antagonists are least likely 
to cause iatrogenic ED. Conversely, �-blockers, sympatho-
lytics, and vasodilators are strongly associated.17 These 
drugs, if causing ED, may be changed to �-adrenergic 
blocking agents such as terazosin, prazosin, or doxazosin, or 
angiotensin-converting enzyme inhibitors and calcium 
channel blockers.

ANEMIA AND DIMINISHED OXYGEN 
DELIVERY

Low partial pressure of oxygen (Po2) causes impotency by 
impairing cavernosal nitric oxide synthesis. Kim and col-
leagues13 found decreased nitric oxide synthesis and elevated 

α2-Receptor

α1-Blockers
• Intracavernosal
• Oral
inhibit norepinephine-
induced cavernosal 
smooth muscle 
contraction

SNS stimulation

↑ Norepinephrine

α1-Receptor on 
cavernosal smooth 

muscle cell

Contraction

Detumescence

−

−

Figure 71-1 Sympathetic nervous system (SNS) effect on 
cavernosal smooth muscle.

+

+−

ACh release

GTP

GMP

PDE5

Sildenafil
prevents cGMP 
degradation by 
inhibiting PDE5

Sexual stimulation

NO release

↑ cGMP

Decreased free 
intracellular calcium

Smooth muscle relaxation

Penile erection

NANC neurons

Guanylate cyclase

↑ cAMP

Prostaglandin E1

Figure 71-2 Nitric oxide (NO)–
related neurogenic alterations. The 
primary pathway is cyclic guano-
sine monophosphate (cGMP) 
mediated, whereas cyclic adenos-
ine monophosphate (cAMP) acts 
secondarily. Both decrease 
intracellular calcium, thus causing 
relaxation of smooth muscle. ACh, 
acetylcholine; GTP, guanosine 
triphosphate; NANC, nonadrener-
gic, noncholinergic; PDE5, phos-
phodiesterase-5.
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smooth muscle tone in patients with low Po2 at the corpora 
cavernosa. Luscher and colleagues18 found increased endo-
thelium-derived contracting factors, which could further 
increase smooth muscle tone and inhibit erection. Finally, 
metabolites that inhibit nitric oxide synthase accumulation 
of CKD patients possibly contribute to ED.

EVALUATION OF ERECTILE 
DYSFUNCTION IN MEN WITH 
CHRONIC KIDNEY DISEASE

ED in men with CKD should proceed systematically as out-
lined in Box 71-3. The use of NPT monitors can identify 
patients with a true organic cause of their ED whose vascular 
problems are suggested. Doppler screening studies, pharma-
cocavernosometry, pharmacocavernosography, dynamic in-
fusion studies, and color Doppler response studies may be 
helpful. Finally, hormonal studies, including testosterone, 
luteinizing hormone, follicle-stimulating hormone, and pro-
lactin, should be obtained. These may be supplemented by 
serum glucose, hemoglobin A1C, lipid profi le, and thyroid 
function studies.

TREATMENT OPTIONS

Treatment options for ED are reviewed in Box 71-4.

Antihypertensive Agents
Sympatholytics
Methyldopa
Clonidine
Reserpine
Guanethidine

�-Adrenergic Antagonists
Propranolol
Pindolol
Atenolol
Metoprolol
Labetalol

Vasodilators
Hydralazine

Diuretics
Thiazides
Spironolactone

Other Agents
Cimetidine
Digoxin
Clofi brate
Metoclopramide

Antidepressants
Tricyclics
Serotonin reuptake inhibitors

Box 71-2 Medications Associated with Sexual Dysfunction

Physical examination
General examination

Genitourinary examination: testicles, scrotum, phallus, 
meatus, prepuce, and glans

Digital rectal examination
Neurological examination: S2 to S4 sensation, bulbo-

cavernosus refl ex, anal wink, anal tone, and peno-
scrotal sensation

Laboratory evaluation to assess general and specifi c 
causes of erectile dysfunction
Serum testosterone
Luteinizing hormone
Follicle-stimulating hormone
Prolactin
Complete blood count
Serum glucose or hemoglobin A1C and baseline 

electrolytes
Lipid profi le
White men older than 50 years and black men 

younger than 40 years should have a prostate-
specifi c antigen test

Further referral to a urologist if considering:
Doppler screening studies
Color Doppler ultrasonography for fl ow
Pharmacocavernosography
Pharmacocavernosometry
Dynamic infusion studies
Nocturnal penile tumescence studies
Biothesiometry
Injection therapy
Surgical therapy

Box 71-3 Evaluation of Erectile Dysfunction in Men with 
Chronic Kidney Disease

Medical Management of Erectile 
Dysfunction
Hormone Regulation

Patients who have low testosterone levels may respond to re-
placement therapy, which normally improves libido without a 
signifi cant impact on potency or fertility. Data on the effects of 
testosterone replacement in end-stage renal disease are scant. 
There have been several small studies suggesting that testoster-
one therapy does not improve erectile function in the majority 
of hemodialysis patients for which it was prescribed.19–21 Effec-
tive replacements include injectable preparations, transdermal 
delivery systems, or sustained-release products. However, 100 
to 200 mg of testosterone weekly by injection produces only 
small and variable responses in erectile function.22

Clomiphene citrate, which is a partial agonist of the estrogen 
receptor, increases secretion of gonadotropins and increases 
plasma testosterone in CKD. One study that found increased 
testosterone levels from the hypogonadal range to the high end 
of normal range in fi ve uremic men using clomiphene citrate 
reported uniform increases in libido and sexual function.23

If hyperprolactinemia is found, chromophobic tumors of 
the anterior pituitary must be excluded because men may 
present with ED or decreased libido. Methyldopa and reser-
pine interfere with dopamine secretion and therefore lead to 

Ch71_783-790-X5484.indd 786Ch71_783-790-X5484.indd   786 6/18/08 3:17:57 PM6/18/08   3:17:57 PM



787 Treatment of Erectile Dysfunction in Chronic Kidney Disease

smooth muscle in the corpus cavernosum.29 All three drugs in 
this class have similar pharmacokinetic and pharmacody-
namic profi les, and each is effective for patients with ED of all 
ages, severities, and causes.

In patients with CKD, sildenafi l has the longest patient 
experience and the most robust data confi rming its activity, 
safety, and tolerability. The best results in the initial human 
trials were obtained with 100 mg of sildenafi l; however, as 
many as 24% of men responded effectively on the 50-mg dose 
schedule. Also signifi cant was the increase in frequency of in-
tercourse, with those receiving sildenafi l making on average 
5.9 successful attempts per month compared with 1.5 in those 
receiving placebo.30 Sildenafi l studies in patients on dialysis 
show a good response rate (66.7%–80%). The majority of 
sildenafi l responders had success with the 50-mg tablets.31,32

Sildenafi l has been shown to be effective in patients with 
diffi cult-to-treat ED and the Sildenafi l Diabetes Study Group33

showed that 56% of men with ED and diabetes mellitus who 
received sildenafi l (25–100 mg) treatment for 12 weeks re-
ported improved erections, in contrast to 10% of patients re-
ceiving placebo (P � .001).

Sildenafi l given to transplant recipients does not perturb 
plasma levels and has a 60% satisfactory response rate.34 The 
most commonly reported side effects are headache (16%), 
fl ushing (10%), and dyspepsia (7%).35 Hypotensive side ef-
fects occur particularly with concomitant nitrate administra-
tion. It is unclear how long the patient must wait until nitrates 
can be safely administered. Sildenafi l decreases systolic and 
diastolic blood pressures by 10 and 7 mm Hg, respectively. 
Nitrate use leads to a synergistic increase in cyclic guanosine 
monophosphate levels, which can cause excessive hypotension 
and occasionally ischemic cardiac events or strokes.28 Sildena-
fi l can be safely administered in CKD if there is no serious 
cardiac disease. Sildenafi l is primarily metabolized in the liver, 
but there is some renal excretion; lower doses are recom-
mended initially (25 mg) in CKD patients.

In vitro studies have shown that the potency of vardenafi l in 
inhibiting PDE-5 purifi ed from the human corpus cavernosum 
tissue was approximately 25 times greater than that of sildenafi l 
and 48 times greater than that of tadalafi l.36 In a study by Hell-
strom and colleagues,37 many patients returned to normal 
erectile function after treatment with vardenafi l. For example, 
89% of patients with mild ED at baseline return to normal 
function after treatment with 10 mg of vardenafi l. Forty percent 
of patients with severe ED at baseline returned to normal func-
tion after treatment with 20 mg of vardenafi l, compared with 
only 4% who received placebo. There is limited evidence that a 
small percentage of sildenafi l nonresponders can be salvaged 
with vardenafi l.38 A starting dose of 5 mg of vardenafi l should 
be used in men with severe renal impairment.39

Recent double-blind, placebo-controlled, multicenter trials 
have assessed the effi cacy and safety of tadalafi l in the treat-
ment of ED. Signifi cant improvements from baseline in the 
International Index of Erectile Function erectile frequency 
domain score, successful penetration attempts, successful in-
tercourse, and overall satisfaction compared with placebo 
have been reported with an on-demand schedule of the 
drug.40–42 Tadalafi l has a terminal half-life of 17.5 hours, 
which is consistent with a broad window of clinical respon-
siveness.42,43 Tadalafi l enhances erectile frequency in men with 
ED for as long as 36 hours. Thus, tadalafi l may be associated 
with less planning or pressure to have sexual intercourse after 

Medical
Medications

Hormone replacement therapy
Oral medications to improve arterial fl ow
Intracavernosal injection therapy
Transurethral therapy
Dopaminergic agonists
Erythropoietin

Devices
Vacuum constriction device
Constriction bands

Surgical
Revascularization techniques
Penile prosthetic devices

Psychiatric
Posttransplantation

Other Issues
Adjust medications where appropriate
Control comorbid disease states
Evaluate for psychosocial stresses
Discuss expectations with patient
Routinely evaluate effi cacy of therapy and patient 

satisfaction
Realize the changing patterns of erectile dysfunction and 

need to change therapy or modality
Consider early referral to a urologist

Box 71-4 Treatment Options in Men with Chronic Kidney 
Disease and Impotence

hyperprolactinemia. If these causes are excluded, dopaminer-
gic agonists may be of benefi t.24,25 Bromocriptine (1.25–5.0 
mg/day) and lisuride hydrogen maleate (0.05–0.2 mg/day) 
decrease prolactin and increase testosterone. Bromocriptine 
can induce hypotension, nausea, vertigo, and dizziness, side 
effects that are intolerable to many patients. These side effects 
are less prominent with lisuride hydrogen maleate.

For patients with symptomatic secondary hyperparathyroid-
ism, it was recently found that sexual function of male patients 
can be improved by parathyroidectomy and autotransplanta-
tion. The report also demonstrated a decrease in the levels of 
prolactin in association with decreasing levels of calcium, phos-
phorus, and immunoreactive parathyroid hormone.26

Phosphodiesterase Inhibitors

Since 1998, the U.S. Food and Drug Administration has ap-
proved three selective type 5-phosphodiesterase inhibitors 
(PDE-5Is): sildenafi l (Viagra, Pfi zer), tadalafi l (Cialis, Lilly), 
and vardenafi l (Levitra, Bayer). Each of the three PDE-5I reg-
istration programs involved more than 2000 patients. In the 
United States, sildenafi l was approved in 1998 and both varde-
nafi l and tadalafi l were approved in 2003.

Erectile function depends on the neuronal pathways (non-
adrenergic, noncholinergic neurons) and release of nitric ox-
ide.27,28 PDE-5Is inhibit the breakdown of cyclic guanosine 
monophosphate, thereby allowing continued relaxation of 
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dosing. Unlike sildenafi l and vardenafi l, meal intake has no 
effect on the absorption of tadalafi l.

The cytochrome P-450 system is the chief metabolic path-
way for sildenafi l, vardenafi l, and tadalafi l. All three agents are 
substrates for the cytochrome P-450 pathway P3A4, and con-
comitant administration of P3A4 inhibitors such as ritonavir, 
indinavir, ketoconazole, and erythromycin can increase plasma 
levels of the PDE-5Is.44–46 Because these drugs potentiate the 
vasodilator/hypotensive effects of nitric oxide, treatment with 
any PDE-5I is contraindicated in patients taking organic ni-
trates.44–46 According to United States prescribing informa-
tion, coadministration of �-blockers with sildenafi l, vardena-
fi l, and tadalafi l is listed as a precaution.44–46 None of the three 
agents are dangerously associated with prolongation of the 
corrected QT interval on the electrocardiogram.

The recent advent of vardenafi l, which has the highest in 
vitro potency of all available PDE-5Is, and tadalafi l, which has 
a prolonged half-life that may enable couples to have sexual 
activity with less planning, represent further advances. How-
ever, although there are clear pharmacokinetic differences 
among these agents, the data on preference trials, head-
to-head clinical trials, and selection trials are few.47

Intracavernosal Injection Therapy

Alprostadil (Caverject, Edex), an exogenous form of prostaglan-
din E1, administered by intracavernosal injection is the only ap-
proved agent. Alprostadil causes smooth muscle relaxation, va-
sodilation, and inhibition of platelet aggregation. Approximately 
96% of alprostadil is locally metabolized within 60 minutes. No 
change in peripheral blood levels occurs because of extensive 
pulmonary metabolism.48 Linet and Neff 49 concluded that al-
prostadil produced full erections in 70% to 80% of patients. 
Side effects include pain (17%), hematoma or ecchymosis 
(1.5%), and priapism or prolonged erection (1.3%).

Other agents used alone or in combination with prostaglan-
din E1 include papaverine and phentolamine mesylate (Regi-
tine, CIBA Pharmaceuticals). Papaverine inhibits phosphodies-
terase, leading to increases in cyclic adenosine monophosphate, 
elevated nitric oxide, and eventual relaxation of cavernosal 
smooth muscle and arterial dilation. Kapoor and colleagues50

reported on the use of papaverine in men with spinal cord in-
juries, who obtained satisfactory erections capable of successful 
penetration in 98%. Papaverine, however, causes priapism and 
fi brosis in as many as 35% and 33% of men, respectively, with 
an increased incidence in young and neurogenic patients.51

Phentolamine mesylate is a competitive nonselective �-
adrenergic receptor antagonist. It has been used in combina-
tion with papaverine to increase blood fl ow. Side effects in-
clude hypotension, refl ex tachycardia, and nasal congestion.

These agents can be used successfully in CKD patients with 
vascular compromise, diabetic microangiopathy, moderate 
atherosclerosis, and partial arterial dysphasia, although higher 
doses may be necessary. Patients with venous occlusive disease 
may also benefi t from increased engorgement of the corpora, 
leading to increased compression of the tunica albuginea and 
therefore occlusion of the emissary veins. It is interesting to 
note that patients with neurogenic and hormonal causes also 
do well with this therapy (as do older patients), without in-
creased side effects. Long-term use of these injection therapies 
is effective, with few complications in transplant recipients.52

No major complications on transplanted kidneys have been 
noted. The only contraindications to therapy are sickle cell 

anemia, severe psychiatric disorders, severe venous incompe-
tence, and severe systemic disease.

Transurethral Suppositories

The transurethral delivery system, medicated urethral system 
for erection (MUSE), allows for delivery of alprostadril to the 
corpora by direct venous communication.53 The mechanism of 
action of alprostadil has been discussed earlier. Success has 
been variable.

Erythropoietin, Anemia, and Erectile Dysfunction

The treatment of anemia with recombinant human erythropoi-
etin in men with CKD improves sexual performance and ele-
vates levels of follicle-stimulating hormone and testosterone.54

Devices
Vacuum Constriction Devices and Constriction Bands

Vacuum constriction devices work by engorging the penis with 
blood by negative pressure. A constriction band is placed at the 
base of the penis for no longer than 30 minutes to avoid injury. 
These devices have local side effects such as pain from the con-
striction band, entrapment of ejaculation by the constriction 
band, cold and dusky penis, numbness of the penis, and local 
irritation. Many men use these devices, but they can be diffi cult 
for men with a short penis or an extensive suprapubic fat pad. 
In those who need pharmacologic manipulation for an ade-
quate erection but who have evidence of venous incompetence, 
a constriction band alone may be used to sustain rigidity of the 
penis that is suitable for intercourse.

Surgical Treatment of Erectile Dysfunction
Vascular Procedures for Erectile Dysfunction

As most patients with renal failure have small-vessel disease, 
the use of revascularization techniques and venous occlusive 
surgery is not commonly employed. These judgments are best 
left to the urologist.

Penile Prostheses

Implantation of a penile prosthesis is safe and usually successful, 
with low morbidity. Renal transplant recipients commonly ben-
efi t from the device.55 Such procedures should be performed 
after renal transplantation, if possible, because many men have 
improved sexual function, fertility, and potency after transplan-
tation surgery. In immunocompromised patients, the risks of 
implanting an artifi cial device include prosthetic infection.56

Cuellar and Sklar57 examined their own cohort of 46 patients 
who had undergone pelvic organ transplantation before place-
ment of a penile prosthesis. The risk of infection after insertion 
of penile prostheses in patients with a pelvic organ transplant 
was similar to that in nontransplant patients.

IMPROVEMENT IN ERECTILE 
DYSFUNCTION AFTER RENAL 
TRANSPLANTATION

After renal transplantation, patients report improved erectile 
function and libido. Testosterone levels return to normal 
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within 2 to 3 months, as do luteinizing hormone, follicle-
stimulating hormone, and prolactin. Sperm counts normalize 
in 9 to 16 months. Patients who receive human chorionic go-
nadotropin stimulation show improved responses with higher 
testosterone levels. Salvatierra and colleagues58 found pre-
transplantation potency to be 22% while on dialysis; however, 
after renal transplantation, 84% of men resumed levels of 
potency comparable with those of a time before the onset of 
uremia. Posttransplantation psychological disturbances, ex-
cept for anxiety, appear to diminish.

Although data are limited, studies evaluating commonly 
used immunosuppressive agents such as cyclosporine, azathio-
prine, tacrolimus, and prednisone suggest that these agents do 
not have signifi cant effects on the sex hormone profi les of renal 
transplant patients.59–62 Sirolimus, a new immunosuppressive, 
has been found to lower total testosterone and increase lutein-
izing hormone and follicle-stimulating hormone in renal 
transplant recipients; however, this has not proven to result in 
a change in sexual function.63

It is important to remember that a signifi cant proportion 
of men after transplantation will continue to have ED despite 
normalization of hormone values and improved physiology.64

Many of these patients suffer from vasculogenic ED. These 
patients should be evaluated in a way similar to that for pre-
transplant recipients; treatment plans should be generated for 
their specifi c needs.

CONCLUSIONS

ED includes a vast array of organic, anatomic and psycho-
social elements, which make evaluation and treatment 
complex. However, a practitioner who observes a good his-
tory, physical examination, and laboratory evaluation can 
provide a great service to the quality of life of his or her 
patient with CKD. The physician must address the topic 
and make the patient feel comfortable with his changing 
physiology and anatomy. Renal transplantation has the 
potential to normalize hormone profiles and subdue some 
of the physiologic changes, although it may not solve the 
problem in men because of associated comorbid condi-
tions. Psychological, medical, and surgical therapies can be 
highly effective in correctly evaluated patients. A multidis-
ciplinary approach to care should be employed that in-
volves the primary care physician, a nephrologist, urologist, 
psychiatrist, and psychologist.
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Patients with chronic kidney disease (CKD) have a greater 
incidence of sleep-disordered breathing than the general pop-
ulation. Sleep-related disorders in this population can include 
insomnia,1 nocturnal myoclonus, obstructive sleep apnea 
(OSA), and restless legs syndrome. A high prevalence of un-
treated sleep disorders results in diminished quality of life 
secondary to symptoms including but not limited to irritabil-
ity, excessive snoring, daytime somnolence, and decreased 
concentration. Studies on the relationship between poor sleep 
quality and renal dysfunction have suggested a high correla-
tion between the two, although the precise pathophysiologic 
relationship remains to be elucidated.2

We focus on OSA with special attention to (1) some of the 
available effective treatments, (2) benefi ts of treatment in im-
proving quality-of-life issues associated with OSA, and (3) the 
association between OSA and common comorbid conditions 
in CKD, in particular, hypertension and cardiovascular dis-
ease.3,4 Unfortunately, identifying patients with CKD and OSA 
may be made more diffi cult due to the overlap in symptoms 
between OSA and uremia. However, recognition of these 
symptoms and their underlying cause can afford patients the 
benefi t of symptom-improving treatment. It can also have 
benefi cial therapeutic implications related to other comor-
bidities.

SLEEP APNEA

Sleep apnea may be separated into central sleep apnea and 
OSA, although overlap between the two often exists. The sever-
ity of the OSA syndrome is defi ned by the number of apneic or 
hypopneic episodes per hour during sleep as well as the pres-
ence of symptoms. Apnea is defi ned as more than 10 seconds 
without airfl ow plus associated desaturation or arousal from 
sleep. Hypopnea is defi ned by a more than 50% reduction in 
airfl ow over the same period of time. The presence and severity 

of OSA may be partly defi ned by the apnea-hypopnea index 
(AHI) or by the number of apneic or hypopneic episodes per 
hour of sleep. When the AHI is greater than 15, patients are 
considered to have moderate to severe sleep apnea. However, 
even when the AHI is 15 or more and there is associated day-
time sleepiness, OSA can be pathologic. The AHI may point 
toward a diagnosis of sleep apnea but not whether the cause is 
primarily central or due to obstruction to air fl ow.

PREVALENCE AND DIAGNOSIS 
OF OBSTRUCTIVE SLEEP APNEA

It is estimated that as many as one in four Americans may be 
at risk of OSA.5 In CKD patients, the prevalence ranges from 
16.4%6 to 66%.7 However, most reports have concentrated on 
patients treated by hemodialysis so the prevalence may be less 
in CKD patients who are not being treated with dialysis. A re-
cent study of dialysis-independent patients concluded that 
patients with more severe renal dysfunction had higher AHI 
values.8 Other studies have suggested that the quality of sleep 
as assessed by a survey is most diminished in the early stages of 
renal dysfunction and that there is no correlation with the se-
verity of renal dysfunction.2 There does appear to be a strong 
association between OSA and CKD, even based on the lowest 
estimate of the prevalence of OSA. Given the association and 
the potential for effective treatment, OSA evaluation of pa-
tients with renal dysfunction is warranted. This may be achieved 
by asking questions about sleep habits (snoring or apneas 
noted by the patient or the patient’s bed partner), the quality 
of sleep (is the patient refreshed after a night’s sleep), and day-
time symptoms (daytime somnolence, irritability, decreased 
concentration, frequent falling asleep during performance of 
activities). Another means of identifying CKD patients who 
may have concomitant OSA is by observation during dialysis. 
Witnessed episodes of snoring or apnea/hypopnea or frequent 
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or prompt falling asleep during dialysis should raise suspicions 
about undiagnosed OSA.

In patients who have signs suggestive of OSA, the initial 
screening may be achieved via overnight pulse oximetry to re-
cord the magnitude and number of periods of oxygen desatu-
ration. Obstructive patterns with nocturnal desaturation are 
usually associated with sawtooth patterns in the oxygen satura-
tion tracing. However, the actual diagnosis of OSA is best 
achieved via polysomnography, during which oxygen satura-
tion, heart rate (electrocardiogram), and sleep stages by an 
electroencephalogram in addition to limb movements, changes 
in body position, airfl ow, and respiratory effort are monitored. 
Use of polysomnography helps to determine, fi rst, the presence 
of sleep apnea, second, whether it is of central or obstructive 
origin, and, third, the type and effi cacy of treatment.

PATHOPHYSIOLOGY

Patients with CKD and OSA do not necessarily follow the 
typical profi le of OSA. For example, end-stage renal disease 
patients with OSA are not consistently obese.7,9 This fi nding 
suggests that there may be other mechanisms at play in the 
evolution of OSA.10,11 In addition to obesity, sleep apnea and 
other sleep disturbances may result from a combination of 
uremia, metabolic derangements, hematologic abnormalities, 
neuropathies, and fl uid imbalances.

Uremia
Uremia may cause symptoms similar to those of sleep apnea, 
including somnolence, decreased ability to concentrate, and 
confusion. Uremia may also affect the central respiratory drive 
as well as airway muscle tone.10,12,13 A possible role for uremia in 
OSA is supported by one recent study that suggests that the AHI 
score correlates with the urea concentration in diabetic and 
nondiabetic CKD patients who are not by treated by dialysis.8

Metabolic Derangements
CKD is associated with the development of chronic metabolic 
acidosis. Metabolic acidosis can affect the chemorefl ex drive, 
which in turn affects respiratory drive. For this reason, chronic 
metabolic acidosis can lead to a decreased apneic threshold re-
sulting in worsening frequency or number of apneic episodes.

Hematologic Abnormalities
In CKD and end-state renal disease patients with anemia, full 
correction of the anemia with erythropoietin is associated 
with improvement in arousals from sleep, sleep fragmenta-
tion, and daytime alertness.14 This suggests that treatment of 
the underlying anemia may improve quality of life secondary 
to sleep disturbances in these patients.

Neuropathies
Neuropathies can occur in CKD secondary to the underlying 
cause of the renal failure (e.g., diabetes) or to metabolic de-
rangements. Neuropathy can affect the normal neurologic 
input to the respiratory system, resulting in periodic breathing 
via effects on the respiratory drive.

Volume Overload

Volume overload may lead to edema of the upper airway, 
which can contribute to a mechanical obstruction of normal 
airfl ow. Reduction in the radius of the airway would result in 
exponentially increasing resistance to airfl ow. This resistance, 
in combination with other risk factors, can cause worsening 
or more frequent apnea or hypopnea. The role for fl uid over-
load in OSA is supported by evidence that dialysis can help 
reduce apnea severity.

TREATMENT OF CHRONIC KIDNEY 
DISEASE: EFFECTS ON OBSTRUCTIVE 
SLEEP APNEA

Treatment of CKD may possibly alternate sleep apnea and thus 
may result in an improvement of quality of life. Case reports and 
results from formal studies suggest that effective dialysis12 or 
kidney transplantation15 can improve sleep apnea. For example, 
Hanly and Pierratos9 suggest that nocturnal hemodialysis may 
attenuate sleep apnea. They studied 14 patients and 57% (8 of 
14 patients) had OSA. Patients began an intensive program of 
daily nocturnal hemodialysis, and there was a signifi cant reduc-
tion in their apnea/hypopnea index from 46 ± 19/hr to 9 ± 9/hr. 
In contrast, an earlier small study of 11 long-term hemodialysis 
patients did not show any reduction in sleep apnea with stan-
dard daytime hemodialysis.6 There was no difference in their 
apneic episodes on the nights after dialysis compared with the 
nights during the interval between dialysis treatments. Sabbatini 
and colleagues1 examined a series of 694 surveyed hemodialysis 
patients and concluded that the prevalence of insomnia was still 
very high, but the incidence of OSA was not determined. Tang 
and colleagues16 also suggest that nocturnal peritoneal dialysis 
may have a therapeutic edge over continuous ambulatory peri-
toneal dialysis in treating sleep apnea based on their study of 46 
stable patients with documented sleep apnea using the overnight 
polysomnography method. The prevalence of sleep apnea was 
reported to be 4.2% during the treatment with nocturnal peri-
toneal dialysis but 33.3% when patients were treated with con-
tinuous dialysis. The change in AHI was substantial: AHI was 3.4 
during nocturnal dialysis and 14.0 during continuous dialysis.

These studies suggest there can be potential benefi t for CKD 
patients with sleep apnea, but it should be recognized that there 
is a higher prevalence of sleep apnea among hemodialysis pa-
tients compared with the general population. Specifi cally, noc-
turnal dialysis appears to have a benefi t over conventional di-
alysis. It is possible that any improvement in sleep apnea may be 
related to improved control of uremia, but the mechanism has 
not been defi ned.17 In future studies, it would be important to 
relate the degree of improvement in metabolic, uremic, and 
volume parameters to changes in sleep apnea indices to clarify 
how treatment of uremia might improve sleep apnea.

TREATMENT OF OBSTRUCTIVE SLEEP 
APNEA: EFFECTS ON RENAL FUNCTION

Although the evidence suggests that OSA may improve after 
successful treatment of uremia, it is unclear whether treatment 
of OSA will improve renal function. OSA is a known risk factor 
for hypertension18,19 by mechanisms that include increasing 
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pressor and sympathetic activation responses to repetitive noc-
turnal hypoxemic episodes.20 In this case, treatment of OSA 
could improve OSA-mediated pressor stress and the increased 
fi ltration that causes maladaptive architectural changes and 
proteinuria and kidney damage. Some reports suggest that 
proteinuria is associated with sleep apnea.21–23 Other studies 
with a small number of patients indicated that proteinuria 
disappeared with treatment of OSA.24 Kinebuchi and col-
leagues25 suggest that continuous positive airway pressure 
(CPAP) can ameliorate glomerular hyperfi ltration in sleep 
apnea patients. More recent reports, however, suggest that 
clinically signifi cant proteinuria cannot be directly attributed 
to OSA alone.26,27 Further studies are necessary to elucidate any 
potential etiological role in the association of sleep apnea and 
a decrease in renal function.

METHODS OF TREATING OBSTRUCTIVE 
SLEEP APNEA

Treatment of OSA can improve the quality of life for CKD 
patients. The mainstay of treatment for OSA is to use CPAP 
when patients are sleeping.28 However, there are other treat-
ment options for patients who cannot tolerate CPAP.29 Meth-
ods to improve sleep apnea include weight loss, position 
changes in bed, (e.g., lying on one’s back can worsen obstruc-
tive physiology), and avoiding alcohol. In some patients with 
OSA, mandibular devices, such as the anterior mandibular 
positioner, may be useful to prevent posterior displacement of 
the tongue during sleep and thereby alleviate obstruction of 
the airway. These devices are sometimes uncomfortable and 
generally are effective in patients with only mild to moderate 
airway obstruction. Patients with OSA associated with CKD 
appear to have a combination of central and obstructive com-
ponents, making these devices less useful. They are not as ef-
fective as nasal CPAP in comparison studies.30 The benefi ts of 
anterior mandibular positioner treatment is that it is some-
times more tolerable than CPAP and is more portable.

In patients with obesity, weight loss may require surgical 
intervention and gastric bypass. Gastric bypass is not a benign 
procedure, and for CKD patients, in whom obesity does not 
appear to have as common an association with OSA, this op-
tion may be useful for only a subset of patients. One report, 
however, concluded that gastric bypass in obese CKD patients 
may lead to a decrease in comorbid conditions.31

In patients with OSA secondary to craniofacial abnormali-
ties, ear, nose, and throat procedures may prove benefi cial; 
again, these procedures will not relieve the central nervous 
system causes of sleep apnea. The most widely used surgery is 
uvulopalatopharyngoplasty, but it is not very effective in de-
creasing the AHI over the long term, even in patients with 
pure OSA.32 Other ear, nose, and throat procedures include 
geniohyoid advancement with hyoid resuspension, maxillo-
mandibular advancement, tongue suspension via the repose 
system, or base-of-tongue somnoplasty. It is diffi cult to assess 
which patients will benefi t from these invasive procedures; 
they probably should be reserved for patients in whom less-
invasive treatments fail.32

CPAP works by directly applying Poiseuille’s law to main-
tain an open airway via positive pressure; the pressure pre-
vents collapse or obstruction during inspiration. In patients 
who can tolerate CPAP, it is highly effective, but many patients 

will have diffi culty sleeping with a mask on their face or with 
the noise of the machine. Some patients may also experience 
claustrophobia or suffocation from the mask, drying of their 
mucosa, or nasal congestion. As a result, CPAP may be useful 
for only a subset of CKD patients. Before giving up, a smaller 
mask that covers only the nose should be tried because it re-
lieves some of the complaints of claustrophobia and mucosal 
drying. Another option is an Adams Circuit, which uses a 
prong in each nostril with applied positive pressure (these op-
tions may not be as effective for mouth breathers). Typically, 
CPAP settings are titrated to each patient’s needs based on 
symptoms and polysomnographic fi ndings. There are ma-
chines capable of autotitrating CPAP to adapt settings over 
the course of the night automatically.

A last resort for treatment of OSA consists of tracheos-
tomy. This is considered defi nitive treatment but should be 
used only in patients with OSA that is refractory to CPAP and 
who have signifi cant complications, such as cardiac arrhyth-
mias. It is used as a last resort.

The benefi ts of other treatment modalities, such as nocturnal 
hemodialysis, are still controversial but can be tried. Likewise, 
vigorous treatment of uremia should always be tried. Future 
studies of the effects of hemodialysis on sleep apnea should be 
directed at understanding the pathophysiology of the disorder. 
This is the fi rst step for designing effective treatment strategies.
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Neuropsychiatric disorders are common in patients with end 
stage renal disease (ESRD). They include “hardware” disor-
ders that are primarily neurological in their presentation and 
“software” disorders that would more often be in the clinical 
province of the psychiatrist. This chapter is intended to help 
the treating nephrologist recognize, classify, and initiate 
treatment for commonly encountered, ESRD-associated 
neuropsychiatric issues. The following are several essential 
clinical points that should be kept in mind while reading the 
chapter.

 1. A large array of pathologic processes associated with 
chronic kidney disease (CKD) can cause neuropsychiatric 
disorders in ESRD patients In addition, many commonly 
used nonpsychiatric medications are psychoactive and can 
produce iatrogenic complications. When confronted by 
mental status changes, look to the disease itself and to the 
unintended side effects of its treatment.

 2. Treatment of neuropsychiatric disorders in ESRD patients 
favors a selected subset of the psychotropic agents used in 
non-ESRD patients, with dosing and titration adjusted for 
the altered pharmacokinetics of renal failure. The ESRD 
population is elderly, has multiple comorbidities, has often 
lost protein stores, and is prone to marked fl uid and elec-
trolyte shifts. These problems often translate into lower 
starting points and slower titration toward standard, non-
ESRD target doses.

 3. Drug absorption may be impaired by gastric fl uid alkalini-
zation.

 4. Volume of drug distribution may be increased by edema 
and ascites, necessitating larger initial doses of some hydro-
philic medications. Conversely, dehydration and muscle 
wasting may decrease the apparent volume of distribution, 
with the opposite effect on dosage requirements.

 5. Most psychotropic medications are preferentially protein-
bound. In the protein-defi cient/uremic ESRD state, the free 
fraction of drug is often increased, boosting both therapeu-
tic and toxic effects.

 6. Nevertheless, standard psychotropic drugs can in general 
be used safely in ESRD patients. Most are lipophilic and 
easily penetrate the blood-brain barrier. Most are not re-
moved by dialysis and are dependent on hepatic metabo-
lism and enterohepatic elimination.

 7. Research data to support clinical conventions in the em-
ployment of psychotropic drugs is far from solid, and future 
double-blind psychopharmacologic trials are sorely needed 
to assess pharmacologic measures in CKD patients.

 8. Pharmacotherapy is not a substitute for skilled individual and 
family psychotherapy. Most counseling is provided by renal 
social workers, and their availability is a legally mandated re-
quirement for dialysis programs. It is also advisable to have 
backup by consulting psychiatrists and a good working rela-
tionship with local hospital-based mental health units.

Figure 73-1 is a general clinical algorithm to direct treatment of 
common neuropsychiatric issues in the ESRD patient. Box 73-1 
describes common neuropsychiatric syndrome etiologies. Table 
73-1 describes commonly used neuropsychiatric drugs. Finally, 
several timely and helpful references are recommended to the 
interested nephrologist.

PRIMARY NEUROLOGICAL PROBLEMS 
AND THEIR MANAGEMENT

Patients with CKD frequently suffer from neurological symp-
toms. For elderly dialysis patients, central nervous system disor-
ders rank prominently as a cause of hospitalization.1 Chances of 
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neurological problems increase parallel to the decline in renal 
function, classically appearing late in its course.2,3 Causative fac-
tors include medication side effects, primary effects of the ure-
mia itself, iatrogenic dialysis and transplantation pharmaco-
therapy effects, other comorbid conditions, and electrolyte 
disturbances. There is a multiplicity of chemical species on the 
list of possible uremic toxins, including homocysteine, �2-
microglobulin, glycosylated end products of metabolism, carba-
mylated proteins, myo-inositol, so-called middle molecules, in-
doles, phenols, parathyroid hormone, transketolase products, 
electrolytes, trace minerals, and water.3 Subtle defi cits in cogni-

tive function on neuropsychological testing can be found in 
CKD patients with moderate renal impairment and in ade-
quately dialyzed patients as well as in uremic patients. As renal 
failure supervenes, delirium becomes apparent with confusion, 
lethargy, and progression to coma.4 Seizures can occur in severe 
neuropathic states. If the alteration in mental status is solely due 
to uremia, encephalopathy may respond to dialysis. Paradoxi-
cally, dialysis itself, particularly in the fi rst session or in patients 
with predisposing vulnerabilities of age, metabolism, or comor-
bid central nervous system disease can result in a disequilibrium 
syndrome that may progress to coma or status epilepticus.3

IS THERE AN ALTERED 
MENTAL STATUS?

NO: Is sleep a 
primary complaint?

YES: Is orientation and/or 
memory impaired?

NO: Presence or 
absence of 
involuntary 
movements?

YES: Symptoms 
of primary sleep 
disorder?

YES: Is the 
impairment 
acute/subacute
or chronic?

NO: Is the patient 
delusional, hallucinating, 
or grossly disorganized?

YES: 
Sleep
studies

NO: Treatment   
with hypnotic CHRONIC

ACUTE/SUBACUTE

DELIRIUM: 
ASSESS
AND TREAT

DEMENTIA: ASSESS FOR 
REVERSIBLE CAUSES AND 
TREAT AS INDICATED

NO: Consider 
peripheral 
neuropathy

YES: Consult neurology

Consider possible 
movement 
disorder

Consider
possible seizure 
disorder

NO: Does the 
patient have 
euphoria, 
grandiosity, or 
pressured
speech?

YES: Consider 
antipsychotic/consult
psychiatry to assist in 
treatment of psychotic
disorder or mood 
disorder with
psychotic features

NO: Is anxiety 
or dysphoria 
most striking? 

YES: Consider 
mood
stabilizer/consult 
psychiatry to 
assist in 
treatment of 
mania

Depression: 
Context of 
acute stress?

Anxiety: Context 
of acute stress?

YES: Consult
renal social 
worker for 
counseling

NO: Consider anxiolytic or 
antidepressant/consult
renal social worker for 
counseling

YES: Consult renal 
social worker for 
counseling

NO: Consider antidepressant/ 
consult renal social worker for 
counseling

Figure 73-1 Algorithm to 
direct treatment of common 
neuropsychiatric issues in the 
patient with end-stage renal 
disease.
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Peripheral Neuropathies

The peripheral nervous system is vulnerable to uremia, with 
65% prevalence of peripheral neuropathy in ESRD patients 
beginning dialysis; cranial neuropathies, including uremic 
amaurosis, have been described, and autonomic neuropa-
thies are common.3,5,6 Large nerve fi bers are most frequently 
involved, with attendant impaired nerve conduction and 
dysautonomia, and patients may present with sensory or 
motor peripheral neuropathy as prominent aspects of their 
subjective illness burden. There is evidence that sensory neu-
rons are in a state of axonal depolarization in predialytic 
CKD patients, with an increase in refractoriness of the af-
fected nerves correlating with hyperkalemia.6 In addition, 
the arteriovenous fi stula used for hemodialysis may cause 
focal neuropathy as the result of a “steal syndrome.” Carpal 
tunnel syndrome may be caused by the accumulation of �2-
microglobulin with resultant amyloidosis. Treatment options 
range from the prophylactic to the symptomatic. Dialysis it-
self leads to improvement in peripheral nerve excitability, 
with normalization of resting membrane potential after 
treatment.7 Fistula-related neuropathy can be addressed by 
banding or tying off the offending vessel, whereas carpal tun-
nel syndrome may be helped by more intense dialysis with 
large surface area dialyzers to promote �2-microglobulin 
clearance, by daily hemodialysis, wrist splints, or surgery.3

Postural hypotension is addressed with compression stock-
ings and/or midodrine, whereas sertraline, 50 mg predialysis, 
may prevent intradialytic hypotension. Metoclopramide can 
be prescribed as symptomatic treatment for gastroparesis 

and other neuropathic bowel motility disorders. Antidepres-
sants and anticonvulsants are commonly used to treat poly-
neuropathic discomfort. Low-dose tricyclics can be effective, 
but the prescriber must be concerned about potential cardiac 
effects, given the common pairing of cardiac disease and 
CKD. In addition, tricyclics can promote confusion, worsen 
constipation, and lower the seizure threshold. It is worth 
knowing that desipramine and protriptyline substantially 
depend on renal elimination and can accumulate in patients 
with CKD or ESRD and that these drugs are not dialyzable. 
Of the commonly used anticonvulsants, gabapentin is renally 
excreted in unchanged form, and its dose must be decreased 
in tandem with a decrease in creatinine clearance. Posthemo-
dialysis doses are also necessary with gabapentin. Carbam-
azepine and free valproic acid are subject to variable phar-
macokinetics in renal failure, necessitating close monitoring 
of levels. Duloxetine is coming into wider use for diabetic 
neuropathy, but is contraindicated in renal failure because it 
is eliminated by the kidney.

Seizures

Seizures, including generalized tonic-clonic, partial motor, 
partial complex, and absence episodes are common in pa-
tients with CKD, particularly among those requiring dialysis 
(among whom the incidence has been estimated at 
2%–10%), and nonconvulsive status epilepticus may be un-
recognized.8–10 Seizures may be predialytic as a result of 
uremia or be intra- or postdialytic in context of changes in 
hemodynamics and abrupt shifts in electrolytes.11 Blood 

 1. Common drugs leading to neuropsychiatric effects 
 a. Psychotropic drugs
 b. Narcotics
 c. Illicit drugs
 d. Metoclopramide
 e. Antiseizure medications
 f. Cardiac medications, such as digoxin and amioda-

rone
 g. Transplant medications: calcineurin inhibitors, rapa-

mycin, prednisone
 2. Uremia
 a. Inadequate dialysis
 b. Glomerular fi ltration rate �12
 3. Dialysis related
 a. Disequilibrium syndrome
 b. Dialysis dementia
 4. Metabolic disturbance
 a. Hypoxemia
 b. Hypo- and hyperglycemia
 c. Sepsis
 d. Malignant hypertension
 5. Structural neurological lesions
 a. Subdural hematoma
 b. Multi-infarct dementia
 c. Cerebral vascular accident

 6. Electrolyte disturbances
 a. Hyper- and hypocalcemia
 b. Hypophosphatemia
 c. Hypermagnesemia
 d. Hyper- and hyponatremia
 7. Anemia
 8. Hyperparathyroidism
 9. Heavy metal intoxications
 a. Lead
 b. Aluminum (dialysis dementia)
 c. Mercury
 d. Cadmium
10. Vitamin and mineral defi ciencies
 a. Carnitine
 b. Zinc
11. Miscellaneous
 a. Hyper- and hypothyroidism
 b. Normal pressure hydrocephalus
 c. Sleep apnea
 d. Central pontine myelonolysis

Box 73-1 Etiology of Neuropsychiatric Syndromes in Chronic Renal Disease

Text continued on p. 809
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pressure fl uctuations; derangement of calcium, magnesium, 
sodium, and glucose; intradialytic air emboli fever; hypoxia; 
and occult alcohol or sedative withdrawal may all participate 
in precipitating seizures.10 Seizures may be induced by toxic 
accumulations of drugs (e.g., penicillins, cephalosporins, 
amantadine, intravenous contrast agents, acyclovir) or their 
metabolites (e.g., normeperidine). Lacerda and colleagues9

have reviewed the clinical literature describing convulsive 
and nonconvulsive status epilepticus in renal failure patients 
on �-lactam penicillins, cephalosporins quinolone antibiot-
ics, and carbapenems. Even intended drug effects can have 
epileptiform consequences, for example, a rapid increase in 
hematocrit with epoetin alfa. Seizure treatment and prophy-
laxis are made more diffi cult by altered anticonvulsant phar-
macokinetics. Drug levels can be decreased by dialysis, 
whereas interdialytic accumulation of unexcreted waste 
products and hypoalbuminemia can lead to unintended ac-
cumulation of anticonvulsants, including valproic acid, ga-
bapentin, vigabatrin, levatiracetam, topiramate, and phe-
nytoin.9 The risk of metabolic and hemodynamically related 
seizures with the fi rst dialysis treatment can be decreased by 
a gradual decrease in blood urea nitrogen by low blood fl ows 
(200 mL/min) and by short dialysis (2–3 hours), a small 
surface area dialyzer, and lower dialysate fl ow rates. Dialysis 
disequilibrium with its attendant seizure risk can be pre-
vented by phenytoin prophylaxis early in dialysis by admin-
istering intravenous mannitol (12.5 g of 25% solution) 
midway through sessions and by careful infusion of hyper-
tonic saline if symptoms emerge.3 The theoretical effects of 
idiogenic osmoles on intracranial pressure can be countered 
by gradually adjusting the dialysate sodium concentration 
from hypernatremic early in the session to normal levels as 
the session fi nishes. Hypertension should be controlled, and 
epoetin doses should initially be low to prevent a rapid in-
crease in hematocrit (see Chapters 60 and 67).

Management of intradialytic seizures should be standard-
ized; dialysis must be halted and the airway secured, intrave-
nous glucose is given as indicated, and then a series of anti-
convulsant medications is used if the seizure has not promptly 
resolved. Intravenous lorazepam 4 mg over 2 minutes is a 
fi rst step in ending seizure activity; a repeat dose can be 
given after 10 to 15 minutes if required. Phenytoin is then 
loaded via a large-bore intravenous catheter, at no more than 
50 mg/minute to avoid hypotension; then a total dose should 
be 10 mg/kg rather than the standard 18 mg/kg loading dose 
for adults with intact kidney function Once the seizure has 
ended, maintenance anticonvulsants may not be necessary, 
particularly if the seizure is thought to have been triggered 
by uremia or the dialysis procedure. Abou Khaled and 
Hirsch10 have published a generic, polydrug treatment pro-
tocol for status epilepticus in the critically ill patient, along 
with remarks particularly relevant to seizure management in 
renal failure. Where feasible, free serum levels of anticonvul-
sants should be monitored in patients with epilepsy. On 
maintenance anticonvulsant treatment with phenytoin, free 
serum levels of 1.0 to 2.5 mg/L should be maintained. Con-
sideration should be given to using lower doses of renally 
eliminated anticonvulsants (specifi cally topiramate), whereas 
carbonic anhydrase inhibitors require caution because of 
enhanced risk of nephrolithiasis. Dialyzable agents, includ-
ing gabapentin, phenobarbital, topiramate, levetiracetam, 
ethosuximide, pregabalin, and (to a lesser extent) lamotri-

gine can require postdialysis supplementation.10 This is less 
likely to be required for highly protein-bound agents such as 
carbamazepine and valproic acid.9

Insomnia
Sleep disruption is present in 50% to 90% of patients,12,13 and 
primary sleep disorders are common, including restless legs 
syndrome (RLS), periodic leg movements in sleep, and sleep 
apnea.1,14–16 Studies of nonpharmacologic and pharmacologic 
treatments of this problem are limited, and much of the treat-
ment is by inference from the non-ESRD population.17

RLS is found in more than half of patients treated with 
long-term dialysis and manifests itself with predominantly 
nocturnal lower extremity “jitteriness,” necessitating frequent 
leg movement and, often, pacing. Periodic leg movements 
in sleep are found in most patients with RLS, whereas RLS 
is found in a minority of patients with periodic leg move-
ments in sleep. Nonpharmacologic treatment with heat packs 
and exercise can be effective. Dopaminergics are fi rst-line 
pharmacologic agents for both conditions, with carbidopa/
levodopa, pramipexole, and ropinirole among the most com-
monly used agents; the ergot dopamine agonists are problem-
atic because they can induce cardiac valve regurgitation.18

Narcotics, benzodiazepines, and gabapentin follow dopami-
nergics as RLS/periodic leg movements in sleep treatments. 
Although dopaminergics, gabapentin, clonidine, and (subse-
quently) opioids are used in uremia-associated RLS,1,19,20 the 
effi cacy of these standard treatments in uremic patients is not 
yet clear.21,22 Uremic patients are vulnerable to neuropsychi-
atric respiratory and gastrointestinal side effects with medi-
cations, and tachyphylaxis may necessitate dose escalation 
and drug class rotation. Sloand and colleagues23 reported 
double-blind, placebo-controlled data on the successful use 
of intravenous iron dextran in uremic RLS. Sleep apnea also 
occurs in patients with ESRD and is likely underdiagnosed 
and potentially precipitated by hypocarbia, metabolic acido-
sis, and uremic toxins in the bloodstream.16,24 There are re-
ports of intensive dialysis, nocturnal dialysis, and renal trans-
plantation reversing sleep apnea.25–28 Optimal dialysis, 
modifi cation of the usual risk factors and continuous positive 
airway pressure and biphasic positive airway pressure are 
used in uremia-associated sleep apnea. Sleep hygiene meth-
ods, including avoidance of caffeine and nicotine, are recom-
mended for sleep disorders, and relaxation therapy, biofeed-
back, stimulus control therapy, and cognitive-behavioral 
therapy can also be considered.17 Pharmacotherapy with 
sedative hypnotics can be considered in patients without 
sleep apnea, including newer generation benzodiazepine-
receptor agonists (e.g., zolpidem), benzodiazepines, and 
sedating antidepressants. Of these, the benzodiazepine-
receptor agonists seem promising, with good tolerability and 
low liability to cause residual sedation, withdrawal, depen-
dence, or tolerance.17 Antihistamines should be avoided, as 
they are likely to aggravate problems such as xerostomia and 
to contribute to cognitive impairment. Nocturnal melatonin 
levels are decreased in dialysis patients, but melatonin and 
the melatonin agonist ramelteon have yet to be investigated 
as primary hypnotics in ESRD.17,29

Sleep-onset insomnia may be best addressed with short-
acting agents such as benzodiazepine-receptor agonists and tri-
azolam. Triazolam’s potential for inducing rebound insomnia, 
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anterograde amnesia, and behavioral disinhibition at low doses 
is likely no greater than that of other benzodiazepines,30,31 but its 
potential for inducing delirium is a concern. Zaleplon is more 
rapidly eliminated than zolpidem and zolpiclone, and there is 
evidence that adverse effects may be shorter or milder than 
those found in benzodiazepines and the other benzodiazepine-
receptor agonists.17,32 There is a small, randomized, double-blind 
crossover study available on zaleplon’s use in hemodialysis pa-
tients with insomnia, in which it was well tolerated and per-
formed well, with improved sleep quality and reduced sleep la-
tency.33 Zaleplon does have signifi cant renal elimination and 
although there is no recommended dose adjustment for mild to 
moderate renal impairment, caution is indicated in severe renal 
disease. Diffi culty in maintaining sleep may be best dealt with by 
using medium half-life agents like temazepam or lorazepam, 
although the longer pharmacokinetics of zolpidem and zolpi-
clone may also make them appropriate for maintaining sleep.17,30

Longer acting hypnotics like fl urazepam present a potential 
problem with residual daytime effects. Antidepressants are com-
monly pressed into service as sedatives and agents such as ami-
triptyline, trazodone, and mirtazepine may be of some use. 
However, tricyclics have signifi cant drawbacks, as noted in the 
subsequent section on treatment of depression, whereas the use 
of trazodone in dialysis patients may be limited by its tendency 
to cause hypotension and by the risk of trazodone-associated 
arrhythmias in patients with comorbid cardiac disease.17,34

Delirium
Delirium implies one or more identifi able etiologies and 
should prompt a vigorous search for reversible causes, includ-
ing dyspnea related to volume overload, adverse medication 
reactions, inadequately treated pain, and fever. There is some 
evidence implicating older age and longer term therapy as risk 
factors for delirium in hemodialysis patients.35 As always, 
medications are frequent offenders, and there are some com-
mon, potentially neurotoxic agents that require monitoring in 
this respect (see Box 73-1). Acyclovir can cause delirium as can 
meperidine’s excitotoxic normeperidine metabolite.36,37 Clar-
ithromycin has precipitated visual hallucinations in peritoneal 
dialysis.38 Many patients have multifactorial causes.

Delirium can be accompanied by agitation when waste 
products accumulate,39 and treatment of agitation in uremic 
delirium follows the general delirium approach, with consider-
ations attendant to renal failure. Antipsychotics are the usual 
“platform” upon which regimens for the treatment of agitation 
are built. There are 14 prospective studies and various case re-
ports to support the use of haloperidol, chlorpromazine, olan-
zapine, risperidone, ziprasidone, quetiapine, and aripiprazole in 
delirious patients. However, there are limited prospective stud-
ies to go on; there are no randomized, double blind, placebo-
controlled data for any of the antipsychotics in delirium. At this 
point, haloperidol remains the mainstay psychotropic for agi-
tated delirium.40 The drug is documented to be effective and 
metabolized in the liver, and its metabolites are not active. It is 
often used at initial doses of 0.5 to 1 mg PO/SC/IM/IV hourly, 
titrating to effect.38 There are several more aggressive haloperi-
dol regimens for severe agitation; a recent guideline lists the 
episodic use of 5 to 10 mg haloperidol,41 whereas another pro-
tocol calls for a starting dose of 5 mg, doubling the dose every 
20 minutes until the patient is tranquilized, but arousable.38

Although commonly used, intravenous haloperidol is not 

formally approved by the FDA, and there have been rare cases 
in which torsade de pointes developed, as noted later. Halo-
peridol-induced akathisia, dystonia, and parkinsonism can be 
dealt with by using diphenhydramine 25 to 50 mg IV every 4 to 
6 hours in the usual manner, although the use of this agent will 
likely worsen cognitive decline. Psychiatric units often medicate 
severely agitated patients using alternating doses of haloperidol 
and a benzodiazepine (e.g., lorazepam 1 or 2 mg) every 30 min-
utes to 1 hour, but the treating nephrologist should be alert for 
paradoxical disinhibition and accelerated confusion when using 
benzodiazepines in the neuropsychiatrically compromised pa-
tient. Olanzapine, ziprasidone, and aripiprazole are now avail-
able in intramuscular form and in the future may come into 
more common use in agitated delirium.

Dementia
Dementia is common in the ESRD population and may be the 
result of uremia with associated metabolic and physiologic 
disturbances or comorbid neurodegenerative or cerebrovas-
cular disorders. A single study available did not fi nd a signifi -
cant difference in the prevalence of dementia between patients 
on hemodialysis and those on peritoneal dialysis.42 Dialysis 
dementia is accompanied by facial grimacing, myoclonus, as-
terixis dyspraxia, and convulsions.3 It has been divided into 
three categories: an epidemic form that is often associated 
with aluminum, a sporadic form, and a type that is associated 
with congenital or early childhood renal disease. Dialysis de-
mentia related to aluminum toxicity has decreased with the 
use of aluminum-free dialysate. It can be treated with deferox-
amine, large surface area dialyzers, or charcoal hemoperfu-
sion. Dialysis patients can become thiamine defi cient, and this 
should be suspected in patients presenting with cognitive im-
pairment. Thiamine defi ciency can present as a cryptogenic 
delirium or rapidly progressive dementia, accompanied by 
chorea, loss of vision, myoclonus, convulsions, and coma; it is 
potentially reversible with intravenous supplementation.43

Other sporadic causes of dialysis-associated dementia include 
vascular lesions, such as cerebrovascular accidents precipi-
tated by ultrafi ltration-related hypotension, hemorrhagic 
stroke, and subdural hematoma.44,45 There is at least one 
case report involving the use of donepezil in a patient with 
comorbid renal failure and Alzheimer’s disease, but the use of 
acetylcholinesterase inhibitors as a treatment for uremic or 
dialysis dementia is not substantiated.46 It should be noted 
that the most commonly employed acetylcholinesterase in-
hibitor, donepezil, is predominantly excreted in the urine. 
The manufacturer’s information does not indicate a decrease 
in its clearance in patients with moderate to severe renal 
impairment. It may be administered safely at the 5-mg dose 
to Alzheimer’s patients with mild to moderate renal im-
pairment.47

PRIMARY PSYCHIATRIC PROBLEMS 
AND THEIR MANAGEMENT

Adjustment Disorders
All renal replacement therapies and procedures place patients in 
a position of forced passivity and unaccustomed dependence.14

Loss of autonomy is stressful, and prolonged dependence can 
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promote regression; dependency issues are particularly brought 
out in hemodialysis patients. Personality and the patient’s abil-
ity to withstand the dependent position should be considered in 
making choices between treatment options. Decisions must be 
fl exible and the staff must be aware of the possibility of a poor 
fi t for the chosen dialysis method and be willing to shift to a 
different modality.

Most chronic illnesses afford at least some periods of re-
spite. This is not the case in ESRD. Its victims are continually 
involved in the management of their disease and its symp-
toms. Multiple medications, fl uid and dietary restrictions, di-
alysis schedules, and vascular procedures all ensure that the 
patient has very little opportunity to escape a continual dia-
logue with the disease. Treatment alters the individual’s ap-
pearance with skin discoloration, surgical scars, and fi stula 
sites. Peritoneal dialysis distorts the patient’s body shape and 
may be punctuated by episodes of peritonitis. Work, normally 
a source of identity and self-esteem, is no longer possible for 
many patients because of age or illness. Financial stress in-
creases in this context, and increased expenditures for care, 
diet, and transport are often unmet by social resources and 
available insurance coverage. The strain on the family of the 
ESRD patient may be accentuated by the patient’s increased 
caretaking needs and by role reversal required for spouse and/
or children.48

Subjective adequacy of social supports has been reported 
to be a signifi cant factor in the survival of dialysis patients. 
Discrepancy between a patient’s expectations and available 
levels of support has been found in a recent study to be as-
sociated with increased mortality in both peritoneal dialysis 
and hemodialysis populations.49 The connection does not 
appear to be mediated by clinical depression and may refl ect 
the effects of stress and anxiety attendant to dialysis, particu-
larly when inadequately buffered by signifi cant human at-
tachments.

Short-term, reversible changes in emotional state due to 
proximal stressors are defi ned as adjustment disorders and 
can be characterized by predominant depression, anxiety, dis-
turbances in behavior, or any combination thereof. Treatment 
of an adjustment disorder involves supportive, cognitive, and 
psychoeducational therapy, along with group and individual 
peer support and family intervention as indicated. Most psy-
chotherapy is provided by renal social workers, with referral to 
the local mental health resources or consultants as needed. 
Pastoral counseling may also be benefi cial. Advance prepara-
tion, appropriate support, and judicious treatment can, along 
with time, help the patient’s recovery. If the patient’s symp-
toms are protracted, disabling, or complicated by mania, psy-
chosis, or lethal ideation, the diagnosis of adjustment disorder 
is no longer appropriate.

Anxiety Disorders
Anxiety is commonly encountered in ESRD patients and may 
present in multiple forms. Fears can center on prognosis, the 
ability to adjust to the demands of the disease and its treat-
ment, or sexual performance or may be fueled by anticipated 
effects of the disease on the family and the patient’s place 
within it.50 Anxiety may be triggered by the dialysis experi-
ence, with its attendant fl uid shifts, electrolyte disturbances, 
and gastrointestinal upset and cramping. Needles and blood 
can provoke phobic reactions, and the methodical draining of 

the patient’s blood from the body can be subjectively terrify-
ing.1 Panic attacks can be the vector result of psychological, 
physiologic, and familial stress.

Pharmacologic management is symptomatic and can be 
directed at persistent generalized anxiety, acute panic epi-
sodes, or a combination of the two (see Table 73-1). Because 
benzodiazepines are metabolized in the liver, a decrease in 
dose is generally not necessary in ESRD, with the exceptions 
of midazolam and chlordiazepoxide. Diazepam, lorazepam, 
alprazolam, and clonazepam can be used as needed before or 
during dialysis sessions. In recent years, antidepressants have 
become fi rst-line treatments for most anxiety disorders. Se-
lective serotonin reuptake inhibitors (SSRIs) are used in-
creasingly to treat panic and generalized anxiety disorders in 
the general population and are also helpful in CKD patients. 
Venlafaxine, a serotonin-norepinephrine reuptake inhibitor 
and its metabolite O-desmethylvenlafaxine are subject to de-
creased clearance and elimination in renal disease; the manu-
facturer recommends decreasing the dose by 25% to 50% in 
patients with renal impairment and 50% in hemodialysis-
dependent patients (dose is withheld until 4 hours post-
dialysis). Mirtazepine, another dual neurotransmitter antide-
pressant, may also need to have its dose adjusted downward 
for decreased clearance and elimination in ESRD.

Depression and Manic Depression
Depression is quite common in the dialysis population. The 
1997 review of O’Donnell and Chung51 found major depres-
sion in 5% to 22% of ESRD patients and subclinical depres-
sion in an additional 25%. Major depression may be driven by 
losses of autonomy, productivity and sexual function. Depres-
sion in dialysis patients often goes unrecognized and un-
treated,52 and suicide rates are elevated.53,54 The traditionally 
quoted 500-fold increase in suicide among dialysis patients is 
a gross overestimate,1 but dialysis-dependent patients can, 
with unconscious intent, take their own lives by missing treat-
ments or not complying with dietary and fl uid restrictions. 
Depression and mortality in ESRD have been associated in 
several studies but not in all.55,56 In one study,56 low scores on 
the Beck Depression Inventory were associated with 85% 
2 year survival rate, whereas high depression scores were as-
sociated with a 25% survival rate. A 2000 study by Kimmel 
and colleagues55 found that depressive indices predicted sur-
vival at 1 year and that higher levels of depressive affect were 
associated with increased mortality. Diagnosis of depression 
begins with suspecting it. The diagnostic inquiry starts with a 
simple question about mood (though patients may be unable 
to recognize changes in their emotional state). It makes sense 
to follow the initial mood question by additional questions 
about psychiatric symptoms. Characteristics used to classify 
major depression can be found in the Diagnostic and Statisti-
cal Manual of Mental Disorders, 4th Edition (DSM-IV) (http://
psyweb.com/Mdisord/DSM_IV/jsp/dsm_iv.jsp). If patient and 
clinician then believe that “the shoe fi ts,” additional relevant 
history can be explored, including personal and family history 
of depression, history of substance abuse, and (especially im-
portant) past suicide attempts.53

Treatment of depression involves both psychotherapy 
and pharmacotherapy. Most psychotherapy in the ESRD/
dialysis setting is provided by renal social workers; there 
also should be access to more specialized psychotherapists 
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in the community for patients with particularly compli-
cated or intensive needs. Pharmacotherapy relies on antide-
pressants, often in combination with or augmented by other 
agents such as thyroid hormone, buspirone, or stimulants. 
The nephrologist should refer for psychiatric consultation 
those depressed patients for whom antidepressant mono-
therapy is ineffective.

Double-blind, placebo-controlled trials of pharmacother-
apy in ESRD depression are needed, but the available data 
consistently support the use of both SSRIs and tricyclic anti-
depressants in this population.57,58 As the oldest generation of 
antidepressants, tricyclics have accumulated the most data 
and experience. They are prone to cause anticholinergic and 
antihistaminic side effects, can precipitate or aggravate pos-
tural hypotension, will lower seizure threshold, and lengthen 
cardiac conduction intervals. Nortriptyline, a secondary amine 
tricyclic, is particularly useful because of a meaningful thera-
peutic window in its serum levels and a relatively lower side 
effect burden, at least in terms of anticholinergic effects and 
sedation. Imipramine and amitriptyline, tertiary amines, have 
hydroxylated metabolites that contribute to both therapeutic 
and toxic effects. Tricyclics can be used adjunctively in the 
treatment of neuropathic pain, commonly found in ESRD. 
Although useful and well established, tricyclics are cumber-
some, with a low therapeutic index and potential lethality in 
overdose. At this point, they have been superseded as the fi rst-
line of treatment by newer agents and are best reserved for 
treatment-resistant depression in ESRD.

SSRIs are the fi rst-line treatment of depression in the gen-
eral population. They are also benefi cial in ESRD-related 
depression, although they are not as well researched as tricy-
clics. Fluoxetine is the best studied SSRI and appears to be 
both effective and well tolerated.59 Fluoxetine is metabolized 
hepatically; the kinetic profi le of single doses of fl uoxetine is 
unchanged in renal failure, even in anephric patients. Renal 
function does not signifi cantly alter either fl uoxetine or nor-
fl uoxetine serum levels. Sertraline is also widely used as it too 
is metabolized hepatically, and urinary excretion of the un-
changed drug is insignifi cant. Subjects with mild to severe 
renal impairment and matched controls show no signifi cant 
differences in pharmacokinetics. As noted, sertraline can be 
used to help prevent sudden hemodialysis-related hypoten-
sion.60 Citalopram kinetics follows the SSRI pattern and is 
minimally changed in patients with ESRD; dose adjustment is 
probably not necessary.61 Paroxetine is unusual among SSRIs 
in that its blood level is sensitive to renal impairment; in 
patients with severe renal insuffi ciency, it should be started at 
10 mg or half the usual starting dose.62

There are several non-SSRI new-generation antidepressant 
medications that should be used with caution or avoided in 
ESRD patients. Careful dose adjustment for patients with renal 
impairment is necessary with venlafaxine, as noted.63 With this 
drug, hypertension can be a risk, and regular blood pressure 
monitoring on venlafaxine is indicated. Bupropion is contrain-
dicated in patients with seizure disorders and must be used with 
caution in patients with lower seizure thresholds. In ESRD pa-
tients, proconvulsive metabolites may accumulate and predis-
pose to seizures, along with the electrolyte disturbances caused 
by the disorder. Duloxetine, another nontricyclic serotonin-
norepinephrine reuptake inhibitor, has been used as a treat-
ment for diabetic neuropathy as well as for depression and 
anxiety. It is, however, eliminated by the kidneys, and its use is 

contraindicated in patients with renal failure. Mirtazepine is an 
atypical noradrenergic/serotonergic antidepressant often used 
for depression with prominent insomnia, anorexia, and anxiety. 
Single-dose oral clearance of mirtazepine is decreased by 33% 
in moderate and by 50% in severe renal failure. There is inade-
quate documentation of its use in patients with renal failure.64,65

Little is known about the use of nefazodone for depression in 
the ESRD population; its potential hepatotoxicity and cyto-
chrome P-450 3A4 inhibition argue against its use.66 As a rule, 
care must be taken when prescribing antidepressants to patients 
on cytochrome-dependent drugs, as many of the antidepres-
sants, particularly the SSRIs, will inhibit selected isoenzymes of 
the P-450 system. 3A4 inhibition can be particularly common 
and problematic, affecting multiple drugs used in the renal 
failure/transplant population (e.g., tacrolimus, cyclosporine, 
sildenafi l). Inhibitors of the 3A4 subsystem include nefazodone, 
fl uoxetine/norfl uoxetine, fl uvoxamine, paroxetine (weakly), 
sertraline, and valproic acid (weakly). In patients with unex-
plained toxicities, including delirium, careful examination of 
the use of antidepressant drugs and their interactions with 
other drugs is critical.67,68 The pharmacologic management of 
mania and of depression in the context of a bipolar disorder is 
considerably more diffi cult than the management of unipolar 
depression. Use of polypharmacy by psychiatrists is the rule, 
and combinations of mood stabilizers, antipsychotics, antide-
pressants, and other agents are commonly used. In addition, the 
risk of switching a bipolar patient from a depressed state to 
mania when antidepressant therapy is required complicates the 
treatment of bipolar depression. Lithium has traditionally been 
the primary mood stabilizer used in bipolar disorder. There are 
many years of experience with the use of lithium, and it has 
demonstrated effi cacy in acute episodes and in prevention of 
relapses. In the past decade or two, it has been gradually dis-
placed by anticonvulsant medications, particularly valproic 
acid, carbamazepine, and, more recently, lamotrigine. These 
drugs are effective, and lamotrigine has particular effi cacy in 
patients with bipolar depression. These useful anticonvulsants 
can have drug interactions with each other, with antidepres-
sants, and with nonpsychiatric medications, and they are elimi-
nated by the kidneys. The latter property requires dosing ad-
justment for lamotrigine alone. Titration of the lamotrigine 
dose is slow and must be carefully monitored to minimize 
the risk of rapid increase in drug level precipitating Stevens-
Johnson syndrome or toxic epidermal necrolysis. For those bi-
polar disorder patients with ESRD who require lithium, treat-
ment involves administration of a single dose (usually 600 mg) 
after each dialysis. Lithium is removed by dialysis and a single 
dose should result in a steady serum level,69 but serum lithium 
levels obtained before and after dialysis sessions can help adjust 
the dose. Lithium levels should be obtained immediately before 
dialysis and 2 hours after its completion; the immediate level 
after dialysis is misleadingly low and will increase with subse-
quent redistribution.

Lithium can be nephrotoxic, and other mood stabilizers 
are preferable in patients with renal insuffi ciency. A long-term 
follow-up study found that when the drug is discontinued, 
renal function may improve.70

Electroconvulsive therapy can also be used as an antide-
pressant strategy in patients with renal failure. Individual case 
reports in the literature document successful treatment of bi-
polar depression in ESRD patients with electroconvulsive 
therapy.71,72 Salient issues include renal osteodystrophy with 
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attendant increased fracture risk, hyperkalemia with potential 
cardiotoxicity when using succinylcholine in the uremic pa-
tient, altered pharmacokinetics of anesthetic induction agents, 
and adverse effects of metabolic acidosis and of changes in 
volume status complicate the treatment. Careful attention to 
both muscle relaxation and potassium level is necessary; the 
use of a nondepolarizing paralytic rather than succinylcholine 
may also be a consideration.

Schizophrenia and Psychotic Disorders
Pharmacologic treatment of schizophrenia has been shifted 
away from the reliance on traditional neuroleptics with the 
advent of the atypical antipsychotics, including clozapine, 
risperidone, ziprasidone, aripiprazole, and olanzapine. Unlike 
traditional neuroleptics, this new generation of antipsychotics 
does not rely primarily on D2 receptor blockade for effi cacy 
and so is less prone to aggravate negative symptoms of the 
disease, such as emotional blunting and apathy. Before the 
Clinical Antipsychotic Trials of Intervention Effectiveness 
(CATIE) in 2005, atypical antipsychotics were largely uncon-
tested as the standard of care for the treatment of psychotic 
disorders. In CATIE, the atypical antipsychotics did not seem 
as a class to show improved tolerance or better results than a 
standard neuroleptic (perphenazine), but there was much 
greater cost. CATIE has left the fi eld in doubt as to any refl ex-
ive preference for atypical agents and may reshuffl e existing 
treatment guidelines in the coming years. For example, there 
may be a renewed appreciation for traditional neuroleptics 
like haloperidol.73

There are few data concerning the use of atypical agents in 
the ESRD population and peer-reviewed data to guide their 
use in psychotic patients with comorbid renal failure is scanty. 
There has been a re-emergence of tics in an adolescent treated 
with risperidone when the patient was switched from perito-
neal to hemodialysis; this may have been due to altered gut 
absorption, as the level of the water-soluble 9-OH metabolite 
was unaffected by dialysis.74 In a study of healthy young and 
elderly subjects compared with patients with cirrhosis or mod-
erate and severe renal insuffi ciency, the elimination and clear-
ance of risperidone and 9-OH risperidone were decreased in 
patients with renal disease. This implies there should be a re-
duced dose and slower titration of risperidone in patients with 
renal failure.75 Ziprasidone pharmacokinetics have been stud-
ied; mild to moderate renal insuffi ciency did not alter pharma-
cokinetics of ziprasidone and hemodialysis did not signifi -
cantly alter ziprasidone pharmacokinetics.76 Single-dose data 
for quetiapine showed no pharmacokinetic difference between 
nonpsychotic healthy subjects and subjects with renal impair-
ment.77 There is a case study describing the development of 
protracted hypothermia in a hemodialysis patient after a single 
dose of olanzapine, possibly due to an enhanced hypothalamic 
effect. However, product information for olanzapine indicates 
no change in pharmacokinetics with severe renal insuffi ciency, 
leaving the issue unresolved.78 Finally, there have been cases of 
acute renal failure associated with clozapine treatment, includ-
ing a documented case of acute renal failure due to interstitial 
nephritis.79 These reports leave the prescribing physician some-
what at sea in dosing these agents, and caution is warranted. 
The traditional neuroleptics are still used in the management 
of schizophrenia and other psychotic disorders and may see a 
resurgence in future use.

Emerging data show a signifi cant increase in mortality 
among the demented elderly treated with atypical antipsy-
chotics. Initially recognized and quantifi ed with Risperdal 
(risperidone) results, the association appears to be a class ef-
fect. An increase in stroke risk was also postulated, but this has 
not been borne out in larger meta-analyses of randomized, 
controlled trials. Development of the metabolic syndrome is 
another growing concern with the use of atypical antipsychot-
ics. Clozapine and olanzapine appear to be the worst offenders 
in this regard, whereas aripiprazole has a more favorable pro-
fi le in terms of diabetes and hyperlipidemia. Regardless, he-
moglobin A1c, weight, blood pressure, and lipids should be 
monitored when any atypical agent is prescribed.

In vulnerable CKD patients, dopamine-blocking drugs, 
especially higher potency neuroleptics and risperidone, can 
cause hyperprolactinemia, affecting gonadotropin levels and 
bone metabolism.

Cardiac conduction effects and the potential for lethal ar-
rhythmias have become a prominent source of concern in the 
treatment of medically ill patients with both typical and atypical 
antipsychotics. In CKD patients and especially ESRD patients 
who are subjected to disturbances in electrolytes, this is of par-
ticular concern. Antipsychotics can cause QTc prolongation, 
presumed to be related to drug antagonism of the Ikr delayed 
rectifi er current. There are reports of the development of torsade 
de pointes with haloperidol, pimozide, droperidol, sertindole, 
thioridazine, chlorpromazine, ziprasidone, risperidone, and 
quetiapine. In terms of QTc prolongation, ziprasidone and thio-
ridazine are the most problematic, with ziprasidone midway 
between thioridazine and a number of other, more modestly 
prolonging antipsychotics, including haloperidol, risperidone, 
quetiapine, and olanzapine.80 Aripiprazole may be preferable in 
this regard, with a low propensity for QTc prolongation.81 After 
a U.S. Food and Drug Administration review, thioridazine was 
found to be contraindicated when other drugs that prolong QTc 
or that interfere with thioridazine’s metabolism or elimination 
are used. The potentially offending drugs include fl uvoxamine, 
propranolol, paroxetine, and fl uoxetine. Thioridazine is no lon-
ger a widely used agent, but the consideration of increased car-
diac risk with pharmacodynamic or pharmacokinetic drug in-
teractions should be refl exive on the part of the prescribing 
clinician. On general principles, alternatives to thioridazine 
(other low-potency neuroleptics such as chlorpromazine) should 
be preferred for the patient with renal impairment.82

Sexual Disorders
Sexual dysfunction in CKD patients has multiple causes, includ-
ing vascular disease, malnutrition, anemia, hormonal abnor-
malities, iatrogenic drug effects, and psychiatric disorders. It is 
found in both men and women, is signifi cantly distressing, and 
can precipitate lapses in treatment compliance. A recent study 
has demonstrated an independent association between sexual 
dysfunction and depression in male hemodialysis patients; the 
association may be bidirectional.83

A majority of patients on dialysis experience a decrease in 
sexual interest or frequency. Levy and Cohen57 state that ap-
proximately 70% of men have partial or total impotence, that 
the majority of women are amenorrheic or infertile, and that 
even successful kidney transplantation does not always restore 
a patient’s sexual function. Dialysis also does not seem to 
ameliorate sexual dysfunction.84 SSRIs and other psychiatric 
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BACKGROUND

Health outcomes in end-stage renal disease (ESRD) have tra-
ditionally been measured in terms of morbidity and mortality. 
The focus has broadened in recent years to an increase in em-
phasis on patient-reported outcomes. In addition to sustain-
ing life, the success of renal replacement therapy may now be 
considered in terms of maintenance and improvement of 
health status and quality of life (QOL).1–3 The change in em-
phasis is based on the principle that health is “a state of com-
plete physical, mental and social well-being and not merely 
the absence of disease and infi rmity.”4

Health is, therefore, a personal and abstract concept, infl u-
enced by both medical and nonmedical factors.5 It can neither 
be measured directly nor can its essence be captured using 
single variables such as physiologic measures of organ func-
tion.6–8 Multidimensional assessment of health is required, 
and the patient’s own perception of well-being and QOL is a 
vital component.6,9,10

DEFINING QUALITY OF LIFE

QOL is a diffi cult concept to describe, with no single opera-
tional defi nition. This causes diffi culties when interpreting 
results and comparing studies.7,11 The terms functional sta-
tus, health status, and QOL are often used interchangeably 
and are (incorrectly) considered by many sources to defi ne 
similar constructs.12 Measures of functional status are 
largely concerned with physical health, based on measure-
ment of disability. Health status and QOL are far broader 
concepts, encompassing both the physical, psychological, 
and social dimensions of health.13,14 QOL includes the per-
sonal beliefs, values, perceptions, and responses that are 
exclusive to each individual within the context of his or her 
unique social environment.7

The term health-related QOL is used to refer specifi cally to 
the physical, psychological, and social dimensions of health.15

For the purpose of this text, QOL is defi ned as a concept that 
takes account of the multidimensional nature of a person’s 
well-being, refl ecting the physical, psychological, and social 

dimensions of health, which is infl uenced by personal beliefs, 
experiences, and expectations as well as socioeconomic and 
cultural factors. This defi nition is consistent with the World 
Health Organization’s International Classifi cation of Func-
tioning, Disability and Health.16

MEASURING QUALITY OF LIFE

Personal subjective perceptions are key to QOL assessments, 
which should evaluate daily-life performance in physical, 
psychological, and social dimensions.9,15,17–19 Numerous QOL 
scales exist. Selection (generic vs. disease specifi c, self-report vs. 
interview, single item vs. battery, preference-based or utility in-
dices) should refl ect the purpose of measurement and the target 
patient group, and the validity, reliability, and responsiveness of 
the instrument should be established. Disease-specifi c instru-
ments are generally more sensitive to changes in the target 
population and may be more useful for sequential monitoring 
of individual patients or in clinical trials; generic instruments 
are of greater value when comparing groups of patients with 
different conditions and when relating results from patients to 
characteristics of the general population.14 Single-index, prefer-
ence-based, and utility scores are useful for multivariate and 
economic analyses,20–24 but multi-item profi les emphasize the 
diverse aspects of QOL and allow a broader personal and clini-
cal perspective.8,14,23

QOL instruments are thus useful for characterizing patient 
groups, discriminating between groups at one point in time, 
monitoring change over time, predicting outcomes, and eco-
nomic analysis.6

QUALITY OF LIFE IN END-STAGE RENAL 
DISEASE

Studies reporting QOL in renal patients were fi rst published 
in the 1980s,25–27 and interest in QOL outcome measurement 
for predialysis, dialysis, and transplant groups has grown dra-
matically since then.17,28–36 PubMed searches for “Dialysis 
AND Quality of Life” and “Renal Transplant AND Quality of 
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Life” currently produce 1997 and 926 citations, respectively. 
The variation in the type and number of instruments used is 
notable; some studies have focused on one dimension only, 
whereas others consider global QOL.29 Commonly reported 
multidimensional measures include the Short Form 36 health 
survey,37 and the Kidney Disease Quality of Life Question-
naire.38,39 The Kidney Disease Quality of Life Questionnaire is 
an increasingly widely used instrument; in particular, it has 
been rendered into 24 language/cultural translations and been 
validated in a range of countries.

There is unequivocal evidence that QOL is impaired in 
dialysis patients compared with the general population.40–48

Transplant recipients also demonstrate impaired QOL, al-
though this is not as marked as in dialysis groups.34,35,49–52

Limitations are most marked in the physical and social di-
mensions, whereas mental health scores tend to remain com-
parable with those in healthy individuals.46,53,54 The mainte-
nance of high psychological well-being in the majority of 
ESRD patients may result from an alteration in health values 
and expectations with chronic disease.54–56 However between 
20% and 30% of ESRD patients report signifi cant psychologi-
cal distress and depression.43,57

FACTORS ASSOCIATED WITH 
DIFFERENCES IN QUALITY OF LIFE IN 
END-STAGE RENAL DISEASE

Factors associated with differences in QOL in ESRD have been 
identifi ed mainly by cross-sectional studies, which allow com-
parisons between groups based on existing clinical and sociode-
mographic characteristics. Many of these report univariate rela-
tionships only, whereas others have used multivariate analysis 
to identify independent associations with QOL. Several pro-
spective single-group and case-control studies using QOL indi-
ces as outcome measures have been conducted, and the number 
of randomized, controlled trials is growing. Problems arise 
when comparing studies because of the considerable diversity 
in methodology, defi nition of QOL, choice of measurement 
instrument, and sample characteristics. Direct relationships 
between measures of clinical status and QOL may not always 
exist, and variables affecting QOL are often interrelated. Broadly 
speaking, these may be divided into sociodemographic vari-
ables, clinical variables, and comorbid medical variables.

Relationships between these characteristics and the multidi-
mensional Short Form 36, and Kidney Disease Quality of Life 
questionnaires are summarized in Table 74-1, and a sample of 
randomized, controlled clinical trials reporting QOL outcomes 
in predialysis and ESRD groups is presented in Table 74-2.

The main sociodemographic factors associated with QOL 
are age, gender, socioeconomic status, income, employment, 
and educational level, whereas the relationship with ethnicity 
is variable. Aging of the ESRD population is a worldwide 
trend, and this phenomenon brings older patients with greater 
comorbidity to renal replacement therapy.58 In general, older 
age is associated with declining physical function, but when 
combined with the physical sequelae of chronic renal insuffi -
ciency (cardiovascular, neurological, myopathic, and skeletal), 
the physical dimension of QOL is especially compromised in 
this older ESRD group.40,59 Physical limitations are, however, 
universally reported in ESRD patients of all ages, to varying 
degrees. There is now a signifi cant body of evidence that 

strongly supports exercise as an effective therapy to ameliorate 
the physical impact of ESRD and improve QOL for dialysis 
and transplant cohorts.60,61

Renal transplantation is associated with improved QOL, 
but this in part refl ects patient selection. There are confl icting 
reports regarding the benefi t of peritoneal dialysis over hemo-
dialysis. A 2004 Cochrane review concluded that there was not 
enough evidence to indicate signifi cant differences in QOL 
between dialysis modalities.62 Early referral for specialist treat-
ment, adequacy of dialysis, maintenance of nutritional indi-
ces, correction of anemia, management of symptoms, and 
prescription of exercise are the main clinical factors associated 
with better QOL. Severity of comorbid illness is a strong pre-
dictor of poorer QOL. Other factors affecting QOL are per-
ceived burden of illness and the degree of social support.

RECOMMENDATIONS

QOL measurement is a valuable adjunct to objective clinical 
assessment in ESRD and recent Cochrane reviews have high-
lighted the need to include QOL outcomes in clinical trial 
design.62–64 Close relationships exist between self-reported 
QOL and morbidity and mortality outcomes,65–73 and these 
subjective measures may even be better predictors of outcome 
than clinical parameters.43,74 There is also growing evidence 
that self-assessed physical and psychosocial well-being infl u-
ences compliance and survival.64,73,75,76

The inclusion of QOL assessment in the routine manage-
ment of ESRD patients offers several advantages. Specifi c pa-
tient problems may be identifi ed, thus directing clinical inter-
vention to alleviate the symptom burden affecting the patient’s 
life. For example, older patients and those reporting specifi c 
physical problems will benefi t from referral for physical ther-
apy and targeted physical rehabilitation.

Through formal QOL assessment, nonmedical factors such 
as patient satisfaction, personal beliefs, and social and envi-
ronmental issues affecting QOL may be highlighted and ways 
of improving quality of care identifi ed. QOL assessment fos-
ters more patient-centered treatment, enhancing communica-
tion between the patient and the health care team, and there is 
evidence that patient empowerment results in better out-
comes.77 Serial QOL measurement is valuable for patient 
surveillance over time, and QOL assessment may direct health 
care planning and quality assurance initiatives.

Factors to consider when attempting to improve QOL are 
summarized in Figure 74-1, and these refl ect the fi ve Es of re-
nal rehabilitation identifi ed by the Life Options Rehabilitation 
Council: education, encouragement, employment, exercise, 
and evaluation.78 Evaluation and regular reassessment are cen-
tral to any initiative aimed at improving QOL, and early refer-
ral to specialist multidisciplinary nephrology services is crucial. 
Adequacy of dialysis, correction of anemia, careful manage-
ment of comorbidity, maintenance of nutritional status, and 
exercise programs designed to enhance physical fi tness are key 
factors in physical management. Exercise prescription is a rou-
tine part of patient management in some centers, aimed at 
improving physical function and QOL in addition to reducing 
cardiovascular risk,79–81 and exercise counseling of patients 
by nephrologists should be promoted.60,81–83 There is ongoing 
research on the optimal dose, duration, and setting for 
exercise, but the current consensus is that individually tailored, 
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Table 74-1 Factors Affecting Quality of Life in End-Stage Renal Disease

Sociodemographic Variables

Age of patient

Older ↓ Physical health scores45,46,56

Younger ↓ Mental health scores45,46,48,65,96

Sex: female ↓ Global QOL scores65,97–99

Lower educational level ↓ global QOL scores45,50,65,66,96

Lower socioeconomic group ↓ Global QOL scores65,96,97

Employment: unemployed ↓ Global QOL scores46,66,100

Higher income/health insurance ↑ Global QOL scores66,100,101

Social Support

Living alone ↓ Mental health scores48

Married ↑ Social function scores52

Supportive relationship ↑ Global QOL scores5

Race

UK: Asian vs. European UK dialysis 
patients

↓ Global QOL scores97

US: African American vs. white ↑ Global QOL scores102–106

International: Japan vs. Europe and US ↑ Physical QOL scores105

↑ Disease burden

US: Native American vs. white ↑ Physical health scores106

↓ Mental health scores

US: Hispanic vs. white ↑ Physical health scores106

↓ Mental health scores

Clinical Variables

Treatment modality

Transplant vs. dialysis ↑ Global QOL scores41,44,51,52,96,98,99,107,108

Home HD and PD vs. in-center HD ↑ Global QOL scores42,44

HD vs. PD Same global QOL scores109,110

PD vs. HD ↑ Mental health status42,111

APD vs. CAPD Same QOL scores112,113

Cochrane review

APD ↑ psychosocial benefi t63

CAPD vs. home or in-center HD Cochrane review: same62

Preparation for dialysis: early referral Better global QOL scores100,114,115

Time since transplantation: longer duration ↓ Global QOL scores51

Low serum albumin ↓ Global QOL scores45,48,65,66,116

Nutritional status: low ↓ Physical health scores117–119

Anemia: low hemoglobin/hematocrit ↓ Global QOL scores42,51

Dialysis dose and effi cacy: better
Kt/V/higher dose

↑ Global QOL scores48,120–122

Low serum creatinine ↑ Global QOL scores107
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Comorbidity

Complex comorbidity ↓ Global QOL scores41,42,44,51,96,97

Diabetes mellitus ↓ Global QOL scores45

Cardiovascular disease ↓ Global QOL scores48,65

COPD ↓ Global QOL scores48

Musculoskeletal disease ↓ Physical status scores46

Erectile dysfunction ↓ Global QOL scores123,124

Other

Severe physical symptoms ↓ Global QOL scores74

Pain ↓ Global QOL scores125,126

Restless legs syndrome ↓ Global QOL scores127–129

Sleep disturbance ↓ Global QOL scores47,127,128,130,131

Dialysis symptoms ↓ Global QOL scores47

High burden of disease ↓ Global QOL scores47

APD, automated peritoneal dialysis; CAPD, continuous ambulatory peritoneal dialysis; COPD, 
chronic obstructive pulmonary disease; HD, hemodialysis; PD, peritoneal dialysis.

Table 74-1 Factors Affecting Quality of Life in End-Stage Renal Desease—cont’d

Table 74-2 Randomized Controlled Trials of Interventions to Improve Quality of Life

Intervention Sample Outcome in Intervention Group Ref.

Erythropoietin

EPO vs. placebo Predialysis (N � 603) ↑ Physical function Drueke et al132

↑ General health

EPO doses to achieve normal 
vs. subnormal Hgb

 HD, PD, and predialysis 
(N � 416)

Dialysis patients
↓ Physical symptoms, fatigue, 

depression, and frustration in 
normal Hgb group

Furuland et al133

EPO doses to achieve high 
target Hgb vs. low target 
Hgb

Predialysis (N � 1432) Same change in QOL both 
groups

Higher risk of adverse events 
with high target Hgb

Singh et al134

EPO doses to achieve normal 
Hgb vs. low target Hgb

HD (N � 14) ↑ QOL normal target Hgb group McMahon et al135

EPO vs. placebo PD (N � 152) ↑ QOL EPO group Nissenson et al136

EPO vs. control Predialysis (N � 83) ↑ QOL in physical and vitality 
domains in EPO group

Revicki et al137

EPO doses to achieve normal 
vs. subnormal Hgb

HD: placebo (N � 40)
Normalized Hgb 

(N � 40)
Subnormal Hgb 

(N � 38)

↑ QOL both EPO groups vs. 
placebo

Canadian Erythropoietin
Study138

Continued
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Intervention Sample Outcome in Intervention Group Ref.

Carnitine

Carnitine vs. placebo HD (N � 50) ↑ QOL scores in physical do-
mains in carnitine group

Steiner et al139

Carnitine vs. placebo HD (N � 20) ↑ QOL scores in carnitine group Rathod et al140

Gabapentin vs. Levodopa 
Restless Legs Syndrome

HD (N � 15) ↑ QOL scores in gabapeatin 
group

Micozkadioglu et al141

Glucose in Dialysis Fluid vs. 
Usual Care

HD (N � 34) No change in QOL; decreased 
blood pressure decreased vari-
ability in blood glucose levels

Sangill and Pedersen142

Predilution Online Hemofi ltra-
tion vs. Low-Flux HD

Dialysis (N � 40) ↑ QOL scores: hemofi ltration Beerenhout et al143

High-Dose HD HD High-dose HD: ↑ Physical QOL 
scores and ↓ pain

Unruh et al121

Exercise Training

Resistance exercise 
± nandrolone decanoate

HD (N � 79) ↑ QOL scores in physical do-
mains with exercise

Johansen et al144

Moderate conditioning 
exercise � counseling vs. 
control

HD (N � 96) ↑ QOL scores van Vilsteren et al145

Outpatient vs. intradialytic 
exercise

HD (N � 48) ↑ QOL in both exercise groups Kouidi et al146

Intradialytic exercise vs. 
control

HD (N � 13) 8-wk exercise program in high 
function patients: no effect on 
QOL

Parsons et al147

Exercise vs. control HD (N � 33) Exercise group ↑ QOL scores in 
physical domains

Molsted et al148

Progressive exercise vs. 
nonprogressive exercise

HD 12-wk exercise program high 
function patients: no effect on 
QOL

DePaul et al149

Exercise vs. usual care Transplant recipients 
(N � 167)

Exercise group ↑ QOL scores in 
physical domains

Painter et al150

Exercise ± normalize 
hematocrit

HD (N � 65)
4 groups, 2 exercise

Exercise groups ↑ QOL scores in 
physical domains

Painter et al151

Physical rehabilitation vs. 
control

HD (N � 82) Exercise group ↑ QOL scores Tawney et al152

Exercise coaching and 
counseling vs. control

Predialysis (N � 18)
HD (N � 18)

Exercise group ↑ QOL scores
Greater effect in predialysis

Fitts et al153

Exercise vs. control HD (N � 31) Exercise group ↑ QOL and de-
pression scores

Kouidi et al154

EPO, erythropoietin; HD, hemodialysis; Hgb, hemoglobin; PD, peritoneal dialysis; QOL, quality of life.

Table 74-2 Randomized Controlled Trials of Interventions to Improve Quality of Life—cont’d

submaximal exercise prescribed by a qualifi ed health profes-
sional is safe, effective, and feasible for all ESRD patients and 
can be carried out both during dialysis as an outpatient and in 
the community.84–89 Sustained benefi ts require long-term com-
mitment to exercise, so motivation through regular monitoring 
is necessary, and supervised settings generally demonstrate 

greater improvement. There are, however, barriers to exercise for 
the patient and resource issues for the health care provider.61

The importance of diagnosis and management of depres-
sion is increasingly emphasized in the literature, and the role 
that that patient’s own coping mechanisms and psychosocial 
status play is recognized.74,90–93 In this regard, education, 
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patient involvement in decision making, counseling, motiva-
tion, and the promotion of a positive ethos of rehabilitation are 
necessary components in psychological management and in 
ensuring compliance. Vocational rehabilitation is an important 
consideration in social well-being, and every effort should be 
made to keep patients employed or allow them to return to 
work. Efforts to enhance QOL therefore require a multidimen-
sional and multidisciplinary approach, and this process should 
be started in the predialysis phase of CKD.94,95
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BACKGROUND

Despite technological advancements, more than 80,000 dialysis 
patients die each year in the United States with an unadjusted 
mortality rate of 22% to 25%.1 The age- and sex-matched life 
expectancy is only 16% to 37% that of the general population. 
Cardiovascular complications account for at least half of 
the deaths, and the risk of death for a 45-year-old patient is 
20 times that of a person of the same age not receiving dialysis. 
On average, a 50-year-old dialysis patient will live 5.2 additional 
years and a 75-year-old could expect to live 2.4 more years.1

Symptom burdens are very high in this population,2–6 and the 
dying experience for patients with end-stage renal disease 
(ESRD) is less than optimal.7–10 For these reasons, the integra-
tion of modern palliative care principles into the care of pa-
tients with ESRD is essential to the practice of nephrology.11

The World Health Organization defi nes palliative care as 
an approach that improves the quality of life of patients and 
their families faced with a life-limiting illness through the 
prevention and relief of suffering by means of early identifi ca-
tion and impeccable assessment and treatment of pain and 
other problems—physical, psychosocial, and spiritual. As the 
dialysis population ages and experiences multiple comorbidi-
ties, it is becoming increasingly diffi cult to maintain a reason-
able health-related quality of life (HRQOL) for these patients. 
Patients with diabetes represent more than one third of the 
ESRD population, and many of these patients experience am-
putations, neuropathies, blindness, and other complications. 
Other common comorbid disorders of incident patients in-
clude congestive heart failure (34%), coronary artery disease 
(25%), peripheral vascular disease (15%), and cerebrovascular 
disease (10%). Although dialysis supports life, it may not pro-
vide what many people consider to be an adequate HRQOL.

A systematic approach to palliative care in dialysis units, 
emphasizing shared decision making and advance care plan-
ning, is discussed in Chapter 84. This chapter focuses on 
symptom management and the logistics of end-of-life care for 
patients who withdraw from dialysis or who choose to not 
initiate dialysis.

SYMPTOM PREVALENCE AND IMPACT

Given the aging population and the increasing incidence of 
comorbidities, it is not surprising that dialysis patients expe-
rience multiple symptoms.12 Until recently, little attention 
was paid to the prevalence of symptoms in ESRD and conse-
quently, symptoms are frequently underrecognized and inad-
equately treated. The overall symptom burden in ESRD is 
extensive and matches or exceeds that reported by patients 
hospitalized in palliative care settings with cancer.13,14 For the 
following symptoms, the reported mean prevalence rates are 
fatigue/tiredness, 71%; pruritus, 55%; constipation, 53%; 
anorexia, 49%; pain, 47%; sleep disturbance, 44%; anxiety, 
38%; dyspnea, 35%; nausea, 33%; restless legs syndrome, 
30%; and depression, 27%.14 Chronic pain in this population 
is typically severe, with 82% experiencing moderate to severe 
pain.2 The cause of pain is often multifactorial and may be 
due to comorbidity, the primary renal disease, or the dialysis 
procedure itself. There are also painful syndromes associated 
with chronic kidney disease such as renal osteodystrophy, 
calcifi c uremic arteriolopathy, and dialysis-related amyloido-
sis. Symptoms, both physical and psychological, are highly 
relevant patient outcomes in evaluating HRQOL. In fact, re-
cent research suggests that dialysis patients’ perceptions of 
symptom burden are more important than objective clinical 
assessments in determining HRQOL.4,15–19 A recent study 
showed that symptom burden in dialysis patients accounted 
for 29% of the impairment in physical HRQOL and 39% of 
the impairment in mental HRQOL.13 Moreover, a change in 
symptom burden accounted for 46% of the change in mental 
HRQOL and 34% of the change in physical HRQOL.20 These 
results suggest that a palliative care focus on symptom assess-
ment and management would greatly enhance the HRQOL 
of ESRD patients.

If there is a subgroup of ESRD patients who ought to re-
ceive quality palliative care, it is those whose dialysis has been 
withdrawn and who consequently have a mean of 8 days to 
live.21 Data are limited, but recent studies demonstrate an un-
acceptable degree of suffering of these patients in their last days 
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of life.8,10 The most common terminal symptoms following 
withdrawal of dialysis are confusion/agitation (70%), pain 
(55%), and dyspnea (48%): 24% of patients continued to have 
unrelieved symptoms at the time of death.10

There are patients with stage 5 chronic kidney disease 
(glomerular fi ltration rate � 15 mL/min) who are managed 
without dialysis, either through their own preference or be-
cause dialysis is unlikely to benefi t them. This group of pa-
tients also has extensive palliative care needs. Although data 
on symptom prevalence in this population are limited, it ap-
pears that their overall symptom burden may approach that 
of dialysis patients.22

SYMPTOM ASSESSMENT

Until now, laboratory tests have played a primary role in the 
assessment and care of patients with chronic kidney disease. 
However, it is increasingly becoming clear that the patient’s 
symptoms should be the fi rst priority. Regular comprehen-
sive assessment of physical and emotional symptoms, to-
gether with proactive management of identifi ed symptoms, is 
essential if efforts to improve HRQOL are to be successful. 
Although the most commonly used HRQOL instruments in 
dialysis patients, the Medical Outcomes Study 36-Item Short-
Form Health Survey23 and the Kidney Disease Quality of Life 
questionnaire,24 have items pertaining to physical and psy-
chological symptoms, they do not directly assess patient self-
report of troublesome symptoms. In addition, these tools are 
time-consuming and diffi cult for patients to complete. Tools 
used to evaluate symptom burden must be simple and easily 
understood and take little time to complete. They must also 
be reliable, valid, sensitive, and responsive to change; yield 
useful information; and be self-reported because outcomes 
are dependent on the perceptions and lived experience of 
individual patients.

The Edmonton Symptom Assessment System is a simple, 
short, and self-completed measurement tool that was devel-
oped for symptom assessment in cancer patients and has been 
used extensively in palliative care settings. More recently, it has 
been modifi ed and validated to assess physical and psycho-
logical symptoms in ESRD.3,13,20 The respondent burden is 
low, and the instrument can even be successfully completed 
by patients close to death (Fig. 75-1). In contrast to the use 
of HRQOL instruments, the resources required for data col-
lection, analysis, and reporting of the Edmonton Symptom 
Assessment System are minimal.

SYMPTOM MANAGEMENT

Management of Pain
It has only recently been recognized that chronic pain is one 
of the most common and distressing symptoms for patients 
with ESRD. Medical management is complicated by the 
high incidence of comorbidity, polypharmacy, and advanced 
age. However, the greatest barrier to effective pharmaco-
logic management of chronic pain is the altered pharmaco-
kinetics and pharmacodynamics of analgesics in renal fail-
ure. More than 90% of most opioids are excreted by the 
kidneys, and many have active metabolites that accumulate 

in chronic kidney disease, causing opioid toxicity. This dif-
fi cult situation is worsened by a paucity of data on the use 
of analgesics in ESRD. Drug dosing is covered in greater 
detail in Chapter 91.

Given the lack of pharmacokinetic and pharmacodynamic 
data and systematically tested symptom treatment protocols, it is 
diffi cult to advocate specifi c pain management algorithms, but 
the basic principles of pain assessment and management can be 
adapted and integrated into the care of ESRD patients (sum-
marized in Box 75-1). Research is needed to test the effectiveness 
of various interventions.25 The World Health Organization anal-
gesic ladder is advocated for the pharmacologic management of 
malignant and nonmalignant pain (Fig. 75-2) and relies on a 
stepwise approach with analgesics. There is limited evidence to 
support its use in ESRD patients,26 and not all analgesics are 
recommended for patients with ESRD (Table 75-1). Although 
morphine is the mainstay of pain control for most palliative care 
programs,27 active metabolites accumulate in ESRD. The me-
tabolite morphine-6-glucuronide equilibrates very slowly across 
the blood-brain barrier, and patients may remain sedated for 
days after the drug is stopped. This may be benefi cial if the pa-
tient is agitated or in intractable pain after the withdrawal of 
dialysis, but it could also deny an individual the level of alertness 
necessary to achieve spiritual and interpersonal goals. For these 
reasons, morphine is not recommended.

The essentials of opioid dosing are reviewed in Box 75-2. 
Adverse effects of opioids should be aggressively treated and 
ideally prevented with a prophylactic bowel regimen and a 
gradual titration of dose. When titrated slowly, most patients 
will develop tolerance to the adverse effects of opioids, allowing 
the higher dose often required for adequate analgesia. Patient 
and health care professional fears about opioid addiction re-
main a major barrier to the effective use of opioids. Fortunately, 
opioid addiction is extremely rare in patients being treated for 
chronic pain (Box 75-3). Adjuvant therapies are important 
components of an effective pain management strategy and of-
ten permit the use of lower doses of opioids. Tricyclic antide-
pressants and anticonvulsants are particularly benefi cial in 
controlling neuropathic pain (Table 75-2). Future strategies will 
likely include cannabinoids.

Management of Other Symptoms 
Common in End-Stage Renal Disease
Table 75-3 lists some common ESRD symptoms and our sug-
gested guidelines based on the available literature. We caution 
that these particular protocols have not been validated or 
tested with suffi cient numbers of patients. They should be 
considered only as rough guidelines and may not be appropri-
ate for those patients who withdraw from dialysis.

Withholding and Withdrawing Dialysis
Increasing numbers and percentages of patients are dying 
after dialysis withdrawal: 24% of patient deaths were due to 
discontinuation of dialysis in 2004.1 Given that withdrawal 
from dialysis is an accepted and increasingly common treat-
ment option, one might hope that ongoing discussions about 
terminal care preferences would be routinely occurring with 
staff, patients, and the families.28 Instead, research has found 
that such communications are rare and that written advance 
directives are completed by only 7% to 35% of long-term 
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830 Chronic Renal Failure and Its Systemic Manifestations

Modified Edmonton Symptom Assessment System:
Numerical Scale
Northern Alberta Renal Program

Please circle the number that best describes:

No pain 0 1 2 3 4 5 6 7 8 9 10 Worst possible pain

Not tired 0 1 2 3 4 5 6 7 8 9 10 Worst possible 
            tiredness

Not nauseated 0 1 2 3 4 5 6 7 8 9 10 Worst possible 
            nausea

Not depressed 0 1 2 3 4 5 6 7 8 9 10 Worst possible 
            depression

Not anxious 0 1 2 3 4 5 6 7 8 9 10 Worst possible 
            anxiety

Not drowsy 0 1 2 3 4 5 6 7 8 9 10 Worst possible 
            drowsiness

Best appetite 0 1 2 3 4 5 6 7 8 9 10 Worst possible 
            appetite

Best feeling of 0 1 2 3 4 5 6 7 8 9 10 Worst possible 
well-being            feeling of well-being

No itching 0 1 2 3 4 5 6 7 8 9 10 Worst possible  
            itching

No shortness 0 1 2 3 4 5 6 7 8 9 10 Worst possible 
of breath            shortness of breath

No insomnia 0 1 2 3 4 5 6 7 8 9 10 Worst possible
             insomnia

Patient’s Name

Date       Time

Please mark on these pictures where it is you hurt.

Right          Right

Completed by (check one)
Patient
Caregiver

 Caregiver assisted

Figure 75-1 Modifi ed Ed-
monton Symptom Assessment 
System.
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Freedom from pain 

STRONG OPIOID FOR 
SEVERE  PAIN

± NON- OR WEAK OPIOID 
± ADJUVANT

Pain persisting or increasing

WEAK OPIOID FOR
MODERATE PAIN

± NONOPIOID
± ADJUVANT

Pain persisting or increasing

NONOPIOID
± ADJUVANT

PAIN

1

2

3

Figure 75-2 The World Health Organization analgesic 
ladder.

 1. Regular, systematic pain assessment
a. Believe the patient’s report of pain
b. Assess pain in its site, character, intensity, extent, 

relieving and aggravating factors, and temporal 
relationships.

 c. Use a simple assessment tool such as a numerical 
scale of 0–10, e.g., the Modifi ed Edmonton Symp-
tom Assessment System

d. Educate patients or their caregivers at home on pain 
assessment and charting

 2. Patients may have more than one kind of pain; each 
pain syndrome must be independently diagnosed and 
treated.

 3. Aim to achieve control at a level acceptable to the pa-
tient. It may not be necessary or possible to make the 
patient completely pain free.

 4. Refer for nonpharmacologic interventions such as physi-
cal therapy (e.g., transcutaneous nerve stimulation, hot 
and cold therapy, exercise, and neuromuscular mas-
sage) where appropriate.

 5. Educate patients and their caregivers on the goals of 
therapy, management plan, and potential complica-
tions. This will help minimize noncompliance.
a. Distress at and confusion about previous treatment 

has a powerful infl uence on patients’ reactions to 
pain and disability.

 6. Early and aggressive treatment of pain is important in 
minimizing progression to chronicity.

Concurrent Psychosocial Issues
 1. Pain may be associated with and aggravated by con-

current psychological symptoms. The psychological state 

Box 75-1 The Essentials of Pain Management

of the patient must be assessed and treated appropri-
ately with equal concern.

 2. Use an interdisciplinary team to manage total pain. 
Total pain refers to any unmet need of the patient that 
may aggravate pain (e.g., fi nancial, spiritual). Pain 
may not be controlled unless these needs are ad-
dressed. This may require a consultation to a palliative 
care team.

 3. Psychological factors typically have a stronger infl uence 
on outcome than do biomedical factors.
a. Psychological response to acute pain is predictive of 

chronic incapacity.
b. Better management of psychological reactions at 

early stages of treatment has the potential for pre-
venting unnecessary chronicity.

Guidelines to Be Followed When Using Opioids
 1. Before initiating opioids, screen for risk factors for ad-

diction using tools such as the Opioid Risk Tool (ORT) or 
the Screening Instrument for Substance Abuse Potential 
(SISAP).

 2. Use a specifi c opioid for a specifi c type of pain.
 3. Use adjuvants judiciously.

a. Adjuvants may be used with opioids to control side 
effects.

b. Adjuvants may be used for specifi c pains not re-
sponding well to opioids.

 c. Adjuvants may be used as an opioid-sparing agent 
to decrease the dose of opioid when side effects of 
opioids become troublesome.

dialysis patients.29,30 Patients often do not know that they 
have the option of withdrawing from dialysis, and they fre-
quently believe that their physicians would not support such 
a choice.31 Even the relatively simpler discussion around car-
diopulmonary resuscitation is not consistently done well in 
dialysis units. Six months following cardiopulmonary resus-
citation, only 3% of ESRD patients are alive: approximately 
78% of successfully resuscitated dialysis patients die a mean 
of 4.4 days later, and 95% of these patients are on mechanical 
ventilation at the time of death.32 Despite the extremely poor 
chance of survival after cardiopulmonary resuscitation, rela-
tively few dialysis patients choose do not resuscitate orders.33

Issues around advanced care planning are discussed further 
in Chapter 84.

Less is known about the numbers of patients who choose 
not to initiate dialysis. In the United States, it is estimated 
that less than 5% of patients who present to a nephrologist 
elect to forgo dialysis. In Canada and Great Britain, as many 
as 15% to 20% of patients may choose to not start dialysis. 
For each patient, the decision to commence dialysis or have 
conservative management (without dialysis) is complex and 
involves discussions on prognosis, anticipated quality of life 
(with and without dialysis), treatment burden, and patient 
preferences. A recent retrospective analysis of the survival of 
all patients older than 75 years with chronic kidney disease 
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Table 75-1 Analgesic Use in End-Stage renal Disease

WHO Ladder Analgesic Recommendation Comments

Step 1 Acetaminophen 
Nonsteroidal

anti-infl ammatories

Recommended
Use with caution

No dose adjustment required
Increased incidence of bleeding in CKD. More appropriate for 

acute pain management

Step 2 Tramadol

Codeine

Dextropropoxyphene

Use with caution

Avoid

Avoid

Maximum dose 50 mg q12h; associated with a lower seizure 
threshold

Several case reports of profound toxicity, which can be delayed 
and unexpected

Levels of parent compound and active metabolites increase in CKD 
and are associated with CNS and cardiac toxicity

Step 3 Fentanyl/alfentanil
Methadone
Hydromorphone

Oxycodone

Buprenorphine

Morphine/diamorphine

Meperidine

Recommended
Recommended
Recommended

Insuffi cient 
evidence

Insuffi cient 
evidence

Avoid

Avoid

Should only be prescribed by a clinician experienced in its use
Should only be prescribed by a clinician experienced in its use
Appears well tolerated in dialysis patients, but toxic metabolites 

rapidly accumulate in patients with stage 5 CKD being managed 
conservatively and should probably be avoided in this situation

Accumulation of metabolites; metabolite morphine-6-glucuronide is a 
more potent analgesic than morphine itself and accumulates in 
ESRD. It equilibrates very slowly across the blood-brain barrier. Thus, 
patients may remain sedated for days after the drug is stopped

Accumulation of normeperidine, which is only half as potent an 
analgesic as the parent compound, but is 2–3 times more likely 
to cause CNS toxicity (agitation, myoclonus, and seizures)

CNS, central nervous system.

By mouth: Whenever possible, drugs should be 
given orally.

By the clock: For continuous pain, schedule doses 
over 24 hours on a regular basis. 
Additional breakthrough medica-
tion should be available on an 
as-needed basis.

By the ladder: Use analgesics stepwise according to 
the World Health Organization an-
algesic ladder.

For the 
individual:

There is no standard dose for strong 
opioids. The right dose is the dose 
that relieves pain without causing 
unacceptable side effects.

Attention to 
detail:

Pain changes over time: thus, there is 
the need for constant reassessment.

Box 75-2 The Five Essentials of Analgesic Dosing

 1. The incidence of addiction in patients receiving opi-
oid therapy for acute pain relief is less than 1%. The 
incidence of addiction in patients receiving opioid 
therapy for chronic pain is less clear but is felt to be 
less than 5%.

 2. Patients will become physically dependent when treated 
with opioids for a time and therefore will have effects of 
withdrawal if the opioid is stopped suddenly.

 3. Physical dependency is easily managed by a slow 
taper of the opioid when pain has resolved.

 4. Physical dependency is not synonymous with addic-
tion.

 5. Addiction is a psychological problem rather than a 
physical one and is characterized by patients engag-
ing in manipulative behaviors to secure the drug.

 6. Individuals who are addicted use opioids for reasons 
other than pain. Taking drugs for pain management is 
different from taking them for pleasure.

Box 75-3 Facts about Opioid Addiction

stage 5 attending dedicated multidisciplinary predialysis care 
clinics showed that the survival advantage of dialysis may be 
lost in patients with high comorbidity scores, especially when 
the comorbidity includes ischemic heart disease.34 Because 
dialysis is a demanding treatment associated with a tremen-
dous symptom burden, data of this sort should help inform 
discussions for dialysis options including no dialysis.

INTEGRATING PALLIATIVE CARE

Palliative care can best be thought of as supportive care initiated 
at the time of diagnosis of a life-limiting illness and occurring 
throughout the illness, depending on the needs of individual 
patients (Fig. 75-3). All elements of a successful palliative care 
program require good patient-doctor communication. Specifi c 
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Table 75-2 Adjuvant Use for Neuropathic Pain in Stage 5 Chronic Kidney Disease

Class of Drug Dose Comments

Tricyclic Antidepressant

Amitriptyline 10–100 mg od Dose alteration not usually necessary in ESRD, although may be poorly 
tolerated due to common anticholinergic adverse effects; lowers seizure 
threshold

Desipramine 10–150 mg od Less sedating and fewer anticholinergic adverse effects than amitriptyline

Anticonvulsants

Carbamazepine 200 mg od, titrate weekly to 
effectiveness

Maximum dose 1600 mg

No dose adjustment in ESRD

Gabapentin 100–300 mg od Cases of neurotoxicity reported when using �300 mg od

Benzodiazepines No dose adjustment required for most benzodiazepines

ESRD, end-stage renal disease; od, once daily.

Table 75-3 Symptom Guidelines

Symptom Treatment Dose Comment

Cramps Quinine 260–325 mg PO prn Give before symptoms; limit to 3 doses/
day

Carnitine 1000–2000 mg IV during 
dialysis

Also used for myopathy, cardiomyopathy, 
refractory anemia

Restless legs 
syndrome

Clonazepam 0.5–2.0 mg hs prn

Carbidopa-levodopa 25/100 mg hs prn

Pergolide 0.05–0.2 mg qd

Pramipexole 0.3 mg qd

Pruritus Skin moisturizer Limited effectiveness

Hydrourea cream

Capsaicin 0.025% cream qid Burning sensation may be problematic;  
expensive, therefore, not practical for 
generalized pruritus

Antihistamines
Clemastine
Ketotifen

1–3 mg bid prn
2 mg bid prn

Trial any H1 antagonist; inexpensive, 
safe, but often poor clinical response

UVB light 2–3 times/wk Effective but potentially noxious in the 
long term, impractical, and often not 
available

Ondansetron 2–4 mg bid High cost, constipating

IV lidocaine 100 mg IV during dialysis Potential seizures

Activated charcoal 6 g qd � 8 wk Impractical, poorly tolerated

Plasmapheresis 3–4 exchanges Impractical

Continued
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Symptom Treatment Dose Comment

Hypotension,
intradialytic
or persistent

Alterations to the dialysis 
bath, temperature, 
sodium, ultrafi ltration

Midadrine 1–10 mg tid prn or pre-
dialysis

Oral �-adrenergic agonist

Sertraline 25–50 mg pre-dialysis

Anorexia Megestrol 40–400 mg Has been used in ESRD

Dronabinol 2.5–5.0 mg bid/tid Cannabinoid

Lethargy, 
fatigue

Methylphenidate 5–10 mg AM and noon Psychostimulant, limited use and effective-
ness in ESRD

ESRD, end-stage renal disease.

Table 75-3 Symptom Guidelines—cont’d

Diagnosis Death

CURATIVE

PALLIATIVE

Figure 75-3 The World Health Organization model of can-
cer management.

key elements of a renal palliative care program would include 
regular symptom assessment and treatment protocols or guide-
lines available at clinics and dialysis units, advance care planning, 
enhanced referrals to hospice, morbidity and mortality confer-
ences to review the deaths of recently deceased patients, and 
annual bereavement services for families, loved ones, and staff 
who wish to celebrate the memories of patients who died in the 
previous year. Memorial services, in particular, have been rated 
very highly by attendees and have been shown to markedly infl u-
ence the culture in renal centers, making it more open to end-of-
life care issues.35 Hospice can also signifi cantly enhance end-of-
life care for patients with ESRD,36 but United States Renal Data 
System data indicate that current hospice use is fi vefold lower in 
dying dialysis patients when compared with nondialysis pa-
tients.1 When death becomes imminent, end-of-life care should 
become the focus of our treatment. Principles of a good death 
can be seen in Box 75-4. However, achieving these goals takes 
time. Because death occurs quickly after withdrawal from dialy-
sis, palliative care must be initiated well in advance. The key to 
end-of-life symptom management is aggressive symptom man-
agement before death is imminent. Early pain management is 
particularly benefi cial in reducing the adverse effects of narcotics 
during the fi nal days of life. Patients in pain who have not been 
exposed to opioids for some time are at a greater risk of depres-
sion, whereas respiratory depression is rare in most terminally ill 
patients receiving long-term treatment with opioids as long as 
the dose does not exceed the dose needed for pain relief. Al-
though there remains great concern among health care profes-
sionals about using opioids in patients with ESRD or any dying 
patient for fear of hastening death, the most common form of 
narcotic abuse in the care of the dying is undertreatment of 

Anticipate death and know what to expect
Retain control of choices and have those wishes re-

spected (advance care planning)
Maintain dignity
Control of pain and other troublesome symptoms
Choose where death occurs
Easy access to needed care and expertise (palliative 

care)
Spiritual and emotional support as needed
Access to hospice at all locations (home, hospital, nursing 

home)
To have those present at death that one chooses
To have time to say goodbye and choose the time of 

death (withdrawal from dialysis if appropriate)
Bereavement services for those left behind

Box 75-4 Principles of a Good Death

pain.37 Although most symptoms associated with dying with 
ESRD can be managed before death is imminent, some symp-
toms such as agitation, twitching, nausea, and shortness of 
breath due to the accumulation of toxins may become more 
troublesome in the fi nal days of life after withdrawal of dialysis 
and need to be anticipated and aggressively treated. Table 75-4 
lists the treatment of the most troubling terminal symptoms.

SUMMARY

Expertise in pain and symptom management, psychological 
and spiritual support, and dealing with issues surrounding 
end-of-life care defi nes the specialty of palliative care. As tools 
for measuring patient symptoms and quality of dying are 
validated in ESRD, and treatment algorithms are developed 
and tested, the nephrology community will have the opportu-
nity to incorporate these elements of modern palliative/sup-
portive care into their facilities. Collaboration between renal 
and palliative specialists will likely help identify ways to 
achieve best care for these patients in the fi nal phase of life.

Ch75_828-835-X5484.indd 834Ch75_828-835-X5484.indd   834 6/26/08 4:03:37 PM6/26/08   4:03:37 PM



835 Palliative and Supportive Care

Table 75-4 Symptoms at the End of Life

Symptom Treatment

Retained secretions Scopolamine

Shortness of breath

Agitation (includes 
involuntary 
twitching)

Fan, oxygen, patient position 
(upright), opioids

Ensure that pain and psychosocial 
issues addressed, haloperidol, 
methotrimeprazine (effective for 
anxiety, restlessness, nausea, and 
pain), and benzodiazepines

Nausea and vomiting Metaclopramide,
prochlorproperazine, ondansetron

Hiccups Chlorpromazine, haloperidol, 
metoclopramide
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In 2004, nearly $32.5 billion was spent on end-stage renal 
disease (ESRD) care in the United States.1 The U.S. govern-
ment, under the Medicare program, paid approximately 62% 
($20.1 billion), and private insurers and patients paid the rest. 
Medicare benefi ciaries receiving treatment for ESRD repre-
sent less than 1% of the Medicare population, but in 2004, 
they accounted for nearly 7% of the Medicare outlays. Thus, a 
strikingly disproportionate share of Medicare expenditures is 
spent annually on Medicare ESRD benefi ciaries: ESRD benefi -
ciaries cost an average of at least fi ve times more than benefi -
ciaries in other categories (Fig. 76-1). This disproportionate 
spending will keep the economics of ESRD treatment under 
the close scrutiny of legislators and regulators.

The Medicare ESRD program has continued to grow in 
absolute terms (slightly more than 11.7% in 2003–2004).1

There is a belief that care can be delivered for a lower cost 
while offering higher quality care to ESRD patients. In the 
United States, physicians are paid a monthly fee to care for 
dialysis patients (monthly capitation payment), and dialysis 
providers are paid a fi xed amount per dialysis treatment per 
month (composite rate). As this amount has remained rela-
tively stable over time, its value has decreased relative to infl a-
tion. Physicians and dialysis providers have had to fi nd ways 
to increase their productivity by delivering the same or better 
quality care at a lower cost. To evaluate various measures to 
improve patient care as well as maintain the economic viabil-
ity of a practice or dialysis unit, it is useful to understand the 
economic tools available and how they can be used.

METHODOLOGIES

There are several ways to evaluate the economic and clinical 
effects of changes in the treatment of ESRD patients.

Cost-Benefi t Analysis
This technique compares the costs of an intervention or treat-
ment protocol with the benefi ts, identifi ed in terms of mone-
tary units. The benefi ts are typically measured as the change 

in medical expenditure and productivity. By converting the 
outcome to a monetary unit, interventions with a variety of 
outcomes can be compared. There are drawbacks to these 
types of analyses. They do not refl ect changes in quality of life, 
and determining the impact on productivity among non-
working people, such as the very old or young, is problematic. 
Although it is diffi cult to assign a value to a year of life that is 
free of disease, a standard benchmark is $100,000.2 Multiple 
interventions can be ranked by their cost-to-benefi t ratios. 
Clearly, as the cost-to-benefi t ratio approaches a value of 1, 
the intervention becomes less desirable.

Cost-Effectiveness Analysis
This technique compares the costs of an intervention or treat-
ment protocol with a measure of effectiveness. It identifi es the 
trade-offs involved in making decisions about care. The costs 
are monetary, and the effectiveness measure is reported in 
outcomes (life-years gained or episodes averted) that are ad-
justed to refl ect a measure of quality of life. The results are 
reported as cost per quality-adjusted life years, or QALYs. The 
advantage is that it avoids placing a value on a year of life. A 
recent example is the cost-effectiveness of retransplantation, 
which was determined as $9656 per QALY saved.3 Table 76-1 
shows the cost per QALY of some treatments for ESRD.

Cost-Minimization Analysis
This technique analyzes two or more interventions or treat-
ment protocols that are believed to be equal clinically, such 
that the only difference is the economic cost. An example of 
this type of study would be the cost consequences of using 
generic versus branded drugs.

Cost-Identifi cation Analysis
This technique identifi es and totals all the costs of a particular 
intervention or treatment protocol. It is useful when compar-
ing a new treatment protocol with an existing one. An example 
would be the effect of increasing Kt/V (K is the clearance time, 
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t is the dialysis time, and V is the volume of distribution) to 
1.2 for all Medicare dialysis patients who have a Kt/V of less 
than 1. This intervention would increase dialysis costs by ap-
proximately $2340 per patient-year at risk, but would decrease 
nondialysis spending by approximately $4670, a savings per 
patient-year at risk of $2330.4 Patient-year at risk is a tech-
nique used to standardize reporting of data on patients with 
varying follow-up times. The expenditures for all patients are 
summed, and all patients receiving therapy during a given 
year contribute to the denominator based on the days during 
that year that they were in the program; thus, a patient who 
was alive and on hemodialysis (HD) for 30 days in 1999 con-
tributes to the cost (numerator) and the time (denominator) 
for those 30 days. These economic studies are frequently 
lumped together under the heading of cost-effectiveness. 
However, it is important to understand a few methodologic 
characteristics of these studies.

Perspective
Economic studies consider one or more perspectives, such as 
patient, provider, and payer. For example, per-patient spend-
ing for a transplantation in 1996 was $148,959, but Medicare 

spending per patient was $141,968. The difference between 
Medicare spending and total spending is relatively small for 
transplantation (5%), and substantially larger for HD (17%).4

The difference is accounted for by payments that patients 
make, such as those relating to Part A (deductible) and Part B 
(copayments). Therefore, an analysis that ignores these costs 
would be appropriate from the perspective of the government, 
but not from the perspective of the patient.

In the example of cost identifi cation cited previously, in-
creasing Kt/V to 1.2 would increase costs to the providers of 
dialysis care, but would decrease total costs from the govern-
ment’s perspective. Therefore, it would be cost-effective for 
Medicare, but not for providers. However, if providers were 
responsible for all the costs (as they would be under a capi-
tated system), then it would become cost-effective for the 
provider as well.

The societal perspective measures the net effect of all these 
perspectives. Generally, health economic studies analyze inter-
ventions for their effect on the health care system and the 
benefi ts to patients. A truly societal view should also value the 
effect of interventions on the non–health-related aspects of 
society, referred to as indirect costs. For example, if daily HD 
enabled patients to continue to work and be productive mem-
bers of society, then from a societal perspective, the increased 
productivity of those patients might well offset any increased 
costs.

To better understand how these economic tools can 
be used, we describe the economics of renal replacement 
therapies.

HEMODIALYSIS

Hemodialysis (HD) is the renal replacement treatment of 
choice for the majority of ESRD patients in the United States, 
as 91% of patients receiving renal replacement treatment use 
this modality compared with 6% for peritoneal dialysis (PD) 
and 2% for those who go directly to transplantation. Direct 
comparison of cost-effectiveness between HD and PD is not 
possible as no prospective study has satisfactorily determined 
differences in effectiveness between the two modalities. Differ-
ences in costs, as determined by Medicare payments, between 
the two modalities are well documented. In 2004, Medicare 
paid $67,733 per patient-year at risk for HD patients and 
$48,796 per patient-year at risk for PD patients.1

Currently, routine payment for HD patients is composed 
of two main components: the monthly capitation payment 
made to physicians on a per-patient basis and the dialysis fa-
cility reimbursement, which consists of the composite rate 
payment plus separately billable items such as drugs and bio-
logics.

The monthly capitation payment includes physician ser-
vices related to all routine dialysis treatment in a given month. 
Services not covered include surgical services, interpretation 
of tests, training of patients to encourage self-treatment, ser-
vices not related to patients’ renal disease, evaluation for renal 
transplantation, and physician services covered during a hos-
pital stay as an inpatient. The monthly capitation payment 
was revised in 2004 to encourage physicians to see their pa-
tients more frequently and since that time has been based on 
the number of times that a physician visits a patient while on 
dialysis during a month. The rates for 2007 were published in 
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Figure 76-1 Medicare spending by type of benefi ciary, 
2003. ESRD, end-stage renal disease. (From the Medicare 
Payment Advisory Commission: A Data Book: Health Care 
Spending and the Medicare Program. Washington, DC: 
Medicare Payment Advisory Commission, 2006.)

Table 76-1 Estimated Cost per Quality-Adjusted Life Year 
Gained by Investing in Different Treatments

Treatment Cost per QALY (US$)

Kidney transplantation 9099

Home hemodialysis 33,345

Continuous ambulatory peritoneal 
dialysis

38,387

Hospital hemodialysis 42,444

Erythropoietin for dialysis anemia 
(with 10% reduction in mortality)

105,057

Erythropoietin for dialysis anemia 
(with no increase in survival)

243,978

Adapted from Maynard A: Developing the health-care market. The 
Economic Journal 1991;101:1277–1286 with permission from 
the publisher.
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the Federal Register on December 1, 2006, and are displayed 
in Table 76-2. It is clear from this table that a physician is paid 
the same whether a patient is seen two or three times per 
month. It is not yet clear whether this change has resulted in 
physicians seeing patients two, three, or four times per month 
on average.

The dialysis facility reimbursement also changed in 2004 as 
a result of enactment of the Medicare Modernization Act in 
2003. Previously, there was a composite rate payment for all 
necessary dialysis services, equipment, and supplies estab-
lished in 1981 and effective in 1983. The composite rate has 
declined substantially on an infl ation-adjusted basis. There 
was no increase in the composite rate between 1983 and 1991. 
In fact, there were decreases. Subsequent increases in 2000, 
2001, 2005, and 2006 were less than half the infl ation rate. 
Dialysis providers point out that the ESRD program is the 
only payment program in Medicare that does not have an an-
nual infl ation adjustment mechanism.

Some dialysis-related pharmaceuticals and supplies are 
paid as an add-on to the composite rate. These include eryth-
ropoietin, vitamin D injections, intravenous iron, and antibi-
otics. Payments for these ancillary services are an important 
component of dialysis facility revenues. For example, erythro-
poietin, iron, and vitamin D account for almost 90% of incre-
mental payments above the composite rate. The Medicare 
Modernization Act changed the drug reimbursement to an 
average sales price methodology and added the estimated his-
torical average wholesale price margins to the composite rate, 
such that the payment rate for most dialysis drugs decreased 
while the composite rate increased.

There is widespread expectation that some or all of ESRD 
care will move toward capitation in the near future. There are 
two ways to achieve this and both are under active consider-
ation in the United States. The fi rst method would capitate the 
entire cost of care for Medicare benefi ciaries with ESRD. This 
methodology is currently being tested by several organiza-
tions, but the results are not expected for a number of years. 
The second method would only capitate the costs related to 
the dialysis procedure. It was the intent of the U.S. Congress 
that the latter would also be tested shortly after passage of the 
Medicare Modernization Act; however, constructing the test 
has proven to be diffi cult. A major concern is that patients 
require different levels of resources to provide optimal care, 
and the capitation amount therefore needs to be adjusted to 
refl ect that variation from the average patient. This is called 
“case-mix adjustment and is an important analytical tool that 
is used to ensure that the variation (in dollars) that is attribut-
able to patients’ needs is accounted for. For example, erythro-
poietin, iron, and vitamin D account for almost 90% of the 
incremental cost to the composite rate, yet there is wide vari-
ability in the drug utilization from patient to patient and for a 
single patient over time. Constructing a case-mix adjustment 

system with no inherent incentives for overutilization has 
proven to be diffi cult. This is true not only in dialysis, but in 
all capitated systems. Ideally, in a capitated system, patients are 
provided optimal care and providers are rewarded for deliver-
ing optimal care.

Under the current payment scheme, the incentives to de-
crease use of high-cost health care may not rest with the indi-
viduals who have the greatest opportunity to affect change. 
For example, approximately 40% of total ESRD payments 
were for hospitalizations.1 Decreasing hospitalizations would 
benefi t both the Medicare program and the individual patient, 
but the cost of providing additional services to the patient 
would likely be borne by the facility. Dialysis adequacy pro-
vides a useful illustration of such costs. Increasing Kt/V from 
0.82 to 1.33 is associated with a 32% decrease in hospital days, 
which translates to an average savings of $5400 per patient.5 A 
recent study found that a 0.1 lower Kt/V was associated with 
an 11% increase in hospitalizations and $940 more for Medi-
care inpatient reimbursement.6

Thus, a strategy to deliver an improved level of dialysis 
should decrease costs. This would require increasing treat-
ment times or increasing the size of the dialyzer used.7 At 
present, however, most ESRD providers have little incentive to 
do so. An increase in spending by the dialysis facility or sup-
plier of $393 should increase the Kt/V value of all patients 
from less than 1.0 to 1.2 (Table 76-3).7 An increase in dialysis 
treatment time is a much less expensive means to increase 
Kt/V than a change in dialysis membrane (Table 76-4).

VASCULAR ACCESS

There are three types of vascular access used today: arteriove-
nous fi stulas, arteriovenous grafts, and catheters. In 2004, 38% 
of patients had arteriovenous grafts, 36% had arteriovenous 
fi stulas, and 26% had catheters. Although catheter use has 

Table 76-2 The Monthly Capitation Payment: 2007

Visits/Month Code
2007 Reimbursement 
Rate (National Average)

1 G-0319 $184.94

2–3 G-0318 $233.83

4 G-0317 $283.09

Table 76-3 Estimated Increase in Dialysis Spending to Achieve 
1.2 Kt/V Threshold for All Patients Based on 1997 Levels

Kt/V VALUE

�1.0 1.0–1.1 � 1.2 Total

Percentage of adult 
hemodialysis patients

7% 15% 78% 100%

Increase in monthly 
capitation payment 
spending

$34 $0 $0 $2

Increase in dialysis 
facility/supplier
spending

$393 $0 $0 $28

Total increase in 
dialysis-related
spending

$427 $0 $0 $30

K, dialyzer clearance of urea; t, dialysis time; V, patient’s total body 
water.
With permission from The Lewin Group: Capitation Models for 
ESRD. Methodology and Results. Renal Physicians Association, and 
American Society of Nephrology. Rockville, MD, and Washington, 
DC: RPA-ASN, 2000.
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remained relatively constant in this century, graft use has 
fallen by 30% and fi stula use has grown by a third. Medicare 
has instituted an initiative called Fistula First with a goal of 
66% of patients having their vascular access by arteriovenous 
fi stula. A recent article used economic modeling to determine 
the effect of reaching this goal.8

If we reached the 66% goal, and the relative proportions of 
grafts and catheters remained constant, it is estimated that 
the shift would provide an additional 35,000 years of survival 
for the 2003 incident patient cohort, resulting in $2.25 billion 
in additional Medicare expenditures. This is offset by the 
$840 million savings in vascular access–attributed costs, 
yielding Medicare’s net additional expenditure of $1.4 billion 
over the cohort’s lifetime. Relative to the current mix of ac-
cess options, the shift to 66% fi stula would be achieved at a 
cost-effectiveness ratio of $40,000 per year of life gained ($1.4 
billion/35,000 years gained).8

It is believed that the current payment rate for creating a 
fi stula discourages surgeons from performing the procedure, 
yet Schon and colleagues8 demonstrate that trebling the pay-
ment from approximately $610 to $1830 while achieving the 
66% goal would only decrease Medicare savings from $840 
million to $765 million over the life of the cohort and increase 
the cost-effectiveness ratio by only $2000 per year of life 
gained.

PERITONEAL DIALYSIS

PD is the choice of only 8% of dialysis patients in the United 
States.1 In the past 10 years, PD has declined by nearly 54% in 
some parts of the country; however, the highest prevalence of 
PD tends to be in areas with low population densities, suggest-
ing that people choose PD if going to a facility poses a travel 
burden. Interestingly, its use has declined in recent years de-
spite evidence that outcomes are generally similar and costs 
are lower than those of HD.9,10 However, there are no prospec-
tive, randomized trials that conclusively determine whether 
equivalent outcomes exist for morbidity and mortality.

Even if we assume equivalent effi cacy between the two 
modalities and thus propose that PD is the least expensive 
(cost minimization) modality, it may still lag behind HD as 
the modality of choice. Traditional cost-effectiveness analy-
sis refl ects patient preferences and the perceived impact on 

quality of life. For PD patients, it is possible that the impact 
of assuming responsibility for one’s treatment reduces qual-
ity of life and thus diminishes the benefi ts of the lower cost 
therapy.

TRANSPLANTATION

Transplantation is the most cost-effective renal replacement 
therapy (see Table 76-1). The high cost of surgery is offset by 
a “long” period in which the patient requires little medical 
care. It is the only therapy that, if successful, is curative. How-
ever, the number of people eligible for receiving a kidney 
transplant far exceeds the current supply of donor kidneys. In 
the prevalent population, the number of patients waiting to 
receive a kidney has grown at an annual rate of 7% to 12% 
over the past 3 years, and in 2004 numbered more than 
60,000. In the same year, there were only slightly more than 
10,000 deceased donor transplants as demand clearly out-
stripped supply. One way to increase the supply of available 
kidneys is to use expanded criteria donor kidneys. These kid-
neys are offered to those on the waiting list who have agreed, 
in advance, to accept them. In 2004, almost one in fi ve de-
ceased donor kidney transplants used an expanded criteria 
donor kidney.1 The use of these donors is signifi cantly more 
expensive than either cadaver or living-related transplants, 
although graft survival is similar.11 Are the costs of expanded 
criteria donor transplants greater than, less than, or equal to 
alternate renal replacement therapies, assuming roughly simi-
lar clinical outcomes? Modeling data show that HD costs 
would be expected to exceed expanded criteria donor trans-
plant costs after 6.6 years.12 Therefore, it would be reasonable 
to proceed with the use of expanded criteria donor trans-
plants, assuming a graft survival, on average, of at least 6.6 
years, while collecting economic data to verify the modeling 
results.

Given the scarcity of kidneys available for transplantation, 
it is useful to understand the cost-effectiveness of offering re-
transplantation to patients with failed grafts. The question to 
be answered is whether improvement in QALYs from a second 
transplant is greater than the loss of QALYs from someone 
else having to wait longer for their fi rst transplant. The answer 
is that this policy has a cost per QALY of $9656.3 The policy is, 
not unexpectedly, better for younger patients, lowering costs 
while increasing QALYs; however, it remains cost-effective for 
older patients. Costs are lower because the patients would be 
on dialysis less often and, on average, would be healthier after 
receiving a transplant.

All payers would like to be able to predict, and therefore 
manage, their fi nancial risks. A risk (or case-mix) adjustor 
model allows the payer to measure the degree to which its 
patient population may differ from a reference population. 
The risk adjustor may use demographic information, typically 
age or gender, or clinical information such as cause of renal 
failure. In patients receiving a transplant, one can construct a 
risk adjustor model using both demographic and clinical data 
(Table 76-5).4 The base or reference case is a 20- to 34-year-
old white woman who has had ESRD as a result of diabetes for 
less than 1 year who lives in an average-cost city in the Mid-
western United States and who will receive a living-related 
donor kidney for her fi rst transplant. As can be seen in Table 
76-4, various demographic factors can dramatically affect the 

Table 76-4 Cost Estimates Using Three Methods of Increasing 
Dialysis Dose Based on 1997 Data

Increase in Kt/V Increase in Cost (%)

Increase in dialysis 
time (10 min)

0.05 1.4

Switch to synthetic 
membrane

0.05 5.3

Switch to modifi ed 
cellulose mem-
brane

0.05 20.7

With permission from The Lewin Group: Capitation Models for 
ESRD. Methodology and Results. Renal Physicians Association, 
and American Society of Nephrology. Rockville, MD and 
Washington, DC: RPA-ASN, 2000.
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cost. For example, if she were 45 to 54 years old, as are almost 
one fourth of transplant recipients, costs would be expected to 
increase by $6243. The cost would increase by an additional 
$10,333 if she received a cadaver transplant rather than a 
living-related donor transplant.

It is necessary to understand how good the model is in 
predicting actual costs. Table 76-6 shows that the model’s abil-
ity to predict cost is a function of the number of patients or 
sample size. Thus, for groups of 100 patients, the model would 
be ±4% to 5% of actual spending 90% of the time and 6% to 
8% for 98% of the time. These models are generally useful for 
predicting costs for larger groups of patients, but they are 

based on historical costs and treatment protocols. When new 
treatment protocols are used, both costs and outcomes change 
and the old paradigms are no longer valid. Newer immuno-
suppressive agents demonstrate this well.

The cost of immunosuppressive drugs is an important 
posttransplantation cost. In the United States, patients who 
are not at least 65 years of age or disabled have to pay for 
these drugs beginning 3 years after receiving their transplant. 
The U.S. Food and Drug Administration approved mycophe-
nolate mofetil in 1995, 12 years after the approval of cyclo-
sporine. Tacrolimus and sirolimus have also been approved. 
Economic analyses will be important in determining whether 

Table 76-5 Risk Adjuster Model Results for Within-Year Transplant Recipients

*P < .1
†P < .05
‡P < .01
Variables indicating missing or unknown data were included in the regression analysis, but are not given here.
ESRD, end-stage renal disease.
Reproduced with permission from The Lewin Group: Capitation Models for ESRD. Methodology and Results. Renal Physicians Association, 
and American Society of Nephrology, Rockville, MD, and Washington, DC: RPA–ASN, 2000.

Estimated 
Coeffi cient 
(Spending per 
Years of Age 
US$)

Patients in 
Sample with 
Characteristic (%)

Demographic Factors 
Years of age (reference cases 20–34)

0–1 13,939 0

2–6 9517 1

7–12 14,050 1

13–15 3940 1

16–19 −3622 2

35–44 7668† 23

45–54 6243† 24

55–64 13,280‡ 17

65+ 21,191‡ 7

Race (reference case white)

Black 13,106‡ 25

Sex (reference case female)

Male −3168 60

Years since onset of ESRD (reference case <1)

1–2 −17,215‡ 40

3–4 −21,965‡ 18

5+ −22,768‡ 20

Wage index (reference case mid 85 < index < 1.10)

High index 
>1.10

6042* 27

Low index <0.85 −3793 23

Estimated 
Coeffi cient 
(Spending per 
Years of Age 
US$)

Patients in 
Sample with 
Characteristic (%)

Demographic Factors–cont’d
Geographic region (reference case midwest)

Northeast 10,273‡ 20

West −342 20

South −2717 36

U.S. Territories 7876 0.4

Disease-Specifi c Factors

Diagnosis causing 
ESRD (reference 
case diabetes)

Cystic kidney dis-
ease

−12,053‡ 7

Other causes −11,569‡ 14

Hypertension −13,685‡ 20

Glomerulone-
phritis

−14,548‡ 26

Other urological −8902 2

No. of transplants (reference case 1 Tx)

Two transplants −85,624‡ 1

Transplant donor (reference case living-related donor)

Cadaver trans-
plant

−10,333‡ 81

Intercept‡

−152,268
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these newer drugs alone or in combination with older thera-
pies provide better clinical outcomes at equal or lower cost.13

In performing the analyses, the perspective will be especially 
important as outpatient drug costs 3 years after a successful 
transplant place a real burden on patients.

CONCLUSION

Applying the tools of economics to ESRD enhances the decision-
making powers of patients, providers, and payers. This chapter 
has identifi ed a variety of analyses and health care scenarios that 
show that proper use of economic analysis can result in changes 
in practice and policy that might achieve more effi cient use of 
resources as well as better patient outcomes.

Table 76-6 Percentage of Difference between Actual and Predicted Spending-within-Year Transplant 
Recipients

Group Size

Mean Predicted as 
% of Actual 
Spending*

90% of the Time, Predicted 
$ Are within (of Actual 
Spending)

98% of the Time, Predicted 
$ Are within (of Actual 
Spending)

10 patients 101% 16% to −13% 29% to −16%

20 patients 100% 11% to −9% 17% to −11%

40 patients 100% 7% to −7% 11% to −8%

60 patients 100% 6% to −5% 9% to −7%

100 patients 100% 5% to −4% 8% to −6%

500 patients 100% 2% to −2% 3% to −3%

600 patients 100% 2% to −2% 3% to −3%

*Rounded to nearest whole number.
Reproduced with permission from The Lewin Group: Capitation Models for ESRD. Methodology and Results. Renal 
Physicians Association, and American Society of Nephrology. Rockville, MD, and Washington, DC: RPA-ASN, 
2000.
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GENERAL PRINCIPLES

Hemodialysis is a complex process performed with apparent 
simplicity. By attaching an extracorporeal circuit to a patient, 
the procedure of hemodialysis effectively removes uremic 
toxins and corrects acid-base disturbances in a manner ap-
proximating some of the functions of a natural kidney. This 
chapter presents a discussion of dialyzers, dialysate composi-
tion, water treatment systems, and some of the technical as-
pects of hemodialysis.

THE HEMODIALYSIS PROCEDURE

Blood Circuit
Blood in the extracorporeal circuit is contained within tubing 
that is connected to the venous and arterial sides of a patient’s 
access (Fig. 77-1). Needles are inserted into the patient’s 
blood access, and blood tubing is connected to the needle 
hubs. Blood is withdrawn from the arterial segment by the 
blood pump and pumped through the dialyzer back to the 
patient via the venous segment of tubing. Inadvertent entry 
of air into the dialysis circuit, air embolism, is a potentially 
lethal complication and is most likely to occur between the 
vascular access site and the blood pump. Air can enter the 
dialysis circuit from areas around the arterial needle, through 
leaky or broken tubing or tubing connections, and through 
the saline infusion set. Air traps are located in the blood tub-
ing to trap air and prevent it from entering the patient’s cir-
culation. Air detectors are linked to a relay switch that auto-
matically clamps the venous blood line and shuts off the 
blood pump if air is detected.

Blood pumps used for hemodialysis (HD) are roller pumps 
that use the principles of peristaltic pumping to move blood 
through tubing. A compressible part of the tubing (the pump 
segment) is occluded between rollers and a curved rigid track. 
Elastic recoil refi lls the pump tubing after the roller has passed 
over it. The fl ow rate of the blood pump is dependent on the 
stroke volume, the speed of rotation of the rollers, and the vol-
ume of the pump segment. The blood fl ow rate displayed on the 
dialysis machine is based on these three parameters, rather than 
an actual value from a blood fl ow probe. This can lead to sig-
nifi cantly higher values for the displayed blood fl ow compared 
to the true blood fl ow rate. Incomplete occlusion of the pump 
segment due to a pump maladjustment leads to a reduced vol-
ume of blood with each pump rotation. This is a common cause 
of overestimation of blood fl ow and hence clearance. Careful 
maintenance of the pump is essential to ensure that the pre-
scribed dialysis dose is actually delivered to the patient.

Pressure monitors are usually located proximal to the 
blood pump and immediately distal to the dialyzer. The 
proximal monitor, the arterial monitor, guards against exces-
sive suction on the vascular access site by the blood pump; the 
distal monitor, the venous monitor, gauges the resistance to 
blood return to the venous side of the vascular access. Some 
machines place the arterial monitor distal to the blood pump 
and proximal to the dialyzer to detect clotting in the dialyzer 
and more precisely estimate pressure in the dialyzer blood 
compartment. To prevent blood clotting in the dialyzer, an 
anticoagulant such as heparin is often infused into the circuit. 
A peristaltic pump or syringe pump delivers the anticoagulant 
into blood in the circuit via a T-tube or T-fi tting usually lo-
cated between the blood pump and the dialyzer.

A blood leak detector is usually placed in the dialysis circuit 
in the dialysate outfl ow line. If a blood leak develops through 
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Figure 77-1 Components of a water 
treatment system. Deionizers are op-
tional if reverse osmosis (RO) produces 
water of adequate quality. Granular-
activated carbon fi lters are always 
placed before the RO system to reduce 
water hardness and prevent scaling of 
the RO membranes. Deionization does 
not remove bacteria or endotoxins and 
should always be followed by ultrafi l-
tration or submicron fi lters. (From Ismail 
N, Becker BN, Hakim RM: Water treat-
ment for hemodialysis. Am J Nephrol 
1996;16:60–72. Reproduced with 
permission of S Karger AG, Basel.)

the dialysis membrane, the blood leaking into the dialysate is 
sensed by the blood leak detector and the appropriate alarm is 
activated.

Dialysis Solution Circuit
Two properties of the dialysis solution that require constant 
monitoring are conductivity and temperature. A proportion-
ing system dilutes a concentrated dialysis solution with water. 
If this system malfunctions, patient blood can be exposed to a 
hyperosmolar dialysis solution, resulting in hypernatremia, or 
a hypo-osmolar dialysis solution, leading to hyponatremia 
and hemolysis. The primary solutes in the dialysis solution are 
electrolytes. Therefore, the concentration of the dialysis solu-
tion is refl ected by the concentration of electrolytes and their 
electrical conductivity. Appropriate proportioning of water 
and the dialysis solution is monitored by a meter measuring 
conductivity of the dialysis solution fed into the dialyzer.

A temperature monitor prevents complications related to 
warm dialysis solution. In most situations, the dialysate tem-
perature is higher than that of the patient, resulting in the 
transfer of thermal energy into the patient. The energy trans-
fer may prevent a rise in total peripheral resistance as fl uid is 
removed by ultrafi ltration (UF), resulting in hypotension 
during hemodialysis. A cool dialysis solution (i.e., 35°C) can 
be uncomfortable for the patient and may be dangerous 
when the patient is unconscious. However, the use of cool 
dialysate otherwise may have therapeutic value in preventing 
hypotension. Overheated dialysis solution (�42°C), however, 
can lead to hemolysis. If the conductivity or the temperature 
is outside the normal range, a bypass valve diverts the dialysis 
solution around the dialyzer and directly to a drain.

On-line Monitoring
Dialysis machines function as more than just dialysis delivery 
systems. Built-in monitors assess the physical characteristics of 
the dialysis solution, as noted above, and accrue data ranging 
from patient blood pressure and heart rate to treatment param-
eters, medication data, measures of delivered dialysis dose, 
plasma volume, thermal energy loss, and even dialysis access 
recirculation. Computerized medical information systems have 
been linked with dialysis delivery systems to provide informa-
tion networks that can control treatments at individual patient 

stations while maintaining information and treatment records 
for future use. Some of these systems include the Smart 
Connection from Baxter Healthcare, RenalSoft, and a similar 
system designed by Fresenius Medical Care. Real-time informa-
tion regarding treatment parameters and patient information 
also can be visualized during dialysis treatments with the Cobe 
Centry System 3, the Althin Drake Willock System 1000, and 
the Fresenius 2008H system. It is now possible to integrate data, 
such as comparing present and past dialysis treatments, into a 
real-time display to help gauge therapy, change prescription 
and ultrafi ltration goals, and generate better immediate assess-
ment of a patient’s and unit’s overall status.1,2 Such on-line 
monitoring that allows sensors from the machine to change 
treatment parameters has been termed a biofeedback system
(Fig. 77-2). Automatic biofeedback systems have the potential 
to reduce adverse events such as hypotension, to monitor the 
state of the hemodialysis access, and to increase the effi ciency of 
the hemodialysis treatment (Table 77-1).

Other monitoring systems have been developed and are 
used to monitor access fl ow and function during dialysis and 
to make accurate determinations of circulating blood volume 
during the dialytic procedure. Single- and dual-sensor sys-
tems using saline injections and sound velocity dilution cali-
bration have been investigated as a method for accurately 
determining access fl ow during hemodialysis.3 Similar efforts 
have led to noninvasive optical hematocrit monitoring that 
continually measure hematocrit during dialysis to better de-
termine circulating blood volume.4 As blood volume de-
ceases, hematocrit increases. It is often possible to defi ne a 
hematocrit above which hypotension is likely to occur in a 
patient. A critical hematocrit can be determined with these 
devices above which hypotension can be reliably predicted in 
up to 75% of patients.5

The measurement of on-line blood volume with these de-
vices can identify patients who are not near their estimated 
dry weight. In 18% of hemodialysis patients, a less than 5% 
decrease in blood volume was noted during routine hemodi-
alysis sessions. In subsequent treatments, increased volume 
was successfully removed without hypotensive episodes.6 The 
patients were able to have intradialytic fl uid removal inten-
tionally increased by 47% (average, 0.8 L). The change in 
blood volume can be determined noninvasively during hemo-
dialysis with these devices.7 Thus, these devices provide an 
added on-line safety measure to the treatment.
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Table 77-1 On-line Features of the Hemodialysis Machine

Parameter Consequence

Blood pressure Changes in ultrafi ltration rate, 
sodium modeling

Plasma volume by 
hemoglobin

Changes in ultrafi ltration rate, 
sodium modeling

Thermal energy loss/
gain

Change in dialysate temperature

Transient change in 
dialysate

Measurement of Kt/V sodium

Transient change in 
hemoglobin

Access blood fl ow, recirculation, 
cardiac output

Transient change in 
temperature

Access recirculation

Patient BTM BVM Blood
pump

Air
detector

Dialyzer Hydraulics of
dialysis machine

Dialysate temperature (set value)

Ultrafiltration rate (set value)
Heater
control

Ultra-
filtration

Figure 77-2 Elements of a hemodi-
alysis biofeedback system. Patient 
input variables include blood pres-
sure, plasma volume, sodium con-
centration, and plasma temperature. 
These inputs are measured by an 
on-line blood pressure monitor, a 
blood volume monitor (BVM), and a 
blood temperature monitor (BTM). 
The inputs lead to automatic adjust-
ments by the hemodialysis machine 
of the ultrafi ltration rate, dialysate 
temperature, and dialysate sodium 
concentration.

CHARACTERISTICS OF DIALYZERS

The classical view of membranes as inert structures providing 
solely fl uid, ion, and molecular transport is now obsolete. 
Modern dialysis membranes display numerous physical and 
adsorptive properties that contribute to the degree to which 
blood components are activated by them. Membranes that 
produce little interaction with blood components such as 
white blood cells and the humoral components of plasma are 
described as being biocompatible. The structural compounds 
comprising the dialysis membranes may be their simplest dis-
tinguishing feature, dividing dialyzers into cellulosic, semisyn-
thetic, and synthetic membranes. Cellulose extracted from 
cotton lint is dissolved in sodium hydroxide and regenerated, 
and the membrane is then formed in an acid bath. Cupro-
phane is generated with an ammonium solution of copper 
hydroxide. Copper-ammonia-cellulose complexes are extruded 
into an acid bath, producing a membrane with cuprammo-
nium radicals. This modifi cation yields greater diffusion and 
UF capabilities for cuprophane membranes compared to 
straight cellulose. Increasing glycerine content in membranes 
(average content for cuprophane � 5%) also affects these 

characteristics, as does membrane acetylation, yielding greater 
solute and fl ux capacities to the membrane.

Synthetic membranes differ from cellulose-based dialyzers 
in several ways. All cellulose membranes have hydroxyl radicals 
at the surface, which increase their hydrophilicity (membrane 
wettability). Techniques that mask hydroxyl radicals enhance 
hydrophobicity and increase protein adsorption.8 Most syn-
thetic membranes are thicker than less permeable cellulosic 
membranes. Membrane permeability is inversely proportional 
to membrane thickness and directly proportional to the mem-
brane’s intrinsic diffusion coeffi cient. However, synthetic mem-
branes also display greater intrinsic diffusion coeffi cients and 
maintain their thickness when wet. Cuprophane and cellu -
lose acetate membranes swell when wet.9,10 A number of syn-
thetic membranes also strongly bind blood proteins, causing 
decreases in their fi ltration effi ciency.

Membranes can be symmetric or asymmetric. The smooth 
“skin” side of asymmetric membranes interacts with blood. 
Asymmetry, obtained by altering membrane precipitation 
during manufacturing,11 allows for greater diffusive permea-
bility. Hence, asymmetric membranes are very useful for he-
mofi ltration. Polyacrylonitrile (PAN) and polysulfone (PS) 
membranes are commonly used asymmetric membranes. 
Polymethylmethacrylate (PMMA) membranes also manifest 
many of these characteristics. PAN, polyamide (PA), and 
PMMA membranes have low hydrophilicity and appreciable 
protein adsorption. Cellulose-based membranes have greater 
hydrophilicity and less adsorptive capacity.11 Surface charge of 
the membranes also differs, which affects the sieving of 
charged solutes.12

Types of Dialyzers
Three forms of dialyzers have been used for hemodialysis. 
Plate dialyzers, used in the early days of dialysis, consist of 
sheets of membranes separated by a spacer in rectangular 
compartments that are placed in parallel. This arrangement 
allows for low blood fl ow resistance and controlled UF.

Coil dialyzers are constructed from one or several pieces of 
membrane tubing wound around a central core. A support 
screen maintains the tubing in position. Blood fl ows through 
the tubing while dialysate fl ows through the supporting screen. 
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Coil dialyzers are of historical interest only because they are 
rarely used today. They are highly compliant with high blood 
fl ow resistance and variable UF rates.

Hollow-fi ber dialyzers are the most common dialyzers in 
use today (Table 77-2). They consist of 10,000 to 15,000 hol-
low fi bers wrapped in a bundle inside a plastic jacket. Each 
fi ber has a diameter of 200 to 300 µm. Blood fl ows through the 
fi bers while dialysate fl ows outside the fi bers, typically in a 
countercurrent fashion. Hollow-fi ber dialyzers are easy to use 
and provide low blood fl ow resistance, excellent mass transfer, 
low compliance, and controllable UF. Thus, the extracorporeal 
blood volume is constant and remains independent of trans-
membrane pressures. They require low (100–200 mL) prim-
ing volumes and are easier to reuse than the other types of 
dialyzers. Problems associated with early hollow-fi ber dialyz-
ers include increased blood clotting, blood loss, and residual 
ethylene oxide or formaldehyde in the potting compound that 
anchors the fi bers to the dialyzer. These problems have largely 
been overcome with newer dialyzers.13

Dialyzers are classifi ed as conventional, high effi ciency, or 
high fl ux, but with some imprecision surrounding these defi ni-
tions. The blood fl ow and the length of treatment employed 
when using these dialyzers should not be part of the defi nition. 
Nor should urea clearance be used in the defi nition because 
clearance, or dialysance, varies with blood fl ow. Instead, the dia-
lyzer is defi ned by the urea mass transfer coeffi cient (KoAurea) of 
its membrane, its ultrafi ltration coeffi cient (Kuf), and its degree 
of hydrophobicity or hydrophilicity (Table 77-3). The latter 

parameter governs the permeability of the membrane to high-
molecular-weight substances, its degree of biocompatibility, 
and its ability to adsorb plasma proteins and peptides to its 
surface.

The conventional dialyzer has a homogenous membrane 
that permits effective small-sized solute clearance, but its 
clearance of medium-sized solute is relatively low. Urea clear-
ance at a blood fl ow of 300 mL/min is less than 200 mL/min. 
The relatively low hydraulic permeability of the membrane 
usually permits treatment with a dialysis machine that does 
not have an ultrafi ltration controller. These membranes are 
cellulose-based and contain nucleophilic groups that permit 
complement activation unless they have been chemically 
modifi ed. The blood fl ow and membrane structural limita-
tions on urea mass transfer preclude their use in high-
effi ciency hemodialysis.

Both high-effi ciency and high-fl ux dialyzers have mem-
branes with a KoAurea greater than 450 mL/min. Under stan-
dard operating conditions (blood fl ow of 400 mL/min), the 
urea clearance is more than 250 mL/min. The high-fl ux mem-
branes are semisynthetic or synthetic thermoplastics that 
permit some passage of molecules exceeding 10,000 daltons 
with a clearance as high as 40 mL/min. In addition, signifi cant 
adsorption of protein and peptides from the blood onto the 
membrane may occur with these membranes. When the high-
fl ux membrane is chemically modifi ed such that the hydraulic 
permeability and the permeability to high-molecular-weight 
substances is reduced, a high-effi ciency membrane is created. 

Table 77-2 Representative List of Commonly Used Hollow-Fiber Dialyzers

From Daugirdas JT, Blake PG, Ing TS: Handbook of Dialysis, 2nd ed. Boston: Little Brown, 1994, pp 30–52.

Table 77-3 Comparison of Different Dialyzers

Dialyzer KoAurea (mL/min) Ultrafi ltration Coeffi cient Hydrophobic/Hydrophilic Membrane Structure

Conventional �450 �10 mL/mm Hg/hr Hydrophilic Symmetrical

High effi ciency �450 10–19 mL/mm Hg/hr Intermediate Intermediate

High fl ux �450 �15 mL/mm Hg/hr Hydrophobic Asymmetrical
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Thus, with respect to these low-molecular-weight substances, 
high-fl ux and high-effi ciency dialyzers have similar perfor-
mance characteristics. They differ in their respective clearance 
rates of high molecular substances.

Several reasons suggest use of high-effi ciency and high-fl ux 
dialyzers. Each of these dialyzer types has a low-molecular-
weight solute clearance rate far greater than that of conven-
tional dialyzers. They are useful in large patients with high urea 
volumes to ensure delivery of an adequate level of therapy. In 
addition, high-fl ux dialyzers also clear higher-molecular-
weight substances, including substances proven to produce 
toxicity, such as �2-microglobulin (MW 11,800 daltons). The 
surfaces of these membranes are more biocompatible; they 
cause less activation of complement, less neutropenia, and less 
immune cell dysfunction during dialysis. Several studies have 
suggested that biocompatible membranes have a favorable 
impact on morbidity and mortality in hemodialysis patients. 
However, the primary motivation behind the use of effi cient 
dialyzers is often the facilitation of shorter dialysis times.

Each dialyzer includes a specifi cation sheet that gives operat-
ing information for the dialyzer. The Kuf is a function of the hy-
draulic permeability of the membrane and is expressed as the 
number of milliliters per hour ultrafi ltration achieved for every 
mm Hg of transmembrane pressure. For example, if the Kuf is 
4.0, the transmembrane pressure required to remove 1000 
mL/hr is 250 mm Hg. This pressure is assessed at the midpoint 
of the fi bers. The values for Kuf supplied by manufacturers are 
derived from in vitro data and usually underestimate the actual 
clinical Kuf by 5% to 30%.14 Because most hollow-fi ber dialyzers 
have pressure drops across the fi bers, because blood is pushed by 
the blood pump at high pressures (generally 300–350 mm Hg) 
and exits the dialyzers at lower pressures (generally 100 mm Hg), 
a “natural” transmembrane pressure of 100 to 150 mm Hg is 
possible. Thus, with a Kuf exceeding 5 mL/mm Hg/hr there is an 
obligate loss of 500 mL/hr. Patients on these dialyzers may re-
quire fl uid replacement if their UF requirements are less than 
500 mL/hr. Because of this, with most synthetic membranes that 
have a Kuf of more than 6.0, monitoring is necessary to prevent 
hemodynamically signifi cant errors in UF.

Solute clearance values for urea, creatinine, and vitamin B12

are also often supplied on the specifi cation sheet. Clearance of 
these substances varies directly with hydraulic permeability, and 
the normal Kuf of many synthetic dialyzers can be altered by the 
manufacturer without requiring relabeling of the dialyzer. Dia-
lyzer urea clearance is usually reported at various blood fl ow 
rates (e.g., 200, 300, and 400 mL/min) but at a specifi c dialysate 
fl ow rate (e.g., 500 mL/min). Creatinine clearance approximates 
80% of urea clearance. Vitamin B12 clearance denotes the ability 
of the membrane to allow passage of solutes of larger molecular 
weight. High-fl ux and high-effi ciency dialyzers signifi cantly in-
crease vitamin B12 clearance (�100 mL/min at 200 mL/min 
blood fl ow) compared to conventional dialyzers (30–60 mL/min 
at 200 mL/min blood fl ow). For most dialyzers, in vivo clearance 
is 20% to 25% less than in vitro clearance.

Dialyzer Reuse
Dialyzer reprocessing for reuse of disposable dialyzers has been 
widely practiced in the United States, largely due to fi nancial 
constraints. Dialyzer reuse may be performed manually or with 
an automated rinsing device. Sterility during reprocessing is 
maintained either by the use of a chemical disinfectant (such 

as paracetic acid, glutaraldehyde, or formaldehyde) or via heat 
sterilization. After reprocessing, dialyzer adequacy is assessed 
indirectly by measuring the volume of the dialysis fi ber bundle 
in the blood compartment (fi ber bundle volume) and by pres-
surizing the dialyzer to evaluate the structural integrity of the 
fi bers (pressure test). For a dialyzer to have acceptable reuse 
parameters, the fi ber bundle volume must be greater than 80% 
of the initial value, the in vitro ultrafi ltration rate must be 
greater than 20% of the manufacturer’s stated value, and the 
dialyzer should not leak at a pressure that is within 20% of the 
maximal operating pressure.

Reuse of dialyzer can impose its own direct effects on reac-
tions during hemodialysis treatment as well as indirectly via 
alterations in membrane biocompatibility. During repetitive 
use, plasma proteins can coat dialysis membranes. The use of 
formaldehyde or glutaraldehyde without a bleach cycle fi xes 
protein to the surface. This attenuates cuprophane-induced 
complement activation. However, many reuse procedures with 
these sterilants also include a bleach-containing cleansing cy-
cle. This tends to restore the original surface of the membrane. 
Reuse with a mixture of peracetic acid and hydrogen peroxide 
also allows the surface of the membrane to become coated 
with protein, improving biocompatibility after reuse.

The increasing use of the newer synthetic membranes raises 
new issues with respect to reuse. Dialyzers manufactured with 
synthetic membranes have a favorable biocompatibility profi le, 
even on fi rst use. Therefore, there is no direct clinical benefi t 
associated with reuse. However, the substantial cost of these 
dialyzers often means that reusing them saves costs. Reuse in 
this setting permits the introduction of these membranes into 
situations in which the cost would otherwise be prohibitive. A 
second issue relating to reuse of high-fl ux synthetic mem-
branes involves changes to the fundamental characteristics of 
the membrane induced by the reuse procedure. A procedure 
using bleach increases porosity and makes the membrane 
more permeable to substances of larger molecular weight. This 
is obviously advantageous for removing injurious substances 
such as �2-microglobulin. However, if the membrane opens 
too much, losses of albumin can be substantial. If hydrogen 
peroxide or peracetic acid is used as the sterilant, an opposite 
phenomenon occurs, and the permeability of the membrane 
declines. This is clearly disadvantageous if removal of high-
molecular-weight substances is deemed important.

The safety of dialyzer reuse practices has been closely scruti-
nized, and data concerning the practice have been controversial. 
Recent data suggest that overall, facilities that reuse dialyzers 
have a similar risk-adjusted mortality to facilities that do not 
reuse dialyzers. Most nephrologists believe that patients are not 
placed at increased risk if strict infection control precautions 
and quality assurance measures are implemented in dialyzer 
reprocessing. However, data compiled from the practice of a 
large dialysis organization suggest that outcome may be im-
proved if dialyzer reuse is discontinued.

Permeability and Porosity
Synthetic high-fl ux membranes are being increasingly used in 
the United States. Advantages (or disadvantages) related to 
their use may result from improved biocompatibility, en-
hanced clearance or adsorption of large-molecular-weight 
substances, or both of these features. Even cellulose-triacetate 
membranes, cellulose-based high-effi ciency membranes, have 
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a relatively good biocompatibility profi le. The majority of 
membranes used for conventional or high-effi ciency hemodi-
alysis are cellulose or PMMA based. Polysulfone membranes, 
when confi gured as low-fl ux membranes for use without UF 
control (i.e., “biocompatibility” dissociated from “fl ux”), cause 
intermediate degrees of neutropenia and complement activa-
tion. The use of polyvinylpyrrolidone to accomplish this dis-
sociation restores some hydrophilicity to the membrane and, 
thus, a tendency for complement activation.15

No large prospective long-term studies have attempted to 
differentiate effects related to high fl ux and effects related to 
biocompatibility. Potential benefi ts of high fl ux include en-
hanced middle-molecule clearance, removal of activated sub-
stances such as complement, clearance of �2-microglobulin, 
and better lipid control due to the removal of a circulating 
inhibitor of lipoprotein lipase.16 Potential disadvantages in-
clude albumin loss into the dialysate and the risk of introduc-
ing endotoxins or similar substances into the blood.

It is also apparent that reuse procedures may affect mem-
brane properties. As mentioned, bleach may increase high-
fl ux membrane permeability to substances with large molec-
ular weights, whereas hydrogen peroxide or peracetic acid 
may decrease the permeability of the membrane. This altera-
tion in permeability affects the membrane only when the 
membrane is confi gured as a high-fl ux membrane (e.g., poly-
sulfone or PMMA), but it is unimportant when the mem-
brane is confi gured as a low-fl ux membrane. Reuse proce-
dures may also alter the surface charge, potentially resulting 
in elaboration of bradykinin.

Membrane Choice for Optimal Dialysis
In recent years, there has been a major shift away from the use 
of celluosic membranes in favor of synthetic membranes. This 
is clearly due to the multiple lines of evidence describing the 
adverse blood-membrane interactions associated with cellu-
losic membranes. Membrane selection infl uences the fre-
quency and number of adverse events related to hemodialysis 
therapy (Box 77-1). The membrane may also infl uence the 
response to vaccines or erythropoietin and injury to various 
organs, which may be mediated by infl ammatory substances 
generated during blood-membrane interactions. Some rec-
ommendations have been suggested regarding membrane 
choice for optimal dialysis:

 1. Newer synthetic membranes offer established and theo-
retical advantages over cellulosic membranes.

 2. Synthetic membranes are benefi cial when used in acute 
renal failure.

 3. There is not enough information about the superiority of 
one synthetic membrane over another (one reasonable ap-
proach is to use the specifi c membrane found in a given 
study to ameliorate the particular adverse reaction of con-
cern to the nephrologist); currently, the expense of the 
membrane should also factor in the decision.

 4. Avoid the use of angiotensin-converting enzyme inhibitors 
when PAN membranes (specifi cally AN-69) are selected.  
Caution must also be applied with reused membranes.

 5. In most cases, the absence of complement activation and of 
neutropenia is a useful marker of biocompatibility.

Future Developments in Dialyzers
Advances in membrane manufacturing techniques are likely 
to yield dialyzers better able to remove substances of larger 
molecular weight (middle molecules). Advances have been seen 
in techniques for regulating pore-size dimensions, distribu-
tion, and geometry; these advances have allowed for increased 
sieving coeffi cients for molecules such as �2-microglobulin 
but not larger substances such as albumin.17,18 Reducing the 
inner diameter of the hollow fi bers has been shown to increase 
resistance in the blood compartment, which permits greater 
fi ltration of substances in the middle-molecule range.19 A 
sorbent system is being developed that also enhances the re-
moval of larger substances; it will be placed in series with the 
dialyzer in the extracorporeal circuit.20

DIALYSATE COMPOSITION

One of the major aims of hemodialysis is the restoration of 
normal ion concentrations. As such, the levels of individual 
ions in the dialysate can be set to their desired plasma levels; 
however, in some instances dialysate levels are set for the dif-
fusible fraction of the ion found in plasma. Dialysis solutions 
have undergone substantial changes since the inception of 
hemodialysis.

Dialysate Glucose
In the early 1960s, high glucose concentrations in dialysis fl uid 
were used to provide osmotic pressure for water removal. 
However, advances in hydraulic UF and the demonstration 
that high dialysate glucose (�320 mg/dL) increased the risk for 
hyperosmolar syndrome, postdialysis hyperglycemia, and hy-
ponatremia21 rendered the use of high dialysate glucose obso-
lete. Contemporary dialysis fl uids range from glucose-free to 
slightly hyperglycemic (up to 200 mg/dL).22 Most noninsulin-
dependent diabetic patients tolerate dialysis with glucose-free 
dialysate well, despite losing 25 to 30 g of glucose across the 
dialyzer. However, this glucose loss may potentiate hypoglyce-
mia23–25 and adversely affect hemodialysis catabolism, raising 
levels of free amino acids during dialysis26 and increasing the 
intradialytic protein catabolic rate.27 Ketogenesis and gluco-
neogenesis are usually suffi cient to maintain serum glucose in 
the physiologic range despite reductions in plasma insulin, 
lactate, and pyruvate. By contrast, physiologic dialysate glucose 
(200 mg/dL) has few adverse effects,28 aside from aggravating 
hypertriglyceridemia. Dialysate glucose can affect potassium 
removal, the risk of dialysis disequilibrium syndrome, and 
postdialysis fatigue. In general, an optimal dialysate glucose 

Biocompatibility of the membrane structure
Composition and format
Blood-membrane interactions
Adsorptive properties
Effect of reuse

Porosity/permeability
Diffusive and convective clearance

Box 77-1 Factors Infl uencing Membrane Choice

From Schulman G, Levin NW: Membranes for hemodialysis. 
Semin Dialysis 1994;7:251–256.
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concentration is 100 to 200 mg/dL. However, in diabetic pa-
tients, insulin doses may require adjustment to account for this 
dialysis-imposed glucose clamp, in which levels of plasma glu-
cose may be kept constant during dialysis as a result of the 
concentration in the dialysate.

Dialysate Sodium
Investigators comparing hemodynamic changes induced by 
conventional dialysis, ultrafi ltration, and sequential ultrafi ltra-
tion dialysis found that plasma osmolality plays a pivotal role in 
maintaining hemodynamic stability during hemodialysis.29–31

Iso-osmolar fl uid removal improved hemodynamic stability. 
During hemodialysis, the fall in extracellular osmolality is more 
rapid than corresponding changes in intracellular osmolality, 
resulting in extracellular to intracellular (ECF–ICF) fl uid shifts, 
exacerbating volume depletion. This decline in plasma osmolal-
ity (Posm) is more apparent with rapid solute removal that is not 
counteracted by sodium diffusing from dialysate into the blood. 
A low-sodium dialysate (�135 mEq/L) favors this ICF shift 
because plasma becomes more hypo-osmolar after sodium 
movement from plasma to dialysate.

The reduction in plasma volume with UF and HD also in-
creases plasma oncotic pressure and decreases capillary hydro-
static pressure. Both forces mobilize extravascular fl uid. The 
degree to which plasma volume decreases depends on the UF 
rate, fl uid shifts, and the plasma refi lling rate from the ICF and 
interstitial fl uid compartments. By maintaining a constant Posm,
a high-sodium dialysate minimizes intracellular water move-
ment during dialysis, preserving plasma volume.29,30 A stable 
Posm during dialysis enhances blood pressure stability,31,32 espe-
cially when the dialysate sodium concentration is increased to 
at least 135 mEq/L.33–35 Hypo-osmolality impairs peripheral 
vasoconstriction during volume removal and exacerbates auto-
nomic insuffi ciency. Hence, high-sodium dialysate, by main-
taining stable Posm, favorably infl uences compensatory mecha-
nisms during volume removal.27,36 Improved hemodynamic 
stability is paralleled by a reduction in cramping, nausea, vom-
iting, and headache during dialysis.35–37 Furthermore, patients 
given higher dialysate sodium concentrations (144 mEq/L) ap-
pear to have fewer hypotensive episodes.37 Thus, a dialysate so-
dium concentration of 140 to 145 mEq/L is reasonable, gauging 
the optimal concentration to the patient’s blood pressure, 
weight gain, and symptoms on dialysis.

The use of dialysates with higher sodium concentrations 
may lead to higher interdialytic weight gain because of in-
creased thirst stimulated by an elevated serum tonicity. In ad-
dition, higher dialysate sodium concentrations are associated 
with a net increase in total sodium shift into the patient. There 
was concern that hypertension or volume overload would be a 
consequence of this practice. Although higher dialysate so-
dium concentration is associated with increased interdialytic 
weight gain, the excess volume is able to be removed success-
fully by carefully and frequently assessing the patients’ esti-
mated dry weight and increasing the ultrafi ltration rate as 
needed. Adverse symptoms such as hypotension are mitigated 
by the greater hemodynamic stability associated with the 
higher sodium concentration. Indeed, it can be argued that of 
all the changes in dialysate composition, the greatest improve-
ment in intradialytic symptoms such as hypotension has been 
the result of the introduction of dialysate with a higher sodium 
concentration.

Sodium Modeling

A strategy combining high and low levels of dialysate sodium 
is known as sodium-gradient hemodialysis. A high-sodium di-
alysate of 150 mEq/L is used initially and is then reduced auto-
matically and progressively toward isotonic levels in one of 
three patterns. A linear, ramp pattern lowers sodium concen-
tration at a constant rate throughout the treatment. A step 
pattern maintains the high sodium level for three quarters of 
the treatment time and decreases it to 135 to 140 mEq/L for the 
rest. Finally, sodium is reduced from 150 to 140 mEq/L in an 
exponential pattern. Sodium modeling can be incorporated 
into the biofeedback system described in this chapter. Sodium 
modeling allows the greatest sodium infl ux to the patient when 
urea and solute fl ux from the body is greatest. Theoretically, 
this technique is associated with fewer symptomatic hypoten-
sive episodes, although in reality it may not be any more ad-
vantageous than fi xed high-sodium dialysate.38–41 However, a 
recent prospective, crossover study in hypotension-prone he-
modialysis patients (used as their own controls) compared 
standard dialysis (138 mEq/L sodium) to step-sodium model-
ing, isolated ultrafi ltration, cool dialysate, and constant high-
sodium dialysate (144 mEq/L). The volume removed was 
similar throughout the study. Sodium modeling and cool di-
alysate were found to be of greatest benefi t in reducing hypo-
tensive events and preserving postdialysis blood pressure. 
High-sodium dialysate was also shown to reduce hypotensive 
events. The authors conclude that sodium modeling should be 
the fi rst approach in patients with intradialytic hypotension.42

Sodium-gradient dialysis may be benefi cial in the initial dialy-
sis of patients with advanced renal insuffi ciency and urea con-
centrations higher than 200 mg/dL to decrease the risk of 
dialysis disequilibrium syndrome. Modeling may also be useful 
in patients with a low KoAurea, who have delayed urea equili-
bration between ICF and ECF.29,43,44 Although sodium model-
ing has been of unquestionable benefi t in selected patients with 
intradialytic hypotension, it should not be used indiscrimi-
nately because of the risk of volume overload and hyperten-
sion. The patient must be carefully monitored for symptoms of 
volume overload.

The concepts of sodium modeling can also be applied to 
UF, resulting in volume to be removed early in the dialytic 
session when the patient’s intravascular volume is greatest. 
The UF rate can be gauged to decrease during dialysis as the 
intravascular volume declines: 50% UF during the fi rst hour, 
25% UF during the second hour, 15% UF during the third 
hour, and 10% UF during the fourth hour. Such a protocol, 
especially in combination with concurrent sodium modeling, 
may minimize cramping and symptomatic hypotension in 
patients prone to these complications.45

Dialysate Buffer
Bicarbonate dialysis is the dialytic treatment of choice, confer-
ring benefi ts over acetate dialysis, including a lower incidence of 
hypotension and hypoxemia and improved left ventricular 
stroke work.46–50 Metabolism of acetate occurs predominantly in 
skeletal muscle. Healthy people can metabolize acetate at a rate 
of up to 300 mM/hr, whereas for elderly people and those on 
chronic hemodialysis, who often have decreased muscle mass, 
the rate is approximately 3 to 3.5 mM/hr.51,52 If acetate accumu-
lates due to its reduced rate of metabolism to bicarbonate, 
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reduced myocardial contractility and lowered systemic vascular 
resistance may occur. In addition, the low Pco2 of the acetate 
buffered dialysate results in the net transfer of carbon dioxide 
(CO2) from the blood to the dialysate, leading to hypoventilation 
and hypoxia. Thus, older patients, especially those with underly-
ing myocardial dysfunction and low muscle mass, may benefi t 
from bicarbonate dialysate. Dialyzers with a large surface 
area and increased blood fl ow rates enhance acetate transfer to 
the patient, thereby increasing the acetate load for patients to 
metabolize.48

The hemodynamic instability associated with acetate dialy-
sate buffer may be related to a number of factors, including 
adenosine production,29 interleukin-1 release,53 and hypoxemia 
as a result of myocardial hypoperfusion and dysfunction.54–57

Dialysate delivery systems also may play a role, because a change 
from a single-pass system to recirculation with cellulosic mem-
branes can reduce hypoxemia during acetate dialysis.58 In ace-
tate dialysis, the transfer of CO2 from blood to dialysate results 
in refl ex hypoventilation and hypoxemia with a decrease in the 
respiratory quotient (CO2 produced)/(O2 consumed), produc-
ing hypocapnia and hypoventilation. Bicarbonate dialysate so-
lutions with elevated Pco2 levels reduce refl ex hypoventilation 
and hypoxemia. However, when the dialysate bicarbonate con-
centration is more than 35 mEq/L, hypoventilation may result 
from metabolic alkalosis.

Higher dialysate sodium concentrations may improve he-
modynamic instability related to acetate dialysis.33,57–59 None-
theless, bicarbonate is the dialysate buffer of choice in critically 
ill patients. In chronic hemodialysis patients, bicarbonate buffer 
may not offer added hemodynamic benefi t when the sodium 
dialysate is higher than 140 mEq/L. However, patients who me-
tabolize acetate poorly tolerate bicarbonate dialysate better.60

Dialysate Calcium
Because dialysate calcium equilibrates with the diffusible 
(ionized) fraction of plasma calcium, a dialysate calcium con-
centration of 2.5 mEq/L is equivalent to a serum calcium level 
of 10 mg/dL. High dialysate calcium (3.5 mEq/L) or low di-
alysate calcium (�2.5 mEq/L) has certain risks and advan-
tages. Serum calcium level is often reduced in advanced renal 
failure as a result of reduced sun exposure, depressed produc-
tion of 1,25-dihydroxyvitamin D3, and decreased absorption 
of calcium from the gastrointestinal tract. High dialysate cal-
cium concentration can improve indices of metabolic bone 
disease and reduce parathyroid hormone levels.61,62 High di-
alysate calcium concentration can also improve hemodynamic 
stability during dialysis63–65 as well as echocardiographic mea-
sures of left ventricular function.66,67

The main disadvantage of high dialysate calcium concentra-
tion is hypercalcemia. Calcium-based phosphate binders, used 
preferentially over aluminum-containing antacids and oral or 
intravenous 1,25-dihydroxyvitamin D3, are presently used in 
the management of hyperphosphatemia and to prevent uncon-
trolled secondary hyperparathyroidism.68–70 High dialysate cal-
cium concentration can limit the effectiveness of this therapy by 
inducing hypercalcemia. To obviate hypercalcemia, lower dialy-
sate calcium concentrations (2.5 mEq/L) have been combined 
with high doses of oral calcium-containing phosphate binders 
and vitamin D sterols to control hyperphosphatemia71 and sec-
ondary hyperparathyroidism.72 Mild hypotension was the only 
major adverse effect associated with such dialysate calcium 

concentrations.66,71 Thus, a dialysate calcium concentration of 
2.5 to 2.7 mEq/L is recommended for hemodynamically stable 
patients, particularly for those prone to hypercalcemia during 
treatment with vitamin D and calcium salts.

Dialysate Potassium
Dialysis is the primary route of potassium elimination for 
hemodialysis patients73,74 although the gastrointestinal tract 
also contributes to potassium excretion in individuals with 
end-stage renal disease. Typically, 50 to 80 mEq of potassium 
are removed with each dialysis treatment.75 The rate of potas-
sium removal during dialysis is largely a function of the con-
centration gradient between blood and dialysate. Blood and 
dialysate fl ow rates, dialyzer effi ciency, and factors affecting 
transcellular potassium distribution, such as pH, insulin, and 
catecholamines, are also important.

The majority of dialyzed potassium originates intracellularly 
and must cross cell membranes before crossing the dialyzer 
membrane. Plasma potassium concentrations tend to rebound 
4 to 5 hours after dialysis, averaging 30% greater potassium val-
ues than immediately postdialysis.76–78 This postdialysis rebound 
is important because an immediate postdialysis potassium value 
of more than 5.5 mEq/L is not considered safe, and supplemen-
tation for postdialysis hypokalemia is not warranted.

The potassium rebound after hemodialysis refl ects a two-
compartment model. Potassium transit across cell membranes 
is believed to be the limiting factor in its removal during di-
alysis. As a result, potassium dysequilibrium is established, 
with transfer from ICF to ECF compartments during dialysis 
failing to replenish external potassium transfer to the dialy-
sate. Net internal transfer continues after the termination of 
dialysis until a new steady-state potassium gradient is estab-
lished. Potassium transfer is affected by many factors. Acidosis 
promotes potassium effl ux from cells, and alkalosis causes cel-
lular potassium uptake; this is particularly important in hypo-
kalemic patients with metabolic acidosis. Dialyzing patients 
with depletion of total body potassium can worsen hypokale-
mia when concurrent metabolic acidosis is corrected with 
parenteral bicarbonate during dialysis. Also, plasma tonicity 
can affect potassium distribution because tonicity favors 
movement of potassium into extracellular spaces and conse-
quently its removal during dialysis. Hypertonic saline solution 
or mannitol, used to treat hypotension or muscle cramps dur-
ing dialysis, thus favors potassium removal during dialysis. 
Glucose-free dialysate also promotes the dialytic removal of 
potassium by lowering plasma insulin concentrations.

Low dialysate potassium concentrations can precipitate 
atrial and venticular ectopic beats, especially in patients with 
left ventricular hypertrophy or impaired left ventricular func-
tion or in patients taking digoxin.79 The frequency of arrhyth-
mias is greatest during the fi rst 2 hours of dialysis, when po-
tassium fl ux is greatest. Therefore, in some arrhythmia-prone 
patients, a “sequential” reduction in dialysate potassium level 
may be safer for potassium removal.

WATER TREATMENT

Hemodialysis patients are exposed to as much as 600 liters of 
dialysis water a week, and to all its potential contaminants. 
Although water treatment systems (WTS) used by dialysis 
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centers produce high-quality water for safe dialysis, WTS are 
susceptible to malfunction or to user error. Technical ad-
vances, such as high-fl ux and high-effi ciency dialysis, reuse, 
and bicarbonate dialysate, have heightened awareness about 
water safety.

Hazards Associated with Dialysis Water
Numerous reports of patient injury or death have been linked 
to improperly treated or inadequately monitored water used 
for hemodialysis. High levels of aluminum sulfate in dialysate 
water have been linked to bone disease (osteomalacia and 
aplastic bone disease) and dialysis-associated encephalopathy 
(dialysis dementia).80–82 Limiting aluminum levels in dialysate 
water to 10 �g/L has resulted in a continued decline in the 
incidence and case fatality rate of dialysis dementia.83,84

Chloramines, used as bactericidal agents in treatment of 
municipal water, denature hemoglobin by oxidation and inhi-
bition of the hexose monophosphate shunt. Chloramine ex-
posure during dialysis has been associated with hemolysis, 
Heinz body hemolytic anemia, and methemoglobinemia.85–87

Other compounds also have adverse effects in dialysis 
patients. Sodium azide, used frequently with glycerine as a 
preservative for WTS ultrafi lters, has been associated with 
hypotension.88 Fluoride, even at the recommended level of 
1 mg/L, can cause osteomalacia and bone disease89 as well as 
cardiac death.90 Excess calcium and magnesium in dialysate 
water have been linked to the hard water syndrome, a constel-
lation of symptoms that includes nausea, vomiting, weakness, 
fl ushing, and fl uctuations in blood pressure.91,92 Untoward 
effects have also been reported with nitrates (methemoglobin-
emia with cyanosis and hypertension),93 copper (hemolytic 
anemia),94,95 and zinc96 in excess concentrations in dialysate 
water. Formaldehyde toxicity, secondary to improper disinfec-
tant use and leaching from sediment fi lters, has caused hemo-
lytic anemia and death.97,98

Essential Components of Water 
Purifi cation
The effi ciency of a WTS depends on the capacity of the sys-
tem, the nature of the water supply, variations in quality of 
municipal water, and the quality of product water. Figure 77-1 
represents a WTS with temperature-blending valves, fi lters, 
water softening, carbon fi lters, reverse osmosis (RO), and de-
ionizing stations. Temperature-blending valves mix incoming 
hot and cold water to provide an optimum water temperature 
for downstream components. Most RO membranes work 
with greatest effi cacy at 77°F (26°C). Water temperature lower 
than 77°F reduces the fl ow rate of the RO system; water 
warmer than 100°F (38°C) may damage RO membranes. Fil-
ters remove particulate matter from the water. Sand fi lters re-
move particles of 25 to 100 �m, cartridge fi lters extract par-
ticles of 1 to 100 �m, and submicron fi lters remove particles 
as small as 0.25 �m. In general, 5-�m fi lters are accepted as 
adequate protection for equipment and water treatment.

Water softeners, often sodium-containing cation-exchange 
resins, can remove calcium, magnesium, and other polyvalent 
cations from the feedwater. Because calcium and magnesium 
are removed from water in exchange for sodium, the amount 
of sodium released can be problematic. Removing calcium 
and magnesium prevents these ions from depositing on the 

RO system with resulting malfunction. Granular activated-
carbon fi lters absorb chlorine, chloramines, and other organic 
substances from the water. Carbon fi lters are porous, with a 
high affi nity for organic material. Granular activated-carbon 
fi lters can be contaminated with bacteria if they are not ser-
viced properly or exchanged frequently. The size of the acti-
vated carbon bed depends on the empty bed contact time 
(EBCT). The EBCT calculation is:

EBCT � V � 7.48 (gallons/cu. ft.)/Q

where V � carbon volume required in cubic feet and Q � water 
fl ow rate in gallons/min. EBCT differs for different substances. 
Recommended EBCT values are 6 minutes for chlorine removal 
and 10 minutes for chloramine removal. The Food and Drug 
Administration recommends that two granular activated-
carbon fi lter-fi lled tanks are used in series, with each tank hav-
ing an EBCT of 3 to 5 minutes.

Reverse osmosis applies high hydrostatic pressure to a 
solution across a semipermeable membrane to prepare a puri-
fi ed solvent. RO rejects 90% to 99% of monovalent and diva-
lent ions and microbiologic contaminants, producing water 
safe for dialysis. An RO device is often used as pretreatment to 
deionization, as an economic measure to provide longer 
service life for the deionization system. Subsequent deioniza-
tion of permeate (product) RO water is usually unnecessary. 
Deionization removes all types of cations and anions. The cat-
ion-exchange resin exchanges hydrogen ions (H�) for other 
cations; the anion-exchange resin exchanges hydroxyl ions 
(OH�) for other anions. Deionizing effi cacy is determined 
by measuring the resistivity of the effl uent. Resistivity varies 
with temperature; therefore, resistivity monitors must be 
temperature-compensated. When the deionization system is 
exhausted, previously adsorbed ions can elute into the effl uent, 
causing ion-related toxicities.94,99

MICROBIOLOGY OF HEMODIALYSIS 
SYSTEMS

Water used by HD centers is usually obtained from the com-
munity water supply. Community water treatment can reduce 
bacteria and the concentration of endotoxins in the water, yet 
the dialysis WTS (apart from ultraviolet light) can still be-
come contaminated with bacteria and endotoxins.100,101 The 
primary microbial contaminants in dialysis fl uids are water 
bacteria, gram-negative bacteria, and nontuberculous myco-
bacteria (Box 77-2). Nontuberculous mycobacteria in particu-
lar are problematic. They do not produce endotoxins, but they 
are more resistant to germicides than gram-negative bacteria 
and are infectious, especially in the setting of inadequately 
disinfected dialyzers.102–105 They can survive and multiply in 
RO-treated water or deionization water that contains little 
organic matter.100 Indeed, the Centers for Disease Control 
documented the presence of nontuberculous mycobacteria in 
the water of 83% of dialysis centers surveyed in 1984.102

Sterilization destroys microorganisms, including highly 
resistant bacterial spores. Disinfection, in contrast, eliminates 
all but the highly resistant microorganisms.106,107 Disinfection 
can be high level, intermediate, or low level, depending on the 
germicidal activity. High-level disinfection inactivates all mi-
croorganisms except bacterial spores. Low-level disinfection 
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reduces the bacterial population to a “safe” level. WTS disin-
fection generally utilizes low-level disinfection. High-level 
disinfection is more often used for dialyzer reprocessing.

PYROGENIC REACTIONS DURING 
HEMODIALYSIS

Pyrogenic reactions (PRs) often develop during or after dialysis 
treatment, with an incident rate of 0.5% to 12%.107,108 A pyro-
genic reaction can be defi ned as chills (or rigors) and/or fever 
(oral temperature � 37.8°C[100°F]) in a previously afebrile 
patient with no recorded signs or symptoms of infection before 
dialysis.107,108 Hypotension is sometimes also included in the 
defi nition. Other signs of a PR are headache, myalgia, nausea, 
and vomiting. The symptoms usually begin 30 to 60 minutes 
into the dialysis treatment and stop shortly after, unless they are 
extreme. There appears to be little difference in rates of PRs 
between different hemodialysis modalities.108

Three lines of evidence implicate endotoxin in the 
pathogenesis of PR: (1) antiendotoxin antibodies in dialysis 
patients,109,110 (2) Limulus lysate reactivity in plasma from 
patients experiencing PRs,111,112 and (3) an association of PRs 
with fl uids contaminated with gram-negative bacteria.112,113

It is unlikely that microorganisms cross intact dialyzer mem-
branes because of the diameter of their pores. Rather, it is 
endotoxins and other pyrogenic substances that probably 
gain access to the patient’s bloodstream across the dialysis 
membrane.112,114 Some of these substances are bacterial pyro-
gens released by gram-negative bacteria (see Box 77-2),115

including lipopolysaccharides (LPS), the A-layer LPS subunit, 
other LPS fragments, peptidoglycans, muramylpeptides, exo-
toxins, and exotoxin fragments.

Assays for determining the permeability of pyrogens include 
the Limulus amoebocyte lysate assay, the mononuclear cell 

(MNC) assay, radiolabeled LPS fragments, and neutrophil acti-
vation. Many bacterial substances, such as endotoxin fragments, 
are small enough to penetrate tight cellulosic membranes. 
These fragments go undetected in the Limulus amoebocyte ly-
sate assay. Thus, measuring in vitro cytokine production by 
MNCs may be more sensitive and specifi c, allowing detection of 
these low-molecular-weight substances.116–118

The inability to detect passage of endotoxin across intact dia-
lyzer membranes during conventional or high-fl ux dialysis119–121

suggests that additional factors are probably involved in PRs. Bac-
terial products such as endotoxins induce human MNC produc-
tion of interleukin-1 and tumor necrosis factor alpha.115 Experi-
mental data suggest that cultured MNCs increase interleukin-1 
production in response to LPS, LPS fragments, or plasma proteins 
in the dialysate.118,121,122 Moreover, LPS-like fragments can cross 
dialyzer membranes.122 Interestingly, plasma must be present on 
the blood side for cytokine induction. LPS-binding proteins, 
complement, and other plasma proteins can be activated by 
regenerated cellulosic membranes122 and amplify MNC cytokine 
production.122–125 Evidence also suggests that endotoxin frag-
ments can cross intact hemodialysis membranes and induce 
MNC cytokine production, particularly in the presence of 
plasma.

Additionally, severe PRs in hemodialysis patients appear to 
correlate with the extent of bacterial contamination in the 
dialysate.113 Recent studies have suggested that up to 35% of 
all water samples and 19% of all dialysate samples in the 
United States do not comply with AAMI (Association for the 
Advancement of Medical Instrumentation) standards (�200
colony-forming units [CFU]/mL in water, 2000 CFU/mL in 
dialysate). Presumably, bacteria adhere to and grow in the di-
alysis tubing, releasing endotoxin and endotoxin fragments 
into the dialysate.

Changing dialysis practices have had an impact on PRs, 
which have been reported with higher frequency in associa-
tion with dialyzer reuse. Theoretically, use of RO and mem-
brane integrity monitoring should lead to a decrease in the 
incidence of PRs.126 The use of bicarbonate and high-fl ux di-
alysis have been linked with a higher risk of PRs.84 In dialysis 
units that used bicarbonate dialysis, a higher frequency of PRs 
occurred only in centers that also performed high-fl ux dialy-
sis. Centers that prepared their own bicarbonate dialysate also 
were more likely to report pyrogenic reactions than centers 
that used commercially prepared bicarbonate dialysate. The 
method for preparing bicarbonate dialysate entails potential 
contamination.125 Acetate dialysate is prepared from a single 
concentrate at a concentration that prohibits bacterial growth 
(4.8 mol/L). However, bicarbonate dialysate must be prepared 
from two concentrates: an acid concentrate with a pH of 2.8 
that is not conducive to bacterial growth and a 1.2 mol/L 
bicarbonate concentrate with a neutral pH. Bicarbonate con-
centrates can support halotolerant endotoxin-producing, 
gram-negative organisms. As many as 105–106 CFU/mL can 
develop in liquid bicarbonate in as few as 10 days after dialy-
sate preparation. Because of this, active quality assurance 
should be exercised to use liquid bicarbonate concentrate as 
soon as possible after manufacture or receipt by the dialysis 
center. Tanks and distribution lines containing stored liquid 
bicarbonate concentrate should be disinfected at least twice 
weekly.

Finally, dialyzer reuse practices have been associated with 
PRs independent of high-fl ux dialyzer use.84 Manual dialyzer 

Gram-negative Bacteria
Pseudomonas
Flavobacterium
Actinobacillus
Alcaligenes
Xanthomonas
Serratia
Achromobacter
Aeromonas

Nontuberculous Mycobacteria
Mycobacterium chelonae
M. fortuitum
M. gordonae
M. scrofulaceum
M. avium
M. abscessus
M. intracellulare

Box 77-2 Naturally Occurring Water Bacteria Commonly 
Found in Hemodialysis Systems

From Ismail N, Becker BN, Hakin RM: Water treatment for hemo-
dialysis. Am J Nephrol 1996;16:60–72. Reproduced with per-
mission of S. Karger AG, Basel.
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reprocessing has been associated with a higher incidence of 
PRs compared to automated reprocessing.106 Manual repro-
cessing can allow defects in dialyzer membranes to go unde-
tected because testing for integrity of the membrane is gener-
ally not performed with this technique.

Several outbreaks of patient infection and PRs have been 
reported in HD patients.127–130 Many of these involved substan-
dard reprocessing or poor water quality.107 Inadequate mixing 
of germicide or the use of a new germicide (e.g., chlorine diox-
ide) have been implicated in several of these outbreaks.108,131,132

Errors in the design and maintenance of a WTS were responsi-
ble for PRs and gram-negative bacteremia in another center.132

Damage to RO membranes contributed to this outbreak, lead-
ing to the recommendation of a thorough inspection for RO 
damage whenever the RO system removes less than 90% to 95% 
of total dissolved solids. Finally, although HD has been safely 
conducted outside the hospital or dialysis center setting, fatal 
endotoxemia has occurred in dialysis patients at summer 
camp,133 illustrating the importance of dialysis WTS in different 
environmental conditions.

The formaldehyde content used for disinfection also may 
be important for PRs. Formaldehyde 2% does not effectively 
or reproducibly eradicate mycobacterial organisms within 
36 hours.104,128 If the concentration of formaldehyde is increased 
to 4%, mycobacteria cannot survive at room temperature be-
yond 24 hours.134 However, there is increasing evidence that 
lower concentrations of formaldehyde (e.g., 1%) can be effective 
if the dialyzers are kept at a temperature of 37° to 40°C.135
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Hemodialysis may be performed acutely to treat complications 
of acute kidney injury or remove dialyzable toxins or chroni-
cally to treat end-stage renal disease (ESRD). In either situa-
tion, to be effective hemodialysis requires a well-functioning 
access to the bloodstream. To serve this role, signifi cant de-
mands are placed on the vascular access. It must be easy to 
connect to the external hemodialysis blood circuit, capable of 
delivering the blood fl ows of up to 400 to 500 mL/min required 
for high-effi ciency hemodialysis, and must remain patent and 
free of infection despite frequent, repetitive use—particularly 
in long-term maintenance hemodialysis. For acute hemodialy-
sis the focus is on ease of creation and rapid access to the cir-
culation. For chronic maintenance hemodialysis the access 
must be convenient to use and have a low incidence of long-
term complications despite repetitive use.

The National Kidney Foundation/Kidney Disease Out-
comes Quality Initiative (K/DOQI) established clinical prac-
tice guidelines for vascular access in 1997. The guidelines were 
updated and revised in 2006.1,2 These guidelines, based on 
published evidence and expert opinion, represent an excellent 
resource and an authoritative guide to direct clinicians in the 
choice and maintenance of the vascular access. They also serve 
as a source for clinical performance measures being developed 
by the Centers for Medicare & Medicaid Services (CMS) 
ESRD Quality Initiative. This chapter endorses most of the 
K/DOQI guidelines; the reader is referred to published recom-
mendations for more discussion on the background and ra-
tionale for those guidelines.1,2

VASCULAR ACCESS FOR ACUTE 
HEMODIALYSIS

Dual-lumen, noncuffed temporary catheters are best used for 
acute hemodialysis.3 These catheters are rigid at room tempera-
ture, thus aiding insertion, but become pliable when they achieve 
body temperature after insertion. Acute dialysis catheters may be 

placed in one of three anatomic locations: the femoral, jugular, 
or subclavian vein.

In most patients, the femoral vein is the easiest site to insert a 
catheter; it is associated with the lowest risk of life-threatening 
complications. The major disadvantage of use of the femoral vein 
is that the patient generally must lie down while the catheter is in 
place, and there is a high rate of infection if the catheter is left in 
place for more than 5 days.4 Thrombosis is also a concern with 
femoral vein catheterization. A femoral catheter is particularly 
useful for short-term treatment of acute renal failure, emergent 
stabilization of a critically ill patient with a coagulopathy, or acute 
toxin removal when the patient will only need a few dialysis treat-
ments. It is preferable to use femoral catheters 19 to 20 cm long, 
because recirculation in the femoral position is considerably 
lower than when shorter catheters (13–15 cm) are used.5

For patients who require longer periods of hemodialysis, 
the jugular approach is preferable.3 Catheters placed under 
aseptic conditions in either jugular vein may be left in place 
for up to 3 weeks. The complication rate associated with in-
sertion into the jugular is higher than that associated with 
femoral-line insertion; complications include pneumothorax 
and arterial or great vein puncture with associated mediasti-
nal, pleural, or pericardial hemorrhage.3,6 There is also the 
risk of introducing an air embolism when inserting these 
catheters, and patients should be maintained in the Tren-
delenburg position while the catheter is being inserted until 
the caps have been placed on the end of the catheter. The risk 
of perforation of the great vein is probably greatest in pa-
tients who have previously had many line insertions and have 
developed central vein stenosis. A chest radiograph is im-
perative after a jugular or subclavian line is inserted and be-
fore initiation of hemodialysis, both to exclude the develop-
ment of a pneumothorax and to confi rm that the catheter is 
positioned appropriately. If there is any doubt that the tip of 
the catheter is not within the great vessels, a vascular study 
should be performed by injecting a small amount of contrast 
into the catheter under fl uoroscopic control.

CHAPTER CONTENTS

VASCULAR ACCESS FOR ACUTE 
HEMODIALYSIS    859

VASCULAR ACCESS FOR MAINTENANCE 
HEMODIALYSIS    860
Selection of a Permanent Vascular Access    860
Preoperative Evaluation and Vascular 

Mapping    861
Unique Considerations    862
Process Improvement: Achieving Increased 

Fistula Prevalence    862
Fistula Maturation    863

MAINTENANCE OF THE VASCULAR ACCESS    864
Stenosis and Thrombosis    864
Access Surveillance and Prophylactic 

Angioplasty    864
Infection    866
Vascular Steal    867
Heart Failure and Pulmonary Hypertension    867
Aneurysms and Pseudoaneurysms    867
Chronic Catheter Maintenance    867

Choice and Maintenance 
of the Vascular Access
Bradley S. Dixon

Chapter 78

Ch78_859-874-X5484.indd 859Ch78_859-874-X5484.indd   859 6/18/08 3:21:46 PM6/18/08   3:21:46 PM



860 Maintenance Dialysis

Subclavian vein catheterization can also be performed, 
with a rate of immediate complications and catheter-life 
similar to that seen with jugular vein insertions. However, 
central vein stenosis—a late complication—occurs more 
commonly with subclavian than with jugular insertions.7–9

Thus, subclavian vein catheterization for hemodialysis should 
be avoided in patients with chronic renal failure who will 
need future arteriovenous access placement.

Use of ultrasound guidance for catheter insertion can 
decrease the rate of complications and is strongly recom-
mended.3,10,11 Ultrasound is used before the procedure to 
localize the position of the vein and artery and exclude 
intramural thrombus. Use of real-time ultrasound while 
cannulating the vein can further enhance successful cathe-
terization and reduce the incidence of inadvertent arterial 
catheterizations.

All temporary catheters carry the risk of bacterial infec-
tion due to contamination of the insertion tract or lumen.3,6

Strict adherence to aseptic technique in placement and care 
of the catheter is crucial (for details see www.cdc.gov/
mmwr/preview/mmwrhtml/rr5110a1.htm and Posa and 
colleagues12). At the fi rst sign of systemic infection or the 
development of fever, the catheter should be removed. The 
most common offending organism with jugular lines is 
Staphylococcus aureus or S. epidermidis.13–15 Any signs of 
systemic infection should be treated with antibiotics after 
appropriate cultures. Typically vancomycin (10–20 mg/kg, 
up to a maximum dose of 2 g) is given initially, pending 
bacteriologic identifi cation of the organism and sensitivi-
ties. Patients with femoral catheters are also likely to be-
come bacteremic from gram-negative organisms and should 
be treated with vancomycin and either a third-generation 
cephalosporin, quinolone, or an aminoglycoside, pending 
the results of blood cultures. The culture results should 
guide antibiotic therapy after the initial dose. Combinations 
of vancomycin and an aminoglycoside must be used with 
caution because of the risk of ototoxicity. These patients 
must be treated for 2 to 3 weeks when cultures are positive 
and to confi rm adequate antibiotic levels. The trough level 
of vancomycin is 10 to 15 mg/mL. Patients with some re-
sidual renal function or those receiving continuous venove-
nous hemofi ltration will have increased vancomycin clear-
ance and require more frequent dosing.

Uremic patients who develop S. aureus bacteremia have a 
relatively high incidence of metastatic complications; these 
patients may develop infectious endocarditis, septic arthri-
tis, or epidural abscess.15 Patients who develop a metastatic 
focus of infection should have any accumulation of pus 
drained and should be treated for up to 6 weeks with paren-
teral antibiotics.

VASCULAR ACCESS FOR MAINTENANCE 
HEMODIALYSIS

Three main classes of vascular access are currently used for 
maintenance hemodialysis: the autogenous arteriovenous fi s-
tula (AVF), arteriovenous bridge graft (AVG), and central ve-
nous catheter (CVC).16 Common types of AVFs include the 
radiocephalic fi stula, brachiocephalic fi stula, and basilic vein 
transposition to the brachial artery.17–19 Most current AVGs 
are composed of expanded polyfl uorotetraethylene (ePTFE) 

and are placed either in a loop confi guration in the forearm 
(brachial artery to cephalic or basilic vein), straight confi gura-
tion in the upper arm (brachial artery to axillary vein), or a 
loop confi guration in the upper thigh (femoral artery to 
vein).20 Compared to ePTFE, biografts have a lower infection 
rate but tend to degenerate quicker.21–23 Autogenous vessels 
also have other uses (e.g., coronary artery bypass), so they 
generally are not favored for AVGs over ePTFE. Tunneled cen-
tral venous catheters (TCCs) are most commonly placed in 
the internal jugular vein but can be placed in the subclavian 
vein, femoral vein or, in exceptional circumstances, directly 
into the inferior vena cava via a transhepatic or translumbar 
approach.24

Selection of a Permanent Vascular Access
An algorithm for the selection of a vascular access is 
shown in Figure 78-1. Each type of vascular access has ad-
vantages and disadvantages. An AVF placed in the most 
distal location possible in the arm is the preferred access.1,25

In our practice an AVF is preferred not only for the fi rst, but 
also subsequent accesses even if the patient is already on 
dialysis.26 Once mature, an AVF has the longest cumulative 
patency, lowest incidence of thrombosis or infection, lowest 
per patient per year cost, and is associated with prolonged 
patient survival (though reported differences in survival are 
admittedly confounded by indication).14,27–36 The main dis-
advantages of an AVF are a slower rate of maturation and a 
higher rate of primary access failure, leading to the in-
creased need for CVCs and subsequent surgery for new ac-
cess creation.37–43 Hence, early referral for access creation 
about 6 months before the expected need for hemodialysis 
is important to avoid the need for a central venous cathe-
ter.34,44,45 For patients already on hemodialysis, placement of 
an AVF can lead to longer CVC use with its attendant risks. 
In this setting, whether the long-term benefi ts of an AVF 
outweigh the short-term increased risks compared to an 
AVG has not been completely resolved.42 However, we prefer 
to use an AVF whenever possible and try to be proactive 
about assessing and facilitating AVF maturation and early 
catheter removal. The choice between using a basilic vein 
transposition fi stula versus an AVG is debated, but we gen-
erally prefer to create the basilic vein transposition fi stula 
before an AVG.46–53 An additional problem for AVFs is that 
they can be more diffi cult to cannulate, particularly when 
they are deep or not fully developed. The “graftula,” created 
by placing a piece of ePFTE around the adventitial side of 
the fi stula, is a novel approach to the problem of a deep 
fi stula that can be used in selected instances to provide an 
easier target to cannulate.

An AVG is preferred over a central venous catheter.30,35,36,54–56

In our practice an AVG is primarily a salvage procedure, re-
served for situations in which adjacent vessels are not avail-
able to create a suitable AVF.26 An AVG can typically be can-
nulated and used for dialysis within 3 to 6 weeks after cre-
ation and is often easier than a new AVF to cannulate.57–60

Grafts can also be used to create heroic types of vascular 
accesses, such as axilloaxillary arteriovenous grafts or arterio-
arterial grafts.61–63 However, AVGs have a signifi cantly in-
creased frequency of stenosis, thrombosis, and infections, 
leading to an increase in per patient per year costs and mor-
bidity compared to an AVF.29,30,35,36,54–56,64 Frequent access 
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Arteriovenous graft 
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Tunneled cuffed CVC

No AV access

GFR

Figure 78-1 Algorithm for vas-
cular access selection.

monitoring is also needed to detect and treat AVG stenosis 
before it leads to thrombosis.1,65

Central venous catheters are discouraged. They should be 
reserved only for short-term bridging to a permanent AVF or 
AVG and in situations in which an AVF or AVG is contraindi-
cated (e.g., severe congestive heart failure) or cannot be con-
structed.24,66 CVCs are appealing because of the ease and rapid-
ity of creation, the absence of repetitive needle sticks, and lack 
of problems with postdialysis hemostasis.24 These advantages 
are more than offset by the higher risk of infection, leading to 
increased hospitalizations, higher mortality, and the highest 
per patient per year costs of any access.29,34–36,41,44,54,67 Problems 
with catheter clotting and slow blood fl ow rates with CVCs also 
can limit adequate dialysis.24,55,68 CVCs carry the additional 
risk of developing central venous stenosis (particularly with 
subclavian catheters) that is diffi cult to treat and may prevent 
subsequent creation of an AVF or AVG in that arm.7,9

Preoperative Evaluation and Vascular 
Mapping

Creation of a successful AVF is enhanced by careful preoperative 
evaluation.69 In most cases this should include preoperative arte-
rial and venous imaging.70–76 The preoperative history includes 
a review of any prior arteriovenous access surgeries, the location 
of any current or past CVCs or peripherally inserted central 
catheters, the presence of a transvenous pacemaker or other 
signifi cant operations involving the extremities, and the pres-
ence of symptomatic organic heart disease. Symptoms and signs, 
such as swelling, atrophy, ulcers, skin lesions, surgical scars, cath-
eters, pacemakers, and pain or ischemia of the extremity or 
central vessels, are noted.1 Arterial pulses in the extremity should 
be palpated and an Allen’s test performed to assess hand perfu-
sion by the radial and ulnar artery.75 Venous anatomy in the ex-
tremity is assessed using a tourniquet. However, given the age 
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and underlying vascular disease in the current ESRD popula-
tion, the history and physical examination are usually not suffi -
cient to determine the optimal site for AVF creation.70,77 Preop-
erative vascular mapping has been shown to increase the 
percentage of successful AVFs created.72–74,77 At this time no 
cross-center standardized protocol exists. Duplex ultrasonogra-
phy is the current procedure of choice to look at the arterial and 
venous anatomy for signifi cant stenoses, thrombosis, an atypical 
vascular pattern, and vessel size. It has a reported sensitivity of 
80% to 90% and specifi city of 90% to 100% for signifi cant arte-
rial and venous stenosis (�50% luminal narrowing) and other 
lesions in the distal extremity.70,78,79 However, duplex ultraso-
nography is less sensitive in detecting central arterial or venous 
stenosis.70,78 If this is suspected on clinical grounds or the patient 
has had a current or prior CVC (especially a subclavian cathe-
ter), further imaging by contrast-enhanced digital subtraction 
angiography or magnetic resonance angiography is recom-
mended.78 Both of these techniques have some risks, including 
contrast-induced nephropathy and nephrogenic systemic fi bro-
sis, respectively.80–82 The risks need to be discussed with the pa-
tient before the procedure.

Vessel size is an important determinant of successful fi s-
tula creation.38,74 This appears to be a threshold effect: below 
a critical size the likelihood of a successful outcome is negli-
gible, but above that threshold, size does not appear to be 
strongly predictive of outcome.83–86 The exact threshold has 
not been established and may vary with surgical expertise 
and measurement technique but is probably approximately 2 
to 2.5 mm for both arteries and veins.69,74,85 Venous size 
should be measured using compression of 30 to 40 mm Hg. 
Some surgeons favor performing the examination them-
selves in the operating room just before access creation be-
cause vessel size may vary from preoperative assessment due 
to changes in ambient temperature or sympathetic activity. 
Studies have also reported that endothelial function, as mea-
sured by brachial artery fl ow-mediated dilation, or venous 
compliance, as measured by venous plethysmography, are 
predictive of AVF success.86,87 However, these are not rou-
tinely measured.

Unique Considerations
A number of unique situations infl uence the timing and 
choice of vascular access placement. Patients under consider-
ation for kidney transplantation pose a challenge as to when 
to place a vascular access. Because deceased donor transplan-
tation is unpredictable and may require that the patient wait 
for several years on dialysis, I recommend placement of an 
AVF in such patients. However, for patients with a high likeli-
hood of receiving a living donor kidney before starting dialy-
sis, it seems an acceptable risk to delay vascular access place-
ment until that workup is completed. Patients with severe 
heart failure from organic heart disease are unique because 
they may decompensate after vascular access placement due 
to their inability to increase cardiac output suffi cient to meet 
the demands of an arteriovenous shunt.88,89 A tapered AVG 
may be considered in such cases to limit the volume fl ow 
through the fi stula, but most of these patients will likely need 
a CVC for dialysis. No well-defi ned parameters exist to pre-
dict this outcome. However, patients with organic heart dis-
ease who have signifi cant dyspnea at rest or minimal exertion 
should probably start hemodialysis with a CVC rather than 

an arteriovenous shunt. If their symptoms improve on dialy-
sis, conversion to an AVF should be reconsidered. Similarly, 
patients whose remaining lifespan from comorbidities apart 
from ESRD is predicted to be very short (i.e., a few months) 
that nonetheless choose to go on hemodialysis may be suit-
able candidates for a CVC rather than AVF. However, given 
the uncertainty in predicting survival in any given person, it 
seems prudent to recommend placement of an AVF for most 
patients who are deemed suitable candidates for maintenance 
hemodialysis. Age, race, and gender should not deter place-
ment of an AVF.18,69,90,91 With appropriate preoperative vas-
cular mapping, an AVF can be constructed; it remains the 
fi rst access of choice.

Process Improvement: Achieving 
Increased Fistula Prevalence
Whereas surgeons and radiologists are responsible for place-
ment of most permanent hemodialysis accesses in the United 
States, the referring nephrologist plays a critical role in choos-
ing the surgeon, educating the patient and primary care physi-
cians, timing the referral, and communicating with the inter-
ventionalist and dialysis staff the type of access that he or she 
wants in their patients.38,69,92,93 The nephrologist, in concert 
with the access surgeon and dialysis staff, should establish 
access practice goals for the unit.25,94 Clinical practice guide-
lines for vascular access established by K/DOQI are a good 
source for these goals.1 The CMS ESRD Quality Initiative has 
currently established three clinical performance measures 
for vascular access: (1) number of hemodialysis patients 
with an AVF, (2) number of hemodialysis patients with
 a catheter, and (3) monitoring of AVGs for stenosis.95 Current 
targets are for at least 50% incident patients and 40% 
prevalent patients to have an AVF. The future goal of the CMS 
Fistula First Breakthrough Initiative is a 65% prevalence 
of AVFs by 2009. K/DOQI recommends that less than 10% 
of hemodialysis accesses should be permanent CVCs (those 
not used as a bridge to AVF).1 These targets are challenging 
but achievable.91,96–99

The Fistula First National Vascular Access Improvement 
Initiative has established 11 core strategies to increase fi stula 
placements. These strategies are listed in Box 78-1. Additional 
information and resources for implementing these strategies 
can be found at the Fistula First website (www.fi stulafi rst.org/
index.htm). Central to achieving these goals is the creation and 
maintenance of a vascular access database.69,100 At a minimum 
the database should contain the date, location, and type of each 
access placement; the surgeon who placed the access; and the 
date and reason the access was abandoned. Optimally, the da-
tabase should also record the date of fi rst use for hemodialysis 
and the date and description of each access study, complica-
tion, and intervention, along with the person who performed 
the intervention. (An electronic database program is available 
on request from the author.) A vascular access coordinator 
needs to be assigned to input the data into the database in a 
timely manner. The database then allows for ongoing continu-
ous quality improvement to monitor progress toward achiev-
ing the clinical vascular access practice goals established by the 
unit. Periodic meetings with the surgeon and vascular access 
management group are needed to review the data and imple-
ment changes to achieve the established goals or to set new 
goals if prior targets have been attained.
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Fistula Maturation

Fistula maturation is the process of arterial and venous dila-
tion that permits an increase in access blood fl ow suffi cient to 
allow repetitive cannulation with two needles to support 
maintenance hemodialysis. It is the principal problem associ-
ated with AVFs.112,113 Primary failure due to impaired matu-
ration occurs in approximately 25% to 50% of new AVFs.38

However, maturation as currently defi ned in terms of clinical 
usability is an unsatisfactory criteria and leads to delays in 
detecting and treating the failing AVF. To promote earlier 
detection and salvage of a failing fi stula, K/DOQI proposed 
the Rule of 6’s (�600 mL/min fl ow rate, 0.6 cm vein diame-
ter, and no more than 0.6 cm below the skin as measured by 
duplex ultrasonography by 6 weeks after access creation) as a 
working biologic defi nition of fi stula maturation.1 Failure to 
reach this goal should prompt a search for reversible etiolo-
gies. The goal is laudable, but the defi nition has not been 
validated and may be too aggressive, potentially leading to 
unnecessary investigations and intervention. More work is 
needed to establish the optimal criteria.114 Importantly, ex-
amination of the access by an experienced observer looking 
for how far the palpable thrill and bruit extend up the arm, as 
well as the diameter, depth, and length of usable vein, and a 
pulse augmentation test may be nearly as accurate at predict-
ing maturation.113,114 However, the specifi c criteria to use 
have not been validated across centers.

The etiologies of impaired maturation include stenosis, im-
paired arterial and/or venous dilation, thrombosis, and the 
presence of accessory veins.112,113 Failure to mature as defi ned 
above should prompt a search for reversible etiologies. The 
physical examination (Table 78-1) and a duplex ultrasound can 
help to assess the likely etiology, but contrast angiography will 
be needed for any intervention.113,115,116 The most common 
etiology for impaired maturation is a focal venous stenosis, 

 1. Routine CQI review of vascular access
 2. Timely referral to nephrologist
 3. Early referral to surgeon for “AVF only” evaluation 

and placement
 4. Surgeon selection based on best outcomes, willing-

ness, and ability to provide access surgeries
 5. Full range of appropriate surgical approaches to 

AVF evaluation and placement
 6. Secondary AVF placement in patients with AVGs
 7. AVF placement in patients with catheters where indi-

cated
 8. Cannulation training for AVFs
 9. Monitoring and maintenance to ensure adequate 

access function
10. Education for caregivers and patients
11. Outcomes feedback to guide practice

Box 78-1 Core Strategies to Increase AVF Placements (Fistula 
First Initiative)

Most of the strategies listed in Box 78-1 to increase AVF 
prevalence are self-explanatory. Further details can be found 
at the Fistula First website, as well as in recent re-
views.38,69,93,101 Early identifi cation of patients with stage 4 
chronic kidney disease when glomerular fi ltration rate is 
approximately 30 mL/min allows for timely education about 
types of dialysis and vascular access.69 Preservation of ves-
sels by avoiding intravenous or arterial catheters, particu-
larly in the nondominant upper extremity, is important but 
admittedly often diffi cult to enforce. Choice of a surgeon 
with an interest in vascular access, who is willing to partici-
pate in continuous quality improvement and has expertise 
in creating all types of AVFs (as well as AVGs if needed), is 
critical. Early referral to the surgeon about 6 months before 
the expected time of starting hemodialysis is crucial to al-
low time for AVF maturation, particularly if a radiocephalic 
AVF is placed.45,97,102,103 Recommendation of arm exercises 
for 4 to 6 weeks before and after AVF placement may assist 
maturation, but this has not been conclusively proven.104–106

Most AVFs should be mature and safe to cannulate by 4 to 
8 weeks after surgery.57,107,108 Re-evaluation of the AVF at 
this time allows earlier detection and intervention, if neces-
sary, for AVFs that are slow to mature. If primary AVF fail-
ure occurs, there is time to create a second AVF before he-
modialysis is needed (or minimize catheter use if already on 
dialysis). Utilizing the services of a nurse coordinator who 
assists in education and coordinating care for patients with 
stage 4 chronic kidney disease is an invaluable asset to help 
with vascular access education and referrals.69,100 Patients 
already dialyzing with CVCs should be routinely identifi ed 
and considered for AVF (or AVG) placement. Patients with 
an AVG that fails should be evaluated by vascular mapping 
for conversion to an AVF.109 We have had experience with 
converting failed AVGs to an upper arm AVF; the AVF sur-
vival in these cases is the same as in primary upper arm AVF 
placements.110 Finally, ongoing education and training of 
patients and hemodialysis staff in proper techniques of AVF 
cannulation and the benefi ts of an AVF for the patient and 
healthcare system is important to achieve acceptance of the 
change.111

Table 78-1 Physical Examination Characteristics of a Normal 
and Stenotic Access

Parameter Normal Stenosis*

Thrill Present at arterial 
anastomosis and 
decreases along 
vein

Present at site of 
stenotic lesion 
(decreased at arte-
rial anastomosis)

Pulse Soft, easily com-
pressible through-
out access

Water-hammer 
upstream of 
stenosis

Falls off after 
stenosis

Bruit Low-pitched High-pitched

Continuous Discontinuous

Diastolic and 
systolic

Systolic only

*Abnormalities listed are for the two extremes: completely normal 
and severe stenosis. With lesser degrees of stenosis the fi ndings 
will be between these two extremes.
From Beathard GA: Physical examination of the dialysis vascular 
access. Semin Dial 1998;11:231–236.
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typically at or just downstream of the juxta-arterial anastomo-
sis.40,117–119 This lesion can be treated successfully with angio-
plasty, although the lesion often recurs, requiring additional 
angioplasty.117,119–121 If angioplasty fails to correct the stenosis 
and improve maturation, consideration should be given to us-
ing the downstream good vein to create a new arteriovenous 
anastomosis at a more proximal site on the artery.122 Another 
cause of impaired maturation is accessory veins that divide the 
fl ow and limit maturation of a single superfi cial target vein. 
This has been treated successfully by ligating the accessory veins 
to increase fl ow through a single superfi cial vein.117,123 Finally, 
early thrombosis or a generalized impairment of arterial and 
venous dilation are reportedly less common but are diffi cult to 
treat and typically require creation of a new access. Careful at-
tention should be paid to whether an upstream arterial stenosis 
is also present that is limiting access blood fl ow and fi stula 
maturation.124 An aggressive interventional approach to im-
paired fi stula maturation has led to excellent results in some 
reports but more modest success in others.117,119–121 The impor-
tant message is to not wait too long for a fi stula to mature be-
fore identifying an etiology and working on a solution.

No pharmacologic strategies have been proved to improve 
AVF maturation. Several small studies have suggested that us-
ing an antiplatelet agent at the time of surgical creation may 
prevent early thrombosis and allow an AVF to mature.125 Re-
cently a large multicenter randomized controlled trial demon-
strated that administration of clopidogrel for 6 weeks starting 
at the time of fi stula creation decreased early thrombosis from 
19.5% to 12.2% at 6 weeks. However, despite the impressive 
decrease in thrombosis, fi stula suitability for hemodialysis, 
which was only 40% in the placebo group, was not improved 
by treatment with clopidogrel.125 Small trials studying alloge-
neic endothelial cells or human elastase placed on the adven-
titial side of the vein and arteriovenous anastomosis are cur-
rently underway as possible novel therapies to improve fi stula 
maturation.112

MAINTENANCE OF THE VASCULAR 
ACCESS

Stenosis and Thrombosis
Stenosis leading to impaired access fl ow and thrombosis is the 
most common etiology of arteriovenous shunt failure.126

Median primary patency of an AVG is less than 1 year; and 
median secondary patency is about 2 years.27,47,64,110,127,128 In the 
absence of routine monitoring, approximately 70% to 95% of 
AVG failure is due to thrombosis (0.6–1.4 thromboses/access-
year).64,129–131 Stenosis is found to underlie the thrombosis in 
approximately 85% of cases.126,132 Stenosis and thrombosis oc-
cur much less frequently in an AVF.27,64,110,127,128,130 Whereas 
median primary patency of a lower arm AVF is similar to an 
AVG (due to failed maturation), median secondary patency, 
particularly for an upper arm AVF, is typically longer and can 
exceed 3 to 4 years.110 Overall, the thrombosis rate in an AVF is 
approximately 0.25 per fi stula-year when the initial maturation 
phase is included, but drops to approximately 0.1 per fi stula-
year in a mature AVF.130,133,134 Stenosis in an AVG typically oc-
curs at the vein-graft anastomosis or downstream vein; stenosis 
in an AVF typically occurs at the arteriovenous anastomosis or 
in the immediate downstream vein.117,132 Importantly, stenosis 

may also occur in the feeding artery, the graft itself, or the 
central veins.124,132

Access Surveillance and Prophylactic 
Angioplasty
Observational studies have demonstrated that a regular vascu-
lar access surveillance program can detect stenosis and that 
early intervention with angioplasty can decrease the rate of 
subsequent thrombosis in grafts and fi stulas.129,130,134–136 A re-
cent small, randomized study has also reported that prophylac-
tic angioplasty of hemodynamically signifi cant stenosis in-
creases survival in fi stulas.137 However, several recent small, 
randomized, controlled trials in AVGs found mixed results for 
preventing thrombosis; only one study found evidence for 
prolonging AVG survival.138–143 Nevertheless, routine surveil-
lance and prophylactic angioplasty of hemodynamically sig-
nifi cant stenoses is currently recommended to decrease throm-
bosis and prevent the resulting disruption of dialysis unit 
function and missed dialysis sessions that otherwise occur.65

Development of access stenosis can be detected by various 
techniques (Box 78-2). Broadly, these techniques include a 
physical examination (Table 78-1); measurement of access recir-
culation, intra-access pressure (IAP), and access fl ow rate (Qa); 
and imaging studies for direct visualization of the stenosis.1 The 
optimal approach would have a high sensitivity and specifi city 
for the detection of access stenosis, be easy to perform on a fre-
quent basis, and be inexpensive. Currently no surveillance tech-
nique has been shown to meet all of these criteria. A key prin-
ciple of access surveillance, however, is that due to biologic and 
technical variability a single measurement of access fl ow or pres-
sure has limited usefulness.144–148 Performing repetitive mea-
surements over time, as well as trend analysis, can improve sen-
sitivity and specifi city.148,149 For AVGs, in which the risk for 
thrombosis is high, reliance simply on the physical examination 
and measurement of access recirculation is not suffi cient; ad-
ditional surveillance tools are needed.65,150 However, for AVFs 
the risk of thrombosis even at low fl ow rates is much lower. For 
AVFs, careful attention on a regular basis to the physical exami-
nation, measures of access recirculation (including adequacy of 
dialysis), and the ability to achieve the target blood fl ow rate may 
be suffi cient to detect and correct stenosis before thrombo-
sis.133,150 Regular measurements of IAP, Qa, or duplex ultraso-
nography (stenosis detection) have all been validated as surveil-
lance tools with modest accuracy to detect stenosis.148,151–156

Measurement of IAP is better suited for detecting stenosis in an 
AVG, where the stenosis is typically downstream of the needles, 
than in an AVF, where the stenosis is typically upstream of the 
needles.157,158 Measurement of Qa or use of duplex ultrasonog-
raphy is equally suited for surveillance of an AVF or AVG.

For measurement of IAP, the blood pump fl ow rate is set at 
zero and the blood line clamped proximal to the venous drip 
chamber.159 IAP is then determined from the drip chamber pres-
sure after correcting for the decreased hydrostatic pressure due 
to the height of the drip chamber above the access. The IAP is 
normalized for the mean arterial pressure (MAP) taken in the 
contralateral arm (IAP/MAP). An IAP/MAP ratio in an AVG 
consistently greater than 0.5 (venous drip chamber) or 0.75 (ar-
terial chamber) is an indication to investigate for a downstream 
venous stenosis.95 Alternatively, an equivalent IAP can be calcu-
lated from the drip chamber pressures measured at a fi xed low 
blood pump fl ow rate. This is done using a computer algorithm 
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A. Clinical Criteria
Recommended for both fi stulae and grafts. Use of additional monitoring technique recommended for grafts (see below).
Trend analysis more specifi c than isolated measurement or event.

Examine access each dialysis (see Table 78-1)
Arm swelling (if persistent)
Inability to cannulate access
Aspiration of clot from access
Prolonged postdialysis bleeding at cannulation sites
Increased recirculation (trend data over time, measured at least monthly)
Indicator dilution techniques (e.g., UDT, GIT, K dilution) �0% is abnormal (if persistent)
Urea-based recirculation test not recommended, �10% abnormal if persistent or increasing
Inability to maintain target blood fl ow (trend Qb over time)
Inadequate dialysis (trend monthly Kt/V or URR)
Increasing DVP or decreasing DAP (trend over time; not a substitute for IAP)

B. Additional Monitoring1,2

Recommend using at least one of these three techniques for monitoring grafts; optional for fi stulae.

1. IAP Monitoring (at least monthly; perform trend analysis)
Measurement:

IAP (mm Hg) � static drip chamber pressure at 0 pump speed with ultrafi ltration off or line between dialyzer and drip 
chamber clamped (mm Hg) � height of drip chamber above access (cm) � 0.74
Mean arterial pressure (MAP) � DBP � 1/3(SBP � DBP) measured in contralateral arm
Arterial pressure ratio (APR) � arterial IAP/MAP
Venous pressure ratio (VPR) � venous IAP/MAP

Criteria for AVG
Venous stenosis: APR � 0.75 or VPR � 0.5
Intra-access stenosis: APR � 0.65 and VPR � 0.5
Arterial infl ow stenosis: APR � 0.3 and clinical criteria

Criteria for AVF (less sensitive for detecting upstream lesions most common in fi stulae)
Venous stenosis: APR � 0.43 or VPR � 0.35
Intra-access stenosis: ARP � 0.65 and VPR � 0.35
Arterial infl ow stenosis: APR � 0.13 and clinical criteria

2. Access Flow (Qa) Monitoring (at least monthly; perform trend analysis)
Measurement:
Various techniques.162 UDT using saline infusion in the reversed dialysis fl ow confi guration is standard (e.g., HD01, Transon-

ics Systems)

Criteria for AVG
Qa � 600 mL/min or
Qa � 1000 mL/min and � 25% decrease in Qa over 4 months

Criteria for AVF
Qa � 400 mL/min or
Qa � 1000 mL/min and � 25% decrease in Qa over 4 months

3. Stenosis Monitoring (duplex ultrasound; quarterly)
Measurement:
Requires experienced technician and appropriate ultrasound equipment. Evaluate entire arterial, graft, and venous limbs of 

access circuit,
Criteria (AVG or AVF)

Evidence of stenosis by B mode and color Doppler
Peak systolic velocity ratio � 2.0 (compared to upstream vessel)

Box 78-2 Arteriovenous Access Surveillance Techniques and Criteria for Fistulogram

DAP, dynamic arterial pressure; DVP, dynamic venous pressure; GIT, glucose infusion technique239,240; UDT, ultrasound dilution tech-
nique239; URR, urea reduction ratio.

Ch78_859-874-X5484.indd 865Ch78_859-874-X5484.indd   865 6/18/08 3:21:50 PM6/18/08   3:21:50 PM



866 Maintenance Dialysis

based on hematocrit, fl ow rate, and needle size to correct for the 
pressure drop in the needle.160 A company (Vasc-Alert, W. Lafay-
ette, Ind.) has been established that uses on-line machine data to 
calculate equivalent IAP and notifi es the clinic when the thresh-
old for investigation has been exceeded.

Access blood fl ow is typically measured using an indica-
tor-dilution technique.161 In most cases this is done with the 
arterial and venous blood lines reversed in the “recircula-
tion” confi guration. Multiple techniques are available for 
Qa, but the gold standard is the ultrasound dilution tech-
nique (UDT).162,163 In this technique, an ultrasound probe 
placed on the dialysis tube withdrawing blood from the 
downstream needle detects the dilution of saline injected 
upstream into blood fl owing through the access. Typical 
threshold values used for detecting stenosis by UDT are 
600 mL/min in an AVG or 400 to 500 mL/min in an AVF, 
or a drop of 25% in Qa from baseline when Qa is below 
1000 mL/min for both an AVG and AVF.1,2 The main disad-
vantages of Qa measurements are the need to reverse the 
blood lines and the need for an experienced technician to 
make the measurements. Newer technologies may obviate 
these problems in the future.

Use of duplex ultrasonography can provide both anatomic 
and fl ow data to assess the presence of stenosis.153–155 Unfor-
tunately, it requires a skilled technician, is time intensive, and 
cannot be done effectively during dialysis, so it is not a practi-
cal screening tool for most dialysis units.

At this time the choice of which surveillance techniques to 
use should be based on considerations of cost, availability of 
equipment, effi ciency, and type of accesses currently used in 
the unit. At a minimum, all accesses should be regularly 
monitored by clinical criteria as shown in Box 78-2. For AVFs 
this may be suffi cient without resorting to additional tech-
niques.133,150 For AVGs, it is recommended that an additional 
technique, such as IAP, Qa, or duplex ultrasonography surveil-
lance, be used.

K/DOQI recommends that with monitoring and surveil-
lance the incidence of AVG thrombosis should be less than 
0.5 episodes per patient-year at risk; the median AVG patency 
should exceed 2 years.1,2 It is important to note that a signifi -
cant fraction of AVGs (15%) will thrombose with a high fl ow 
rate above 600 mL/min and no defi nitive stenosis.158 This 
may be due to volume depletion, hypotension, or access com-
pression. Thrombosis in this situation will not be prevented 
by active surveillance for stenoses. For an AVF, K/DOQI 
recommends a thrombosis rate of less than 0.25 episodes 
per patient-year at risk and median patency of more than 
3 years.

A stenosis in which the lumen diameter is �50% of the 
reference diameter of the normal upstream or downstream 
vessel is considered hemodynamically signifi cant and is an 
indication for intervention.164,165 Either angioplasty or sur-
gical revision can be used to treat hemodynamically signifi -
cant access stenosis in an AVG or forearm AVF.166–172 How-
ever, angioplasty is generally the fi rst choice. Stenosis in an 
upper arm AVF is treated with angioplasty. Central venous 
stenosis is diffi cult to treat and often requires stenting in 
addition to repeated angioplasty or occasionally surgical 
bypass grafting.7,173–178 Median patency is typically no 
more than 6 months after angioplasty of an AVG but greater 
than 6 months in an AVF, particularly in a forearm 
AVF.132,166,172,179,180 Thrombosis of an AVG or AVF can be 

treated by either percutaneous thrombolysis (mechanical or 
pharmacomechanical) or surgical thrombectomy with satis-
factory results.181–189 However, survival after access throm-
bosis in most reports is decreased compared to angioplasty 
of a nonthrombosed access.138,166,168,190 Salvage of a throm-
bosed AVF should be performed as soon as possible after 
recognizing the thrombosis.181 Routine stenting after angio-
plasty does not improve access survival but may be neces-
sary to prevent elastic recoil, treat complications of venous 
rupture, and obtain a satisfactory result in central venous 
lesions.191–195

There is no proven pharmacologic therapy to prevent access 
thrombosis or stenosis. Randomized, placebo-controlled trials 
have examined the use of low-dose warfarin as well as the com-
bination of aspirin and clopidogrel; neither has proven suc-
cessful in prolonging AVG survival.196,197 The trial of aspirin 
plus clopidogrel was closed early due to excessive bleeding.197

Small trials have suggested a benefi t of dipyridamole or fi sh oil 
to prevent AVG thrombosis.198,199 A large multicenter trial 
is testing whether Aggrenox extended-release dipyridamole/
aspirin will prevent AVG stenosis and thereby prolong AVG 
survival.200

Infection
Infection occurs in approximately 5% to 15% of AVGs 
and no more than 1% of AVFs over the duration of 
patency.33,64,127,201,202 Most infections are due to Staphylococ-
cus aureus and S. epidermidis.33,203 Less commonly encoun-
tered organisms include Enterococcus, gram-negative bac-
teria, and occasionally candida or other fungal species.33,203

Infection or abscess around the access may present with 
localized erythema and tenderness over the site, but AVG 
infection can also present with fever and systemic symp-
toms without localized evidence of infection.204 An indium-
tagged white blood cell scan has been used to detect occult 
AVG infections.13,204–206 Serious complications of access 
infection include thrombosis, metastatic seeding leading 
to endocarditis, osteomyelitis, or murantic abscess, as well 
as sepsis and death. Careful attention to bactericidal cleans-
ing of the skin and infection control practices at the time 
of needle insertion in the dialysis unit are important 
quality control measures.1,2 The use of preoperative vanco-
mycin before access surgery has been recommended to 
decrease the frequency of subsequent postoperative graft 
infections.207

Management of AVG infection typically requires excision of 
the infected graft material and treatment with antibiotics.13,203

AVFs can usually be treated with 6 weeks of appropriate antibi-
otics without resection unless thrombosis is present. Vancomy-
cin, with addition of gram-negative coverage if the patient is 
septic, is appropriate. However, indiscriminant use of vancomy-
cin has led to an emerging epidemic of vancomycin-resistant 
organisms. Hence, long-term use of vancomycin should 
be avoided, and alternative antibiotics chosen as soon as results 
of antibiotic sensitivity testing are known. An alternative strat-
egy being studied recently for infected AVGs is to replace the 
infected graft with a biograft that is more resistant to infec-
tion.22 If an endovascular source of infection is present, it 
should be treated for 6 weeks with appropriate intravenous 
antibiotics to reduce the risk for late sequelae from metastatic 
seeding.
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Vascular Steal

Vascular steal results from retrograde fl ow from the distal ar-
tery into the access and occurs in approximately 75% of 
AVFs.208 Symptoms such as vague neurosensory changes, mild 
swelling, stiffness, or decreased temperature distal to the ac-
cess may occur after access creation, usually improving or re-
solving with time. In more severe cases the ischemia may 
progress to produce painful paresthesias, numbness, ischemic 
ulcers, trophic changes, or dry gangrene in the extremity. 
These more severe complications requiring intervention have 
been reported to occur in 1.6% to 8% of accesses and can oc-
cur rapidly after the surgery or arise months or years after 
access placement.201,209 The diagnosis can often be made clini-
cally by noting the decrease in symptoms and return of the 
radial pulse with compression of the fi stula.210 In diffi cult 
cases, digital plethysmography can be performed, looking for 
a digital pressure lower than 50 mm Hg or a digital-brachial 
index of less than 0.47.210 In severe cases, the digital pulse 
waveform contours are monophasic or fl at, and occlusion of 
the fi stula leads to augmentation of the pulse wave and nor-
malization of the waveform contour.211

If symptomatic steal occurs, it is important to look for and 
correct any arterial stenosis in the artery proximal to the ac-
cess.124 If the symptoms persist, the options include banding 
the access, ligating the distal artery, ligating the access itself, or 
performing a distal revascularization with interval ligation 
procedure. Banding the access or ligating the distal artery is 
frequently unsuccessful either due to persistent steal, insuffi -
cient fl ow, or thrombosis of the access. Ligating the access 
solves the problem but leaves the patient without an access. 
The distal revascularization with interval ligation procedure is 
often successful at salvaging the distal extremity while main-
taining function of the access.212 However, it carries the risk of 
putting the distal extremity at the mercy of an autogenous 
vein bypass graft.

Heart Failure and Pulmonary 
Hypertension

Heart failure after arteriovenous shunt placement can de-
velop in the setting of underlying organic heart disease, in 
which the heart is not able to increase its cardiac output to 
compensate for the increased fl ow through the shunt.88,89 In 
addition, many patients with an arteriovenous shunt also 
demonstrate an increase in pulmonary artery pressure. In the 
presence of underlying lung disease or primary pulmonary 
hypertension, this could exacerbate right heart failure.213 An 
access blood fl ow to cardiac output ratio above 0.3 has been 
suggested as a risk factor for heart failure, but there is cur-
rently no well-validated tool to predict who will develop 
symptomatic heart failure after access placement; this re-
mains a clinical judgment.214 Development of symptomatic 
heart failure after access placement can be treated with band-
ing or placing a tapered AVG to reduce fl ow but usually re-
quires ligation of the access.

Aneurysms and Pseudoaneurysms

Aneurysms and pseudoaneurysms typically result when re-
gional cannulation of one site is used repetitively, leading to 
weakening of the wall of the vein or graft.19 Vessel trauma with 

extravasation of fl uid can also lead to pseudoaneurysm for-
mation. Avoidance of this complication involves employing 
either the ladder approach to needle placement, in which the 
entire length of the access is used for cannulation, or the but-
tonhole technique, in which the same hole is repetitively can-
nulated with a blunt needle.215 If an aneurysm develops, it 
may be corrected surgically. The presence of a stenosis just 
downstream of the aneurysm should be investigated and cor-
rected if present.

Chronic Catheter Maintenance

Current tunneled cuffed catheters (TCC, typical size approxi-
mately 15F) used for maintenance hemodialysis can deliver 
blood fl ows of 400 mL/min or more at arterial and venous 
pressures approximately �100 mmHg and �100 mmHg, 
respectively. Impaired catheter fl ow may lead to insuffi cient 
dialysis. Catheters should be monitored each dialysis session, 
looking for evidence of impaired function. Criteria for cathe-
ter dysfunction include an inability to achieve 300 mL/min 
blood pump fl ow rate (BPFR), a prepump arterial pressure 
(PPAP) no more than 250 mm Hg or venous pressure higher 
than 250 mm Hg, a conductance ratio (i.e., BPFR/PPAP) 
lower than 1.2, progressive decrease in urea reduction ratio 
below 65% (or Kt/V � 1.2), or trouble aspirating and return-
ing blood in the catheter.1,2 A trend indicating impaired func-
tion should be investigated. Catheter dysfunction occurring 
within the fi rst 1 to 2 weeks after placement that cannot 
be resolved by repositioning the patient and fl ushing the 
catheter lumens suggests a technical or mechanical problem, 
such as failure to place the catheter tip in the right atrium, 
kinked catheter, improperly placed suture, or catheter leak. If 
persistent or severe this requires evaluation by interventional 
radiology.

Catheter dysfunction that occurs later is most often due to 
the presence of thrombus or an external fi brin sheath that im-
pairs catheter fl ow. This can be treated by intracatheter throm-
bolysis.216 The most convenient agent currently available in the 
United States for catheters is recombinant tissue plasminogen 
activator (t-PA; e.g., alteplase, Cathfl o Activase). A variety of 
approaches have been used; currently there is no standardized 
approach to therapy.216 Typically 1 to 2 mg of t-PA (1 mg/mL) 
is infused into each lumen and allowed to dwell for 30 to 
60 minutes before assessing catheter function.217 If fl ow is not 
restored with the fi rst dose, it can be replaced by a second dose; 
if necessary this dose may be allowed to dwell longer or until the 
next dialysis session. Complications have been reported to be 
low. Restoration of function is expected in 70% to 90% of cases, 
but recurrence is frequent.218 Failure to relieve the obstruction 
or frequent repeated need for thrombolysis requires evaluation 
by interventional radiology and probable catheter replacement. 
If dialysis is needed urgently, it can be attempted with the lines 
reversed while waiting for catheter revision.219 A fi brin sheath 
may be the source of dysfunction in a substantial number of 
patients.220 It can be diagnosed by injecting a small dose of 
contrast into the catheter, looking for contrast tracking up the 
sheath.221 If present, balloon dilation of the catheter track can 
be used to disrupt any external fi brin sheath before reinsertion 
of the new TCC.222

The major complications of CVCs are thrombosis, infec-
tion, and central venous stenosis.6 Median TCC survival is 
approximately 1 year, with thrombosis accounting for the 
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majority of failures.223 Monitoring as above and prevention 
are the keys to dealing with catheter thrombosis. Currently, 
unfractionated heparin (5,000 U/mL) is the standard catheter 
lock solution used to prevent thrombosis. Low fi xed-dose 
(1 mg) oral warfarin did not improve TCC survival.224 Higher 
doses of warfarin or use of oral antiplatelet agents has not 
been studied. A study is ongoing to determine whether substi-
tuting t-PA instead of heparin once a week for intracatheter 
lock solution will improve outcomes.225 Various citrate solu-
tions (4% to 47%) have been studied as an alternative to 
heparin as a catheter lock226,227; 4% citrate appears to be 
equivalent to heparin but potentially less expensive. The U.S. 
Food and Drug Administration has not approved the use of 
higher concentrations of citrate in the United States.228

Infections associated with TCCs can involve the exit site, the 
subcutaneous tunnel, or the bloodstream.229 Catheter-related 
bloodstream infection (BSI) is the most feared complication of 
TCCs, carrying the potential for endocarditis, metastatic infec-
tion, and septic shock.229 The reported risk of catheter-related 
bacteremia ranges from about 1 to 6.5 episodes/1000 catheter-
days and rises with duration of use.14 K/DOQI recommends a 
goal of less than 1.5 episodes/1000 catheter-days.1,2 Staphylo-
coccal species account for over 60% of all BSIs, but enterococ-
cus and gram-negative organisms are also frequent.67,229

Exit site infections can typically be treated with topical and 
oral antibiotics without the need for catheter replacement.229,230

Development of fever, chills, or unexplained hypotension in a 
patient with a CVC suggests a BSI.67,229 Blood cultures should 
be drawn both from the catheter and a peripheral site if pos-
sible. For a probable BSI, treatment is begun with empiric in-
travenous antibiotics, typically vancomycin until appropriate 
therapy can be refi ned by the culture results. Empiric gram-
negative coverage (e.g., aminoglycoside or third-generation 
cephalosporin) may be added, particularly if the patient ap-
pears ill or hemodynamically unstable. If the patient is hemo-
dynamically stable and there is no exit site or tunnel infection, 
the BSI can be treated with either catheter exchange over a 
guidewire or catheter removal, followed in several days by 
catheter replacement.67,229,231,232 In either case, 3 weeks of ap-
propriate intravenous antibiotics are recommended followed 
by surveillance blood cultures 1 to 2 weeks after antibiotics are 
completed. Catheter exchange over a guidewire has been re-
ported to be more cost-effective than either catheter salvage 
or catheter removal and replacement.233 Catheter salvage us-
ing systemic antibiotics in conjunction with a concentrated 
antibiotic/anticoagulant intracatheter lock solution has also 
been reported to be an acceptable alternative.234 However, if 
the fever persists or blood cultures remain positive, the cath-
eter must be replaced. In all cases, follow-up surveillance cul-
tures are critical. Given the diffi culty of eradicating S. aureus
from indwelling catheters and the devastating consequences 
that can occur, we prefer to treat most BSIs with this organism 
by catheter removal and replacement after 48 hours when the 
patient is afebrile and follow-up cultures are negative. Patients 
who are septic or have a tunnel infection require immediate 
catheter removal and subsequent replacement. Use of a team 
approach with an access infection control manager may im-
prove patient outcomes.235

Attention to good infection control practices when work-
ing with CVCs is critical to preventing infections.12 This in-
cludes hand washing and wearing gloves before working with 
the catheter, using a sterile drape, carefully disinfecting the 

caps and hub of the catheter, and using a face mask for both 
patient and dialysis technician during catheter connection 
and disconnection. Regular attention to cleaning the exit site 
and changing the catheter dressing is important to reduce the 
incidence of exit site infections. Numerous studies have shown 
that combined antibiotic plus anticoagulant lock solutions 
can decrease the rate of infection compared to heparin.234,236,237

In addition, application of mupirocin ointment or “medi-
honey” to the exit site may also decrease catheter infections.238

However, these strategies are not recommended until the 
long-term effect of these approaches on antibiotic resistance is 
known.
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Hemodialysis currently sustains life for more than a million 
patients throughout the world, with a projected growth of 7% 
per year.1 At this growth rate, the projected worldwide expen-
diture for managing dialysis patients will be more than a tril-
lion dollars a year in the next decade.1 This staggering human 
endeavor mandates an in-depth understanding of all aspects 
of hemodialysis and a commitment to reducing morbidity 
and mortality fi rst and foremost by providing adequate dialy-
sis. Although we now have a better understanding of what 
constitutes adequate dialysis, our knowledge is still incom-
plete because we do not yet fully understand its target, the 
uremic syndrome. This chapter reviews what is known about 
hemodialysis adequacy and its measurement, starting with a 
historical perspective, followed by discussions of methods of 
measurement, including new expressions of adequacy and 

quantifying more frequent dialysis, as well as troubleshooting, 
and ending with some practical clinical scenarios.

HISTORY OF HEMODIALYSIS ADEQUACY 
MEASUREMENTS

Measurement of hemodialysis adequacy has been steeped in 
empiricism since the early pioneering days of Kolff, who was 
the fi rst to apply hemodialysis successfully to patients,2 and 
Scribner, who fi rst applied hemodialysis to treatment of 
chronic kidney disease using a peripheral vascular access.3 
Despite extensive research, the exact identity of the uremic 
toxin(s) remained elusive. Instead, nonspecifi c surrogates, 
such as improvements in the uremic syndrome, severity of 
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anemia, patient activity and performance levels, and nutri-
tional parameters such as appetite and dietary intake, were 
used to determine the adequacy of dialysis.

The persistently high mortality after patients start dialysis 
and recognition of the uremic syndrome as a late fi nding pro-
vided the impetus to develop a better way of measuring and 
optimizing the dialysis dose. Because urea is the most abun-
dant organic substance to accumulate in patients with kidney 
failure and is readily measured,4 it became a natural target for 
measurement of hemodialysis adequacy. Removal of urea as a 
measure of dialysis adequacy was further fueled by the grow-
ing recognition that blood urea levels correlated with morbid-
ity and mortality, but because interpretation of levels is con-
founded by urea generation, urea clearance became the 
favorite measure of adequacy.4

A prospective interventional study of dialysis adequacy in 
the late 1970s, the U.S. National Cooperative Dialysis Study 
(NCDS), provided clear-cut evidence for a level of urea clear-
ance that was inadequate.5 Hemodialysis patients randomized 
to the group with a low urea concentration (achieved time-
averaged urea concentration, 51–54 mg/dL) had fewer medical 
complications and fewer hospitalizations than those random-
ized to the group with a high urea concentration (achieved 
urea concentration, 88–90 mg/dL).5 A subsequent mechanistic 
analysis of the NCDS highlighted the paradox and diffi culty 
of using serum urea concentration as a marker of dialysis 
adequacy6: When urea levels were reduced by dialysis, patient 
outcome was improved, but when levels were reduced by poor 
dietary protein intake, outcomes worsened. Because both nu-
trition and the amount of dialysis contributed to blood urea 
levels, the focus switched from monitoring absolute urea levels 
to measuring the relative change in urea concentration during 
hemodialysis treatments.5,6 This relative change in urea con-
centration is the result of both the dialyzer clearance rate (K) 
and the treatment time (t), expressed mathematically as Kt/V, 
the fractional clearance of urea, or the urea space cleared per 
dialysis session. The integrated clearance per dialysis (Kt) is 
normalized to V, the volume of urea distribution, which is a 
measure of patient size. Currently, both the raw urea reduction 
ratio (URR) and the more precise expression, Kt/V, are widely 
accepted and used in dialysis clinics to monitor the adequacy 
of hemodialysis.

Data from the NCDS was used to set a minimum level of 
dialysis at a Kt/V of 1.0 per dialysis (three treatments per week), 
below which poorer outcomes were observed.6 Uncontrolled 
studies since then have suggested that more dialysis, in the form 
of more prolonged treatments provided three times per week, 
was better for the patient.7–13 Analysis of urea kinetics sug-
gested, however, that providing longer-duration dialysis beyond 
3 to 4 hours three times per week provided no additional ben-
efi t, because urea concentrations fell logarithmically with time 
approaching a plateau.14,15 Extending the treatment time was 
considered an inconvenience to the patient, worsening the qual-
ity of life without providing signifi cant medical benefi t.

The National Institutes of Health (NIH)-sponsored He-
modialysis (HEMO) Study confi rmed this theoretical con-
struct.16 This multicenter, prospective clinical trial random-
ized 1846 patients to receive standard-dose versus high-dose 
hemodialysis three times per week, at a time when the ac-
cepted minimum Kt/V was 1.2 per treatment.17 The standard-
dose group achieved a single pool Kt/V of 1.32 (equivalent to 
an equilibrated Kt/V of 1.16 and URR of 66%), whereas the 

high-dose group achieved a single pool Kt/V of 1.71 (equili-
brated Kt/V of 1.53 and URR of 75%).16 The subjects were 
further randomized to receive dialysis using a high-fl ux mem-
brane (�2-microglobulin clearance �20 mL/min) versus a 
low-fl ux membrane (clearance �10 mL/min). More dialysis 
delivered three times per week or the use of a high-fl ux mem-
brane did not reduce mortality, reduce cardiovascular or 
infection-related hospitalizations, or maintain higher serum 
albumin levels. Although subgroup analysis showed a lower 
mortality and fewer fi rst hospitalizations for cardiac causes in 
patients treated with high-fl ux membranes16 and lower overall 
mortality in women receiving high-dose dialysis,18 these fi nd-
ings were of borderline signifi cance and must be confi rmed by 
other studies. As with any randomized study, the power of the 
study diminishes and the probability of error increases expo-
nentially with subgroup analysis.

Current Target for Hemodialysis 
Adequacy
Based on current available data and the results of the HEMO 
Study, all hemodialysis patients should receive a minimum 
single pool Kt/V of 1.2 per dialysis three times weekly. A 
higher urea clearance should be considered in women if 
symptoms or signs suggest inadequate dialysis, but this is not 
routinely recommended. Providing more frequent dialysis in 
the form of daily short-duration hemodialysis or daily noc-
turnal hemodialysis may reduce mortality and morbidity 
further, based on solute kinetics that assume that the more 
toxic uremic solutes are more secluded than urea and not as 
available to the dialyzer because of their resistance to diffusion 
across cell membranes or protein binding.14,15,19–22

SOLUTE ACCUMULATION AND UREMIC 
TOXICITY

Reversing uremia and the uremic syndrome is the purpose of 
hemodialysis. To better understand the current methods of de-
termining hemodialysis adequacy and dosing of hemodialysis, 
one must fi rst understand the uremic syndrome. A full discus-
sion of uremia and the candidates for uremic toxins is beyond 
the scope of this chapter but is presented in Section IV, Chapter 
48, Pathophysiology of Uremia, in Brenner and Rector’s The 
Kidney, 7th edition. The salient points are reviewed here.

Uremia: The Target of Hemodialysis
All patients with uremia accumulate fl uid and solutes, col-
lectively known as uremic toxins, which act in concert to cre-
ate the uremic syndrome.4,23–28 Removal of these toxins and 
fl uid is the goal of hemodialysis. Monitoring patients and 
determining the adequacy of their dialysis is made more dif-
fi cult because the exact nature or identity of the uremic tox-
ins is not known. Like urine solutes, most of the solutes 
known to accumulate in uremic patients are low in molecular 
weight and water soluble, rendering them easily removed 
with dialysis. The most abundant solute of this type is urea.4 
However, some solutes are larger, some are lipid soluble or 
signifi cantly protein bound, and some are relatively seques-
tered because of a higher resistance to diffusion across cell 
membranes than urea.4,20,23,28,29
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Although urea is a poor marker of native kidney function 
and demonstrates little toxicity when added to the dialysate 
to prevent its removal,30,31 it has become a surrogate marker 
for uremic toxins and dialysis adequacy because it is easily 
measured, the most abundant molecule to accumulate in 
patients with kidney failure, a marker for protein catabolism 
and hence nutritional status, and its level correlates with 
survival on dialysis.5,17,32–34 However, the dual effect of urea 
generation and removal by dialysis makes interpretation of 
any measured level diffi cult unless the relative contributions 
from kidney failure and protein catabolism are separately 
identifi ed. Mathematical models of urea kinetics using se-
rum urea concentrations measured before and after dialysis 
treatments allow such a separation and a better quantifi ca-
tion of hemodialysis.

Although the HEMO Study confi rmed the validity of us-
ing urea kinetics to determine dialysis adequacy, it also 
highlighted the inherent ineffi ciency of thrice-weekly dialy-
sis. The logarithmic reduction of urea levels during a short-
duration hemodialysis,14,15 magnifi ed further for the uremic 
toxins that are not as easily removed as urea,4,19–23,28,29 mark-
edly reduces the effi ciency of intermittent dialysis. Although 
thrice-weekly dialysis sustains life, it leaves patients with the 
residual syndrome, consisting of a below-average quality of 
life and signifi cant morbidity, including increased risk of 
infection, renal osteodystrophy, and cardiovascular disease. 
The effectiveness of increasing the frequency of dialysis to 
eliminate the residual syndrome remains to be proven,35,36 
although accumulating data suggest that daily dialysis 
improves removal of sequestered and protein-bound 
solutes,19,21,22 improves blood pressure control, improves 
anemia and cytokine profi les, and enhances the quality 
of life.35,37–39

Dialysis versus Filtration

Only pertinent points on the physics of dialysis are discussed 
here; a more detailed analysis of the physical laws that gov-
ern dialysis is available in formal texts dealing with kinetic 
modeling.40–42

Dialysis removes solutes by molecular diffusion across a 
semipermeable membrane. The rate of diffusion varies in-
versely with the membrane thickness and directly with the 
solute concentration gradient, the membrane surface area, 
and the coeffi cient of diffusion, a constant that describes the 
permeability of a particular membrane material to a particu-
lar solute. Solutes with higher molecular weight move more 
slowly and collide with the membrane less frequently, result-
ing in a lower coeffi cient of diffusion. Protein-bound or 
lipid-soluble substances are even less likely to diffuse across 
the dialyzer membrane.

An alternative to hemodialysis is hemofi ltration, which 
removes solutes by convection across similar semiperme-
able membranes. Unlike diffusive clearance, convective 
clearance is governed mainly by the hydrostatic pressure 
gradient across the membrane. As long as the solute is small 
enough to easily traverse the pores in the membrane, larger 
molecules will be removed at the same rate as smaller mol-
ecules. When diffusion and convection occur simultane-
ously across the same membrane, they can interfere 
with each other even if solute movement is in the same 
direction.

When to Start Dialysis

Delaying the initiation of dialysis until frank uremic symptoms 
are present is clearly deleterious.43 Based on theoretical grounds, 
the National Kidney Foundation clinical practice guidelines 
(K/DOQI)44,45 suggested starting hemodialysis when the pa-
tient’s glomerular fi ltration rate falls below 10 mL/min/1.73 m2. 
Studies that examine the timing of dialysis initiation have 
yielded confl icting results, some showing a benefi t and others 
equivalence.46–53 A randomized, controlled trial, the IDEAL 
(Initiating Dialysis Early And Late) Study, is underway to better 
answer this question.54 For now, patients with an estimated 
glomerular fi ltration rate near or below 10 mL/min/1.73 m2 
should be considered for initiation of dialysis, weighing the 
risks and benefi ts of vascular access type, quality of life, nutri-
tional status, and comorbidities. If the patient is symptomatic 
from uremia or volume overload or has signifi cant comorbid 
conditions,33 he or she may require initiation of dialysis at a 
glomerular fi ltration rate above 10 mL/min/1.73 m2.

METHODS FOR MEASURING THE DOSE 
OF HEMODIALYSIS

Why and How Clearance Substitutes 
for Toxin Levels

A mechanistic analysis of the NCDS highlighted the diffi culty 
of using urea concentration as a marker of dialysis adequacy6 
and shifted the focus from monitoring absolute urea levels to 
the relative change in urea concentration during dialysis (i.e., 
clearance).5,6 By measuring solute clearance instead of an ab-
solute solute level, the focus shifts to dialyzer function, so the 
measured marker substance need not be toxic.55 Because urea 
is a small molecule that diffuses readily across the dialysis 
membrane, accumulates in abundance in patients with kidney 
failure, and is easily measured, it is an excellent solute for 
monitoring clearance despite its low toxicity. The K/DOQI 
guidelines recommend using formal urea kinetic modeling to 
calculate Kt/V to monitor urea clearance and dialysis ade-
quacy, although the URR is acceptable if formal urea kinetic 
modeling is not possible.33

Clearance versus Dialysance

Dialyzer clearance can be defi ned as the removal rate of a 
substance (urea) relative to its blood concentration (C):

 Clearance removal rate/C�  (Eq. 79-1)

For single-pass dialysis, in which the dialysate is continually 
replenished with fresh solution, the clearance of urea is a rea-
sonable measure of dialyzer function. However, if the mea-
sured solute is also present in the dialysate, then dialysance 
becomes a more robust term to describe dialyzer function. 
Dialysance is the removal rate of a substance relative to the 
concentration gradient from blood (C) to dialysate (D):

 Dialysance removal rate/(C - D)�  (Eq. 79-2)

When changes in sodium concentration are used to measure 
dialyzer “clearance” on-line (see Ionic Dialysance in this 
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chapter), dialysance is the more proper term because sodium 
is also present in the dialysate.

Dialyzer Mass Transfer Area 
Coeffi cient (KOA)
The mass transfer area coeffi cient (KOA) describes the maxi-
mum clearance of a solute across the dialyzer when blood 
(QB) and dialysate (QD) fl ow rates are infi nite. It is the 
product of the solute’s membrane permeability, or mass 
transfer coeffi cient (KO), and the membrane area (A). KOA is 
a property of the solute and the dialyzer, including the 
membrane’s pore size and thickness, but is independent of 
solute concentrations and fl ow rates. Like clearance or di-
alysance, it has units of mL/min; it is also known as the in-
trinsic clearance of the dialyzer for the measured solute. KOA 
is the most specifi c constant describing the effi ciency of a 
particular dialyzer for removing a particular solute, with 
higher values indicating more effi cient solute removal. KOA 
is used clinically to compare dialyzers and to predict the 
prescribed dialysis dose.

When QB and QD are fi nite, dialyzer clearance is lower 
than KOA because both fl ow rates govern diffusion. As QB 
increases, the infl ow concentration is unchanged, but the dia-
lyzer clearance increases logarithmically and approaches KOA 
because of a fl ow-dependent increase in the mean concentra-
tion gradient across the membrane, driving more solute into 
the dialysate. The relationship among dialyzer clearance (Kd), 
KOA, QB, and QD can be described mathematically by the fol-
lowing two equations40–42:

 

K A
QB • QD

QB QD
ln

QD (QB K )

QB (QDO
d�

�

�

K )d�

⎛
⎝⎜

⎞
⎠⎟

 (Eq. 79-3)

Equation 79-3 is a practical equation for calculating KOA 
from an instantaneous measurement of solute clearance, QB, 
and QD when fl ow is countercurrent. This equation is useful 
clinically to measure in vivo KOA, which is usually lower than 
the manufacturer-published in vitro KOA.
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 (Eq. 79-4)

Equation 79-4, which is a rearrangement of Equation 79-3, 
provides a practical method for calculating expected clearance 
from QB, QD, and KOA. This equation is used to calculate a 
patient’s prescribed or predicted Kt/V using the prescribed 
QB and QD. It also aids in adjusting the patient’s dialysis pre-
scription and eliminates the need to measure blood solute 
concentrations to predict the effect of changes in fl ow on 
clearance. It is often used to compare the prescribed with the 
achieved or predicted Kt/V; the latter is determined primarily 
from predialysis and postdialysis urea concentrations. A full 
discussion of the derivation of these formulas is available in 
formal texts on kinetic modeling.40–42

Previously, KOA was thought to be a constant that did not 
vary with either blood or dialysate fl ow rates. More recent 
studies suggest that QB does not infl uence KOA,58,60 but that 
at high dialysate fl ow rates, in vitro KOA can increase by as 

much as 14%.58 Subsequent data demonstrated a smaller 
effect of high dialysate fl ow rates on in vitro60 and in vivo56 
KOA values (≈5% higher); they also demonstrated that low 
dialysate fl ow rates, such as those used in daily dialysis, re-
sulted in lower KOA values.61 That KOA varies with dialysate 
fl ow rates has implications for prescribing dialysis, because 
predicted clearance calculated from Equation 79-4 may 
overestimate or underestimate actual clearance, depending 
on the value for KOA used. This variation in KOA renders 
even more important the use of formal urea kinetics to 
measure delivered Kt/V using blood urea concentrations 
that do not depend on KOA.

Formal Urea Modeling to Measure 
Clearance
Dialysis in vitro is a simple procedure, but it becomes much 
more complicated when applied in vivo. Many factors infl u-
ence the delivery of dialysis; these include the access device, 
the patient’s compliance with the dialysis prescription and 
dietary restrictions, and solute disequilibrium. Because the 
precise uremic toxins are not known, measures of dialysis 
adequacy have been tested using surrogate endpoints, such 
as mortality, morbidity, serum albumin concentration, and 
health-related quality of life.5–13,16,24,28,32,34,62–73 To determine 
that the observed effect is due to dialysis, detailed studies of 
large populations with careful attention paid to the many 
variables that affect outcome are required, preferably by ran-
domizing subjects to different doses of dialysis. To date, only 
two such randomized studies are available.5,6,16 Because of 
the diversity of parameters required for the measurements, 
such as patient size, ultrafi ltration rate, and solute genera-
tion rate, complex mathematical models with multiple vari-
ables are required even when a simple solute such as urea is 
used to monitor clearance. These factors add complexity to 
the relatively simple laws of diffusion and fl ow, so that the 
results of solute clearance calculations in patients are often 
approximations.

Why Kt/Vurea?

The simplest measure of clearance is the instantaneous cross-
dialyzer clearance (Kd), which can be measured by sampling 
blood on both sides of the dialyzer while simultaneously re-
cording QB using the following equation:

 
K QB C C /Cd in out in� �( )  (Eq. 79-5)

Cin is the infl ow solute concentration, and Cout is the out-
fl ow concentration. Care must be taken to account for ultra-
fi ltration during the measurement and for blood water con-
tent because clearances may differ for substances that do not 
distribute in red cells or are signifi cantly protein bound.40–42,55 
Lastly, loss of surface area from clotting or changes in QB or 
QD during dialysis may reduce the dialyzer clearance later in 
the treatment, rendering instantaneous dialyzer clearance less 
useful.

The effective clearance, or integrated dialyzer clearance, ac-
counts for these differences and changes by linking the clear-
ance measurement to the predialysis and postdialysis blood 
urea nitrogen (BUN) concentration. This clearance, also 
known as the delivered clearance, is the average urea clearance 
required to reduce the BUN from the measured predialysis 
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value to the postdialysis value. The formal mathematical solu-
tion for effective clearance using predialysis and postdialysis 
BUN values requires a computer-dependent iterative process 
known as urea modeling. Urea modeling can take into account 
all of the contributing and confounding variables discussed 
here. Both single- and two-compartment mathematical mod-
els have been applied. The single-compartment model re-
quires a predialysis and immediate postdialysis BUN, and the 
two-compartment model requires intradialysis or postdialysis 
BUN measurements as well. The most widely accepted expres-
sion of the hemodialysis dose, both prescribed and delivered, 
is Kt/Vurea, validated by the NCDS and the HEMO Study5,6,16 
and recommended by the K/DOQI.17,33

The Delivered Dose: Mathematical Model 
of Single Pool Urea Kinetics

The molecular properties of urea that allow it to distribute in 
aqueous environments and the presence of membrane trans-
porters allow it to diffuse rapidly among the various body 
water compartments so that a single space of distribution 
(total body water) can be assumed for most approximations 
of urea clearance. If urea generation and volume changes dur-
ing hemodialysis are ignored, fractional urea removal (dC/C) 
is constant.

 dC/C /dt k K/V( ) � � � �  (Eq. 79-6)

where k is the fractional removal rate, K the average clearance, 
and V the volume of urea distribution. Because the fractional 
removal rate is constant, the absolute removal rate is propor-
tional to the concentration.

Integration and log transformation of Equation 79-6 yields 
a powerful expression for the normalized clearance (Kt/V):

 
Kt/V ln C /C0� ( )  (Eq. 79-7)

Equation 79-7 shows that the effective delivered clearance, 
integrated over an entire dialysis session and factored for pa-
tient size (V), can be determined simply by measuring a pre-
dialysis BUN (C0) and a postdialysis BUN (C), eliminating 
the need to measure the dialyzer clearance, KOA, the native 
kidney clearance during dialysis, the patient’s urea volume, or 
even the duration of each dialysis. However, the simplifi ed 
Equation 79-7 ignores the change in volume that occurs dur-
ing dialysis from ultrafi ltration (dV) and the contribution of 
ultrafi ltration to clearance (together up to 30% more clear-
ance), as well as the small amount of urea generation that 
occurs during dialysis (G).

A consideration of urea mass balance requires that the op-
posing contributions of ultrafi ltration and urea generation be 
added to Equation 79-6. After its synthesis in the liver, urea 
enters the blood, is quickly distributed in total body water, and 
is eliminated by the patient’s native kidneys (Kr) and by the 
dialyzer (Kd). Hence, the rate of change of urea content in the 
pool [d(CVurea)/dt] is the difference between the generation 
rate (G) and the elimination rate [(Kd � Kr) C]:

 
d CV /dt G K K C G KCurea d r( ) ( )� � � � �  (Eq. 79-8)

where C is the concentration of urea and K is the total clear-
ance or the sum of Kr and Kd. Equation 79-8 is the mathemat-
ical foundation of the single pool urea model; integration 

yields a more complicated equation than Equation 79-7, with 
four variables that cannot be resolved directly but can be de-
termined using computer iteration, or modeling, considering 
BUN changes during and between dialyses:
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(Eq. 79-9)

where V is total body water after dialysis (mL) and B is the rate 
of change in V (mL/min), which is usually negative during di-
alysis and positive between dialyses. The model allows calcula-
tion of the delivered or effective dose of hemodialysis as a sin-
gle-pool (sp)Kt/Vurea from the measured predialysis BUN (C0), 
postdialysis BUN (C), and the change in weight during dialysis 
(B). It gives a more accurate measure of delivered Kt/V, and it 
also provides a method for calculating G and V.

Simplifi ed Methods
Because the complexity of urea modeling requires a computer 
program to model spKt/Vurea and modeling is not imple-
mented in all dialysis facilities, simplifi ed methods for esti-
mating urea clearance have been developed and are available 
to clinicians.

Urea Reduction Ratio

The most commonly available and easy to use method is 
the URR,74 recommended as the alternative if calculation 
of Kt/Vurea is not available.33 It is simply the fraction of 
urea removed during dialysis [(C0 � C)/C0] expressed as a 
percentage:

 
URR 1 C/C 1000� � �( )⎡⎣ ⎤⎦  (Eq. 79-10)

where C0 is the predialysis BUN and C the postdialysis BUN. 
Several retrospective clinical studies have validated use of 
URR as an indicator of mortality in hemodialysis patients.10,75,76 
However, URR does not take into account convective clear-
ance provided by ultrafi ltration during dialysis, because ultra-
fi ltration does not alter the BUN level. URR also does not al-
low calculation of V, residual kidney function, urea generation 
rate, and normalized protein catabolic rate (PCRn) and is 
therefore less useful in rooting out the causes of errors in the 
delivered dose of dialysis (see the section Pitfalls and Trouble-
shooting in this chapter). Also, it cannot be applied to con-
tinuous dialysis or account for continuous native kidney 
function.

Simplifi ed Equations for spKt/Vurea

Alternatives to URR that take into account ultrafi ltration and 
convective clearance, yet do not require computer iteration, 
are available as simplifi ed explicit equations that approximate 
spKt/Vurea.77,78 The most widely used equation, proposed by 
Daugirdas in 1993, is also known as the second-generation loga-
rithm formula.79,80 This equation was formulated to approximate 
results from the single pool urea model, including urea generation 
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and volume changes during dialysis, and provides reasonably 
accurate estimates of Kt/V in the range of 0.7 to 2.1.79

Kt/V ln C/C 0.008 • t0� � � �( )⎡⎣ ⎤⎦
4 3.5 • C/C • BW/BW0� �( )⎡⎣ ⎤⎦

 (Eq. 79-11)

where C0 is predialysis BUN, C is postdialysis BUN, t is treat-
ment time in hours, and BW is body weight.

Equation 79-11 has been compared with other empiric 
equations and is one of the most accurate.78,81,82 Like URR, it 
does not provide a value for G and PCRn, and it does not per-
mit a rigorous and quantitative analysis of the dialysis pre-
scription to detect sources of errors. However, once spKt/Vurea 
is determined, PCRn can be estimated using similar empirical 
equations based on the predialysis BUN.79,80,83

Solute Sequestration and Disequilibrium
When solutes are sequestered in a remote body compart-
ment during hemodialysis, the efficiency of dialysis is re-
duced. The lower BUN levels during dialysis and the BUN 
rebound after dialysis, compared with levels predicted by 
the single-compartment model (Figs. 79-1 and 79-2), pro-
vide evidence for solute disequilibrium, even for a very 
diffusible solute like urea. Hemodialysis-induced solute 
disequilibrium has two forms: (1) diffusion-dependent 
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Figure 79-1 Changes in blood urea nitrogen (BUN) concen-
trations during and after dialysis. BUN levels measured dur-
ing and immediately after dialysis best fi t a two-compartment 
variable-volume mathematical model (solid line). The single-
compartment variable-volume model (dashed line) overesti-
mates BUN levels during dialysis and does not predict the 
rebound. The upper horizontal line is the simple arithmetic 
mean of the predialysis and postdialysis BUN (40 mg/dL). 
The middle horizontal line depicts the log mean BUN 
during the treatment (36 mg/dL), as predicted by the single-
compartment model. The lower horizontal line is the true 
mean BUN (34 mg/dL), obtained from multiple measure-
ments throughout dialysis.

Figure 79-2 Postdialysis blood urea levels. Because of the 
rapid changes that occur in the postdialysis blood urea ni-
trogen (BUN) level, timing of blood sampling is critical to 
ensure consistent and accurate measurements of the urea 
kinetics value and normalized protein catabolic rate. Sam-
pling blood at Point A may yield a falsely low BUN due to 
a dilution artifact from access recirculation. Obtaining a 
blood sample at Point B from the arterial or infl ow port 
10 to 20 seconds after slowing the blood pump at the end 
of dialysis eliminates this artifact. Drawing the blood sample 
2 minutes postdialysis at Point C eliminates the effects of 
cardiopulmonary recirculation on urea disequilibrium. Urea 
equilibration is complete 1 hour after dialysis (Point D). 
(From Depner TA: Assessing adequacy of hemodialysis: 
Urea modeling. Kidney Int 1994;45:1522–1535. Used 
with permission of Kidney International.)
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disequilibrium caused by resistance to diffusion across cell 
membranes, and (2) flow-dependent disequilibrium due to 
varying blood flow rates among vascular beds.

Two-Compartment Kinetics: Diffusion Model

Urea is unique because it diffuses rapidly across cell mem-
branes, especially the red cell membrane, where its diffusion 
is facilitated by urea transporters.84,85 Therefore, the single-
compartment model assumption that urea distributes rap-
idly through all body fl uid compartments, including plasma, 
interstitial fl uid, and intracellular water, is reasonable in the 
interval between dialyses when urea accumulates slowly and 
urea concentrations change slowly. However, during hemo-
dialysis, when blood concentrations change quickly, urea 
gradients appear (see Figs. 79-1 and 79-2). To better explain 
these discrepancies, more complicated mathematical models 
assuming more than one body fl uid compartment were 
developed.40–42

The two-compartment model assumes that total body 
water is divided into two pools and that solutes must diffuse 
from one pool into another through a barrier to reach the 
dialyzer. Typically, for urea, the two pools are thought to 
be intracellular and extracellular water, and the cell mem-
brane is the semipermeable barrier. The resistance to diffu-
sion is inversely proportional to the intercompartment mass 
transfer coeffi cient, KC. This solute-specifi c constant is 
analogous to KOA and, like KOA, has units of mL/min. The 
higher the resistance to diffusion, the lower the KC, and 
the slower the solute equilibrates between the fl uid com-
partments. Because solutes are removed rapidly during 
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hemodialysis, resistance to diffusion between compartments 
sets up intercompartment solute gradients that subsequently 
cause a rebound in solute concentration after completion of 
dialysis.

Solute disequilibrium is more pronounced for solutes 
other than urea, presumably due to lower rates of diffusion 
among body compartments, as refl ected in their lower KC 
values. Most solutes require a multicompartment model to 
explain their behavior during dialysis.

Recirculation: Flow Model

The two-compartment model described above accounts for 
solute disequilibrium on the basis of a fi nite resistance to 
diffusion among body compartments. The model assumes 
that the concentration is uniform throughout the blood 
compartment. More recent data show that blood concentra-
tions are not uniform and that fl ow-dependent mechanisms 
contribute to solute disequilibrium.86–92 Mathematical mod-
els developed to describe pure fl ow-dependent disequilib-
rium assume that diffusion among compartments is instan-
taneous and that solute gradients are caused solely by 
differing blood fl ow rates to various vascular beds.90 Regard-
less, both types of solute disequilibrium lead to lower intra-
dialysis solute concentrations than predicted by the single-
pool model, followed by a postdialysis rebound in solute 
concentration, thereby reducing the effi ciency of dialysis 
(see Fig. 79-1). The largest contributors to fl ow-dependent 
disequilibrium are vascular access recirculation87,93–95 and 
cardiopulmonary recirculation.89

When dialyzer blood fl ow is higher than vascular access 
blood fl ow (as occurs in venous outfl ow or central venous 
stenosis), the dialysis needles are too close together, or the 
arterial and venous needle placements are reversed, blood 
that has just been dialyzed can return immediately to the 
dialyzer, creating access recirculation. Because the dialyzer is 
functioning properly, dialyzer clearance is not reduced, but 
the recirculated venous blood dilutes the concentration of 
solute in the dialyzer infl ow (arterial blood), lowering the 
solute concentration gradient across the dialyzer membrane, 
which decreases total solute removal. Although access recir-
culation is uncommon (≈5% of dialyses), when it is present, 
the timing of blood sampling for the postdialysis BUN is 
critical for accurate measurement of the delivered Kt/V. 
Sampling arterial (infl ow) blood immediately at the end 
of dialysis without slowing the blood pump (Point A in Fig. 
79-2) yields an artifi cially low BUN and infl ates Kt/V. 
Instead, arterial (infl ow) blood should be sampled 10 to 
20 seconds after slowing the blood pump at the end of dialy-
sis to eliminate the dilution effect of access recirculation 
(Point B in Fig. 79-2).

In dialysis patients with peripheral arteriovenous shunts 
and fi stulas, cardiopulmonary recirculation is always present.89 
The circulatory system can be represented as blood fl owing 
from the heart, essentially through various parallel vascular 
circuits before returning back to the heart. The shunt or fi stula 
has a lower resistance to fl ow and diverts blood directly from 
the arterial to the venous circulation, bypassing all capillary 
beds and returning more quickly to the heart. Because the 
blood in this circuit has a lower solute concentration, it dilutes 
the solute concentration of blood returning from other vascu-
lar circuits to other parts of the body. Dialyzer clearance is 
preserved, but the concentration gradient across the dialyzer 

membrane is reduced, thus reducing total solute removal and 
dialysis effi ciency. Cardiopulmonary recirculation contributes 
to the early phases of rebound in urea concentration (and 
other solutes) seen after completion of dialysis when the vari-
ous vascular circuits equilibrate (see Fig. 79-2). Patients with 
central venous catheters as their dialysis access do not have 
cardiopulmonary recirculation because blood is obtained from 
and returned to the central blood pool in these patients. This 
has implications for simplifi ed methods for calculating eKt/V 
(see Rate Equations in this chapter).

Cardiopulmonary recirculation is a special instance of 
fl ow-dependent solute disequilibrium. Differential blood fl ow 
rates through other vascular circuits also contribute to solute 
disequilibrium,86 such as slower blood fl ow through dermal 
vascular beds when the patient is cold or increased gastroin-
testinal blood fl ow in the patient who ate before undergoing 
dialysis. This type of fl ow-dependent solute disequilibrium 
invalidated the previous practice of peripheral venous blood 
sampling for calculating vascular access recirculation.88,91,92

Rate Equations

Two-compartment urea kinetic models have been devel-
oped to explain the more complex behavior of urea as well 
as most other solutes, such as creatinine, phosphate, and 
�2-microglobulin, during dialysis. Such models allow calcu-
lation of whole body or patient clearance that is always 
lower than the delivered dialyzer clearance calculated from 
single-pool models. This effective or equilibrated clearance 
can also be calculated using the single-compartment model 
but obtaining the postdialysis BUN after re-equilibration 
among the fl uid compartments (Point D in Fig. 79-2). For 
urea, measuring the equilibrated postdialysis concentration 
requires delayed blood sampling, at least 30 minutes after 
the treatment, which is not practical clinically. Fortunately, 
simple mathematical equations have been derived that pre-
dict the equilibrated, or eKt/Vurea, from spKt/Vurea and either 
the intensity (K/V) or the duration of dialysis (t).76,96–100

For arteriovenous fistulas:

eKt/V spKt/V� � 0.6 (K/V) 0.03

spKt/V (1 0.6/t)

�

  � � � 0.03

 
 (Eq. 79-12)
 

For venous catheters:

eKt/V spKt/V 0.47� � ((K/V) 0.02

spKt/V (1 0.47/t) 0.02

�

� � �   

(Eq. 79-13)

where K/V is spKt/V divided by t in hours. The equilibrated 
eKt/V is lower when the vascular access device is an arteriove-
nous fi stula because of the added presence of cardiopulmo-
nary recirculation. Equation 79-12 has been validated by other 
investigators and was the basis for prescribing doses of hemo-
dialysis in the HEMO Study.101,102 The targeted dose of dialysis 
for the control arm of the HEMO Study16 was an eKt/V of 
1.05, but the achieved eKt/V was 1.16 ± 0.08.

Impact of Treatment Time

Equations 79-12 and 79-13 predict that for the same spKt/V, 
eKt/V varies with treatment time. In other words, even though 
dialyzer clearance, expressed in mL/min, remains constant, 
patient or whole body clearance improves with longer dialysis 
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treatment times, likely due to reducing the effects of solute 
disequilibrium on the effi ciency of dialysis. This effect of time 
on patient clearance is even more pronounced for solutes that 
are less diffusible than urea (lower KC).

The NCDS, which was the fi rst controlled study of dialysis 
dose versus outcome, reported a borderline signifi cant effect 
of treatment time on outcome.5,6 This effect was attributed to 
larger molecules that are removed more slowly by diffusion. 
Kinetic studies assessing rebound after short and conventional 
hemodialysis treatments found that urea concentrations re-
bounded more after short treatments,103 as would be expected. 
However, the postdialysis rebound of �2-microglobulin was 
similar for both short and conventional dialysis, suggesting 
that sequestration may play a more important role than the 
molecular weight of the solute.

An extreme example of solute disequilibrium is exhibited 
by phosphate. Phosphate removal varies directly with the 
serum phosphate concentration and dialyzer clearance, and 
is greatest during the fi rst hour of dialysis.37,104,105 After the 
fi rst hour, phosphate removal falls to half of its initial rate, 
and the serum level does not decrease further, suggesting 
that initial phosphate removal is from the blood compart-
ment, and subsequent removal is from sequestered compart-
ments with low KC values.37,105,106 From the previous discus-
sion, increasing dialysis treatment time should enhance 
phosphate removal. Clinical studies have shown that al-
though postdialysis phosphate rebound is greatest when 
phosphate removal is greatest during dialysis, increasing the 
duration of each dialysis session eventually reduces predialy-
sis serum phosphate concentrations.37,104,107 Increasing the 
dialysis frequency may also increase phosphate removal and 
lower blood levels. Short daily treatments may improve re-
moval,107 but long-duration nocturnal hemodialysis has the 
greatest impact,37,107 confi rming the importance of treat-
ment time for removing sequestered solutes.

Using Other Solutes to Monitor Adequacy
Measuring dialysis adequacy using urea clearance, whether 
in simple equations or formal urea kinetic modeling, re-
quires careful and precisely timed blood sampling to mini-
mize the effects of solute disequilibrium. Because of these 
challenges, adequacy is usually measured once a month, 
which may not be frequent enough to detect vascular access 
dysfunction or other factors that may reduce the effective-
ness of dialysis. Previous advances in on-line monitoring 
of urea clearance made it possible to monitor urea removal 
and dialysis adequacy during each dialysis treatment.108–114 
However, urea monitoring devices are cumbersome and 
expensive to use and therefore are not used widely in clini-
cal practice.106,113 More recently, on-line monitoring of 
conductivity has become increasingly available in routine 
dialysis practice as a reliable surrogate marker for urea 
clearance.

Ionic Dialysance

The electrical conductivity of dialysate is infl uenced mainly 
by the concentration of sodium and its anions. To deter-
mine ionic dialysance (Dt/V), which is equivalent essen-
tially to sodium dialysance, conductivity is measured at the 
dialysate inlet and outlet at baseline and after pulsing the 
dialysate sodium concentration.106,113,115,116 Because the out-

let conductivity is determined by the inlet conductivity, the 
patient’s plasma conductivity, and the ionic dialysance, 
two separate measures of outlet conductivity allow calcula-
tions of both plasma conductivity and ionic dialysance.116,117 
This calculation rests on the assumption that the plasma 
conductivity remains constant between the two sets of con-
ductivity measurements. Therefore, the time elapsed be-
tween the dialysate sodium pulse and the second measure of 
outlet conductivity is critical. If the time period is too long, 
plasma conductivity may change due to ongoing solute 
removal. If the elapsed time is too short, there may be insuf-
fi cient time for the outlet conductivity to stabilize. Cur-
rently, most methods allow an elapsed time of 2 minutes 
before obtaining the second set of inlet and outlet conduc-
tivity measurements.

Several studies have validated the use of ionic or sodium 
dialysance in place of urea clearance.106,113,115,116,118–120 The 
correlation with both urea clearance and Kt/V derived from 
formal urea kinetic modeling is excellent, achieving R val-
ues greater than 0.9 in most studies. The main sources of 
discrepancies between ionic dialysance and urea clearance 
are: (1) not correcting urea clearance for access and cardio-
pulmonary recirculation, because ionic dialysance is an ef-
fective or patient dialysance by virtue of Dt/V being derived 
from conductivity measured in the dialysate,106,113,116,118 and 
(2) using an anthropometrically derived V to calculate Dt/V 
instead of a V derived from formal urea kinetic model-
ing.106,118,120 If the latter is used as the denominator, values 
for Dt/V are virtually identical to eKt/V values derived from 
either formal urea kinetic modeling using a 30-minute post-
dialysis BUN or from simplifi ed rate equations (Equations 
79-12 and 79-18).106,116,120

MEASURES AND APPLICATION 
OF UREA GENERATION

As is evident from the NCDS and other studies, poor protein 
intake leading to a low urea generation rate (G) and low BUN 
is associated with a poor outcome.121,122 Therefore, to assess 
prognosis and allow intervention, measuring urea generation 
and its derivative, the patient’s protein catabolic rate (PCR), is 
clinically useful.

Two-BUN Method
As can be seen from Equation 79-9, formal urea kinetic mod-
eling allows calculation of G. Only two BUN values are re-
quired if the computer iterative method is used.41 Once G 
(mg/min) is available, PCR (g/day) can be calculated from the 
following equation123,124:

 PCR 9.35 • G 11� �  (Eq. 79-14)

Equation 79-14 illustrates that, under steady state condi-
tions, most of the nitrogen released from net catabolism 
of endogenous and dietary protein is converted to urea. 
Only about 11 grams (≈10%) are converted each day to 
nonurea nitrogenous compounds, such as creatinine, hip-
purate, and uric acid.123,124 Urea generation varies directly 
with protein intake, whereas generation of the other nitrog-
enous products varies with patient size but not with protein 
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intake. During steady states of protein balance, PCR ap-
proximates protein intake, so PCR is a useful marker of 
protein nutrition.

Clinically, PCR is normalized by ideal body size based on 
total body water or Vurea to yield PCRn (g/kg/day), allowing 
comparison among patients of varying size:

 PCR 5420 (G/V) 0.17n � �  (Eq. 79-15)

ADDITION OF RESIDUAL NATIVE 
KIDNEY CLEARANCE

When signifi cant residual native kidney function is present, it 
may contribute signifi cantly to clearance and, therefore, re-
duce the clearance required from dialysis. However, because 
residual native kidney clearance (Kr) is continuous and exerts 
most of its effect between dialysis treatments, it cannot be di-
rectly added to dialyzer clearance.

The intermittent clearance obtained with thrice-weekly 
hemodialysis is less effi cient than the continuous clearance 
provided by native kidneys. The reduced effi ciency is due to 
inherent limitations of intermittent dialysis, which are en-
hanced by the effects of solute disequilibrium. First, although 
dialyzer clearance remains constant throughout each dialysis 
session, the amount of solute removed declines with time as 
blood solute concentrations decrease logarithmically.41,125,126 
Even if each hemodialysis session were able to remove all of 
the solute, accumulation between dialysis sessions would re-
sult in time-averaged concentration (TAC) and average predi-
alysis concentration that are higher than would be seen in the 
absence of kidney failure. Solute disequilibrium accentuates 
this ineffi ciency by lowering the blood concentration sooner, 
thereby limiting access of the solute to the dialyzer. For con-
tinuous modalities, solute concentrations are stable at a lower 
level, and the amount of solute removed each hour remains 
constant. In addition, solute disequilibrium is minimal or 
absent with continuous modalities.

Because residual kidney clearance is continuous, adding it 
directly to the intermittent dialyzer clearance would grossly 
underestimate the contribution of Kr to total clearance. To al-
low a direct comparison of the relative clearances from the 
dialyzer and the native kidney and to report a total clearance, 
two approaches have been proposed. The fi rst, which is used 
more commonly, involves converting the continuous native 
clearance to an equivalent intermittent clearance to allow 
direct addition41,42:

 Kt/V (K • t K • t ) / VT d d r r urea� �  (Eq. 79-16)

where Kt/VT is total Kt/V, Kd is dialyzer clearance, Kr is resid-
ual kidney function, and Vurea is the volume of distribution of 
urea or total body water. Td is the duration of each dialysis 
session, and tr is the mean time interval between dialysis ses-
sions. Because continuous clearance is more effi cient than 
intermittent clearance, tr must be infl ated to account for the 
effect of Kr. The magnitude of the upward adjustment varies 
with the frequency of dialysis, such that as dialysis becomes 
more frequent, the adjustment is smaller41,42 (Table 79-1).

The second, less commonly used, method involves reduc-
ing the intermittent dialyzer clearance to a continuous equiva-
lent clearance and then simply adding the residual clearance 

without adjustment. Methods for calculating a continuous 
equivalent clearance are discussed here.

SOLUTE DISTRIBUTION VOLUME

To ensure that patients of varying sizes receive the same dose 
of dialysis, clearances are adjusted for body size. This adjust-
ment is analogous to the practice of adjusting creatinine 
clearance to body surface area. For mathematical conve-
nience, dialysis clearance is typically normalized to total body 
water, which is equal to the volume of distribution of urea 
(V), an intrinsic element in the term Kt/V. Various methods 
can be used to calculate V, including indicator dilution,41 
bioimpedance,127 anthropometric methods,128–130 and formal 
urea kinetic modeling.41 The most common methods used in 
clinical practice are anthropometry and formal urea kinetic 
modeling.

Anthropometric V
Anthropometric formulas using the patient’s height in centime-
ters, weight in kilograms, gender, and age in years are the easiest 
methods to estimate V. Although other formulas are avail-
able,127,128 the most commonly used is the Watson formula130:

Males: V (liters) 2.447 0.09516 • age� � �

0.1074 • height 0.3362 • weight�

 (Eq. 79-17)

Females: V (liters) 2.097 0.1069 • h� � � eeight �

  0.2466 weight•
 (Eq. 79-18)

These equations were designed for a wide range of anatomy, 
but the coeffi cient of variation is large130 because variables 
other than height and weight can infl uence V.128

Modeled V
Urea kinetic modeling yields a more accurate measure of V 
in individuals because the model makes no anthropometric 
assumptions and because V is obtained from an average of 

Table 79-1  Adjustment to Residual Kidney Function (Values 
for Tr) to Allow Direct Addition of Kr to Kd Using Equation 
79-16

Treatments/
wk (N)

No 
Adjustment

Adjust to 
Mean BUN

Adjust to 
Predialysis BUN

2 5040 6500 9500

3 3360 4000 5500

4 2520 2850 3700

5 2016 2200 2700

6 1680 1780 2100

7 1440 1500 1700

BUN, blood urea nitrogen

Ch79_875-893-X5484.indd 883Ch79_875-893-X5484.indd   883 6/18/08 3:22:21 PM6/18/08   3:22:21 PM



884 Maintenance Dialysis

repeated modeling sessions in the same patient. This method 
is analogous to the use of indicator dilution methods to mea-
sure V, with urea as the indicator. In the HEMO Study, mod-
eled V was 13% to 19% lower than anthropometrically de-
rived V,131 and lower in whites than in blacks. The difference 
between modeled and anthropometric V was least for the 
Watson formula. The etiology for this discrepancy is debated; 
it may be due to measurement errors in anthropometry, a 
contracted total body water space in dialysis patients, or dif-
ferences between the urea distribution volume and total body 
water.

FREQUENCY OF DIALYSIS

The HEMO Study fi nding that a higher delivered dose of di-
alysis did not improve survival16 has stimulated renewed inter-
est in daily hemodialysis. Observational data suggest that daily 
hemodialysis improves blood pressure control and may reduce 
the need for erythropoietin, improve nutrition, regress cardiac 
hypertrophy, improve phosphate control, reduce infl amma-
tion, and improve both quality of life and survival.35–39,132–139 
Currently, daily dialysis is provided either as short daily ses-
sions lasting 1.5 to 3 hours or as nocturnal sessions lasting at 
least 6 hours while the patient is asleep. Because treatments 
occur daily, the effects of solute disequilibrium and solute se-
questration are minimized, effectively increasing dialysis effi -
ciency while improving its tolerance. In particular, nocturnal 
dialysis given 6 to 7 nights weekly is expected to control levels 
of sequestered, protein-bound, and larger molecular weight 
solutes more effectively.

Available data to date on daily dialysis are observational 
and frequently retrospective.36 Two randomized, multicenter 
studies are currently underway to evaluate the safety and ef-
fi cacy of more frequent hemodialysis.140 The Frequent Hemo-
dialysis Network (FHN) Trial Group is conducting two linked 
studies comparing both short in-center daily hemodialysis 
and home daily nocturnal hemodialysis with conventional 
thrice-weekly hemodialysis. Primary outcomes are left ven-
tricular mass index, quality of life, and mortality; secondary 
endpoints consist of cognitive function, depression index, se-
rum albumin, serum phosphate, blood pressure control, ane-
mia, and hospitalization rates. Complications and the eco-
nomics of daily dialysis are also monitored. Results of the 
FHN Trial are not yet available, but mathematical models of 
solute kinetics suggest that approximately 50% of the benefi t 
derived from daily dialysis can be achieved by increasing the 
frequency from three to four treatments per week.15

RECENT MODIFICATIONS OF UREA 
MODELING

As discussed, intermittent hemodialysis has inherent ineffi -
ciencies because of the effects of solute disequilibrium, solute 
sequestration, logarithmic decline in solute concentration 
during dialysis, and the obvious lack of clearance between 
dialysis sessions. These ineffi ciencies are attenuated by more 
frequent or more prolonged treatments, but the improvement 
is not refl ected in currently used measurements of spKt/V 
and even equilibrated eKt/V.15,141,142 Several modifi cations to 
formal urea kinetic modeling have been proposed to allow 

improved assessment of dialysis adequacy for more frequent 
dialysis: equivalent continuous clearance, standard Kt/V, and 
normalized Kt/V.

Equivalent Continuous Clearance (EKR)
One method, as mentioned in the Addition of Residual Native 
Kidney Clearance section in this chapter, converts the inter-
mittent hemodialysis component to an equivalent continuous 
clearance143:

 EKR G/TAC�  (Eq. 79-19)

where EKR is the continuous equivalent of intermittent clear-
ance, has units of mL/min, and includes both the dialyzer and 
residual kidney clearance. G is the urea generation rate, and 
TAC the mean concentration (time averaged concentration) of 
urea; both are obtained from formal urea kinetic modeling.

EKR is the equivalent continuous urea clearance required 
to maintain the BUN at a level equal to the measured mean 
level, assuming a steady state of urea nitrogen balance. An 
example of the clinical application of EKR is its use to explain 
the discrepancy between the targeted dialysis dose in hemodi-
alysis versus peritoneal dialysis. The minimum spKt/V per 
hemodialysis treatment is 1.2, giving a weekly Kt/V of 3.6, 
which results in a hemodialysis mortality rate comparable to 
that for peritoneal dialysis at a weekly Kt/V of 2.0. Using 
Equation 79-19, the quantity of dialysis needed to keep a pa-
tient’s time-averaged BUN constant decreases from 3.6/week 
to an EKRt/V of approximately 3/week.141 Converting an in-
termittent hemodialysis urea clearance to a continuous equiv-
alent brings weekly urea clearance closer to the targeted 
weekly peritoneal clearance, but there remains a signifi cant 
difference. This logic suggests that simply maintaining an 
equivalent mean BUN is not suffi cient to explain the discrep-
ancy between hemodialysis and peritoneal dialysis targets.

Standard Kt/V
Substituting average predialysis BUN (average peak BUN) 
for TAC in Equation 79-19 yields standard clearance 
(stdKt/V)15,55,141,144:

 stdK G/(average predialysis BUN)�  (Eq. 79-20)

G and average peak BUN are derived from formal urea kinetic 
modeling. An alternative mathematical calculation for 
stdKt/V from eKt/V is also available and has been validated 
against the computer-based modeling.145

Because the predialysis BUN is always higher than the mean 
BUN, standard clearance is always lower than EKR. Although 
stdKt/V more closely approximates the peritoneal dialysis weekly 
Kt/V target, it is unlikely that peak urea levels mediate uremic 
toxicity because urea itself is not very toxic.30,125 Rather, the more 
potent uremic toxins probably are more sequestered than urea, 
so levels correlate better with the peak urea levels.

Normalized Kt/V
A third new expression for continuous equivalent clearance is 
the normalized fractional clearance (nKt/V).55,141 Unlike the 
previous Kt/V expressions, in which the urea removal rate 
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(equal to the generation rate when in steady state) is divided 
by a urea concentration, the normalized clearance (nK) is re-
defi ned as the urea removal rate divided by the mean concen-
tration of a sequestered solute:

nKt/V G/(mean concentration of sequestere� dd solute)

 (Eq. 79-21)

This theoretical solute behaves like urea in being easily dia-
lyzed, but is more sequestered than urea in other solute com-
partments, leading to more solute disequilibrium during di-
alysis and larger rebound after dialysis. Preliminary estimates 
suggest that a solute with KC of approximately 100 mL/min 
and dialyzer clearance similar to urea would provide an excel-
lent model.146

Scaling by Surface Area Instead of V
Use of V to adjust urea clearance for body size and to allow 
direct comparison of urea clearance among patients and 
populations is debated for several reasons.33,147–149 First, 
V itself is associated independently and inversely with mor-
tality and may confound analyses of dialysis dose versus 
mortality. Second, factoring urea clearance for V may lead to 
underdialysis of women and small patients, especially if the 
assumption that smaller patients need proportionally less 
dialysis is incorrect. Third, true uremic toxins may not be-
have like urea and therefore may not distribute only in total 
body water or V.

Instead, some authors have proposed using Kt alone as a 
measure of dialysis adequacy.150 Others suggest factoring 
clearance (Kt) by body surface area as an adjustment for body 
size. Factoring for body surface area augments the adjusted 
dialysis dose for smaller patients (i.e., relatively higher clear-
ance) and reduces the adjusted dialysis dose for larger patients 
(i.e., relatively lower clearances). This adjustment is straight-
forward for on-line monitoring of adequacy, which yields Kt. 
However, if adequacy is obtained using predialysis and postdi-
alysis BUN levels and urea kinetic modeling, the expression 
for adequacy already includes V. Multiplying Kt/V obtained 
from kinetic modeling by 3.27 � V/V0.667 effectively converts 
the denominator from total body water to body surface area.33 
Applying this correction to the modeled Kt/V yields the same 
dialysis dose when V is 35 L, augments the dose if V is less than 
35 L, and reduces the dose if V is higher, similar to the effect 
described above for factoring Kt by body surface area.

REQUIREMENTS FOR DIALYSIS AMONG 
PATIENT SUBPOPULATIONS

As discussed, the NCDS showed that both high and low blood 
urea concentrations were associated with increased mortality, 
due to insuffi cient dialysis in the former and to poor nutrition 
in the latter.6,121 This ambiguity in interpreting the blood urea 
concentration led to the adoption of urea clearance as the 
determinant of dose. A mechanistic analysis of the NCDS data 
demonstrated improved outcomes when spKt/V was 1.0 or 
greater per dialysis performed three times weekly.121 Subse-
quently, data from observational studies suggested that in-
creasing Kt/V to 1.2 or greater yielded additional benefi t.7–13 

Recommendations from the Renal Physicians Association, the 
National Kidney Foundation, and the National Institutes of 
Health adopted a Kt/V of 1.2 per dialysis as the minimum 
dose. Findings from the HEMO Study confi rmed the above 
minimum, showing that increasing the single pool Kt/V from 
1.3 to 1.7 did not further reduce morbidity or mortality in 
patients dialyzed three times weekly.16

Factors other than dialysis dose also infl uence mortality. 
Several studies have demonstrated that a larger body size, 
whether assessed by body weight, body mass index, or total 
body water (as determined by the Watson formula), was as-
sociated with a lower mortality.18,150–155 Black race also confers 
a survival advantage for patients on hemodialysis.152 Whether 
increasing the dialysis dose has a further impact on the effects 
of body size and race on mortality is controversial.150,152,154,155 
A secondary analysis of the HEMO Study confi rmed that a 
larger body size is associated with a lower mortality, but a 
higher dialysis dose had no further effect.18 However, even 
after adjusting for the effect of body size (smaller in women), 
women benefi ted from a higher dose of dialysis, with a 19% 
lower mortality risk.18 Men did not appear to benefi t from a 
higher dialysis dose. Analysis of two large databases (Dialysis 
Outcomes and Practice Patterns Study and Centers for Medi-
care and Medicaid Services) also showed that women may 
benefi t from a higher dose of dialysis, whereas men did not.156 
Because of the potential errors seen with secondary analysis 
and with retrospective studies, current recommendations are 
to provide women with the same dose of dialysis as men, un-
less symptoms suggestive of uremia are present.

PITFALLS AND TROUBLESHOOTING

Discrepancies in the Delivered versus 
Prescribed Dialysis Dose
Formal urea kinetic modeling provides a measurement of the 
delivered dose of dialysis, allowing a comparison with the 
prescribed dose. A discrepancy between the two may result 
from large difference between total body water calculated 
from anthropometric formulas (VCalc) such as the Watson 
formula (see Equations 79-17 and 79-18) and the modeled V 
derived from formal urea kinetics (VUKM). Assuming that VCalc 
is accurate, when VUKM is larger than VCalc, the delivered Kt/V 
is lower than that prescribed (Box 79-1). The converse is true 
when VUKM is smaller than VCalc. Various common causes of 
differences between VUKM and VCalc are listed in Box 79-1.

Alternatively, if the urea kinetic modeling program only 
reports Kt/V, both prescribed and delivered, a signifi cant 
difference between the two should prompt an evaluation to 
detect errors in the delivery or monitoring of dialysis (Boxes 
79-2 and 79-3; see also Box 79-1). When delivered Kt/V is 
greater than prescribed Kt/V or VCalc is greater than VUKM, 
the cause is usually an error in sampling the postdialysis 
urea level (see Box 79-1), and not from an erroneous dialy-
sis prescription.

Blood sampling errors can also lead to an artifi cially low 
delivered Kt/V when the prescribed Kt/V is appropriate (see 
Boxes 79-1 to 79-3). In addition, other problems can lead 
to a real reduction in delivered Kt/V despite an adequate 
prescribed Kt/V (see Boxes 79-1 to 79-3). These problems 
include a poorly functioning vascular access, inadequate 
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Compromised Urea Clearance
Access recirculation
Poor dialyzer function

• Overestimation of dialyzer performance
• Inadequate dialyzer reprocessing
• Dialyzer clotting during hemodialysis
• Dialyzer leaks

Actual QB � prescribed QB
• Poor vascular access function
• Blood pump malfunction

Actual QD � prescribed QD
• Dialysate fl ow miscalibration

Reduced Treatment Time
Delay in starting dialysis
Failure to account for interruptions
Premature discontinuation of dialysis

• Staff convenience or error
• Patient request

Laboratory or Blood Sampling Errors
Predialysis blood sample diluted with saline
Predialysis blood sample drawn after dialysis initiated
Postdialysis blood sample drawn before dialysis ended
Postdialysis blood sample drawn �5 minutes after dialy-

sis ended
Laboratory measurement error

Box 79-2 Common Causes for a Lower Delivered Dose of 
Hemodialysis than the Prescribed Dose*

*An expanded analysis is presented in Box 79-3.

dialyzer performance, lower than prescribed dialysate fl ow, 
and shortened dialysis treatment time, all of which compro-
mise urea clearance directly (see Box 79-2). Clinical events, 
such as hypotension, muscle cramping, chest pain, problems 
with needle placement, and hemodialyzer blood leaks, also 
contribute to reduced urea clearance, either by shortening the 
dialysis treatment time or by lowered QB below that pre-
scribed (see Box 79-3).

Most troubleshooting focuses on causes of a reduced deliv-
ered Kt/V, because interventions to improve the dialysis treat-
ment itself are necessary to correct the underlying problem 
and because the delivered Kt/V is actually low in most cases, 
not artifi cially low due to blood sampling errors. A discussion 

of some specifi c clinical problems that can affect delivered 
Kt/V follows.

Measurement Errors
Because of the nonlinear removal of urea at the beginning of 
hemodialysis and the rapid rebound in BUN at the end of 
dialysis, timing of blood sampling is critical for accurate de-
termination of the delivered dialysis dose. Drawing the predi-
alysis blood sample for urea measurement after dialysis has 
begun or contaminating the predialysis blood sample with 
saline solution or with the catheter lock solution will falsely 
lower the predialysis urea level and result in a falsely lower 
delivered Kt/V (see Boxes 79-1 to 79-3). Similarly, poor tech-
nique in blood sampling at the end of dialysis can result in 
erroneously high or low urea levels and a spuriously inaccu-
rate delivered Kt/V (see Boxes 79-1 to 79-3). Falsely low post-
dialysis urea levels will result if blood is sampled from the 
venous instead of arterial line, without fl ushing the blood tub-
ing and needle to eliminate recirculated blood, or while saline 
solution or blood is infused. These errors all lead to an artifi -
cially high delivered Kt/V. Sampling blood too late after dis-
continuation of dialysis will result in a falsely low delivered 
spKt/V because of the effects of urea rebound (Point C and 
beyond in Fig. 79-2). These causes of a spuriously low deliv-
ered spKt/V must be distinguished from causes of a true re-
duction in delivered Kt/V.

Guidelines from The Kidney Disease Outcomes Quality Ini-
tiative (K/DOQI) on hemodialysis adequacy provide evidence-
based recommendations for sampling of blood both predialysis 
(Box 79-4) and postdialysis (Box 79-5).33 Accurate laboratory 
processing of the blood sample to measure BUN is also impor-
tant to yield a true measure of the delivered dialysis dose.

Procedure for Sampling Blood Postdialysis

At the completion of hemodialysis, if access recirculation is 
present, the arterial blood entering the dialyzer may be con-
taminated with just-dialyzed blood from the venous return. 
The urea concentration is lower in this recirculated blood, 
diluting the urea concentration of the arterial blood and lead-
ing to an artifi cially high delivered Kt/V. Hence, postdialysis 
blood samples will yield an appropriate BUN value only if the 
effect of access recirculation is eliminated. Two methods exist 
to reduce the effect of access recirculation: the slow-blood-
fl ow method33,157 and the stop-dialysate-fl ow method33,158,159 
(see Box 79-5).

*assuming that VCalc is accurate

VUKM � VCalc*
Delivered Kt/V � Prescribed Kt/V
Low blood fl ow in vascular access
Inadequate dialyzer performance
Low dialysate fl ow during dialysis
Prescription entered incorrectly
Early termination of dialysis
Predialysis urea level drawn too late

VCalc � VUKM

Delivered Kt/V � Prescribed Kt/V
Postdialysis urea level drawn from venous line
Postdialysis urea level drawn with recirculation 

present
Postdialysis urea level drawn after very effi cient 

dialysis in small patient → urea disequilibrium
Postdialysis urea level diluted with normal saline

Box 79-1 Causes of a Discrepant Volume of Urea Distribution Obtained from Formal Urea Kinetic 
Modeling (VUKM) Versus that Obtained from Anthropometry (Vcalc)
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Arteriovenous Fistula or Graft
Obtain the blood sample from the arterial needle imme-

diately after insertion and before fl ushing the needle 
with heparin or connecting to blood tubing

Ensure no saline or heparin is in the arterial needle
Do not draw blood specimen if dialysis has begun

Venous Catheter
Using sterile technique, withdraw any heparin or saline, 

along with blood, from the arterial port to a total vol-
ume of 5 mL; discard

Using a new syringe, draw the blood sample for BUN 
measurement

Start hemodialysis per clinic protocol

Box 79-4 Blood Sampling Techniques for Determination of 
Predialysis BUN

Actual Dialyzer Clearance � Assumed Dialyzer Clearance
Elements of the hemodialysis procedure affecting solute 

clearance include dialyzer permeability (KOA), effec-
tive dialyzer surface area, blood fl ow rate (QB), and 
dialysate fl ow rate (QD).

 1. Assess fi stula for recirculation
• Review arterial and venous needle placement, prox-

imity, and orientation
• Verify direction of blood fl ow through the vascular 

access device
 2. Review record of hemodialysis treatment on the date 

of measured dialysis adequacy
• Hemodialyzer reuse log to evaluate total cell vol-

ume of dialyzer
• Maintenance log for dialysis machine for last cali-

bration date and results
• Hemodialysis treatment log to determine whether 

prescribed treatment parameters for the following 
were followed: blood fl ow rate (QB), dialysate fl ow 
rate (QD), and type of hemodialyzer

• Hemodialysis treatment log to assess for the pres-
ence of clinical events that may have altered QB: 
hypotension, muscle cramp, chest pain, and prob-
lems with needle placement

 3. Assess for episodes of dialyzer clotting
• Review anticoagulation regimen for hemodialysis

 4. To determine whether hemodialyzer clearance is over-
estimated, review results of formal urea kinetic model-
ing of other patients using the same dialyzer

Effective Hemodialysis Treatment Time � Prescribed 
Treatment Time
Hemodialysis treatment time is the total time at the pre-

scribed blood and dialysate fl ow rates with the pre-
scribed dialyzer. If the hemodialysis treatment is inter-
rupted, the total dialysis time must be extended by an 
equivalent amount to ensure the same solute clearance.

 1. Review the hemodialysis treatment log to determine 
the total effective treatment time

Box 79-3 Error Analysis Algorithm to Detect One of Several Potential Common Problems in Hemodialysis Delivery That Is 
Responsible for a Lower Delivered Dose of Hemodialysis Than the Prescribed Dose

 2. Review the treatment log for the following:
• Patient arrival time in the clinic
• Late hemodialysis start time without compensatory 

extension at the end
• Patient request for early termination of treatment
• Clinical events that may have interrupted or caused 

premature termination of treatment: hypotension, mus-
cle cramps, chest pain, dialyzer clotting, hemodia-
lyzer blood leak, problems with needle placement 
that required recannulation of the vascular access, 
pressures in the extracorporeal circuit close to alarm 
limits

Errors in Sampling or Processing Blood Specimen
Blood samples that provide predialysis and postdialysis urea 

levels to allow calculation of delivered dialysis dose with 
formal urea kinetic modeling must be obtained consistently 
to avoid: (a) dilution with saline or heparin, (b) contamina-
tion by recirculated blood, or (c) confounding by urea 
disequilibrium

 1. Causes of falsely low predialysis BUN concentration
• Dialysis needle was fi lled with saline
• Heparin or locking agent was incompletely removed 

from the hemodialysis catheter
• Blood sample was drawn after initiation of hemodi-

alysis
• Laboratory error in assaying blood sample

 2. Causes of falsely high postdialysis BUN concentration
• Blood sample was drawn too late after the discontinu-

ation of hemodialysis
• Laboratory error in assaying blood sample

 3. Causes of falsely low postdialysis BUN concentration
• Blood sample was drawn from the venous line
• Blood sample was drawn without fl ushing the blood 

tubing and needle to eliminate recirculated blood
• Blood sample was contaminated with infused saline
• Laboratory error in assaying blood sample

The slow-blood-fl ow method is by far the most popular and 
has been in use longer33,157 (see Box 79-5). Reducing the blood 
fl ow rate to 100 mL/min eliminates or greatly reduces access 
recirculation. Waiting for 15 seconds at the lower QB before 
obtaining a blood sample allows nonrecirculated blood from 
the vascular access to replace any potentially recirculated blood. 
Because100 mL/min is about 1.6 mL/sec, waiting for 15 seconds 
at this blood fl ow rate will allow 24 mL of nonrecirculated 
blood to displace an equivalent amount of potentially recircu-
lated blood. If the blood tubing volume from the arterial needle 
tip to the arterial sampling port approaches 24 mL, the waiting 
period must be longer than 15 seconds. This volume in most 
blood tubing/needle sets is closer to 8 mL. An alternative site for 
blood sampling is the arterial needle hub, which eliminates the 
use of additional needles but requires a sterile disconnect (see 
Box 79-5). Although the slow-blood-fl ow method eliminates 
the error from access recirculation, which resolves immediately 
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Dialyzer Clotting

Clotting of the hemodialyzer during a dialysis session reduces 
the surface area available for solute removal and compromises 
the effi ciency of dialysis. If reuse is practiced, some of the 
thrombosed hollow fi bers may not respond to cleaning and 
may continue to adversely affect dialyzer clearance. Adequate 
anticoagulation is therefore important to maintain dialyzer 
clearance throughout treatment.

Blood Pump Malfunction

Because dialyzer clearance is a function of dialyzer blood fl ow 
(QB) (see Equations 79-4 and 79-5), errors in QB due to 
blood pump malfunction can reduce the delivered dialysis 
dose or patient clearance. The blood pump in most dialysis 
machines is a peristaltic roller pump with two or three rollers 
that move blood through the tubing by sequentially com-
pressing the tubing pump segment against a curved rigid 
track. The elastic tubing then recoils and refi lls with blood 
after one roller arm has passed and before the next one 
arrives.

QB displayed on the dialysis machine fl owmeter is calcu-
lated only from the speed of rotation of the roller pump, but 
true QB is the product of the rotation speed and the volume 
of blood forced from the tubing during each cycle. If the pre-
pump pressure is too low or the blood tubing is too pliable, 
the pump segment may not re-expand fully between the roller 
excursions, leading to a lower QB than indicated by the fl ow-
meter. The lower QB reduces the actual dialyzer clearance. 
This error is more likely to occur at the higher QB used for 
high-effi ciency and high-fl ux dialysis, or if the vascular access 
cannot support the prescribed blood fl ow.161

PRACTICAL EXAMPLES

Four Dialysis Treatments per Week
Many patients receive dialysis four times weekly to help man-
age refractory anemia, to improve solute clearance in larger 
patients, to control volume in those with excessive weight gain, 
and to improve blood pressure control. The challenge is how to 
measure the delivered dialysis accurately. Ideally, formal kinetic 
modeling to calculate standard Kt/V (stdKt/V) (see Equation 
79-20) or normalized Kt/V (see Equation 79-21) expressed as 
a weekly dialysis dose would allow comparisons among differ-
ent dialysis schedules. Alternatively, stdKt/V may be approxi-
mated using the following equation145:

stdKt/V 100803 (1 e )/teKt/V� �  	�⎡⎣ ⎤⎦{ }
(1 e )/spKt/V (10080/Nt) 1eKt/V� � ��⎡⎣ ⎤⎦{ }

 
(Eq. 79-22)

where N is the number of treatments per week. Single pool 
Kt/V (spKt/V) must be available and converted to equilibrated 
Kt/V (eKt/V) using Equations 79-12 and 79-13. Derivation of 
Equation 79-22 is based on a symmetric weekly schedule, no 
residual kidney function, and a fi xed urea volume, but the 
result is approximately accurate in most patients. Also, the 

Slow-Blood-Flow Method
Drawing the sample from the blood line sampling port
 1. At completion of hemodialysis, turn off QD, or 

decrease to its minimum setting.
 2. Turn off ultrafi ltration or decrease it to the lowest 

setting.
 3. Decrease QB to 100 mL/min for 15 seconds (longer 

if bloodline volume from needle tip to sampling port 
� 15 mL).

 4. Obtain the sample, either with QB at 100 mL/min or 
off.

 5. After sampling, stop the blood pump if not already 
done, and complete dialysis takeoff.

Stop-Dialysate-Flow Method
 1. At completion of hemodialysis, turn off QD.
 2. Turn off ultrafi ltration or reduce it to the lowest 

setting.
 3. Wait 3 minutes; do not reduce QB.
 4. Obtain the blood sample from the arterial sampling 

port, the arterial needle hub, or the arterial port of the 
dialysis catheter. Stopping QB during blood sampling 
is optional.

 5. After sampling, complete dialysis takeoff.

Box 79-5 Blood Sampling Techniques for Determination of 
Postdialysis BUN

after stopping dialysis (Point A to B in Fig. 79-2), it does 
not account for the effect of cardiopulmonary recirculation 
(Point B to C in Fig. 79-2), which takes about 2 to 3 minutes to 
resolve.

The stop-dialysate-fl ow method offers an alternative to the 
above158,159 (see Box 79-5). To apply this method, the dialysate 
fl ow is stopped for 3 to 5 minutes before the postdialysis arte-
rial blood sample is drawn. By stopping dialysate fl ow and 
thus eliminating urea removal, the urea concentration in the 
dialyzer outlet and venous blood tubing approaches that in 
the dialyzer inlet and arterial blood tubing.

Errors from Access Recirculation

Not only does access recirculation interfere with accurate 
measurement of the postdialysis BUN, but it also reduces the 
effi ciency of hemodialysis by diluting the arterial solute con-
centrations, effectively decreasing delivery of solutes to the 
dialyzer. Causes of access recirculation are myriad. If the 
venous needle is placed incorrectly and abuts the venous 
wall, turbulence results and slows the egress of blood from 
the access, promoting recirculation. Placing the arterial and 
venous needles too closely together promotes recirculation, 
especially at high QB. Vascular access malfunctions, such as 
venous outfl ow stenosis, arterial insuffi ciency either from 
atherosclerotic disease in the supplying artery or infl ow 
anastomotic stenosis, or a fi brin sheath around the dialysis 
catheter, may also cause access recirculation. Vascular access 
dysfunction can be detected through a combination of 
physical examination, measuring vascular access blood fl ow 
and recirculation, direct imaging of the access, and venous 
pressure monitoring.160
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minimal goal has not been fi rmly established for these newer 
expressions of clearance.

A simple but practical way to determine the solute clear-
ance needed for four treatments per week is to take the mini-
mum total weekly spKt/V of 3.6 for three treatments per week 
and divide by 4 to yield a minimum spKt/V of 0.9 for each 
dialysis session.33 This simple calculation does not take into 
account the gain in effi ciency with more frequent dialysis and 
therefore overestimates the dialysis dose needed, but protects 
the patient from underdialysis.

Phosphate Removal
Because phosphate is a secluded solute with signifi cant resis-
tance to diffusion across cell membranes, standard thrice-
weekly hemodialysis has little effect on controlling its level 
despite its ready diffusion from plasma into the dialysate.29,105 
Even short daily hemodialysis fails to improve control of hy-
perphosphatemia in most studies.36,37,107 For patients with 
persistent symptomatic hyperphosphatemia uncontrolled by 
dietary restriction and phosphate binders, daily long-duration 
hemodialysis may provide the solution.36,37

Shortening versus Extending 
Treatment Time
Near-universal use of high-effi ciency dialyzers has reduced 
the treatment time in many dialysis clinics, especially those 
in the United States. However, Equations 79-12 and 79-13 
show that effective dialyzer clearance (eKt/V) is time depen-
dent and that shortening the treatment reduces its effi -
ciency. Shortening the treatment accentuates the effects 
of intermittence and exacerbates solute rebound.41,98,162,163 
Additional problems with shortening the treatment include 
reduced removal of larger molecules, which is more time 
dependent,164,165 and an obligatory increase in the fi ltration 
rate above the maximum 0.35 mL/min/kg (1.5 L/hr in a 
70-kg patient) that is tolerated.164,166,167 Also, any time lost 
during dialysis due to technical problems, late arrival, or 
access recirculation is magnifi ed with shorter treatments.

Patients with large interdialysis weight gains will benefi t 
from a longer treatment time because more time is available 
for fl uid removal. However, beyond 4 hours or so of treat-
ment, removal of small solutes is greatly reduced. Larger size 
patients would benefi t more from increasing the frequency 
than the duration of thrice-weekly dialysis.

SUMMARY

It would be a mistake to consider preservation of life the only 
goal of hemodialysis. The quality of the life preserved must be 
linked to the adequacy of dialysis in ways that are not yet fully 
understood, but without question, removal of small solutes, 
analogous to removal of the same solutes by the native kidney, 
must be a major target of treatment. This chapter focuses on 
methods for ensuring adequate control of small solute con-
centrations in the patient using a variety of monitoring and 
measuring techniques. The successful dialysis caregiver must 
be aware of these methods and how they can be applied, in-
cluding their pitfalls and recent modifi cations that will hope-
fully continue to improve patient outcomes.
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Considering that more than 50 million hemodialysis treatments 
are performed every year in a single country such as the United 
States,1 hemodialysis should be generally regarded as a very safe 
procedure. This safety is particularly remarkable considering 
that a large volume of blood is circulated extracorporeally over 
hours of treatment, with substantial changes in fl uid volumes as 
well as plasma osmolality and chemistry. On one hand, techni-
cal advances have been made that make the procedure safer. On 
the other hand, the older age and higher comorbidities of U.S. 
dialysis patients predispose to complications. Some of the com-
plications, such as symptomatic hypotension, are expected on a 
physiologic basis, whereas others, such as erroneous dialysate 
composition, are technically mishaps. The severity of these re-
actions ranges from mild and transient to catastrophic and fa-
tal. This chapter covers these spectra, but limits discussion to 
complications that result from the treatment, rather than those 
inherent to the patient’s underlying uremia and comorbidities.

DIALYSIS REACTIONS

During hemodialysis, large volumes of blood are exposed to 
components of the extracorporeal circuit, including the dialyzer, 
tubing, and other foreign substances related to the manufactur-
ing and sterilization processes. This interaction between the 
patient’s blood and the extracorporeal system can lead to various 
adverse reactions, which manifest as a continuum ranging 
from subtle to severe and fatal.2,3 The signs and symptoms are 
made up of combinations of angioedema, dyspnea, coughing, 
chest tightness, sneezing, rhinorrhea, lacrimation, skin fl ushing, 

pruritus, paresthesia, burning sensation, nausea, vomiting, ab-
dominal cramps, and diarrhea. These reactions are often referred 
to as dialysis reactions or dialyzer reactions. The former terminol-
ogy is preferred because some of these reactions are not caused 
by the dialyzer per se.

The etiologies of these reactions are diverse and are often 
diffi cult to establish in individual cases. In general, they can 
be classifi ed into two broad categories: anaphylaxis or anaphy-
lactoid reactions and direct toxic effects. Anaphylaxis is caused 
by degranulation of mast cells or basophils induced by IgE and 
usually requires prior sensitization by the allergen. Anaphylac-
toid reactions are anaphylaxis-like reactions in response to the 
direct effectors or mediators, such as complement activation 
products or histamine, and do not require the release of IgE. 
Direct toxic effects are those induced by other substances, such 
as ethylene oxide (EtO) or formaldehyde. This classifi cation 
only provides a general framework to facilitate the understand-
ing and research of these reactions. Neither this nor other clas-
sifi cation systems, however, provide defi nitive clues to the eti-
ology or the management of the individual patient, because 
there is probably substantial overlap in clinical manifestations 
between different categories. Some of the etiologies are dis-
cussed in the following.

Leachable Substances
Perhaps the best studied leachable substance from the hemo-
dialysis circuit is EtO.4–6 EtO gas is used to sterilize some dia-
lyzers. The potting compound that anchors the hollow fi bers 
in place has been shown to be a reservoir for EtO, essentially 
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providing sustained release of EtO into the lumen during the 
functional life of the dialyzer.6,7 The exposure of chronic di-
alysis patients to EtO and their immune response to the com-
pound can be demonstrated by the presence of specifi c IgE 
antibodies against EtO that has been conjugated to serum al-
bumin in vivo. In some studies, two thirds of patients with 
apparent reactions to dialyzers have circulating IgE antibodies 
against EtO.4 This test is not specifi c, because 10% of patients 
with no prior history of dialysis reactions also have circulating 
levels of anti-EtO IgE.6,8 Since EtO is a residue in dialyzers and 
may be important in the pathogenesis of some dialysis reac-
tions, it is not surprising that these reactions are more com-
mon when a new, instead of a reprocessed, dialyzer is used. 
This phenomenon leads to the term fi rst-use syndrome.2,3,9 Ac-
cordingly, rinsing the blood compartment of the dialyzer with 
saline solution can decrease the incidence of these events. 
Rinsing the dialysate compartment with dialysate is also effec-
tive, because the circulating dialysate can also remove the EtO 
in the blood compartment by diffusion. If EtO allergy is sus-
pected, changing to a dialyzer sterilized by gamma radiation 
or steam is appropriate.

Dialysis reactions can also be due to residual disinfectants 
in the dialyzer, such as formaldehyde, glutaraldehyde, and 
peracetic acid/hydrogen peroxide. Life-threatening reactions 
have been observed in dialysis patients in whom serum anti-
body against formaldehyde was detected.10 Instead of fi rst-use 
syndrome, these reactions are appropriately called reuse 
syndrome11,12 because they occur during dialyzer reuse. If the 
diagnosis is correct, proper reprocessing of the dialyzers and 
rinsing of the dialyzer before use are also expected to decrease 
these reactions.

Other leachable substances that have been suspected to 
cause dialysis reactions include isopropyl myristate, which is 
used in the spinning process of hollow-fi ber fabrication,4 iso-
cyanates found in the potting compound,13,14 and nonendo-
toxin Limulus amebocyte lysate–reactive material.15,16 The 
latter is believed to be cellulose in origin and to react to the 
Limulus amebocyte lysate assay.

Another leachable substance found in the dialysis circuit is 
the plasticizer, di(2-ethylhexyl)phthalate (DEHP), although 
this compound has not been incriminated in acute dialysis 
reactions.17–19 The fl exibility of polyvinylchloride tubing is 
achieved by the addition of DEHP into the polymer matrix.20

Although there is no clear evidence to confi rm its toxicity, 
DEHP can bind to plasma lipids and lipoproteins, and sig-
nifi cant tissue levels of DEHP have been recovered at autopsy 
of dialysis patients. Furthermore, hepatitis-like syndrome 
and necrotizing dermatitis have been reported in association 
with polyvinylchloride exposure in dialysis patients. The 
practice of reusing blood tubing may provide a potential 
clinical advantage by reducing the exposure to plasticizers. 
Leachability studies of another plasticizer, trimellitate,21,22

from blood tubing show a lower rate of release compared 
with DEHP.20

Membrane Bioincompatibility
Another causative factor of dialysis reactions is dialysis mem-
brane bioincompatibility; in particular, interactions between 
the dialysis membrane and plasma proteins. Two cascades 
of plasma protein activation have been most intensely studied 
in this regard. Activation of the complement system via the 

alternative pathway is practically universal for all dialysis 
membranes, albeit to various degrees.23,24 Presumably, by vir-
tue of the free hydroxyl moieties on the surface, unsubstituted 
cellulosic membranes activate complement rigorously. Com-
plement fragments C3a and C5a generated23–25 from C3 and 
C5, respectively, are known as anaphylatoxins, because of their 
potential to induce anaphylactoid reactions. The functional 
activities of these complement fragments are, however, mark-
edly diminished by the action of a serum carboxypeptidase.26

Thus, despite the high plasma levels of C3a and C5a com-
monly found during hemodialysis, especially with unsubsti-
tuted cellulosic membranes, dialysis reactions are uncommon. 
The frequency at which complement activation is responsible 
for dialysis reactions is unknown, but it is likely to be rare. 
Compared to unsubstituted cellulosic membranes, substituted 
cellulosic membranes27,28 (in which some of the hydroxyl 
moieties are substituted by other moieties) and synthetic 
membranes11,23 tend to activate complement less and would 
therefore be preferable if complement activation is to be 
minimized.

The second plasma protein cascade that is of particular 
relevance to hemodialysis is the intrinsic (or contact) path-
way of coagulation. Severe anaphylactoid reactions have 
been reported in patients dialyzed with the AN69 membrane 
who were also taking angiotensin-converting enzyme (ACE) 
inhibitors.29–31 The likely pathogenetic mechanisms are as 
follows. Binding of Hageman factor (factor XII) to a nega-
tively charged surface leads to its activation and subsequent 
conversion of kininogen to bradykinin.29,30 The AN69 mem-
brane is composed of a copolymer of acrylonitrile and me-
thallyl sulfonate. The latter moiety is negatively charged and 
is therefore an activator of the intrinsic coagulation pathway. 
Because angiotensin converting enzyme is also a kininase, 
the catabolism of bradykinin is inhibited in the presence of 
an ACE inhibitor. The combination of dialysis with the 
AN69 membrane and use of an ACE inhibitor therefore re-
sults in the accumulation of bradykinin in the plasma and 
consequently anaphylactoid reactions and hypotension.29

The obvious preventive strategy for this cause of dialysis re-
action is the avoidance of this type of dialysis membrane or 
ACE inhibitors.

Several anaphylactoid reactions have also been reported 
in patients dialyzed using polysulfone membranes repro-
cessed with bleach and also treated with ACE inhibitors.12,32

These reactions ceased once the use of bleach was discon-
tinued. Furthermore, a cluster of anaphylactoid reactions 
was observed in patients treated with ACE inhibitors and 
dialyzed with various membranes reprocessed using hydro-
gen peroxide/peracetic acid. The reactions abated once re-
processing was discontinued, despite continued use of ACE 
inhibitors.

Other Factors
The use of acetate dialysate has been implicated in dialysis reac-
tions. Potential mechanisms of these reactions include the direct 
effect of accumulated acetate and the transient loss of bicarbon-
ate in the plasma prior to conversion to bicarbonate,33 and the 
stimulation of interleukin-1 production by monocytes.34 These 
reactions tend to be mild and are not acutely life-threatening. 
Acetate dialysate is seldom, if at all, used in the United States 
currently. Bacterial products, such as endotoxin fragments, 
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present in the dialysate that traverse across the dialysis mem-
branes are also known to induce cytokine release by monocytes 
and consequently pyrogenic reactions.35 These pyrogenic reac-
tions tend to be mild. They may occur more frequently with 
high-fl ux membranes,36 especially those reprocessed using 
bleach, because reprocessing is associated with increased poros-
ity of the membrane,37,38 thus facilitating the transfer of bacterial 
products.

Drugs administered during hemodialysis can also cause 
adverse reactions that are sometimes diffi cult to distinguish 
from other causes of dialysis reactions. Intravenous iron 
dextran is not infrequently associated with adverse reactions, 
although severe anaphylactoid reactions are rare, occurring 
in 0.6% to 1% of patients.39,40 The mechanisms responsible 
for dextran-induced anaphylactoid reactions are unclear; the 
dose-dependent release of histamine from basophils may be 
responsible.41,42 More frequently, iron dextran administra-
tion is associated with various degrees of hypotension, head-
ache, myalgia, arthralgia, and fever.39,43 Intravenous iron 
gluconate appears to be associated with fewer adverse reac-
tions.40,43 Although it is uncommonly used now in dialysis 
units, deferoxamine therapy for the chelation of aluminum 
or iron can produce hypotension during dialysis and, rarely, 
allergic reactions, gastrointestinal disturbances, loss of vi-
sion, auditory toxicity, bone pain, or exacerbation of alumi-
num encephalopathy.44–46

Treatment of Dialysis Reactions
Prevention of dialysis reactions depends on identification 
of the causative factor. Immediate reactions that occur 
within the first few minutes of the procedure are likely to 
be due to preformed agents, such as EtO or formaldehyde. 
Laboratory tests (e.g., assays for plasma EtO antibodies or 
bradykinins) are not routinely performed in clinical cases. 
Further, the predictive value of these assays for clinical di-
agnosis of these reactions has not been established. Most 
often, the etiology of the reaction is never firmly estab-
lished and the reaction ceases after the dialyzer is switched 
empirically to another type (e.g., from an EtO-sterilized 
dialyzer to a gamma-radiated dialyzer or from an AN69 
membrane to a polysulfone membrane). The dialysis reac-
tion may also be caused by the blood tubing17,18,20,22,47,48 or 
even medications, such as heparin,49 that are administered 
during the hemodialysis procedure. Switching blood tubing 
and heparin (e.g., from porcine to bovine heparin) should 
also be considered. Not uncommonly, dialysis reactions 
cease with extensive rinsing of dialyzers before use or even 
if the dialysis procedure and the supplies are unchanged.

The immediate treatment of dialysis reactions depends on 
the severity of the clinical manifestation. If the reaction is se-
vere, and in particular if it occurs early during the treatment, 
the extracorporeal circulation should be immediately stopped. 
Under these circumstances, the blood in the circuit should be 
discarded rather than being returned to the patient, because it 
likely contains the causative agent. Otherwise, treatment is 
largely supportive and targets the specifi c signs and symp-
toms. Oxygen supplementation, bronchodilators, sympatho-
mimetic agents, and vasoactive medications are used as indi-
cated. Antihistamines and corticosteroids may be helpful. In 
mild cases, dialysis can be continued with or without other 
interventions.

CARDIOVASCULAR COMPLICATIONS

Intradialytic Hypotension
The defi nition of intradialytic hypotension (IDH) has been 
inconsistent in different reported series.50–52 Consequently, the 
reported incidence (�5%–40%) has also varied widely. The 
incidence of IDH, however, will likely continue to increase 
despite technological advances,53 as more patients with ad-
vanced age, diabetes mellitus, and underlying cardiovascular 
diseases will need dialysis therapy in the future. To maintain 
the consistency of defi nition and to assess the response to dif-
ferent therapeutic interventions, the K/DOQI guidelines pro-
posed that IDH be defi ned as a decrease in systolic blood 
pressure (BP) of at least 20 mm Hg or a decrease in mean arte-
rial pressure by 10 mm Hg in combination with the symptom 
complex and a need for active therapy.54

When evaluating the etiology of hypotension, it is impor-
tant to consider more ominous events, such as acute coronary 
syndrome, arrhythmias, pulmonary embolism (blood clots or 
air embolism), pericardial effusion or constrictive pericarditis, 
dialysis reactions, and overestimation of dry weight leading to 
hypotension. At times other nonspecifi c symptoms, such as 
sudden onset sensation of dizziness or fainting, nausea, and 
vomiting with or without diaphoresis, may be indirect predic-
tors of impending hypotension.55 The symptom complex due 
to IDH can vary and include generalized lethargy, nausea and 
vomiting, muscle cramps, restlessness, dizziness, anxiety, dia-
phoresis, chest pain, acute confusion, presyncope, or syn-
cope.55 These symptoms may be severe enough to compel 
termination of the dialysis therapy. Consequently, frequent 
episodes of IDH can lead to inadequate delivery of the dialysis 
dose and volume overload.56,57 Patients at risk of developing 
IDH are those who have large interdialytic fl uid gain due to 
fl uid or salt intake or poorly controlled hyperglycemia that 
causes osmotic thirst. Other patients at risk for IDH are those 
with myocardial, valvular, and pericardial diseases.

Healthy people can tolerate a decrease in blood volume of 
up to 20% before the development of hypotension. In con-
trast, dialysis patients can develop hypotension with smaller 
changes in the blood volume (2%–29%).58,59 The combina-
tion of extracorporeal fl uid removal and fl uid shifts to the 
intracellular compartment predisposes to acute intravascular 
hypovolemia, particularly when the rate of fl uid loss from the 
plasma compartment exceeds the plasma refi lling rate.60–62

The variability in blood volume changes could be ex-
plained by the presence of several pathophysiologic condi-
tions, such as (1) the lack of an increase in cardiac output due 
to the presence of myocardial disease, thus preventing an in-
crease in myocardial contractility in response to changes in 
intravascular volume59,60,63,64; (2) lack of increase in heart rate 
and peripheral vascular resistance in response to a decrease in 
blood volume due to the presence of autonomic dysfunc-
tion55,65,66; (3) paradoxical and sudden withdrawal of sympa-
thetic response, resulting in bradycardia (Bezold-Jarisch re-
fl ex) in response to severe ventricular underfi lling (defi ned as 
bradycardic hypotension)67,68; (4) failure of capacitance ves-
sels to constrict in the face of hypovolemia, with impairment 
in venous return.69 Impaired reactivity of resistance and ca-
pacitance vessels could be secondary to autonomic dysfunc-
tion, cytokine release due to exposure to extracorporeal circu-
lation,70 an increase in core body temperature due to energy 
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transfer from the dialysate, an increased production of nitric 
oxide,71 or decreased vasopressin release in the presence of a 
low-output state.72 Other patient-related factors are delayed 
fi lling of the central blood volume in patients with arteriove-
nous fi stula or graft.52 Dialysis-related factors that may in-
crease the risk of developing IDH include the use of acetate 
dialysate73 or low-calcium dialysate.74 Occasionally, IDH may 
develop because the target dry weight has been underesti-
mated75 or the dialysis machine has been erroneously pro-
grammed to remove more than the expected volume.

The management of patients with IDH includes urgent 
resuscitation to relieve patient discomfort, maintain hemody-
namic stability, and monitor for the development of adverse 
cardiovascular events. Routine measures for the treatment of 
IDH include placing the patient in Trendelenburg’s position 
to augment venous refi lling and administering saline boluses 
to increase the systolic BP to 100 to 110 mm Hg as appropri-
ate. The amount of saline solution required varies greatly. 
Some patients are grossly fl uid overloaded systemically and 
should be given as little fl uid as possible to temporarily relieve 
the symptoms related to the acute plasma volume depletion. 
On the other hand, some patients are systemically volume 
depleted even before starting dialysis because of a preexisting 
condition such as diarrhea; fl uid resuscitation under these 
circumstances may require more aggressive intradialytic saline 
hydration. Hypertonic saline solution (in 5–10 mL bolus of 
7.5% concentration) and, less commonly, hypertonic glucose 
(25–50 mL bolus of 50% concentration) in nondiabetic pa-
tients and mannitol (bolus of 12.5–25.0 g) can also be used. 
All of these agents are readily dialyzable. If mannitol is admin-
istered toward the end of the hemodialysis session, however, it 
may be retained in the plasma and can accumulate in the vis-
ceral organs. The long-term consequences of mannitol accu-
mulation are not known. After an episode of severe symptom-
atic hypotension, the patient should be monitored for the 
development of cardiovascular events and evaluated for or-
thostatic hypotension before discharge from the dialysis unit. 
Strategies to prevent the occurrence of future episodes should 
be considered if the IDH is recurrent.

Intradialytic hypotension can be prevented by modifying 
the dialysis prescription based on the individual center experi-
ences and technical skills of the dialysis staff. Hemodialysis 
therapy using isothermic (same as body temperature) dialy-
sate is invariably associated with an increase in core body 
temperature despite heat loss by convection in the extracorpo-
real circuit.76,77 The increase in core body temperature de-
creases the reactivity of resistance and capacitance vessels, and 
venous return may not increase in response to changes in 
blood volume during ultrafi ltration.61 To avoid these phe-
nomena, dialysate temperature can be adjusted and main-
tained at 1° to 2°C below the body temperature. This tech-
nique is known as cool-dialysate dialysis. Dialysis with cool 
dialysate improves the reactivity of peripheral resistance and 
capacitance vessels and increases myocardial contractility.61,78–80

The most common adverse effects are cold sensation and shiv-
ering. A lack of response to cool-dialysate hemodialysis could 
be due to the failure of fl uid shifts from the third compart-
ment in the presence of severe vasoconstriction of the capaci-
tance vessels.61 Urea clearance usually remains unchanged 
during cool-dialysate hemodialysis.81 The temperature of the 
dialysate can be controlled by continuous biofeedback sys-
tems,82,83 but this technology is not widely available.

Another common strategy to prevent IDH is to manipulate 
dialysate sodium concentrations. High dialysate sodium con-
centrations increase plasma osmolality, thus enhancing extra-
cellular and plasma refi lling rates. Most studies, but not 
all, found that the use of conventional dialysate sodium 
(138–144 mmol/L) compared to low sodium (�135 mmol/L) 
concentration is associated with lower incidence of IDH.84–88

High sodium (�144 mmol/L) dialysate can further prevent 
the development of IDH, but may also lead to interdialytic 
weight gain and hypertension.89–91 Sodium profi ling is the 
technique of varying dialysate sodium concentration during 
the dialysis session, which is often accomplished automatically 
by programming the dialysis machine. Dialysate sodium con-
centration can be increased or decreased linearly or in a step-
wise fashion. Less frequently, alternating high and low con-
centrations of sodium throughout the dialysis session can be 
employed. The objective of tapering dialysate sodium concen-
tration during dialysis (sodium ramping)86,88 is to avoid high 
plasma sodium concentrations at the end of the dialysis ses-
sion. The counterargument to this strategy is that plasma and 
interstitial fl uid volumes and pressure are high at the begin-
ning of the dialysis session, and therefore high dialysate so-
dium levels are unnecessary. Toward the end of the dialysis 
session, interstitial fl uid pressure has decreased and plasma 
refi lling rate decreases accordingly. At that time, high dialysate 
sodium levels are more useful in increasing the serum sodium 
concentration and osmotic pressure that draw fl uids from the 
intracellular compartment. Increasing dialysate sodium levels 
during the dialysis session is known as reverse sodium model-
ing.91 Fine-tuning of sodium concentration during hemodi-
alysis can be guided by the on-line measurement of conduc-
tivity of the plasma and ultrafi ltrate and on-line measurement 
of the ionic mass transfer to prevent the salt retention due to 
sodium ramping.92–94 Similar to sodium modeling, ultrafi ltra-
tion profi ling can be used to prevent IDH: it allows adjusting 
ultrafi ltration from a high rate at the start to a lower rate at the 
end of the dialysis session.

Changes in ionized calcium can play an important role in 
myocardial contractility during hemodialysis therapy, be-
cause myocardial contractility decreases in the presence of 
low dialysate calcium (1.25 mmol/L) compared to normal 
dialysate calcium (1.75 mmol/L).50,74,95,96 Very high-calcium 
dialysate can lead to positive calcium balance, an increase in 
arterial calcifi cation, and adverse effects on myocardial relax-
ation.96,97 One randomized crossover study demonstrated 
that the combination of dialysate calcium of 1.50 mmol/L 
and bicarbonate of 32 mmol/L was associated with less 
signifi cant drop in systolic BP than the combination of 
calcium and bicarbonate concentrations of 1.25 mmol/L and 
26 mmol/L, respectively.98 Another randomized crossover 
study compared three different regimens of dialysate calcium 
levels: constant 1.25 mmol/L versus constant 1.50 mmol/L 
versus a profi led regimen of 1.25 mmol/L during the fi rst 
2 hours and 1.75 mmol/L during the remaining 2 hours.99

Both the dialysate calcium of 1.50 mmol/L as well as profi led 
calcium regimens were more effective in reducing the inci-
dence of IDH than the 1.25 mmol/L regimen.99 Because the 
impact of dialysate calcium concentration on vascular calci-
fi cation remains unknown, the K/DOQI working group for 
Clinical Practice Guidelines for Bone Metabolism and Dis-
ease in Chronic Kidney Disease recommends a routine 
prescription of dialysate calcium of 1.25 mmol/L; higher 
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concentrations of dialysate calcium should be considered for 
maintaining intradialytic hemodynamic stability.100,101

Reducing intradialytic weight gain is the most important 
strategy for the prevention of IDH in most patients. Careful 
estimation of the optimal dry weight is useful and can be fa-
cilitated by analytic tools, such as inferior vena cava sono-
gram,102 bioelectrical impedance,103 and continuous monitor-
ing of blood volume variations.104 Serum biomarkers, such as 
brain natriuretic peptide105,106 or adrenomedullin,107 may also 
be helpful in assessing dry weight.

Short-acting antihypertensive agents should ideally be 
avoided immediately before the hemodialysis procedure. 
The avoidance of food intake immediately before and dur-
ing the dialysis procedure is helpful, because it prevents the 
diversion of blood flow to the splanchnic circulation.87 The 
benefits of vasoactive agents for either treatment or pre-
vention of IDH have been inconsistent. Midodrine is an 
a1-adrenergic receptor agonist that constricts the splanch-
nic circulatory bed, as well as systemic precapillary resis-
tance and capacitance vessels, with an increase in circula-
tory blood volume. Oral midodrine given at a dose of 2.5 
to 10 mg 30 minutes before the dialysis session has been 
reported to prevent IDH.108–110 The most frequent adverse 
effects of midodrine therapy include piloerection, scalp 
itching or tingling, weakness, paresthesias, flushing, head-
ache, sleep disturbances and, rarely, bradycardia. It is ef-
fectively cleared by hemodialysis and its half-life is less 
than 2 hours in dialysis patients.110 Sertraline is a selective 
serotonin reuptake inhibitor; its oral administration in a 
small number of patients has demonstrated small benefits 
in the prevention of IDH. Adverse effects of sertraline in-
clude dizziness, insomnia, fatigue, somnolence, and head-
ache.111–113 Recently the use of intravenous vasopressin has 
been shown to facilitate fluid removal while maintaining 
hemodynamic stability.114,115

Other therapies that have shown inconsistent results for 
the prevention of IDH include the use of convective therapies 
such as on-line hemofi ltration, hemodiafi ltration and acetate-
free biofi ltration.61,94,116–118 Although convective therapy com-
pared to standard hemodialysis treatment preserves the reac-
tivity of resistance and capacitance vessels, it is postulated that 
benefi ts of convective therapies are mostly due to the cooling  
effect and therefore vasoconstriction from the infusion of 
substitution fl uids.119–121 Chronic supplementation with l-
carnitine at 20 mg/kg during dialysis therapy has been dem-
onstrated to improve vascular reactivity and prevents IDH in 
patients with recurrent IDH.122,123

Intradialytic Hypertension
Different degrees of increase in blood pressure, even with fl uid 
removal, can develop either during dialysis or immediately 
after the dialysis session is completed. Repeated episodes of 
intradialytic hypertension can be an important risk factor for 
cardiovascular morbidity and mortality. Intradialytic hyper-
tension appears to be less common, and the pathophysiology 
more elusive, than IDH. Intradialytic hypertension can be 
precipitated by the use of hypernatremic dialysate during so-
dium modeling.90 Other risk factors include the use of eryth-
ropoiesis-stimulating agents and hemoglobin levels above 
13 g/dL. Increased plasma levels of renin and endothelin-1 
and decreased nitric oxide/endothelin-1 ratio88 result in an 

increase in peripheral vascular resistance, as is often present in 
long-term dialysis patients, and may be contributory to intra-
dialytic hypertension The administration of hypertensive 
medications immediately before dialysis may be useful to 
minimize intradialytic hypertension in patients who are prone 
to this phenomenon.

Sudden Death and Cardiac Arrest
Cardiac arrest and cardiac arrhythmias account for more than 
50% of all cardiac deaths in chronic hemodialysis patients.124

Sudden cardiac arrest in dialysis patients is multifactorial and 
is likely related, at least in part, to fl uctuations in fl uid and 
electrolytes during hemodialysis therapy. Survival after car-
diac arrest in dialysis patients remains dismal, with 30-day 
survival of 32% and 1-year survival of less than 15%.125

K/DOQI guidelines recommend that all dialysis facilities 
should support on-site availability of an automated external 
defi brillator.54 In addition, the K/DOQI recommends per-
forming an echocardiogram in all dialysis patients after 
achieving the optimal volume control within 30 to 90 days 
after dialysis initiation and periodically thereafter to detect 
abnormalities that may predispose to sudden death and other 
cardiac events.

Dialysis-Associated Steal Syndrome
Diversion of blood fl ow through the arteriovenous fi stula or 
graft decreases blood fl ow to the artery that is distal to the 
arteriovenous or arteriograft anastomosis.126 The hemody-
namics of these shunts that predispose to peripheral isch-
emia are complex and involve interactions among the high 
blood fl ow into a low-resistance vein, reversal of fl ow away 
from the higher-resistance distal arterial bed, and competing 
with distal collateral blood vessels.127 More than two thirds 
of these shunts have different degrees of retrograde fl ow, 
but only 6% to 10% develop peripheral ischemia (dialysis-
associated steal syndrome).128 The symptom complex from 
the steal syndrome can vary from time to time and can 
include numbness, weakness, pain, cramps, and cold sensa-
tions of the part distal to the fi stula or graft. These symp-
toms may increase in intensity by routine use of the hand, 
which increases the demand of blood supply, or during di-
alysis treatment, which may draw more blood from the distal 
site into the extracorporeal circuit. Physical fi ndings may 
include cold sensations of the hand, decreased pulse and 
decreased capillary refi lling rate (�3 seconds), acrocyanosis, 
trophic lesions of nails, hair loss, muscle atrophy, and pro-
gression to ischemic ulcers and gangrene.129–131 Some of 
these symptoms can also be produced by mononeuritis, car-
pal tunnel syndrome, ischemic monomelic neuropathy,132

peripheral neuropathy due to diabetes mellitus, uremia, col-
lagen vascular diseases, and acral calciphylaxis.133 Doppler 
ultrasonography, digital blood pressure phlethysmography, 
and digital-brachial indices (�0.60) can be used as adjunc-
tive tests,127 although angiography remains the gold standard 
for the defi nitive diagnosis of steal syndrome.

The most common conservative treatment is symptomatic 
relief (e.g., using a mitten to keep the hand warm during he-
modialysis). In 1% to 10% of patients with clinical steal symp-
toms, invasive interventions are required. These interventions 
include angioplasty of the stenosis that may be present in the 
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infl ow artery or ligation of the fi stula. Different methods have 
also been used to decrease the fi stula outfl ow, such as stitch-
ing134 or placement of a cuff135 around the outfl ow vessel. 
These maneuvers, however, often lead to thrombosis of the 
graft. The most advanced technique for treating dialysis-
associated steal syndrome is the distal revascularization-interval 
ligation procedure, which has a high rate (90%) of relieving 
symptoms while maintaining graft patency at 1 year in more 
than 85% of patients.132,136–138

Air Embolism
Air embolism is rare nowadays because of technical advances 
and the keen awareness of most dialysis personnel. Nonethe-
less, the potential rapid and catastrophic nature of this com-
plication demands particular attention. The prepump tubing 
segment, arterial needle, and saline infusion tubing are par-
ticularly signifi cant points of air entry, because of the high 
negative pressure that draws the air. The high blood pump 
speeds used currently also enhance the chance of entry of 
large volumes of air. Intravenous infusion setups that are at-
tached to, but are not inherent parts of, the dialysis circuit can 
also be potential points of entry. Yet another point of entry 
that escapes the safety features of the dialysis circuit is the 
venous connection of the central venous catheter. The key 
preventive measure lies in the dialysis machines, which are 
almost always equipped with a venous air-bubble trap and a 
foam detector that triggers an alarm and automatically shuts 
off the blood pump and clamps the venous blood tubing if air 
is detected.

Clinical manifestations of air embolism depend on the 
volume of air, the site of entry, and the patient’s position.139

Microbubbles of air introduced at a slow rate dissolve slowly 
in the blood and may not be associated with clinical sequelae. 
In the sitting position, air entry through an arm vascular ac-
cess bypasses the heart, causes venous emboli in the cerebral 
circulation, and induces central nervous symptoms rapidly. In 
contrast, a large bubble introduced from the central venous 
line when the patient is supine will be trapped in the right 
ventricle and will interfere with cardiac output. Dissemina-
tion of microemboli into the pulmonary vasculature under 
these circumstances induces acute pulmonary symptoms.

The diagnosis of air embolism is based on clinical signs 
and symptoms and is often triggered by a keen sense of sus-
picion. The appearance of foam in the tubings and the typical 
churning sound on cardiac auscultation when the bubble is 
in the chest facilitate the diagnosis. If the patient lies in the 
reverse Trendelenburg position, the air emboli actually mi-
grate to the venous circulation, causing ischemia of the lower 
extremity.140

Swift actions are absolutely essential once the diagnosis 
of air embolism is suspected. The venous blood tubing 
should be immediately clamped and the blood pump 
stopped to prevent further air entry.141 For right heart air 
emboli, the patient should be placed in a recumbent posi-
tion on the left side with the chest and head tilted down-
ward. Cardiopulmonary support is then instituted. Aspira-
tion of the air from the ventricle by a percutaneously 
inserted needle or right atrial dialysis catheter can be at-
tempted. The patient is then transported, in the recumbent 
position, to an acute care facility for hyperbaric oxygen and 
other supportive therapies.142

NEUROLOGICAL COMPLICATIONS

Dialysis Disequilibrium Syndrome
Although dialysis disequilibrium syndrome (DDS) is no lon-
ger a frequent complication of hemodialysis, it is still a poten-
tial problem if proper precautions are not taken. DDS can 
result in central nervous system damage with long-term se-
quelae. Cerebral edema can be observed on brain imaging 
studies if DDS is severe.143,144 An attractive hypothesis for its 
pathogenesis is that of osmotic disequilibrium between the 
plasma and cerebrospinal fl uid that results from the rapid re-
moval of urea from the former compartment during dialysis, 
thus causing a shift of water into the brain.143 Paradoxical aci-
dosis in the cerebrospinal fl uid has also been observed.145,146

Recent studies have shown decreased expression of the urea 
transporter UT-B1 and increased expression of aquaporins 
(AQP4 and AQP9) in the brain of uremic rats.147 These abnor-
malities would exacerbate the retention of urea in the brain 
despite the rapid removal of urea in the plasma and the pro-
motion of water entry into the brain cells. The risk factors for 
DDS include severe azotemia and preexisting neurological 
disorders, such as recent stroke, head trauma, subdural hema-
toma, and malignant hypertension.148–150

DDS usually occurs toward the end of dialysis and may be 
delayed up to 24 hours.151,152 The manifestations are restless-
ness, headache, nausea, vomiting, blurred vision, muscle 
twitching, tremor, disorientation, and hypertension.153 This 
syndrome is usually self-limited, but full recovery may take 
several days. Severe symptoms, such as obtundation, seizures, 
coma, and death, occur occasionally.154 DDS is usually a clini-
cal diagnosis, although the presence of cerebral edema on 
brain imaging studies provides supportive evidence. Electro-
encephalographic fi ndings are nonspecifi c.

Because DDS occurs during rapid hemodialysis, preventive 
measures are directed toward slower removal of urea, espe-
cially during the fi rst session of hemodialysis for acute kidney 
injury or end-stage renal disease. This can be accomplished by 
short and more frequent dialysis for the fi rst few days, initially 
using small-surface-area dialyzers and slow blood rates.143

Maintaining plasma osmolality using high-sodium dialysate 
and infusing sodium bicarbonate or mannitol while plasma 
urea is being removed would minimize the osmotic disequi-
librium between the plasma and the brain. Early initiation of 
dialysis therapy in both the acute and chronic settings of renal 
failure, before plasma urea concentrations become very high, 
can prevent the development of DDS.

Muscle Cramps
Muscle cramps are the most common acute neuromuscular 
complications; they are observed commonly in the elderly and 
in hemodialysis-dependent patients,155 and can occur in 5% 
to 20% of hemodialysis patients. Cramps usually occur late 
during dialysis and frequently involve the legs, although 
muscles in other parts of the body are not spared. Although 
cramps are transient and are unlikely to result in long-term 
sequelae per se, they account for premature discontinuation 
of the dialysis session in some instances. Electromyography 
performed during hemodialysis has shown tonic electrical 
activity in the muscles, which steadily increases throughout 
the session in those who develop cramps, in contrast to a 
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steady decline in electrical activity in those who do not.156 A 
subset of patients has elevated predialysis levels of serum cre-
atine kinase during periods of cramps.157

The pathogenesis of intradialytic cramps is unknown. 
Rapid plasma volume contraction is the strongest predispos-
ing factor; changes in osmolality and serum electrolytes, such 
as potassium and magnesium, induced by hemodialysis, 
as well as underlying carnitine defi ciency, have also been 
incriminated.158

The most important measure to prevent intradialytic mus-
cle cramps is to minimize intradialytic fl uid removal, which 
unfortunately is diffi cult for some patients. Increasing 
the duration of the dialysis session or the frequency of dialysis 
may be necessary. Increasing the dry weight is often useful, 
if it does not result in signifi cant fl uid overload. Low-dose 
(5 mg) enalapril twice weekly has been shown to be effective 
in limiting thirst, presumably by inhibiting angiotensin II 
production. Oral oxazepam (5–10 mg), given 2 hours before, 
or quinine sulfate (325 mg) given at the initiation of dialysis 
has been shown to reduce the incidence of muscle cramps.159

Quinine sulfate is, however, currently considered by the Food 
and Drug Administration to be both unsafe and ineffective for 
this purpose. Dialysate sodium modeling, using an exponen-
tial, linear, or step-decrease algorithm, was similarly effective 
in decreasing intradialytic muscle cramping.160 Finally, stretch-
ing exercise of the affected muscle groups or carnitine supple-
mentation has been shown to decrease the frequency of mus-
cle cramps.161

The acute management of muscle cramps is directed at 
restoring plasma volume. Intravenous fl uid administration is 
effective but would defeat the overall goal of dialytic fl uid re-
moval. Plasma volume can also be restored by increasing the 
plasma osmolality, resulting in the recruitment of fl uid from 
the extravascular space.154 Intravenous infusion of hypertonic 
(23.5%) saline (15–20 mL), 25% mannitol (50–100 mL), or 
50% dextrose (25–50 mL) has been shown to be equally effec-
tive in relieving muscle cramps.162 Both hypertonic saline and 
mannitol cause transient warmth or fl ushing during the infu-
sion. In addition, retention of these agents may result in a 
persistent increase in serum osmolality and hence postdialytic 
thirst and interdialytic fl uid gain. Hypertonic dextrose is pre-
ferred, especially in nondiabetic patients, because it is readily 
catabolized and is inexpensive, but it causes transient hyper-
glycemia. A sublingual capsule of 10 mg nifedipine has been 
reported to provide relief of cramps without causing signifi -
cant hypotension and may be related to the minimization of 
hypo-osmolality-induced changes in cellular ionized calcium 
levels.163

Headache
Headache during dialysis is common.163 The pain can be in-
tense, accompanied by nausea or vomiting. It is not typically 
accompanied by visual disturbances as in migraines. The eti-
ology of intradialytic headache is unknown. It may be a mild 
manifestation of the dialysis disequilibrium syndrome153 or 
may be related to the use of acetate118,164 or glucose-free dialy-
sate.165 It can also be due to other common etiologies, such as 
hypertension and caffeine withdrawal, or, in rare circum-
stances, intracranial bleeding exacerbated by heparinization 
for the dialysis procedure. Preventive measures include a re-
duction in urea clearance, as described in the section on DDS, 

or a change to dialysate containing bicarbonate and glucose. 
Treatment of the headache is largely symptomatic with anal-
gesics if no other serious causes are identifi ed.

Restless Legs Syndrome
Restless legs syndrome (RLS) is a common symptom in dialy-
sis patients. The symptoms are deep paresthesias, creeping 
and crawling sensations or even pain in the calves and legs 
that occur exclusively when the legs are inactive, such as dur-
ing hemodialysis.166 Although the tendency to move can be 
temporarily suppressed, it is ultimately irresistible; movement 
of the legs yields prompt relief. Perhaps paradoxically, RLS is 
encountered in severely uremic patients and is relieved within 
a few weeks of initiating or intensifying dialysis therapy.166

The results of clinical and electromyographic examina-
tions in RLS are generally unremarkable. This disorder is 
differentiated from peripheral neuropathy, in which the par-
esthesia is constant and unrelieved by activity. When RLS 
symptoms develop in an otherwise stable hemodialysis pa-
tient, anxiety, progressive lower extremity vascular insuff-
ciency, and inadequate dialysis need to be considered. Ben-
zodiazepines taken before bedtime may mitigate some of the 
RLS symptoms, but their use may be complicated by drows-
iness.166 Opiates are remarkably effective but are associated 
with well known adverse effects. Carbamazepine and le-
vodopa have also been advocated, but tolerance to these 
agents may develop rapidly.167 A reasonable approach is to 
alternate these agents with different mechanisms of action 
on a weekly or biweekly basis. Gabapentin has been used 
with success in dialysis patients.167 In the nondialysis popu-
lation, the dopamine receptor agonists, such as pramipexole 
and ropinirole, have been shown to markedly ameliorate 
RLS symptoms.168 Data on dialysis patients are limited. Non-
pharmacologic approaches, such as transcutaneous electrical 
nerve stimulation, are yet another form of treatment.166

HEMATOLOGIC COMPLICATIONS

Blood Loss
Acute blood loss during hemodialysis can be a catastrophic 
event. The most serious cause is disengagement of the venous 
needle from the arteriovenous access without initiating reme-
dial action. At a blood pump speed of 400 mL/min drawing 
blood from the arterial needle, fatal exsanguination within 
several minutes has been reported. Disconnection of the arte-
rial needle instead leads to entry of air into the dialysis circuit 
(see the discussion of air embolism in the section Cardiovas-
cular Complications in this chapter). The obvious preventive 
strategy is proper securement of needles and tubing. A very 
low venous pressure, resulting from the disconnected circuit 
and hence low resistance, should trigger an alarm in the dialy-
sis machine, but the sensitivity of this monitoring system de-
pends on the degree of circuit disconnection and the preset 
venous pressure parameter. In some instances, devices that 
sense fl uids (i.e., enuresis detection devices) can be wrapped 
around the sites that are more prone to disconnection. These 
devices are not usually employed in dialysis centers but are 
sometimes used in home dialysis settings, especially for pa-
tients undergoing nocturnal hemodialysis.
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Perforation of the vessels and other anatomic structures by 
femoral or central catheters leads to internal bleeding (e.g., 
into the pleural sac or retroperitoneum). Inadvertent punc-
ture of the femoral, iliac, or carotid artery can be more trou-
blesome. The clinical sequelae are those related to intravascu-
lar volume depletion (e.g., shock) or the presence of the blood 
in an unintended space (e.g., dyspnea or pain from bleeding 
into the pleural sac).169 Perforation of the vessels by the cath-
eter may not always be apparent during the catheter insertion 
procedure, but may only manifest during the hemodialysis 
session when the systemic blood is circulated at high pump 
speeds. Rupture of the dialysis membrane in the dialyzer is a 
rare occurrence and should be evident by the presence of 
blood or pink fl uid in the dialysate compartment. Creation of 
local hematoma or false aneurysm of the vascular access can 
also occur as a result of puncture of the vessel wall. The man-
agement of acute blood loss in these settings depends on the 
circumstances and severity. It may include the immediate dis-
continuation of hemodialysis, cardiopulmonary support, and 
detection and management of the extravasated blood as nec-
essary. Attention should also be directed to the assessment and 
potential reversal of anticoagulation to stop the bleeding.64

Chronic blood loss in the dialyzer occurs with the trapping 
of residual blood in the hollow fi ber lumens. Higher heparin 
doses decrease dialyzer blood loss on one hand, but may en-
hance bleeding in patients with underlying pathology in the 
gastrointestinal tract. The amount of blood lost in the dialyzer 
also depends on patient characteristics (e.g., coagulability) 
and the rigor of saline rinsing during blood return to the pa-
tient. The estimate has been one to several milliliters for each 
dialysis session. Of course, with the clotting of the whole di-
alysis circuit, up to 200 mL of blood can be lost. Another 
source of external blood loss associated with dialysis is the 
puncture sites remaining after the needles have been removed 
from the native fi stula or graft. In addition to systemic bleed-
ing diathesis as a result of intrinsic clotting defects or heparin-
ization, high hydrostatic pressure in the vascular access as a 
result of outfl ow tract stenosis is another cause of prolonged 
postdialysis bleeding from these sites. This blood loss is diffi -
cult to quantify and is often ignored in the estimation of the 
amount of supplemental iron required on an ongoing basis.

Intradialytic Hemolysis
The survival of red blood cells in the circulation is decreased 
from the normal of 120 days to 60 days in hemodialysis pa-
tients,170–172 which aggravates the anemia in this population. 
Certain events during hemodialysis predispose to hemolysis. 
In the early years of hemodialysis, the roller pump for the 
dialysis tubing caused traumatic red cell fragmentation,173

but newer technical designs have effectively eliminated this 
problem. Other rare mechanical causes of hemolysis include 
arterial tubing collapse as a result of poor arterial blood 
infl ow generating very high negative pressure, kinking of 
dialyzer blood tubing, and defective tubing with constricted 
lumens.

Over a period of 1 year, one dialysis unit reported that 
10 patients developed intravascular hemolysis accompanied 
by severe abdominal pain and back pain. Six of these patients 
also developed acute pancreatitis; one patient died. After ex-
tensive evaluation, a kink was detected in a batch of arterial 
blood tubings. Further episodes of hemolysis were prevented 

by changing to a new batch of arterial blood tubing and 
removing the redundant length of tubing that predisposed 
to kinking.48 In another episode, a total of 30 patients from 
seven dialysis centers in three different states over a period of 
15 days experienced intradialytic hemolysis. Five of these pa-
tients died. Careful examination of the used dialyzer tubings 
demonstrated severe narrowing of the aperture at the outlet of 
the bubble trap through which blood was pumped.174,175

Another etiology for the development of hemolysis in di-
alysis patients can be due to the addition of chloramine to 
city water supplies to decrease bacterial contamination.176

Besides public announcements, many municipal offi ces spe-
cifi cally warn healthcare facilities about such plans. Deioniza-
tion of the water or neutralization of the chloramine with the 
addition of ascorbic acid to the dialysate prevents hemolysis 
from chloramine.176–178 Nitrate/nitrite intoxication can occur 
during home hemodialysis in patients who use water from 
ground wells that is contaminated with urine from domestic 
animals, causing methemoglobinemia and hemolysis.173

Clues to methemoglobinemia are nausea, vomiting, hypoten-
sion, cyanosis, and the inability of oxygen supplementation 
to eliminate the black color in the blood in the extracorporeal 
circuit. Copper from building water pipes also causes oxida-
tive injury to erythrocytes, leading to methemoglobinemia 
and hemolysis.173 Copper intoxication is associated with skin 
fl ushing, abdominal pain, and diarrhea. Analysis of the water 
supply confi rms the nature of the contamination, such as 
copper and chloramine.

Residual formaldehyde and hydrogen peroxide from dia-
lyzer reprocessing for reuse has been associated with hemoly-
sis.173,179 Formaldehyde induces hemolysis via two mecha-
nisms. It is a potent reducing agent that inhibits erythrocyte 
glycolysis. It may also act as a hapten that induces the forma-
tion of anti-N-like cold agglutinins.173 Other rare causes of 
hemolysis related to hemodialysis include overheating of di-
alysate to 42°C, hypotonic dialysate that results from errone-
ous preparation and defective monitoring of the dialysate 
conductivity, and hypophosphatemia as a result of dialytic 
clearance of phosphorus.173

The diagnosis of acute severe hemolysis is self-evident 
when grossly translucent hemolyzed blood is observed in the 
tubing. More subtle hemolysis can be confi rmed by elevated 
reticulocyte count, serum free hemoglobin, lactate dehydroge-
nase level, decreased serum haptoglobin, positive Coomb’s 
test, and the presence of schistocytes and Heinz bodies in the 
peripheral blood smear. Acute hemolysis is a medical emer-
gency, partly because the associated hyperkalemia can be 
rapidly fatal. Among other diagnostic tests and investigations 
for the cause of the hemolysis, serum potassium should be 
immediately determined and an electrocardiogram obtained 
for hyperkalemic changes, depending on the degree of sus-
pected hemolysis. A safe extracorporeal circuit should be set 
up for immediate hemodialysis of the patient to correct the 
hyperkalemia, if the clinical condition (e.g., hemodynamic 
stability) permits.

Activation of Complement System 
and Leukocytes
A number of disorders in various types of leukocytes, includ-
ing neutrophils, lymphocytes and monocytes, and platelets, 
have been described in hemodialysis patients. The functional 

Ch80_894-912-X5484.indd 901Ch80_894-912-X5484.indd   901 6/18/08 3:23:38 PM6/18/08   3:23:38 PM



902 Maintenance Dialysis

defects in these cells are partially attributed to uremia per se, 
but the extracorporeal circulation during hemodialysis may 
also be contributory. A general theme of the mechanisms by 
which extracorporeal circulation impairs cellular functions is 
the intradialytic activation of the humoral factors and the di-
rect activation of the cells in the blood, as a result of exposure 
to the dialysis membrane and dialysate constituents. As a con-
sequence of this intradialytic activation, pro-infl ammatory 
and procoagulatory mediators are generated and released, in-
cluding anaphylatoxins,11 kinins,180 reactive oxygen species,181

proteases,182,183 and cytokines,184 leading to tissue injury. In 
addition, leukocytes185 and platelets186 become deactivated 
and respond suboptimally to stimuli postdialysis. The intra-
dialytic activation of these cellular and noncellular elements 
has been used as an index of dialysis membrane biocompati-
bility assessments. Dialysis membranes that are more prone 
to activate blood constituents are called bioincompatible 
membranes. However, there is no consensus on the criteria by 
which dialysis membranes are classifi ed as biocompatible or 
bioincompatible.

Interactions between plasma proteins and dialysis mem-
brane surfaces are known to activate the complement,25 in-
trinsic coagulation, and fi brinolytic pathways.187 The magni-
tude of complement system activation, usually via the 
alternative pathway, is often substantial. Therefore, plasma 
levels of complement activation products, C3a and C5a, and 
their respective derivatives, C3adesArg and C5adesArg, are com-
monly used as markers of bioincompatibility. The potential 
acute effects of anaphylatoxins C3a and C5a in mediating 
dialysis syndromes have been discussed. The desArginine 
derivatives of anaphylatoxins lack anaphylactic properties, 
but still have leukocyte-directed properties capable of acti-
vating neutrophils and monocytes.26,188,189 The extent to 
which these complement fragments are in fact responsible for 
intradialytic leukocyte activation and postdialysis cell deacti-
vation is unclear.

Unsubstituted cellulosic membranes, which tend to be as-
sociated with the highest intradialytic levels of C3adesArg,190 are 
often classifi ed as bioincompatible. In contrast, substituted 
cellulosic membranes and synthetic membranes tend to be 
associated with lower plasma C3adesArg levels23,190 and are gen-
erally considered biocompatible. This schema is unfortunately 
too simplistic, because it ignores the other factors that deter-
mine plasma level of complement activation products (e.g., 
removal by transport into dialysate and adsorption onto the 
dialysis membrane) and other cellular and noncellular blood 
constituents that may be affected.

In addition to C5a, peripheral blood monocytes can be 
activated by other components of the extracorporeal circuit. 
Bacterial products, such as endotoxins, are well known to be 
potent stimulants of monocytes. The degree to which bacte-
rial product contaminants in the dialysate can exert their 
effects on cells in the blood compartment has been exten-
sively studied.35,36,191,192 Evidence suggests that, whereas the 
intact endotoxin molecules are too large to traverse the 
pores of the dialysis membrane, smaller fragments with 
molecular weights lower than 5 kDa that are also function-
ally active would not be restricted by high-fl ux mem-
branes.36,191 Thus, some investigators have advocated the use 
of ultrapure dialysate to minimize the potential transfer 
of bacterial fragments into the blood compartment.192

The actetate used in dialysate also activates monocytes,35

although this type of buffer is not commonly used in the 
United States nowadays. Regardless of the mechanisms of 
cell activation, the release of pro-infl ammatory cytokines 
from the monocytes can potentially induce multisystemic 
complications.

Repeated intradialytic activation of leukocytes and their 
subsequent deactivation may have subacute or long-term 
sequelae on dialysis patients. Thus, several reports have sug-
gested that mortality in patients receiving dialysis for either 
acute kidney injury193 or end-stage renal disease194 is infl u-
enced by the selection of dialysis membranes, although the 
results are not uniform. It must be noted that not only were 
the patient populations, dialysis prescriptions, and study 
designs different among the various studies, but the types of 
membranes compared were also highly heterogeneous, mak-
ing it diffi cult to conclude if any differences in the observed 
outcomes were due to differences in certain biocompatibility 
characteristics or differences in transport or adsorptive 
properties of the dialysis membranes. Nonetheless, the re-
sults of these studies in general suggest that substituted cel-
lulosic membranes and synthetic membranes are associated 
with better patient survival,194,195 compared to unsubstituted 
membranes.

Platelet Abnormalities
By removing urea and other nitrogenous compounds, such as 
guanidine succinic acid, hemodialysis improves platelet func-
tion. On the other hand, the hemodialysis procedure can also 
acutely predispose the patient to bleeding by several mecha-
nisms. The most obvious one is systemic heparinization. The 
techniques of regional anticoagulation were devised to avoid 
systemic anticoagulation. In the regional heparin tech-
nique,196 heparin is infused into the dialyzer arterial tubing, 
and the heparinization in the extracorporeal circuit is re-
versed by the infusion of protamine in the dialyzer venous 
tubing. In the regional citrate technique, citrate is infused 
into the arterial tubing, and the anticoagulation is reversed by 
the infusion of calcium in the venous tubing.197–200 Neither 
regional technique is widely used in the United States because 
they are quite cumbersome. Excessive protamine can para-
doxically function as an anticoagulant. Citrate infusion in-
volves large fl uid volumes and can cause metabolic alkalo-
sis,199 whereas inaccurate calcium titration induces hypercal-
cemia or hypocalcemia.199,200 Decreasing or eliminating the 
systemic heparin dosages, with periodic fl ushing of the bub-
ble trap using saline solution,13,14 is often suffi cient to avoid 
signifi cant systemic anticoagulation and clotting of the extra-
corporeal circuit.

Heparin-induced thrombocytopenia is often suspected in 
dialysis patients, although the prevalence is probably lower 
than the estimated fi gure of 4%.201 Transient thrombocytope-
nia may result from the interaction between blood and the 
dialysis membrane, with the nadir of the platelet count being 
lower than 100,000/�L observed at approximately 1 hour after 
starting hemodialysis.186 Impaired aggregation of platelets has 
also been observed in blood samples obtained after dialysis 
compared to predialysis samples, despite the removal of 
plasma uremic toxins during the treatment.186 This impair-
ment in aggregation is presumably due to intradialytic activa-
tion of the platelets by the dialysis membrane and consequent 
cell deactivation.
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PULMONARY COMPLICATIONS

Hypoxemia
Hypoxemia was common during hemodialysis before the 
1990s. The arterial oxygen tension usually drops by 5 to 
30 mm Hg during dialysis, reaching a nadir between 30 and 
60 minutes in some cases and persisting to the end of dialysis 
in others.202–204 In either case, the hypoxemia resolves within 
60 to 120 minutes after discontinuation of dialysis. The etiol-
ogy of hemodialysis-induced hypoxemia is probably twofold. 
First, during dialysis using unsubstituted cellulosic mem-
branes, complement activation and the associated peripheral 
leukopenia occur intensely during the initial 15 minutes. Ex-
periments in animals and limited data in patients showed that 
the peripheral leukopenia was due to the accumulation of 
leukocytes in the pulmonary arterioles, in essence resulting in 
diffuse leukocyte thromboembolism. This leukocyte-based 
pulmonary embolism causes a ventilation/perfusion mis-
match and complement-induced extravasation of vascular 
fl uids; both of these events result in impairment in gas diffu-
sion.203 This mechanism is responsible for the early and tran-
sient type of hypoxemia that can develop during the early 
stages of hemodialysis therapy regardless of the use of differ-
ent types of hemodialysis membranes.

The more signifi cant cause of dialysis-induced hypox-
emia is the loss of carbon dioxide into the dialysate when 
acetate-containing dialysate is employed.202 This leads to 
central hypoventilation and hypoxemia. This type of hypox-
emia tends to be more persistent during the hemodialysis 
session, especially in patients with slow metabolism of 
acetate, and can be prevented by the use of bicarbonate-
containing dialysate.205,206

In the modern era of hemodialysis, unsubstituted cellulosic 
membranes and acetate dialysate are not commonly em-
ployed. The most important cause of dialysis-associated hy-
poxemia nowadays is probably related to hypoventilation as a 
result of intentional or unintentional sedation or perhaps 
mild disequilibrium syndrome. Transient dialysis-associated 
hypoxemia is usually of no clinical signifi cance unless under-
lying cardiopulmonary diseases are present. Oxygen supple-
mentation should be provided as necessary.

METABOLIC DISTURBANCES

Potassium
The most important danger of potassium removal during 
hemodialysis is the genesis of cardiac arrhythmia. Potassium 
removal during hemodialysis does not conform to single-pool 
kinetics.207,208 The rate of removal of potassium from the ex-
tracellular space exceeds its rate of removal from the intracel-
lular space. The transfer of potassium from the intracellular to 
extracellular compartment occurs at a relatively slow rate and 
is modulated by many factors, including pH, insulin, catechol-
amines, and membrane-bound Na�/K�-ATPase. Serum po-
tassium levels rebound rapidly within 5 hours of completing 
dialysis and may be 30% higher than immediate postdialysis 
values.207,208 Therefore, potassium supplementation based 
solely on the immediate postdialysis values should be largely 
avoided.

The use of potassium modeling (changing dialysate potas-
sium concentration during treatment) and longer hemodialy-
sis sessions have been advocated to avoid severe rebound.208

The use of potassium-free dialysate is usually unnecessary and 
can induce arrhythmias.209 Even in the presence of severe hy-
perkalemia, for example, with a serum potassium of 8 mEq/L, 
dialysate potassium of 2 to 3 mEq/L would provide a steep 
gradient for potassium diffusion.210 The pace of hyperkalemia 
correction is also infl uenced by the simultaneous correction 
of metabolic acidosis during hemodialysis, which shifts potas-
sium into cells. Thus, the correction of hyperkalemia may 
occur faster than the scenario in which acidosis is absent. Al-
though a dialysate potassium concentration of 2 mEq/L is 
quite safe for most chronic dialysis patients, it should be tai-
lored to the specifi c patient’s need. A dialysate potassium 
concentration of 3 mEq/L may be necessary for patients with 
underlying cardiac arrhythmias or those receiving digitalis 
therapy.

Sodium
Both hyponatremia and hypernatremia can occur during he-
modialysis, depending on the sodium concentration in the 
dialysate employed. Dysnatremias resulting from technical er-
rors in the dialysate are discussed under “Intradialytic Hypo-
tension.” Although sodium concentrations usually do not 
equilibrate between the serum and dialysate compartments 
during a regular 4-hour hemodialysis session, prescribed di-
alysate sodium levels that are higher than 145 mEq/L will tend 
to increase serum sodium concentration and induce thirst 
during the interdialytic period. Low dialysate sodium concen-
trations promote hypotension by enhancing the shifting of 
serum water into the extravascular space to achieve osmolar 
equilibrium.211 In the presence of severe predialysis hyperna-
tremia or hyponatremia, extra precautions should be exer-
cised in the prescription of dialysate sodium concentrations to 
avoid rapid correction of the dysnatremic state and central 
nervous system symptoms.

Calcium, Phosphorus, and Magnesium
Similarly, hypercalcemia and hypocalcemia can also occur 
during hemodialysis, with or without technical errors. High 
dialysate calcium concentration (e.g., 3 mEq/L) allows the 
transfer of calcium to plasma and may promote vascular cal-
cifi cation. In contrast, low dialysate calcium (e.g., 2 mEq/L) 
often enhances calcium loss from the plasma, thereby impair-
ing myocardial contractility and inducing hyperparathyroid-
ism, unless supplemental calcium or vitamin D is provided. 
Very low dialysate calcium is sometimes used to remove body 
calcium for the treatment of hypercalcemia, tumoral calcino-
sis, calciphylaxis, or vascular calcifi cation.212 For these pur-
poses, dialysate calcium of 1 to 1.5 mEq/L can be used judi-
ciously,213 preferably with cardiac monitoring. The use of 
calcium-free dialysate is generally discouraged, except under 
extreme circumstances or experimental conditions, because of 
the high potential for cardiac arrhythmias.214 Correction of 
acidosis during dialysis can also decrease the plasma ionized 
calcium; this should be taken into consideration for patients 
with signifi cant predialysis acidemia.

All commercial dialysates are free of phosphorus. Hypo-
phosphatemia is not usually a concern in dialysis patients. In 
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patients with poor dietary intake, total parenteral nutrition 
supplementation without phosphorus, excessive phosphate-
binder administration, or intensive hemodialysis such as noc-
turnal dialysis215 can induce hypophosphatemia. If severe, 
hypophosphatemia can cause muscular weakness and respira-
tory arrest. Although dialysate enriched with phosphorus has 
been used,216 oral or intravenous phosphorus supplementa-
tion is simpler and usually suffi cient.

 Because commercial dialysates do not contain magnesium, 
hypomagnesemia can also develop with hemodialysis. Oral 
or intravenous magnesium supplementation can be used as 
indicated.

Dyslipidemia
Although a variety of lipid and lipoprotein abnormalities are 
observed in chronic dialysis patients,217 they are primarily the 
results of uremia rather than the hemodialysis procedure. 
Hypertriglyceridemia is a hallmark of chronic kidney disease 
and is a manifestation of the accumulation of triglyceride-
containing lipoprotein remnant particles. A decrease in plasma 
lipase activity, with consequent impairment in lipoprotein 
catabolism, appears to be an important mechanism by which 
these remnant particles accumulate in the plasma. The re-
peated administration of heparin for hemodialysis has been 
postulated to be a cause of lipase depletion.218,219 To what ex-
tent dialysis-associated heparinization actually contributes to 
the hypertriglyceridemia in dialysis patients is unclear.

The intradialytic activation of neutrophils by unsubsti-
tuted cellulosic membranes results in the release of reactive 
oxygen species and oxidation of proteins.220 Vitamin E coating 
of cellulosic membranes has been developed to provide anti-
oxidative properties.221 In spite of this potential sequence of 
events, the association of intradialytic release of reactive oxy-
gen species with atherosclerosis remains speculative.

Protein Catabolism
Hypoalbuminemia is a strong predictor of mortality in chronic 
dialysis patients. The etiology of this disorder is multifactorial, 
with chronic infl ammation and poor dietary intake likely to 
be the two major causes. The hemodialysis procedure may be 
contributory by several mechanisms. First, the loss of plasma 
amino acids into the dialysate has been well documented.222

The magnitude of this loss is substantial, regardless of the use 
of low-fl ux or high-fl ux dialyzers,223 because of the low mo-
lecular weights of these molecules. An average of 1.5 to 3 g223

are often lost per session of dialysis; that is equivalent to ap-
proximately 4% to 8% of the weekly dietary intake of amino 
acids in proteins. The loss of glucose into the dialysate would 
exacerbate the catabolic state, but commercial dialysates now-
adays usually contain 200 mg/dL of glucose, thus minimizing 
or eliminating the glucose loss. Second, plasma albumin can 
also be lost directly into the dialysate.38,223 Albumin has a mo-
lecular weight of 60 kDa and does not usually traverse even 
high-fl ux dialysis membranes. Large amounts of plasma pro-
tein loss—as high as 20 g in a single hemodialysis session—
have been reported during treatment using high-fl ux polysul-
fone dialyzers reprocessed with bleach.38 Presumably, the pore 
size increases as a result of the action of the bleach on the co-
polymer of the dialysis membrane. Subsequent changes in the 
fabrication of these membranes have apparently markedly 

diminished the permeability of the polysulfone membranes to 
albumin, even when bleach is included in the reprocessing.224

Finally, protein catabolism has been reported during sham 
hemodialysis using unsubstituted cellulosic membranes, ap-
parently mediated by the generation of prostaglandin E2 after 
interactions between blood and the dialysis membrane.225 Al-
though the transmembrane loss of amino acids and albumin 
and the protein catabolism induced by membrane bioincom-
patibility contribute to the hypoalbuminemia, it is unclear if 
hypoalbuminemia from these mechanisms carries the same 
prognostic value as hypoalbuminemia associated with uremic 
infl ammation or poor dietary intake.

Vitamins
Similar to most other hydrophilic small molecules, water-
soluble vitamins, including folate, ascorbate, and vitamin B, 
are readily diffusible through low-fl ux and high-fl ux dialysis 
membranes. Daily supplementation of these vitamins is there-
fore recommended. In contrast, the fat-soluble vitamins—
vitamins A, D, E, and K—are not dialyzable. Commercially 
available multivitamins specifi cally designed for dialysis 
patients usually contain 1 mg of folate, 1.5 mg of thiamine 
(vitamin B1), 1.2 mg of ribofl avin (vitamin B2), 10 mg of pan-
tothenic acid (vitamin B5), 10 mg of pyridoxine (vitamin B6), 
6 �g of cyanocobalamin (vitamin B12), and 300 �g of biotin. 
Vitamin B12 is of particular interest in hemodialysis because 
this molecule (13.5 kDa) had been commonly used as a mid-
dle-molecule marker.226 Although low-fl ux dialyzers are also 
permeable to vitamin B12, clearance of this molecule is higher 
with high-fl ux dialyzers. Vitamin doses higher than those that 
are necessary to replace dialytic losses are sometimes used for 
pharmacologic purposes. For example, high doses of folate 
and pyridoxine have been used to lower serum homocysteine 
levels, but did not improve survival and did not reduce vascu-
lar events in these patients.227,228

DIALYSATE CONTAMINATION

Dialysate contamination occurs when either the dialysate con-
centrates or the water supply is contaminated. Dialysate con-
centrates are stored in each dialysis facility. The “acid” dialysate 
concentrates (without bicarbonate) and the bicarbonate con-
centrates are usually mixed to produce the fi nal dialysate. Bicar-
bonate concentrates are particularly prone to bacterial growth. 
The chronic dialysis patient is exposed to 2000 to 3000 L of 
water in the dialysate during each month of therapy. The water 
in the dialysate is usually tap water from municipal sources, 
which has undergone purifi cation using reverse osmosis or 
carbon fi lter treatment before it reaches the dialysis machine. 
Although the majority of dialysis units use reverse osmosis, 
which has reduced the clinical occurrence of water contamina-
tion, serious accidents due to chemical contamination of dialy-
sis water can still occur.229 In addition, microbial contaminants 
can be detected in the water system, including bacteria and their 
cell wall degradation products, such as endotoxins and peptido-
glycans. Fungi, viruses, and protozoa may also be present in the 
dialysis water treatment system. Microbial contamination of the 
dialysate can lead to intradialytic pyrogenic reactions and hypo-
tension. Exposure to bacterial contaminants over a prolonged 
period potentially leads to the chronic infl ammatory state, 
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which initiates or aggravates dialysis-related amyloidosis, ath-
erosclerosis, and malnutrition.230

The Association for the Advancement of Medical Instru-
mentation’s (AAMI) Renal Disease and Detoxifi cation Com-
mittee in 2006 revised its standards for water treatment; the 
new standards include alternative and supplementary methods 
of removing toxic chloramines from water, because water sup-
ply quality and municipal water treatment practices vary sub-
stantially. The revised standards should be applied to the water 
used for the preparation of concentrates from dialysis powder, 
the preparation of bicarbonate solution, and the reprocessing of 
dialyzers for multiple uses. It covers all devices, piping, and fi t-
tings between the point at which potable water is delivered to 
the water treatment system and the point-of-use of the treated 
water. Disinfection must involve all the pipes in the distribution 
system of either water or dialysate solution and connectors to 
the dialysis machine to prevent the development of biofi lm, a 
layer of polymeric organic matrix in which bacteria and fungi 
can grow. Once developed, biofi lms are resistant to disinfecting 
techniques.231,232

Both AAMI as well as the European Pharmacopoeia have 
established standards for chemical and microbial quality. The 
AAMI recommends that tryptic soy agar at 37°C for 48 hours 
should be used for the detection of microbial contamination 
and endotoxin levels. The European Pharmacopoeia, however, 
does not make any prespecifi ed recommendations as to the 
type of medium to be used for such testing. The use of other 
specialized mediums, such as Reasoner’s agar and tryptone 
glucose extract agar, along with extended incubation for 5 to 
7 days at 20° to 25°C, are more sensitive techniques to detect 
contamination.233 AAMI recommends that microbial con-
tamination should not exceed the upper limit of 22 cfu (col-
ony forming units) per mL and endotoxin levels should not 
exceed 2 IU/mL. Bacterial growth of more than 50 cfu/mL and 
endotoxin concentration of more than 1 IU/mL should be 
followed by a corrective action plan that includes a new cycle 
of disinfection and retesting. The European Pharmacopoeia 
recommends that bacterial growth at any time should not 
exceed 100 cfu/mL and endotoxin level should remain less 
than 0.25 IU/mL.234,235 These standards for water treatment 
should be applied to chronic dialysis facilities, acute hospital 
dialysis units, and homes for patients undergoing home he-
modialysis therapy. During the past decade, several studies 
have demonstrated that more than 35% of water samples 
from different dialysis centers did not fulfi ll the expected stan-
dards specifi ed by AAMI.229,236 The medical directors of dialy-
sis units should participate in the quality assurance process for 
water treatment.192

Ultrapure dialysate is defi ned as a dialysate in which the 
microbial contamination is less than 0.1 cfu/mL and endotoxin 
level is less than 0.03 IU/mL.237 A relatively convenient method 
of achieving this level of water purity is by techniques of on-
line purifi cation of the dialysate.238,239 Only France has put 
forth a national directive regarding the use of on-line dialysate 
production and the achievement of ultrapure dialysate in di-
alysis units. The use of ultrapure dialysates has been reported 
to decrease peripheral blood cytokine production during dial-
ysis therapy,240,241 improve the chronic infl ammatory state and 
nutritional status,242–244 prevent the development of amyloido-
sis,245,246 decrease serum pentosidine levels (a marker of sys-
temic oxidation),246,247 decrease the dose requirement of eryth-
ropoietin,248,249 and preserve the residual kidney function.250

These reports notwithstanding, the effects of ultrapure water 
in the prevention of long-term dialysis complications remain 
controversial.251–254

HEPATITIS IN HEMODIALYSIS UNITS

Hepatitis C
Chronic dialysis patients are at risk for nosocomial infections 
due to regular exposure to extracorporeal circulation.255,256

The environment of dialysis facilities also directly increases 
the risk for person-to-person transmission of infectious agents 
and indirectly through the transmission to equipment and 
supplies.257 When the Centers for Disease Control and Preven-
tion investigated three different outbreaks of hepatitis C virus 
(HCV) infection in chronic hemodialysis centers, seroconver-
sions were found to be associated with (1) lack of disinfection 
of the dialysis machines between patient use, (2) sharing of 
multiple-dose medication vials, (3) use of common medica-
tion carts to prepare and distribute medications at patients’ 
station, (4) blood spills that were not cleaned up immediately, 
and (5) potential contamination by blood of the pressure-
sensing port of the machine, which is not easily accessible to 
routine disinfection. Multiple blood groups have been found 
in pressure transducers of the dialysis machine, which are 
most diffi cult to disinfect, suggesting cross-contamination by 
multiple patients.257,258 Blood transfusions and frequent surgi-
cal procedures for various indications, such as the placement 
and revision of dialysis vascular access, pose additional risks.

The prevalence of HCV infection among patients receiving 
dialysis varies between countries259 and between different 
centers within a given country, ranging from 3% to more than 
70%.260,261 The risk of HCV transmission to patients on main-
tenance dialysis has not been eliminated despite a signifi cant 
reduction in blood transfusion as a result of the availability of 
erythropoiesis-stimulating agents and the introduction of a 
blood-donor screening program for the detection of anti-
HCV antibodies. Among the risk factors associated with HCV 
seroconversion are the history of blood transfusion and num-
ber of years on dialysis. The prevalence increased from an av-
erage of 12% in patients with less than 5 years on dialysis to 
37% in those receiving dialysis for more than 5 years.

To prevent transmission of HCV and other blood-borne 
viruses from both recognized and unrecognized sources of 
infection, the hemodialysis staff requires training and educa-
tion, with strict adherence to infection control precautions. 
Patients who are anti-HCV positive or HCV RNA-positive do 
not need to be isolated from other patients or dialyzed sepa-
rately on dedicated machines. Such patients can even partici-
pate in dialyzer reuse programs, because reprocessing of such 
dialyzers does not appear to increase the risk for infection to 
either dialysis staff members or other dialysis patients.

Hepatitis G
Similar to HCV infection, hepatitis G virus (HGV) or GB-
virus type C (GBV-C) is a blood-borne virus, a member of 
the family Flaviviridae. HGV is distributed globally; nearly 
1.7% of volunteer blood donors are positive for HGV. 
An epidemiologic study demonstrated that among new cases 
of non-A, non-B hepatitis in the United States, 80% were 
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due to HCV infection and the other 20% were due to HGV 
infection.262 Also, among patients with HCV infection, 
more than 20% can have HGV-RNA present in the 
blood.263

The prevalence of HGV infection in hemodialysis patients 
has been reported to be variable among countries and in dif-
ferent regions within a country. HGV has been reported in 
20% of hemodialysis patients in the United States and Eu-
rope,264–267 less than 4% in the Japanese dialysis popula-
tion,268 58% of those in France,269,270 but in more than 55% 
of those in Indonesia.271 It is known that HGV follows the 
patterns of blood-borne transmission and that HGV viremia 
can persist for years. Whether HGV will cause liver damage or 
remains an innocent bystander in the long term is, however, 
unclear.263,272

PREGNANCY AND HEMODIALYSIS

Women of childbearing age seldom become pregnant while 
on chronic dialysis due to disturbances in the hypothalamic-
pituitary-ovarian axis and other associated psychological fac-
tors.273–275 The incidence of pregnancy, defi ned by a gestational 
age of 3 months or more, was only 0.3 per 100 patient-years 
over a period of 20 years even in women of reproductive age; 
the successful live birth rate is less than 60%.276 The risk of 
intrauterine growth retardation, polyhydramnios, and prema-
ture rupture of membranes is increased. Most living babies are 
born prematurely. The likelihood of a successful pregnancy is 
higher in patients with kidney transplants compared to pa-
tients on dialysis therapy. These differences are most likely due 
to the lesser degree of uremia in the transplant patient, al-
though complications of the hemodialysis procedure cannot 
be ruled out.

During pregnancy, it is recommended that the predialysis 
blood urea nitrogen be maintained at less than 50 mg/dL, 
which may require increasing the dose of dialysis ther-
apy.276,277 It is particularly important to frequently and 
carefully estimate and adjust the dry weight to minimize 
maternal hypotension and fetoplacental circulatory compro-
mise. The dry weight adjustments should take into consider-
ation that there is a 30% increase in plasma volume during 
pregnancy and almost a linear physiologic weight gain of 
approximately 1 pound per week after the fi rst 12 weeks of 
gestation. In addition, pregnant women on dialysis will need 
to maintain 1.8 g/kg/day of protein intake.278–280 The dialy-
sate bicarbonate concentration may need to be adjusted be-
cause pregnancy is associated with respiratory alkalosis.279,281

The dialysate calcium concentration and vitamin D supple-
ment should be reassessed to account for the placental 
production of 1,25-dihydroxyvitamin D3.279,281 The dose of 
folate supplement should be increased to 2 mg/day to ac-
count for the increased requirement during the pregnancy to 
prevent neural tube defects.280,282 In addition, the dose of 
erythropoeisis-stimulating agent needs to be increased to 
maintain hemoglobin levels at 10 to 11 g/dL as the demand 
for erythropoiesis increases with gestational age. Iron stores 
should be frequently monitored.276,277,283 Although defi nitive 
evidence is lacking, there appears to be an increased inci-
dence of congenital anomalies associated with the exposure 
to formaldehyde and ethylene oxide; thus, these agents 
should be avoided during the gestational period.
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In 2004, there were 335,963 patients on dialysis in the United 
States. Of these, 91.4% were on in-center hemodialysis, 0.6% on 
home hemodialysis, 3.2% on continuous ambulatory perito-
neal dialysis (CAPD), and 4.4% on automated peritoneal dialy-
sis (APD).1 There were 6686 incident peritoneal dialysis (PD) 
patients that year, 40% of whom had diabetes mellitus as their 
primary cause of end-stage renal disease, 31% of whom were 
older than age 65 years, and 59% of whom were male. Where 
PD is an accepted practice, in 2004 the reported percentages of 
dialysis patients on PD varied from lows of 3.6% in Japan and 
5.1% in Germany to 42.6% in New Zealand and a high of 
69.9% in Mexico, suggesting that there may not be medical 
reasons for the modality distribution between PD and hemodi-
alysis (HD) seen in the United States.1 It appears there are other, 
nonmedical reasons for modality distribution that are multifac-
torial in origin and include but are not limited to access to 
PD, physician comfort/expertise with the therapy, and govern-
ment reimbursement policies.2,3

Potential benefi ts of PD include simplicity of use, lower 
cost, relatively less restricted diet, easier availability to travel, 
and potential survival advantage for certain subgroups of pa-
tients compared to hemodialysis. The principal components of 
the therapy are rather simple and have been reviewed else-
where.4 As with hemodialysis, the dialysate and blood com-
partments in PD are separated by a semipermeable membrane, 
which serves as a selective barrier for the diffusive clearance of 
retained solutes and osmotic-driven removal of excess water 
from the peritoneal capillaries to the peritoneal dialysis fl uids. 

Unlike hemodialysis, in which the blood is brought to the di-
alysate so that the blood circuit and dialysis fl uids are extracor-
poreal, in PD, the dialysis fl uids are intraperitoneal and there-
fore sterile, and the blood supply is that of the peritoneal 
organs and abdominal wall. Peritoneal fl uid is instilled into the 
peritoneal cavity and allowed to “dwell” therein while diffusion 
and ultrafi ltration takes place. The fl uid is then drained at 
specifi ed intervals so new fl uid can be instilled and the pro-
cesses of diffusion and ultrafi ltration renewed. Patients can 
either do all these dialysis fl uid “exchanges” manually (i.e., 
CAPD) or one can use an automated device (i.e., APD) to assist 
in these exchanges while the patient sleeps.

To understand the nuances between these techniques and 
how to individualize a patient’s prescription, it is important to 
have a basic understanding of peritoneal physiology and the 
physics of peritoneal ultrafi ltration. This physiology and types 
of PD solutions available are briefl y reviewed in this chapter. 
As with any form of dialysis, it is important to have access to 
the blood system, so PD catheters are also reviewed.

COMPONENTS OF THE PERITONEAL 
DIALYSIS SYSTEM

Renal replacement therapies require three key components: 
(1) access to the bloodstream so that blood and dialysate 
compartments are separated by a semipermeable membrane, 
(2) dialysis solutions, and (3) the semipermeable membrane. 
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914 Maintenance Dialysis

In the case of PD, this semipermeable membrane is the peri-
toneal membrane itself and its associated vascular supply. 
Each of these components has some distinct differences from 
its counterpart in hemodialysis. First, the optimal chronic PD 
access must traverse both a sterile (intraperitoneal portion) 
and a nonsterile (extraperitoneal portion) environment as op-
posed to the sterile, subcutaneous placement of the optimal 
accesses in use for chronic hemodialysis (the subcutaneous 
fi stula or synthetic graft). The access is for delivery of the PD 
solutions in PD, whereas it is used to access the blood supply 
and establish an extracorporeal circuit in HD. Second, PD 
solutions must be sterile, easily stored, and easily transported 
to the patient’s home. Third, PD patients are “born” with their 
dialyzer membrane. However, just as with HD, PD patients 
have different membrane types (in terms of diffusion of small 
solutes). The physician must learn how to tailor the therapy 
for each patient’s peritoneal membrane type by adjusting 
dwell time and dialysis solutions.

CATHETERS

Catheter Design
The sole purpose of the PD catheter is to provide quick and 
easy access for the dialysis fl uids to the intraperitoneal space 
in a way that minimizes risk for bacterial or fungal contami-
nation and resultant infection.

Acute Use Catheters

Acute use PD catheters were a historical approach to access the 
peritoneum. Introduced by Westin and Roberts5 in 1965, they 
were straight, relatively rigid conduits about 3 mm in diameter 
and 25 to 30 mm in length that could be placed at the bedside. 
This catheter design was associated with a high risk for perito-
nitis, malfunction, and bowel perforation. Therefore, their use 
has largely been abandoned; if PD is contemplated for acute 
renal failure, even in an intensive care unit setting, the safer, 
more current chronic use catheter is recommended.

Chronic Use Catheters

Standard chronic indwelling peritoneal catheters are con-
structed of soft materials, such as silicone rubber or poly-
urethane. The most frequently used material is silicone 
rubber, a polymer of methylsilicate. It is relatively biocom-
patible and inert, has no leachable plasticizers, and is not 
traumatic to surrounding tissues. Polyurethane catheters 
have better wall strength and, therefore, can be manufac-
tured with a smaller catheter wall thickness, larger internal 
lumen, and increased fl ow rates with the same external di-
ameter catheter.6 However, cracking of the polyurethane 
catheter has been reported, especially after prolonged exit 
site care with polyethylene glycol, alcohol, or topical mupi-
rocin. This catheter material is therefore not likely to be 
reliable for long-term use.

Design Modifi cations

Historical chronic use PD catheters were a straight tube with 
multiple side holes at the intraperitoneal end for dispersion of 
PD fl uid. Straight PD catheters were associated with a high rate 
of pain on infl ow, external cuff extrusion, and catheter migra-
tion (often resulting in failure to drain). These complications 

led to design modifi cations to both the subcutaneous and in-
traperitoneal portions of the catheter. The intraperitoneal por-
tion of chronic use catheters usually contains many 1-mm side 
holes for passage of fl uids, but it may also have modifi cations 
to facilitate fl uid movement, alleviate symptoms associated 
with infl ow or drainage, decrease catheter migration, and pre-
vent trapping by omentum. These modifi cations include a 
curled tip, two perpendicular discs (Oreopoulos-Zellerman), 
and a column disc (Lifecath). Extraperitoneal modifi cations 
include various means of external fi xation and preformed an-
gles in the subcutaneous portion designed to prevent catheter 
infections, migrations, and dialysate leaks. Some of these are 
shown schematically in Figure 81-1.

Design modifi cations to the subcutaneous portion of 
the catheter include alterations in location and number of 
subcutaneous Dacron cuffs and the use of disc-bubble cuffs. 
Other alterations of the subcutaneous portion of the cathe-
ter include a pail-handle design (Cruz catheter), a 90-
 degree turn (Lifecath), and a fi xed bend, or swan neck in the 
catheter.7 Catheters with two cuffs allow the fi xation of both 
the deep preperitoneal and subcutaneous portions of the 
catheter. If the superfi cial subcutaneous cuff is infected, one 
can shave it off and the deep cuff still serves as an anchor. 
Swan neck catheters have two cuffs, but they also have a per-
manent bend in the subcutaneous portion of the catheter. 
This results in an arcuate tunnel that is convex upward so 
that both the internal (peritoneal) and external (skin) exits 
point downward. This is designed to decrease the likelihood 
of cuff extrusion and exit site infections. A description of the 
insertion technique has been reported elsewhere.8 These 
catheters are reported to have a longer 3-year survival prob-
ability, lower peritonitis rates, and fewer problems with cuff 
extrusion or catheter migration in small cohort studies; 
these studies, however, do not mention patient selection 
criteria, and that caveat must be remembered. A further 
modifi cation of this catheter type has the exit site in the 
presternal area.8 This modifi cation is based on the theory 
that presternal exit sites would be subject to less trauma and 
therefore less infection. Another advantage to the presternal 
exit location is that it allows patients to “immerse” in water 
(i.e., to use hot tubs and baths without immersing the exit 
site). Conventional wisdom suggests that obese patients 
should all have this type of catheter because it allows for bet-
ter exit site location and care.

Coiled-tip straight catheter

Coiled-tip
swan neck
catheter

Figure 81-1 Standard peritoneal dialysis catheters.
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Catheter Implantation Techniques

PD catheter implantation and postoperative care have a sig-
nifi cant infl uence on long-term catheter outcome. Sterile 
conditions are essential, and an experienced catheter insertion 
team is needed. A panel of experts has agreed on fi ve general 
standards for catheter placement: (1) the deep cuff should be 
in the anterior abdominal musculature; (2) the subcutaneous 
cuff should be near the skin surface and not less than 2 cm 
from the exit site to allow for drainage and provide a fi rm 
anchorage that prevents pistonlike movements of the cathe-
ter9; (3) the catheter exit should be positioned laterally; (4) the 
exit site should be directed downward or laterally; and (5) the 
intra-abdominal portion of the catheter should be placed be-
tween the visceral and parietal peritoneum and should not be 
placed in the middle of loops of bowel.10

The techniques for catheter insertion include the following. 
Surgical insertion of catheters (placement by dissection) is the 
most commonly used placement procedure in clinical practice 
today. After surgical dissection through the rectus muscle, the 
catheter is placed in the pelvis under direct visualization.11

Peritoneoscopic insertion, which allows direct visualization of 
the course of the catheter, has results similar to those seen with 
surgical insertion in experienced hands.12,13 Blind placement 
does not allow direct visualization of the catheter or perito-
neum. This procedure should not be used in markedly obese 
patients and in those who have had previous abdominal sur-
gery because of the higher risk of complications, such as bowel 
perforation, in patients with unsuspected adhesions. In the 
Moncrief-Popovich technique, at the time of implantation, the 
entire extraperitoneal portion of the catheter is placed subcu-
taneously, theoretically allowing the cuff to heal in a sterile 
environment and preventing any bacterial colonization. At a 
subsequent date (typically 4–6 weeks after implantation), the 
external portion of the catheter is exteriorized, and dialysis can 
be initiated immediately.14

Historical review of these techniques suggests that in 
appropriate patients, outcome does not depend on the 
technique used for implantation as much as on the person 
who inserts the catheter. The most important requirement 
may be to have a trained, knowledgeable, and dedicated 
catheter insertion team.10 A recent modification of these 
techniques, coined the advanced laproscopic insertion 
technique, which includes rectus sheath tunneling (to pre-
vent catheter tip migration), prophylactic omentopexy in 
appropriate patients (to prevent omental entrapment), se-
lective resection of epiploic appendages (to prevent cathe-
ter obstruction), and adhesiolysis to eliminate compart-
mentalization,15 has been reported to even further reduce 
complication rates. With this technique, reported risk of 
pericatheter dialysate leaks was 2% compared to published 
reports of 1% to 27%.16

Catheter Break-in
It is normal to fl ush the peritoneal cavity with between 500 
and 1500 mL of dialysis fl uid until clear immediately after 
placement. Heparin (500–1000 U/L) can be added in cases 
where fi brin is present. Optimally, PD should not be initiated 
until 10 to 14 days after catheter placement to allow wound 
healing and cuff maturation and to minimize the risk of leaks 
or infection. However, the PD catheter can be used immediately

after placement if clinically indicated. In these cases, low-
volume (if possible starting with as little as 500 mL/exchange, 
aiming for � 1500 mL/exchange), supine PD should be pre-
scribed. Often the patient has some residual renal function, so 
“full doses” of PD are not needed. Furthermore, the risk of 
leak and peritonitis during these urgent PD starts should be 
less than the risk of bacteremia from a tunneled HD catheter 
in experienced hands. Experience from using the Moncrief-
Popovich insertion technique suggests that the catheter does 
not need to be fl ushed during the postoperative period. Nev-
ertheless, some authors recommend periodic fl ushing; if done, 
a once-weekly approach seems reasonable. After catheter im-
plantation, the exit site should be covered by sterile gauze and 
a nonocclusive dressing. The dressing should not be changed 
for several days unless there is evidence of excessive bleeding. 
To ensure optimal tissue healing during this period, the cath-
eter should be immobilized to prevent trauma to the exit 
site.17 Sutures at the exit site should be avoided. During this 
time, patients should avoid submerging the exit site in water. 
Once the catheter exit site has “matured,” daily exit site care 
is initiated. This includes cleansing agents and prophylactic 
antibiotics.

Catheter Survival
Transfer from PD to HD is often precipitated by catheter-
related problems; in a recent review of cohorts that started 
dialysis in 2000, 2001, 2002, and 2003, catheter-related 
problems were responsible for 17% of transfers.18 Transfer 
is usually due to an issue related to catheter infection, but 
occasionally due to catheter migration or dialysate leaks. 
Early CAPD registry data (based on patients who were un-
dergoing dialysis between January 1981 and August 1987) 
showed that the cumulative probability of a CAPD patient’s 
experiencing at least one catheter replacement was 32% at 2 
years and 42% at 3 years.19 These data were collected before 
widespread use of swan neck type catheters, which have 
improved catheter survival, and laparoscopic insertion tech-
niques. Catheter survival has been shown to correlate with 
the patient’s weight, and weight at initiation of dialysis was 
predictive of catheter loss due to infectious complications.20

Outcomes of 213 curled catheters placed either surgically or 
percutaneously (63%) were analyzed over a 4-year period.21

Actuarial catheter survival was 61% at 3 years and did not 
differ with the implantation technique used. Kaplan-Meier 
survival of 138 surgically placed straight double-cuff cath-
eters at one center was 87%, 69%, and 65%, at 1, 2, and 3 
years, respectively.22 Others23 report a 90% 3-year survival 
with swan neck catheters versus 80% with the straight PD 
catheter. Using the advanced laparoscopic placement ap-
proach, the initial catheter success rate was 99%.16 Once 
placed, catheters usually function well although occasion-
ally there is failure to fi ll or drain due to malposition, kink-
ing, or omental wrapping. This can be treated surgically or 
with laparoscopic intervention.24,25

Indications for Catheter Removal
Indications for catheter removal include malfunction, re-
lapsing or recurrent peritonitis, peritonitis that fails to re-
solve, chronic exit site or tunnel infection, fungal peritonitis, 
Pseudomonas-related peritonitis that is slow to respond to 
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therapy, perforated viscus, multiorganism-related peritoni-
tis, recovery of kidney function, and permanent transfer to 
hemodialysis.26

DIALYSIS SOLUTIONS

The history of PD fl uid development and currently available 
PD solutions has been reviewed elsewhere.4 Typical perito-
neal dialysis fl uid solute concentrations are found in Table 
81-1. These solutions have historically used lactate as the buf-
fer (although bicarbonate-based solutions are now approved), 
are sterile, are easily shipped, and come in various volumes 
(such as 1.5-, 2-, 2.5-, and 3-L volumes for manual or auto-
mated exchanges and 5- and 6-L bags for automated ex-
changes). The typical osmotic agent is glucose-based (al-
though others are available), and the ultrafi ltration profi le is 
varied by choice of osmotic agent instilled and the percent 
glucose concentration for glucose-containing solutions. Peri-
toneal dialysis solutions have an unphysiologic pH, a high 
osmolality, use lactate for the buffer, and contain aldehydes or 
glucose degradation products (GDPs) that form during the 
sterilization process or during storage. These GDPs can be 
absorbed and may cause local and systemic infl ammation. 
Recent development and modifi cation of these fl uids has 
made them more biocompatible (lower GDP content, more 
physiological pH), with a more sustained ultrafi ltration pro-
fi le (polyglucose-icodextrin-containing solutions).

Electrolytes
Sodium

Sodium (Na�) has been added to the dialysate in concentra-
tions ranging from 120 to 140 mEq/L. The lower the dialysate 
sodium, the greater the potential for diffusion-related sodium 
removal.

Early during a dwell with glucose-containing fl uids and 
crystalloid-induced ultrafi ltration, some water is transported 
from the blood to the dialysate compartments via aquaporin 
channels, which allow for movement of water only and do not 

allow for the passage of any solutes, such as Na�. This portion 
of the ultrafi ltrate volume is sodium free or, in other words, 
free water. The physiologic phenomenon is called sodium siev-
ing. As a result, early during a dextrose dwell, dialysate sodium 
decreases. This decrease is most pronounced in patients who 
are slow transporters and when hypertonic dialysis fl uids are 
used. The clinical consequence is that, after multiple rapid 
exchanges with hypertonic glucose, systemic hypernatremia 
can occur.27 During long dwells, after transcellular water 
movement ceases, sodium is transported from the blood to 
the dialysate and dialysate sodium concentrations are eventu-
ally equilibrated.

Potassium

Potassium (K�) is not typically added to PD dialysis fl uids. 
During a dwell, dialysate K� approaches equilibrium with that 
of plasma. Therefore, if one were to do four 2-L exchanges of 
dialysate a day with an ultrafi ltrate volume of an additional 
2 L using dialysis fl uid with no added K�, the patient would 
tend to lose approximately 35 to 40 mEq/day in the dialysate 
while maintaining a serum K� concentration of approxi-
mately 4 mEq/L.28 Net ultrafi ltration increases K� removal. 
However, as with Na�, ultrafi ltrate concentrations are less 
than that in serum because of potassium sieving across trans-
cellular aquaporins. With rapid cycling, K� losses are aug-
mented, but maximal rates are approximately 8 mEq/hr.29 If 
needed, K� removal can be slowed by adding K� to the dialy-
sate. As a result of this daily removal of K�, most PD patients 
do not need a potassium-restricted diet.

Calcium

It is now recognized that the calcium (Ca2�) concentration of 
PD fl uids needs to be tailored to different clinical situa-
tions.30,31 During the late 1970s and early 1980s, the standard 
of care was to use calcium- or aluminum-containing binders 
along with dietary phosphate restriction to control serum 
phosphate levels. It was also common practice to treat the 
tendency for hypocalcemia by using a relatively high dialysate 
Ca2� concentration (3.5 mEq/L) that would facilitate mass 
transfer of Ca2� from the dialysis fl uids to the blood. When 
calcium salts are used as the phosphate binder in patients 
also using dialysis fl uids containing Ca2� concentrations 
of 3.5 mEq/L, hypercalcemia (in 35%–56% of patients) 
and metastatic calcifi cation have been frequent complica-
tions.32–36 Because of these complications, dialysis fl uids were 
developed with a lower, more nearly physiologic Ca2� con-
centration (2.5 mEq/L).37,38 Clinical trials have shown 
that use of dialysis fl uids with a lower Ca2� concentration 
(2.5 mEq/L) is associated with a net Ca2� fl ux from the blood 
to the dialysate under most physiological conditions.39,40

However, there is a risk of net Ca2� loss in some patients, 
resulting in negative Ca2� balance and an increase in parathy-
roid hormone levels.40,41 Estimated Ca2� loss with 2.5 mEq/L 
Ca2� solutions is approximately 100 mg/dL of ultrafi ltrate or 
45 g/year of Ca2� (�3%–4% of total bone mineral content 
per year). As has been noted for Na� and K�, the greater the 
ultrafi ltration volume, the greater the potential dialysate cal-
cium loss. Although individualization is needed, it seems 
reasonable to use low-calcium fl uids as the standard perito-
neal dialysis solution for most patients. This allows the use of 
higher doses of Ca2�-containing oral phosphate binders with 

Table 81-1 Typical Peritoneal Dialysis Fluids

Components Dextrose Fluid Icodextrin Fluid

Dextrose (g/dL) 1.5, 2.5, 4.25 —

Icodextrin (g/dL) — 7.5

Sodium (mEq/L) 132.0 132.0

Chloride (mEq/L) 96.0 96.0

Calcium (mEq/L) 3.5/2.5 3.5

Magnesium (mEq/L) 0.5 0.5

Lactate (mEq/L) 40.0 40.0

Osmolality (mOsm/kg) 346–485 282

pH 5.2 5.2
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a lower risk of hypercalcemia or a progressive positive Ca2�

balance.

Buffers
Most PD fl uids have a racemic mixture of both d- and l-lactate 
as the buffer. The normal physiologic form of lactic acid is the 
l-form,42 and the normal blood level of this isomer is about 
300 times that of the d-form.43 Nolph and coworkers44 have 
shown that despite the high concentration of both isomers in 
standard dialysis preparations (35–40 mmol/L), even with 
rapid cycling such as with tidal peritoneal dialysis (TPD), 
d-lactate levels are only minimally elevated. One signifi cant 
drawback of lactate-based solutions is that the fl uids have an 
unphysiologically low pH. This may impair cellular functions 
of resident peritoneal cells and cause pain on infl ow in some 
patients. This pain can be mitigated by using TPD therapies, 
using bicarbonate-based solutions when available, or adding 
NaHCO3 to the dialysate.

A bicarbonate-based buffer system would be preferable for 
dialysis fl uids, but if stored in a single chamber precipitation 
of Ca2� and Mg2� carbonates would occur. Furthermore, a 
low pH is favored when heat-sterilizing glucose-containing 
fl uids to prevent formation of aldehydes (i.e., GDPs) during 
sterilization and storage.45 Use of a two-chamber bag, in 
which the two solutions are combined at the time of use, has 
been shown to be a safe and easy way to minimize GDP expo-
sure and pain on infl ow.46,47 Long-term studies using a lactate/
bicarbonate mixture (15 mmol/25 mmol/L) have been well 
tolerated; when compared with standard solutions, there was 
no difference in serum HCO3

� levels at baseline and at the 
end of the study.48

Osmotic Agents
Glucose

Standard dialysis solutions have historically used glucose or 
its hydrated form, dextrose, as a crystalloid osmotic agent. 
These fl uids have been shown to be safe, effective, readily 
metabolized, and inexpensive. However, glucose is not an 
“ideal” osmotic agent because of the following properties or 
effects: rapid absorption; potential for metabolic derange-
ments, such as hyperglycemia, hyperinsulinemia,49 hyperlip-
idemia,50 and obesity51; necessity for an acidic dialysate pH 
to prevent formation of GDPs; and the potential nonenzy-
matic glycosylation of peritoneal tissue, especially during 
periods of mesothelial cell loss.52 Because of these theoretical 
and potential downsides to glucose-containing fl uids, other 
osmotic agents (i.e., polyglucose and amino acids) are also 
used in clinical practice. Glucose is a relatively small mole-
cule; as such, it is readily absorbed from the peritoneal cavity 
by diffusion. Once the osmotic gradient is dissipated, trans-
capillary ultrafi ltration ceases and lymphatic absorption of 
fl uid predominates. The rate of absorption of glucose varies 
based on transport type, and in many patients who use a low 
glucose concentration (1.36% glucose � 1.5% dextrose) so-
lution, the osmotic gradient for ultrafi ltration is dissipated 
by 4 to 6 hours of dwell time. To augment the ultrafi ltration 
volume or duration of the ultrafi ltration profi le, higher in-
stilled concentrations of glucose can be used or alternative 

osmotic agents, such as the macromolecule icodextrin, which 
is slowly absorbed from the peritoneal cavity, can be used for 
the long dwell.

Amino Acids

There is an obligatory daily loss of protein (4–15 g/day) and 
amino acids (3–4 g/day) into the peritoneal effl uent.53 Amino 
acid-containing fl uids could therefore potentially replace 
those lost amino acids54 and provide a caloric source that 
would be protein-based without the concomitant phosphorus 
load associated with oral protein sources.55 Possible complica-
tions include the development of metabolic acidosis and in-
creased levels of serum urea nitrogen, at times necessitating an 
increased dialysis dose. Most,56,57 but not all,58 studies have 
shown a benefi t in nutritional parameters with amino acid-
containing solutions over the short term. A long-term obser-
vational study using 1.1% amino acid solutions in malnour-
ished Korean patients showed a signifi cant improvement in 
lean body mass (72% of patients) and hand grip strength but 
no change in serum albumin.59 Despite data that show that 
daily absorption of amino acids exceeds daily protein losses 
and that short-term balance studies suggest a benefi t,54 the 
long-term usefulness of intraperitoneal amino acids has been 
controversial. Ultrafi ltration rates for 1.1% amino acids are 
similar to those using 1.5% dextrose solutions. An emerging 
approach to prescribing PD is to use a glucose-sparing PD 
prescription (i.e., one that minimizes glucose exposure by 
substituting amino acids, minimizing hypertonic glucose so-
lutions, and using icodextrin for ultrafi ltration during the 
long dwells).60

Icodextrin

Traditionally, ultrafi ltration in PD is due to crystalloid osmotic 
differences between solutions, but colloid osmosis is also pos-
sible. In this situation, the direction of the osmotic force is 
determined by the differences in the number of macromole-
cules in one solution versus the other, even if both are of 
similar osmolality. In this case the solvent (water) will move to 
the solution with the larger number of macromolecules.61

Polymers of glucose (polyglucose or icodextrin) can be used 
to induce colloid-induced ultrafi ltration and are currently in 
clinical use, because there is potentially more sodium and 
middle molecule removal than seen with some glucose dwells 
with similar ultrafi ltration volumes.62 Another difference is 
that ultrafi ltration with glucose is rapid and occurs early in the 
dwell (due to large crystalloid osmotic gradient), decreasing 
over time as glucose is absorbed, whereas with polyglucose, 
ultrafi ltration is slow but sustained throughout long dwells (up 
to 16 hours) (see Table 81-1). Furthermore, because removal 
from the peritoneal cavity is by lymphatic absorption and not 
by diffusion, the rate of absorption is not infl uenced by perito-
neal transport type, as is the absorption rate of glucose by dif-
fusion. There is a growing indication for polyglucose for the 
long dwell (nighttime, CAPD; daytime, CCPD) to avoid exces-
sive glucose accumulation and to achieve sustained ultrafi ltra-
tion without hypertonic glucose. The safety of icodextrin use 
has been established. Complications include skin rash, which is 
about twice as likely as with glucose-containing fl uids. Al-
though an exfoliative reaction is occasionally seen, there has 
never been a reported case of Stevens-Johnson syndrome. Ster-
ile peritonitis has been described, and usually resolves with 
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discontinuation of the product.63,64 The sterile peritonitis was 
due to an unrecognized peptidoglycan found in some batches 
of polyglucose that were used in Europe. This has now been 
identifi ed and the production process revised. There have been 
no recent documented cases of this complication. Another 
complication is interference with certain fi ngerstick glucose 
estimations (tests that use the dehydrogenase pyrroloquinoline 
quinone reaction but not those that use glucose oxidation or 
hexokinase testing) by maltose and or other icodextrin me-
tabolites.65 Icodextrin and its metabolites may directly interfere 
with serum amylase determinations, slightly lowering values, 
suggesting that to make the diagnosis of pancreatitis, one may 
need to rely more on computed tomography or magnetic reso-
nance imaging or serum lipase levels than serum amylase levels 
alone.66

BIOCOMPATIBILITY

The peritoneal cavity is exposed to new dialysis fl uids multiple 
times a day. These fl uids are potentially bioincompatible. They 
can exert biological and chemical effects locally on the perito-
neal membrane, mesothelial cells, and resident leukocytes, 
macrophages, and fi broblasts and systemically to the absorp-
tion of GDPs and glucose itself. Despite these alterations, 
patients have done well on PD, at times for as long as 20 years. 
Nevertheless, the concept of biocompatibility is the subject of 
extensive research. Peritoneal biopsies in patients on long-
term PD tend to show ultrastructual changes (e.g., glycosyl-
ation of capillary proteins, angioneogenesis, and fi brosis), 
possibly related to the dialysis solutions themselves.52 Over 
time these morphologic alterations seem to be associated with 
clinically relevant changes in peritoneal transport and ultrafi l-
tration abilities.67 Occasionally these changes are associated 
with the development of a debilitating, sclerosing process 
within the peritoneum. There is concern that this may be due 
in part to accumulation of advanced glycation end products 
within the peritoneal membrane structures, precipitation of 
a local infl ammatory state, and alteration of resident cell 
function.60,68 Preliminary studies suggest that low-GDP solu-
tions may result in better preserved markers of mesothelial 
cell function at 1 year of use69 and, in an observational 
cohort study, a superior technique and patient survival.70

These studies have minor fl aws; further long-term data are 
needed to show that use of these biocompatible solutions will 
in fact impact positively on patient survival.

CLINICAL USES OF CHRONIC 
PERITONEAL DIALYSIS

Clinical Observations of Peritoneal 
Membrane Function
During a typical peritoneal dialysis dwell, the peritoneal ef-
fl uent drain volume and the concentration of solutes in that 
drain volume will vary from patient to patient. These differ-
ences depend on the individual patients’ peritoneal mem-
brane transport characteristics, the infused volume/exchange, 
the concentration and type of osmotic agent used, rates of 
lymphatic absorption of fl uid, and the dwell time/exchange.71

Knowledge of individual peritoneal membrane transport 
characteristics can help effi ciently optimize solute and fl uid 
removal.72

Multiple tests measure peritoneal membrane transport 
characteristics; these tests are designed to defi ne or classify an 
individual patients’ rate of solute diffusion and potential 
fl uid removal. They do not quantify the actual amount of 
solute or volume of fl uid removed. To perform the test, a 
patient must bring in a 24-hour collection of dialysate effl u-
ent and residual renal volume, which is analyzed for solute 
clearance. Once an individual patient’s peritoneal membrane 
transport characteristics are defi ned, such data can be used 
to guide prescription management and predict what the de-
livered solute removal will be with a certain prescription. 
Multiple tests have been developed to evaluate various as-
pects of peritoneal membrane function (Table 81-2). No 
prospective randomized trials have been designed to deter-
mine which test is best for prescription management. Each 
test has its strengths and weaknesses; all are useful. These 
have been recently reviewed.67

In the United States, peritoneal membrane transport/func-
tion is typically assessed by the peritoneal equilibration test 
(PET).71 This test, based on observations of peritoneal trans-
port,34,73 is a standardized method used to categorize patients 
into one of four transport categories using the dialysate-

Table 81-2 Standardized Tests for Evaluating Peritoneal Membrane Transport/Function

METHOD OF PERITONEAL FUNCTION 
TESTING

Aspect of Peritoneal Function PET SPA PDC

Small solute transport D/P creatinine MTAC creatinine Area permeability

Ultrafi ltration capacity Drain volume Drain volume Estimated ultrafi ltration 
coeffi cient

Ultrafi ltration via water channels — D/P sodium Model for sodium channel

Fluid absorption — Dextran 70 Derived

Permeability to macromolecules — Restriction coeffi cients Large-pore fl ow

D/P, dialysate-to-plasma ratio; MTAC, mass transfer area coeffi cient; PDC, personal dialysis capacity; PET, peritoneal 
equilibration test; SPA, standard permeability analysis.
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to-plasma ratio of creatinine (D/P Cr) at 4 hours: high (D/P 
Cr ratio � 0.81), high average (D/P Cr ratio 0.81–0.65), low-
average (D/P Cr ratio 0.65–0.50), or low (D/P Cr ratio 
� 0.50). After an overnight dwell the PET is performed, in-
stilling 2 L of 2.5% dextrose dialysis fl uid, allowing the dialy-
sate to dwell for 4 hours. Dialysate urea, creatinine, glucose, 
and Na� concentrations are measured at time 0 and after 
2 and 4 hours of dwell time. Serum values are determined af-
ter 2 hours. In addition, 4-hour drain volume is also obtained. 
For each for these dwell times, D/P ratios for both urea and 
creatinine are obtained. The ratios of glucose at time of drain 
to the initial dialysis fl uid glucose (D/Do) are also obtained. 
On the basis of published data, the membrane type can be 
identifi ed and prescriptions optimized. Several large retro-
spective studies have shown that most patients are either high-
average or low-average transporters.34,74

A modifi cation of the original PET using 1.36% glucose/1.5% 
dextrose and dextran 70, called the standard peritoneal perme-
ability analysis was developed to better evaluate mass transfer 
area coeffi cients of small and middle molecular weight solutes 
and to better determine residual volume and ultrafi ltration ki-
netics.75 The 1.36% glucose/1.5% dextrose solutions were cho-
sen so that there would be less of an osmotic gradient for ultra-
fi ltration and therefore one would be better able to determine 
the true diffusive (i.e., mass transfer area coeffi cients) character-
istics of the membrane under a situation in which there would 
be less ultrafi ltration and its associated convective removal of 
solutes. This was subsequently modifi ed; 3.86% glucose/4.25% 
dextrose solutions were substituted to maximize crystalloid 
osmotic ultrafi ltration and optimize one’s ability to evaluate 
pathologic variations in ultrafi ltration capacity.76 This modifi -
cation allows one to evaluate aquaporin-mediated water trans-
port and the sodium versus water removal characteristics of 
peritoneal transport. The International Society for Peritoneal 
Dialysis has recommended that a modifi ed PET (3.86% glu-
cose/4.25% dextrose) dwell be used to optimally evaluate pa-
tients with ultrafi ltration failure.18 Most centers use the stan-
dardized PET as the baseline test to characterize peritoneal 
membrane transport. The 1.36% glucose/1.5% dextrose PET 
and 3.86% glucose/4.25% dextrose PET were compared and no 
clinical differences between D/P ratios for small solutes such as 
creatinine were found.77,78 These data suggest that in common 
clinical practice, one could compare D/P ratios for small solute 
transport between tests. If ultrafi ltration failure is suspected the 
3.86% glucose/4.25% dextrose PET would be most useful even 
if a 2.27% glucose/2.5% PET was done at baseline.

The initial instillation of dialysate into the peritoneal cavity 
and the initiation of peritoneal dialysis is associated with mild 
changes in local cytokine production, peritoneal vascularity, and 
blood fl ow.79 Therefore, it is recommended that the “baseline” 
peritoneal membrane transport study be obtained after the fi rst 
4 to 8 weeks of dialysis.80 During training one could “estimate” 
peritoneal membrane transport rate by measuring the drain 
volume from a 4-hour dwell of 2.5% dextrose and comparing 
expected D/P Cr ratios to the patient’s observed drain volume.

In general, peritoneal transport is stable over time.81 How-
ever, small cohort studies suggest that in some patients perito-
neal transport changes.67 Impaired ultrafi ltration is the most 
common clinically noted abnormality. The prevalence of this 
change depends on dialysis vintage. One review using a clinical 
defi nition for ultrafi ltration failure (i.e., need for hypertonic 
exchanges) suggested that it was present in 3% of patients at 

1 year and in 31% after 6 years.82 In another cross-sectional 
study of patients on PD a median of 19 months (range, 
0.3–178 mo) and using a laboratory defi nition of ultrafi ltra-
tion failure (�400 mL after a 4-hour dwell with 4.25% dex-
trose) impaired ultrafi ltration was noted in 23% of patients.76

The reasons for these changes are unclear. It is thought that 
continued exposure to nonphysiologic glucose-containing 
peritoneal dialysis solutions increases the vascularity and thus 
the “effective” surface area available for transport. Indirect evi-
dence in support of this hypothesis is the observation that in-
creased use of hypertonic glucose solutions preceded the 
change (increase) in peritoneal transport.83 In the subgroup in 
whom there was no clinical need for increased use of hyper-
tonic glucose exchanges, peritoneal transport tended not to 
change.84 As a result of the observed stability of peritoneal 
transport over time in most patients, one does not need to 
routinely document peritoneal membrane transport charac-
teristics over time with routine laboratory measurement (peri-
toneal membrane transport testing). However, one should 
obtain a baseline test to characterize peritoneal transport and 
then repeat the transport test whenever clinically indicated 
(such as in patients with unexplained volume overload, 
decreasing solute removal, or drain volumes).

Choice of Dialysis Modality
Most patients with end-stage renal disease have no contra-
indication to PD or HD. The patient should be encouraged 
to learn about dialysis modality choices after a discussion 
with the physician regarding any potential indications or 
contraindications to either PD or HD. Potential indications 
for peritoneal dialysis include patients who have problem-
atic vascular access or who prefer home dialysis but cannot 
perform home hemodialysis due to a lack of a partner or 
suitable home environment. Absolute contraindications to 
peritoneal dialysis include extensive abdominal adhesions 
that limit dialysate fl ow or peritoneal surface area; bladder 
extrophy, gastroschisis or omphalocele and active infl am-
matory bowel disease because of possible increased infec-
tion risk; and physical or mental incapacity to perform 
peritoneal dialysis. Relative contraindications to peritoneal 
dialysis include a documented loss of peritoneal function 
noted during prior use of PD (this may have resolved after 
a period of peritoneal resting) and patients with recurrent 
diverticulitis, those with a history of ischemic bowel disease 
or infl ammatory bowel disease, active abdominal wall or 
skin infections, and those with ostomies (urinary or bowel) 
because of increased infection risk. Despite the infection 
risk, PD can be used in patients with ostomies or feeding 
tubes when clinically indicated, as long as these have been in 
place for at least 2 months to allow healing at that site to 
minimize risk of leak.

Obese patients can do well on PD; however, some may not 
be able to achieve minimal Kt/V goals once anuric, especially 
low transporters unwilling to do a midday exchange. However, 
at the start of renal replacement therapy, obese patients often 
have signifi cant residual kidney function and do not need a 
“full dose” of PD to achieve the minimal delivered total Kt/V 
goal. In addition, catheter placement is more challenging in 
the morbidly obese. Presternal catheters have been advocated 
to minimize risk of exit-site infections and make daily catheter 
care easier.
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Peritoneal Dialysis Modalities
All PD therapies are based on the same physiologic principles: 
allow PD fl uid to dwell intraperitoneally so that diffusion of 
solutes from blood to dialysis fl uids, ultrafi ltration (and con-
vective solute removal), and absorption of wanted solutes 
from dialysis fl uids can occur. These fl uids are then drained 
and replaced at specifi ed intervals to achieve therapeutic goals. 
Conventional wisdom suggested that patients classifi ed as 
rapid transporters on PET testing would do best with shorter 
dwell therapies (i.e., APD, using a cycler); in contrast low 
transporters would do best with longer dwell therapies (i.e., 
dwells that are equally spaced out during the day; CAPD). It is 
now recognized that almost any patient can use either PD 
therapy at their start of renal replacement therapy; most can 
still do either once anuric, as long as they are willing to do a 
midday exchange. For convenience, most patients use a form 
of APD, and the percentage of patients starting on APD has 
been increasing yearly.1

Continuous Ambulatory Peritoneal Dialysis

Since the original description of CAPD in the 1970s,85 there 
have been few changes in the basic therapy. Most patients do 
four manual exchanges per day—three daytime exchanges of 
about 5 hours each and one overnight exchange of about 8 or 
9 hours. With this type of prescription, one is usually able to 
achieve adequate daily small-solute clearances due to the con-
tinuous nature of the therapy. By adjusting the dwell volumes 
appropriately or by adding a fourth daytime dwell (see Typical 
Modifi cations of the Dialysis Prescription in this chapter), 
most CAPD patients can achieve an adequate dose of dialysis.

Automated Peritoneal Dialysis or Cycler Peritoneal 
Dialysis

The technology for APD, prompted by our better understand-
ing of peritoneal physiology, technology development, and at-
tempts to make the therapy more user friendly for the patient, 
has evolved. The cyclers themselves are smaller and allow the 
patient to choose more options regarding fi ll volume, residual 
volume, and frequency of exchanges. Additionally, they have 
been altered so that we do not have to rely on gravity for fi lls 
and drain. Newer cyclers can interface with the dialysis unit via 
the internet so that prescriptions can be changed and informa-
tion about patient usage and troubleshooting can be done at 
a distance. A typical patient is connected to the cycler for 8 to 
10 hours overnight (dwell time usually depends on amount of 
time the patient would typically sleep).86

If dialysis is only done during the nighttime and the patients 
have a dry peritoneum during the day (dry day), this form of APD 
is called nightly intermittent peritoneal dialysis (NIPD). Most pa-
tients will also carry dialysate in the peritoneum for part or all of 
the day; these patients are considered to have a wet day; alterna-
tively, they are described as performing continuous cycling perito-
neal dialysis (CCPD). Patients on CCPD will typically program the 
cycler machine to perform a last bag fi ll; that is, the machine will 
deliver a dialysate exchange at the end of the nighttime cycler di-
alysis. The patient will disconnect from the cycler with a full abdo-
men and carry this fl uid for part or all of the day. In some cases, the 
patient will perform one or more manual exchanges during the day 
in addition to the last bag fi ll exchange. These additional exchanges 
are usually performed so that the patient can receive an adequate 
dose of dialysis (see adequacy of dialysis, below).

Tidal Peritoneal Dialysis

With TPD, after the initial fi ll, only a portion of the dialysate is 
drained from the peritoneal cavity, leaving a residual volume, 
which is then supplemented by the repeated instillation of small 
tidal volumes of dialysis fl uids with the use of an automated cy-
cler.87 The procedure is usually performed nightly. Variables to be 
chosen include reserve volume, tidal outfl ow volume, tidal re-
placement volume, fl ow rates, and frequency of the exchanges. 
Theoretically, maintaining an intraperitoneal reservoir by not at-
tempting to completely drain the peritoneal cavity after each dwell 
results in more continuous contact of the dialysate with the peri-
toneal membrane. In addition, the more rapid cycling may in-
crease mixing and prevent formation of stagnant fl uid fi lms 
within the abdomen. In most,88,89 but not all studies,90 however, 
the use of TPD did not result in an increase in urea or creatinine 
clearances compared to cycler peritoneal dialysis. The differences 
in results among these studies are likely due to differences in the 
cycler PD and TPD prescriptions chosen for analysis. Little evi-
dence suggests that TPD can provide clearances superior to those 
provided by cycler dialysis. It appears that TPD can decrease ab-
dominal discomfort during infl ow and outfl ow due to the con-
tinual presence of some dialysate in the peritoneal cavity during 
the cycling procedure.91 A major disadvantage of TPD is the cost 
of the large volume of fl uids needed. A recent review of published 
studies on TPD92 suggested that there does not appear to be the 
consistent enhanced clearance over APD with TPD originally sug-
gested by animal studies. However, historical studies may not have 
“optimized” residual volume and drain time. These parameters 
and their effect on clearance are being re-examined. Despite the 
questionable effect on clearance, published data and clinical expe-
rience have consistently shown that TPD can improve patient 
comfort, reducing pain on infl ow or drainage, and in some cases 
may minimize infl ow and drainage-related device alarms.

WRITING THE DIALYSIS PRESCRIPTION

Initial Prescription
The peritoneal dialysis prescription can be developed either 
empirically or through the use of a computer modeling pro-
gram. To optimize the prescription one should know the pa-
tient’s weight, residual renal function (i.e., glomerular fi ltration 
rate), and peritoneal membrane transport characteristics. At the 
start of PD, peritoneal transport is not known, so the initial 
prescription assumes the patient is an average transporter. The 
prescription can then be adjusted if indicated after a PET (or 
other test) is performed to determine peritoneal transport and a 
24-hour collection of urine and dialysate volumes is obtained to 
calculate solute clearance/removal (typically Kt/V).93 To mini-
mize the risk of leak, it is best to let the PD catheter “mature” for 
10 to 14 days before starting PD.94 However, data shows it is safe 
to start PD the day the catheter is placed if clinically needed. In 
these cases it is best to use low instilled volumes and keep the 
patient supine as much as possible to avoid increases in intra-
abdominal pressure that could cause leakage at the catheter 
site. Each center needs to decide if they will use “incremental” 
dialysis prescriptions (i.e., target total Kt/V—dialysis and resid-
ual renal—and only prescribe enough PD so that the combined 
Kt/V is above the minimal goal, adjusting the PD component as 
renal function declines.95 Alternatively, the center’s policy may 
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be to ignore the renal component and prescribe a “full dose” of 
PD no matter how much residual renal function the patient has. 
Both approaches work equally well as long as one carefully 
monitors residual renal function (every 2 months) and adjusts 
the peritoneal component accordingly.

Two to four weeks after initiation of peritoneal dialysis, 
24-hour collections of urine and dialysate should be per-
formed, along with serum chemistries and a complete blood 
count, to determine solute clearances.93 The initial PET should 
be performed approximately 1 month after the initiation of 
dialysis. This waiting period is recommended because PET 
results can change during the fi rst month of dialysis.79 The 
PET is performed to establish baseline transport characteris-
tics, rule out unexpected problems, and identify patients who 
are either high or low transporters. These patients will need 
careful attention to their prescription and drain volumes to 
optimize solute clearance and blood pressure control once 
they become anuric. If clearances are below target, the pre-
scription should be modifi ed and adequacy testing repeated.

Typical Modifi cations of the Dialysis 
Prescription
It is important to remember that solute clearance/exchange 
equals the drain volume times concentration of solute in that 
drain volume, and that the daily solute clearance is the sum of 
the solute clearance for each of the exchanges done that day. 
Therefore, for patient convenience, a prescription can be written 
in which the solute removal for one of the dwells may not be 
the most effi cient possible as long as that is “made up” during 
another dwell. For instance, although diffusion of small solutes 
would ultimately stop (D/P ratio � 1) some time during the 
15-hour daytime dwell of CCPD, one can still obtain minimal 
Kt/V goals on APD. Similar adjustments can be made to achieve 
daily ultrafi ltration goals.

To increase solute removal in CAPD patients, it is most ef-
fi cient to increase the instilled volume/exchange. The most 
common approach is to increase the dwell volume in 500-mL 
increments, because commercially available fl uids come in 
500-mL increments. However, one could increase the instilled 
volume by only 250 mL/exchange if wanted, discarding the 
remaining dialysis fl uids. Alternatively one could increase the 
number of exchanges/day. However, this is not as user friendly 
for the patient and typically does not increase solute clearance 
as much as an increase in instilled volume/exchange does.

For APD patients, the same principles apply as in CAPD; 
however, one typically has shorter (nighttime) and longer 
(daytime) dwells to consider. One would typically start by 
increasing the dwell volume/exchange at night. Other modi-
fi cations include increasing the time spent overnight on the 
cycler, increasing the number of exchanges on the cycler, or 
increasing the number of daytime dwells. Sometimes combi-
nations of the above measures are used in an individual pa-
tient. In a review of cycler prescription use in large cohorts 
of patients on cycler PD during the years 1997, 2000, and 
2003,86 the average instilled volume increased from about 
2272 mL to about 2397 mL while number of exchanges on 
average remained similar (4.5 vs 4.4/day) and percentage of 
patients with fi ve or more cycles per night decreased from 
45% in 1997 to 38% in 2003. These trends are consistent 
with optimization of therapy based on known peritoneal 
physiology.

CONCLUSIONS

The goal of renal replacement therapy is not only to keep the 
patient alive, but at the same time to maintain the patient’s 
previous lifestyle and wellness. Peritoneal dialysis is well 
suited to do this. The therapy and the solutions used in it have 
evolved along with the understanding of peritoneal physiol-
ogy and the development of new technologies. Patients con-
tinue to do well on PD with improvement in relative risk of 
death over past years and outcomes similar to or better than 
those expected with hemodialysis for most patients.
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Loss of peritoneal function is a major factor leading to treat-
ment failure in peritoneal dialysis (PD). Although the precise 
biologic mechanisms responsible for these changes have not 
been defi ned, it is widely assumed that alterations in perito-
neal function are related to structural changes in the perito-
neal membrane. Accumulating, albeit indirect, evidence shows 
that continuous exposure to components of bioincompatible 
dialysis solution as well as repeated episodes of bacterial peri-
tonitis play a major role in the long-term changes seen in 
peritoneal function (i.e., ultrafi ltration loss and increased 
solute clearance). To date, however, the relationship between 
structure and function has not been fully defi ned. Although a 
number of studies have identifi ed various mesothelial, vascu-
lar, and interstitial changes in peritoneal morphology during 
PD, the responsible factors have not been identifi ed. Identifi ed 
changes include loss or degeneration of mesothelial cells, 
thickening of the submesothelial compact collagenous zone 
(variously described as fi brosis or sclerosis), changes in the 
structure and number of blood vessels, and reduplication of 
vascular basement membrane.

Recent studies have quantifi ed the changes within the 
submesothelial collagenous zone and demonstrated a progres-
sive increase in thickness with time on PD (Fig. 82-1). Changes 
within the peritoneal vascular bed have also been identifi ed. 
These include progressive changes to the structure of small 
vessels, ranging from subtle thickening of the subendothelial 
matrix to complete obliteration of vessels (Fig. 82-2). Thus, 
evidence is accumulating that changes occur in both the inter-
stitial and vascular compartments of the dialysed peritoneal 
membrane.1 The little evidence that is available from matched 
biopsies also suggests that these changes occur primarily in 
the parietal membrane, with a lesser degree of involvement of 
the corresponding visceral membrane.

Although it is likely that these structural changes are re-
lated to time on dialysis, episodes of peritonitis, and perhaps 

to dialysis solution components, the exact relationships are 
poorly understood, as is the possible contribution of uremia.

Encapsulating peritoneal sclerosis is a rare but serious 
complication of peritoneal dialysis. It is characterized by a 
severe fi brotic reaction, frequently infl ammatory, that primar-
ily involves the visceral membrane. Encapsulation of the small 
bowel results in progressive obstruction. Prolonged treatment 
with PD is the most important risk factor, with an incidence 
of 5% to 20% after 10 years of continuous therapy.2 Other risk 
factors include severe bacterial peritonitis and switching mo-
dality (e.g., to hemodialysis or transplant). Cases differ in 
their severity, some requiring no more than nutritional sup-
port; in severe cases surgical intervention, including adhe-
siolysis and peritonectomy, has proved successful in experi-
enced hands.2

INFECTIOUS COMPLICATIONS

Peritonitis
Although the introduction of disconnect systems has reduced 
the incidence of peritonitis, it remains one of the most impor-
tant complications of long-term PD. A single episode is rarely 
life-threatening, but repeated or prolonged infection remains 
a major cause of treatment failure and results in a forced 
switch to hemodialysis.

The diagnosis should be suspected in any patient who de-
velops a cloudy bag or abdominal pain. Fever may also be 
present but is not a universal feature of peritonitis. Patients 
should be advised to contact their dialysis unit immediately if 
they have a cloudy bag or persistent abdominal pain. Samples 
of the dialysate should be analyzed for cell count and undergo 
microbiologic examination. The diagnosis is confi rmed by 
fi nding more than 100 white blood cells/�L, of which at least 
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50% are polymorphonuclear leukocytes. A Gram stain should 
also be performed to help identify the type of causative organ-
ism, although this will only reveal the pathogen in a minority 
of cases. For most patients, treatment will have to be empiri-
cal, pending full results of culture and sensitivity tests. Various 
culture techniques have been proposed, but white cell lysis is 
often helpful in increasing the yield of a positive growth.

There is no standard treatment for peritonitis in a PD 
patient. A number of regimens have been found reasonably 
effective, none of which give a 100% cure rate without relapse. 
In the few randomized studies that have been conducted, no 
antibiotic combination or dosing regimen was found to be 
superior; just one study found that intraperitoneal rather than 
intravenous administration resulted in a higher cure rate. The 
emergence of vancomycin-resistant enterococci, methicillin-
resistant Staphylococcus aureus (MRSA), and other resistant 
organisms means that local treatment regimens must be de-
veloped in consultation with the microbiology services and 
infection control team.

The Advisory Committee on Peritonitis Management of the 
International Society of Peritoneal Dialysis (available at ispd
.com) has published detailed guidelines and algorithms for the 
management of this condition.3,4 The recommended initial 
empirical therapy is a center-specifi c regimen, based on known 
local sensitivities of organisms that frequently cause peritoni-
tis, and must include coverage for both gram-positive and 
gram-negative organisms. For example, this might be a fi rst-
generation cephalosporin, such as cefazolin or cephalothin, 
combined with an aminoglycoside (paying attention to resid-
ual renal function). Both types of antibiotic are administered 
as a loading dose in the fi rst bag and then as a maintenance 
dose in subsequent bags. Suggested doses of cephalosporin are 
500 mg/L for loading and 125 mg/L for maintenance. Once the 
culture result is available the regimen should be modifi ed 
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Figure 82-1 Changes in the thickness of 
the peritoneal membrane with origin of 
biopsy and time on peritoneal dialysis. The 
submesothelial compact zone was mea-
sured in micrometers in samples taken from 
normal individuals, uremic predialysis pa-
tients, hemodialysis patients, and patients 
undergoing peritoneal dialysis, grouped 
according to duration of dialysis. Data are 
presented as box plots representing inter-
quartile ranges.

Figure 82-2 Morphologic features of the parietal perito-
neum. Biopsies from (A) a normal individual and (B) a 
patient who had been on peritoneal dialysis for 7 years. 
Toluidine blue.
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accordingly. If an enterococcus is identifi ed (gram-positive), 
the cephalosporin should be stopped and ampicillin added at a 
dose of 125 mg/L. S. aureus treatment includes adding oral ri-
fampin 600 mg daily. If the organism is not MRSA, an alterna-
tive is to use a specifi c gram-positive antibiotic such as fl oxacil-
lin or rifampin. If other gram-positive organisms are identifi ed, 
the cephalosporin should be continued. Although in vitro tests 
may suggest resistance of coagulase-negative staphylococci to 
cephalosporins, the in vivo concentration of the drug is usually 
suffi cient to overcome this potential problem. If, however, 
clinical improvement is slow or fails to occur, vancomycin may 
be given at a dose of 30 mg/kg intraperitoneally every 7 days. If 
the organism is MRSA, vancomycin should be given using the 
same regimen. For uncomplicated gram-positive infections, an 
oral cephalosporin can be substituted for the intraperitoneal 
cephalosporin during the second week of therapy (summa-
rized in Fig. 82-3).

If the culture is negative, combined therapy of cephalospo-
rin and aminoglycoside should be continued for 2 weeks, as-
suming there is a clinical response (summarized in Fig. 82-4).

If a gram-negative microorganism is identifi ed, subsequent 
management depends on the sensitivity (summarized in Fig. 
82-5). If the bacteria are sensitive to the cephalosporin, it 
should be continued. On the other hand, isolation of Pseudo-
monas requires withdrawal of the cephalosporin and the addi-
tion of an alternative antibiotic with demonstrable activity 
against the organism, such as a quinolone.

Isolation of multiple organisms, including anaerobes, 
strongly suggests major bowel pathology, including perfora-
tion or a diverticular abscess. Metronidazole should be added 

to the regimen intravenously initially (the intravenous dose is 
500 mg tid). Bowel pathology should also be considered if a 
gram-negative peritonitis is associated with severe systemic 
signs or if the infection proves diffi cult to bring under control. 
In these situations, urgent surgical review is required pending 
a laparotomy.

The identifi cation of yeasts on the Gram stain or isolation 
of yeasts or fungi on culture is a matter for serious concern. 
Most clinicians would recommend removing the peritoneal 
catheter immediately because this type of infection can be dif-
fi cult to eradicate in the presence of a foreign body. Recent 
experience suggests that a combination of an imidazole such 
as fl uconazole with fl ucytosine may be of benefi t. The recom-
mendation for adults is daily fl uconazole at an oral or intra-
peritoneal dose of 200 mg, and fl ucytosine at a loading dose 
of 2 g orally with a maintenance dose of 1 g/day. Amphoteri-
cin B is no longer recommended. Unfortunately, oral fl ucyto-
sine is not universally available.

The optimum duration of treatment has not been clearly 
defi ned by controlled trials. At present it is recommended that 
for gram-positive organisms therapy should last 14 days, ex-
cept in the case of S. aureus, when 21 days is suggested. For 
culture-negative episodes 14 days should suffi ce. The same is 
true in the case of single-organism gram-negative peritonitis, 
but 21 days is recommended for Pseudomonas, Stenotroph-
omonas, or multiple organisms. Fungal or yeast infections re-
quire 4 to 6 weeks of therapy (or 7 to 10 days of therapy after 
catheter removal).

A patient who is not systemically ill can be treated success-
fully on an outpatient basis. It is extremely important, however, 

24–48 hr
Gram-positive

organisms on culture

Enterococci Staphylococcus aureus
Other gram-

positive
organisms

Stop cephalosporins
Start ampicillin

125 mg/L each bag
Consider adding
aminoglycoside

Stop ceftazidime or
aminoglycoside

Continue cephalosporin 
Add rifampin

600 mg/day PO

Stop ceftazidime 
or

aminoglycoside
Continue

cephalosporin

96 hr: If no improvement reculture and evaluate

If ampicillin
resistant,

start
vancomycin or
clindamycin if 
VRE, consider

Synercid

Peritonitis with exit-
site infection:

consider catheter
removal

Evaluate for occult
tunnel infection

(ultrasound)

If MRSA,
start vancomycin or

clindamycin

Duration of 
therapy

14 days 21 days 14 days

Figure 82-3 Management of gram-
positive peritonitis. (Reproduced 
with permission from The Advisory 
Committee on Peritonitis Manage-
ment of The International Society of 
Peritoneal Dialysis: Dialysis-Related 
Peritonitis Treatment Recommenda-
tions: 2000 Update.)
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that there is follow-up either in the clinic or by telephone. In 
the majority of cases, clinical resolution, as judged by clearing 
of the bags, starts within 48 hours. If there is no improvement 
within 96 hours despite the correct antibiotic as judged by 
sensitivity tests, then the fl uid must be retested for cell count, 
Gram stain, and culture. In the case of a persistent S. aureus
infection, an underlying tunnel infection should be excluded 
(see Managing Exit-Site and Tunnel Infection in this chapter). 
In all other situations in which there is failure to improve, seri-
ous consideration should be given to removing the catheter. 
The possibility of intra-abdominal or gynecologic disease, or 
the presence of unusual organisms such as mycobacterium, 
should also be considered.

For patients on automated peritoneal dialysis, regimens 
similar to those outlined above are used, but the dialysis 
should be modifi ed so that it lasts a full 24 hours, with 3- to 
4-hour dwells. Once there is clinical resolution, the usual au-
tomated PD regimen can be recommenced, but with a day-
time bag containing the antibiotics, until completion of the 
treatment.

Relapsing peritonitis is defi ned as separate infective epi-
sodes caused by the same organism within 4 weeks of fi nish-
ing the previous course of antibiotics. In gram-positive infec-
tions a 4-week course of a cephalosporin together with oral 
rifampin should be tried. The recurrence of S. aureus infection 
should trigger a search for a pericatheter infection or tunnel. 
Relapsing MRSA-related peritonitis will require a prolonged 
course (4 weeks) of vancomycin or clindamycin. If entero-
cocci or gram-negative organisms are the cause, the possibility 
of intra-abdominal disease or a diverticular abscess should be 

considered. Again a repeat course of antibiotics chosen by 
sensitivity testing should last 4 weeks. As before, in the case of 
a relapse, removal of the catheter should be considered if there 
is no improvement within 4 days.

The best regimen for catheter replacement after removal 
for peritonitis has not been defi ned. There are theoretical 
benefi ts for the withdrawal of PD as replacement renal ther-
apy for a brief period and avoiding the presence of an intra-
peritoneal foreign body, and altering host defenses by instill-
ing dialysate. Some centers, however, practice removal and 
replacement of the catheter at the same time under antibiotic 
cover. Such an approach has met with anecdotal success. Each 
patient should be judged individually to decide what is in his 
or her best interests.

Prevention

Because of the high rate of peritonitis experienced during the 
early years of continuous ambulatory peritoneal dialysis 
(CAPD), considerable efforts have been made to prevent this 
serious complication. Approaches that have been shown to 
reduce infection rates in randomized studies include increased 
intensity of training,5 use of fl ush-before-fi ll systems,6 antibi-
otic prophylaxis to cover catheter insertion,4 and prevention 
of exit-site infections.7,8 There is no evidence that the type of 
PD catheter used or the approach to insertion (i.e., surgical, 
medical, or laparoscopic) has any effect on subsequent perito-
nitis or exit-site infection rates. More important are the expe-
rience of the surgical operator and the development of robust 
preoperative and postoperative care protocols. These should 
include careful siting of the exit site so that it is visible to the 
patient and does not lie either on the beltline, where rubbing 
will occur, or beneath skinfolds. Postoperatively an occlusive 
dressing should be applied and not removed until healing has 
occurred. Patients should be trained in exit-site inspection 
and care; any fresh granulomatous tissue should be removed 
and kept dry by the careful application of silver nitrate.

Signifi cant advances have been made in the design of deliv-
ery systems in an attempt to reduce bacterial entry into the 
peritoneal cavity and thus reduce peritoneal infection. Buon-
cristiani and colleagues were the fi rst to show that a Y-set 
system signifi cantly reduced the rate of infection. This has 
been confi rmed in several randomized, controlled trials.6 An 
integrated twin-bag system, one bag for unused fl uid and the 
other for drainage, is connected to a Y-shaped tube, which has 
a short stem to link it to the catheter. The principle of the 
system is that the drainage tube is fl ushed free of contaminat-
ing bacteria before fresh fl uid is run in. In addition, the num-
ber of times that the continuity of the tubing is broken is re-
duced. These Y-set systems act by greatly reducing the effects 
of touch contamination, thus reducing the rate of coagulase-
negative staphylococcal infection. This system is now the 
standard for CAPD. The Y set does not, however, affect the 
incidence of S. aureus peritonitis.

In contrast to coagulase-negative staphylococci, carriage of 
S. aureus appears to be confi ned to 25% to 30% of PD patients 
who are more likely to acquire exit-site infections and perito-
nitis. Several studies, using either historical controls or in 
comparison with oral rifampin, have found that the regular 
use of mupirocin applied to the nares (e.g., for the fi rst 5 days 
of each month) or directly to the exit site (on a long-term 
daily basis) have reduced the frequency of exit-site infections, 
and in some cases peritonitis, due to S. aureus. Recently a 

24–48 hr Culture negative

Continue initial empirical
therapy

96 hr

Clinical improvement:
discontinue

aminoglycoside and
continue cephalosporin

No clinical improvement:
repeat Gram stain and

culture

Culture positive Culture negative

120 hr Adjust therapy Consider unusual
pathogens or

catheter removal

14 days

Figure 82-4 Management of culture-negative peritonitis. 
(Reproduced with permission from The Advisory Committee 
on Peritonitis Management of The International Society of 
Peritoneal Dialysis: Dialysis-Related Peritonitis Treatment 
Recommendations: 2000 Update.)
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direct comparison between mupirocin and gentamicin cream 
applied to the exit site was undertaken; the latter was as effec-
tive or even more effective when compared to mupirocin in 
preventing S. aureus infections. It also reduced the frequency 
of Pseudomonas exit-site infection and peritonitis. Concerns 
remain over the risk of encouraging resistance to gentamicin 
when used indiscriminately; it is important that any such 
policy be developed with the local involvement of microbiolo-
gists and infection control teams. With the exception of pre-
vention of Pseudomonas exit-site infection, there is no proven 
method of decreasing the incidence of gram-negative infec-
tions. Clearly one should avoid PD, if possible, in any patient 
with a stoma or fi stula. Part of the diffi culty is that gram-
negative organisms often cause problems in the elderly, prob-
ably as a result of diverticular disease. Other than keeping the 
bowels regular by judicious use of fi ber, no other measures 
seem to reduce this type of infection.

Eosinophilic Peritonitis

Eosinophilic peritonitis is diagnosed when the patient presents 
with a cloudy bag of effl uent, which is found to contain eo-
sinophils rather than neutrophils on microscopy. The fl uid is 
culture-negative. It is an uncommon event but tends to occur 
within the fi rst few weeks of starting PD. The cause is unknown 
but is assumed to be some form of reaction to the cannula or 
to the dialysate. It is usually self-limiting, and no treatment 
is required. Eosinophilic peritonitis has been reported as an 
allergic response to polyglucose solutions (icodextrin).

Managing Exit-Site and Tunnel Infection

Exit-site infection is an important complication of long-term 
PD because it infl uences catheter longevity and increases the 
risk of peritonitis. The 2005 ISPD guidelines include a simple 

24–48 hr Gram-negative
organisms on culture

Single gram-
negative organism

Pseudomonas
Stenotrophomonas

Multiple gram-
negative organisms

and/or anerobes

Adjust antibiotics to sensitivity
• >100 mL urine:

ceftazidime
• <100 mL urine:

aminioglycoside

Continue ceftazidime
Add:
• If <100 mL urine:

aminoglycoside
• If >100 mL urine:

–use alternative agent with 
anti-Pseudomonas or 
– Stenotrophomonas activity
(see below)

Continue cefazolin
and ceftazidime
Add metronidazole
500 mg every 8 hr PO,
IV, or rectally

Consider urgent
laparotomy

96 hr. If no improvement, reculture and evaluate
If cell count increases or abdominal signs, deteriorate, remove catheter and

consider laparotomy
Otherwise continue therapy in the light of culture results

Duration of 
therapy

14 days 21 days 14 days

Agents with anti-Pseudomonas or anti-Stenotrophomonas activity
 1. Ciprofloxacin 500 mg PO bid
 2. Ceftazidime 125 mg/L IP
 3. Piperacillin 4 g IV every 12 hr
 4. Sulfamethoxazole/trimethoprim Load: 1600/320 PO 1–2 days
 5.  Load: 1 g/L; main: 250 mg/L IP each bag
 6.   Load: 500 mg/L; main: 200 mg/L IP
 7. Aminoglycosides 6-8 mg/L IP in each exchange

Imipenam
Aztreonam

Figure 82-5 Management of gram-negative peritonitis. (Reproduced with permission from The Advisory Committee on Perito-
nitis Management of The International Society of Peritoneal Dialysis: Dialysis-Related Peritonitis Treatment Recommendations: 
2000 Update.)
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scoring system that allows standardization of the assessment 
of infl ammatory changes at the exit site. The site is assessed for 
evidence of swelling, crusting, redness, pain, and exudates; if 
any of these is present, 1 or 2 points are given according to 
severity. In the case of the fi rst three, this is determined by 
extent: less than 0.5 cm from the exit site (1 point) or more 
than 0.5 cm from the exit site (2 points). An exudate scores 
1 point if serous or 2 points if purulent; pain is scored by se-
verity. A total score of 4 or greater indicates infection, unless 
there is purulent discharge, in which case infection is defi nite 
(Table 82-1). Under these circumstances an antibiotic that will 
cover both S. aureus and Pseudomonas (e.g., quinolone) should 
be commenced until sensitivities from culture are available.

Unfortunately, there are no satisfactory trials comparing 
different therapeutic regimens; thus, the following recom-
mendations are based on anecdotal experiences from a variety 
of centers in different countries. Consensus guidelines have 
been published.3,4 The main treatment options are systemic 
antibiotics and local therapy. If any discharge or signifi cant 
associated cellulitis is present, it is essential to start with a 
systemic antibiotic. Because S. aureus is the common organ-
ism, an agent effective against this species should be pre-
scribed. Unless there is prior evidence that the patient carries 
MRSA, dicloxacillin 500 mg two times a day or fl oxacillin at a 
dose of 500 mg four times a day is appropriate. Alternatively, 
a cephalosporin can be used if the patient is allergic to penicil-
lin. In most patients, the drug can be given orally, but if the 
individual is systemically ill, the antibiotics should be admin-
istered intravenously until clinical improvement occurs. Hos-
pitalization is not necessary for most patients unless there is 
evidence of extension of the infection along the tunnel toward 
the inner cuff, especially if abscess formation shown by ultra-
sound is present, necessitating catheter removal. If the infec-
tion is resistant to methicillin, an alternative to dicloxacillin or 
fl oxacillin should be used. In a few cases, the organism may be 
sensitive to a cephalosporin. In the majority of resistant cases, 
however, vancomycin should be given as a 1-g intravenous 
dose (or intraperitoneally if the dwell time is at least 6 hr). The 
dose is repeated once a week for up to 4 weeks. Should the 
culture grow a gram-negative organism, ciprofl oxacin in an 
oral dose of 500 mg twice daily will be effective in most cases. 
Other antibiotics should be substituted according to the in 
vitro sensitivity results.

Treatment should continue for a minimum of 2 weeks. In 
gram-positive infections, if there is no improvement within 
7 days, rifampin 600 mg/day should be added. If complete 
healing does not take place after 4 weeks of therapy, further 
measures should be considered. A number of centers have rec-
ommended exteriorizing and shaving the outer cuff. If this cuff 
is visible or even close to the exit site, it is likely to be involved 
in the infection. Under local anesthetic, the cuff is exposed by 
an incision along the line of the catheter. The cuff is freed by 
blunt dissection and then carefully shaved off the catheter. 
Temporary resolution of infection often occurs after this pro-
cedure; it may prolong catheter life. If the infection persists or 
relapses, catheter removal must be considered because there is 
a high risk that the exit-site infection will lead to peritonitis. It 
is important that the new exit site be located through a differ-
ent part of the anterior abdominal wall. If the infection is 
controlled, and there is no evidence of sepsis along the tunnel, 
it is possible to insert a new catheter under antibiotic cover at 
the same time as the old one is removed.

NONINFECTIOUS COMPLICATIONS

Inadequate Ultrafi ltration
Insuffi cient ultrafi ltration leading to fl uid overload is one of 
the most common problems associated with long-term PD. 
The incidence of this problem increases with time on treat-
ment, in part from changes in membrane function, but also 
from the loss of residual urine volume that contributes to 
satisfactory fl uid balance. One study would suggest that up to 
30.9% of patients have this problem by 6 years of treatment.9

In defi ning ultrafi ltration failure it is possible to take either 
a patient- or a membrane-centered approach. The former is a 
relative defi nition: it is the inability to achieve suffi cient peri-
toneal fl uid removal to maintain adequate fl uid balance; it is 
infl uenced by many factors, including fl uid intake, residual 
urine volume, and the acceptability of using hypertonic 
(4.25% dextrose) exchanges. The latter is based on the abso-
lute measurement of the ultrafi ltration capacity of the perito-
neal membrane, using standardized methods, and is infl u-
enced by the intrinsic properties of the membrane, such as 
characteristics of solute transport and fl uid reabsorption 
rates. The clinician needs to integrate these two approaches to 
identify and manage fl uid balance in the PD patient.

Insuffi cient ultrafi ltration should be suspected if there is 
clinical evidence of fl uid overload (Fig. 82-6). This problem is 
more diffi cult to identify in PD patients than in hemodialysis 
patients, partially because it can develop insidiously, but also 
because driving the weight down to an appropriate dry weight 
using sequential ultrafi ltration during dialysis sessions is 
not possible. Edema, hypertension, unexplained low plasma 
albumin, low daily ultrafi ltration volumes in anuric patients 
(�750 mL), excessive dependence on hypertonic exchanges 
(� 2/day), or increases in weight disproportionate to changes 
in the midarm circumference all suggest that there is a prob-
lem. These fi ndings should lead the clinician to evaluate peri-
toneal membrane function.

Membrane function should be assessed using a standardized 
4-hour dwell as in the peritoneal equilibration test (PET)10,11 or 
the simplifi ed standardized permeability analysis (SPA).12,13

The only important difference between these methods is the 

Table 82-1  Classifi cation of Exit-Site Infection

0 Points 1 Point 2 Points

Swelling No Exit only; �0.5 cm �0.5 and/or 
tunnel

Crust No �0.5 cm �0.5 cm

Redness No �0.5 cm �0.5 cm

Pain No Slight Severe

Drainage No Serous Purulent

Infection should be assumed with exit-site score of 4 or greater.
Purulent drainage, even if alone, is suffi cient to indicate infection.
A score �4 may or may not represent infection.
Reproduced with permission from Piraino B, Bailie GR, Bernardini 
J, et al: Peritoneal dialysis-related infections recommendations: 
2005 update. Perit Dial Int 2005;25:107–131.
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concentration of dextrose used (2.5% for PET, 4.25% for SPA). 
Both tests measure two aspects of membrane function, the 
ultrafi ltration capacity and the rate of transfer of creatinine 
(low-molecular-weight solute transport). The ultrafi ltration 
capacity is the net volume of fl uid removed during the dwell 
and is determined by several aspects of membrane function. A 
value of less than 200 mL (which includes the typical overfi ll of 
approximately 150 mL for a 2-L exchange that bypasses the 
patient in the fl ush-before-fi ll procedure) using the PET or less 
than 400 mL when using the SPA have been taken as indicators 
of ultrafi ltration failure.

If membrane function is normal (Fig. 82-7) and the total 
achieved ultrafi ltration is reasonable (�1000 mL/day minus 
urine volume), it is likely that fl uid balance problems can be 
addressed through patient education and good glycemic con-
trol in diabetics. If the ultrafi ltration capacity of the membrane 
is poor but solute transport normal, it is important to exclude 
a reversible mechanical cause. This is especially the case if the 
loss of ultrafi ltration appears to have developed rapidly. The 
reason may be obvious—catheter malposition, constipation 
(abdominal radiograph), or the development of a scrotal and 
subcutaneous leak—but deep cuff leaks are more diffi cult to 

identify and require a contrast computed tomography scan. 
Once mechanical causes are excluded, patients with persistent 
poor ultrafi ltration can be conveniently divided into two 
groups on the basis of PET or SPA results. In those with high 
or high average rates of solute transport (4-hr dialysate-to-
plasma creatinine ratio [D/P Cr] � 0.64), the cause is early loss 
of the osmotic gradient during the dwell, leading to a reduced 
and earlier peak in achieved ultrafi ltration combined with a 
more rapid absorption of fl uid in the latter part of the dwell; 
these problems can both be solved by using shorter exchanges 
with the aid of automated PD and a glucose polymer (icodex-
trin) in the long exchange. Increasing evidence demonstrates 
that the increased mortality and technique failure previously 
found in high-transport patients14 can be ameliorated by this 
approach.15 More diffi cult to manage is poor ultrafi ltration in 
the context of a D/P Cr ratio less than 0.64 or a much reduced 
ultrafi ltration capacity of the membrane. This is rare in new 
PD patients but can develop after prolonged periods on dialy-
sis where it is associated with a reduction in the osmotic con-
ductance (effi ciency) of the membrane.16 This type of ultrafi l-
tration problem usually leads to technique failure and transfer 
to hemodialysis.

Clinical evidence of poor fluid balance
1. Edema and/or high blood pressure
2. Low 24-hr ultrafiltrate volume
3. Discrepancy weight/MAC
4. Excessive use of hypertonic fluid
5. Unexplained low plasma albumin
6. Bioimpedance-high % ECF

Perform membrane function tests
(e.g., ultrafiltration capacity on PET)

>200 mL <200 mL

Patient compliance
Suspect if membrane
function normal and
adequate daily fluid
removal achieved

Mechanical failure
Suspect if poor ultrafiltration

develops suddenly and
low-normal solute transport

(dialysate/plasma
creatinine < 0.64)

Membrane failure
Define solute

transport

Abdominal radiography to
check catheter placement
and identify fecal loading

CT scan to exclude cuff leak

Optimize dwell lengths
to prevent reabsorption
High transport: use
glucose polymer
solutions and APD
Low transport: use
loop diuretic and
consider transfer to
hemodialysisPatient education

Blood glucose control
ACEIs

Restore catheter position
Treat constipation
Repair leaks

Figure 82-6 Algorithm for as-
sessing and managing fl uid bal-
ance and ultrafi ltration failure.
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Catheter Malfunction
Infl ow Failure

A 2-L bag of dialysate should take 15 minutes or less to run 
into the peritoneal cavity. If infl ow is signifi cantly slowed or 
nonexistent, mechanical causes should fi rst be eliminated. The 
tubing and catheter should be checked for kinks, all clamps or 
rollers must be open for the infl ow position, and all frangible 
seals fully broken. In the absence of such problems, the cath-
eter should be fl ushed vigorously with 20 mL of heparinized 
saline. If the catheter now becomes patent, it is wise to add 
heparin at 500 U/L for the next few cycles, because the cause 
of blockage is usually a fi brin plug. If the catheter remains 
blocked, a radiograph of the abdomen must be obtained. If 
the catheter is in a reasonable position in the pelvis, an at-
tempt to restore patency should be made with the use of uro-
kinase; 2 mL containing 25,000 units of urokinase should be 
infused into the lumen of the catheter and left in situ for 2 to 
4 hours. The catheter is then fl ushed; if infl ow is restored, 
heparin should be added to the dialysate for the next few cy-
cles. Should this procedure not be successful but fi brin is still 
thought to be the cause, an endoscopy brush may sometimes 
prove successful in unblocking the catheter.

If the radiographs show the catheter to be malpositioned, 
an attempt should be made to reposition the catheter tip into 
the pelvis. This can be done using a sterile semirigid rod, 
shaped into a curve and slid down the lumen of the catheter 
under radiographic screening control. The rod is then rotated. 
Sometimes the catheter will then move easily and slide back 
into the pelvis. The technique is not practical when the cath-
eter has a swan neck confi guration. Alternatively, the catheter 

can be repositioned at laparotomy or peritoneoscopy. It will 
often be found to be wrapped in omentum. Under these cir-
cumstances, current practice is to “hitch” the omentum out of 
the way in the upper abdomen. This avoids an omentectomy 
(preserving the omentum for future use if necessary) but pre-
vents the omentum from blocking the catheter for a second 
time. An algorithm for managing infl ow failure is shown in 
Figure 82-8.

Outfl ow Failure

The reasons for outfl ow failure are similar to those causing 
infl ow failure. Constipation is another well-recognized cause 
of outfl ow problems. Loading of the bowel with fecal material 
is often obvious on a plain fi lm of the abdomen. If constipa-
tion is a likely cause of the problem, it should be treated by 
oral laxatives or an enema. Sometimes a strong laxative such 
as sodium picosulfate (Picolax) is necessary to ensure suffi -
cient evacuation for drainage of the dialysate. Subsequently, 
bowel action should be kept regular by increasing the fi ber in 
the diet and, if necessary, by adding a mild laxative such as 
lactulose or senna.

Fibrin in Dialysate

In the presence of peritonitis, it is common for fi brin to be 
present in the dialysate. If there is any restriction of dialysate 
fl ow, heparin should be added to the bags to a concentration 
of 500 units/L. A few patients have fi brin formation in the 
absence of peritonitis. The bag may appear cloudy immedi-
ately on drainage, but the fi brin will aggregate on standing. 
The fi rst time this happens, a sample must be sent to the 
microbiology laboratory to exclude infection. If this proves 
negative, the patient can be reassured. If catheter plugging 

1000

800

600

400

200

0

–200

–400

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Mechanical failure

Ultrafiltration
failure

Low Low– High– High
 average average

Normal

Figure 82-7 The relationship between solute transport 
(x axis) and ultrafi ltration capacity observed in the peritoneal 
equilibration test. The bold regression line refl ects the inverse 
relationship between these measures (see text). This and the 
areas defi ned as normal or representing mechanical and ul-
trafi ltration failure were established from 1800 consecutive 
measurements. (Redrawn from Davies SJ, Brown B, Bryan J, 
Russell GI: Clinical evaluation of the peritoneal equilibration 
test: A population-based study. Nephrol Dial Transplant 
1993;8(1):64–70.)

Replace catheter

Inflow failure

Check tubing and clamps

Add heparin
to bags

Success
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Flush cannula with
20 mL of heparin solution

Failure

Normal
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Urokinase 25,000
units in 2 mL

Leave in situ for 2–4 hr

Reposition with rod
or laparoscopy

Try endoscopy brush

Figure 82-8 Algorithm for managing failure of dialysate in-
fl ow.
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occurs, regular use of heparin is recommended. This can often 
be confi ned to the overnight bag for CAPD or the daytime 
dwell (if used) for those receiving automated PD.

Fluid Leaks

External
On occasions, fl uid may leak from the exit site or even from 
the incision site where the catheter was inserted into the peri-
toneal cavity. This problem usually occurs early, particularly if 
dialysis is started soon after catheter insertion. Whenever pos-
sible, elective insertion of the catheter should be performed at 
least 2 weeks before dialysis is required. In addition, the use of 
the paramedian approach for the peritoneal entry site is 
thought to minimize the chances of this complication. If a 
leak occurs, PD should be withheld for as long as possible. If 
dialysis is necessary, hemodialysis should be used temporarily 
for 2 weeks. Alternatively, after at least 48 hours of a “dry” 
abdomen, PD can be recommenced with the aid of a cycler 
using a low volume (500 mL for adults) and no dwell. Vol-
umes are then progressively increased over 10 days. Should the 
leak recur despite either of these regimens, surgical repair of 
the peritoneal entry site will be required. It may be better to 
completely remove the fi rst catheter and replace it with a new 
one at a different site. Once again, if at all possible, the abdo-
men should be left dry for 2 to 4 weeks to allow full healing 
with sealing, particularly around the inner cuff.

Internal
Edema of the anterior abdominal wall can occur as part of 
generalized fl uid retention. In this situation there is almost 
invariably a signifi cant amount of peripheral edema. Treat-
ment involves restricting fl uid intake and using more hyper-
tonic bags to improve fl uid removal.

Isolated edema of the abdominal wall suggests an internal 
leak from the peritoneal cavity. This is particularly likely to 
occur from the catheter insertion site or a previous incision. 
It also sometimes occurs in association with an overt hernia. 
The site of the leak can be visualized by computed tomogra-
phy after the intraperitoneal instillation of contrast media. 
It may be necessary for the patient to stand or perform other 
maneuvers to increase intra-abdominal pressure before 
the leak can be seen. An alternative diagnostic test is to per-
form scintigraphy after injecting a compound labelled with 
technetium-99m, such as DTPA. If a major leak is visualized, 
surgical repair will be required. Often, however, the patient 
can be managed conservatively by bed rest and using low-
volume cycles with little or no dwell. Cessation of PD for 
2 weeks with temporary hemodialysis may also allow the leak 
to seal permanently.

Genital Edema
This symptom can be caused by the same processes as ab-
dominal wall edema; the management is identical. In addition, 
genital edema can also be caused by a patent processus vagina-
lis with or without an associated inguinal hernia. As with ab-
dominal wall edema, the leak should be visualized by using 
computed tomography or scintigraphy. Any hernia requires 
surgical repair, but once again a small leak may seal off sponta-
neously if PD is suspended or with continued use of bed rest, 
low volumes, and a scrotal support for affected men.

Vaginal leakage of dialysate has been described, though 
relatively rarely. It is not clear whether this phenomenon 

occurs through the fallopian tubes or by tracking of fl uid 
through fascial planes to the vaginal vault. There is often an 
associated peritonitis. Diagnosis is confi rmed by the pres-
ence of fl uid in the vagina with a glucose content much 
higher than the patient’s blood glucose level. If the fallopian 
tubes are the cause, tubal ligation should cure the problem. 
Otherwise, leaving the abdomen dry for 2 weeks may allow 
for spontaneous healing. A recurrence may mean that trans-
fer to hemodialysis would be in the patient’s best interest.

Hydrothorax
A pleural effusion can occur because of generalized fl uid 
overload or local lung disease, but occasionally it is due to a 
leak of dialysate through the diaphragm. This more com-
monly occurs on the right side. A leak is most simply con-
fi rmed by aspirating some of the effusion and fi nding that it 
has a glucose concentration that is higher than of the pa-
tient’s blood glucose. Conservative measures should be tried 
initially. These include stopping PD, aspirating the effusion 
to dryness, and leaving the abdomen dry for 2 weeks (using 
hemodialysis if necessary). This regimen is effective in a 
number of patients. If the condition recurs, pleurodesis 
should be tried. Various agents have been advocated includ-
ing tetracycline, talc, autologous blood, and fi brin glue, 
but there are no comparative studies to indicate the best 
regimen.

Hernias
Given the inevitable increase in intra-abdominal pressure 
due to the presence of a large volume of fl uid in the abdo-
men, any weakness in the abdominal wall may give way, 
creating a hernia. Hernias are relatively common in PD pa-
tients. The major risks are incarceration and strangulation of 
bowel. The most common sites are inguinal, incisional, peri-
catheter, and periumbilical. Any patient commencing long-
term PD with a hernia should have it repaired. This can be 
done at the same time as catheter insertion. Pericatheter 
hernias are less likely if the catheter is inserted in a parame-
dian position and PD is not started for at least 10 days after 
the procedure. If a hernia subsequently develops during PD 
treatment, it should be electively repaired. Postoperatively, 
the patient should be treated by low-volume (500 mL) cycles 
with no dwell using a cycler. The volume is progressively 
increased and CAPD can recommence after 10 days. Alterna-
tively, the patient can be treated by temporary hemodialysis. 
Should hernias become a recurrent problem, a switch to 
nightly PD should seriously be considered because intra-
abdominal pressure is lower in the supine position. The only 
other option is a transfer to hemodialysis.

Uterine Prolapse

One special form of hernia is uterine prolapse. Once again 
the increased abdominal pressure, particularly during 
CAPD, will exacerbate this problem. Though uncommon, it 
can be diffi cult to treat. Ring pessaries are sometimes help-
ful for controlling uterine descent. If these are not success-
ful, a repair should be considered. In the absence of pub-
lished information, it is suggested that postoperatively the 
patient should receive low-volume cycles or switch tempo-
rarily to hemodialysis (i.e., managed in the same way as for 
ordinary hernias).
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Pain
Infl ow Pain

Soon after the commencement of PD, patients may experi-
ence pain during inflow of the fluid. This is particularly 
likely to occur if dialysis commences immediately or within 
a few days of catheter insertion. It is presumably related to 
blunt trauma of the peritoneum. This problem usually dis-
appears with time but may require the temporary use of 
simple analgesics. Slowing the rate of inflow will often re-
duce the symptoms. Curled-tip catheters are thought to 
reduce the likelihood of this type of pain. The introduction 
of air can also produce discomfort. Care with the bag-ex-
change technique should eliminate this hazard. Pain invari-
ably occurs during peritonitis. The treatment is the same as 
for any case of peritonitis together with sufficient analgesia 
if clinically necessary. A small number of individuals have 
persistent inflow pain. At least some of these can be treated 
successfully by increasing the pH of the fluid from the 
usual acidic level of 5.3 to neutral by using neutral pH 
bicarbonate-based solutions.17

Backache

In a minority of patients, particularly those undergoing 
CAPD or having a daytime dwell in association with auto-
mated PD, backache may occur. The presence of a large 
volume of fl uid in the abdomen distorts the normal body 
balance and posture, exacerbating any tendency to lordosis 
of the spine. Patients with preexisting back problems are 
most likely to have an exacerbation of their backache al-
though by no means will they all be affected. It is important 
to investigate the symptom so as to exclude treatable or seri-
ous disease. This includes plain views of the spine and, if 
necessary, magnetic resonance imaging. Renal osteodystro-
phy, if present, must be treated appropriately. If, however, 
the problem appears to be due to degenerative disease of the 
spine (spondylolisthesis or osteoporosis), adjusting the PD 
regimen can be benefi cial. Reducing the volume of dialysate 
may help but may adversely affect adequacy. Avoidance of 
fl uid in the abdomen while the patient is upright will often 
allow considerable improvement. This means transferring 
those on CAPD to nightly PD and avoiding a daytime dwell. 
If this is ineffective, a switch to hemodialysis should be 
tried. In addition to the above, exercises for the back are 
sometimes useful.

Generalized Pain

If peritonitis occurs, some patients will develop generalized 
abdominal pain, particularly if treatment is delayed. This 
symptom usually disappears within a few days of controlling 
the infection. A fi xed or strangulated hernia may also cause 
persistent abdominal pain. Local pain can occur in association 
with exit-site or tunnel infections. Specifi c treatment of the 
cause will eliminate the symptom.

Outfl ow Pain

Some patients have discomfort or even pain when the dialy-
sate runs out. This emptying sensation is abolished when the 
next cycle runs in. This commonly occurs during peritonitis 
but may be experienced in the absence of infection during 
the fi rst few weeks of treatment. In the latter situation, the 
symptom usually disappears with time.

Bleeding
After Catheter Insertion

Immediately after the catheter is placed in the peritoneal cav-
ity, a small amount of bleeding can occur from the operation 
wounds. If excessive, this will usually respond to fi rm pressure. 
Rarely, it may be necessary to reopen the wound and secure 
the bleeding point.

Exit-Site Bleeding

The exit site can be a source of blood loss at any time while a 
peritoneal catheter is in place. A common cause is the removal 
of a crust before actual separation has occurred. The bleeding 
almost invariably stops with local pressure, but a raw area re-
mains, which is liable to get infected. Regular cleaning of the 
exit site with povidone-iodine will reduce the chances of this 
complication. Patients should be instructed not to pull off the 
crust but await its natural separation. Severe infection of the 
exit site may, on occasion, be accompanied by secondary hem-
orrhage. This again will usually respond to fi rm pressure with 
gauze dressings. The subsequent management is the same as 
for any exit-site infection.

Blood-Stained Dialysate

This uncommon event, although rarely serious, can cause con-
siderable alarm to the patient. In some individuals, a clear his-
tory of trauma to the abdomen or of unexpected strain is seen. 
Some women relate the episode to their menstrual cycle at the 
time of ovulation or menstruation. The treatment is to fl ush 
the abdomen with a few cycles of dialysate containing heparin 
(500 units/L) to minimize the chances of clotting in the catheter. 
It has been suggested that ice-cold dialysis fl uid will stop the 
bleeding more quickly. There is no controlled trial of this, and 
the procedure is uncomfortable. The problem usually resolves 
spontaneously and is often visible in only one outfl ow. It is un-
usual for the blood-stained dialysate to be associated with infec-
tion, although it is wise to have the fl uid cultured. Routine use of 
antibiotics is not necessary. In the rare event of signifi cant hem-
orrhage occurring, an urgent laparotomy is required.

Chyloperitoneum
An occasional patient may present with a milky effl uent. The 
initial reaction is to suspect peritonitis, but closer inspection 
reveals that the fl uid is not completely opaque; microscopy 
does not show excess white cells. This appearance is thought 
to be due to the presence of chylomicrons in the dialysate. 
There is no obvious cause in some patients, but malignant 
neoplasm in the retroperitoneum, including lymphoma, can 
present this way. Reasonable steps should be taken to exclude 
such a diagnosis. In the absence of malignant disease there is 
no specifi c treatment.

Metabolic Complications
The use of glucose-based hyperosmolar solutions for PD results 
in a signifi cant increase in the glucose load experienced by the 
patient. A number of reports have measured the daily glucose 
absorption, which is estimated as between 100 and 200 g/day.

The resulting metabolic effect is a persistent tendency for 
patients on CAPD to develop hyperglycemia and hyperinsu-
linemia. In a number of individuals, frank diabetes may 
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develop. This unused glucose load is also thought to contrib-
ute to an increased risk of atherogenesis.

Changes in lipid metabolism peculiar to CAPD are more 
diffi cult to defi ne. Triglycerides and cholesterol levels increase 
during the fi rst year on CAPD. This is due to an increase in 
very-low-density and low-density lipoproteins. The greater 
the degree of hyperlipidemia at the start of therapy, the worse 
will be the changes with time on CAPD. In addition, lipopro-
tein (a) levels may increase with time on CAPD (although 
these results are not universally confi rmed). On the whole, 
however, proatherogenic lipid levels are more common in 
patients on CAPD than those on hemodialysis.

A number of studies have demonstrated the effectiveness 
of cholesterol-lowering agents in patients on CAPD. Both lo-
vastatin and simvastatin (hydroxymethylglutaryl-coenzyme A 
reductase inhibitors) have been shown effective in reducing 
total cholesterol and low-density lipoprotein cholesterol while 
increasing high-density lipoprotein cholesterol.18 The long-
term effects of such intervention on cardiovascular morbidity 
and mortality, however, have yet to be established.
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The term adequacy of dialysis has traditionally been used to 
refer to small solute clearance in both hemodialysis (HD) and 
peritoneal dialysis (PD). There is, however, an increasing 
sense, based on recent studies, that the importance of clear-
ances may have been overstated in the past and that an assess-
ment of adequacy should take into account other elements of 
the dialysis prescription, in particular, control of volume sta-
tus. In this chapter, emphasis is given to small solute clearance, 
but attention is also paid to the equally important areas of 
volume status and nutrition.

The issue of comparative outcomes on PD, relative to HD, 
is also a key measure of the adequacy of PD as a renal replace-
ment therapy. A controversial topic, it is reviewed here.

SMALL SOLUTE CLEARANCE

In the late 1980s, the fi rst attempts were made to extrapolate 
to PD the principles of quantifi cation and prescription of dia-
lytic dose established for HD in the aftermath of the National 
Cooperative Dialysis Study.1 In the 1990s, numerous studies 
attempted to show that measurements of fractional urea clear-
ance (Kt/V) and creatinine clearance corrected for body sur-
face area (CrCl) correlated with, or were predictive of, patient 
well-being and survival; the fi rst clearance guidelines were 
introduced. In this decade the results of the fi rst major ran-
domized, controlled trials in this area have appeared and have 
led to a re-evaluation of the importance of clearances and to a 
revision of clearance guidelines.

Principles of Quantifi cation
Small solute clearance in PD is made up of both a peritoneal 
and a residual renal component. The latter is particularly im-
portant in that it accounts for a greater proportion of overall 
clearance achieved than is the case in HD and appears to per-
sist longer in PD patients.

The peritoneal component is calculated by collecting 
dialysate effl uent for 24 hours and measuring its urea and 

creatinine content. These are then divided by the serum 
urea and creatinine levels, respectively, to give peritoneal 
urea clearance (Kturea) and creatinine clearance. Dialysate 
creatinine levels may need to be corrected for the high di-
alysate glucose content because this interferes with the assay 
used in some laboratories. The renal component is calcu-
lated in the same way, with a 24-hour urine collection. 
However, in the case of creatinine clearance, an average of 
residual renal urea and creatinine clearance is typically 
used, because unmodifi ed creatinine clearance substantially 
overestimates the true glomerular fi ltration rate. These 
clearances are then normalized to total body water (V) to 
give Kt/V, or to 1.73 m2 body surface area to give CrCl. The 
value for V is estimated using anthropometric formulas, 
such as those of Watson, based on age, sex, height, and 
weight.2 These estimates, compared with a standard of mea-
surement such as deuterium oxide dilution, are, on average, 
reasonably accurate in nonobese patients but tend to give an 
overestimate of V in those who are overweight.3 Neverthe-
less, because most of the clinical literature is based on a V 
calculated with these equations and because they are rela-
tively simple, they remain the method of choice. Body sur-
face area is estimated by the Du Bois formula.4 Kt/V and 
CrCl values are typically expressed as weekly, rather than 
daily, clearances (Boxes 83-1 and 83-2).

Attempts to estimate Kt/V and CrCl using abbreviated 
methods based on the peritoneal equilibration test (PET) are 
not suffi ciently accurate for clinical practice. Computer pro-
grams that calculate clearances are widely available. These can 
also be used to “model” patient prescriptions and predict the 
clearances a given prescription will achieve, but they are not 
accurate enough to replace the 24-hour collection in clinical 
practice. Collections are more cumbersome in patients on 
automated peritoneal dialysis (APD), as compared to continu-
ous ambulatory peritoneal dialysis (CAPD), because of the 
greater volumes involved, and many units train patients to 
record or measure cycler effl uent volumes and then to take a 
representative aliquot of dialysate for measurement of urea 
and creatinine.

Chapter 83
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936 Maintenance Dialysis

Typically, residual renal function declines gradually to-
wards zero over the fi rst 2 to 3 years on PD; total clearance 
will also decrease if the dialysis prescription is not modifi ed 
(Fig. 83-1).5 The achievement of clearance targets requires 
such modifi cations to be made. In general, dialysate and 
urine collections should be performed shortly after com-
mencing PD, every 4 months subsequently so as to allow 
timely detection of declines in residual function, and after 
any alteration in prescription or otherwise unexplained clini-
cal event. Data suggest that daily collections are not very re-
producible, particularly due to major variations in the uri-
nary component.6  A 48-hour urine collection might therefore 
be preferable in some patients. An unexpected result should 
be confi rmed with a repeat collection.

The urea and protein content of the same 24-hour collec-
tions done to calculate clearance can be used to measure nor-
malized protein equivalent of nitrogen appearance (nPNA), 
which, in a stable patient, is an estimate of dietary protein 
intake. Numerous formulas are used for calculating nPNA, 
but evidence suggests that those of Bergstrom are best (Box 
83-3).7,8 Also these collections allow measurement of total 

Kt/V  �  7 � (daily peritoneal Kt/V � daily 
renal Kt/V)

Daily peritoneal Kt � 24-hr dialysate urea content
serum urea

Daily peritoneal Kt � 24-hr urine urea content
serum urea

V (by Watson) �  2.447 � 0.09516 A � 0.1704 H 
� 0.3362 W (in males) or

 �  �2.097 � 0.1069 H � 0.02466 
W (in females)

Box 83-1 Formulas Required to Calculate Kt/V

A, age (years); H, height (cm); W, weight (kg).

Figure 83-1 Change in creatinine clearance (CrCl) with 
time and continuous ambulatory peritoneal dialysis (CAPD). 
Lighter areas and darker areas indicate the proportions of 
CrCl accounted for by peritoneal and renal clearance, re-
spectively. Figures in the boxes refer to the number of pa-
tients at each 6-month interval. (From Blake PG, Balaskas 
EV, Izatt S, Oreopoulos DG: Is total creatinine clearance a 
good predictor of clinical outcomes in CAPD? Perit Dial Int 
1992;12:353-–358.)

PNA (g/day) �  20.1 � 7.50 (daily dialysate � urine 
urea nitrogen content [g/day])

 or
 �  15.1 � 6.95 (daily dialysate � urine 

urea nitrogen content [g/day]) 
� daily dialysate � urine protein 
content (g/day)

The same formulas with urea concentrations expressed in 
SI units are as follows:
PNA (g/day) �  20.1 � 0.209 (daily dialysate 

� urine urea content [mmol/day])
 or
 �  15.1 � 0.195 (daily dialysate � urine 

urea content [mmol/day]) 
� daily dialysate � urine protein content 
(g/day)

Box 83-3 Bergstrom Formulas for Estimating Protein Equivalent 
of Nitrogen Appearance (PNA) in Patients on Peritoneal Dialysis

In all cases, normalized PNA (nPNA) � PNA/desirable body 
weight.
Modifi ed from Bergstrom J, Heimburger O, Lindholm B: Calcula-
tion of the protein equivalent of total nitrogen appearance from 
urea appearance. Which formulas should be used? Perit Dial Int 
1998;18:467–473.

creatinine excretion, which can in turn be used to estimate lean 
body mass (Box 83-4).9 Similarly, total protein or albumin losses 
can be helpful in the evaluation of low serum albumin values.

Total Kt/V values achieved with typical PD prescriptions are 
half to two thirds of those achieved with HD. This might sug-
gest major underdialysis, but it must be remembered that the 
effi ciency, in terms of solute removal, of clearance delivered 

Crcl (L/wk)  � 
  

Weekly creatinine clearance (L/wk)
body su� rrface area (m )

1.73 (m )

2

2

Weekly creatinine � 7 � (daily peritoneal creatinine
clearance (L/wk)   clearance � daily renal clearance)

Daily peritaneal  � 24-hr dialysate creatinine content*
serum crreatininecreatinine 

clearance
Daily renal  � 24-hr urine creatinine content

serum creatinnine 2
24-hr urine urea content

serum u

�
 �

 
rrea 2�

creatinine 
clearance 

Body surface area  log A (cm2) � 0.425 log W 
(by Du Bois):   � 0.725log H � 1.8564

Box 83-2 Formulas Required to Calculate Creatinine Clearance 
(CrCl)

*Corrected for dialysate glucose by a formula specifi c to each 
laboratory.
A, body surface area (m2); H, height (cm); W, weight (kg).
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intermittently is much less than that of the same amount of 
clearance delivered continuously.10 Also, continuous modalities, 
in comparison to intermittent modalities, avoid substantial 
disequilibrium. Furthermore, it has also been suggested that 
continuous modalities are advantageous because peak levels of 
uremic toxins are theoretically at a lower level for a given quan-
tity of clearance than is the case with intermittent modalities. It 
has been proposed that peak rather than mean levels of small 
solutes are proportional to uremic toxicity.11

Clinical Studies on Adequacy 
of Peritoneal Dialysis
Initial studies correlating small solute clearance and patient out-
comes gave varied results and in retrospect have multiple meth-
odologic fl aws. The Canada/USA (CANUSA) Study avoided 
some of these problems in that it was multicenter and prospec-
tive, and in that it followed almost 600 incident CAPD patients 
for up to 3 years, giving it reasonable statistical power.12 It was, 
however, a cohort study with no mandated interventions. CA-
NUSA demonstrated a predictive power for both Kt/V and CrCl, 
such that a 5 L/wk lower CrCl was associated with a 7% greater 
relative risk of dying, and a 0.1 unit/wk lower Kt/V was associ-
ated with a 5% greater relative risk of dying. Patients in CA-
NUSA mainly received standard 4 � 2L per day CAPD with few 
alterations, so that changes in clearance were mainly due to de-
clines in residual function. CANUSA, on closer analysis, showed 
a correlation between residual renal clearance and subsequent 
mortality, but could not show a correlation between peritoneal 
clearance alone and mortality.13 However, the design of the study 
did not really allow this issue to be addressed.

Subsequent to CANUSA, a variety of other prospective and 
retrospective studies showed similar correlations between 
small solute clearance and clinical outcomes, but all were 
similarly confounded by residual renal function.14–16 None 
could show an independent effect of peritoneal clearance on 
outcomes, even when there was signifi cant variation in PD 
dose.16 Notwithstanding this, clinical practice guidelines from 
various bodies proposed target Kt/V and CrCl values in the 
middle and late 1990s.17,18 Most notably, the United States 
National Kidney Foundation’s Kidney/Dialysis Outcomes 
Quality Initiative (K/DOQI) set a weekly Kt/V target of 2.0 for 
CAPD. For CrCl, the target was set at 60 L/wk, although 

this was subsequently modifi ed down to 50 L/wk for low and 
low-average transporters.17–19 Slightly higher targets were set 
for APD, with and without day dwells, on the grounds that 
these are somewhat more intermittent modalities than is 
CAPD. These new clearance targets had a major impact on PD 
prescription and led to increased use of higher dwell volumes 
in CAPD and of multiple day dwells in APD.20 The result was 
a notable increase in delivered clearances.

Randomized, Controlled Trials
The fi rst major randomized, controlled trials addressing the 
effectiveness of raising peritoneal clearance have appeared 
since 2000.21–23

The best and most defi nitive was the ADEquacy of Perito-
neal Dialysis in MEXico Study (ADEMEX), which involved 
960 incident and prevalent CAPD patients recruited from 
25 centers in Mexico.22 Participating patients were random-
ized to one of two groups. The control group was maintained 
on a standard 4 � 2L CAPD prescription, and the interven-
tion group had their prescription augmented to achieve a 
peritoneal creatinine clearance of 60 L/wk. A small number of 
patients who could achieve a peritoneal creatinine clearance 
of 60 L/wk on the standard prescription were excluded from 
the study. The increases in clearance in the intervention group 
were made using a larger dwell volume or a fi fth exchange, 
delivered with a night exchange device. Follow-up was for an 
average of 2 years; the primary endpoint was survival. A large 
variety of secondary endpoints was also examined. Unlike 
previous studies, ADEMEX had substantial statistical power 
to detect endpoint differences. The control group achieved, on 
average, a weekly peritoneal CrCl of 46 L and a weekly perito-
neal Kt/V of 1.62; the intervention group had values of 57 L 
and 2.13, respectively. Corresponding values for total Kt/V 
were 1.80 and 2.27 and for CrCl were 54 and 63 L/wk, respec-
tively (Table 83-1). There were no signifi cant differences 
in either primary or secondary outcomes between the two 
groups. In particular, the relative risk of mortality for a patient 
included in the intervention group was 1.00 relative to a pa-
tient in the control group (Fig. 83-2). This result was surpris-
ing to many and, given the high quality of the study, brought 
into question the appropriateness of the K/DOQI 2000 clear-
ance recommendations.

Concerns have been raised about the ADEMEX fi ndings.24

These include concerns as to whether the results can be ex-
trapolated to non-Mexican patients, to populations with 
higher rates of cardiovascular disease, or to patients on APD 
as distinct from CAPD. In support of the ADEMEX fi ndings, 
however, are the results of the randomized, controlled trial 
from Lo and colleagues.23 This study involved 322 incident 

Lean body mass (kg) �  7.38 � 0.029 [creatinine 
production (mg/day)]

Creatinine �  creatinine excretion 
 production (mg) � creatinine degradation
Creatinine �  24-hr dialysate creatinine† 
 excretion (mg/day)  content (mg) � 24-hr urine 

creatinine content (mg)
Creatinine degradation �  0.38 [serum creatinine 

(mg/day) (mg/dL)] 
� [body weight (kg)]

Box 83-4 Formulas for Calculating Lean Body Mass by the 
Method of Keshaviah et al*

*Keshaviah PR, Nolph KD, Moore HL, et al: Lean body mass 
estimation by creatinine kinetics. J Am Soc Nephrol 1994;4:
1475–1485.
†Corrected for dialysate glucose by a formula specifi c to each 
laboratory.

Table 83-1 Peritoneal and Total Clearances Delivered in the 
ADEMEX Study

Control Intervention

Peritoneal Kt/V (per week) 1.62 2.13

Total Kt/V (per week) 1.80 2.27

Peritoneal CrCl (L/week) 46.1 56.9

Total CrCl (L/week) 54.1 62.9

Ch83_935-945-X5484.indd 937Ch83_935-945-X5484.indd   937 6/18/08 3:25:41 PM6/18/08   3:25:41 PM



938 Maintenance Dialysis

CAPD patients recruited from six centers in Hong Kong be-
tween 1996 and 1999. These patients were randomized to 
three different Kt/V targets, 1.5 to 1.7, 1.7 to 2.0, and above 
2.0/wk. The three groups achieved the targeted Kt/V levels, 
and no difference was found in 2-year survival rates. There 
was, however, a signifi cantly greater study dropout rate for 
patients in the group with a Kt/V below 1.7/wk; the authors 
concluded that Kt/V should be maintained above this level. 
This study was somewhat underpowered to detect mortality 
differences, but, in the light of the ADEMEX study, its fi ndings 
are not so surprising.

These studies show that residual renal function is highly 
predictive of survival but cannot be replaced on a one-to-one 
basis by peritoneal clearance, which within the usual thera-
peutic range is not predictive of survival (see Table 83-1). The 
concept of adding renal and peritoneal clearance together as if 
they are the same is not justifi able. Given that increasing peri-
toneal clearance is not a neutral intervention and may have 
lifestyle implications for the patient in terms of mechanical 
symptoms, time commitment, and cost, it is important to 
avoid an unnecessarily aggressive approach to PD prescrip-
tion. However, these studies do not prove that there is no link 
between peritoneal clearance and outcome. Clearly there is 

some relationship in that zero dialysis guarantees an adverse 
outcome. There is no evidence that doses below those re-
corded by the ADEMEX control group, for example, are 
safe. Furthermore, the Lo study would suggest that total Kt/V 
values below 1.7 are problematic.

Accordingly, recent revised guidelines produced by 
K/DOQI have reset the Kt/V target at 1.7/wk.25 For simplic-
ity and in the absence of evidence to the contrary, the same 
target is now being used for both CAPD and APD patients, 
regardless of transport type. Furthermore, K/DOQI sug-
gests that there is no additional benefi t from measuring 
CrCl, although European guidelines still retain this index. 
This has simplifi ed the prescription of PD and has made the 
targets easier to achieve.25

The reason for the lack of an effect of higher clearance on 
key outcomes has been debated, especially in the light of 
analogous fi ndings in HD.26 One possibility is that substan-
tially higher clearances would be required to improve out-
comes, but this is speculative. A plausible alternative is that, 
once suffi cient clearance to control frank uremia has been 
delivered, outcomes depend much more on critical comorbid 
conditions such as diabetes and cardiac disease.

PERITONEAL TRANSPORT STATUS

Patients differ in the rapidity with which urea, creatinine, and 
other solutes equilibrate with dialysis solution across their 
peritoneal membrane. This is classically measured by the PET, 
in which dialysate and plasma levels of urea and creatinine are 
measured during a 4-hour, 2L, 2.5% dextrose dwell, done un-
der standard conditions.27 Equilibration curves are con-
structed, and patients are defi ned as low, low-average, high-
average, or high transporters (Fig. 83-3). It is generally be-
lieved that PET status is a measure of the effective or vascular 
surface area of the peritoneal membrane, but interestingly it 
does not correlate with body size.

Patients who are high transporters equilibrate quickly and 
so, in that sense, dialyze well but they ultrafi lter poorly because 
the osmotic gradient for glucose dissipates rapidly. They might 
be expected to do better with short dwell times, as in APD, but 
they need to avoid prolonged day dwells with glucose-based 
PD solutions. They also have higher dialysate protein losses 
and are more prone to marked hypoalbuminemia. Conversely, 

Figure 83-2 Life-table intent-to-treat analysis of patient survival 
showing no difference in survival between the interventions. 
(Reproduced from Paniagua R, Amato D, Vonesh E, et al: Ef-
fect of increased peritoneal clearances on mortality rates in 
peritoneal dialysis: ADEMEX, a prospective randomized con-
trolled trial. J Am Soc Nephrol 2002;13:1307–1320.)
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Figure 83-3 Peritoneal equilibration 
test (PET) results. Ranges of values for 
dialysate-to-plasma ratios for urea 
and creatinine (corrected) in standard 
PET.  (From Twardowski ZJ, Nolph KD, 
Khanna R, et al: Peritoneal equilibra-
tion test. Perit Dial Bull 1987;7:
138-–147.)
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low transporters ultrafi lter well, lose less protein in their dialy-
sate, and have higher serum albumin levels, but equilibrate 
slowly. Thus, large-volume dwells with longer treatment times 
are best for achieving good clearance. In practice, the choice 
between CAPD and APD is much more infl uenced by lifestyle 
and economic considerations; with the recent reduction in 
clearance targets, patients of any transporter type can be ade-
quately dialyzed with either modality, although fl uid removal 
can be problematic in high transporters treated with long-
duration dwells. Numerous studies suggest that low, rather 
than high, transporters have substantially superior long-term 
outcomes on CAPD.28 This supports the idea that volume sta-
tus may be more important than clearance. It has led to the 
suggestion that high transporters might preferentially be di-
rected to APD and to the use of alternative osmotic agents to 
dextrose, especially when residual renal function is lost.18 How-
ever, there is also evidence to support the alternative suggestion 
that high transport status may be a marker of older, sicker, 
more “infl amed” patients; this may be the main driver of the 
worse outcomes.

INCREASING PERITONEAL DIALYSIS 
DOSE

Despite the controversy about target clearances in PD, it is 
important to understand how delivered clearance can be in-
creased in PD patients. In CAPD, the best strategy to raise 
dialytic dose is to increase dwell volumes to 2.5 L. This is usu-
ally well tolerated and minimally disruptive of lifestyle. Larger 
patients may require and tolerate 3-L volumes. The alternative 
approach of increasing the frequency of daytime manual ex-
changes to more than four will tend to lead to inadequate 
spacing of the exchanges so that equilibration is less complete; 
this approach also is likely to increase the risk of patient non-
compliance.

Automated PD has become increasingly popular in recent 
years and is the dominant PD modality in the United States. It 
should not be viewed as a panacea for inadequate PD. If care-
lessly prescribed, it can lead to clearances that are actually less 
than those on standard CAPD. Daytime dwells are required to 
achieve clearance targets in APD patients unless residual renal 
function is very good, the patient is very small, or the patient 
is a high transporter. In heavier patients and in low transport-
ers, especially when residual renal function is poor, two day 
dwells may be required. The cost of this approach can be re-
duced by using the cycler solutions and tubing to do the day-
time exchange. If two daytime exchanges are being done, the 
number of cycled exchanges at night can be limited to four or 
even three to minimize cost.

With regard to the actual cycler prescription, 2.5L, and even 
higher, dwell volumes are usually well tolerated, given that APD 
is delivered in the supine position. The standard time spent 
each night on the cycler is 8 to 9 hours. Increasing the frequency 
of cycler exchanges to more than six or seven over 9 hours gives 
modest increases in clearance but is generally not cost effec-
tive29,30 because too much of the cycling time is spent on drain-
ing and fi lling, and too little on actual dialysis. Tidal techniques, 
which maintain a constant residual volume throughout the cy-
cling time, were devised to help with this problem, but they are 
not effective in increasing clearance and are only useful when 
the fi nal phase of drainage is slow or painful.

With both CAPD and APD, hypertonic solutions can be 
used to increase clearance by maximizing ultrafi ltration, but 
this strategy increases the risk of dehydration as well as that of 
obesity, hyperglycemia, hyperlipidemia and, perhaps, long-
term peritoneal membrane damage. With all strategies, pa-
tient lifestyle and willingness to comply should be kept in 
mind. As stated, dialysis dose should be remeasured soon after 
each prescription alteration.

VOLUME STATUS IN PERITONEAL 
DIALYSIS

The favorable prognosis associated with low transporter status 
on PET gives support to the view that volume status is an 
important determinant of outcome in PD patients.28 No high-
quality data are available that prove that good volume man-
agement improves outcome. However, cardiovascular disease 
is the biggest cause of morbidity and mortality in dialysis pa-
tients generally, and hypertension, a crucial risk factor, is com-
mon in this population and infl uenced by volume status. 
Notwithstanding this, overaggressive volume removal may 
decrease residual renal function, so a balanced approach is 
required.

Management of volume status has been the subject of Interna-
tional Society of Peritoneal Dialysis clinical practice guidelines.31

Key factors that need to be taken into account in managing 
volume status in PD patients, in addition to PET fi ndings, include 
salt and water intake, residual renal function, and adherence to the 
PD prescription. Useful strategies to control volume status include 
dietary salt and water restriction, when required; the use of high-
dose loop diuretics in patients who still have urine output; and 
education of patients in the signifi cance of fl uid overload and 
hypertension.32 Randomized trials show that angiotensin receptor 
blockers and angiotensin-converting enzyme inhibitors help 
preserve residual renal function and so improve volume control 
in PD.32–34

A number of aspects of the prescription, however, can be 
modifi ed. These are the dwell time, the tonicity of solution 
used, and the choice of osmotic agent. Prolonged dwell times 
are associated with greater peritoneal fl uid absorption, which 
is particularly an issue with the nocturnal dwell in CAPD and 
with the day dwell in APD. Ultrafi ltration can be enhanced, in 
both short and long dwells, by increasing the tonicity of the 
glucose solution used. However, this strategy is limited by the 
adverse effects of increased glucose absorption, including hy-
perglycemia, hyperlipidemia, obesity, and peritoneal mem-
brane damage. A more attractive approach to avoid fl uid ab-
sorption from long-duration dwells has become possible with 
the availability of the osmotic agent icodextrin.35 This large 
molecular-weight glucose polymer induces ultrafi ltration by 
colloid osmosis. Because the icodextrin molecule is too large 
to be absorbed across the peritoneal membrane, the osmotic 
gradient does not dissipate and there is sustained ultrafi ltra-
tion throughout the duration of a long dwell. Icodextrin is 
now frequently used as the long day dwell in APD and as the 
nocturnal dwell in CAPD. A modest amount of lymphatic 
absorption of icodextrin occurs, with subsequent metabolism 
to maltose, but no associated toxicity has been identifi ed after 
more than 15 years’ experience. The disadvantages of icodex-
trin are its somewhat higher cost and a small rate of exfoliative 
skin rashes. Evidence from randomized, controlled trials now 
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indicates that icodextrin not only enhances ultrafi ltration, but 
also leads to better control of volume status, as measured by 
echocardiography, bioimpedance, and other measures of ex-
tracellular fl uid volume.36,37 Besides improving ultrafi ltration, 
icodextrin can lead to less weight gain and less hyperglycemia 
and hypertriglyceridemia due to the reduced exposure to glu-
cose. In general, high and high average transporters should be 
directed toward APD or icodextrin if problems are arising 
with volume status.18 In some countries, icodextrin is now 
routinely used in the majority of patients.

The growth in APD was initially thought to be a positive 
development for control of volume status because the shorter 
dwell times on the cycler would be expected to lead to en-
hanced ultrafi ltration. However, investigators have pointed 
out that the phenomenon of sodium sieving becomes signifi -
cant with the typical short dwells of APD, leading to less so-
dium removal than standard CAPD.38,39 Sieving of sodium 
occurs because about half the ultrafi ltrate goes through peri-
toneal aquaporin channels, which transport water only. The 
longer dwell times in CAPD allow diffusive sodium removal 
to compensate for sieving, but this is not the case with the 
short cycles of APD. In practice, studies have not consistently 
shown worse control of volume or blood pressure in APD, but 
a randomized trial is required to address this issue. The use of 
icodextrin in the day dwell can be used to attenuate volume 
problems in APD.39

A problem with volume management in dialysis patients is 
the lack of a reliable and practical method to measure volume 
status. Blood pressure and clinical examination may be mis-
leading and bioimpedance has methodologic limitations, as 
do blood levels of natriuretic peptides.40 Essentially, volume 
status is still best optimized by trial and error.

PATIENT COMPLIANCE

Patient compliance with PD exchanges is an important issue 
for both clearance and volume status. Methodology to detect 
noncompliance is limited. Ratios between actual and predicted 
creatinine excretion have not been found to be helpful. Ques-
tionnaires are likely to understate the prevalence of noncom-
pliance, and checks on home inventory are probably the near-
est to a standard. Using the latter methodology, one U.S. group 
found a 40% rate of signifi cant noncompliance.41 A large mul-
ticenter questionnaire-based study suggested that the problem 
was most likely in patients who were young, employed, black, 
and receiving more than 4 CAPD exchanges daily.42 There is a 
need to be aware of this problem.

MALNUTRITION IN PERITONEAL 
DIALYSIS

Malnutrition is prevalent in dialysis patients generally; one 
international study found, using subjective nutritional assess-
ment, that 8% of 224 CAPD patients had severe malnutrition 
and a further 33% had mild to moderate malnutrition.43

A number of nutritional indices have been shown to pre-
dict adverse outcomes. Lower serum albumin is associated 
with greater mortality, hospitalization rates, and technique 
failure.12 In the CANUSA study, the relative risk of dying de-
creased 6% for each 1 g/L rise in the serum albumin. In PD 

patients, however, serum albumin may not primarily be a 
nutritional marker. A number of studies have shown that high 
peritoneal transport status and the presence of infl ammation, 
as indicated by a raised serum C-reactive protein level, are the 
major predictors of a low serum albumin.44

Lean body mass, estimated by creatinine excretion, in ac-
cordance with the method of Keshaviah,11 and total body ni-
trogen, by neutron activation analysis,45 have also been shown 
to predict survival, as has the relatively simple clinical tool of 
Subjective Global Assessment.12 The predictive data for the 
nPNA are less consistent. Some of this discrepancy may be 
related to variation in methods of measurement and normal-
ization. Evidence suggests that the Bergstrom formula, which 
was specifi cally derived from PD patients, is most accurate 
in that it takes full account of the high nonurea, nonprotein 
nitrogen losses in these patients.7,46 Normalization to desir-
able rather than actual weight is preferable. No clear target 
for nPNA has been validated. On theoretical grounds, 1.2 
g/kg/day has been proposed but is rarely achieved and neutral 
nitrogen balance may be possible at signifi cantly lower val-
ues.7,17 Caloric intake has been relatively poorly studied and, 
although it has been shown to be as important as protein in-
take for nitrogen balance, no clear studies correlating it 
with outcome have been published. The general recommen-
dation is that patients receive 35 kilocalories/kg/day, although 
this should be reduced for obese patients.17 In many patients, 
20% or more of calories will come from dialysate glucose ab-
sorption. Other nutritional indices such as serum prealbumin, 
insulin-like growth factor-1 levels, anthropometrics, and bio-
electric impedance, are not widely used.

Malnutrition in dialysis patients is typically multifacto-
rial. Food intake is often low due to uremia per se, diet -
ary restrictions, socioeconomic issues, possible dialysate-
induced compression of viscera and, often most signifi cantly, 
comorbidity, including gastrointestinal disease, cardiovas-
cular disease, and depression. Patients also have obligatory 
dialysate nitrogen and protein losses and may be catabolic 
from inadequate intake as well as from intercurrent ill-
nesses, infl ammation, and acidosis. The role of endocrine 
dysfunction, and in particular of the growth hormone insu-
lin-like growth factor 1 axis in impairing the balance be-
tween anabolism and catabolism in uremia, has also been 
recognized.

Management of Malnutrition
Interventions to treat malnutrition are not well validated. 
They include increases in dialysis dose, oral protein and car-
bohydrate supplementation, correction of acidosis, intraperi-
toneal amino acids, and administration of anabolic hormones, 
such as androgens, and recombinant growth hormone and 
insulin-like growth factor-1.

A small number of studies, mostly uncontrolled, have 
looked at the effect of prospective increases in peritoneal 
clearance on nutrition.47 In general, these studies have shown 
confl icting results with regard to protein intake, with some 
showing an increase and others no change. The methodology 
is often confounded by mathematical coupling between indi-
ces of dialysis dose and those of nutrition. In studies that have 
looked at serum albumin, there has been no clear benefi cial 
effect. The ADEMEX study also failed to show a nutritional 
advantage for the high clearance group.22
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Numerous studies have examined intraperitoneal amino 
acids. Initially these were confounded by associated increases 
in uremia and acidosis, but more recently the amino acid 
composition of the preparations has been favorably modifi ed 
and strategies for administering them have improved; they are 
now given as one exchange in the daytime, in association with 
oral caloric intake. Recent controlled trials have shown an in-
crease in nitrogen balance and better maintenance of serum 
albumin over 3 years follow-up.48 There were additional ad-
vantages for women, with better maintenance of lean body 
mass and body mass index, but the study was too small to 
detect any survival advantage for treated patients.

Correction of acidosis or even induction of mild alkalosis 
with oral sodium bicarbonate has been shown to improve 
nutritional status in PD patients. In one randomized trial of 
60 patients followed for 1 year, the bicarbonate-treated patients 
had superior PNA and Subjective Global Assessment scores 
and less hospitalization than placebo-treated controls.49

One small randomized, controlled trial has shown a benefi t 
for anabolic steroids in increasing lean body mass and func-
tional performance in malnourished HD and PD patients, but 
concerns about adverse effects have limited their use.50 Studies 
on recombinant growth hormone and insulin-like growth 
factor-1 have been small and short term but have shown im-
pressive anabolic effects.51 Effects on serum albumin have 
been less impressive. Cost and toxicity concerns limit the use 
of these recombinant agents to research studies at present.

The relative ineffectiveness of most of these nutritional 
interventions in PD patients raises questions about the nature 
of malnutrition in dialysis patients generally. Although many 
patients have malnutrition and its presence predicts adverse 
outcomes, it is not clear that the malnutrition is the proximate 
cause of those outcomes or that its correction, when possible, 
will lead to an improvement in those outcomes. It is at least as 
plausible that the malnutrition is a consequence of the comor-
bidity or infl ammation, which is the true proximate cause of 
the patients’ morbidity and mortality. If the latter is the case, 
attempts to treat the malnutrition without dealing with un-
derlying causes may be ineffective both in terms of nutritional 
status and in terms of ultimate clinical outcomes. Recent data 
linking malnutrition, infl ammation, and cardiovascular dis-
ease may be pertinent in this regard.52

COMPARATIVE OUTCOME STUDIES

Interest in adequacy of dialysis has also focused attention on 
comparative outcomes between HD and PD. Most data come 
from national or renal registries; none is from randomized, 
controlled trials. Patient mortality is the usual endpoint used 
in these studies. A controversial U.S. Registry study published 
in 1995 suggested an excess mortality on PD, but the method-
ology was unusual in that the majority of the fi rst year on di-
alysis was omitted from the analysis.53 This leads to a system-
atic bias against PD because outcomes on the modality are 
relatively better in the early years on dialysis.

Subsequent and more contemporary studies from the U.S., 
Canadian, Danish, Dutch, and Lombardy registries all show a 
similar picture.54–58 The relative mortality rates of the two 
modalities change with length of time on dialysis (Fig. 83-4). 
PD has a survival advantage over HD during the fi rst 1 to 
3 years of dialysis. This advantage is most marked in younger 

patients and in nondiabetic patients (Fig. 83-5). In the United 
States, however, no signifi cant early advantage for PD is seen 
in older diabetic patients, and, indeed, in older female diabetic 
patients, HD has a signifi cant advantage.54 After 2 years of 
dialysis, data are less detailed, but PD appears to lose its ad-
vantage and HD is associated with equal or better survival. 
The reason for the early survival benefi t of PD has been de-
bated. One possibility is that it relates to better retention of 
residual renal function. An alternative is that it simply repre-
sents a baseline case mix advantage for PD that cannot be 
detected in registry studies. This benefi t is, however, found in 
countries with both high and low PD use.54,55,57

A particular concern has been raised in the United States by 
more recent registry studies showing worse outcomes on PD in 
patients with cardiac disease.59,60 These fi ndings have not been 
confi rmed in other countries but are a concern; they have 
heightened interest in glucose-sparing approaches because it is 
sometimes suggested that systemic glucose absorption may be 
a particular problem in patients with cardiac disease.

In the absence of randomized trials, a number of prospective 
but nonrandomized cohort studies have compared HD and PD. 

Figure 83-4 Mortality rate ratios (RRs) for peritoneal dialysis 
relative to hemodialysis (HD) by follow-up interval, adjusted 
for age, primary renal diagnosis, and comorbid conditions, 
estimated using Poisson regression.  (From Schaubel DE, 
Blake PG, Fenton SS: Trends in CAPD technique failure: 
Canada 1981–1997. Perit Dial Int 2001;21:365–371.)

Figure 83-5 Relative mortality risk for peritoneal dialysis 
compared to hemodialysis in incident in U.S. dialysis pa-
tients, 1994–1998.  (From Collins AJ, How W, Xia H, et al: 
Mortality risks of peritoneal dialysis and hemodialysis. Am J 
Kidney Dis 1999;34:1065-–1074.)
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A Canadian study of 822 incident patients followed for 2 years 
found a survival advantage for PD, but this went away after ad-
justment for the greater comorbidity in HD patients.61 The 
Dutch NECOSAD investigators also found some early advantage 
for PD. There was no overall survival difference in 1222 incident 
patients over the fi rst 2 years, but there was an advantage for PD 
in diabetic patients younger than age 60 years. After 2 years, how-
ever, a signifi cant benefi t for HD was seen in patients age 
60 years or older.62 The CHOICE study, done in the United States, 
also showed no early difference in survival but reported a worse 
outcome on PD after the fi rst year and after adjustment for labo-
ratory tests.63 The methodology used in CHOICE has been ques-
tioned, but the high rates of cardiac disease, diabetes, and obesity 
in the U.S. dialysis population may create particular issues for 
glucose-based PD.64 Overall, therefore, prospective studies show 
a similar pattern of results to the registry-based ones. Technique 
failure is undoubtedly more common in PD than HD. The most 
frequent causes are peritonitis, social reasons, and “inadequate 
dialysis.” There is some evidence that technique failure rates in 
PD are falling, principally due to better prevention and manage-
ment of peritonitis.65

A reasonable conclusion from all this is that modality 
selection should not be signifi cantly infl uenced by these 

comparative studies. Findings are not suffi ciently robust to 
justify making modality decisions based on age, diabetes, or 
cardiac disease. PD is at least as effective as HD in the early 
years for patients who choose it. Given its cost advantage in 
most developed countries, this suggests that PD is a more cost-
effective initial therapy. Subsequently, many patients will need 
to move to HD due to technique failure, and often loss of re-
sidual renal function may be associated with this. A dialysis 
delivery system based on early use of PD but easy availability 
of HD after 2 to 3 years might be maximally cost effective. This 
concept has been described as integrated dialysis care.66

SPECIFIC MANAGEMENT 
RECOMMENDATIONS

The recent revision of the K/DOQI guidelines on adequacy of 
dialysis has helped to resolve some of the confusion induced 
by the results of the ADEMEX study.

A reasonable strategy is to evaluate patients clinically every 
1 to 2 months looking for evidence of underdialysis and to 
monitor both renal and peritoneal Kt/V shortly after the pa-
tient initiates PD and routinely at 4- to 6-month intervals with 

Clinical evaluation every 
1–2 months and Kt/V 

every 4 months

No

No

No

No

Yes

Yes

Yes

Yes

Uremic symptoms

Treat Precipitated by treatable 
intercurrent illness

Compliant with PD 
prescription

Not achieved

Total Kt/V
> 1.7/week

Counsel

Raise PD dose

Uremic symptoms Total Kt/V > 1.7/week

Persistent Not achieved

Targets achieved and/or 
symptoms resolved

Raise PD dose 
further if feasible

Ineffective or not feasible

Consider switch to 
HD if patient not 

improving and no other 
cause for symptoms apparent

Figure 83-6 Algorithm for the manage-
ment of clearances in peritoneal 
dialysis.
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a view to keeping the combined value over 1.7/wk (Fig. 83-6). 
Clearances should also be remeasured soon after any altera-
tion in the prescription and in response to any unexplained 
clinical changes. Issues such as compliance and the infl uence 
of intercurrent illnesses should be kept in mind.

A good approach is to use 4 � 2L daily in CAPD patients 
and to increase dwell volumes to 2.5 L if the Kt/V target is not 
reached. Patients with substantial residual renal function may 
manage for a while with three exchanges daily. With APD, day 
dry cycling may provide suffi cient clearance in those with 
substantial renal function, but most patients will soon require 
a day dwell. If icodextrin is easily available, this can be used to 
minimize glucose absorption and to avoid the need for a day-
time drain. Otherwise, glucose-based solution can be used, 
but consideration should be given to draining it after 4 to 
6 hours to minimize absorption and maximize fl uid removal. 
Cycling can be done with 8 to 10 L delivered as 4 or 5 � 2L 
dwells over 9 hours. Upward adjustments in clearance are best 
achieved by addition of a day dwell in day dry patients or of 
a second day dwell if one is already being used. Increasing 
the volume of cycled fl uid is an alternative though less cost-
effective option.

Careful attention should be paid to volume status, with the 
aim of keeping the patient edema free and the blood pressure 
at or below 130/80 mm Hg while also being aware of the need 
to avoid volume depletion, with consequent loss of residual 
renal function, and to limit hypertonic glucose exposure. 
Long-duration dextrose dwells should be avoided, especially if 
volume status is a problem. In such settings, the use of APD 
and icodextrin for long dwells should be considered. PET sta-
tus should be monitored to identify patients who are at risk 
for volume overload and who might require these interven-
tions. Loop diuretics and renoprotective agents should be 
considered.

A multidisciplinary approach to malnutrition is recom-
mended. It should be screened for with a combination of tools, 
including clinical evaluation; assessment of dietary protein and 
calorie intake by a renal dietitian; Subjective Global Assessment; 
measurements of serum urea, creatinine, potassium, and albu-
min; serial 24-hour creatinine excretion as an index of lean body 
mass; and nPNA. The limitations of each of these indices should 
be kept in mind, and no individual one should be emphasized to 
the exclusion of the others. Warning signs for malnutrition in-
clude decreasing body weight, low or declining Subjective Global 
Assessment status, decreasing lean body mass or blood urea, and 
nPNA below 0.8 g/kg/day using the Bergstrom formula with 
normalization to desired or standard weight. Serum albumin 
below 30 g/L should be investigated, not only with nutrition in 
mind, but also with regard to PET status and the presence of 
infl ammation, which may frequently not be clinically apparent.

Preventive strategies for malnutrition include a timely start 
on dialysis, targeting a dietary protein intake above 1 g/kg 
body weight per day, and a dietary calorie intake above 
35 kcal/kg/day, avoidance of acidosis, and an adequate PD 
prescription.

Therapeutic strategies ideally involve a multidisciplinary ap-
proach with dietary counseling, diagnosis and treatment of 
comorbidity with special attention to upper gastrointestinal 
disease and depression, correction of poor dentition, awareness 
of cultural and socioeconomic issues, avoidance of excessive 
numbers of medications, and correction of acidosis and, where 
possible, infl ammation. If this is unsuccessful, interventions to 

consider are oral calorie and protein supplementation and the 
use of intraperitoneal amino acids. Administration of anabolic 
steroids may sometimes have a role. A trial of HD may be ap-
propriate if the nutritional status is not improving and if no 
clear cause for this can be identifi ed.
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BACKGROUND

In a span of just 30 years, the process of patient selection for 
dialysis has been transformed from an intensive one in which 
each candidate was carefully scrutinized by a multidisciplinary 
committee for acceptability to one in which almost any patient, 
or family of a patient, who requests dialysis receives it. Ne-
phrologists, medical ethicists, and health-policy experts have 
identifi ed many factors to explain this transformation, but most 
prominent among them are the following: (1) federal legisla-
tion that pays for dialysis for all patients with end-stage renal 
disease (ESRD) who are eligible for Medicare; (2) improve-
ments in medical science and technology that have made it 
possible to achieve long-term survival for some patients who 
were previously thought to be too sick to undergo dialysis (for 
example, the elderly and those with diabetes); (3) a changing 
ethical and legal environment in which respect for patient au-
tonomy and the right of patient self-determination have be-
come almost decisive in medical decision making to start 
or stop a life-sustaining treatment such as dialysis; (4) the fi nan-
cial self-interests of nephrologists who stand to increase their 
incomes by treating larger numbers of dialysis patients; and 
(5) the absence of any attempt before the issuance of a clinical 
practice guideline in 2000 by the Renal Physicians Association 
(RPA) and the American Society of Nephrology (ASN), Shared 
Decision-Making in the Appropriate Initiation of and Withdrawal 
from Dialysis,1 to defi ne formally patients who would be inap-
propriate for dialysis.

The consequences of these factors are twofold: The num-
bers of patients on long-term dialysis and the cost of the 
ESRD program to the federal government have exceeded 
all initial projections several times over and observers of di-
alysis, including the physicians and nurses actively providing 
it, have questioned the appropriateness of dialyzing some 
current patients because of their shortened life expectancy 
and limited quality of life. Of particular note is the rapid 
growth in rates of dialysis initiation among octogenarians 
and nonagenarians with a near doubling of the number of 
patients with incident ESRD who are older than 80 years 
of age.2 These elderly dialysis patients have a survival rate 
only one sixth that of age-matched patients without kidney 
disease in the general population and a high prevalence of 
comorbid conditions including dementia. The controversy 
about the appropriateness of dialysis initiation inthis older 
patient population has been particularly strong. This chapter 
examines the following topics: the reported practices of 
nephrologists and the preferences of patients regarding di-
alysis decision making, the recommendations of the RPA 
and the ASN clinical practice guideline Shared Decision-
Making in the Appropriate Initiation of and Withdrawal 
from Dialysis, a process for dialysis decision making in indi-
vidual cases that is based on ethics and the law, recommen-
dations for caring for a patient who wants to forgo dialysis, 
and the outcomes of the use of the RPA and ASN clinical 
practice guideline on nephrologists’ end-of-life decision 
making.
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NEPHROLOGISTS’ CHANGING 
PRACTICES REGARDING WITHHOLDING 
AND WITHDRAWING DIALYSIS

In the 1990s, research studies of nephrologists’ dialysis 
decision-making practices provided insight into which decisions 
nephrologists would typically make in a variety of circumstances 
and why they made the decisions that they did. These studies 
documented that deciding to withhold and withdraw dialysis 
from patients occurs frequently for the vast majority of ne-
phrologists. Most withhold 1 to 5 patients and withdraw 1 to 
10 patients from dialysis each year. These studies showed that 
most nephrology respondents would honor a competent pa-
tient’s request to stop dialysis but that there was more variability 
in starting a permanently unconscious patient on dialysis or 
stopping dialysis in a permanently demented patient.3 In one 
study of nephrologists in New England, 9 out of 10 nephrolo-
gists would stop dialysis at the request of a competent patient, 
but only 6 out of 10 would agree to stop dialysis for an irrevers-
ibly incompetent patient at the family’s request if the patient’s 
wishes were unknown. In this study, only 1 out of 100 nephrolo-
gists would stop dialysis for an irreversibly incompetent patient 
for whom the nephrologist thought that dialysis should be 
stopped if the family requested that dialysis be continued and 
the patient’s wishes were unknown. The authors concluded that 
consensus exists among nephrologists regarding the right of 
competent patients to determine the course of their care, includ-
ing stopping dialysis. They also concluded that nephrologists 
disagree about the management of incompetent patients with 
unclear previous wishes and that they have diffi culty making 
decisions for such patients.4

In a study of medical directors of dialysis units, 9 out of 10 
indicated that they would agree to stop dialysis at the request of 
a competent patient, but only one third would stop dialysis of a 
permanently and severely demented patient without advance 
directives. One sixth of the medical directors would start dialy-
sis for a permanently unconscious patient if requested, but the 
remainder would not. In this study, some respondents indicated 
that although they thought dialysis was inappropriate for the 
demented and permanently unconscious patients, they would 
not withdraw or withhold it unless they could “convince” the 
families to agree. Other respondents specifi cally noted that they 
would be afraid to stop dialysis for the patient with severe de-
mentia if there were the potential for litigation from family 
members who wanted dialysis continued. In interpreting the 
results of their study, the authors suggested that some nephrol-
ogists may misunderstand the ethical and legal aspects of mak-
ing decisions for such patients and may feel obligated to provide 
dialysis to all patients for whom it is requested.5

Similarly, in a study of dialysis decision making by nephrolo-
gists in Canada, the United Kingdom, and the United States, 
more than 9 out of 10 nephrologists from all three countries 
would respect a competent patient’s refusal to start dialysis. 
However, American nephrologists would offer dialysis signifi -
cantly more often to demented patients, severely disabled dia-
betic patients, and patients in a persistent vegetative state than 
would Canadian or British nephrologists. The American ne-
phrologists signifi cantly more often gave “respect for the patient 
or family request” as the fi rst reason to offer dialysis and ranked 
“fear of lawsuit” higher as a reason to offer dialysis than their 
counterparts in the other countries. The British and Canadian 
nephrologists signifi cantly more often cited “adequate quality of 

life” as a reason to offer dialysis than the Americans did. Despite 
these variations, there was never more than a 30% difference in 
the practice of offering dialysis among the three groups. The 
greatest agreement on offering dialysis was for the young com-
petent patient with muscular dystrophy (�90% in each group). 
Less than 10% of each group thought that dialysis should be of-
fered to patients in a persistent vegetative state.6

Five years after the introduction of the RPA and ASN clini-
cal practice guideline, a follow-up study of nephrology mem-
bers of the RPA was conducted to determine whether there had 
been a change in their attitudes and reported practices with 
regard to dialysis and end-of-life decision making.3 In 2005 
compared with 1990, there was less variation in nephrologists’ 
responses; nephrologists were signifi cantly more likely to with-
draw dialysis from a permanently and severely demented pa-
tient (53% vs. 39%) and to withhold dialysis from a perma-
nently unconscious patient (90% vs. 83%). In both time 
periods, more than 90% of nephrologists would stop dialysis of 
a competent patient who requests it. Compared with 1990, in 
2005 nephrologists reported that the dialysis unit in which 
they treated most of their patients was signifi cantly more likely 
to have written policies on cardiopulmonary resuscitation 
(86% vs. 31%) and withdrawal of dialysis (30% vs. 15%). 
These dialysis units were also signifi cantly more likely to honor 
a patient’s request for a do-not-resuscitate order in the dialysis 
unit (83% vs. 66%). The change in clinical decision making by 
nephrologists in the 15 years between the studies is consistent 
with the recommendations for dialysis decision making of the 
RPA and ASN clinical practice guideline. The authors con-
cluded that the development and dissemination of the guide-
line have been associated with an improvement in nephrolo-
gists’ end-of-life decision making.3

PATIENTS’ PREFERENCES FOR DIALYSIS 
DECISION MAKING

In making decisions about which patients should be selected 
for dialysis, input from patients is important because they 
are, as a group, the best to judge under which circumstances 
dialysis would be viewed as benefi cial and when it would be 
burdensome. Regrettably, there are few studies of patients’ 
preferences regarding dialysis, and only one examined the 
interaction between health state and treatment modalities. 
In this study, 25% or less of the patients would want to con-
tinue dialysis in three health states: severe stroke, severe de-
mentia, and permanent coma.7 These fi ndings agree with 
another study in which 74% of dialysis patients said they 
would want to stop dialysis if they became permanently and 
severely demented.8

PRACTICE GUIDELINES FOR SELECTION 
OF DIALYSIS PATIENTS

The idea of practice guidelines for patient selection for dialysis 
was not new in 2000. In 1978, just 6 years after the passage of 
the federal legislation creating the Medicare ESRD program, the 
late Belding Scribner (one of the early nephrologists who pio-
neered dialysis) was concerned about “how not to dialyze” cer-
tain patients with poor prognoses. He recognized even then the 
need for a “deselection committee.”9 The Institute of Medicine 
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Committee for the Study of the Medicare End-Stage Renal 
Disease Program (IOM Committee), which issued its report in 
1991, acknowledged that the existence of the public entitlement 
for treatment of ESRD did not oblige physicians to treat all 
patients who have kidney failure with dialysis or transplanta-
tion.10 The IOM Committee noted that for some ESRD patients 
the burdens of dialysis might substantially outweigh the bene-
fi ts. Specifi cally, the IOM Committee questioned the appropri-
ateness of providing dialysis to two groups of patients: those 
with a limited life expectancy despite the use of dialysis and 
those with severe neurological disease. The fi rst group included 
patients with kidney failure and other life-threatening illnesses, 
such as atherosclerotic cardiovascular disease, cancer, chronic 
pulmonary disease, and acquired immunodefi ciency syndrome. 
The second group included patients whose neurological disease 
rendered them unable to relate to others, such as those in a 
persistent vegetative state, those with severe dementia, and 
those with cerebrovascular disease. The IOM Committee rec-
ommended that guidelines be drafted to assist nephrologists in 
making these decisions so that dialysis could be used appropri-
ately. In 2000, the RPA and the ASN heeded this call for a 
clinical practice guideline when it published Shared Decision-
Making in the Appropriate Initiation of and Withdrawal from 
Dialysis.1 To draft this guideline, the RPA and ASN organized a 
working group that included representatives from multiple 
disciplines and organizations within the dialysis community, 
kidney patients, internal and family medicine physicians, and 
experts in bioethics and health policy. The working group de-
veloped a priori analytic frameworks regarding decisions to 
withhold or withdraw dialysis in patients with acute renal fail-
ure and ESRD. Systematic literature reviews were conducted to 
address prespecifi ed questions derived from the frameworks. In 
most instances, the relevant evidence that was identifi ed was 
contextual in nature and only provided indirect support for the 
recommendations. In formulating their nine recommenda-
tions, the working group used research evidence, case and statu-
tory law, and ethical principles. They recommended shared 
decision making as the basis for making decisions about start-
ing and stopping dialysis. Shared decision making is a process 
by which physicians and patients agree on a specifi c course of 
action based on a common understanding of the treatment 
goals and the risks and benefi ts of the chosen course compared 
with the alternative courses. These recommendations appear in 
Box 84-1. Their recommendations for who should be dialyzed, 
although more systematically developed and justifi ed, are con-
sistent with those previously recommended.11 This agreement 
suggests that there is now a real consensus in the nephrology 
community on this topic (Box 84-2).

DECIDING TO WITHHOLD 
OR WITHDRAW DIALYSIS 
IN INDIVIDUAL CASES

The Process of Informed Consent 
as the Paradigm for Decision Making
The ethical and legal literature agree that medical decisions for 
individual patients (such as withholding or withdrawing dialy-
sis) should be made according to the process of informed con-
sent, in which there is active, shared decision making.12 This 
agreement formed the basis for the fi rst two recommendations 

in the RPA/ASN guideline. Thus, if a physician determines that 
a patient has decision-making capacity, the patient is informed 
of his or her medical condition, in this case, ESRD, and all the 
benefi ts, risks, and consequences associated with each of the 
available treatment options, including the option not to un-
dergo dialysis. After determining the patient’s values and prefer-
ences, the physician recommends what might be best for the 
patient based on those preferences. Through further conversa-
tions, in which there is mutual participation and respect, the 
patient reaches a decision about dialysis—whether to consent 
to it or to refuse it. For some patients, the balance of the benefi ts 
and the burdens of dialysis may not be clear, and the nephrolo-
gist may not know whether to recommend dialysis. In such 
situations, there is an ethical recommendation for a limited trial 
of dialysis of approximately 30 days. During this time, the pa-
tient’s responses to dialysis can be assessed, and afterward, both 
the patient and physician are in a better position to decide 
about continuation.

Deciding for the Incompetent Patient
If the patient lacks decision-making capacity, physicians make 
decisions with the patient’s legal agent as designated in the pa-
tient’s advance directive (e.g., durable power of attorney for 
health care or health care proxy). If the patient has not com-
pleted a written advance directive specifying an agent, physicians 
need to make decisions with a surrogate who should be ap-
pointed according to the provisions of the state law in which the 
care is being provided. Surrogates should base their decisions on 
what the patient would choose if he or she were competent to do 
so; if the patient’s views about treatment are unknown, the sur-
rogate’s decision should be based on the patient’s best interests.

Resolving Confl ict between the Surrogate 
and the Nephrologist
Occasionally, there are confl icts between the patient’s legal 
agent and the nephrologist in which the agent requests dialysis 
and the nephrologist does not believe that it is appropriate. 
Based on the studies reviewed in this chapter, many nephrolo-
gists report that they would do as the agent requests, even if 
they thought it was wrong. In yielding to pressure from the 
agent, nephrologists potentially weaken the integrity of their 
specialty and shirk their responsibility to be good stewards 
of the federally funded ESRD program, a program to which 
every taxpayer, including every nephrologist, contributes. 
Recommendation 4 of the RPA/ASN guideline provides a 
systematic approach for resolving these confl icts, and Figure 
84-1 presents sequential steps for resolving the confl ict.

Withholding or withdrawing dialysis of an incompetent pa-
tient, over the objections of the agent, surrogate, or family, may 
be both ethical and legal.13 Such decisions should be made 
openly and should focus clearly on the patient’s wishes or best 
interests. At a minimum, such decisions should be reached only 
after following Recommendation 4 of the RPA/ASN guideline, 
which recommends extended conversation with the patient’s 
agent about the diagnosis of ESRD, about options for treatment 
including palliative care without dialysis, the prognosis, and the 
reasons for not offering or for stopping dialysis; the agreement of 
other members of the dialysis team includ-ing at least one 
other nephrologist; the concurrence of an ethics committee 
(if available); a detailed note in the patient’s medical record 
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Recommendation No. 1: Shared Decision Making
A patient-physician relationship that promotes shared deci-

sion making is recommended for all patients with either 
acute renal failure or end-stage renal disease. Participants 
in shared decision making should involve at a minimum the 
patient and the physician. If a patient lacks the decision-
making capacity, decisions should involve the legal agent. 
With the patient’s consent, shared decision making may 
include family members or friends and other members of 
the renal care team.

Recommendation No. 2: Informed Consent or Refusal
Physicians should fully inform patients about their diagnosis, 

prognosis, and all treatment options, including (1) available 
dialysis modalities, (2) not starting dialysis and continuing 
conservative management that should include end-of-life 
care, (3) a time-limited trial of dialysis, and (4) stopping 
dialysis and receiving end-of-life care. Choices among the 
options should be made by patients or, if patients lack the 
decision-making capacity, their designated legal agents. 
Their decisions should be informed and voluntary. The renal 
care team, in conjunction with the primary care physician, 
should ensure that the patient or legal agent understands the 
consequences of the decision.

Recommendation No. 3: Estimating Prognosis
To facilitate informed decisions about starting dialysis for ei-

ther acute renal failure or end-stage renal disease, discus-
sions should occur with the patient or legal agent about life 
expectancy and quality of life. Depending on the circum-
stances (e.g., availability of nephrologists), a primary care 
physician or nephrologist who is familiar with prognostic 
data should conduct these discussions. These discussions 
should be documented and dated. All patients requiring 
dialysis should have their chances for survival estimated, 
with the realization that the ability to predict survival in the 
individual patient is diffi cult and imprecise. The estimates 
should be discussed with the patient or legal agent, the 
patient’s family, and the medical team. For patients with 
end-stage renal disease, these discussions should occur as 
early as possible in the course of the patient’s renal disease 
and continue as the renal disease progresses. For patients 
who experience major complications that may substan-
tially reduce survival or quality of life, it is appropriate to 
discuss and/or reassess treatment goals, including consid-
eration of withdrawing dialysis.

Recommendation No. 4: Confl ict Resolution
A systematic approach for confl ict resolution is recommended 

if there is disagreement regarding the benefi ts of dialysis 
between the patient or legal agent (and those supporting the 
patient’s position) and (a) member(s) of the renal care team. 
Confl icts may also occur within the renal care team or be-
tween the renal care team and other health care providers. 

This approach should review the shared decision-making 
process for the following potential sources of confl ict: 
(1) miscommunication or misunderstanding about progno-
sis, (2) intrapersonal or interpersonal issues, or (3) values. If 
dialysis is indicated emergently, it should be provided while 
pursuing confl ict resolution, provided the patient or legal 
agent requests it.

Recommendation No. 5: Advance Directives
The renal care team should attempt to obtain written ad-

vance directives from all dialysis patients. These advance 
directives should be honored.

Recommendation No. 6: Withholding or Withdrawing 
Dialysis
It is appropriate to withhold or withdraw dialysis for patients 

with either acute renal failure or end-stage renal disease 
in the following situations:
• Patients with the decision-making capacity who, being 

fully informed and making voluntary choices, refuse di-
alysis or request dialysis be discontinued

• Patients who no longer possess the decision-making 
capacity who have previously indicated refusal of dialy-
sis in an oral or written advance directive

• Patients who no longer possess the decision-making 
capacity and whose properly appointed legal agents 
refuse dialysis or request that it be discontinued

• Patients with irreversible, profound neurological impair-
ment such that they lack signs of thought, sensation, 
purposeful behavior, and awareness of self and envi-
ronment.

Recommendation No. 7: Special Patient Groups
It is reasonable to consider not initiating or withdrawing 

dialysis for patients with acute renal failure or end-stage 
renal disease who have a terminal illness from a nonrenal 
cause or whose medical condition precludes the technical 
process of dialysis.

Recommendation No. 8: Time-Limited Trials
For patients requiring dialysis but who have an uncertain 

prognosis or for whom a consensus cannot be reached 
about providing dialysis, nephrologists should consider 
offering a time-limited trial of dialysis.

Recommendation No. 9: Palliative Care
All patients who decide to forgo dialysis or for whom such a 

decision is made should be treated with continued pallia-
tive care. With the patient’s consent, persons with expertise 
in such care, such as hospice health care professionals, 
should be involved in managing the medical, psychosocial, 
and spiritual aspects of end-of-life care for these patients. 
Patients should be offered the option of dying where they 
prefer including at home with hospice care. Bereavement 
support should be offered to patients’ families.

Box 84-1 Renal Physicians Association and the American Society of Nephrology Recommendations for Initiation and Withdrawal 
of Dialysis

Used with permission from the Renal Physicians Association.
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• Patients who refuse dialysis or who have previously 
indicated they did not want it

• Patients who are terminally ill with a nonrenal disease
• Patients who are permanently unconscious
• Patients who are unable to relate to others
• Patients who are unable to cooperate with the dialy-

sis process

Box 84-2 The Consensus on Patients for Whom Dialysis Is 
Inappropriate

Shared Decision Making:

Patient: Personal history, values, 
preferences, and goals
Provider: Diagnostic,
prognostic, and management 
expertise, values, and goals

Do the patient and provider 
agree on the course of care?

Pursue agreed-
upon care.

Involve consultants
(medical, ethical, religious, 

ethnic or administrative)

Do the patient and provider now 
agree on the course of care?

Involve ethics committee

Do the patient and provider now 
agree on the course of care?

Attempt to transfer to
another institution

Is this a possible solution
to the problem?

Attempt to transfer care
within institution

Is this a possible solution
to the problem?

Pursue care
agreed to by the
new attending

physician.

Possible Remaining Options

• Request local ESRD network to 
assist with arrangements for 
dialysis.

• Involve a mediator or an
extramural ethics committee.

• Inform the patient/legal agent
that dialysis will be withheld or 
stopped unless a court
injunction to the contrary is 
obtained.

• Provide treatment contrary to 
provider’s professional values to 
truly respect the diversity of 
values in our society.

Yes

Yes

Yes

Yes

Yes

No

No

No

No

No

Figure 84-1 Systematic approach to resolving confl ict be-
tween the patient and the renal care team. (Used with the 
permission of the Renal Physicians Association.)

documenting all the factors relevant to the decision; and an at-
tempt to transfer the patient’s care if the agent wishes it. If the 
patient is already receiving dialysis and if (after all the above 
steps) the agent still requests dialysis and no other nephrologist 
has been found who is willing to accept the patient in transfer for 
dialysis, then the agent is given some time (usually 72 hours) to 
consider other options, including contacting a lawyer, before di-
alysis is stopped. Such a course of action by the nephrologist is 
justifi ed for patients who are deemed inappropriate for dialysis 
(see Box 84-2). In using such an approach, for example, a ne-
phrologist might refuse to dialyze a patient who is permanently 
unconscious, basing his or her decision on Recommendation 6 
of the RPA/ASN guideline. In taking such an approach, nephrol-
ogists should indicate that they understand the agent’s request 
and should give an explanation along the lines of “I am sorry, but 
we do not dialyze patients in your loved one’s condition. Our 
profession is guided by ethical principles that require us to be of 
benefi t and do no harm. In your loved one’s case, dialysis cannot 
help her get better, and it may harm her.” Nephrologists say this 
not because they lack respect or compassion for the agent but 
because their primary commitment is to the patient.13

ETHICAL PRINCIPLES IN DECISION 
MAKING

In their 1993 annual report, the End-Stage Renal Disease Data 
Advisory Committee to the U.S. Renal Data System articulated 
ethical justifi cations and general and specifi c principles to be 
used in making decisions about offering or not offering dialysis. 
This report included the deliberations of an ad hoc committee 
gathered to examine bioethical issues related to ESRD; the ad 
hoc committee was composed of nephrologists, ethicists, and 
health-policy experts. The Data Advisory Committee endorsed 
the recommendations of this ad hoc committee. The report 
described two ethical justifi cations for withholding or with-
drawing dialysis: (1) the right of patients to refuse dialysis based 
on the ethical principle of respect for autonomy and the legal 
right of self-determination and (2) a judgment that dialysis 
does not offer a reasonable expectation of medical benefi t based 
on the ethical principles of benefi cence and nonmalefi cence.14

LEGAL BASIS FOR DECIDING TO 
WITHHOLD OR WITHDRAW DIALYSIS

The ethical principle of respect for patient autonomy is ap-
plied to the treatment of the dialysis patient through the 
process of obtaining informed consent or refusal. In turn, 

the obtaining of consent or refusal is fi rmly grounded in the 
law: common law, constitutional law, and federal statute. 
The right of patients to accept or refuse dialysis is fi rst based 
on common law dating back to the 1914 case of Schloendorff 
v Society of New York Hospital. In this case, Justice Benjamin 
Cardozo wrote, “Every human being of adult years and 
sound mind has a right to determine what shall be done with 
his body.” In the 1990 U.S. Supreme Court case of Cruzan v 

Ch84_946-954-X5484.indd 950Ch84_946-954-X5484.indd   950 6/18/08 3:26:38 PM6/18/08   3:26:38 PM



951 Patient Selection for Dialysis and the Decision to Withhold or Withdraw Dialysis

Director, the legal doctrine of informed consent was deter-
mined to be a constitutionally protected right. The Supreme 
Court justices held that “[t]he doctrine of informed consent 
arose in recognition of the value society places on a person’s 
autonomy and as the primary vehicle by which a person can 
protect the integrity of his body. If one can consent to treat-
ment, one can also refuse it. Thus, as a necessary corollary 
to informed consent, the right to refuse treatment arose.”15

The Patient Self-Determination Act (included in the Con-
gressional Omnibus Reconciliation Act of 1990, Public Law 
101-508) became effective on December 1, 1991, and pro-
tected by federal statute the right of dialysis patients to con-
sent to or to refuse dialysis. It is important for nephrologists 
to understand the law because if a nephrologist were to 
dialyze a competent patient against the patient’s will, the 
nephrologist could be civilly liable for medical battery.

THE ROLE OF ADVANCE CARE 
PLANNING

Deciding to stop a life-sustaining treatment such as dialysis 
for an incompetent patient is among the most diffi cult ethical 
problems faced by physicians.16 Because there is a presump-
tion in favor of continued dialysis for patients who cannot and 
have not expressed their wishes, patients’ rights to forgo dialy-
sis in certain situations are usually diffi cult to achieve unless 
patients have explicitly stated their preferences in advance or 
named a legal agent to speak on their behalf. The usual prac-
tice of nephrologists in treating patients who have become 
incompetent and who have provided neither oral nor written 
advance directives regarding their preferences for stopping 
dialysis is to continue dialysis. These considerations under-
score the importance of advance care planning with patients 
with chronic kidney disease. Advance care planning is a pro-
cess in which a patient’s preferences for a health care proxy 
and for future medical care under a variety of circumstances 
are determined (sometimes in the form of a written advance 
directive), are updated, and then followed in a manner in 
which the patient intended once the patient loses decision-
making capacity. Advance care planning has been recognized 
as particularly important for dialysis patients for four rea-
sons16: approximately half of the dialysis population is elderly, 
and the elderly have the shortest life expectancy on dialysis 
and are the most likely to withdraw or be withdrawn from 
dialysis; previous discussion of advance directives has been 
shown to help dialysis patients and their families to approach 
death in a reconciled fashion17; patients who discuss and com-
plete written advance directives are signifi cantly more likely to 
have their wish to die at home respected; and unless a specifi c 
directive to withhold cardiopulmonary resuscitation is ob-
tained—which can be done in the framework of advance care 
planning—it will be automatically provided, although it rarely 
leads to extended survival in dialysis patients.18 For these rea-
sons, nephrologists have been encouraged to discuss the cir-
cumstances under which patients would want to discontinue 
dialysis and forgo cardiopulmonary resuscitation and to urge 
patients to complete written advance directives.19

Despite these benefi ts, the practice of advance care plan-
ning, including the completion of advance directives, has not 
been optimized for dialysis patients. First, most of these pa-
tients do not discuss or complete an advance directive, even 

though advance directives are particularly important for these 
chronically ill patients with shortened life expectancy who are 
dependent on life-sustaining treatment for their daily exis-
tence. Dialysis units were not included in the U.S. Patient Self-
Determination Act list of health care providers who were re-
quired to ask patients about completion of advance directives 
and also provide them with an opportunity to execute an ad-
vance directive. Second, even when patients undergoing dialy-
sis complete written advance directives, only one third have 
indicated to their family the circumstances under which they 
may want to stop dialysis.20 This failure to indicate their prefer-
ences is disappointing because, as noted previously, patients 
undergoing dialysis have strong preferences about stopping 
dialysis and other life-sustaining treatments in certain health 
states. Recognizing these defi ciencies, the ASN, the National 
Kidney Foundation, the RPA, and the Robert Wood Johnson 
Foundation’s ESRD Workgroup on End-of-Life Care have all 
strongly encouraged dialysis units to provide advance care 
planning to dialysis patients and their families and in the pro-
cess to include a discussion of health states in which patients 
would want to stop dialysis and other life-sustaining treat-
ments. Patients undergoing dialysis and their families have 
been encouraged to view advance care planning as a way to 
maintain control over present and future health care, relieve 
burdens on loved ones, strengthen interpersonal relationships, 
and prepare for death. Research with patients undergoing di-
alysis and their families shows that patients prefer to center the 
advance care planning process within the patient-family rela-
tionship rather than the patient-physician relationship. Clini-
cians who treat patients undergoing dialysis should urge them 
to participate in an advance care planning discussion with their 
families and should instruct them to tell their families and put 
in writing under what circumstances they would not want life-
sustaining treatment, including dialysis.21 As part of the ad-
vance care planning process, patients should be asked to ad-
dress where they prefer to die and whether they would like to 
receive hospice services.

Nephrologist researchers have studied how best to conduct 
advance care planning with dialysis patients. The nature of 
advance care planning has changed from a document-driven, 
decision-focused event in which the goal is completion of a 
written advance directive to a relational process in which the 
patient’s goals for treatment are identifi ed and communicated 
to those in the patient’s support system (Box 84-3).22

CARING FOR PATIENTS 
WHO WANT TO FORGO DIALYSIS

Response to a Patient’s Refusal to Start 
Dialysis
Patients with ESRD may have encephalopathy or depression 
that renders them incapable of decision making. The fi rst as-
sessment of patients with ESRD who refuse to initiate dialysis 
is whether they have decision-making capacity. If they have 
decision-making capacity, then the nephrologist should deter-
mine whether the refusal of dialysis is informed and valid. The 
nephrologist is obligated to determine why the refusal has been 
made and to ensure that the patient correctly understands the 
information that has been presented and the consequences of 
the decision. Patients and families should be informed that 

Ch84_946-954-X5484.indd 951Ch84_946-954-X5484.indd   951 6/18/08 3:26:38 PM6/18/08   3:26:38 PM



952 Maintenance Dialysis

death from uremia is usually a comfortable one in which the 
patient becomes increasingly somnolent and then dies. Pa-
tients also need to be instructed to maintain salt and fl uid re-
strictions so that pulmonary edema does not occur and mar 
the comfort of the dying process.26

If the refusal is judged to be valid, then the patient should 
be considered terminally ill because a terminal illness is de-
fi ned as one in which death is expected within 6 months or 
less. At this point, the RPA and ASN clinical practice guideline 
and the RPA and ASN statement on Quality Patient Care at 
the End of Life27 recommend that the renal care team should 
refer the patient to a hospice or adopt a hospice-like approach 
to patient care. Such an approach considers medical, emo-
tional, social, and spiritual needs of the dying patient and the 
family. If the renal team remains involved in the patient’s care 
after hospice referral—such continuity is desirable—they 
should, in conjunction with hospice, take the following steps: 
(1) encourage the patient to participate with them in advance 
care planning if it has not already been done; (2) issue a do-
not-resuscitate order that applies to the outpatient setting; 
(3) discuss with the patient and family contingencies for the 
fi nal hours of the patient’s life so that the family or caregivers 
do not panic and call emergency medical services when the 
patient experiences a cardiopulmonary arrest; and (4) address 
the needs of the family with regard to grieving while the pa-
tient is dying and bereavement after the patient has died.

Facilitation
Identifi cation and participation of patient’s designated 

proxy decision maker in the planning
Patient and proxy understanding of patient’s condition, 

prognosis, and likely illness course
Elicitation of patient’s goals and preferences for treatment 

in a variety of health states (e.g., permanent coma, ad-
vanced dementia, and persistent vegetative state), in-
cluding those in the likely illness course

Communication between patient and proxy so that proxy/
family know and understand patient’s goals for future 
care and are committed to respecting them

Documentation
Patient’s designated decision maker and goals and 

preferences for treatment in the future when incapaci-
tated are recorded in the medical record and on the 
state-specifi c advance directive form. Depending on 
state law, patient may complete a health care proxy 
form to designate a proxy decision maker and a living 
will to provide directives for treatment if the patient 
becomes terminally ill or in a persistent vegetative 
state.

Completion of a physician order form, called Physician 
Orders for Life-Sustaining Treatment form in Oregon, 
specifying the patient’s treatment decisions so that 
they can be honored throughout the health care sys-
tem23; an increasing number of states are using such a 
form.

Timing
Initial advance care planning discussion is appropriate 

when the patient is fi rst diagnosed with progressive 
chronic kidney disease and may include only designa-
tion of proxy decision maker and completion of a living 
will if the patient chooses to execute one.

A more complete discussion of the patient’s goals and 
preferences for treatment is appropriate when the ne-
phrologist answers “no” to the question “Would I be 
surprised if this patient died in the next year?”24 At this 
time in the patient’s disease course, complications that 
are likely to cause the patient’s death can be anticipated 
and the treatments that the patient would and would not 
want can be identifi ed and documented.

Systems and Processes
Dialysis units need to have a policy and procedure for 

conducting advance care planning. In most dialysis 
units, the social workers are assigned primary respon-
sibility for implementing the advance care planning 
policy.25

Quality Improvement
Clinical performance measures can be used to evaluate the 

advance care planning process and guide further pro-
cess enhancement.

Box 84-3 The Process of Advance Care Planning for Dialysis Patients

Response to a Patient’s Request 
to Stop Dialysis

A patient’s request to stop dialysis should trigger a systematic 
response on the part of the dialysis team, including the in-
quiry in Box 84-4. Such an inquiry might uncover potentially 
reversible factors responsible for the patient’s request, includ-
ing diffi culties with dialysis treatments, concerns about the 
burdens that the patient is placing on family, undue infl uence 
or pressure from outside sources, confl ict between the patient 
and others, and dissatisfaction with the dialysis modality, the 
time, or the setting. It is usual for most dialysis units to ask a 
patient who wishes to stop dialysis to be evaluated by a coun-
seling professional, either a psychiatrist, psychologist, or so-
cial worker, or someone in pastoral care to be sure that the 
patient has the decision-making capacity and that reversible 
factors are identifi ed. Dialysis units also usually try to per-
suade patients to stay on dialysis for a period of time to see 
whether patient satisfaction is increased as reversible factors 
are addressed.

As for ESRD patients who choose not to initiate dialysis, for 
those who choose to withdraw, nephrologists should assure 
them and their families that death from uremia is usually a com-
fortable one as long as patients maintain salt and fl uid restric-
tions so that pulmonary edema does not mar the dying process. 
Nephrologists are often willing to provide ultrafi ltration without 
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 1. Does the patient have the decision-making capacity 
or is the patient’s cognitive capacity diminished by 
depression, encephalopathy, or other disorder?

 2. Why does the patient want to stop dialysis?
 3. Are the patient’s perceptions about the technical or 

quality-of-life aspects of dialysis accurate?
 4. Does the patient really mean what he or she says or 

is the decision to stop dialysis made to get attention, 
help, or control?

 5. Can any changes be made that might improve life on 
dialysis for the patient?

 6. Would the patient be willing to continue dialysis while 
the factors responsible for the patient’s request are 
being addressed?

 7. Has the patient discussed his or her desire to stop di-
alysis with signifi cant others such as family, close 
friends, or spiritual advisors? What do they think 
about the patient’s request?

Box 84-4 Questions to Be Answered in Responding to a 
Patient’s Request to Stop Dialysis

diffusion dialysis to control symptoms of fl uid overload in pa-
tients from whom dialysis has been withdrawn. The RPA and 
ASN recommend that nephrologists refer dialysis patients who 
stop dialysis to hospice, but research indicates there is room for 
improvement. Only half as many dialysis patients die with hos-
pice care compared with the general population. Even among 
dialysis patients who are withdrawn from dialysis and whose 
death within a month is fairly certain, less than half die with 
hospice care.28 Death with hospice care for dialysis patients is 
associated with lower costs and a much greater percentage of 
patients dying at home.

NEPHROLOGISTS’ PREPAREDNESS 
FOR END-OF-LIFE DECISION MAKING

The ESRD patient population is increasingly composed 
of older patients with multiple comorbid conditions, high 
symptom burden, and a shortened life expectancy. Chapter 
75 addresses pain and symptom management for ESRD 
patients. Because of the changing nature of the ESRD popu-
lation and the fact that older patients are the most likely to 
withdraw from dialysis, nephrologists commonly engage in 
end-of-life decision making with dialysis patients and their 
families. Researchers have studied how prepared nephrolo-
gists report they are for decisions such as withholding or 
stopping dialysis or initiating it on a time-limited basis. In 
an online survey of RPA members, 39% identifi ed them-
selves as being very well prepared for dialysis decision mak-
ing. Those who reported that they were most prepared had 
been in practice longer and were knowledgeable of and used 
the RPA/ASN Shared Decision-Making practice guideline 
more often than those who reported that they were less well 
prepared.29 In the preceding year, the very well prepared 
nephrologists had stopped dialysis of more patients, re-
ferred more patients to hospice, and used a time-limited 
trial of dialysis more often. The benefi ts of using the guide-

line recommendations prospectively in patient care have 
also been demonstrated.30 These fi ndings validate the con-
tribution of the RPA/ASN guideline to nephrology clinical 
practice and underscore the importance of teaching the 
guideline recommendations to nephrologists and nephrol-
ogy fellows.

CONCLUSIONS

Since the inception of dialysis for chronic renal failure 
in the early 1960s, dialysis decision making has undergone 
a dramatic transformation. Dialysis selection committees 
have disappeared, and decisions about whether to start or 
stop dialysis are made within the confi nes and privacy of the 
patient-physician relationship, governed by the process of 
informed consent.

In the 1990s, the wide range of discretion afforded to pa-
tients and nephrologists in making decisions about dialysis 
had resulted in a large variation in the way in which these 
decisions were made. Commentators on the ESRD program, 
including nephrology physicians and nurses, were concerned 
that some patients receiving dialysis were not appropriate 
candidates. In 2000, the RPA and ASN published a clinical 
practice guideline to assist nephrologists in dialysis decision 
making. Research shows that nephrologists who report that 
they are most prepared to make dialysis decisions are aware of 
and use the guideline. Research also shows that nephrologists 
in 2005 were making dialysis decisions more often in accor-
dance with the guideline recommendations compared with 
nephrologists in 1990.

Excluding those patients who are identifi ed as inappro-
priate dialysis candidates by the RPA/ASN guideline, the 
best approach for patient selection seems to be a liberal 
policy for accepting patients who might benefi t from dialy-
sis, including the use of time-limited trials of dialysis, com-
bined with a readiness to withdraw patients from dialysis 
when the burdens of treatment outweigh the benefi ts. Suc-
cessful implementation of such a policy requires good ad-
vance care planning at the start of dialysis and continuing 
dialogue between the physician, the patient, and the family 
about the patient’s values, wishes, and goals. Patients should 
be informed that they have the right to stop dialysis. How-
ever, the goal of the nephrologist and the dialysis team 
should be to optimize the care of each patient so that each 
patient is satisfi ed with his or her quality of life for as long 
as possible and chooses to continue dialysis until a cata-
strophic event or unacceptable disease progression occurs. 
When it does occur, good advance care planning will prove 
its worth. Then everyone will know that the patient would 
no longer wish to receive dialysis, and it may be withdrawn, 
with the patient, family, and dialysis team all reconciled to 
the patient’s death and knowledgeable about the patient’s 
preferences for terminal care, including the use of hospice, 
so that those preferences can be honored. Renal palliative 
care (see Chapter 75) should have been begun at the start of 
dialysis with pain and symptom management and advance 
care planning; it will now become especially important to 
ensure that the patient is comfortable and that the patient 
and the family receive psychosocial and spiritual support, 
including bereavement support during and after the pa-
tient’s death.
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Kidney transplantation saves lives, especially if performed 
before a patient with end-stage kidney disease (ESRD) initi-
ates dialysis (Fig. 85-1).1–3 This survival benefi t is seen for 
the young, the old, and those with diabetes and hepatitis.1–4

For a full discussion of the outcomes of renal transplanta-
tion, see Chapter 87. This chapter focuses on the evaluation 
of the recipient and donor. These evaluations should be per-
formed within 6 months of the predicted need for recipient 
dialysis, typically with a glomerular fi ltration rate (GFR) less 
than 15 mL/min, especially when a living donor kidney 
transplant is an option (www.uktransplant.org). If no living 
donor is available, the average wait for a deceased donor 
transplant in the United States is 3.3 years for blood group 
A, more than 5 years for blood group O, and more than 5.6 
years for blood group B (www.unos.org). Currently, the time 
to transplantation is also signifi cantly infl uenced by geo-
graphic location and allosensitization.

RECIPIENT EVALUATION

Guidelines for the evaluation of kidney transplant recipi-
ents have been published by the American Society of 
Transplantation, the European Renal Association-European 

Dialysis and Transplant Association, and the British 
Transplantation Society and Renal Association (www
.uktransplant.org).5–7 An overview of the evaluation is 
shown in Box 85-1.

Blood Type and Histocompatibility
The potential donor and recipient must be ABO blood group 
compatible to avoid hyperacute rejection; however, Rh factor 
incompatibility is not a contraindication to transplantation. 
Likewise, histocompatibility testing is performed to help identify 
recipient/donor combinations that would result in poor allograft 
survival. Both donor and recipient HLA-A, HLA-B, and HLA-
DR antigens of the major histocompatibility complex are deter-
mined. Antigen-specifi c antidonor profi les are also performed, 
and unacceptable antigens are determined for the recipient. His-
tocompatibility testing is discussed in detail in Chapter 87.

Age and Transplantation Success
Older age has been a relative contraindication to transplanta-
tion due to concern over decreased survival. From 1988 
through 2004 in the United States, 2623 individuals between 
71 and 75 years of age underwent transplantation as did 503 
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958 Transplantation

 1. Transplant Specifi c
HLA typing
PRA (panel reactive antibody) determination
ABO typing

 2. General areas of focus
History
Cardiovascular: symptoms, smoking, diabetes, exercise 

tolerance, previous cardiovascular events, hyperten-
sion, phosphorus

Pulmonary: symptoms, limits, treatments, exposures
Type of renal disease: obtain biopsy report if available
Family history: malignancy, cardiac disease, renal disease
Urine output
Nephrolithiasis
Infection: residence, travel, work, activity exposure, treat-

ments, transfusions
Malignancy screening, symptoms
Surgeries and tolerance
Medication tolerance
Gastrointestinal: peptic ulcer disease, bowel habits, 

bleeding, diverticulitis, cholelithiasis, liver disease
Neurologic: cerebral ischemia, peripheral neuropathy 
Examination: height, weight, blood pressure; focus on 

cardiovascular examination; focus on neurological ex-
amination; focus on signs of malignancy; focus on signs 
of infection

Laboratory
Complete blood count with platelet count
Prothrombin time/partial thromboelastin time
More detailed evaluation if there is a history of coagu-

lation disorders
Comprehensive panel (electrolytes, transaminase levels, 

albumin, calcium, phosphorus, alkaline phosphatase, 
bilirubin)

Urinalysis if possible, with culture if indicated
24-Hour urine for volume, protein if possible

 3. Cardiovascular
Electrocardiogram
Chest radiograph
As clinically indicated, cardiac stress testing and/or 

echocardiography
As clinically indicated, vascular duplex or angiography

 4. Malignancy
PAP test for all adult female candidates
Mammogram for all women 40 or older, earlier if previ-

ous fi ndings or strong family history
Digital prostate examination and prostate-specifi c antigen 

test for all male candidates 40 or older
Colonoscopy for all candidates older than 50 or younger 

with increased family risk or positive stool guaiac
 5. Infection: screen for

Cytomegalovirus, Epstein-Barr virus, herpes simplex 
virus, varicella-zoster virus

Human immunodefi ciency virus types 1 and 2
Human T-lymphotropic viruses 1 and 2
Hepatitis B surface antigen
Hepatitis B core antibody IgM/IgG
Hepatitis B surface antibody
Hepatitis C virus
Rapid plasma reagin
Tuberculosis
Toxoplasmosis, depending on exposure risk
Geographically determined testing: coccidiomycosis, 

Strongyloides, Trypanosoma cruzi, malaria, human 
herpesvirus 8

Consider human herpesvirus 6 and West Nile virus
 6. Recurrent disease

Review past diagnosis, biopsy results, and clinical 
course for the risk of diagnoses that frequently recur

 7. Psychosocial status: education, support, smoking, recre-
ational drug use, compliance, depression/anxiety

Box 85-1 Recipient Evaluation
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Figure 85-1 Kidney transplant survival by timing of transplantation for living and deceased donor transplants. Patients were 
evaluated by the timing of transplantation in relation to starting dialysis; preemptive candidates underwent transplantation be-
fore starting dialysis. A, Graft survival by timing of living donor kidney transplantation. B, Graft survival by timing of 
deceased donor kidney transplantation. (Reprinted from Meier-Kriesche HU, Kaplan B: Waiting time on dialysis as the 
strongest modifi able risk factor for renal transplant outcomes: A paired donor kidney analysis. Transplantation 2002;74:
1377–1381, with permission.)
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individuals 76 to 80 years old and 48 individuals older than 
age 80. Although individuals older than 70 must be carefully 
evaluated, they may successfully undergo transplantation and 
demonstrate acceptable survival (Fig. 85-2 [www.unos.org; 
UNOS data as of May 2007]).

Cardiovascular Disease
Cardiovascular disease is a major contributor to the increased 
premature mortality rate seen in renal transplant recipients. An 
overview of the work-up algorithm is shown in Box 85-1. There 
is no general consensus regarding the type or extent of testing.

Ischemic Heart Disease
It is recommended that asymptomatic patients undergo fur-
ther assessment if they are older than 50 years of age, are dia-
betic, have smoked cigarettes in the past 5 years, or have a 
resting electrocardiogram that shows a rhythm disturbance or 
ST segment abnormalities, although these recommendations 
are made on underpowered and nonrandomized studies.8,9

Further assessment begins with a noninvasive test of occult 
cardiac ischemia, realizing it is not possible to justify one par-
ticular test. Exercise tests probably have the most discriminat-
ing power but may not be practical, making pharmacologically 
driven cardiac stress testing more popular. Combined dipyri-
damole and exercise thallium imaging or dobutamine stress 
echocardiography are the most commonly used tests.10 The 
discovery of signifi cant reversible ischemia requires coronary 
imaging with subsequent management directed per current 
protocols. If left ventricular function is adequate and symp-
toms are controlled, then transplant listing is recommended. 
Transplantation during treatment with Plavix (clopidogrel) is 
still without rigorous examination. Coronary calcifi cation test-
ing has not yet predicted posttransplantation outcomes.11

Cerebrovascular Disease
There is no evidence to support screening asymptomatic po-
tential renal transplant recipients for cerebrovascular disease, 
although carotid plaque is positively associated with cardiovas-
cular events.12,13 Additionally, silent cerebral infarction is not 
uncommon and not necessarily related to carotid artery dis-
ease.14,15 Patients with a completed stroke or a transient isch-
emic attack within the past 6 months should be referred for 
neurological assessment and transplantation reconsidered af-

ter medical and surgical management has been optimized and 
the patient is free of recurrent transient ischemic attacks for 
6 months. Screening in the presence of an asymptomatic ca-
rotid bruit is prudent but may not alter the decision for treat-
ment or transplantation.

Peripheral Vascular Disease
If patients are asymptomatic with good femoral pulses, then 
only a plain radiograph is recommended to rule out extensive 
vascular calcifi cation.16 In contrast, patients with claudication 
or lack of palpable femoral pulses require vascular imaging and 
a surgical assessment of whether it is technically possible to 
implant the graft and whether the transplant would be pre-
dicted to lead to steal and critical ischemia in the distal leg.17

Cancer
Cancer rates are increased in patients with ESRD on dialysis and 
after transplantation.18,19 The impact of immunosuppression on 
recurrence of a previously treated malignancy has not been 
clarifi ed. However, transplant cancer registries and common 
sense dictate that potential recipients with an incurable malig-
nancy should not undergo transplantation and those previously 
successfully treated for cancer should delay transplantation until 
the time of maximum recurrence of malignancy has passed. 
Recurrence rates of cancer post-transplantation have been dem-
onstrated to decrease the longer the waiting time, with 53% re-
curring within 2 years, 34% between years 2 and 5, and the last 
13% recurring after 5 years.20,21 In reality, most programs wait 
2 years after successful treatment of most cancers before trans-
plant listing. Exceptions without a recommended delay include 
asymptomatic incidentally discovered renal cell carcinoma con-
fi ned to the kidney, in situ cancer of the bladder or cervix, and 
basal cell and squamous cell carcinomas of the skin. In contrast, 
cancers with a high risk of recurrence, such as colorectal cancer, 
malignant melanoma, and cancer of the body of the uterus, 
should have a 5-year delay. It is diffi cult to know how best to 
advise patients with treated breast cancer as the majority of re-
lapses occur after 3 years.22–25 The safest approach for most 
cancers due to the heterogeneity of prognosis depending on 
staging, tumor markers, and treatment advances is to individual-
ize the approach after consultation with an oncologist.

Consensus is nonexistent in the transplant community re-
garding the necessity of screening for malignancy as the num-
bers needed to screen to save one life are large and vary from 
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338 to more than 5000 for colorectal, breast, and prostate can-
cers.26 However, to the individual recipient, this may have a huge 
impact on outcome as well as be a key factor in a possible living 
donor’s decision to donate. Therefore, although some programs 
will not routinely screen for cervical, prostate, breast, or colon 
cancer, it is suggested that at least appropriate age, personal his-
tory (von Hippel-Lindau disease, analgesic nephropathy), and 
family history (familial polyposis) screening be performed. Last, 
renal cell cancer is increased in those with ESRD; some, but not 
all, recommend that screening start with an ultrasound scan.27

Infection
The pretransplantation evaluation for infection should include 
testing for the infections listed in Box 85-1.28 Treatable infections 
must be eradicated before transplantation. Infections of the 
teeth, sinuses, ears, chest, urinary tract, gastrointestinal tract, and 
the feet of those with diabetes and patients with peripheral vas-
cular disease must be cleared up before transplantation. Chest 
radiography should be performed for signs of pulmonary tuber-
culosis or other pulmonary infection. Controversy exists with 
regard to patients who are hepatitis B virus surface antigen 
positive or hepatitis C virus antibody positive because of the risk 
of immunosuppression leading to enhanced viral replication 
and promoting progressive liver disease and death from liver 
failure.29 However, survival is better with transplantation than 
with dialysis.30,31 Patients with active viral infection are recom-
mended to undergo a liver biopsy to stage the disease and to 
receive antiviral treatment (lamivudine hepatitis B virus or pe-
gylated interferon alfa hepatitis C virus) before transplanta-
tion.31,32 These patients also require monitoring for the develop-
ment of hepatocellular carcinoma (alpha-fetoprotein and ultra -
sonography) and progressive liver disease while waiting.33 If 
necessary, combined kidney-liver transplantation is an option.

A potential candidate for organ transplantation who is se-
ropositive for human immunodefi ciency virus (HIV) anti-
body but is asymptomatic should be on highly active antiret-
roviral therapy and compliant and have an undetectable viral 
load and CD4� cell counts of at least 200 cells/mm3.28,34 In this 
setting, transplantation success may approach the uninfected 
population, although rejection remains a signifi cant issue.34,35

Guidelines have been produced by the British HIV Associa-
tion and are available via the British Transplantation Society 
website at www.bts.org.uk/ and information about HIV and 
transplantation in the United States is available at www.
clinicaltrials.gov/ and www.a-s-t.org/.

Testing for fungal or parasitic infections is partially determined 
by geographic location and travel history (see Box 85-1).5,28 In 
regions of the world where herpes hominis virus-8 infection is 
common, it may be helpful to know the serology of individuals 
before grafting given the strong association of the virus with Ka-
posi sarcoma. Recipients who have negative Epstein-Barr virus 
who receive Epstein-Barr virus–positive renal transplants have a 
sevenfold increased risk of developing posttransplantation lym-
phoproliferative disorder. The knowledge of recipient serologies 
may therefore infl uence postgraft immunosuppressive strategies. 
In particular, the cytomegalovirus serology at the time of grafting 
helps guide antiviral prophylactic strategies.28

Tuberculosis may reactivate after transplantation. As such, 
all patients should undergo chest radiograph to look for inac-
tive disease and have a tuberculin skin (purifi ed protein deriva-
tive test) test. Although a positive purifi ed protein derivative test 

result correlates with past infection, a negative skin test in the 
uremic patient may represent a false-negative result.36,37 Pa-
tients identifi ed as high risk (history of tuberculosis, positive 
chest radiograph, positive purifi ed protein derivative test result, 
or living in an endemic area) and who have not previously re-
ceived isoniazid should start pretransplantation treatment or 
receive daily isoniazid for 9 months after transplantation.

Obesity
Obese individuals carry an increased risk of posttransplanta-
tion wound infections and perioperative complications.38

Obesity is also a risk factor for posttransplantation diabetes 
and allograft dysfunction.39–41 According to the United States 
Renal Data System database, a live donor transplant affords an 
advantage for all obese subjects; however, deceased donors 
provide survival benefi t only for recipients with a body mass 
index (BMI) of less than 40 kg/m2.42 Obese transplantation 
candidates should be encouraged to lose weight. Many pro-
grams have a BMI threshold for acceptance.

Recurrent Disease
Graft loss attributed to recurrent disease has increased in re-
cent years but is still only thought to be responsible for ap-
proximately 5% of allograft loss.43,44 The highest risk of recur-
rence is seen with membranoproliferative glomerulonephritis 
type 1 and oxalosis but is also important for hemolytic uremic 
syndrome, focal segmental glomerulosclerosis, membranop-
roliferative glomerulonephritis type 1 IgA nephropathy, mem-
branous nephropathy, diabetes, and vasculitis.

Gastrointestinal

The rate of colonic perforation after transplantation is approxi-
mately 1% and is most commonly associated with diverticular 
disease.45 Although still somewhat controversial, especially in 
candidates with polycystic kidney disease, screening of asymp-
tomatic patients is not justifi ed as studies have found that pa-
tients with signifi cant diverticular disease rarely have symptom-
atic disease after transplantation.45–47 Patients with symptomatic 
disease should undergo imaging and consideration should be 
given to resection of extensive disease. Screening of asymptom-
atic individuals for peptic ulcer disease is not recommended 
because of the low morbidity rate.48,49 Those with active symp-
toms or a history of peptic ulcer disease should, however, un-
dergo endoscopic evaluation before transplantation.50 If an ulcer 
is present, it should be treated medically for 6 weeks, followed by 
a repeat endoscopy. If the ulcer has not healed, surgical therapy 
should be performed before transplantation. Incidentally identi-
fi ed cholelithiasis should be managed expectantly as no advan-
tage has been found to prophylactic cholecystectomy.51

Genitourinary

Patients with recurrent urinary tract infections should have a 
voiding cystourethrogram. If persistent high-grade refl ux is 
demonstrated, bilateral nephrectomy and ureterectomy are 
indicated. Additionally, native nephrectomy is advised for per-
sistent infection due to nephrolithiasis or infected cysts or un-
controlled hypertension; in patients with polycystic kidney 
disease and recurrent cystic bleeding, shortness of breath, early 
satiety; or to make space for the allograft.52 Consideration of 
residual renal function is essential. Transplant nephrectomy 
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before retransplantation is indicated if it is the source of infec-
tion, there are chronic infl ammatory symptoms, or space is 
needed for the new transplant. Prostate hypertrophy is not a 
contraindication to transplantation. Treatment depends on the 
amount of urinary output; less than normal urine output 
should delay transurethral resection until after transplantation 
due to the risk of urethral stenosis. Neurogenic bladder 
or bladder outlet obstruction resulting in high intravesical 
pressures as suggested by clinical history and examination 
necessitates evaluation by urology to determine whether uri-
nary diversion, bladder augmentation, or intermittent self-
catheterization is the best option.

Failed Allografts
Whether surgical removal of a failed graft minimizes the de-
gree of HLA sensitization is not clear.53,54 In practice, grafts 
that fail within 6 months are usually removed. The decision to 
remove a graft that fails later needs to balance surgical mor-
bidity against the resistance to the effect of erythropoietic 
agents seen with a failed graft left in situ, the advantage of 
rapid tapering of immunosuppression, and whether residual 
urine output contributes meaningfully to fl uid balance. Slow 
tapering of immunosuppression to avoid adrenal insuffi ciency 
is usually safe if the graft is not removed.

Bone
Bone fracture rates are increased in patients with ESRD.55 How-
ever, there is important heterogeneity in the association of bone 
mineral density studies and fractures in this population as well 
as after transplantation.56,57 As such, routine bone density mea-
surements are not indicated, but evaluation of the effectiveness 
of the treatment of hyperparathyroidism, attention to pain 
medication use, and exercise with fall avoidance is advised.58

Pulmonary
Pulmonary function tests are generally performed in the prep-
aration for surgery if the clinical history or examination sug-
gests chronic lung disease. Obstructive lung disease itself is not 
a contraindication for transplantation. All patients who smoke 
cigarettes should be advised to quit because active smokers 
have a 5.5-fold increased risk of pulmonary complications 
compared with those who do not smoke. Patients with bron-
chiectasis require careful assessment as they carry signifi cant 
risk of serious septic complications post-transplantation.

Psychosocial Evaluation
The psychosocial evaluation is critical for the transplantation 
candidate as psychosocial variables can affect transplantation 
outcome.59 The main psychosocial concerns include impaired 
capacity, treatment adherence and noncompliance, the use of 
illicit drugs, and lack of social support. Successful postoperative 
transplant care inevitably requires a supportive environment, 
frequent hospital attendance, and adherence to a complex drug 
regimen. Some individuals can be identifi ed before listing for 
which additional support post-procedure can minimize the risk 
of premature graft failure due to the inability to comply with 
management. Other individuals may be at such poor psychoso-
cial risk that transplantation is not in their best interest. It is best 

in these circumstances to collate views from several of the 
health professionals involved in the patient’s care as well as from 
the patient and immediate family members.

Re-evaluation of Patients 
on the Waiting List
Following placement on the waiting list, patients may wait 
years before receiving a transplant offer. Due to this wait, can-
didate medical re-evaluation is a logical step, but there are no 
data to help decide how often this should be or what tests 
should be performed. Brief guidelines have been proposed but 
are not backed by rigorous data. Some assessments are part of 
regular dialysis care such as monitoring hepatitis and HIV 
status. Cancer screening should proceed per population guide-
lines. Cardiovascular assessment, however, is the most contro-
versial; only clinically triggered testing has been shown to be 
of benefi t.60,61 Even so, it seems prudent to perform cardiac 
re-evaluation every 2 years on diabetic and every 4 years on 
nondiabetic wait-listed candidates.9,62,63

EVALUATION OF THE LIVING KIDNEY 
DONOR

Transplant programs have historically used varied evaluation 
and selection criteria for living donors such that transplant 
organizations and government transplant agencies have 
started to devolop guidelines for programs to follow (e.g., UK 
transplant, the American Society of Transplantation, the 
American Society of Transplant Surgeons, New York State, 
and United Network for Organ Sharing [UNOS]).64–68 The 
elements necessary in the consenting process are available on 
the UNOS website, those for the psychological evaluation are 
shown in Box 85-2 and those for the medical evaluation in 
Box 85-3.67,69 Detailed consent is of utmost importance due to 
the increasing dependence on living donation and because 
during 2006 in the United States, 21.6% of living donors were 
unrelated to the recipient (Fig. 85-3) (www.health.state.ny
.us/nysdoh/liver_donation/pdf/liver_donor_report_web.pdf).

Optimally, the team evaluating the living kidney donor 
should include a nephrologist, transplantation surgeon, social 
worker or psychologist or psychiatrist, dietitian, donor coor-
dinator, and pharmacist. At least one member of the team 
should be completely independent of the transplantation 
team taking care of the potential recipient and be able to stop 
the donation process if discoveries are made that could lead to 
donor harm.70 Preferably, the entire donor team would be in-
dependent of the team taking care of the recipient with some 
not being members of the transplantation program at all.

Risk of Living Donation
Death

The risk of death after living donation is reported to be 0.02% to 
0.04% within 90 days of donation.71,72 UNOS initiated tracking 
of donor deaths in October 1999. From October 1999 through 
December 2006, 14 (of 43,882 donors, 0.03%) living kidney 
donor deaths were reported to UNOS or identifi ed by examina-
tion of the Social Security Death Master File to have occurred 
within 30 days of donation. During the same time period, by 
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To accomplish the goals of the psychosocial evaluation, the following components must be included.69

 a. History and current status: Obtain standard background information regarding such areas as the prospective donor’s 
educational level, living situation, cultural background, religious beliefs and practices, signifi cant relationships, family 
psychosocial history, employment, lifestyle, community activities, legal offense history, and citizenship.

 b. Capacity: Ensure that the prospective donor’s cognitive status and capacity to comprehend information are not compro-
mised and do not interfere with judgment; determine risk of exploitation.

 c. Psychological status: Establish the presence or absence of current and previous psychiatric disorders, including but not 
limited to mood, anxiety, substance use, and personality disorders. Review current or previous therapeutic interventions 
(counseling, medications); physical, psychological or sexual abuse; current stressors (e.g., relationships, home, work); 
recent losses; chronic pain management. Assess repertoire of coping skills to manage previous life or health-related 
stressors. A focus on the extent of anxiety and depression is needed.

 d. Relationship with the transplant candidate: Review the nature and degree of closeness (if any) to the recipient (e.g., how 
the relationship developed) and whether the transplant would impose expectations or perceived obligations on the part 
of either the donor or the recipient.

 e. Motivation: Explore the rationale and reasoning for volunteering to donate (i.e., the “voluntariness”) including whether 
donation would be consistent with past behaviors and apparent values, beliefs, moral obligations, or lifestyle and 
whether it would be free of coercion, inducements, ambivalence, impulsivity, or ulterior motives (e.g., to atone or gain 
approval, to stabilize self-image, to remedy psychological malady).

 f. Donor knowledge, understanding, and preparation: Explore the prospective donor’s awareness of any potential short- 
and long-term risks of surgical complications and health outcomes, both for the donor and the transplant candidate; 
recovery and recuperation time; availability of alternative treatments for the transplantation candidate; fi nancial ramifi ca-
tions (including possible insurance risk). Determine that the donor understands that data on long-term donor health and 
psychosocial outcomes continue to be sparse. Assess the prospective donor’s understanding, acceptance, and respect 
for the specifi c donor protocol (e.g., willingness to accept potential lack of communication from the recipient, willingness 
to undergo future donor follow-up).

 g. Social support: Evaluate signifi cant other, familial, social, and employer support networks available to the prospective 
donor on an ongoing basis as well as during the donor’s recovery from surgery.

 h. Financial suitability: Determine whether the prospective donor is fi nancially stable and free of fi nancial hardship, has re-
sources available to cover fi nancial obligations for expected and unexpected donation-related expenses, is able to withstand 
time away from work or established role including unplanned extended recovery time, has disability and health insurance.

 i. Discussion with the donor support person.

Box 85-2 Required Components of the Living Donor Psychosocial Evaluation

 1. Donor typing to determine the risk of acute transplant 
failure
a. ABO blood group typing × 2
b. HLA typing
 c. Crossmatch

 2. General history and physical examination
a. History specifi cally includes evaluation of family history 

of kidney disease, diabetes, hypertension, birth weight if 
possible, gestational diabetes, birth weight of offspring, 
clotting disorders or deep venous thrombosis, use of 
nonsteroidal anti-infl ammatory drugs (e.g., ibuprofen, 
indomethacin), urinary tract infections, nephrolithiasis, 
chronic infections, cancer and kidney injury; prospective 
donors should be asked whether they have dental cov-
erage and have had a dental examination recently

b. Physical examination including blood pressure (done 
three times at three different times; if possible, it is 
preferable to perform a 24-hour blood pressure 
monitor); height; weight; calculated body mass index; 
waist circumference; a search for evidence of heart, 
lung, liver, and blood vessel disease; abnormal lymph 
nodes; and large spleen

 c. Medical psychological evaluation and social history 
should include questioning about alcohol intake, 

smoking history, substance use and abuse, history of 
mental illness and treatment used

 3. General laboratory tests: complete blood count with 
platelet count, prothrombin time/partial thromboelastin 
time, more detailed evaluation if there is a history of 
coagulation disorders, comprehensive panel (electro-
lytes, transaminase levels, albumin, calcium, phospho-
rus, alkaline phosphatase, bilirubin), human chorionic 
gonadotropin quantitative pregnancy test if younger than 
55 years, urine toxicology screen, serum protein electro-
phoresis in those older than 60 years

 4. Cardiovascular: heart and blood vessel tests
Chest radiograph
Electrocardiogram
Echocardiogram and/or exercise stress test if the pro-

spective donor is more than 50 years old or has 
risk factors (hypertension, smoking, hyperlipidemia, 
family history, exercise shortness of breath) or 
physical fi ndings that demonstrate increased risk of 
heart disease including, but not limited to, the 
following: borderline blood pressure, abnormal 
electrocardiogram, abnormal chest radiograph, 
murmur

Pulmonary function tests for smokers

Box 85-3 Medical Evaluation of the Living Kidney Donor
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 5. Renal-focused evaluation
Urinalysis, looking for protein and cells in the urine
Urine culture (if symptoms or abnormal urinalysis)
Protein excretion: 24-hour urine for protein and/or mi-

croalbumin excretion or protein-to-creatinine ratio 
and/or albumin-to-creatinine ratio × 2; if one is abnor-
mal, repeat

If protein detected, evaluation for postural proteinuria by 
split urine collection over 24 hours (8 hours recumbent 
and 16 hours active)

Serum creatinine
Glomerular fi ltration rate (GFR) measurement: clearance 

testing, 24-hour urine for creatinine clearance mea-
surement or preferably a measured clearance using 
urine or plasma clearance of iothalamate, iohexol, or 
other suitable marker. GFR should be expressed per 
1.73 m2. Calculated GFR measurements using the se-
rum creatinine are not felt to be adequate. GFR should 
be within 2 SD for age or be calculated to be at 
40 mL/min/1.73 m2 at age 80.

Screen for polycystic kidney disease as indicated by fam-
ily history, ultrasound scan if older than 30 years, 
linkage genetic testing if younger than age 30

 6. Metabolic-focused evaluation
Fasting blood glucose
Uric acid
Thyroid-stimulating hormone
Fasting lipid profi le (cholesterol, triglycerides, high-

density lipoprotein cholesterol, low-density lipoprotein 
cholesterol)

Determine the number of elements of the metabolic syn-
drome that are present; obtain consent for risk if three 
or more risk factors

If at increased risk for diabetes (family history of diabetes, 
gestational diabetes, or elevated triglyceride levels, 
perform an oral glucose tolerance test and include cal-
culations for insulin secretion/insulin resistance index

Hemoglobin A1C
 7. Infection

Cytomegalovirus, Epstein-Barr virus, herpes simplex vi-
rus, varicella-zoster virus

Human immunodefi ciency virus types 1 and 2
Human T-lymphotropic viruses 1 and 2
Hepatitis B surface antigen

Hepatitis B core antibody IgM/IgG
Hepatitis B surface antibody
Hepatitis C virus
Rapid plasma reagin
Tuberculosis
Toxoplasmosis, depending on exposure risk
Geographically determined testing: coccidiomycosis, 

Strongyloides, Trypanosoma cruzi, malaria, human 
herpesvirus 8

Consider human herpesvirus 6 and West Nile virus
 8. Anatomic evaluation

Determine which kidney is the safest to remove and 
which kidney (the one with the best function) is to be 
left with the donor. Additionally, the presence of ab-
normal liver, nodes, adrenal glands, and spleen can 
be determined.

a. The test of choice will depend on the local radiologi-
cal expertise and surgical preference but may include 
a computed tomography angiogram, magnetic reso-
nance angiogram, or angiogram. It may also be ad-
vised to perform an abdominal ultrasound scan to 
evaluate liver for fatty infi ltration and unexpected 
abnormalities of the liver, pancreas and spleen if a 
full abdominal computed tomography or magnetic 
resonance imaging scan is not performed.

b. Renal scan with differential renal function
 9. Cancer screening

Determines that the donor does not need both kidneys to 
help with tolerance of anticancer treatment and that 
the donor does not have a tumor that would be trans-
ferred to the recipient

Testing to be performed depending on gender, age, or 
family history

a. PAP for all women
b. Mammogram for all women over 40 or according to 

family risk
 c. Prostate-specifi c antigen test for all men older than 

50; for all African American men older than 40, or if 
from a high-risk family

d. Colonoscopy for all donors older than 50 or younger 
according to family history

e. Chest computed tomography for those with a history 
of smoking

Box 85-3 Medical Evaluation of the Living Kidney Donor—cont’d

12 months post-donation, 37 of 43,882 (0.08%) donors had 
died. The most common reasons for death at any time were, in 
descending order of occurrence, unknown (47.2%), cancer 
(9.4%), cardiovascular disease (7.5%), motor vehicle accident 
(7.5%), homicide (5.7%), suicide (3.8%), hemorrhage (2.8%), 
infection (1.9%), and respiratory failure (1.9%).

Morbidity

During the second half of 2006, 14 of 3154 (0.4%) U.S. living 
kidney donors underwent reoperation before initial dis-
charge.73 The most common reasons for reoperation were 
bleeding and bowel obstruction. Readmission after donation 
was necessary for 47 of 3154 (1.5%) donors.73 The most 

common reasons for donor readmission were abdominal 
problems (nausea, vomiting, abdominal pain, constipation, 
bowel obstruction) and bleeding. Less frequent reasons in-
cluded chylous ascites, pancreatitis, pulmonary embolism, 
subphrenic fl uid, and infection (wound, pneumonia, urinary 
tract). In 2006, 86.9% of donations were performed laparo-
scopically.73

End-Stage Renal Disease

The risk of ESRD varies according to the time after donation, 
the family history, and donor ethnicity. The impact of access 
to health care is not known. To date, on average, between 
0.1% and 0.5% of living donors have developed ESRD.74–76
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From January 1996 through February 2007, UNOS reports 
that 146 previous living donors have been listed as kidney 
transplant candidates.73 Sixty-three percent donated 16 or 
more years before the onset of ESRD; 8.3% donated 0 to 
5 years before listing, 14% between 6 and 10 years, and 14.9% 
between 11 and 15 years. Donor ethnicity is reported to be 
white in 42.5%, black in 42.5%, Hispanic in 8.9%, and Asian 
in 3.4%. The causes of ESRD have been reported as follows: 
glomerular diseases (N � 36, mostly focal segmental glo-
merulosclerosis), hypertensive nephrosclerosis (N � 32), dia-
betes (N � 16), and renovascular and other vascular diseases 
(N � 11). The data reported above do not include those 
starting dialysis but not wait-listed for a transplant and those 
dying of ESRD but not receiving renal replacement therapy.

Long-Term Mortality

Most studies have found that long-term mortality after living 
donation is due to cardiovascular disease and cancer, identical 
to the general population. Indeed, of donors donating from 
1999 onward in the United States, 10 have died of cancer and 8 
of cardiovascular causes.73 Special mention, however, must be 
made of other causes. Of donors donating from 1999 on in the 
United States, causes of death were auto accidents in eight, 
other trauma in four, homicide in six, suicide in four, and drug 
overdose in one. The last group of causes suggests a renewed 
focus on the psychosocial evaluation for living donor candi-
dates and that analysis of their support systems is in order.

Evaluation
An outline of the usual donor evaluation is shown in 
Box 85-3 and includes blood and urine screening tests, 
chest radiograph, electrocardiogram, an age- and family 
history–appropriate cardiac stress test and cancer screening, 
and radiographic assessment of the kidneys and vessels. 
Accepted contraindications to living donation are listed in 
Box 85-4.

Child Not reported Other related Other unrelated Parent Sibling Spouse Unknown

 1988–1991 1992–1995 1996–1999 2000–2003 2004–2006 Total

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

Figure 85-3 United Net-
work for Organ Sharing/
Scientifi c Registry for Trans-
plant Recipients: Living Kid-
ney Donor Relation. Rela-
tionship of living donors to 
their recipients over time 
by year (United Network 
for Organ Sharing data as 
of December 2006).

Absolute Exclusion Criteria
 1. Age younger than 18 years
 2.  Hypertension: blood pressure > 130/90 in some-

one younger than 50, evidence of end-organ dam-
age, nonwhite, on three or more antihypertensive 
medications

 3. Diabetes (diagnosis of diabetes)
 4.  Abnormal glucose tolerance test: 2-hour oral glucose 

tolerance test > 140
 5. History of thrombosis or embolism
 6. Psychiatric contraindications
 7. Obesity: body mass index > 35
 8. Coronary artery disease, reduced cardiac function
 9. Symptomatic valvular disease

10. Chronic lung disease
11. Recent malignancy
12. Urologic abnormalities of donor kidney
13. Creatinine clearance < 80 mL/min or projected 

glomerular fi ltration rate with removal of one kidney 
at 80 years of age of <40 mL/min

14. Peripheral vascular disease
15. Proteinuria > 300 mg/24 hr
16. Human immunodefi ciency virus infection
17. Hepatitis C virus infection
18. Hepatitis B virus infection

Relative Contraindications
1. Age 18–21 years, older age relative to the medical 

condition
2. Obesity (body mass index 30–35)
3. Kidney stones
4. Distant history of cancer
5. History of psychiatric disorder
6. Renovascular disease
7. Thin basement membrane disease

Box 85-4 Contraindications to Living Kidney Donation

Ch85_955-969-X5484.indd 964Ch85_955-969-X5484.indd   964 6/18/08 3:27:02 PM6/18/08   3:27:02 PM



965 Evaluation of the Kidney Transplant Recipient and Living Kidney Donor

Renal Function and Live Kidney Donation

The threshold of acceptable donor renal function has declined 
with time. In general, it would appear prudent to require liv-
ing donors to have a GFR at donation at the average of the 
age-specifi c GFR.77–79 Furthermore, the estimated GFR over 
time should also fi t the average curve for age. Thus, as the GFR 
decreases with age, a donor’s projected GFR at age 80 should 
be greater than or equal to 40 to 50 mL/min/1.73 m2 (www
.bts.org.uk/).77,79

Hypertension
The optimal evaluation of blood pressure for living donors 
is with 24-hour blood pressure monitoring. This allows 
detection of white coat hypertension as well as undetected 
hypertension.80,81 If elevated blood pressure is detected and 
the prospective donor is still under consideration, then a 
chest radiograph, electrocardiogram, echocardiogram, and 
ophthalmologic evaluation should be obtained to look for 
secondary consequences of hypertension. Preliminary evi-
dence indicates that donation is acceptable for hypertensive 
individuals if they are white, blood pressure is controlled, 
GFR is age appropriate, and protein/albumin excretion is 
normal.82 However, more detailed information about these 
donors and their long-term outcomes is needed before gen-
erally accepting hypertensive individuals as donors as do-
nors will on average have a 5-mm Hg increase in blood 
pressure over 5 to 10 years from donation above that antici-
pated for normal aging.83

Donor Obesity or Family History 
of Diabetes
Obesity may affect perioperative complications, future re-
nal function, and the cardiovascular health of the living 
donor. Obesity is a risk factor for the development of neph-
rolithiasis, renal cell and other cancer, as well as ESRD.84

For ESRD, the relative risk is 3 for a BMI between 30 and 
34.9 kg/m2 and 4.7 for a BMI of 35 to 39.9 kg/m2.85 Obese 
individuals may be more prone to develop renal disease 
after donation. In one study, obese (BMI � 30) subjects 
had an increased rate of proteinuria and renal impairment 
10 to 20 years after nephrectomy.86 Despite these concerns, 
many programs accept the obese as living donors. Heim-
bach and colleagues87 prospectively evaluated obese donors 
for 12 months. To date, the obese donors have not had 
lower GFR (by iothalamate clearance) or higher protein 
excretion rates compared with the normal BMI donors at 
follow-up. The Swiss donor registry has likewise not noted 
a change in albuminuria in obese donors over 5 years from 
donation, although one donor developed diabetes, hyper-
tension, proteinuria, and renal failure.88 Obesity greatly 
increases the future risk of diabetes, and as a consequence 
all obese prospective donors or those nonobese subjects 
with a first-degree relative with diabetes or with a history 
of gestational diabetes should be evaluated with an oral 
glucose tolerance test. This recommendation may change, 
however, as equations from large population studies are 
developed to more accurately predict the development of 
type 2 diabetes.89–91 Abnormal glucose tolerance is a con-
traindication to donation.

Nephrolithiasis

Those with a history of bilateral or recurrent stones and those 
with systemic conditions associated with recurrent stone dis-
ease should not donate. An asymptomatic potential donor 
with a current single stone is suitable if the donor does not 
have a high risk of recurrence and the stone is less than 1.5 cm 
in size and is removable during transplantation.67,92 The eval-
uation of an asymptomatic donor with a single previous epi-
sode of nephrolithiasis should include serum calcium, creati-
nine, albumin, parathyroid hormone, and spot urine for 
cystine; a urinalysis and urine culture; a helical computed to-
mography scan; chemical analysis of the stone if available; and 
a 24-hour urine for oxalate and creatinine.93

History of Malignancy and Infectious 
Disease
A history of the following malignancies excludes live kidney 
donation: melanoma, testicular cancer, renal cell carcinoma, 
choriocarcinoma, hematologic malignancy, bronchial can-
cer, breast cancer, and monoclonal gammopathy.67,94,95 A 
history of malignancy may be acceptable for donation if 
previous treatment of the malignancy does not decrease 
renal reserve or place the donor at increased risk of ESRD 
and does not increase the operative risk of nephrectomy. A 
history of malignancy may be acceptable if the specifi c can-
cer is curable and transmission of the cancer can reasonably 
be excluded; consultation with an oncologist may be re-
quired. Consent to receive a renal transplant must include a 
discussion with the donor and the recipient that the risk of 
transmission of malignant disease cannot be completely 
excluded.

Infection
A living donor should not be accepted if there is a history of 
active infection that requires nephrotoxic treatments or would 
put the donor at risk of developing renal disease. These infec-
tions include HIV, hepatitis C, hepatitis B, recurrent urinary 
tract infections, endocarditis, and malaria.28,67

Venous Thromboembolism
Unless the history suggests a medical condition that would ne-
cessitate a comprehensive coagulation profi le, these tests are not 
likely to yield useful information.96 Previous thromboembolism 
is a relative contraindication to live donation and will require an 
evaluation of the likelihood of recurrence. Oral contraceptives 
and hormone replacement therapy are commonly used and 
present an increased risk of postoperative venous thrombosis 
and thus should be withheld for at least 2 months before elec-
tive surgery.97,98

Renovascular Disease
Fibromuscular dysplasia is found on average in 2% to 4% of 
prospective donors.99,100 Donors with severe and diffuse dis-
ease should not be selected for donation. The age of the pro-
spective donor should also be considered with the outcome in 
donors older than age 50 seemingly more predictable and 
benign than in younger donors.101
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Atherosclerotic renal vascular disease is a relative contrain-
dication to living donation. If it is present, the donor should 
be normotensive, have normal renal function, and have only 
unilateral disease.102 Careful evaluation for coronary disease 
and peripheral vascular disease should be undertaken given 
the signifi cant correlation with renal artery stenosis.

Isolated Hematuria
Isolated hematuria in a prospective donor necessitates consid-
eration of thin basement membrane nephropathy and IgA 
nephropathy as well as urinary tract infection, malignancy, 
and nephrolithiasis. This is a relatively common problem; a 
mass screening study in Japan found a single test point preva-
lence of 4% of adult men and 10% of adult women.103

Some investigators have reported the development of 
ESRD in individuals with thin basement membrane dis-
ease.104,105 Currently, one approach to prospective donors with 
hematuria and thin basement membrane disease would be to 
limit selection to those older than age 50 who have the least 
risk and those with predictable family histories of disease and 
normal functional studies.106,107

IgA nephropathy is a contraindication to live donation. The 
implications of isolated mesangial IgA without other manifes-
tations of nephropathy require further study, and donation 
should be decided on in the context of family history, absolute 
renal function, the presence of interstitial disease, and age.108 If 
during live donor evaluation, persistent isolated asymptomatic 
hematuria is detected, the work-up should include a renal bi-
opsy because, in that setting, the biopsy specimen is often ab-
normal and aids the decision-making process.109

Autosomal Dominant Polycystic Kidney 
Disease
Familial studies have shown the sensitivity of ultrasonography 
to be 100% in individuals at risk of autosomal dominant poly-
cystic kidney disease who are age 30 or older.110 Wherever 
possible, linkage analysis in addition to ultrasound testing 
should be performed in prospective donors at risk who are 
younger than age 30.111,112 Mutation-based molecular diag-
nostics must still be treated with care in the clinical setting.112

If linkage studies are not possible, computed tomography 
and/or magnetic resonance imaging may provide better sensi-
tivity than ultrasonography.113

Cardiopulmonary Disease
Cardiac evaluations need to be performed based on the family 
history, personal history, physical examination, electrocardio-
gram, and chest radiograph. If the history, examination, and 
tests suggest ischemia or valvular disease, then an exercise or 
pharmacologic stress test and/or echocardiogram should be 
performed. An individual with myocardial dysfunction or 
coronary ischemia should not donate. Absolute contraindica-
tions to donation are symptomatic valvular disease, severe 
valvular disease even if asymptomatic, and valvular disease 
with abnormal cardiac function and/or ischemia.114 The pos-
sibility of valvular abnormalities should be particularly con-
sidered in family members of those with autosomal dominant 
polycystic kidney disease. Relative contraindications are the 
presence of a prosthetic valve and moderate regurgitant valvu-

lar disease with otherwise normal echocardiographic fi ndings. 
Finally, the donor with valvular disease should be informed of 
the risk of perioperative endocarditis even with antimicrobial 
prophylaxis, bleeding in those treated with anticoagulants, 
and thromboembolism during changes in anticoagulation.

Pulmonary contraindications to donation include chronic 
lung diseases that signifi cantly increase the risk of anesthesia 
and hypertension.115 If indicated by history and examination, 
pulmonary function testing, echocardiography, and/or sleep 
studies should be performed. In all cases, donors should cease 
smoking for at least 4 to 8 weeks before surgery to minimize 
the risk of pneumonia.116 Optimally, donors should stop 
smoking permanently due to the increased risk of vascular 
disease, renal arteriosclerosis, and cancer.

QUALITY OF LIFE AFTER LIVING 
DONATION

Physical and psychological function in living donors is higher 
than the community norm. Physical issues reported by donors 
after donation frequently include a decrease from baseline in 
energy, whereas some note a longer time to full recovery (as 
long as 4 months) than they had anticipated and incision pain 
that lasted longer than they expected. Psychological factors 
usually include an improved relationship with the recipient, 
an improved self-image, and frequently a positive effect on 
their life. Even though most donors have a very positive expe-
rience, a small number do regret the decision to donate 
(0%–5%).117,118
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Renal transplantation is regarded by most physicians as the 
preferred treatment for chronic renal failure.1 According to 
the United Network for Organ Sharing, the 1-year graft sur-
vival rate for the 15,657 renal allografts (living and cadaveric 
donor) placed into adult recipients during 2003 to 2004 in the 
United States was 90%. The recipient mortality in the fi rst 
year was less than 5%.2 Rejection and the donor shortage are 
the major obstacles to the routine application of renal trans-
plantation. As the proportion of grafts lost to rejection de-
creases and the value of each donor graft increases, the impor-
tance of technical perfection is magnifi ed. Surgical skills are 
best exercised in the context of judicious intra- and periop-
erative decision making based on a thorough understanding 
of medicine and biology. It is equally important to evaluate 
and treat complications as quickly and judiciously as possible 
to prevent graft loss.

RECIPIENT EVALUATION

• The renal graft is usually transplanted heterotopically in the 
extraperitoneal iliac fossa of the pelvis. In most cases, the 
native kidneys are left intact. From the narrow yet impor-
tant perspective of technical issues, the evaluation of the 
renal transplant candidate raises several questions:

• Is the domain of either iliac fossa or pelvis adequate?

• Will arterial infl ow and venous outfl ow be suffi cient?

• What is the condition of the urine-collecting system and 
bladder?

Most often, a careful medical history and physical examina-
tion of the candidate will provide the answers to these questions 
and no further anatomical studies are necessary. Examination 
of the abdomen may reveal surgical scars, masses, organomeg-
aly, or abdominal wall defects that dictate the site of transplan-
tation. In the patient with polycystic kidney disease, physical 
examination may reveal a large native kidney encroaching 
on the iliac fossa. Palpation of weak or absent femoral pulses 

betrays serious vascular disease that may contraindicate renal 
transplantation or at the very least require further investigation. 
Previous surgical records should be reviewed to understand any 
prior vascular reconstruction. If there is any doubt as to the 
availability of an appropriate vascular site for anastomosis, then 
additional studies should be obtained (e.g., magnetic resonance 
angiography, computed tomography angiography, arteriogra-
phy). If a patient has had multiple previous transplants, then 
surgical records and imaging studies should be obtained to 
better understand the anatomy.

Routine cystoscopy or cystography is not indicated. These 
studies may be of value when there is a history of voiding 
problems, urinary refl ux, recurrent infection, or previous uro-
logic procedures. A cystogram in a patient who has been an-
uric or oliguric for several years while on dialysis may demon-
strate a small-capacity, noncompliant bladder. In the instance 
of an unsatisfactory urinary reservoir, an ileal loop or bladder 
augmentation may be needed before transplantation.

Bilateral native nephrectomy is seldom necessary, but indi-
cations include symptomatic polycystic kidney disease (e.g., 
cyst rupture, bleeding), massive vesicoureteral refl ux, heavy 
proteinuria, persistent upper tract infection, severe renovas-
cular hypertension, symptomatic stone disease, and renal cell 
carcinoma.

DONOR CRITERIA AND PROCUREMENT

Brain death standards for cadaver donors are stringent. There 
are accepted general donor criteria such as no extracranial 
malignancy or human immunodefi ciency virus infection. 
However, given the severe donor organ shortage, general cri-
teria are expanding. Currently the United Network for Organ 
Sharing national waiting list exceeds 103,000 candidates, of 
whom more than 75,000 are awaiting kidney transplants.3 The 
increasing disparity between organ supply and demand chal-
lenges the transplantation community to maximize the use of 
organs from all consented donors. This includes the use of 
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kidneys from older donors, donors with serologies positive for 
hepatitis C or hepatitis B core antibody, and donors with a 
history of diabetes and hypertension. United Network for 
Organ Sharing defi ned a specifi c group of these donors, 
known as extended criteria donors, as all deceased donors 
older than 60 years of age and deceased donors between the 
ages of 50 and 59 with any two of the following criteria: his-
tory of hypertension, cerebrovascular cause of brain death, or 
terminal serum creatinine level greater than 1.5 mg/dL.4 Con-
cerns about the need to assess these kidneys before transplan-
tation have led to initiatives to use ex vivo biopsies and 
machine-preservation technology. Microscopic analysis is 
used to determine tubular, interstitial, and vascular changes.

There are other donor kidneys that can be included in this 
category of extended criteria donors that do not fi t the 
United Network for Organ Sharing defi nition, but with judi-
cious selection can be transplanted. This includes small pedi-
atric donors (�15 kg) whose renal mass may be considered 
insuffi cient—considered extended criteria grafts. The contro-
versy about how to use these grafts centers on whether to 
transplant them as an en bloc transplant or as single grafts. 
Using 6-cm length and donor weight of more than 14 kg as 
basic variables for the ability to split the graft seems to im-
prove the results of these donor grafts.5 Another large group 
of donors are non–heart beating organs that are procured as 
a result of donation after cardiac death. These donors are 
usually individuals with devastating irreversible neurological 
injuries who do not meet formal brain death criteria. Despite 
ethical controversies surrounding this type of organ dona-
tion, the contribution of organs from donation after cardiac 
death has grown rapidly and the organs, when chosen appro-
priately, function well.6

Once a deceased donor kidney is recovered, there are two 
methods of preservation: simple cold hypothermic storage 
and pulsatile preservation. Pulsatile perfusion involves an ex 
vivo hypothermic pulsatile perfusion machine that delivers 
oxygen and nutrients through a specialized preservation solu-
tion to the kidney and removes waste products in an attempt 
to mimic circulation, thereby preserving endothelial and pa-
renchymal integrity and reducing vasospasm. Some initial 
data suggest that pumping kidneys decreases the rate of de-
layed graft function, especially in extended criteria donors. In 
addition, pump parameters (i.e., fl ow rates and resistance) can 
be used in determining the appropriate use of a kidney.7

The length of cold ischemia time becomes a factor in organ 
preservation as well. A time interval up to 24 hours is generally 
considered to be appropriate, although there are widely differ-
ing opinions among centers, with a few centers routinely trans-
planting organs with 30 to 48 hours of cold time. Most litera-
ture suggests that ischemia beyond 24 hours is particularly 
detrimental, although the increased risk of graft failure associ-
ated with this prolonged ischemia is on average only approxi-
mately 10%, but with much higher rates of delayed graft func-
tion.8 Kidneys obtained from elderly or extended criteria donors 
are particularly sensitive to effects of prolonged ischemia. Pul-
satile perfusion appears to minimize or ameliorate the delayed 
graft function observed with longer ischemia time.

The retrieval of cadaver donor kidney grafts is usually one 
component of a complex multiple organ procurement. A 
common technique employed is in situ perfusion using iced 
preservation solution and en bloc removal of both kidneys 
based on the aorta and inferior vena cava. Multiple arteries are 

found in approximately 20% of donors. During procurement, 
care is taken to leave multiple arteries intact. In a cadaver do-
nor, renal arteries can be centered on a Carrel patch of donor 
aorta to facilitate the arterial anastomosis. The hilum of 
the renal graft is not disturbed to avoid injuring arterial arbo-
rizations. Because the arterial blood supply to the kidney is 
segmental, inadvertent ligation of a polar artery, for example, 
creates a discrete infarct. If the vessel supplies the upper pole, 
a small scar of little consequence may result. Conversely, a 
lower pole vessel is important because it supplies the ureter. A 
devascularized ureter will necrose and leak or fi brose and ob-
struct. To ensure good vascularization of the graft ureter, the 
procurement surgeon leaves a “fan” of investing periureteral 
tissue.

With a live donor, the surgeon has the advantage of preop-
erative imaging of the renal vasculature. Arteriography, com-
puted tomography angiography, or magnetic resonance angiog-
raphy will identify multiple vessels or an early bifurcation of the 
renal artery. Gadolinium-enhanced magnetic resonance angi-
ography is an attractive choice because it is minimally invasive, 
has multiplanar capability, and is able to evaluate the renal pa-
renchyma and the vascular anatomy without using iodinated 
contrast media and does not expose patients to radiation.9 If 
both kidneys have a single artery and vein, the left kidney is 
preferred because of the longer vein and technical ease of ap-
proach. A longer vein facilitates the implantation and the donor 
nephrectomy, particularly if the surgery is performed laparo-
scopically. In addition, technical considerations, including the 
need to retract the liver and the increased number of lumbar 
veins, make laparoscopic right-side nephrectomy more chal-
lenging. At one time, the right side was used as a last resort, but 
more recently, many groups have endeavored to better defi ne 
the indications for selecting one kidney over another for dona-
tion (e.g., renal vascular abnormalities). Studies show that 
ischemia time is similar for both sides, and all kidneys had ad-
equate vein length.10 A guiding principle is that if there is a 
defect, the live donor is left with the more perfect kidney. In 
addition, laparoscopic donor nephrectomy is being extended to 
donors with multiple renal arteries with no difference in warm 
ischemia time, donor morbidity, or graft outcome.11

TRANSPLANTATION

General endotracheal anesthesia is induced with the patient in 
the supine position on the operating table.12 A urinary bal-
loon catheter is inserted. The bladder can be fi lled with anti-
biotic solution, which is left indwelling, or the Foley catheter 
can be attached to a Y-connector and irrigation system so the 
bladder can be fi lled. Intraoperative monitoring may include 
a central venous pressure catheter, pulse oximetry, and/or ar-
terial blood pressure line. A curvilinear incision is made in 
either the right or left lower abdomen. The extraperitoneal 
iliac fossa is used because of the presence of the iliac vessels 
and its proximity to the urinary bladder. The transplant is 
protected by the iliac bone posterolaterally and the abdominal 
musculature anteriorly, yet the graft is superfi cial enough for 
percutaneous biopsy. The right side is generally preferred be-
cause the external iliac vessels are more superfi cial on this side. 
In theory, the renal graft can be transplanted anywhere that 
there is a suitable recipient artery, vein, and urine conduit or 
reservoir.
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Three layers of the abdominal wall, the external oblique, 
internal oblique, and transversus abdominis, are divided to 
afford access to the iliac fossa. The inferior epigastric vessels 
are divided, and a long stump of the inferior epigastric artery 
is preserved in case its use may be necessary in a separate 
anastomosis to a lower pole renal artery. The spermatic cord 
is preserved in men, and in women, the round ligament is di-
vided. The diaphanous peritoneal membrane is rolled medi-
ally off the external iliac vessels. Lymphatic channels that 
overlie the iliac vessels are divided to expose the artery and 
vein. These channels are ligated to prevent lymphatic leaks, 
lymphocele formation, and subsequent ureteral obstruction 
or iliac vein compression. It is common practice to anasto-
mose the transplant artery end to side on the external iliac 
artery. If multiple arteries are present, they can be recon-
structed in several ways. They can be syndactylized, the infe-
rior epigastric artery can be used as mentioned earlier, or they 
can be sewn in on a common aortic patch. The renal vein is 
routinely sewn to the side of the external iliac vein. The left 
donor kidney is generally preferred because of its longer vein; 
however, a short right renal vein of a deceased donor kidney 
can be extended using the attached inferior vena cava.13 In the 
case of multiple draining renal veins, the decision of whether 
to implant both veins separately, leave them on a common 
caval patch, or ligate the smaller of the veins must be made. 
Because venous drainage is not segmental, unlike arterial in-
fl ow, it is usually safe to ligate smaller veins.14 The clamps are 
then removed and reperfusion begins. The time that tran-
spires between removing the graft from ice and reperfusion 
with oxygenated blood is known as the warm ischemia time. 
This period ranges from 20 to 45 minutes. Warm ischemia 
time longer than 45 minutes is associated with increased inci-
dence of delayed graft function, and longer than 60 minutes 
may promote primary nonfunction.

Urinary drainage from the renal graft is established by 
surgically connecting the graft ureter to the bladder. The 
ureteroneocystostomy is usually accomplished via the extra-
vesical approach, whereby the spatulated end of the trans-
plant ureter is sewn to the bladder, mucosa to mucosa, after 
incision through the detrusor muscle. The detrusor muscle 
is then reunited to buttress the anastomosis and create an 
antirefl ux valve (an extravesical Lich-Gregoir ureteroneo-
cystostomy.) A double pigtail ureteral stent is sometimes 
placed to prevent ureteric complications. The stent is then 
endoscopically removed several weeks later. There are com-
plications associated with stents as well, namely, an increase 
in the incidence of urinary tract infections, calcifi cation, 
and stent migration. As a result, studies now support a prac-
tice of selective stenting based on the surgeon’s judgment 
(e.g., for anastomoses that are technically diffi cult, a con-
tracted bladder, or friable mucosa).15 In addition, stent re-
moval requires a second procedure that not only increases 
cost, but can also be a source of morbidity. Other tech-
niques of ureteral drainage include tunneling of the graft 
ureter via cystotomy (Leadbetter-Politano), modifi cations 
of the Lich technique using a tunnel but with an extravesical 
approach, and sewing of the native ureter to the transplant 
renal pelvis (ureteropyelostomy). After meticulous hemo-
stasis is achieved, the wound is closed in two layers. A drain 
can be placed if necessary. Depending on the patient’s body 
habitus, the operation lasts for 2 to 4 hours. Postoperatively, 
the Foley catheter remains in place for 2 to 5 days. If the 

patient has diffi culty voiding spontaneously and bladder 
urodynamics are markedly abnormal, the bladder may be 
used as a passive reservoir coupled with intermittent self-
catheterization after transplantation.

Some variations on the standard operation deserve special 
mention. The fi rst is the use of dual-kidney transplantation, 
where two aged adult kidneys (which were turned down as 
single transplants) are placed into an adult recipient, as a way 
to help alleviate the continued organ shortage. The two kid-
neys are generally implanted as separate transplants on the 
same side but may be implanted in opposite iliac fossae. Re-
cipients of these transplants have been shown to have accept-
able long-term graft survival.16 It is important to reduce cold 
storage time when using aged kidneys for dual transplanta-
tions to reduce the incidence of delayed graft function.

Patients who have undergone more than one transplanta-
tion were once considered to be at higher risk of graft failure 
than fi rst graft recipients, but retransplantation survival rates 
have improved substantially as a result of improved pretrans-
plantation screening and postransplantation management. 
Recipients of a third or subsequent graft constitute a unique 
population because of the previous manipulation of two iliac 
fossae for previous transplants and frequently the removal of 
earlier grafts. This results in surgical challenges for retrans-
plantation, mainly in vessel and bladder dissection due to 
scarring from previous surgery.17

There are several additional considerations for pediatric 
recipients. In children, the relative size discrepancy between the 
graft and the recipient may dictate placement of the renal 
transplant intraperitoneally with anastomosis to the aorta and 
inferior vena cava.18 In particular, children weighing less than 
15 kg present a challenging subgroup. The size discrepancy can 
be troublesome during abdominal closure, and these small 
patients are at high risk of kinking and obstruction of graft 
vessels or abdominal compartment syndrome. Even with max-
imum intravascular volume, an adult kidney transplanted into 
an infant or small child cannot achieve more than two thirds 
of the blood fl ow present in the donor. Therefore, it is impera-
tive to maintain optimum intravascular volume in the intraop-
erative and postoperative periods.19 Bladder dysfunction can 
pose a great challenge in the pediatric population as well. If the 
pretransplantation evaluation reveals a contracted, noncom-
pliant bladder, a urine reservoir can be established with an ileal 
loop or bladder augmentation with a segment of intestine. A 
fi nal consideration in pediatric recipients is the high occur-
rence of graft loss secondary to vascular thrombosis. Increas-
ingly, centers are now testing for thrombophilias and antico-
agulation in patients perioperatively with good results.20

SURGICAL COMPLICATIONS

Wound Complications
Wound infection is the most common complication after renal 
transplantation. Contributory factors include obesity, diabetes, 
uremia with protein malnutrition, and immunosuppression. 
Typically, the characteristic fi ndings of fever, local erythema, 
swelling, and drainage present 4 to 7 days after surgery. However, 
it is important to remember immunosuppressed patients may 
not manifest the same signs and symptoms, and one must have 
a higher level of suspicion for wound and abdominal infections. 
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For infection confi ned to the subcutaneous space, treatment 
consists of opening the skin to allow drainage, followed by local 
wound care measures such as packing until the wound heals. 
Antibiotics are usually warranted, and antibiotic selection de-
pends on the culture results. If there is suspicion of a subfascial 
abscess, an ultrasound study or the removal of fascial sutures will 
demonstrate deep involvement. Drainage of clear fl uid from the 
wound is common, especially in obese patients. Placement of a 
collection bag allows the determination of fl uid creatinine to 
distinguish urine (from a urine leak) from serum (lymphatic 
leak or draining seroma). A seroma, a subcutaneous collection of 
tissue fl uid, can be left alone to resolve with time or can be 
drained either by repeated needle aspiration or drain placement. 
The approach depends on the clinical circumstances. Dehiscence 
of the transplant wound is unusual. However, the inhibition of 
wound healing from the malnutrition of chronic renal failure, 
steroids, or sirolimus may contribute to fascial disruption. De-
hiscence requires emergent reoperation and reclosure.

Vascular Thrombosis
The prevalence of thrombosis of the transplant artery or vein is 
1%. Clinically, acute anuria raises the concern of graft throm-
bosis. Hyperacute rejection can result in thrombosis, but faulty 
technique is usually responsible. Technical problems include 
intimal dissection, especially in recipients with long-standing 
diabetes or hypertension; kinking of the artery or vein from 
malpositioning of the graft; torsion of the vessels; and narrow-
ing of the anastomosis. Doppler ultrasonography or radionu-
clide scanning shows greatly decreased or no fl ow to the graft. 
If the index of suspicion for thrombosis is high, for example, an 
uneventful live donor graft that does not diurese postopera-
tively, the patient should be taken back to the operating room 
for immediate exploration. Arteriography is seldom of value 
and delays surgical exploration. At exploration, arterial throm-
bosis is suggested by a small, pale kidney; with venous throm-
bosis, the kidney transplant is blue, swollen, and sometimes 
bleeding from a fracture. Thrombectomy and graft salvage have 
been reported, but warm ischemia that lasts more than 45 to 
60 minutes results in irreversible injury. When the vascular 
compromise is incomplete (e.g., venous kinking), the chance of 
salvage is improved, but a prolonged delay in graft function can 
be expected. Protracted warm ischemia or primary nonfunc-
tion of a graft mandates transplant nephrectomy.

It is imperative to consider risk factors for vascular 
thrombosis in the recipient evaluation. One must consider 
and test when appropriate for the presence of an inherited 
hypercoagulable state such as patients with previous deep 
vein thrombosis/pulmonary embolism, multiple vascular 
thromboses, spontaneous abortions, end-stage renal disease 
due to lupus or hemolytic uremic syndrome. Interventions 
to decrease the thrombotic risk including heparin, warfarin, 
and aspirin have been evaluated and appear to decrease the 
risk of renal allograft thrombosis signifi cantly.21

Bleeding
Characteristically, “surgical” bleeding, requiring a return to the 
operating room, presents in the early postoperative period 
with tachycardia, hypotension, and, after volume resuscitation, 
decreasing hematocrit. Bleeding is more likely in renal trans-
plant recipients than in normal patients because of decreased 

platelet adhesiveness secondary to uremia. Some surgeons fully 
heparinize renal transplant recipients, and this practice may 
contribute to bleeding. A decreasing hematocrit in the early 
postoperative period should not be ascribed to “medical” 
causes. Correction of clinically signifi cant bleeding is amenable 
only to re-exploration. A bleed at the vascular anastomosis or 
a vessel in the graft hilum is often the culprit. Mild hematuria 
that resolves without intervention is not uncommon.

Urine Leak
The prevalence of urine leak is approximately 2%. A large 
urine leak at the ureter-to-bladder anastomosis due to a tech-
nical fl aw results in a rapid decrease in urine output in the 
early postoperative period. Ureteral necrosis and leak may be 
due to procurement errors (e.g., degloving) or ischemia from 
rejection-induced vasculitis and thrombosis of periureteral 
blood supply. Labial or scrotal edema may occur. Clear fl uid 
from the wound may be distinguished from the more com-
mon fi nding of a draining seroma by creatinine determina-
tion. Patients frequently complain of abdominal, pelvic, or 
rectal discomfort or pain from the infl ammation of extrava-
sated urine. A urine leak can be confi rmed by a radionuclide 
scan showing extravasation of “hot” tracer outside the con-
fi nes of the collecting system.22 If ultrasonography demon-
strates a fl uid collection, the collection is tapped and the fl uid 
analyzed for creatinine to make the diagnosis of urinoma. 
Emergent exploration is the treatment of choice for a urine 
leak. Treatment of a leak with interventional radiologic tech-
niques such as percutaneous nephrostomy and drain place-
ment is successful only for small leaks at the ureteroneocystos-
tomy. Although these techniques are helpful for diagnosis or 
as a temporizing measure in patients who are unfi t for surgery 
(e.g., untreated urinary infection), the defi nitive solution is 
surgery. Reconstruction of the ureter may involve reimplanta-
tion after cutting back to well-vascularized tissue. If the trans-
plant ureter is too short to reach the bladder, the bladder may 
be extensively mobilized and fi xed superiorly to the psoas 
muscle, a psoas “hitch”; the distal native ureter may be sewn to 
the transplant pelvis, or a tube can be fashioned from the 
bladder wall (Boari fl ap) to bridge the gap. After reconstruc-
tion, both a ureteral stent and a drain are placed to allow 
egress of urine until the urinary mucosa heals watertight. The 
drain is removed when output ceases, and the stent is cysto-
scopically removed at approximately 4 to 6 weeks.

Obstruction of the Collecting System
Obstruction occurs in approximately 2% of renal transplants. 
Blockage of urine fl ow in the early postoperative period may 
be the result of technical misadventure in the construction of 
the ureteroneocystostomy, such as a too-tight antirefl ux tun-
nel, or a problem with the graft ureter, such as a twist, entrap-
ment by the spermatic cord, or an extrinsic compression by a 
hematoma or urinoma. Weeks to months after transplanta-
tion, ultrasonographic investigation of an elevated serum 
creatinine value may reveal a dilated urine collecting system 
due to ureteral stricture, stone disease (either de novo, re-
tained, or of donor origin), fungus balls, shed tissue from 
papillary necrosis, or lymphocele. After percutaneous needle 
biopsy, hemorrhage can fi ll the pelvis with clot, but the 
thrombolytic effect of urokinase in urine makes obstruction 
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of the collecting system unusual. Ischemia and acute rejection 
of the ureter are the most frequent causes of ureteral stricture 
in adults; however, ureteritis and subsequent ureteral stric-
tures can also be the result of a viral infection. Cytomegalovi-
rus and human polyoma BK virus have both been implicated 
in the development of stricture formation.

When a dilated transplant ureter with mild to moderate 
hydronephrosis is seen, the urodynamic signifi cance of the 
fi ndings may be uncertain. If renal transplant function is only 
mildly impaired, a furosemide washout radionuclide study 
may be helpful. An antegrade pyelogram provides the best im-
age and can be converted to a percutaneous nephrostomy to 
decompress an obstructed system. If there is a clinically sig-
nifi cant obstruction, there will be a postobstructive diuresis 
and decrease in the serum creatinine. In equivocal cases, a 
Whitaker test or manometric study of urodynamics can be 
performed by saline infusion through the percutaneous neph-
rostomy. If there is obstruction, the pressure in the manome-
ter will increase steadily as saline is infused. If ultrasonogra-
phy reveals the collecting system to be massively dilated, the 
patient should be scheduled for defi nitive decompression. 
Decompression can be accomplished by percutaneous, en-
dourologic, open surgical approaches, or a combination of 
modalities. Percutaneous decompression with percutaneous 
nephrostomy is often the fi rst step in relieving obstruction 
and further defi ning anatomy and cause for a more defi nitive 
and durable repair. Endourologic management of transplant 
ureteral stenoses with balloon dilatation or Acucise endoure-
terotomy are used. After either procedure, indwelling stents 
are left in place and removed cystoscopically at 6 to 8 weeks. 
These methods, if successful, can avoid the morbidity of open 
revision.23 However, disruption of the ureter and recurrent 
strictures can occur with both methods. Furthermore, stent-
ing introduces a foreign body that may be a nidus for encrus-
tation, stone formation, or infection. Often the best approach 
is surgical correction. This is usually carried out either by graft 
ureteral reimplantation into the bladder or by rerouting of 
urine from the transplant into the native ureter by ureteroure-
terostomy or pyeloureterostomy. In constructing either by-
pass, the native kidney does not have to be removed; rather, 
the proximal native ureter is ligated and residual function is 
shut down by the resultant hydrostasis.24

Vesicoureteral Refl ux
Voiding cystography in transplant recipient demonstrates a 
refl ux rate of 2% to 6%. Whether urine refl ux per se damages 
a renal transplant is debatable; what is not debatable is the 
deleterious effect of refl ux when infection is present. Antibiotic 
suppression of urinary tract infection will decrease the inci-
dence of graft pyelonephritis, but if infections recur, a revision 
of the ureteroneocystostomy or conversion to transplant-
to-native ureteroureterostomy is indicated to eliminate refl ux. 
A newer approach is the endoscopic correction of vesicoure-
teral refl ux with subureteral injections of Defl ux (dextranomer 
microspheres in sodium hyaluronic acid solution.) This sub-
stance is biodegradable and has no immunogenic properties 
and no potential to cause malignant transformation. Most of 
the available data are in nontransplant pediatric patients with 
refl ux, but show a 69% success rate for endoscopic treatment 
versus a 38% success rate for antibiotic prophylaxis after 1 year 
of treatment. Although open surgery achieves a success rate of 

92% to 98%, it is an invasive procedure and is not free of com-
plications, especially in transplant recipients. An important 
advantage of endoscopic treatment is its easy repeatability in 
cases of failure after the fi rst injection.25

Lymphocele
Transected lymphatic channels that course over the iliac 
vessels may leak lymph and develop into a lymphocele, a 
cystlike collection of lymph that may impinge on the graft 
ureter. The standard treatment for lymphocele is surgical 
fenestration of the peritoneum. A window is created in the 
lymphocele wall via the laparoscope or open surgery to al-
low lymph to drain into the peritoneal cavity, where it is 
absorbed. A lymphocele can also be treated by sclerosis with 
iodine or caustic antibiotic preparation (e.g., tetracycline) 
to obliterate the cavity.

Transplant Renal Artery Stenosis
Typically, transplant renal artery stenosis (TRAS) usually 
occurs months after transplant surgery. The prevalence of this 
disorder has varied in the literature, ranging from 1% to 23%. 
This discrepancy has been ascribed to several factors: The 
defi nition of hemodynamically signifi cant TRAS has not been 
standardized, and the ready availability of noninvasive screen-
ing modalities, such as color Doppler ultrasonography and 
magnetic resonance angiography, may lead to increased pur-
suit of this diagnosis.26 The diagnosis is suggested by hyper-
tension that is intractable to an escalating regimen of antihy-
pertensive drugs. On physical examination, a bruit may be 
heard over the transplant, but this fi nding is nonspecifi c. The 
cause of TRAS is multifactorial and includes surgical tech-
nique during organ removal and transplantation, acute rejec-
tion, delayed graft function, and cytomegalovirus infection.27

TRAS often has an insidious onset. Angiography is the gold 
standard in diagnosis, and if TRAS is present, percutaneous 
transluminal angioplasty can be carried out concurrently. The 
treatment of TRAS with both surgical and endovascular tech-
niques has been evaluated in multiple studies. Surgical correc-
tion has a 66% to 90% initial success rate with a 12% recur-
rence rate. The reported success rate with percutaneous 
transluminal angioplasty is lower, but has improved in more 
recent studies, with a similar recurrence rate. Percutaneous 
transluminal angioplasty is favored as the fi rst-line treatment 
because of the technical demand of an open repair with the 
risks of allograft loss, ureteral injury, and surgical mortality.26

TRAS is associated with a signifi cant decrease in long-term 
allograft survival, but it is still unclear as to whether this is due 
to the stenosis, the repair, or the factors that predisposed to 
the condition.27 TRAS can be mimicked by stenosis of the 
proximal iliac artery ipsilateral to the renal transplant or an 
arteriovenous fi stula after a needle biopsy.28,29

MISCELLANEOUS COMPLICATIONS

Leg edema ipsilateral to the graft is common owing to ligation 
of lymphatics and/or compression of the external iliac vein by 
the graft. The diagnosis of deep venous thrombosis may be 
entertained, and a Doppler study or venography may be indi-
cated. Neurapraxia of the femoral nerve is rare and may result 
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from retractor trauma or ischemia. Patients with preexisting 
diabetic neuropathy are particularly susceptible. Femoral 
nerve injury is manifested by the inability of the supine pa-
tient to lift the leg off the bed. Restoration of function, assisted 
by physical therapy, takes several weeks.
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Understanding the basis of transplant immunology is re-
quired to comprehend the role of the tissue typing laboratory 
in managing potential transplant recipients, to understand 
the mechanisms of immunosuppression, and to be able to 
appropriately detect and diagnose acute or chronic rejection. 
The chapter begins with a general overview of the immune 
response, focusing on those aspects that are important to 
understand the logic behind the clinical use of immunosup-
pressive drugs. We then outline clinically relevant character-
istics of individual immunosuppressive agents currently used, 
as well as new immunosuppressive medications, focusing on 
mechanisms of action, interactions, and toxicities of indi-
vidual medications. We then provide a rationale for the cur-
rent immunosuppressive protocols and summarize relevant 
clinical trials.

BASIC TRANSPLANT IMMUNOLOGY

Components of the Immune System
The human immune system can respond to a nearly infi nite 
range of foreign antigens by generating and maintaining im-
mune responses that are rapid, antigen specifi c, and protec-
tive. The cardinal features of the adaptive system are specifi c-
ity to antigenic diversity, memory, and tolerance of self.1,2 The 
adaptive immune system is composed of cellular (T cells) and 
humoral (B cells/antibodies) components. T cells are derived 
from the thymus and play a central role in cellular immunity. 
They can be divided into subsets of CD4 and CD8 T cells and 
can recognize antigens presented by the major histocompati-
bility complex (also called HLA), through T-cell receptors 

Chapter 87

Transplant Immunology 
and Immunosuppression
Bernd Schröppel and Enver Akalin

CHAPTER CONTENTS

BASIC TRANSPLANT IMMUNOLOGY   976
Components of the Immune System   976
Recognition of Alloantigen   977
Humoral Alloimmunity   977
Cellular Alloimmunity   977
Effector Mechanisms   977

CLINICAL APPLICATION OF TRANSPLANT 
IMMUNOLOGY   978
Tissue-Typing Techniques   978
Detection of Anti-HLA Antibodies   978
Crossmatch Methods   978

IMMUNOSUPPRESSIVE MEDICATIONS   979
Induction Agents   979
Polyclonal Lymphocyte–Depleting 

Antibodies   979
Mechanism of Action   979
Dosing and Side Effects   979

Monoclonal Lymphocyte–Depleting 
Antibodies   982
Anti-CD3 Monoclonal Antibodies   982
Alemtuzumab (Campath-1H)   982
Rituximab (Rituxan)   982

Monoclonal Nondepleting Antibodies 
(Anti-CD25)   983
Mechanism of Action   983
Dosing and Side Effects   983

Calcineurin Inhibitors (Cyclosporine and 
Tacrolimus)   983
Mechanism of Action   983
Dosing and Side Effects   983

Antimetabolites   984
Azathioprine (Imuran, Azasan)   984
Mycophenolate Mofetil (CellCept) and 

Enteric-Coated Mycophenolate Sodium 
(Myfortic)   984

The Target of Rapamycin Inhibitors: Sirolimus 
(Rapamune) and Everolimus (Certican)   984
Mechanism of Action   984
Dosing and Side Effects   985

Glucocorticoids   985
Mechanism of Action   985
Dosing and Side Effects   985

Drug Interactions of Immunosuppressive 
Drugs   985

Intravenous Immunoglobulins   985
Mechanisms of Action   986
Dosing and Side Effects   986

New Immunosuppressive Medications   986

IMMUNOSUPPRESSIVE PROTOCOLS   987
What Type of Calcineurin Inhibitor? 

(Tacrolimus vs. Cyclosporine)   987
What Type of Adjuvant Agent? (Mycophenolate 

Mofetil vs. Sirolimus)   988
What Type of Induction Treatment?   988
Steroid Withdrawal   989
Calcineurin Inhibitor Withdrawal   989
Immunosuppression and Sensitization   989

Ch87_976-993-X5484.indd 976Ch87_976-993-X5484.indd   976 6/18/08 3:27:51 PM6/18/08   3:27:51 PM
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(TCRs) expressed on their cell surface. B cells express a highly 
specialized form of antigen receptors, surface immunoglobu-
lins, and are the precursors of plasma cells, which can secrete 
a soluble form of immunoglobulin, the antibody. In addition 
to the adaptive system, the mammalian immune system con-
sists of innate components. There are important interactions 
between the two systems. Innate immunity is composed of a 
series of nonpolymorphic proteins (e.g., defensins, cytokines, 
Toll-like receptors, and complement) and cells (e.g., macro-
phages, dendritic cells, natural killer cells, and neutrophils).

Recognition of Alloantigen
The highly polymorphic HLA loci are the primary targets of 
the alloimmune response.3,4 Class I HLA molecules (HLA A, 
B, and C) are expressed on essentially all somatic cells and are 
recognized by CD8 T cells. Class II HLA molecules (HLA DR, 
DP, and DQ) are recognized by CD4 T cells and are found 
predominantly on a few specialized cell types, including mac-
rophages, dendritic cells, and B cells, which are called profes-
sional antigen-presenting cells (APCs).

Humoral Alloimmunity
Alloantibodies are produced by alloreactive B cells specifi c for 
HLA molecules and participate in transplant injury. Alloreac-
tive B cells recognize allogenic HLA molecules through surface-
bound IgM receptors but require second costimulatory signals 
(e.g., CD40/CD154) for full activation and differentiation into 
antibody-secreting plasma cells.1,2 Donor-specifi c anti-HLA 
antibodies (DSAs) can be present in a patient before transplan-
tation due to sensitization through a previously failed allograft, 
blood transfusion, or pregnancy. In rare circumstances, they 
may have developed a cross-reactive antibody because of un-
derlying autoimmune disease or an environmental agent mim-
icking the structure of an HLA molecule. The presence of pre-
transplant DSAs can predispose kidney transplant recipients to 
hyperacute rejection of the allograft as well as acute or chronic 
antibody-mediated rejection. Blood group antigens are other 
targets for the antidonor humoral immune response. Natural 
antibodies against these antigens cause complement-mediated 
hyperacute rejection, generally precluding transplant across 
ABO differences, but transplantation can be performed in in-
fants, before natural development of the antibodies or after 
desensitization protocols, which is discussed in the section “Im-
munosuppression and Sensitization.”5

Cellular Alloimmunity
Initial recognition of alloantigen predominantly occurs in sec-
ondary lymphoid organs as recipient T cells interact with anti-
gens derived from the donor. The primed T cells then migrate 
back to the allograft where they re-encounter antigen and medi-
ate their effector functions.6 Alloreactive T cells recognize major 
histocompatibility complex–peptide complexes via two distinct 
pathways: the direct and the indirect allorecognition pathways.7

Direct refers to recipient T cells recognizing donor major histo-
compatibility complex on donor APCs, and indirect presentation 
refers to the recognition of the donor alloantigen presented 
within the groove of recipient major histocompatibility complex 
on recipient APCs. As donor APCs migrate out of the allograft 
over time and are replaced by infi ltrating recipient APCs, indirect 

recognition may be the dominant effector pathway within the 
allograft.8 Successful initiation of an adaptive immune response 
depends on two major signals being delivered to the 
T cell: (1) antigen-specifi c recognition via the TCR and (2) a co-
stimulatory signal. The costimulatory signal results from the in-
teraction of a receptor-ligand pair (one on the T cell and the 
other on the APC) that, in conjunction with TCR ligation, in-
duces T-cell activation, proliferation, and differentiation. With-
out costimulation, T cells may undergo apoptosis (deletion) or 
become unresponsive to future encounters with the antigen (an-
ergy). The best characterized costimulatory pathways involve the 
T cell membrane–bound molecules CD154 (CD40L) and CD28 
and their APC-expressed cognate ligands CD40 and CD80/CD86 
(B7.1/B7.2).9,10 A high-affi nity variant of cytotoxic T lymphocyte 
(CTL) A4 immunoglobulin (blocks the CD28 and CD80/CD86 
interaction), named LEA29Y (belatacept), is in clinical trials (see 
“New Immunosuppressive Medications”).11 If a T cell receives a 
signal through both the TCR and the second costimulatory 
signal(s), then a number of intracellular activation steps ensue. A 
calcium fl ux activates the intracellular molecule calmodulin and 
allows it to bind to a calcium-binding protein called calcineurin 
(the target of cyclosporine and tacrolimus). This activates a phos-
phatase followed by a number of downstream reactions that lead 
to binding of the transcription activating factor nuclear factor of 
activated T cells to the interleukin (IL)-2 promoter. As a conse-
quence, up-regulation of IL-2 gene expression occurs followed by 
synthesis and release of this potent T-cell growth factor. Full 
T-cell activation leads to up-regulation and expression of the 
high-affi nity � chain of the IL-2 receptor (CD25) on the surface 
of the T cell (the target of anti-CD25 monoclonal antibodies). 
The synthesized and released IL-2 acts in an autocrine and para-
crine manner and binds to the up-regulated IL-2R. Signaling 
through the IL-2R then initiates another (kinase-dependent) 
cascade mediated in part through a protein called mTOR (mam-
malian target of rapamycin, the therapeutic target of the drug 
sirolimus). This results in translation of new proteins and allows 
the cell to progress from the G1 phase to the S phase of the cell 
cycle, resulting in proliferation. Azathioprine and mycophenolic 
acid (MPA) are inhibitors of DNA synthesis and thus inhibit T-cell 
activation at this stage.

T-cell activation induces differentiation, which can have 
many manifestations, as refl ected by the variety of different 
T-cell subsets, referred to as T-helper cells (Th)1, Th2, Th17, 
and T regulatory 1. These phenotypes primarily refer to the 
pattern of cytokines produced by the activated T cells. In gen-
eral, Th1 cells secrete interferon-� and tumor necrosis factor 
� and Th17 cells secrete IL-17, which lead T-cell traffi c to sites 
of infl ammation, facilitate ongoing infl ammation at those 
sites, and promote destructive T-cell immunity, whereas T 
regulatory 1 phenotypes secrete transforming growth factor �
and IL-10 and are associated with T-cell regulation and toler-
ance. Although such categorizations have utility, the pattern of 
cytokine production does not necessarily correlate with out-
come: Th2 immunity can be associated with rejection, and 
interferon-�, the prototypical Th1 cytokine, is required for 
tolerance in mice.12

Effector Mechanisms
In this phase of the immune response, activated effector cells, 
including T cells, B cells, natural killer cells, and macrophages, 
migrate to the site of original antigen encounter and use a 
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combination of mechanisms to kill and/or neutralize their 
targets. In the case of cellular immune responses, the primary 
mediators are CTLs, macrophages, and selected cytokines 
produced in the local microenvironment. CTLs, primarily 
major histocompatibility complex class I–restricted CD8 
T cells, kill their targets through direct cell-cell contact by one 
of two means. The fi rst method uses proteins such as perforin 
and granzyme B, which are contained in secretory granules of 
the CTL. These proteins can create pores in the membranes of 
the target cells and trigger a cascade that results in cell lysis. 
Once inside the cell, these serine proteinases proceed to cleave 
the precursors of caspases, activating them to cause the cell to 
self-destruct by apoptosis (programmed cell death). Fas li-
gand/Fas provides another means of destroying target cells. 
Fas ligand is a membrane-bound effector molecule on CD8 
T cells and binds to Fas, which is expressed on the graft cells. 
Activation of Fas, a member of the tumor necrosis factor re-
ceptor family, induces apoptosis. In each case, CTLs are 
antigen specifi c, meaning that they only kill selected targets 
after recognition of the antigen and activation through its 
TCR. Unlike CTLs, macrophages are antigen nonspecifi c and 
can kill their target cells by phagocytosis or by soluble factors 
such as reactive oxygen intermediates, proteases, and tumor 
necrosis factor. In the case of the humoral immune response, 
the primary mediators are alloantibodies and complement. 
Antibody-induced activation of the complement cascade via 
the classic pathway can induce acute organ damage and intra-
vascular thrombosis. The resultant complement by-products 
(i.e., C3a and C5a) also act as chemoattractants for additional 
infl ammatory cells. C4d is one split product that is released 
by the complement activation cascade, and C4d staining of 
human kidney transplant biopsy specimens has become the 
primary method for assessing whether antibodies are partici-
pating in the antibody-mediated rejection process.

CLINICAL APPLICATION OF TRANSPLANT 
IMMUNOLOGY

Tissue-Typing Techniques
To defi ne class I and II HLA molecules, the serological micro-
cytotoxicity test has been the standard test for HLA typing 
since 1964. Currently, DNA-based tests are the method of 
choice due to their greater accuracy, sensitivity, and specifi city. 
These polymerase chain reaction–based assays use oligonucle-
otide primers that defi ne a unique HLA locus, allele, or group 
of alleles.

Detection of Anti-HLA Antibodies
Sera from prospective transplant recipients are routinely 
screened for the presence of HLA antibodies to determine the 
extent of HLA alloimmunization. The screening is performed 
against a panel of 30 to 60 cells, representing most antigens 
encountered in the general population, using a form of com-
plement-dependent cytotoxicity (CDC) assay. Lymphocytes 
from a panel of donors are mixed with sera of the recipient, 
and complement is added to determine whether the recipient 
has antibodies that bind to donor cells and activate comple-
ment and the membrane attack complex leading to cell death. 
The results are reported as the percentage of panel cells that 

are killed by reacting with the HLA antibodies in a patient’s 
serum, thus the term PRA (panel reactive antibody). The CDC 
method is a nonspecifi c test, and positive results indicate the 
existence of antidonor antibodies in the recipient’s sera, but 
depending on the nature of the cells used in the panel, it may 
be possible to determine the anti-HLA antibody specifi city. 
The solid-phase assays, enzyme-linked immunosorbent assays 
(ELISA), or fl ow cytometry bead–based assays (Flow Specifi c 
Beads and FlowPRA [Luminex, Canoga Park, CA] which 
are purifi ed HLA antigens coupled to microparticles) are 
the most specifi c and sensitive tests to identify anti-HLA 
antibodies.13

Crossmatch Methods
After Patel and Terasaki14 reported in 1969 that 80% of the 
kidneys transplanted into crossmatch-positive patients were 
lost within 2 days, a CDC assay became obligatory before kid-
ney transplantation. There are two types of CDC crossmatch 
that depend on the type of donor lymphocytes used (T and B 
cells). A positive T-cell CDC crossmatch is an absolute contra-
indication to kidney transplantation. Further modifi cations 
have been introduced in the crossmatch technique to increase 
the sensitivity, such as extending the incubation time to add 
wash steps to eliminate anticomplementary factors and un-
bound serum (Amos CDC crossmatch) or to add antihuman 
globulin (AHG) to detect low-titer anti-HLA antibodies (AHG 
CDC crossmatch), where antihuman globulin binds to antido-
nor antibody already bound to lymphocytes.15 Antihuman 
globulin CDC assay is now the standard lymphocytotoxicity 
assay in most tissue-typing centers. IgG-type anti-HLA anti-
bodies are the most detrimental immunoglobulins to the al-
lograft. IgM type antibodies are mostly non–donor-specifi c 
antibodies and can be removed by heating or treating the se-
rum with the reducing agent dithiothreitol. However, not all 
IgM antibodies are benign, and donor-specifi c IgM anti-HLA 
antibodies can be detrimental to the allograft.

The fl ow cytometry crossmatch (FCXM) was introduced 
in 1983 and detects DSAs independent of complement fi xa-
tion. Patient sera are incubated with donor lymphocytes and 
stained with fl uorescence-labeled anti-CD3 (T cell) and anti-
CD19 (B cell). Flow cytometry may detect very low titers of 
either complement-fi xing DSAs or noncomplement-fi xing 
DSAs as well as non-HLA–related antibodies. It is a sensitive 
test but lacks specifi city. To confi rm the specifi city of a posi-
tive FCXM, specifi c solid phase assays should be done to de-
termine the specifi city of the alloantibody. Another problem 
with interpreting the results of a positive FCXM on allograft 
outcome is that the technique does not discriminate between 
cytotoxic and noncytotoxic antibodies.

The clinical signifi cance of CDC B-cell or fl ow cytometry T 
or B cell–positive crossmatches is controversial. A positive CDC 
or FCXM B-cell may indicate anti–class II, weak anti–class I, or 
anti-immunoglobulin antibodies, which are abundant on B 
cells. Most positive B-cell crossmatch results are due to low-af-
fi nity and low-titer IgM antibodies, which do not harm the 
graft, but there are some reports of poor graft outcome in re-
cipients with positive CDC B-cell crossmatches. The main rea-
son for the controversial outcomes in the literature is the lack of 
studies to confi rm DSAs. A recent study using a combination of 
tests to demonstrate DSAs by CDC, ELISA, and fl ow cytometry 
showed that the majority of B cell–positive crossmatches were 
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not due to DSAs. Although B cell–crossmatch positive patients 
with anti-HLA II antibodies had lower allograft survival, pa-
tients without DSAs have a graft survival similar to that of 
B-cell crossmatch–negative controls.16 The Fc receptors on 
B cells bind IgG nonspecifi cally and may lead to a false-positive 
crossmatch result. Using pronase to cleave Fc receptors from B-cell 
surface might decrease those false-positive results.17

Most studies have linked T-cell FCXM positivity to in-
creased acute humoral, cellular, or chronic rejection and de-
creased allograft survival. Gebel and colleagues15 reviewed 
the previous studies that investigated the effect of positive 
FCXM results on allograft survival and reported that al-
though 20% of primary grafts and 60% of regrafts were lost 
within 3 months if the FCXM was positive, those rates were 
only 5% and 15%, respectively, with FCXM negative results.

IMMUNOSUPPRESSIVE MEDICATIONS

The mechanisms of actions, dosing, and side effects of immu-
nosuppressive agents used in kidney transplantation are sum-
marized in Figure 87-1 and Table 87-1.

Induction Agents
Induction agents are polyclonal lymphocyte–depleting anti-
bodies (Thymoglobulin), monoclonal lymphocyte–depleting 
antibodies (alemtuzumab), or monoclonal nondepleting anti-
bodies to IL-2R (basiliximab and daclizumab) that are given 
during the early peritransplantation period to decrease the risk 
of delayed graft function (DGF) and acute rejection, which are 
major factors adversely affecting graft outcome. Induction 
treatments are given mostly to immunologically high-risk pa-
tients (high PRA, crossmatch positive, retransplant, African 
American, pediatric, combined kidney/pancreas or pancreas 
transplant recipients), deceased donor recipients, and patients 

at higher risk of developing DGF and patients receiving early 
steroid withdrawal. Some centers use induction treatment in 
all transplant recipients other than HLA-identical pairs.

Polyclonal Lymphocyte–Depleting 
Antibodies
Polyclonal antibody preparations are IgG fractions isolated 
from serum of animals (rabbits or horses) immunized against 
human lymphocytes. The antigenic preparation used may be 
human thymocytes (thymoglobulin, lymphocyte immune 
globulin [Atgam]), or activated human T-cell line (ATG-
Fresenius), and the antibodies are directed to a wide variety of 
T- and B-cell antigens, natural killer cell surface antigens, and 
adhesion and costimulatory molecules. These antibodies are 
also used for the treatment of acute rejection.

Mechanism of Action

The exact mechanism of action is not fully understood, but 
polyclonal lymphocyte–depleting antibodies work by binding 
to peripheral lymphocytes, blocking their function and target-
ing them for destruction. Shortly after administration, these 
preparations lead to lymphocyte depletion via complement-
mediated lysis, removal by the reticuloendothelial system, and 
antibody-dependent cell-mediated cytotoxicity (ADCC).18 In 
contrast to other immunosuppressive agents, polyclonal 
agents do not depend on T-cell activation but can eliminate 
preactivated noncycling memory lymphocytes, which may be 
critical in presensitized recipients. The more potent rabbit 
antithymocyte globulin Thymoglobulin has, for the most 
part, replaced Atgam.

Dosing and Side Effects

The usual dose of thymoglobulin is 1.5 to 2.0 mg/kg/day and 
15 mg/kg/day for Atgam over 4 to 6 hours as an intravenous 
infusion. Thymoglobulin is recommended to be started during 
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Figure 87-1 Schematic representation of the 
three signals for T-cell responses and the 
main mediators in T-cell activation. The major 
steps involved in T-cell activation are outlined 
and sites of action of some of the principal 
immunosuppressive medications are shown in 
italics. Cyclosporine and tacrolimus prevent 
the generation of nuclear factor of activated 
T cells by inhibiting the activity of calcineurin. 
Sirolimus binds to immunophilin and then 
combines with mammalian target of rapamy-
cin (mTOR), inhibiting cell-cycle progression. 
Mycophenolic acid and azathioprine inhibit 
proliferation by restricting the supply of gua-
nosine available for DNA synthesis. Anti-
CD25 antibodies block the interaction be-
tween interleukin-2 and CD25. Cytotoxic 
T-lymphocyte antigen 4 (CTLA4) immunoglob-
ulin blocks the interaction between CD28 on 
T cells and CD80/CD86 on antigen-present-
ing cells. OKT3 is directed to the CD3 T-cell 
receptor (TCR) complex. AP, activator protein; 
NF�B, nuclear factor �B.
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Table 87-1 Immunosuppressive Drugs: Dose Forms, Mechanisms of Action, Adverse Effects, and Dosing Guidelines

Drug Mechanism of Action Adverse Effects Dosing Guidelines

Polyclonal-Depleting Antibodies

Thymoglobulin: 25-mg/vial
Atgam: 50 mg/mL (5 mL)

Causes lymphopenia and im-
pairs T-cell responses. Cell 
depleting via CDC, re-
moval by the reticuloendo-
thelial system, and ADCC

Fever, chills, arthralgias, 
serum sickness, anaphy-
laxis, leukopenia, throm-
bocytopenia,
thrombophlebitis

Given as IV infusion over 4 hr 
for 3–5 days when used as 
induction agent, for 5–10 
days when used to treat 
acute allograft rejection. 
Thymoglobulin 1.5–2.0 
mg/kg/day and Atgam 
15 mg/kg/day: doses 
should be titrated according 
to WBC and platelet counts

Monoclonal-Depleting Antibodies

Orthoclone (OKT3): 1 mg/mL 
(5 mL)

Depletes cells by binding to 
CD3� T cells and impairs 
T-cell responses by modulat-
ing the TCR–CD3 complex

Cytokine release syndrome: 
fever, chills, pulmonary 
edema, hypotension, my-
algias, aseptic meningitis

Given as IV infusion for 5–14 
days when used as induc-
tion agent; standard dose is 
5 mg/day

Alemtuzamab (Campath-H1): 
30 mg/mL

Directed against the CD52 
antigen, which is ex-
pressed on all blood 
mononuclear cells and in-
duces ADCC, CDC, and 
apoptosis

Fevers, rigors, hypotension, 
dyspnea, and nausea re-
lated to cytokine release

Given as 1 or 2 doses on the 
day of transplantation and 
the fi rst postoperative days. 
The total dose of 30–40 mg 
is administered as an IV infu-
sion over 2 hours but can be 
also given subcutaneously

Rituximab (Rituxan): 
10 mg/mL

Binds to CD20� B cells and 
eliminates B cells in a 
highly selective fashion di-
rectly by CDC, ADCC and 
indirectly by structural 
changes and apoptosis

Mainly associated with fi rst 
dose reactions: hypoten-
sion, fever, tachycardia, 
and arthralgias

Dose depends on indication 
but usually given as 1 dose 
of 375 mg/m2 in desensiti-
zation protocols or for treat-
ment of antibody-mediated 
rejection. Once weekly for 
up to 4 doses in PTLD

Monoclonal Nondepleting Antibodies

Basiliximab (Simulect): 10 
mg, 20 mg/vial Dacli-
zumab (Zenapax): 
5 mg/mL

Targets CD25 of the IL-2 
receptor on activated 
lymphocytes

Uncommon other than hy-
persensitivity

Basiliximab is given as two 
20-mg IV doses, the fi rst on 
day 0 and the second on 
day 4 post-transplantation. 
Daclizumab is given as 
1 mg/kg IV infusion (day 0), 
then every 14 days for four 
doses. Protocols may vary 
between centers.

CIs

Cyclosporine (Sandimmune): 
25-, 50-, 100-mg tablets; 
100 mg/mL oral solution

Cyclosporine microemulsion 
(Neoral): 25-, 100-mg 
tablets; 100-mg/mL oral 
solution (Gengraft): 25-, 
100-mg tablets; 100-mg/mL 
oral solution

Binds to cyclophilin and in-
hibits calcineurin, leading 
to impaired T-cell activation

Nephrotoxicity, hyperten-
sion, hyperlipidemia, glu-
cose intolerance, hyper-
kalemia, hyperuricemia, 
hypomagnesemia,
tremor, paresthesias, sei-
zures, thrombotic micro-
angiopathy, hirsutism, 
gingival hyperplasia, 
hepatotoxicity

Usually given with antimetab-
olite/steroid or steroid 
alone.

Initial dose is 6–10 mg/kg/
day. For fi rst 3 mo target 
12-hr trough levels are 
200–350 ng/mL and 
80–200 ng/mL beyond 
3 mo
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Drug Mechanism of Action Adverse Effects Dosing Guidelines

CIs—cont’d

Tacrolimus (Prograf): 0.5-, 
1-, 5-mg capsules

Binds FK-binding protein, 
thereby inhibits calcineu-
rin, leading to impaired 
T-cell activation

Similar as for cyclosporine 
but compared with cyclo-
sporin A has less common 
hirsutism, hyperlipidemia, 
and gingival hyperplasia; 
more commonly alopecia, 
neurotoxicity, and glucose 
intolerance

Initial dose is 0.15–0.3 
mg/kg/day. For fi rst 3-mo 
target 12-hr trough levels 
are 8–15 ng/mL and 5–10 
ng/mL beyond 3 mo

Antimetabolites

Azathioprine
Azasan: 75, 100 mg 
Imuran: 50 mg

Competitive inhibitor of 
purine synthesis

Leukopenia, thrombocyto-
penia, anemia, hepato-
toxicity

Oral dose is 1–2 mg/kg/day 
when combined with a CI 
and corticosteroids. Dose 
adjustment with low WBC 
count

Mycophenolate mofetil (MMF) 
(CellCept): 250-, 500-mg 
tablets, 200-mg/mL oral 
suspension, enteric-coated 
mycophenolate sodium 
(EC-MPS) (Myfortic): 180-, 
360-mg tablets

Noncompetitive inhibitor of 
inosine monophosphate 
dehydrogenase; inhibits 
purine synthesis. Impairs 
T-cell responses and de-
creases B-cell activity and 
antibody production

Nausea, vomiting, diar-
rhea, dyspepsia, leuko-
penia, anemia

When used with tacrolimus 
0.5–1.0 g bid, and 1.0–1.5 
g bid with Cyclosporin A. 
Dose adjustment with low 
WBC count; 500 mg of 
MMF corresponds to 360 
mg EC-MPS

TOR Inhibitors

 Sirolimus (Rapamune): 1-, 
2-mg tablets, 1-mg/mL oral 
solution

Everolimus (Certican): 250-, 
500-, 750-, 1000-�g
tablets

Sirolimus–FK binding protein 
complex inhibits mamma-
lian TOR and blocks cyto-
kine-mediated cellular 
proliferation at G1 to S 
phase

Increased nephrotoxicity 
when used with CI, pro-
teinuria, hypokalemia, 
hypomagnesemia, throm-
botic microangiopathy, 
thrombocytopenia, ane-
mia, hyperlipidemia, lym-
phocele, impaired 
wound healing, oral 
ulcers, interstitial pneu-
monitis

Used with CI or antimetabo-
lite. For sirolimus, starting 
dose is 2–5 mg/day. Target 
trough levels 5–10 ng/mL 
with CI, 12–20 ng/mL with 
MMF, and 15–25 ng/mL if 
CI is withdrawn. Everolimus 
is given twice daily (not 
available in U.S.)

Corticosteroids

Prednisone, prednisolone, 
methylprednisolone (Solu-
Medrol)

Inhibition of genes encoding 
proinfl ammatory cytokines

Glucose intolerance, hyper-
cholesterolemia, hyper-
tension, impaired wound 
healing, skin fragility, 
growth retardation, os-
teoporosis, central obe-
sity, suppression of pitu-
itary-hypothalamic axis, 
cataracts, glaucoma, 
psychosis

Initiated intraoperatively at 
250–1000 mg of methyl-
prednisolone followed by 
an oral taper to a mainte-
nance dose, usually 5–10 
mg/day by 2–6 mo after 
transplantation. Pulse 
steroids (250–500 mg/day 
for 3 days) are used to 
treat acute rejection.

Suggested target levels depend on use of concomitantly administered drugs, immunologic risk, transplanted organs, and assay used (range 
based on immunoassay).
ADCC, antibody-dependent cellular cytotoxicity; CDC, complement-dependent cytotoxicity; CI, calcineurin inhibitor; IL, interleukin; PTLD, 
posttransplantation lymphoproliferative disease; TCR, T-cell receptor; TOR, target of rapamycin; WBC, white blood cell.

Table 87-1 Immunosuppressive Drugs: Dose Forms, Mechanisms of Action, Adverse Effects, and Dosing Guidelines—cont’d
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the transplantation before reperfusion due to a decreased 
incidence of DGF rather than administered postoperatively.19

The duration is usually 3 to 5 days for induction treatment and 
5 to 10 days for treatment of rejection. Polyclonal antibody 
pre parations are foreign proteins and may cause a variety of 
ad -verse effects. Most common are fever, chills, and arthralgias. 
Allergic reactions can be avoided with premedication con -
sisting of methylprednisolone, diphenhydramine, and acetamin-
ophen. Anaphylaxis and serum sickness occur rarely. Leuk -
openia and thrombocytopenia are common and need dose 
adjustment. Patients with white blood cell counts between 2000 
and 3000 or platelet counts between 50,000 and 75,000 
require half-dose Thymoglobulin, and it should be held if the 
white blood cell count is less than 2000 or the platelet count is 
less than 50,000.18

Monoclonal Lymphocyte–Depleting 
Antibodies
Anti-CD3 Monoclonal Antibodies

Muromonab-CD3 (Orthoclone OKT3) was the fi rst mono-
clonal antibody approved for human use by the U.S. Food 
and Drug Administration in 1986. A humanized anti-CD3 
monoclonal antibody, hOKT3�1(Ala-Ala) was developed to 
eliminate some of the toxicities of OKT3. The current use of 
OKT3 as an induction agent is extremely rare (�1%) in the 
United States. OKT3 can be used for the treatment of acute 
rejection.

Mechanism of Action
OKT3 is a xenogeneic murine IgG2 antibody directed against 
the � chain of the human CD3 complex, which is a protein 
linked to the TCR. Within minutes after administration, 
CD3� cells (T cells) disappear from the circulation, return-
ing only after several days. This is a result of complement-
mediated lysis and opsonization for clearance by phagocytic 
cells. OKT3 can also modulate the TCR-CD3 complex off the 
T-cell surface, thereby rendering T cells, even if present, in-
capable of antigen recognition.18

Dosing and Side Effects
The standard dose of OKT3 is 5 mg/day given as 7 to 
14 single daily doses. Approximately 50% of patients de-
velop anti-mouse antibodies and 20% of these have high 
titers (	1:1000) that may make a second course of OKT3 
ineffective.20 During an effective course, the percentage of 
CD3� cells decreased from 60% to less than 5% within 24 to 
48 hours. The most dangerous adverse effect of OKT3 ad-
ministration is a cytokine release syndrome usually seen 
during the fi rst few doses and characterized by high fever, 
chills, headache, arthralgias, nausea, diarrhea, and pulmo-
nary edema. These reactions are due to the binding of 
OKT3 to proteins in the TCR complex leading to transient 
T-cell activation and cytokine release.18 The severity of 
these reactions may decrease by premedication with high 
doses of corticosteroids and antihistamines.21 To avoid the 
occurrence of life-threatening pulmonary edema, it is im-
portant to ensure that the patient is euvolemic before ad-
ministration. OKT3 is associated with an increased inci-
dence of posttransplantation lymphoproliferative disorders 

and opportunistic infections, most commonly cytomegalo-
virus infection.22,23

Alemtuzumab (Campath-1H)

Alemtuzumab (Campath-1H) is a monoclonal humanized 
rat monoclonal antibody (rat IgG2b) directed against the 
CD52 antigen, which is expressed on all blood mononuclear 
cells, including T and B lymphocytes, monocytes, macro-
phages, and eosinophils, as well as on the lining of the male 
reproductive system. It has been used to treat chronic B-cell 
lymphocytic leukemia since 1988, but was fi rst used in or-
gan transplantation in 1998. Due to its strong cytolytic ac-
tivity, alemtuzumab has been mainly used in minimization 
of immunosuppressive protocols (rapid steroid withdrawal, 
calcineurin inhibitor (CI) free or reduced-dose CI).24

Mechanism of Action
Alemtuzumab’s proposed mechanism of action includes 
ADCC, CDC, and induction of apoptosis.24 It causes profound 
and long-lasting lymphopenia and may take months to years 
for the depressed lymphocyte levels to return to normal levels.

Dosing and Side Effects
The protocol usually consists of one or two doses (total dose 
30–40 mg) on the day of transplantation and the fi rst postopera-
tive days. Alemtuzumab traditionally has been administered in-
travenously over 2 hours but can be also given subcutaneously.25

In theory, alemtuzumab should leave patients seriously immuno-
compromised due to profound and long-lasting CD4 T-cell de-
pletion, but surprisingly few serious infections were encountered 
in all studies reported. Infusion-related toxicities are common 
and include fevers, rigors, hypotension, dyspnea, and nausea. 
These reactions are related to cytokine release during administra-
tion and can be minimized by premedication regimens.

Rituximab (Rituxan)

Rituximab is a chimeric anti-CD20 (B-cell) monoclonal an-
tibody, approved for the therapy of B-cell lymphomas includ-
ing posttransplantation lymphoproliferative disorders. It has 
not been evaluated in a rigorous fashion in kidney transplan-
tation but has been employed in desensitization protocols of 
crossmatch-positive or ABO-incompatibile kidney transplant 
recipients. Rituximab is also used in the treatment of acute 
antibody-mediated rejection.26

Mechanism of Action
Rituximab eliminates B cells in a highly selective fashion via 
multiple mechanisms: directly by CDC and ADCC and indi-
rectly by structural changes and apoptosis. B-cell recovery 
takes 6 to 12 months after the completion of the treatment.

Dosing and Side Effects
Rituximab has been used in kidney transplant recipients dur-
ing desensitization protocols or for the treatment of acute 
antibody-mediated rejection as a single dose (325 mg/m2)
and infused over 6 hours. For the treatment of posttransplan-
tation lymphoproliferative disorders, it is given the same dose 
but for four consecutive weeks. The reactions include tran-
sient hypotension that responds to intravenous fl uids, low-
grade fever, mild tachycardia, and arthralgias.27 Persistent 
hypogammaglobulinemia has been shown in patients with 
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autoimmune hemolytic anemia and bone marrow transplant 
recipients.

Monoclonal Nondepleting Antibodies 
(Anti-CD25)
The humanized antibody daclizumab (Zenapax) and the 
chimeric antibody basiliximab (Simulect) are two similar 
compounds that became available in 1998. They are not 
used for the treatment of acute rejection but rather to pre-
vent rejection when used as an induction agent. These 
agents have been shown clinically to result in a lower inci-
dence of acute rejection compared with standard three-
drug therapy in renal transplantation and may allow for 
steroid sparing.

Mechanism of Action

IL-2 receptor antibodies target the � chain (CD25) of the IL-2 
receptor, blocking the autocrine and paracrine survival and 
growth effects of IL-2, which play a central role in antigen-
induced proliferation of T cells.28

Dosing and Side Effects

Both drugs have a half-life of more than 7 days, which permits 
a long dose interval and results in diminished T-cell responses 
for at least 4 to 6 weeks. Basiliximab is given as two intrave-
nous doses of 20 mg (days 0 and 4). Daclizumab is given as IV 
doses of 1 mg/kg starting on day 0 and then four times every 
other week.28 Some recent studies demonstrated the effi cacy 
of using two-dose courses of daclizumab. Neither IL-2 recep-
tor antibody has signifi cant serious adverse effects or fi rst-
dose reactions. There is no increased risk of posttransplanta-
tion infections or malignancy.

Calcineurin Inhibitors (Cyclosporine 
and Tacrolimus)
The introduction of CIs in kidney transplantation, fi rst cy-
closporin A (CsA) in 1983 and later tacrolimus (Prograf) in 
1994, has signifi cantly improved the 1-year graft survival, 
and they became the main immunosuppressive agents. The 
original formulation Sandimmune (cyclosporine) has been 
largely replaced by Neoral, the microemulsion formulation, 
due to improved gastrointestinal absorption and bioavail-
ability. The generic formulations of cyclosporine micro-
emulsion, Gengraf and cyclosporine USP, have been used 
widely in the United States. Tacrolimus is now the predom-
inantly used CI in the United States (85% tacrolimus vs. 
15% CsA).

Mechanism of Action

CsA and tacrolimus inhibit the expression of multiple genes 
involved in T-cell activation and proliferation, including IL-
2 and other lymphokines. CsA and tacrolimus bind respec-
tively to cytoplasmic immunophilins called cyclophilin and 
FK-binding protein, thereby producing a complex that in-
hibits the calcium-sensitive phosphatase calcineurin.29 Cal-
cineurin normally dephosphorylates transcription factors 
including nuclear factor of activated T cells, allowing their 
translocation into the nucleus where they are responsible for 
induction of gene transcription.30

Dosing and Side Effects

The optimal maintenance doses of CIs are still not fully 
stratifi ed. CsA is usually administered orally in doses of 
6 to 10 mg/kg/day and tacrolimus in doses of 0.15 to 0.3  
mg/kg/day, in two divided doses. Monitoring blood levels is 
important because of variation in interpatient and intrapa-
tient metabolism and a narrow therapeutic index. In pa-
tients receiving triple immunosuppressive therapy, the tar-
get 12-hour trough level (C0) for CsA and tacrolimus are 
200 to 350 ng/mL and 8 to 15 ng/mL up to 3 months, 100 to 
200 ng/mL and 5 to 10 ng/mL within 3 to 12 months, and 
80 to 150 ng/mL and 4 to 8 ng/mL thereafter, respectively. 
There are several assays currently available to measure the 
CsA and tacrolimus levels, and physicians should know the 
type of method used at their center due to differences in 
results between the methods. Immunoassays using mono-
clonal antibodies against CsA and tacrolimus are the most 
common methods used. Recent attention has been given to 
2-hour peak CsA levels (C2), which may predict clinical 
events such as acute rejection and nephrotoxicity better 
than 12-hour trough levels. Suggested target C2 levels are 
1200 to 2000 ng/mL for the fi rst 3 months, 800 to 1000 
ng/mL months 4 through 6, and 800 ng/mL thereafter.31

However, there are no large, multicenter, randomized trials 
to compare the long-term effects of C2 with C0 trough lev-
els on allograft outcome. After signifi cant dose adjustment, 
levels of CsA and tacrolimus should be rechecked within 
2 to 4 days.

Both CIs are associated with numerous adverse effects. 
Although there are minor differences in the incidence of 
individual adverse effects, the spectrum is essentially 
similar for both agents. Both CIs are nephrotoxic and cause 
acute and chronic renal insuffi ciency. Acute renal insuffi -
ciency may be related to renal vasoconstriction as well as 
tubular toxicity. The vasoconstriction can be marked, in-
volving both the afferent and efferent glomerular arterioles 
and persisting with time. Long-term use of CIs leads to renal 
insuffi ciency due to chronic tubulointerstitial disease, which 
may be characterized by “striped” interstitial fi brosis or 
multinodular arteriolar hyalinosis. However, none of the 
pathologic changes are specifi c for CIs.32 CsA is associated 
with hypertension that appears to be salt sensitive and asso-
ciated with low renin levels.33 It also causes hyperlipidemia 
and glucose intolerance. Tacrolimus causes the same prob-
lems, but there seems to be a greater tendency to diabetoge-
nicity with a slightly lower incidence of hypertension and 
hyperlipidemia. Posttransplantation diabetes mellitus was 
reported in 5% to 10% of CsA-treated and 10% to 20% of 
tacrolimus-treated patients. The mechanisms underlying the 
development of these adverse defects are not fully clear. Hy-
perkalemia is common, seen with both agents, and often 
associated with mild hyperchloremic acidosis (type 4 renal 
tubular acidosis). Hyperuricemia is more common with 
CsA. Both drugs lead to magnesium wasting and hypomag-
nesemia. Neurotoxicity may occur with both agents and 
manifests as paresthesias, tremors, convulsions, and enceph-
alopathy. Thrombotic microangiopathy may develop sec-
ondary to CIs that may manifest with or without systemic 
features. Thrombotic microangiopathy mostly develops early 
after the introduction of a CI, but can be seen at later stages 
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as well. At high drug levels, hepatotoxicity manifested by 
hyperbilirubinemia and elevated transaminases may occur 
with both agents. Hirsutism, coarse facies, and gingival hy-
perplasia are troubling adverse effects that appear to occur 
only with cyclosporine, and patients may respond to a switch 
to tacrolimus. In contrast, tacrolimus may cause hair loss.

Antimetabolites
Azathioprine (Imuran, Azasan)

Azathioprine (Imuran, Azasan) was fi rst synthesized in the 
late 1950s as a prodrug of 6-mercaptopurine and has been the 
most commonly used immunosuppressive agent fi rst with 
steroids and later with CsA and steroids until the introduction 
of mycophenolate mofetil (MMF). Currently less than 1% of 
de novo renal transplant recipients are started on azathio-
prine. However, given the costs and clinical effi cacy, it remains 
a reasonable alternative to MMF in immunologically low-risk 
recipients, pregnancy, and recipients unable to tolerate MMF 
due to side effects.34

Mechanism of Action
Azathioprine is a prodrug, whose active metabolite, 6-mercap-
topurine, competitively inhibits the formation of phosphoribo-
syl pyrophosphate, a key intermediate in purine synthesis. 
Lymphocytes are relatively unique in their dependence on de 
novo purine synthesis. Other cells are able to use a “salvage 
pathway” for recycling of purines. Thus azathioprine and re-
lated compounds are relatively selective for lymphocytes.

Dosing and Side Effects
The daily oral dose is 1.0 to 2.0 mg/kg/day when combined 
with a CI. Therapeutic drug monitoring is usually not neces-
sary but possible by measuring 6-thioguanine levels in red 
blood cells. Myelosuppression is the most serious adverse effect 
leading to leukopenia, megaloblastic anemia, and thrombocy-
topenia in that order of frequency. It is important to be aware 
of a signifi cant drug interaction between azathioprine and al-
lopurinol. The latter drug impairs the degradation of the active 
metabolites of azathioprine, with the risk of profound and 
long-lasting neutropenia. Azathioprine should be switched to 
MMF in patients requiring allopurinol. Hepatotoxicity, re-
fl ected by a cholestatic picture, is another serious side effect.

Mycophenolate Mofetil (CellCept) and Enteric-Coated 
Mycophenolate Sodium (Myfortic)

MMF (CellCept) was introduced in clinical transplantation in 
1995 and has almost completely replaced azathioprine in the 
United States.35 Enteric-coated mycophenolate sodium (My-
fortic) is an advanced formulation of mycophenolic acid  
characterized by a delayed release at the level of the small 
bowel and became available in 2004.36

Mechanism of Action
MMF is metabolized to MPA, which causes noncompetitive inhi-
bition of inosine monophosphate dehydrogenase, a key enzyme 
in the de novo synthesis of guanine nucleotides.37 Due to their 
signifi cant dependence on this pathway, in addition to salvage 
mechanisms for purine synthesis, proliferating lymphocytes are 
especially susceptible to inhibition of inosine monophosphate 
dehydrogenase. Consequently, exposure to MPA impairs T-cell 
proliferation in response to antigen stimulation, decreases B-cell 

activity and antibody production, inhibits generation of cyto-
toxic T cells, and also decreases adhesion molecule function.38

Dosing and Side Effects
The standard dose is 1.0 g twice daily for CellCept and 720 mg 
twice daily for Myfortic. Blacks require higher doses of CellCept 
(1.5 g twice daily) when used with CsA. Trough levels of MPA 
are not routinely measured in kidney transplant recipients. 
Pharmacokinetic studies demonstrated that the area under the 
curve 0-12 for MPA correlates with its clinical effi cacy and side 
effect profi le. This relationship with random or 12-hour trough 
levels is less consistent.39 Trough levels of MMF seem to be low-
ered by concurrent administration of cyclosporine but not ta-
crolimus.40 The optimal dose of MMF in long-term stable kid-
ney transplant recipients (	1 year) on CsA or tacrolimus is not 
certain. MMF causes signifi cant gastrointestinal adverse effects 
that may manifest as severe nausea, vomiting, and persistent di-
arrhea (infectious or noninfectious Crohn’s disease–like entero-
colitis).41 The only effective therapy for the noninfectious en-
terocolitis is to decrease the dose or even discontinue the 
drug, which is, however, associated with an increased risk of re-
jection. It is therefore important to reintroduce or increase the 
drug dose as soon as clinically possible. Enteric-coated myco-
phenolate sodium was developed as an alternative way to deliver 
MPA with the goal of reducing gastrointestinal adverse effects, 
but most clinical trials demonstrated a similar gastrointestinal 
side effect profi le compared with MMF. The gastrointestinal 
side effects are due to systemic MPA and occur even when the 
drug is given intravenously. Other causes of diarrhea, such as 
infections, should be investigated before attribution to MMF or 
enteric-coated mycophenolate sodium and dose reduction of 
these agents. In clinical trials of MMF, leukopenia was found to 
occur at a frequency similar to that seen with the use of azathio-
prine, and may require dose adjustment.42 However, other 
causes of leukopenia, such as viral infections, or other drugs 
(ganciclovir, valganciclovir) should be considered before dose 
reduction due to increased risk of acute rejection in patients 
whose MMF dose was reduced due to leukopenia.43 Those pa-
tients on a reduced dose of MMF require closer monitoring. 
Nephrotoxicity, neurotoxicity, and hepatotoxicity have not been 
observed with MMF.

The Target of Rapamycin Inhibitors: 
Sirolimus (Rapamune) and Everolimus 
(Certican)
Sirolimus, formerly known as rapamycin, was introduced to 
transplantation in 199944 and its derivate with a shorter half-
life, everolimus, is approved for use in Europe but is not cur-
rently available in the United States.45–47 Since the approval of 
sirolimus by the U.S. Food and Drug Administration, this 
drug has been used in combination with CIs or MMF.

Mechanism of Action

Although TOR inhibitors bind to the same immunophilin FK 
binding protein as FK506 tacrolimus, they act through an 
entirely different mechanism. The resulting TOR inhibitor–FK 
binding protein complex does not bind to calcineurin phos-
phatase, but rather to cytosolic protein kinases known as 
TOR that are centrally involved in the regulation of cell prolif-
eration and differentiation. Binding to this target results in 
inhibition of signal transduction through several growth 
factor receptors (such as the IL-2 receptor), thus preventing 
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cell-cycle progression and immune activation.48 The net result 
of these actions is potent antiproliferative activity against T 
cells and smooth muscle cells. Due to actions at a later stage in 
the immune response, TOR inhibitors can prevent cell prolif-
eration even after immune stimulation and may function 
synergistically with a CI.

Dosing and Side Effects

Sirolimus is given once daily due to its long half-life (62 hours). 
It is rapidly absorbed from the gastrointestinal tract, reaching 
peak concentrations within 1 to 2 hours. It is usually given as a 
loading dose (6–15 mg/day), which is three times the mainte-
nance dose (2–5 mg/day). Therapeutic drug level monitoring 
is an important part of its use and provides a good refl ection 
of drug exposure. The doses and the target levels for sirolimus 
depend on the concomitant immunosuppressive agent, whether 
it is a CI or MMF. CIs augment the blood concentrations of 
sirolimus and vice versa, potentiating the nephrotoxicity of the 
CIs when these two drugs are used in combination.44 Sirolimus 
should be administered 4 hours after the morning CI dose. 
Current recommendations are sirolimus trough levels of 5 to 
10 ng/mL, CsA levels 50 to 100 ng/mL, or tacrolimus levels 3 to 
6 ng/mL, if used together. Sirolimus trough levels should be 
15 to 25 ng/mL if the CI is withdrawn after 3 months or 12 to 
20 ng/mL if used with MMF. Sirolimus has direct adverse ef-
fects on the kidney even in the absence of CI use, causing 
proteinuria,49 hypokalemia, and hypomagnesemia as a result 
of kaliuresis, and magnesuria. Everolimus has a shorter half-
life (23 hours) and is given twice daily. The adverse effect pro-
fi le of sirolimus is better established than that of everolimus, 
although preliminary data suggest that they are similar. The 
major adverse effects of sirolimus appear to be related to 
higher concentrations of drug in the blood. In the early post-
transplantation period, impaired wound healing and an in-
creased tendency for lymphocele formation have been noted.50

It may cause myelosuppression, especially anemia and throm-
bocytopenia. Hyperlipidemia, particularly with hypertriglyc-
eridemia, is a common complication of TOR inhibitors.51

Other important complications described with sirolimus use 
include pulmonary toxicity (bronchiolitis obliterans organiz-
ing pneumonia) and painful oral ulcers.52

Glucocorticoids
Glucocorticoids are potent anti-infl ammatory and immuno-
suppressive agents and have been used for several decades. 
Rapid steroid withdrawal protocols have gained popularity 
and are discussed under “Immunosuppressive Protocols.” 
Pulse steroids are used to treat acute cellular rejection.

Mechanism of Action

Glucocorticoids bind to a cytosolic receptor that translocates 
to the nucleus, where the complex binds to DNA regulatory 
sequences, called glucocorticoid-responsive elements.53 Glu-
cocorticoids decrease the transcription of key cytokines, where 
glucocorticoid-responsive element sequences have been found 
in the critical promoter regions of several cytokine genes, or 
may also affect the transcription of genes that do not contain 
glucocorticoid-responsive elements.54 As evidenced by the 
large number of target genes for glucocorticoids, their effects 
are exerted on a variety of cells, including lymphocytes and 
macrophages. Despite our understanding of the molecular 
mechanisms of these drugs, it is not certain which mecha-

nisms predominate in vivo, and this may depend on the drug 
dose. It is likely that for low doses used for daily maintenance 
therapy for prophylaxis of rejection, the nonspecifi c anti-
infl ammatory effects are most important. At higher doses, 
glucocorticoids are directly lympholytic, that is, they kill 
T and B cells, and this action may explain the rapid and potent 
immunosuppressive effects of pulse steroids.

Dosing and Side Effects

Steroids are given at high doses intravenously (250–1000 mg) 
starting before the transplantation surgery and gradually ta-
pered over a few weeks, reaching maintenance doses of 5 to 
10 mg/day at 2 to 3 months after transplantation. For rapid 
steroid withdrawal protocols, steroids are given for only 3 to 
7 days after transplantation in a rapid taper. Glucocorticoids 
have multiple adverse effects that depend on the dose and 
duration of use, with the majority of effects becoming a seri-
ous problem only after prolonged use. These include impaired 
glucose tolerance, hyperlipidemia, and hypertension. These 
adverse effects can signifi cantly enhance progression of ath-
erosclerosis and cardiovascular morbidity and mortality. Glu-
cocorticoids have devastating effects on connective tissues, 
causing poor wound healing, skin fragility, growth retardation 
in children, accelerated bone loss leading to osteoporosis, 
avascular necrosis of bones, cataracts, and proximal myopa-
thy. Corticosteroid-induced osteoporosis may be diminished 
by the use of calcium and vitamin D supplements as well as 
agents to decrease bone resorption, including bisphospho-
nates and calcitonin.55

Drug Interactions of Immunosuppressive 
Drugs
Cyclosporine, tacrolimus, and sirolimus are catabolized by the 
same hepatic cytochrome P-450 systems (CYP3A4/5) that are 
involved in the degradation of other commonly used drugs. 
CYP3A4/5 is also present in the intestinal wall,56 and oral ab-
sorption is decreased by the multidrug resistance gene MDR-1.
This gene produces a transmembrane protein, P-glycoprotein57

that actively transports a large number of molecules (including 
cyclosporine, tacrolimus, and sirolimus) back into the intesti-
nal lumen. Due to genetic and/or environmental factors, the 
activity of both of these systems varies greatly from individual 
to individual. Box 87-1 lists some of the more common drugs 
that are particularly prone to produce changes in blood levels. 
In any immunosuppressed patient who has developed im-
paired renal function or toxic drug side effects, it is important 
to ascertain whether there have been any changes in medica-
tions, including over-the-counter medications such as herbal 
and antioxidant supplements.

Intravenous Immunoglobulins
Intravenous immunoglobulin (IVIG) products have immuno-
modulatory effects and have been used in the treatment of in-
fl ammatory and autoimmune disease.58 IVIG products are 
prepared from IgG derived from thousands of donors. IVIG 
has been used in the fi eld of transplantation since the 1990s, 
after in vitro studies demonstrated the inhibition of anti-HLA 
lymphocytotoxicity of sera from highly sensitized patients, and 
later in vivo studies showing decreased titers of anti-HLA anti-
bodies.59 A randomized, double-blind, placebo-controlled, 
multicenter National Institutes of Health–sponsored trial 
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involving 101 end-stage renal disease patients with PRA levels 
greater than 50% and on the transplant waiting list for more 
than 5 years have shown decreased PRA levels and an increased 
transplantation rate in patients receiving IVIG (2 g/kg monthly 
for 4 months).60 IVIG is currently used in desensitization pro-
tocols of crossmatch-positive or ABO-incompatible kidney 
transplant recipients. IVIG is also used in the treatment of 
acute antibody-mediated rejection.

Mechanisms of Action

There are many proposed mechanisms of IVIG, involving 
different parts of the immune response, including inhibi-
tion of the activation and effector functions of complement, 
cytokine cascades, and T- and B-lymphocyte function, and 
modulation of dendritic cells. Anti-idiotypic antibodies 
binding to anti-HLA antibodies might be the immediate 
mechanism of IVIG, but the immunomodulatory effects of 
IVIG treatment persist well beyond its half-life, indicating 
ongoing active inhibitory mechanisms. IVIG interacts with 
Fc� receptor IIB, which is a negative signaling receptor on 
B cells and inhibits the expression of CD19 on activated 
B cells.61,62

Dosing and Side Effects

The dose of IVIG ranges from 100 to 2000 mg/kg depending 
on the type of protocol used. Desensitization protocols com-
bining IVIG with plasmapheresis used lower doses of IVIG or 
2.0 g/kg if used alone (maximum 140 g in a single administra-
tion). There are many IVIG products with different osmolal-
ity, pH, sodium, and sugar components, which results in spe-
cifi c side effect profi les. Adverse reactions to IVIG occur in less 
than 5% of patients. These side effects include headache, 
chills, nausea, myalgia, arthralgia, back pain, and increased 
blood pressure. Premedication with acetaminophen and di-
phenhydramine is required before infusion. A rare side effect 
is acute aseptic meningitis, which occurs 48 to 72 hours after 
the administration of IVIG and resolves spontaneously or can 
be prevented with nonsteroidal anti-infl ammatory drugs. Re-
nal failure secondary to osmotic injury to proximal tubular 
epithelium may occur due to sucrose or sorbitol components 
in some IVIG preparations. IVIG preparations that do not 
include sucrose or sorbitol are preferred to avoid renal failure 
(such as Gamimune-N, Gammagard, and Polygam). IVIG 
should be given during hemodialysis in end-stage renal dis-
ease patients or as a 6- to 8-hour infusion in nondialysis pa-
tients. Very rarely, serious anaphylactoid reactions occur 
within the fi rst hour of administration of IVIG. In this situa-

tion, the infusion should be stopped and patients be treated 
with intravenous glucocorticoids.

New Immunosuppressive Medications
LEA29Y (belatacept) is a second-generation CTL-associated 
antigen 4 (CTLA4) immunoglobulin, a fusion protein com-
bining CTLA4 with the Fc portion of IgG, which blocks co-
stimulation (signal 2) of T cells by binding to CD80 and 
CD86. A phase II, randomized, multicenter trial comparing 
belatacept, mycophenolate mofetil, and prednisone to cyclo-
sporine microemulsion, mycophenolate mofetil, and predni-
sone treatment showed similar rates of acute rejection but a 
better glomerular fi ltration rate and less chronic allograft 
nephropathy at 12-month protocol biopsies in the belatacept 
group.11 All patients received basiliximab induction treat-
ment, and belatacept was administered as a 30-minute intra-
venous infusion and divided into two groups, intensive and 
less intensive regimen, depending on the frequency of dosing. 
Efalizumab is a humanized IgG1 monoclonal antibody that 
prevents LFA1–intracellular adhesions molecule interaction 
by binding to CD11a chain of leukocyte function antigen 1 
(LFA1). In a phase I/II open-label, multidose, multicenter 
trial involving 38 patients, efalizumab was administered 
weekly for 12 weeks (0.5 or 2.0 mg/kg subcutaneously) after 
renal transplantation along with full-dose CsA, MMF, and 
prednisone or half-dose CsA, sirolimus, and prednisone.63

The overall acute rejection rate at 6 months was 11%. How-
ever, three patients receiving high-dose efalizumab with full-
dose CsA developed posttransplantation lymphoproliferative 
disease. Lefl unomide (Arava) is metabolized to its active me-
tabolite, A77 1726, which inhibits dihydroorotic acid dehy-
drogenase, an enzyme required for de novo pyrimidine syn-
thesis in lymphocytes. It also inhibits selected tyrosine kinases 
involved in T- and B-cell activation. In addition, lefl unomide 
seems to have antiviral activity against herpesviruses and 
polyomaviruses and has been used in the treatment of poly-
oma nephropathy.64 FK778 is an analogue of A77 1726 with a 
shorter plasma half-life. It was used in a phase II multicenter 
trial in renal transplant recipients in combination with tacro-
limus and steroids.65 Anemia was the most frequently re-
ported side effect of FK778 in this trial. Another phase II 
study comparing FK778 with MMF, along with tacrolimus 
and steroids, did not show effi cacy of FK778 over MMF, and 
the manufacturer decided not to pursue the use of FK778 in 
renal transplantation. FTY720 is a novel immunomodulator 
agent with unique mechanisms of action. It is a sphingosine-

Increase Levels
Diltiazem, nicardipine, verapamil
Clarithromycin, erythromycin
Fluconazole, itraconazole, ketoconazole, voriconazole
Danazol, estradiol
Amiodarone, carvedilol
Metoclopramide
Antiretroviral treatment, HAART, particularly protease inhib-

itors (ritonavir) 
Grapefruit juice

Decrease Levels
Phenobarbital, phenytoin, carbamazepine
Rifampin, rifabutin
St. John’s wort (Hypericum perforatum)
Cholestyramine

Box 87-1 Common Drugs That Alter Blood Levels of Cyclosporine, Tacrolimus, and Sirolimus

HAART, highly active antiretroviral therapy.
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1-phosphate receptor agonist that modulates lymphocyte 
traffi cking by reducing the recirculation of lymphocytes from 
lymph nodes to blood and peripheral tissues, including in-
fl ammatory lesions and graft sites. A phase II, multicenter, 
open-label study compared four different doses of FTY720 
with MMF, in combination with cyclosporine and steroids.66

Reversible bradycardia during the fi rst doses of FTY720 
raised concerns about the safety of the drug. Higher doses of 
FTY720 were found to be as effective as MMF, but the manu-
facturer decided not to pursue clinical use of FTY720 in renal 
transplant recipients. Janus kinase 3 is a tyrosine kinase as-
sociated with the cytokine receptor � chain, which partici-
pates in the signaling of many cytokine receptors (IL-2, 4, 7, 
9, 15, and 21). The Janus kinase 3 inhibitor CP-690,550 has 
been used in kidney transplant patients in a multicenter, ran-
domized, phase II clinical trial comparing it with MMF in 
combination with tacrolimus and steroids. AEB071 is a highly 
potent and reversible inhibitor of all classic and novel protein 
kinase C isoforms. Protein kinase C isoforms are important 
mediators of intracellular signaling of T and B cells. AEB071 
has completed phase I trials and is now in phase II trials in 
kidney transplant recipients. A modifi ed extended-release 
tacrolimus formulation (Prograf XL, previously referred to as 
MR4) for once-daily administration has been shown to be 
safe in renal transplant patients converted from tacrolimus 
standard twice-daily dosing.67 A large randomized, multi-
center, phase III trial involving 638 de novo kidney transplant 
recipients comparing Prograf XL with twice-daily tacrolimus 
and cyclosporine microemulsion, along with MMF, steroids, 
and basiliximab induction has shown a similar patient and 
graft survival and safety profi le.68

IMMUNOSUPPRESSIVE PROTOCOLS

Conventional immunosuppressive protocols consist of a CI 
(tacrolimus or cyclosporine), an adjuvant agent (MMF, azathio-
prine, or sirolimus), and corticosteroids with or without an in-
duction agent. Immunosuppressive regimens have signifi cantly 
changed over the past decade in the United States (Table 87-2). 
Although 76.5% of patients undergoing transplantation in 
1997 received cyclosporine and 12.5% received tacrolimus, this 
ratio was reversed in 2005 such that 78.7% received tacrolimus 
and 14.9% received cyclosporine. As an adjuvant agent, 81.8% 
of 2005 kidney transplant recipients received MMF, 9.1% siro-
limus, 5.1% Myfortic (mycophenolate sodium), 0.6% azathio-
prine, and 0.3% everolimus. The tacrolimus/MMF regimen was 
the most common combination (80.4%), followed by CsA/
MMF (9.4%). The remaining 10% of the recipients received 
sirolimus with tacrolimus (4.5%), CsA (2.8%), or MMF (3.0%). 
The induction regimen has also been changed over the past 
decade such that while 65.7% of transplant recipients in 1997 
did not receive any induction treatment; this rate was only 
26.4% for patients receiving a transplant in 2005. Thymoglobu-
lin was the most commonly used induction agent in 2007 
(38.6%), followed by basiliximab (16.4%), daclizumab (11.5%), 
and alemtuzumab (8.8%). The use of Atgam and OKT3 was 
extremely rare, 1.6% and 0.4%, respectively. The use of rapid 
steroid withdrawal protocol has also increased recently so that 
although 97.4% of transplant recipients in 1997 were dis-
charged with steroids, this rate decreased to 73.5% in 2007, in-
dicating that 26.5% of the patients underwent rapid steroid 
withdrawal or steroid avoidance protocol.

Agent %

Induction

Thymoglobulin 38.6

Basiliximab 16.4

Daclizumab 11.5

Alemtuzumab 8.8

Atgam 1.6

OKT3 0.4

No induction 26.4

Calcineurin Inhibitors

Tac 78.7

Cyclosporine 14.9

Adjuvant Treatment (Antimetabolite)

MMF 81.8

SRL 9.1

Myfortic (enteric-coated 
mycophenolate sodium)

5.1

Azathioprine 0.6

Everolimus 0.3

Steroids 73.5
Immunosupressive Treatment Combinations

Tac/MMF 80.4

CsA/MMF 9.4

Tac/SRL 4.5

SRL/MMF 3.0

CsA/SRL 2.8

CsA, cyclosporine; MMF, mycophenolate mofetil; SRL, sirolimus; 
Tac, tacrolimus.

Table 87-2 Immunosupressive Treatment of Kidney Transplant 
Recipients in 2005 (United States)

What Type of Calcineurin Inhibitor? 
(Tacrolimus vs. Cyclosporine)
Both CsA and tacrolimus have similar effi cacy but different 
side effect profi les. Randomized, controlled studies or large 
database analyses comparing tacrolimus with CsA revealed 
confl icting results.69,70 Initial randomized, multicenter, con-
trolled trials showed decreased acute rejection rates in tacro-
limus-treated patients compared with CsA-treated patients, 
but patients received Sandimmune (cyclosporine oral 
solution) instead of microemulsion CsA.69 Follow-up studies 
comparing tacrolimus with Neoral showed similar patient 
and graft survival rates, but some advantages of tacrolimus 
in subgroups of patients, such as patients with DGF and 
black patients. Retrospective data analysis of patients 
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undergoing transplantation between 1996 and 2000 in the 
United States has showed a similar graft survival rate in ta-
crolimus- and CsA-treated patients.71 Another study analyzed 
deceased donor pairs between 1995 and 2002, in which one 
kidney was allocated to a patient receiving Neoral and the 
other kidney to a patient receiving tacrolimus to minimize 
the donor variability and selection bias.72 Multivariate analy-
ses could not demonstrate a difference in 5-year patient sur-
vival or graft loss. More recent studies analyzing patients re-
ceiving a transplant between 2000 and 2005 using the 
Scientifi c Registry of Transplant Recipients database demon-
strated a slight but statistically signifi cant increase in risk for 
6-month acute rejection rate and decreased graft survival 
in CsA/MMF-treated patients compared with tacrolimus/
MMF-treated patients (relative risk, 1.16 for both param-
eters, P � .01).73 Initial studies demonstrated a higher rate 
of posttransplantation diabetes mellitus in tacrolimus-
treated patients compared with CsA-treated patients, espe-
cially in African American and Hispanic patients, but 
more recent studies targeting lower tacrolimus levels revealed 
a decreased incidence of posttransplantation diabetes melli-
tus. Although CsA decreases MPA levels, tacro -limus does 
not have any signifi cant effect; thus, patients on tacrolimus/
MMF may receive more overall immunosuppression that 
may affect allograft outcome. Tacrolimus is preferred in 
immunologic high-risk kidney transplant recipients, pan-
creas transplant recipients, and in patients receiving mini-
mization of immunosuppressive protocols (rapid steroid 
withdrawal).

What Type of Adjuvant Agent? 
(Mycophenolate Mofetil vs. Sirolimus)
Sirolimus use peaked in 2001; 9.7% of kidney transplant 
recipients were treated with sirolimus with tacrolimus, 4.1% 
with CsA, and 4.2% with MMF. Despite a decrease in acute 
rejection rates in patients treated with the sirolimus and CI 
combination, the studies also demonstrated a signifi cant 
decrease in the glomerular fi ltration rate, indicating in-
creased nephrotoxicity with this combination. This syner-
gistic nephrotoxicity was attributed to impaired tubular 
recovery from CIs and/or ischemia/reperfusion injury by 
sirolimus. A meta-analysis of the studies using lower dose 
sirolimus with standard dose CI or higher dose sirolimus 
with lower dose CI still demonstrated a lower glomerular 
fi ltration rate compared with patients receiving a CI and 
MMF.44 This analysis also showed that patients on sirolimus 
and a CI developed more thrombocytopenia, anemia, hy-
percholesterolemia, hypertriglyceridemia, and lymphocele. 
Due to these adverse effects, later studies were designed to 
withdraw the CI from the sirolimus/CI combination after 3 
months or use sirolimus with MMF without using a CI.74 A 
meta-analysis analyzed six randomized, controlled trials 
that involved initial immunosuppression with CI and siro-
limus, followed by CI withdrawal in stable patients at 3 
months after transplantation. The results demonstrated an 
increased risk of acute rejection (6%), but a higher glo-
merular fi ltration rate at 1 year in patients with CI with-
drawal compared with patients remaining on sirolimus/
CI.75 There was no difference in patient and graft survival. 
A single-center study using sirolimus and MMF with basil-
iximab induction found excellent patient and graft survival, 

kidney function, and low acute rejection rates (�10%).76

The protocol biopsy specimens at 2 years also had signifi -
cantly fewer chronicity fi ndings in sirolimus/MMF-treated 
patients compared with patients treated with CI/MMF.77

Another single-center study demonstrated similar acute re-
jection rates and graft function in sirolimus/MMF-treated 
patients compared with tacrolimus/MMF patients.78 How-
ever, two multicenter, controlled, randomized trials were 
halted due to higher than expected acute rejection rates in 
patients receiving sirolimus/MMF. Analysis of patients re-
ceiving transplants between 2000 and 2005 using Scientifi c 
Registry of Transplant Recipients data showed the lowest 
5-year graft survival in sirolimus/MMF-treated patients 
(57.7%) compared with patients treated with tacrolimus/
MMF (73.8%), CsA/MMF (71.8%), CsA/sirolimus (68.9%), 
and tacrolimus/sirolimus (67.6%).73 The risk of acute rejec-
tion was also the highest (relative risk 
 1.53) compared 
with other combinations. Sirolimus is probably a more po-
tent but also more toxic immunosuppressant compared 
with MMF. These studies raised questions regarding the 
safety of using sirolimus in kidney transplantation as a de 
novo agent with CIs or MMF. Use of sirolimus as a second-
ary agent in stable patients on a CI and MMF, in whom the 
CI will be switched to sirolimus after 3 months, in a multi-
center trial is currently ongoing. However, another concern 
about sirolimus is proteinuria, and some studies found in-
creased proteinuria in patients who were switched to siroli-
mus from a CI.

Sirolimus and everolimus have antiangiogenic and anti-
proliferative actions leading to inhibition of tumor growth 
in animal models. Maintenance immunosuppression with 
the TOR inhibitors is associated with a decreased risk of 
developing any posttransplantation de novo malignancy, us-
ing a large database analysis of kidney transplant recipi-
ents.79 Conversion from CIs to sirolimus has been shown to 
cause regression of Kaposi’s sarcoma.80 These results indicate 
a potential use of sirolimus in transplant recipients with de 
novo malignancy.81

What Type of Induction Treatment?
A prospective, randomized trial comparing Thymoglobulin 
with Simulect in deceased donor recipients at high risk of 
acute rejection or DGF showed higher acute rejection rates in 
Simulect-treated patients (25.5% vs. 15.6%) but a similar 
incidence of DGF (44.5% vs. 40.4%).82 Another prospective, 
randomized trial demonstrated a signifi cant decrease in DGF 
incidence in patients treated with intraoperative Thymo-
globulin induction treatment compared with postoperative 
thymoglobulin administration.19 The main concerns using 
polyclonal or monoclonal lymphocyte-depleting agents are 
increased risk of developing opportunistic infections and 
malignancy after transplantation.83 A meta-analysis of ran-
domized trials using anti–IL-2R antibodies compared with 
placebo showed decreased acute rejection rates but no im-
provement in patient or graft survival at 1 year.84 Using the 
Scientifi c Registry of Transplant Recipients database of pa-
tients receiving a transplant between 1998 and 2003, analysis 
demonstrated that anti–IL-2R antibodies decreased acute 
rejection at 6 months and decreased graft failure over a fol-
low-up of 1059 days compared with no induction.85 The 
benefi t of anti-IL-2R antibodies in reducing acute rejection 
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increased signifi cantly with greater HLA mismatch. However, 
despite a statistically signifi cant decrease in acute rejection 
rate (10.2% vs. 8.1%) and graft failure (11.8% vs. 10.4%) due 
to the large number of the patients analyzed,49,50 the clinical 
meaning of these small differences is questionable. Anti–IL-
2R antibodies were not found to increase the risk of cyto-
megalovirus infection or malignancy in this meta-analysis. 
The use of OKT3 as an induction agent has almost been com-
pletely eliminated due to cytokine-release syndrome as well 
as increased risk of infection and posttransplantation lym-
phoproliferative disorders. Alemtuzumab is a powerful cyto-
lytic agent and has been used mainly for minimization of 
immunosuppressive treatment.24 The fi rst single-center study 
using alemtuzumab induction treatment with CsA mono-
therapy showed similar patient and graft survival and acute 
rejection rates compared with patients receiving triple im-
munosuppression.86 Sirolimus monotherapy with alemtu-
zumab induction treatment showed increased acute anti-
body-mediated rejection.87 A number of nonrandomized, 
retrospective, single-center studies with large patient num-
bers using alemtuzumab with rapid steroid withdrawal and 
low-dose tacrolimus and MMF found good patient and graft 
survival and acute rejection rates without increases in the 
incidence of infection and malignancy. However, there is a 
need for large, prospective, randomized, controlled studies 
with long-term follow-up of patients to determine the safety 
of alemtuzumab treatment as well as the advantages over the 
other induction agents.

Induction treatment has also been used to delay the ini-
tiation of CIs, but a recent randomized trial comparing 
early versus delayed CsA in renal transplant recipients with 
anti–IL-R2 antibody showed similar DGF, graft function, 
and graft loss in both groups.88 Patients receiving delayed 
CsA had higher rate of acute rejection (26.5% vs. 15.5%), 
but the difference was not statistically signifi cant.

Steroid Withdrawal
The widely known adverse effects of long-term steroid 
treatment have stimulated interest in using lower doses of 
steroid in kidney transplant recipients. Although most re-
cent transplant patients decrease their maintenance dose of 
steroids to 5 mg once daily at 3 months after transplanta-
tion, an increasing number of transplant recipients have 
been receiving rapid steroid withdrawal before discharge. 
Steroid-free protocols using CsA and azathioprine in kid-
ney transplant recipients from the 1980s and early 1990s 
showed increased risks of acute rejection.89 In the past de-
cade, the paradigm for timing of steroid withdrawal has 
shifted from late withdrawal to early withdrawal, eliminat-
ing steroids within 7 days after transplantation, and using 
more potent immunosuppressive treatment along with in-
duction treatment. Two retrospective studies using rapid 
steroid withdrawal with induction treatment have shown 
low acute rejection rates and good patient and graft sur-
vival and graft function up to 5 years in immunologically 
low-risk patients.90,91 However, randomized, controlled tri-
als have shown increased acute rejection rates in steroid 
withdrawal groups.89 Data on the benefi cial effects of ste-
roid withdrawal on posttransplantation diabetes mellitus, 
hyperlipidemia, osteopenia, weight gain, and blood pres-
sure control have been mixed and could not be demon-

strated in all studies. Some investigators raised the question 
of whether low-dose maintenance steroid treatment can 
achieve similar outcomes in prevention of side effects 
without increasing the risk of acute rejection. Due to a lack 
of protocol allograft biopsy specimens and long-term 
follow-up, it is not clear whether steroid withdrawal may 
increase the risk of developing chronic allograft nephropa-
thy. Despite the increased popularity of using steroid-free 
protocols and the good short-term outcome, there is still a 
need for additional research to investigate the safety of 
those protocols, which induction agent to use (Thymo-
globulin, Campath-1H, or anti–IL-2R antibodies), and what 
patient population to use (immunologically high versus 
low risk) in multicenter, randomized, controlled trials in-
corporating protocol biopsies and bone densitometry com-
pared with patients treated with a low maintenance dose of 
steroids.

Calcineurin Inhibitor Withdrawal
CIs have been the cornerstone of immunosuppressive 
treatment and primarily responsible for increased 1-year 
graft survival rates of more than 90% in the past decade. 
However, CI-induced nephrotoxicity is still a hurdle to 
achieving better long-term graft survival. Other CI-related 
cardiovascular side effects, including posttransplantation di-
abetes, hyperlipidemia, and hypertension may decrease pa-
tient survival. CI withdrawal or dose reduction in patients 
receiving a transplant before 1996 and receiving CsA, aza-
thioprine, and steroids have resulted in increased acute rejec-
tion.92,93 In a prospective, multicenter trial involving 212 sta-
ble kidney transplant recipients receiv-ing CsA/MMF/steroids 
randomized at 6 months post-transplantation to either CsA 
withdrawal or to continue their triple-drug therapy,94 the 
CsA withdrawal group had 22% and 11% biopsy-proven 
acute and chronic rejection compared with 1.4% and 0% in 
controls, respectively. CsA withdrawal or complete avoidance 
using sirolimus also increases the risk of acute rejection. Cur-
rent ongoing trials using new immunosuppressive medica-
tions, such as LEA29Y (belatacept), Janus kinase 3 inhibitor 
(CP-690,550), and protein kinase C inhibitor (AEB071), 
along with MMF and steroids, compared with standard treat-
ment with CI/MMF/steroids may show the safety of CI 
avoidance in the future.

Immunosuppression and Sensitization
Unsensitized recipients of HLA-identical living donor or 
zero antigen mismatched deceased donor kidney transplant 
recipients have a lower risk of acute rejection and much 
longer graft survival. Those patients need less immunosup-
pressive treatment with lower dose CIs and MMF and are 
also good candidates for rapid steroid withdrawal or CI 
avoidance protocols with anti–IL-2R antibodies. However, 
immunosuppressive management of sensitized recipients 
of HLA-identical living donor or 0-mismatched deceased 
donor kidney transplant recipients may require more im-
munosuppression. Recent fi ndings by Opelz95 suggest that 
the long-term outcome in kidney recipients from HLA-
identical siblings depends on the degree of sensitization 
before transplantation. Although unsensitized HLA-identical 
siblings showed a 72% ten-year survival rate, recipients with 
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1% to 50% and more than 50% PRA had 63% and 55% 
graft survival rates after a decade, respectively. Whether 
PRA indicates a higher responsiveness or a reaction against 
a non-HLA antigen remains to be elucidated. In general, 
unsensitized living donor kidney transplant recipients usu-
ally receive standard triple immunosuppressive treatment 
with or without an induction agent per transplantation 
center preference. Unsensitized deceased donor kidney 
transplant recipients may require induction treatment along 
with standard triple immunosuppressive treatment, espe-
cially in patients at higher risk of developing DGF. Immu-
nosuppressive management of the sensitized patients de-
pends on the type of crossmatch result and the specifi city of 
anti-HLA antibodies (i.e., whether it is donor specifi c). 
CDC T-cell crossmatch positivity is an absolute contraindi-
cation to transplantation and requires pretransplantation 
desensitization. Therapeutic strategies for desensitization 
protocols include combinations of plasmapheresis or 
immunoadsorption, IVIG, rituximab (anti-CD20), and 
splenectomy.

Currently, there are no randomized, controlled, prospec-
tive studies that compare different desensitization proto-
cols, and all published studies are retrospective, single-
center studies using high-dose IVIG or immunoadsorption 
alone or plasmapheresis with low- or high-dose IVIG.96 The 
selection of the desensitization protocol also depends on 
the strength of the DSA, so that patients with high titers 
probably require pretransplantation plasmapheresis.97 Pa-
tients with low DSA titers (�1:8) may require two to three 
sessions of plasmapheresis, whereas patients with high DSA 
titers (	1:128) may require six to 10 sessions to decrease 
the antibody titers. Patients undergo transplantation if the 
crossmatch becomes negative with an induction agent 
(anti–IL-2R antibody, Thymoglobulin, or alemtuzumab), 
IVIG, and continuation of posttransplantation plasma-
pheresis for two to fi ve sessions depending on the titers of 
the DSA. Rituximab has been added to some desensitiza-
tion protocols as a single dose (375 mg/m2) before or at 
the time of transplantation. However, early acute antibody-
mediated rejection is an important obstacle seen in 30% 
to 40% of the recipients, despite the type of desensitization, 
whether they receive high-dose IVIG or low-dose IVIG/
plasmapheresis protocol or rituximab is added to the 
protocol.

CDC B-cell or FC T-or B cell–positive crossmatch pa-
tients are at higher risk of developing acute antibody-
mediated or cellular rejection as well as chronic rejection 
leading to decreased graft survival. Those patients also re-
quire desensitization protocols with IVIG and pre- and/or 
peritransplantation plasmapheresis depending on the titers 
of the DSAs.98 All sensitized patients require induction 
agents along with triple immunosuppressive treatment and 
the CI levels should be kept at higher target levels plus 
standard doses of MMF and steroids. Those patients should 
be closely followed after transplantation with monitoring 
DSAs and probably with protocol allograft biopsies to diag-
nose acute or chronic antibody-mediated rejection. Future 
prospective, randomized, multicenter studies are required 
to define the most appropriate desensitization protocol for 
highly sensitized kidney transplant recipients.
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IMMEDIATELY POST-TRANSPLANTATION

Delayed graft function (DGF) is defi ned as the requirement for 
dialysis within the fi rst week after transplantation or as less than 
25% decrease in creatinine within the fi rst 24 hours after sur-
gery.1,2 The term primary nonfunction describes the outcome of 
approximately 5% of kidneys that never work. The dominant 
cause of DGF is acute tubular necrosis consequent to ischemia 
and the events surrounding organ procurement.2,3 Acute tubu-
lar necrosis rarely occurs in living donor kidney recipients, al-
though the incidence may be higher if the kidney is procured 
laparoscopically.4 The incidence of DGF increases when the 
cold ischemia time exceeds 24 hours and when calcineurin in-
hibitors (CIs) are included in the induction regimen.5,6

The organ donor shortage has spawned several previously 
underused and innovative strategies to increase the donor 
pool from nontraditional sources. Over the past 10 years, 
there has been a marked increase in the number of donors 
whose death was defi ned by cardiac standstill (donation after 
cardiac death).7–9 Wider use of donation after cardiac death 
organs has the potential to greatly increase the number of 
organ transplants. Cooper and colleagues9 reported on the 
experience of the University of Wisconsin of 382 donation 
after cardiac death organ donors over a 16-year period start-
ing in 1984 and compared the function of these kidneys to 
more than 1000 brain-dead donors over the same time period. 
They found that there was no statistical difference in cold 
ischemia time, rate of primary nonfunction, and short- or 

long-term graft loss. However, the incidence of delayed graft 
function (DGF) was signifi cantly higher in donation after 
cardiac death organ recipients compared with standard crite-
ria recipients.

The United Network for Organ Sharing recently defi ned a 
class of deceased donor kidney grafts for special allocation 
procedures to enhance use of such organs. The criteria defi n-
ing these expanded-criteria donor kidneys (ECDs) are donor 
age older than 60 years or donor age between 50 and 59 years 
plus two of the following characteristics: donor history of 
cerebrovascular accident, donor history of hypertension, and 
elevated creatinine (1.5 mg/dL) at any time during donor 
management.10 The risk of DGF is higher in expanded-criteria 
donor recipients, although the risk may be mitigated by pul-
satile perfusion of the graft before transplantation.11 Recipi-
ents older than the age of 60 years who receive an expanded-
criteria donor kidney and experience DGF have a higher risk 
of death compared with other patient groups,12 although 
overall survival is improved compared with dialysis.

Diagnosis
Renal ultrasonography should always be performed to exclude a 
vascular catastrophe such as thrombosis of the transplant renal 
artery or vein. Isotope renography may also detect functionally 
signifi cant obstruction or a urine leak and exclude kidney infarc-
tion. The diagnosis of allograft rejection in patients with DGF 
who are maintained on dialysis can be made only histologically. 
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The approach to DGF varies with patient risk (Fig. 88-1). Factors 
indicating high-risk include sensitization, retransplantation, and 
cold ischemia time exceeding 24 hours. Such patients should 
have a renal biopsy performed on days 3 to 5 to rule out acute 
rejection. A repeat biopsy should be performed in 3 to 5 days if 
rejection is not seen and DGF persists. In the absence of anti-
body induction therapy, low-risk patients should have a biopsy 
performed on days 7 to 10, which can be repeated should DGF 
persist. For those patients receiving potent antilymphocyte anti-
body induction therapy, it may be reasonable to defer the biopsy 
as the risk of early rejection is low.13

Management
Prolongation of DGF by concurrent calcineurin inhibitor (CI) 
therapy has led to the use of sequential induction regimens with 
antilymphocyte antibody therapies. Provision of adequate im-
munosuppression while avoiding CI therapy is desirable during 
DGF as there is evidence to suggest that the incidence of acute 
rejection is increased by DGF.13,14 Initial studies suggested that 
DGF is associated with poorer long-term graft survival.15 More 
recent reports indicate that graft survival is not signifi cantly dif-
ferent when comparing DGF versus no DGF for patients with-
out rejection.16,17 Immunologic injury may play a role in some 
cases of DGF.18 Evidence to support this is provided by the ob-

servation that the incidence of DGF is increased in presensitized, 
retransplant patients.15 Therapy of DGF includes supportive 
care19 and minimizing nephrotoxins (notably CIs and some an-
tibiotics). The use of vasodilators such as dopamine in the re-
cipient with DGF has been largely discredited. However, a recent 
report of dopamine use in the donor before organ procurement 
suggests that such an approach may have a favorable impact on 
DGF rates after implantation.20 Reports that rabbit antithymo-
cyte globulin (thymoglobulin) may reduce the incidence of 
DGF21 have not been universally reproduced.13,22

Hyperacute rejection is a rare and generally preventable 
cause of primary nonfunction.23 It is caused by unrecognized 
ABO incompatibility or donor-specifi c antibody, both of which 
have long been deemed to be contraindications to kidney 
transplantation.24 More recently, successful transplantation 
across such immunologic barriers has been described in which 
a pretransplant ation conditioning regimen involving plasma-
pheresis and intravenous immunoglobulin is used.20 Other 
causes of hyperacute rejection include anti-HLA class II anti-
bodies and antidonor endothelial/monocyte antibodies, which 
may cause a delayed-onset hyperacute rejection-like syndrome 
in HLA-identical grafts.19,25,26 The diagnosis of hyperacute re-
jection is usually made by the surgeon in the operating room. 
The initially pink kidney becomes mottled and cyanotic. There 
is little or no urine output, and the renal biopsy specimen 

High risk
(sensitized/retransplant)

Biopsy
(days 3-5)

Biopsy
(days 7-10)

Rejection RejectionNo rejection No rejection

Vascular Cellular

OKT3 Steroid
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Figure 88-1 A, The approach to patients with delayed graft function. B, The approach to patients with rising creatinine levels 
after immediate graft function. The causes and approach to the management of renal allograft dysfunction vary with time after 
transplantation. Therefore, the differential diagnosis is best approached by considering the time periods separately. The surgical 
complications leading to allograft dysfunction that include obstruction and vascular thromboses are addressed in Chapter 86. 
The attention of the reader is directed to a recently published update of the Banff diagnostic categories for renal allograft biop-
sies that is discussed in detail in the text1 (Table 88-1).
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shows intrarenal coagulopathy and cortical necrosis. The dif-
ferential diagnosis includes pulsatile perfusion–induced endo-
thelial injury, cryoglobulinemia, disseminated intravascular 
coagulation, fat embolization, and antiglomerular basement 
membrane disease.27,28 There is no effective therapy, and graft 
nephrectomy is necessary.

Accelerated rejection can occur in patients with or without 
DGF; it refers to rejection episodes occurring 2 to 5 days after 
transplantation.23 It is caused by previous sensitization to 
donor antigens (occult T-cell crossmatch), a positive B-cell 
crossmatch, or a positive fl ow cytometry crossmatch in pa-
tients who underwent a repeat transplantation.29 The differ-
ential diagnosis includes CI toxicity, thrombotic angiopathy, 
and urinary tract obstruction. The diagnosis of accelerated 
rejection is usually established by renal biopsy. The biopsy 
specimen may show predominantly either cellular rejection or 
vascular rejection. It is important to make this pathologic 
distinction because the approach to therapy is different.

EARLY POST-TRANSPLANTATION

The major causes of a decrease in graft function early after trans-
plantation include acute rejection, which is most common, 
polyoma virus allograft nephropathy (PVAN) CI nephrotoxicity, 
thrombotic microangiopathy, and urinary tract obstruction or 
decreased renal perfusion due to effective circulating volume 
depletion, infection, and recurrent or de novo renal disease.

Approach to Diagnosis
Early allograft dysfunction is typically characterized by a blood 
creatinine concentration that is stable at an elevated level or is 
increasing. Unfortunately, the blood creatinine is a rather crude 
marker of allograft health, lacking sensitivity and specifi city for 
rejection, especially in children.30 Indeed, there is the growing 
realization that subclinical rejection exists as an entity that is 
treatable that affects long-term graft survival.31 Unless there is 
evidence suggestive of infection or recurrent disease, the evalu-
ation of such patients is commenced by measuring the plasma 
CI concentrations (see Fig. 88-1). If the drug level is elevated, 
the cyclosporine or tacrolimus dose may be decreased. A renal 
biopsy is performed if no improvement is noted within 1 to 2 
days or if the creatinine continues to increase. If, conversely, the 
CI level is normal or low, a biopsy is performed or empirical 
pulse steroid therapy may be given with the CI dose adjusted 
until the level is within the therapeutic range.

Acute Renal Allograft Rejection
Acute renal allograft rejection is defi ned as an acute deteriora-
tion in allograft function associated with specifi c pathologic 
changes in the transplant that have been categorized by the 
Banff consortium described in Figure 88-1.1,32 The incidence 
of acute rejection and the time at which it occurs vary with the 
induction and maintenance therapy protocol used for immu-
nosuppression. Registry data indicate that the incidence of 
acute rejection has greatly decreased over the past decade and 
is now consistently less than 20% depending on donor and 
recipient characteristics and the immunosuppressive proto-
col.33 Kidneys that recover function still have a 10% decrease 
in 1-year survival compared with rejection-free kidneys.34

Acute rejection episodes also have a negative impact on long-
term graft survival, being a major clinical predictor of chronic 
allograft nephropathy.35

Diagnosis

The presence of acute renal allograft rejection should be sus-
pected in every transplant recipient in whom the creatinine 
fails to settle or is increasing. Most patients are asymptomatic. 
Fever and graft pain are rarely encountered unless immuno-
suppression has been discontinued. Most episodes of acute 
rejection occur within the fi rst 3 months post-transplantation. 
Only 8% of patients with functioning grafts have a fi rst episode 
of rejection after 1 year,36 often associated with noncompliance 
with medical therapy or low drug levels.37 The differential di-
agnosis includes ongoing acute tubular necrosis, CI nephro-
toxicity, and urinary tract obstruction. Obstruction can usually 
be ruled out by renal ultrasonography. Duplex Doppler ultra-
sonography, although noninvasive, is not suffi ciently sensitive 
or specifi c for the diagnosis of acute rejection.38

Percutaneous renal allograft biopsy is frequently necessary 
and may be complicated by macroscopic hematuria, transient 
anuria due to obstructing blood clots, perirenal hematoma, 
retroperitoneal hematoma, and rarely traumatic intrarenal 
arteriovenous fi stula or bowel injury.39 Fine-needle aspiration 
biopsy40 has not been widely accepted as a replacement for 
core biopsy techniques.

Pathology

The 8th Banff Conference on Allograft Pathology held in 2005 
represented the latest iteration of the international consensus 
meeting that develops standards for interpretation of allograft 
biopsy results.1 The meeting is generally perceived to be an 
important force behind the standardization of slide interpreta-
tion for use in clinical trials. The current classifi cation of renal 
allograft biopsy pathology is summarized in Box 88-1.41–43 The 
characteristic pathologic changes that occur during acute cel-
lular rejection include interstitial infi ltration with mononu-
clear cells and disruption of the tubular basement mem-
branes.44 The presence of patchy mononuclear cell infi ltrates 
without tubulitis is not uncommon in normally functioning 
renal allografts and is not suffi cient to make the diagnosis of 
acute rejection. The presence of neutrophils is uncommon and 
should suggest the diagnosis of infection. Immunohistologic 
evaluation of rejecting renal allografts shows an increased 
number of infi ltrating major histocompatibility complex 
(MHC) class II–positive and interleukin-2 receptor–positive 
mononuclear cells.45 Acute vascular rejection, conversely, is 
characterized pathologically by capillary endothelial swelling, 
arteriolar fi brinoid necrosis, fi brin thrombi in glomerular cap-
illaries, and frank cortical necrosis in severe cases. Glomerular 
involvement is associated with a worse prognosis.44,46

Antibody-mediated rejection (AMR) has now been incor-
porated into the Banff schema and is summarized in Table 
88-1. To satisfy current diagnostic criteria, three of the four 
parameters must be present41: allograft dysfunction, histology, 
positive immunofl uorescence for C4d, and demonstration of 
donor-specifi c antibody. It should be noted that the histology 
in type 1 AMR is not typically thought of as being associated 
with rejection (minimal infl ammatory infi ltrate with micro-
scopic evidence of tubular necrosis). Consequently, all allograft 
biopsy material should be processed for C4d with an additional 
search for donor-specifi c antibody performed as necessary.
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Unusual Rejection Variants

Colovai and colleagues47 reported three cases of hyperacute 
rejection and AMR of renal allografts in recipients who had 
received rabbit antithymocyte globulin (thymoglobulin) as 
induction therapy. A variety of studies failed to reveal either 
antilymphocytic or antiendothelial cell antibodies either pre- 
or post-transplantation. However, xenoantibodies that strongly 
bound to human lymphocytes to activated endothelial cells 
were identifi ed in the sera obtained at the time of rejection. 
Campath-1H (alemtuzumab) is a humanized monoclonal an-
tibody against CD52 that is being studied as an induction 
agent in transplantation. Although rejection rates with alemtu-
zumab treatment are low, a number of reports describe acute 
rejection dominated by monocytes.48–50 Such rejections tend to 
be steroid sensitive.

Management of Renal Allograft Rejection

Treatment of rejection should be started when the diagnosis is 
suspected and should not be unduly delayed until the results 
of the allograft biopsy are available. There are several thera-

peutic options available for rejection. The intensity of therapy 
will largely be dictated by the severity of the rejection episode 
as well as response to initial therapy (see Table 88-1). In this 
age of greatly reduced rejection risk, it is useful to investigate 
the root cause of a rejection episode (Box 88-2). Certainly, 
from a continuous quality improvement process viewpoint, 
every rejection should be evaluated to ascertain whether there 
was a program or patient failure that led to rejection.

Corticosteroids remain one of the cornerstones of most 
induction, maintenance, and rescue immunosuppressive regi-
mens.51,52 Steroids are lympholytic when given in high doses 
(e.g., methylprednisolone 0.5–1g/day given over 3–5 days) 
and can reverse acute rejection in as many as 75% of cases.51

After completing the steroid pulse, oral steroids are restarted 
using the same dose that the patient had been taking. The 
urine output increases, and the serum creatinine starts de-
creasing within 3 to 5 days after initiating therapy. The major 
complication of pulse steroids is increased susceptibility to 
infection, especially oral candidiasis. Other potential prob-
lems include acute hyperglycemia, hypertension, peptic ulcer 
disease, and psychiatric disturbances including euphoria and 
depression. Prophylactic antacids/H2 blockers as well as oral 
antifungal therapy are generally recommended.53 Steroid re-
sistance is defi ned as a lack of improvement in urine output or 
the plasma creatinine concentration within 5 days. In this set-
ting, second-line therapy consists of the administration of 
tacrolimus and antilymphocyte antibodies, either as rabbit 
antithymocyte globulin (thymoglobulin) or OKT3.54–56

Polyclonal Anti–T Cell Antibodies
Rabbit antithymocyte globulin (thymoglobulin) is prepared 
by immunizing rabbits with human lymphoid cells derived 
from cultured B-cell lines. Antithymocyte globulin, a prepara-
tion commonly used in Europe, is an equine hyperimmune 
globulin. Such agents have been used for prophylaxis and 
fi rst- and second-line therapy of acute rejection. A typical 
recommended dose for acute rejection is 10 to 15 mg/kg/day 
for 7 to 10 days. The reversal rate has been between 75% and 
100% in different series,57,58 with the plasma creatinine con-
centration returning to baseline several days after initiating 
therapy. Fever and chills develop in a majority of patients dur-
ing the initial infusion. Anaphylactic reactions, including re-
spiratory distress and hypotension, are rare. To minimize the 
allergic manifestations, patients are usually pretreated with 
corticosteroids, antihistamines, and acetaminophen.

OKT3 was the fi rst murine monoclonal antibody licensed for 
use in humans.59,60 It is directed against the CD3 antigen causing 
complex, which is closely associated with the T-cell receptor 
modulation or clearing of CD3� T cells.61 OKT3 has been used 
as the primary treatment of acute rejection and also as rescue 
therapy for resistant rejection.62 The usual dose of OKT3 is 
5 mg/day intravenously for 10 to 14 days. As many as 94% of 
steroid- or ALS-resistant rejections can be expected to reverse 
with OKT3 treatment.59 The plasma creatinine concentration 
typically increases for the fi rst 2 to 3 days of OKT3 therapy 
and then decreases. OKT3 is also used as primary therapy 
in patients who have vascular rejection, a process that is gener-
ally resistant to steroids.59 In vitro, OKT3 acts as a T-cell mito-
gen, and many of the fi rst dose reactions commonly seen are 
generally thought to be due to initial binding to the CD3 com-
plex, mediating T-cell release of cytokines. These reactions in-
clude fever, rigors, nausea, vomiting, diarrhea, hypotension, 

 1. Normal
 2. Antibody-mediated rejection
Acute antibody-mediated rejection (C4d�) type

 I. Acute tubular necrosis–like
 II. Capillary margination and/or thrombosis
 III. Arterial

Chronic Active Antibody-Mediated Rejection*
Glomerular double contours, peritubular capillary base-

ment membrane multilayering, interstitial fi brosis, tubu-
lar atrophy, fi brous intimal thickening

 3. Borderline changes
 4. T cell–mediated rejection

Acute
 IA. Signifi cant interstitial infi ltration (�25% of paren-

chyma) and moderate tubulitis
 IB. Signifi cant interstitial infi ltration (�25% of paren-

chyma) and severe tubulitis
 IIA. Mild to moderate intimal arteritis
 IIB. Cases with severe intimal arteritis comprising 

�25% of the luminal area
 III. Transmural arteritis

Chronic Active T Cell–Mediated Rejection
 5. Interstitial fi brosis and tubular atrophy, no evidence of 

any specifi c etiology
Grade
 I. Mild (�25% of cortex)

 II. Moderate (26%–50% of cortex)
 III. Severe (�50% of cortex)

 6. Other: Categories not considered to be due to rejec-
tion; may coincide with categories 2–5.

Box 88-1 Banff 97 Diagnostic Categories for Renal Allograft 
Biopsies (2005 Revision)

*Changes in the updated Banff 2005 schema
Adapted from Solez K, Colvin RB, Racusen LC, et al: Banff ’05 
Meeting Report: Differential diagnosis of chronic allograft injury 
and elimination of chronic allograft nephropathy (‘CAN’). Am J 
Transplant 2007;7:518–526.
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chest pain, dyspnea and wheezing, and occasionally frank pul-
monary edema.63 This latter complication is rarely seen unless 
the patient is volume overloaded, and, thus, patients should be 
dialyzed or diuresed before OKT3 therapy. Dyspnea may also be 
related to complement activation and subsequent pulmonary 
vascular neutrophil sequestration.64 Antihistamines, acetamino-
phen, and steroids are usually given before OKT3 to minimize 
adverse effects, all of which should decrease with repeated expo-
sure. Higher steroid doses should be avoided to prevent a poten-
tial increase in the procoagulant effect of OKT3.65 Other serious 
complications that can occur after the administration of OKT3 

include graft thrombosis66 and thrombotic microangiopathy.66

OKT3 can predispose to potentially life-threatening infections, 
especially those due to cytomegalovirus.67 Total exposure is an 
important determinant of risk, with almost 100% of patients 
experiencing an episode of infection after three courses.63 There 
is also evidence that OKT3 may be associated with an increased 
risk of certain malignancies such as Epstein-Barr virus–related 
lymphoproliferative disorders.60 Aseptic meningitis character-
ized by lymphocytosis and elevated cerebrospinal fl uid protein 
occurs in as many as 5% of patients who receive OKT3 and is 
usually self-limiting, although differentiation from other causes 
of infectious meningitis is essential.

Recurrent Rejection
Approximately 15% to 20% of transplant patients have re-
current episodes of acute rejection. The success rate of re-
treatment with OKT3 in this setting is related to its ability to 
modulate/clear CD3� T cells.68 This in turn is determined by 
two important factors: circulating anti-mouse antibody 
titers and timing of the rejection episode. Approximately 
50% to 60% of patients who receive OKT3 will produce hu-
man anti-mouse antibodies,69 generally in low titers 
(�1:100). Low antibody titers do not affect the response to 
retreatment (reversal rate almost 100%) if the rejection epi-
sode occurs within 90 days after transplantation. Conversely, 
titers of more than 1:100 or recurrent rejection beyond 
90 days is associated with a reversal rate of less than 25%. 
The reversal rate is essentially zero when both high human 
anti-mouse antibodies titers and late rejection are present. 
OKT3 is also indicated in primarily vascular rejection.59 It is 
important to confi rm the diagnosis of rejection by renal 
biopsy before starting antilymphocyte therapy.

Table 88-1 Rejection Rescue Protocol

Rejection (Banff 1997 Classifi cation) Treatment Options

Borderline Change Optimize immunosuppressive drug levels

Grade IA Moderate tubulitis (�4 mononuclear cells 
in �25% of biopsy sample)

1. Optimize immunosuppressive drug levels

2. Consider switch to tacrolimus or myco-
phenolate mofetil or sirolimus

3. Adjunctive therapy (statin)

4. Recycle oral steroids or pulse intravenous 
steroids

5. If unresponsive:
Polyclonal anti–T cell antibody therapy
or
OKT3

Grade IB Severe tubulitis (�10 mononuclear cells 
in �25% of biopsy sample)

Grade IIA Mild to moderate arteritis in at least one 
blood vessel

Grade IIB Severe arteritis (�25% loss of luminal 
area)

Grade III Transmural arteritis with fi brinoid necrosis 
and perivascular infl ammation

Optimize immunosuppressive drug levels
Switch to tacrolimus
OKT3

Antibody-mediated rejection Optimize immunosuppressive drug levels
Switch to tacrolimus
OKT3
Therapeutic plasma exchange until donor-

specifi c antibody is removed

Inadequate drug: azathioprine
Inadequate dose: failure to aggressively optimize CI or 

SRL levels in the early post-transplantation period
Noncompliance: failure to take medication

Youth
Side effects (especially cosmetic such as weight gain, 

acne, and hirsutism)
Drug or alcohol abuse
Financial

Drug interaction: various drugs can reduce CI and SRL 
drug levels
Dilantin
Phenobarbital
Rifampin
St. John’s wort

Box 88-2 Preventable Causes of Rejection

CI, calcineurin inhibitor; SRL, sirolimus.
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Recent uncontrolled trials suggest that tacrolimus may be 
effective as rescue therapy for refractory rejection. One report, 
for example, switched 77 patients with biopsy-proven ongoing 
acute rejection from cyclosporine to tacrolimus.70 The overall 
response rate was 74%, with responders having a mean plasma 
creatinine concentration of 2.35 mg/dL (207 µmol/L) at 
14 months. Even dialysis-dependent patients had a 50% re-
sponse rate. Preliminary data on the role of mycophenolic acid 
as rescue therapy for biopsy-proven acute rejection revealed a 
response rate of 69% in patients who failed standard pulse 
steroid or OKT3. Tacrolimus is currently the dominant CI at 
the time of discharge from hospital in the United States.52

Antibody-Mediated Rejection Therapy

The optimal therapy for antibody-mediated rejection remains to 
be defi ned, although an aggressive approach with plasmaphere-
sis and intravenous immunoglobulin to remove donor-specifi c 
antibodies is gaining support. In a retrospective study of nine 
patients with AMR, White and colleagues71 reported that eight 
grafts were successfully rescued with mean serum creatinine 
levels at 3 and 12 months of 1.9 and 1.8 mg/dL, respectively. 
Another group described a series of seven patients with AMR 
who received approximately seven plasmapheresis treatments 
combined with rabbit antithymocyte globulin (thymoglobu-
lin).72 One graft was lost to rejection. Renal function improved 
to baseline in the remaining six patients. Lehrich and col-
leagues73 described a retrospective analysis of 23 patients with 
AMR treated with plasmapheresis and intravenous immuno-
globulin. Two-year graft survival was numerically worse in pa-
tients with AMR versus acute cellular rejection (ACR) (78% vs. 
85%), but the difference was not statistically signifi cant.

LATE ACUTE DYSFUNCTION

When acute allograft dysfunction develops more than 3 months 
after transplantation, the differential diagnosis should include 
prerenal azotemia due to volume depletion, CI nephrotoxicity, 
urinary tract infection or obstruction, acute rejection—
possibly due to reduction in immunosuppression or noncom-
pliance, recurrent or de novo renal disease, and renal artery ste-
nosis.74 The risk of late acute rejection is increased in patients 
who are tapered off cyclosporine37 or steroids.75 Bearing in mind 
that renal transplant recipients rarely achieve a glomerular fi ltra-
tion rate (GFR) exceeding 55/60 mL/min, a creatinine level less 
than 2 mg/dL represents good, although certainly not normal, 
renal function. Thus, under circumstances of volume depletion 
or infection, the creatinine can increase alarmingly quickly and 
still refl ect small decreases in the GFR. Dehydration secondary to 
diarrhea can occur rapidly on exposure to enteropathogens in 
immunosuppressed transplant recipients. The principal aim of 
therapy under these circumstances is to ensure adequate volume 
and electrolyte replacement and maintain drug levels to prevent 
intercurrent rejection. Long-term transplant patients who miss 
several doses of steroids risk adrenal insuffi ciency.

Polyomavirus Nephropathy
The polyomaviruses that are known to cause disease in hu-
mans include BK, JC, and, much less commonly, SV40.76 It is 
known that as many as 85% of adults in the general popula-
tion are seropositive for BK and JC viruses as a consequence 

of exposure during childhood.77 By themselves, polyomavi-
ruses tend not to be overtly pathogenic. However, in the set-
ting of immunosuppression, malignancy, or acquired immu-
nodefi ciency syndrome, BK virus can cause nephropathy and 
hemorrhagic cystitis and JC virus can cause progressive mul-
tifocal leukoencephalopathy.

BK virus is the dominant pathogen causing polyomavirus 
nephropathy (PVN), although occasional cases have been 
reported due to JC and SV40. BK virus generally remains la-
tent in kidney tissue and can induce infl ammatory changes 
when the immune system is suppressed after transplantation. 
It has generally been assumed that PVN is due to reactivation 
of recipient disease. More recent data cast doubt on this 
premise. In a longitudinal study of almost 200 transplant re-
cipients, pretransplant donor and recipient samples were 
analyzed for BK virus antibody titer and HLA alleles.78 The 
donor antibody titer was found to be inversely proportional 
to onset of viruria, directly proportional to duration of viru-
ria, and directly proportional to peak urine viral titer. Recipi-
ent pairs receiving kidneys from the same donor were con-
cordant for BK virus infection and had matched sequences of 
segments of the defi ned genes that tend to vary among re-
cipients of kidneys from different donors. All 11 recipients 
with sustained BK viremia received kidneys from donors 
lacking HLA C7, and 10 recipients also lacked C7.

The incidence of polyomavirus infection may differ among 
different organ recipients. For example, in a study of 263 heart, 
kidney, liver, and pancreas transplant patients, BK virus and JC 
virus DNAemia were observed most commonly in kidney and/
or pancreas transplant patients (26%), although they were also 
observed, to a lesser extent, in heart (7%) and liver (4%) trans-
plant patients.79 As many as 8% of kidney transplant recipients 
will develop PVN with a concomitant risk of graft loss at 
1 year ranging from 35% to 65%.80 PVN has been described 
rarely in recipients of nonkidney transplants and can cause 
nephrosis and end-stage renal disease.76,81,82

The incidence of PVN seems to be increasing, although it 
remains unclear whether this observation is related to en-
hanced recognition or more potent immunosuppression. 
Currently recognized risk factors include length of time after 
transplantation, rejection rescue therapy, type of immuno-
suppression, and co-infection with cytomegalovirus.83–85

Brennan and colleagues83 examined 200 adult renal transplant 
recipients who were randomized to either tacrolimus or CsA. 
Urine and blood samples were collected at defi ned intervals 
for BK polymerase chain reaction. At 1 year, 35% had devel-
oped viruria and 11.5% viremia. Viral replication was not af-
fected independently by tacrolimus, cyclosporin A (CsA), 
mycophenolate mofetil (MMF), or azathioprine, although 
viruria was highest with tacrolimus/MMF (46%) and lowest 
with cyclosporin/MMF (13%). After reduction of immuno-
suppression, viremia resolved in 95%, without increased acute 
rejection, allograft dysfunction, or graft loss. No BK nephropathy 
was observed. More recently, a signifi cant association between 
BK virus nephropathy and HLA mismatching has been sug-
gested.86 This study also showed that BK virus nephritis was 
associated with a greater number of rejection episodes and a 
higher incidence of steroid-resistant rejection requiring anti-
lymphocyte treatment. There was no association between BK 
virus nephropathy and any specifi c HLA allele. Active infec-
tion starts typically within the fi rst 3 months in 80% of pa-
tients.84 Cold ischemia time that exceeded 24 hours and the 
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administration of tacrolimus were identifi ed as signifi cant risk 
factors for viruria. The risk of viremia was greatest in patients 
with viruria (especially when the viral load exceeded 4 log/
mL) and those treated with tacrolimus. No relationship was 
found between the development of nephropathy and genetic 
variability in the viral sequence.

Diagnosis

Many transplantation programs now routinely screen allograft 
recipients for polyomavirus infection either by urinary cytol-
ogy or, more frequently, the more sensitive polymerase chain 
reaction assay in which viral DNA can be quantifi ed in urine 
and blood.78,87,88 A consensus conference was recently held, and 
the report recommended that all renal transplant recipients 
should have their urine screened for BK virus replication89 ev-
ery 3 months during the fi rst 2 years post-transplantation, 
when allograft dysfunction is noted, and when an allograft bi-
opsy is performed. It should be noted that polyoma viruria is 
demonstrable as early as 4 weeks post-transplantation, and 
some programs initiate screening earlier than 12 weeks post-
transplantation. They also recommended that positive screen-
ing results should be confi rmed and assessed by quantitative 
assays and that a defi nitive diagnosis of PVAN requires al-
lograft biopsy. In a simulation model in which patients positive 
for blood DNA polymerase chain reaction had their immuno-
suppression reduced, screening saved $1912 and produced 0.02 
more quality-adjusted life years than not screening.88

The impact of the histologic features on the diagnosis and 
outcome of PVN was described in 90 patients.90 Viral cyto-
pathic changes, tubular atrophy (TA) and interstitial fi brosis 
(IF) as well as infl ammation were scored and classifi ed into 
defi ned histologic patterns. The histologic fi ndings were cor-
related with viruria, viremia, and graft survival. PVAN lesions 
were found to be random and multifocal and affected both 
cortex and medulla. Areas with PVAN coexisted with areas of 
unaffected parenchyma. In 36.5% of biopsies with multiple 
tissue cores, discordant fi ndings with PVAN-positive and 
-negative cores were observed. However, all patients with 
PVAN had decoy cells in urine as well as signifi cant viruria 
and viremia. Biopsy specimens showing lesser degrees of renal 
scarring at the time of diagnosis were associated with, more 
likely, resolution of the infection, in response to decrease of 
immunosuppression. More advanced tubulointerstitial atro-
phy, active infl ammation, and higher creatinine level at diag-
nosis correlated with a signifi cantly worse graft outcome. Due 
to the focal nature of PVAN, correlation of biopsy results with 
viruria and viremia is required for diagnosis.

Treatment

Therapeutic options for established PVN include reducing im-
munotherapy, conversion to lefl unomide, treatment of inter-
current infection, if present, with cidofovir, and retransplanta-
tion. It is generally agreed that decreasing immunosuppression 
is the primary therapy for PVN and alone is effective in reduc-
ing viremia and viruria in most cases.83,91 Lefl unomide is an 
antimetabolite immunosuppressive agent that inhibits pyrimi-
dine synthesis. The drug is licensed for the treatment of rheu-
matoid arthritis and is known to have antiviral and immuno-
suppressive properties. Williams and colleagues80 provided a 
brief, nonrandomized report of 17 patients with biopsy-proven 
PVN in whom MMF was stopped and lefl unomide com-
menced initially with a loading dose of 100 mg/day for 5 days 

followed by a maintenance dose of 20 to 60 mg/day. Treatment 
was monitored by serial measurements of viral load as well as 
that of an active metabolite of lefl unomide, A77 1726. This is 
an important point because lefl unomide is P-450 metabolized 
and has an extremely long half-life All patients who achieved a 
drug level in excess of 40 �g/mL either cleared or reduced their 
viral load. Two patients also required cidofovir.

Cidofovir is a monophosphate nucleotide analogue of de-
oxycytidine that competitively inhibits viral DNA polymerase. 
In vitro activity against a number of DNA viruses, including 
adenovirus, polyomavirus, papillomavirus, and herpesviruses 
has been demonstrated. Cidofovir also retains activity against 
thymidine kinase–negative herpes simplex virus and cytomega-
lovirus that are resistant to acyclovir and ganciclovir. Eighty 
percent of the drug is excreted unchanged in the urine within 
24 hours. However, cidofovir diphosphate is an active metabo-
lite that is eliminated more slowly with fi rst- and second-phase 
intracellular half-lives of 24 and 65 hours, respectively, permit-
ting the drug to be dosed every 2 weeks. Kuypers and col-
leagues92 reported a nonrandomized study of 8 of 21 patients 
who were treated with weekly adjuvant low-dose cidofovir in 
addition to reduction of immunosuppressive therapy. PVN 
caused irreversible deterioration of graft function in all pa-
tients, but renal function stabilized after antiviral treatment and 
no graft loss occurred in cidofovir-treated recipients during 
25 months of follow-up. No cidofovir-related renal toxicity oc-
curred. In contrast, 9 of 13 patients who received no adjuvant 
cidofovir therapy lost their graft after approximately 8 months.

The outcomes of 10 patients from 5 transplantation centers 
who had lost their primary renal allografts to PVN who under-
went retransplantation were described.93 Repeat transplanta-
tion occurred approximately 13 months after failure of the fi rst 
graft. Allograft nephrectomy had been performed in 7 of the 10 
patients. PVAN recurred in one patient 8 months after retrans-
plantation, but stabilization of graft function was achieved with 
a decrease in immunosuppression and treatment with low-dose 
cidofovir. After a mean follow-up of 34 months, all patients 
were found to have good graft function with a mean creatinine 
level of 1.5 mg/dL. The authors concluded that patients with 
graft loss caused by PVN can safely undergo retransplantation. 
Initial results suggesting that ciprofl oxacin may be useful in 
treating PVAN have not been confi rmed.

LATE CHRONIC DYSFUNCTION

Many patients have slowly progressive azotemia over a period 
of years after kidney transplantation. The major etiologic con-
siderations in this setting include chronic rejection, chronic 
CI nephrotoxicity, hypertensive nephrosclerosis, chronic uri-
nary tract obstruction, and recurrent or de novo renal disease. 
The use of the nonspecifi c term chronic allograft nephropathy 
has now been formally abandoned by the Banff consortium 
due to concerns that this term “undermines recognition of 
morphologic features enabling diagnosis of specifi c causes of 
chronic graft dysfunction.”1

Interstitial Fibrosis and Tubular Atrophy
IF/TA, previously referred to as chronic allograft nephropathy, 
is one of the most common causes of end-stage renal disease, 
accounting for 20% of kidney transplantations performed in 
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the United States and as many as 30% of patients awaiting 
renal transplantation.94 Various terms have been used to de-
scribe this condition over time, although the acronym IF/TA 
is that chosen by the most recent iteration of the Banff con-
sortium. The syndrome is clinically associated with progres-
sive loss of graft function and hypertension with variable de-
grees of proteinuria. Approximately 2.6% of kidney grafts are 
lost yearly due to IF/TA.94,95

Pathogenesis

The exact mechanisms responsible for the pathogenesis of IF/
TA are varied and are summarized in Table 88-2. It has been 
postulated, however, that chronic graft dysfunction is mediated 
by both alloantigen-dependent and alloantigen-independent 
factors.96,97 Data from experimental models indicate a role for 
all elements of the immune system, including cell-mediated 
immune responses (delayed-type hypersensitivity responses 
mediated by macrophages and CD4� T cells), humoral alloan-
tibody responses against donor antigens, infl ammatory cyto-
kines, fi brogenic growth factors (such as platelet-derived 
growth factor and transforming growth factor �), and possibly 
the vasoactive and mitogenic peptide endothelin.

T-cell recognition of alloantigen in the presence of the ap-
propriate costimulatory signal is the central and primary event 
that initiates the immunologic component of the rejection pro-
cess that ultimately leads to chronic allograft loss. Such antigen 
is recognized either directly in the form of intact allo–major 
histocompatibility complex (MHC) on the surface of donor cells 
or indirectly in the form of processed peptide(s) that is itself 
derived from donor MHC presented by recipient antigen-
presenting cells. There is increasing interest in this indirect path-
way as peptide antigens are relatively simple structures that are 
readily synthesized.98 This novel experimental approach permits 
the investigation of the molecular mechanisms of allograft rejec-
tion. Recent evidence indicates that allopeptide-primed T cells 
are present during both acute and chronic rejection.99 Although 
primary immune responses are characterized by T-cell prolifera-
tive responses to a limited number of immunogenic MHC allo-

Table 88-2 Interstitial Fibrosis and Tubular Atrophy: 
Morphology and Causes of Specifi c Chronic Renal Allograft 
Diseases

Etiology Morphology

Chronic hypertension Arterial thickening with redupli-
cation of elastica and hyaline 
arteriosclerosis

Calcineurin inhibitor 
toxicity

Arteriolar hyalinosis and tubular 
cell injury with vacuolization

Chronic obstruction Marked tubular dilatation

Bacterial pyelonephritis Intratubular neutrophils

Viral infection Viral inclusions on histology, im-
munohistochemistry, and elec-
tron microscopy

Adapted from Solez K, Colvin RB, Racusen LC, et al: Banff ’05 
Meeting Report: Differential diagnosis of chronic allograft injury 
and elimination of chronic allograft nephropathy (‘CAN’). Am J 
Transplant 2007;7:518–526.

peptides under experimental circumstances, secondary re-
sponses, such as those that occur in chronic or late acute 
rejection, are associated with T-cell proliferative responses to a 
more variable repertoire.100 This repertoire includes responses to 
peptides that were previously immunologically silent. Such a 
change in the pattern of T-cell responses has been termed epit-
ope switching or spreading and can occur to peptides represent-
ing alternative regions within a given MHC � chain hypervari-
able region (intramolecular spreading) or, alternatively, peptides 
representing different MHC chains (intermolecular spreading). 
The precursor frequency of such MHC allopeptide reactive T 
cells is typically low, as evidenced by studies in humans with 
chronic renal allograft rejection. However, such a fi nding is not 
unexpected given the indolent nature of chronic rejection. Re-
cent studies have provided a link between MHC allopeptide 
primed T cells and the development of acute vascular type rejec-
tion mediated in part by accelerating the production of alloanti-
bodies. Such studies suggest that chronic allograft vasculopathy, 
the sine qua non of experimental chronic rejection, may also be 
mediated by T cells primed by the indirect pathway. Additional 
evidence of the importance of T-cell activation in chronic rejec-
tion is provided by experimental observations that inhibiting 
costimulatory signals such as the CD28:B7 pathway using cyto-
toxic T lymphocyte antigen 4 immunoglobulin or blockade of 
the CD40:CD40L pathway can prevent or even interrupt pro-
gression of chronic rejection in experimental models of cardiac 
and renal allograft rejection.98 The development of the C4d assay 
in which the complement component gets covalently bound to 
endothelial structures in response to antibody activity has also 
cast a new light on immunopathogenesis. For example, glo-
merular C4d deposits were found in a cohort of 10 of 11 biopsies 
with IF/TA and in only 2 of 13 controls.101

Therapeutic Options for Interstitial Fibrosis 
and Tubular Atrophy

Despite the frequency of IF/TA as a cause of premature graft 
failure and the frequency with which clinical research papers 
are published annually, therapeutic options are limited. Treat-
ment strategies include prevention and management of estab-
lished disease and are summarized in Box 88-3.

Prevention

Most programs strive to minimize acute rejection rates based 
on the understanding that either clinical or subclinical rejec-
tion is a major risk factor for the development of IF/TA.35

Data are accumulating that some of the newer immunosup-
pressive medications currently in clinical practice are associ-
ated with a lower incidence of IF/TA compared with older 
regimens. For example, in a small single-center study, the in-
cidence of biopsy-confi rmed IF/TA was 31% in patients 
treated with MMF compared with 63% in those treated with 
azathioprine when both groups also received prednisone and 
cyclosporine.102 Meier-Kriesche and colleagues103 performed 
an analysis of registry data and found that continued therapy 
with MMF compared with azathioprine was associated with a 
protective effect against declining renal function at 1 year. 
Continued therapy with MMF at 2 years was associated with 
a further reduction in the risk of decreased renal function.

Protocols that avoid the deleterious effects of CI continue 
to be pursued. Renal function, structure, and gene expression 
were studied in a prospective, randomized trial that compared 
a CI-free to CI-based immunosuppressive regimen.104 Kidney 
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recipients were treated with basiliximab, MMF, and predni-
sone and were randomly assigned to either sirolimus (SRL) or 
cyclosporine. Renal function as measured by iothalamate GFR 
was 60 mL/min in the SRL group compared with almost 
50 mL/min in the CsA group. Regression analysis of calculated 
GFRs yielded a positive slope for SRL of 3.36 mL/min per year 
and a negative slope for CsA of �1.58 mL/min per year. Gene 
expression profi les from kidneys with higher Banff IF/TA 
scores confi rmed signifi cant up-regulation of the genes re-
sponsible for infl ammation, fi brosis, and tissue remodeling.

Vincenti and colleagues105 reported a study in which pa-
tients were randomized to either cyclosporine-based immuno-
therapy or a novel costimulatory blockade molecule, belatacept 
(LEA29Y). Various animal studies have previously indicated 
that such a strategy can effectively prevent allograft rejection 
and in some cases induce tolerance.98 In this protocol, patients 
received conventional immunosuppression with basiliximab, 
MMF, and steroid along with either cyclosporine or two 
different dosing regimens of belatacept. At 6 months, the inci-
dence of acute rejection was similar among the groups and at 
12 months, the GFR was signifi cantly higher in both belatacept 
groups compared with cyclosporine. Biopsy-confi rmed IF/TA 
was less common in both belatacept groups compared with the 
cyclosporine group. Lipid levels and blood pressure values 
were similar or slightly lower in the belatacept groups, despite 
the greater use of lipid-lowering and antihypertensive medica-
tions in the cyclosporine group.

Treatment of Established Interstitial Fibrosis 
and Tubular Atrophy

The limited therapeutic options for established chronic al-
lograft nephropathy include inhibition of the renin-angiotensin 
system and altering the immunosuppressive drug strategy. One 
retrospective European study found that renal allograft out-
come was infl uenced by the relative change in renal function 
over time, urinary protein excretion, hypertension, and renin-
angiotensin system blockade.106 In this nonrandomized cohort, 
renal allograft survival after treatment with renin-angiotensin 
system blockade was signifi cantly longer at 6.3 years as opposed 
to 1.8 years in untreated patients. It has also been suggested that
3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitor 
therapy may have an impact on renal allograft survival. Unfor-
tunately, the null hypothesis was supported in a post hoc analy-
sis of the ALERT (Assessment of Lescol in Renal Transplanta-
tion) study.95 More than 2000 renal transplant recipients were 
randomized to receive either fl uvastatin or placebo and fol-
lowed for as long as 6 years. Although fl uvastatin treatment 
signifi cantly lowered cholesterol, no signifi cant effect on the 
incidence of renal graft loss or GFR was seen. It should be noted 
that fl uvastatin had no impact on total mortality or graft loss.107

However, fl uvastatin was a safe and effective agent for reducing 
low-density lipoprotein cholesterol and was associated with a 
reduced risk of major adverse cardiac events in kidney trans-
plant recipients.

A variety of immunosuppressive strategies for treatment of 
established IF/TA have been studied over time. Such ap-
proaches have included the addition of MMF, withdrawal of 
CIs, and the addition of SRL.

Most transplantation centers routinely use MMF as part of 
their standard induction and maintenance immunosuppres-
sive protocol. Nevertheless, a limited number of patients con-
tinue to take azathioprine as the antimetabolite component of 

Prophylactic Interventions
A. Alloantigen-dependent mechanisms

Optimize HLA match
Long term benefi t greatest with matching for HLA-A�

HLA-B�HLA-DR
Avoidance of sensitization to HLA
As much as 6% differential in 3-year graft survival in 

patients who are highly sensitized versus nonsensi-
tized (treated with cyclosporin A)

Blood transfusion effect
1-DR matching
Donor-specifi c transfusion

As much as 10% improvement in 3-year graft survival 
in those who did not become sensitized to HLA

Avoidance of acute rejection
Mycophenolate mofetil
Neoral versus cyclosporin A (?)
Tacrolimus
Antibody induction therapy

Impact of newer immunosuppressive agents and anti-
body induction protocols on chronic graft loss re-
mains unproven. Tacrolimus can negate impact of 
sensitization on long-term graft loss.

 B. Alloantigen-independent mechanisms
Nephron undersupply

Donor-recipient age matching
Donor-recipient weight matching
Double kidney transplants

Theoretical benefi ts from providing adequate nephron 
dose. Optimizing this variable may confl ict with 
organ procurement.

Renal Injury
Minimize cold ischemia time
Preservation solution

Risk of ATN is greatly increased when cold ischemia 
exceeds 24 hours. Risk of CAD increases if ATN is 
complicated by acute rejection.

Therapeutic Interventions
Cytomegalovirus
Potential benefi ts of antiviral chemotherapy
Hyperfi ltration
Potential benefi ts of preventing/treating hyperfi ltration
Hypertension
Calcium channel blockers probably of maximal benefi t in 

early posttransplantation period when calcineurin in-
hibitor dose is highest

Proteinuria
Potential benefi t of reducing proteinuria (unproven)
Hyperhomocysteinemia
Potential benefi t of reducing homocysteine levels (un-

proven)
Hyperlipidemia
3-Hydroxy-3-methylglutaryl coenzyme A reductase inhibi-
tors reduce risk of acute rejection. Unproven benefi t in 
preventing coronary artery disease

Box 88-3 Interstitial Fibrosis and Tubular Atrophy Therapeutic 
Strategies

Ch88_994-1008-X5484.indd 1002Ch88_994-1008-X5484.indd   1002 6/18/08 3:30:34 PM6/18/08   3:30:34 PM



1003 Diagnosis and Management of Renal Allograft Dysfunction

their immunosuppressive regimen. It has been suggested that 
such patients may benefi t from switching to MMF. In a non-
randomized study of renal allograft recipients with biopsy-
proven chronic allograft nephropathy, MMF was substituted 
for azathioprine.108 At inclusion, each group received 2 g/day 
of MMF and azathioprine was stopped. Before the introduc-
tion of MMF, renal function had been deteriorating progres-
sively. After the introduction of MMF, renal function stabi-
lized and a signifi cant change in the slope of the GFR was 
observed.

The long-term nephrotoxic potential of both CIs has been 
well characterized. Although tacrolimus may be less nephro-
toxic than cyclosporine, elimination of either drug remains an 
attractive strategy in patients with established IF/TA who are 
losing graft function. The withdrawal of a nephrotoxin must 
be balanced against the risk of rejection and, consequently, CI 
withdrawal strategies usually employ the introduction of a 
potent, nonnephrotoxic agent such as MMF or SRL. A pro-
spective, randomized study compared the introduction of 
MMF with or without CI withdrawal in long-term transplant 
recipients with histologically proven IF/TA and deteriorating 
renal function.109 An interim analysis found a greater than 
expected difference between groups in terms of renal function 
deterioration, and the study was stopped prematurely. There 
were 20 patients in the MMF/CI continuation and 19 patients 
in the MMF/CI withdrawal groups. Renal function and blood 
pressure control improved in the dual-therapy compared with 
the triple-therapy group, and no acute rejections occurred. In 
a controlled, multicenter study, CsA-treated renal allograft 
recipients with IF/TA were randomized to have their CsA dis-
continued with the concomitant addition of MMF to their 
regimen or to continue treatment with CsA.110 Fifty-eight 
percent of patients who had the CsA withdrawn achieved the 
primary endpoint defi ned as a stabilization or reduction of 
serum creatinine, as evidenced by an improvement in slope of 
the 1/SCr plot and no graft loss compared with 32% of pa-
tients who continued CsA. There were no acute rejections in 
CsA withdrawal group during the study period.

Various studies have indicated that SRL is equally effective as 
cyclosporine in preventing early allograft rejection. Adverse ef-
fects of SRL include edema, thrombocytopenia, hyperlipidemia, 
and delayed wound healing. The pivotal trials that studied SRL 
in place of CsA indicated that SRL-treated patients had a sig-
nifi cantly higher GFR at the end of the fi rst posttransplantation 
year. It is now also recognized that SRL is associated with at least 
some nephrotoxicity as evidenced by prolongation of DGF im-
mediately post-transplantation and the development of long-
term proteinuria in some patients. In an analysis of pretrans-
plantation and 1-year renal allograft biopsies of patients enrolled 
in a multicenter trial, patients who received cyclosporine and 
SRL during the fi rst 3 months post-transplantation were ran-
domly assigned to continue cyclosporine or have it withdrawn.111

The proportion of patients in whom chronic pathologic lesions 
progressed was lower in the cyclosporine elimination group. 
There was signifi cantly less chronic interstitial and tubular dis-
ease, whereas no differences were observed in rejection. In a 
study of 59 renal transplant patients with IF/TA who were con-
verted to SRL, renal function improved in 54% and deteriorated 
in 46%.112 Patient and graft survival rates were 100% and 92%, 
respectively, at 1 year. In a multivariate analysis, proteinuria less 
than 800 mg/day was the only independent variable that pre-
dicted a favorable outcome.

Calcineurin Inhibitor Nephrotoxicity

The toxic effects of CI therapy can be divided temporally and 
pathogenically into two discrete categories. Acute nephrotox-
icity manifests as azotemia, which is largely reversible after 
dose reduction and is due predominantly to vasoconstriction. 
Chronic CI toxicity manifests as irreversibly progressive renal 
disease and hypertension and is due to fi brogenesis. Most of 
the literature devoted to the mechanisms of CI nephrotoxicity 
examines the effects of cyclosporine as opposed to the newer 
agent tacrolimus. Although it is now generally agreed that ta-
crolimus is less nephrotoxic compared with cyclosporine, this 
drug can have a signifi cant impact on kidney function in 
both the short and long term via mechanisms that are largely 
presumed to be the same as those of cyclosporine.

Acute Toxicity

Renal transplant patients treated with cyclosporine may de-
velop nephrotoxicity that can manifest in many ways. In addi-
tion to azotemia, other renal effects of cyclosporine include tu-
bular dysfunction with concomitant electrolyte and acid base 
disturbances and rarely thrombotic microangiopathy. A similar 
pattern of renal injury associated with the use of tacrolimus 
may be less severe.113,114 Attention must also be paid to drug 
dose and to drug interactions to minimize toxicity and maxi-
mize effi cacy. In the earliest clinical renal transplantation trials 
using cyclosporine, a high incidence of oliguric acute tubular 
necrosis and primary nonfunction was observed; the risk was 
greatest with prolonged ischemia time of the donated kidney 
before transplantation. Subsequent trials using lower doses of 
cyclosporine showed that these problems were dose related. 
Studies in experimental animals have demonstrated that cyclo-
sporine causes vasoconstriction of the afferent and efferent 
glomerular arterioles and decreases in renal blood fl ow and 
GFR. Cyclosporine is not a direct vasoconstrictor, however, and 
the exact mechanism of vasoconstriction is unclear, but there 
appears to be substantial impairment of endothelial cell func-
tion, leading to decreased production of vasodilators (prosta-
glandins and nitric oxide) and enhanced release of vasocon-
strictors (endothelin and thromboxane).115–118 Increased 
sympathetic tone also may be present, although renal vasocon-
striction occurs even in denervated kidneys.119 The increase in 
renal vascular tone induced by cyclosporine does not attenuate 
with time. Maintenance cyclosporine therapy is associated with 
transient reductions in renal plasma fl ow and GFR, which cor-
relate with both dose and peak cyclosporine levels reached 2 to 
4 hours after the oral dose and reverse when reasonable drug 
levels are attained. Administration of a calcium channel blocker 
can prevent the renal vasoconstriction.120,121 This observation 
constitutes part of the rationale for the use of calcium channel 
blockers to treat hypertension in cyclosporine-treated trans-
plant recipients. The increase in vascular resistance may be re-
fl ected clinically by an elevated plasma creatinine concentration 
and hypertension. Acute cyclosporine nephrotoxicity is usually 
reversible with cessation of therapy, as both the plasma creati-
nine concentration and systemic blood pressure decrease to-
ward baseline values for that patient. The important clinical 
problem is to differentiate cyclosporine-induced renal dysfunc-
tion from acute rejection. The only defi nitive diagnostic test is 
biopsy of the renal allograft. Although there are no specifi c 
pathologic changes induced acutely by cyclosporine, the ab-
sence of cellular or vascular rejection, coupled with tubular 
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damage including vacuolization of the tubular epithelial cells, 
strongly suggests cyclosporine nephrotoxicity. In addition, the 
presence of rejection does not exclude concomitant cyclospo-
rine toxicity. Rarely, vascular lesions similar to those seen in the 
thrombotic microangiopathies are seen. This lesion is idiosyn-
cratic and presumably initiated by cyclosporine-induced injury 
to the vascular endothelial cells.

Chronic cyclosporine nephrotoxicity manifests as renal 
insuffi ciency due to glomerular and vascular disease, abnor-
malities in tubular function, and an increase in blood 
pressure. The biopsy specimen reveals an obliterative arterio-
lopathy, ischemic collapse or scarring of the glomeruli, vacu-
olization of the tubules, and focal areas of IF/TA.122 These 
changes are typically seen with high-dose cyclosporine ther-
apy (�6 mg/kg/day). The factors responsible for chronic cy-
closporine nephrotoxicity are not well understood. It has been 
proposed that the arterial lesions are the primary abnormality, 
with ischemia being responsible for the tubular and interstitial 
lesions. However, animal studies have shown that the vascular 
and interstitial fi ndings can be dissociated. It is now accepted 
that transforming growth factor �, a cytokine with both po-
tent immunosuppressive and fi brogenic properties, is up-
regulated by cyclosporine in an experimental model of chronic 
cyclosporine nephropathy.123–125 The development of IF is also 
associated with increased expression of osteopontin, a potent 
macrophage chemoattractant, by the tubular epithelial cells.126

Other evidence that supports an alternative mechanism for 
cyclosporine toxicity is the observation that administration of 
either an endothelin A receptor antagonist or calcium channel 
blocker can prevent hypertension and decreases in renal 
plasma fl ow and yet have no impact on the development of 
arteriolopathy.127

Perhaps the best information available to support the hy-
pothesis of chronic cyclosporine nephrotoxicity comes from 
nonkidney solid organ transplant patients in whom the neph-
rotoxic potential of cyclosporine can be evaluated in the ab-
sence of coexisting acute or chronic renal allograft rejection.128

During a median follow-up of 36 months, chronic kidney dis-
ease developed in 16.5% of almost 70,000 recipients of (non-
kidney) solid organ transplants.128 Almost 30% required main-
tenance dialysis or renal transplantation. The 5-year risk of 
chronic renal failure varied according to the type of organ 
transplanted, from 7% among recipients of heart-lung trans-
plants to 21% among recipients of intestine transplants. Factors 
associated with an increased risk of chronic kidney disease in-
cluded increasing age, female sex, hepatitis C infection, hyper-
tension, diabetes mellitus, and postoperative acute kidney in-
jury. The applicability of these fi ndings to renal allografts is 
uncertain; it has been suggested, for example, that the dener-
vated kidney may be less susceptible to cyclosporine-induced 
renal injury.129

Calcineurin Inhibitor Dosing

There are few studies that clearly defi ne the optimal dose of 
cyclosporine in renal transplantation. More recently, a number 
of investigators have focused on tailoring cyclosporine to a 
2-hour peak (C2) level as against the traditional 12-hour 
trough (C0) level.130–134 Some such studies have indicated that 
targeting higher peak levels may be associated with delivery of 
higher doses of cyclosporine in the early posttransplantation 
period and lower early rejection rates.130,134 However, C2 mon-
itoring has not been shown to have an impact on patient or 

graft survival, and the whole endeavor has been eclipsed by the 
emergence of tacrolimus as the dominant CI over the past few 
years.52 It should also be noted that the introduction of cyclo-
sporine microemulsion preparations in the mid-1990s has had 
no appreciable impact on patient or graft survival rates.

Tacrolimus is 100 times more potent than cyclosporine on 
a milligram-per-milligram basis. As such, the starting dose is 
generally in the range of 0.05 to 0.1 mg/kg twice daily. As the 
bioavailability of tacrolimus is more predictable than cyclo-
sporine, 12-hour trough levels are deemed suffi cient for mon-
itoring.135 The desired target level within the fi rst 3 months is 
generally 8 to 15 ng/mL.136 Thereafter, levels are allowed to 
run at a lower level.

In view of the utility of calcineurin inhibition in transplan-
tation and autoimmune diseases, there has been a great deal of 
interest in developing novel therapeutic strategies to minimize 
their nephrotoxic potential. Animal data and preliminary ob-
servations in humans that suggested that fi sh oil may be ben-
efi cial were never confi rmed.137,138 Animal and human data 
also suggest that concurrent administration of calcium chan-
nel blockers may be protective against cyclosporine nephrotox-
icity, at least in part by minimizing renal vasoconstriction.120,121

However, there is at present no proof that these agents increase 
graft survival. The likely explanation for the inability to dem-
onstrate a long-term benefi t with calcium channel blockers in 
patients treated with cyclosporine is that reversal of renal vaso-
constriction, although benefi cial, does not affect the concur-
rent up-regulation of transforming growth factor �, and, 
therefore, fi brosis can proceed uninterrupted.

RECURRENT AND DE NOVO RENAL 
DISEASE POST-TRANSPLANTATION

Virtually all primary renal diseases can recur in a kidney 
transplant with the exception of polycystic kidney disease, 
hereditary nephritis, and chronic tubulointerstitial nephri-
tis.139–141 The diagnosis of recurrent glomerular disease post-
transplantation depends on an initial complete and accurate 
histologic evaluation of the primary nephropathy leading to 
renal failure and the documentation of the same disease in the 
transplanted kidney. Although disease recurrence is relatively 
common post-transplantation, the precise incidence is un-
known and recurrence accounts for only 2% to 5% of all graft 
failures.139,142,143 Clearly, recurrent primary and secondary 
glomerulonephritides are a cause of concern for patients and 
their physicians, and there is some evidence to suggest that 
recipients of living related donor transplants144 and pediatric 
recipients are at greater risk. Recurrent glomerular disease in 
the allograft is the third most common cause of premature 
graft failure after death with function and chronic allograft 
nephropathy.141

The presence of focal glomerulosclerosis on the transplant 
biopsy specimen must be distinguished from recurrent disease 
in those patients in whom primary focal glomerulosclerosis 
was responsible for the initial renal failure.139 The onset of 
proteinuria typically occurs within hours or days in recurrent 
focal glomerulosclerosis, whereas in the chronic de novo dis-
ease, protein excretion does not begin to increase until 3 or 
more months after transplantation and then increases slowly. 
Early data indicated that staphylococcal protein A immunoab-
sorption can induce partial or complete remission in such 
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patients with recurrent disease. More recent reports have 
focused on the use of plasmapheresis for recurrent focal seg-
mental glomerulosclerosis post-transplantation.145

Patients with Alport syndrome can develop antiglomeru-
lar basement membrane nephritis post-transplantation.146,147

These patients lack the �5 chain of type IV collagen and 
presumably mount a humoral response on receiving an al-
lograft that contains the offending collagen structure. Inter-
estingly, the antibodies produced are directed against the �-3 
chain, the reason for which is not known.148 The frequency 
with which this complication arises is unclear due to variable 
reporting; however, it appears to be uncommon. It is more 
often associated with graft failure in patients who have un-
dergone retransplantation, probably due to previous sensiti-
zation to the glomerular basement membrane antigen.

Metabolic diseases that recur include diabetes mellitus, 
oxalosis, amyloidosis, and, to a lesser extent, cystinosis. There 
is in these patients clearly a milieu that is not altered per se by 
renal transplantation. When a patient with diabetes receives a 
kidney, typical histologic changes generally can be seen within 
2 years. The clinical course is variable, however, and progres-
sion does not correlate with donor age, human leukocyte 
antigen match, recipient age, or chronic rejection.149 Simulta-
neous pancreas-kidney transplantation may prevent such 
complications.150

Pessimism resulted from early reports of rapid recurrence 
of oxalosis after renal transplantation alone. However, better 
results have been achieved more recently.151 Combined liver 
and kidney transplantation in this setting, however, may be 
curative.
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Recommendations for outpatient surveillance of renal transplant 
recipients have been provided by the Clinical Practice Guide lines 
Committee of the American Society of Transplantation.1 Three 
useful points should be kept in mind when prescribing medica-
tions for renal transplant recipients. First, because most renal 
transplant recipients have renal function at stage 3 chronic kid-
ney disease (CKD) (i.e., glomerular fi ltration rate [GFR] 30–59 
mL/min), dosage adjustments will be necessary for many medi-
cations (see Chapter 91). Second, because cyclosporine, tacroli-
mus, and sirolimus are metabolized by the cytochrome P450 
3A4 (CYP3A4) pathway, and many other drugs share this path-
way, their various drug interactions need to be considered2 (see 
the section on Hyperlipidemia in this chapter). Third, tablet 
splitting should not be used for special formulations such as 
enteric-coated and unscored extended release tablets, nor for 
certain combination tablets (e.g., amoxicillin/clavulanicacid, 
irbesartan/hydrochorthiazide, ezetimibe/simvastatin).3

CARDIOVASCULAR DISEASE

Cardiovascular disease (CVD; see also Chapter 70) remains 
the leading cause of mortality in recipients of renal allografts, 
and its proportion of total deaths in these patients has in-
creased. Moreover, CVD accounts for 36% of patients dying 
with a functioning graft in the fi rst 10 years after transplanta-
tion. By 15 years after renal transplantation, approximately 
23% of patients develop coronary heart disease (CHD), 15% 
develop cerebrovascular disease, and 15% develop peripheral 
arterial disease.1 “The annual risk of a fatal or nonfatal CVD 
event of 3.5% to 5% in renal transplant recipients is 50-fold 
higher than in the general population.”4

Coronary Heart Disease

The annual mortality from CHD in renal transplant recipients 
age 25 to 34 years is equivalent to mortality from CHD in those 
age 45 to 54 years in the general population; CHD mortality 
for renal transplant recipients age 45 to 54 years is comparable 
to that of those age 55 to 64 years in the general population, 
with mortality rates converging at age 75 to 84 years.5 When 
compared with CHD in renal transplant recipients before 
1986, the relative risk of CHD decreased to 0.60 between 1986 
and 1992, and even further, to 0.27, after 1992.6 Moreover, in 
patients who suffered an acute myocardial infarction (MI) be-
tween 1990 and 1996, compared with those who suffered an 
acute MI between 1977 and 1984, there has been a 51% reduc-
tion in the risk of cardiac mortality.7

Three important new themes in CHD have recently 
emerged. (1) Patients in high-risk and very high-risk catego-
ries for CHD (this could apply to many renal transplant re-
cipients) had a low-density lipoprotein cholesterol (LDL-C) 
goal set at less than 70 mg/dL as a therapeutic option (Treat-
ing to New Targets, TNT study)8,9; based on a meta-analysis 
of studies in nontransplant patients with either stable CHD 
or acute coronary syndrome, a 16% to 22% event reduction 
can be expected.8,10 (2) In patients with stable CHD, percu-
taneous coronary intervention, when added to optimal med-
ical therapy, did not reduce the risk of death, MI, or other 
major cardiovascular events.11 (3) In 40,450 patients with 
established CHD, those who had not undergone either 
percutaneous coronary intervention or coronary artery by-
pass graft (CABG) and were dependent on medical therapy 
only, were the least likely to be receiving evidence-based 
therapies.12
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1010 Transplantation

The management of CHD can be directed at two levels: 
medical treatment of CHD risk factors and diagnosis of CHD,  
and medical and interventional treatment of established CHD.

Level I: Medical Treatment of CHD Risk Factors 
and Diagnosis of CHD

Posttransplantation risk factors for CHD may be classifi ed as 
not modifi able, diffi cult-to-modify, in transition, and modifi -
able (Box 89-1).6 In one major study, hypertension and LDL-C 
could no longer be identifi ed as CHD risk factors, apparently 
because of intensive treatment.13 Applying the Framingham 
Heart Study CHD Risk Score (Framingham Risk Score) to re-
nal transplant recipients tends to underestimate the risks, espe-
cially for diabetics.6,14 CHD risk factors in renal transplant re-
cipients, when compared with those in the nontransplant 
population, include risks specifi c to transplantation (e.g., acute 
rejection, use of certain immunosuppressants [see Box 89-1], 
pretransplant splenectomy), risks disproportionately accentu-
ated by transplantation (e.g., diabetes mellitus, age, cigarette 
smoking),6 risks of similar magnitude (e.g., male gender, hy-
pertension, decreased high-density lipoprotein cholesterol 
[HDL-C] and high LDL-C), risks related to CKD and protein-
uria, and risks that may refl ect another process (e.g., hypoalbu-

*Not all risk factors have been subjected to analysis.
†Arrow indicates direction of change based on frequency of occurrence (acute rejection), trends to treatment minimization or avoidance
(prednisone, cyclosporine), trends to increased use (tacrolimus, sirolimus), and evolving evidence that hyperuricemia, hyperparathyroid-
ism, and osteoporosis are, and hyperhomocysteinemia is not, likely to be signifi cant coronary risk factors.
‡Independent risk factor for post-transplantation CHD identifi ed by multivariate analysis. 
§Risk factor for posttransplantation CHD identifi ed by discriminate analysis. (Kasiske BL, Chakkera HA, Roel J: Explained and unex-
plained ischemic heart disease risk after renal transplantation. J Am Soc Nephrol 2000;11:1735–1743.)
¶These traditional risk factors did not appear in some analyses presumably because they were aggressively treated.
ııAlthough each of these immunosuppressants has not been subjected to specifi c analysis as a coronary risk factor, they may be consid-
ered risk factors because each has potential signifi cant risk(s) for provoking known coronary risk factors: prednisone (hypertension, 
hypercholesterolemia, diabetes); cyclosporine (hypertension, hypercholesterolemia, diabetes); tacrolimus (hypertension, diabetes); siro-
limus (hypercholesterolemia and more frequent rejection).
**From Nakagawa T, Kang DH, Feig D, et al: Unearthing uric acid: An ancient factor with recently found signifi cance in renal and 
cardiovascular disease. Kidney Int 2006;69:1722–1725.
††From From AM, Hyder JA, Kearns AM, et al: Relationship between low bone mineral density and exercise-induced myocardial isch-
emia. Mayo Clin Proc 2007;82:679-–685.

‡‡From Winkelmayer WC, Kramar R, Curhan GC, et al. Fasting plasma total homocysteine levels and mortality and allograft loss in 
kidney transplant recipients: A prospective study. J Am Soc Nephrol 2005;16:255–260 and Winkelmayer WC: Cardiovascular risk in 
adult kidney transplant patients. Nephrol Rounds 2007;5:1-–6.

Not Modifi able
Increasing age‡,§

Male gender‡,§

Pretransplantation CHD
Atherosclerotic disease

• In carotid arteries‡,§

• In peripheral vessels‡,§

Plaque burden in coronary arteries
Pretransplantation diabetes mellitus‡,§

Family history of premature CHD
Pretransplantation splenectomy‡

Diffi cult-to-Modify
Smoking‡

Excess weight
Sedentary lifestyle
HDL-C (each 10 mg/dL)‡
Lipoprotein (a)
Stages 3–5 CKD proteinuria

Box 89-1 Posttransplantation Risk Factors* for Coronary Heart Disease

In Transition†

Each acute rejection‡,§ (↓)
Prednisone dose‡,ıı (↓)
Cyclosporine doseıı (↓)
Tacrolimus doseıı(↑)
Sirolimus doseıı(↑)
Hyperuricemia** (↑)
Hyperparathyroidism(↑)
Osteoporosis†† (↑)
Hyperhomocysteinemia‡‡ (↓)

Modifi able
Hypertension¶

Elevated total cholesterol§
LDL-C � 130 mg/dL¶

Left ventricular hypertrophy

minemia refl ecting increased interleukin-1 and interleukin-6 
infl ammatory activity).6,13,15–19 A recent study of 643 patients 
with a bone mineral density (BMD) T-score of �1.0 or less 
quantitated the known risk that created for CHD.20 Overall, 
patients with a BMD T-score of �1.0 or lower had a 43% 
greater hazard of CHD compared to those with normal BMD 
(see Box 89-1).

Risk Assessment
The fi rst step in risk management is risk assessment. The 
10-year risk for developing CHD can be assessed by a risk 
scoring system that expands the original three major risk cat-
egories for CHD— high risk (10-year risk � 20% mortality); 
moderately high risk (10-year risk 10%–20%); moderate risk 
(�10% risk)—by adding two new groups: very high risk and 
lower risk.9, 21 The new designation of a very high-risk patient 
includes the following criteria: the presence of established 
CVD plus (1) multiple major risk factors (especially diabetes 
mellitus); (2) severe and poorly controlled risk factors (espe-
cially cigarette smoking); (3) multiple risk factors of the meta-
bolic syndrome (especially high triglycerides � 200 mg/dL 
plus non-HDL-C �130 mg/dL with low HDL-C � 40 mg/dL); 
and (4) patients with acute coronary syndrome.9
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1011 Cardiovascular and Other Noninfectious Complications after Renal Transplantation in Adults

The diagnosis of CHD is usually based on a description of 
angina pectoris or MI, but many patients have atypical pain; 
those with diabetes mellitus often are asymptomatic. Clinical 
suspicion and use of the expanded Framingham Risk Score 
will often lead the clinician to consider stress imaging. Imag-
ing stress testing is usually either nuclear-based (assessing 
perfusion) or echo-based (assessing myocardial contractil-
ity); each of these may use either exercise or pharmacologic 
stressors (i.e., dipyridamole, adenosine, or dobutamine). 
From a practical point of view, dipyridamole and adenosine 
stress tests are not heart-rate dependent. Screening for CHD 
by electron beam computed tomography and coronary cal-
cium scoring remains unproved.22, 23 Although plaque burden 
is a coronary risk factor24 and coronary calcium scoring re-
fl ects plaque,25 calcifi ed plaques are relatively stable.26 The 
threshold for performing coronary arteriography rests with 
the interventional cardiologist, but generally it is based on the 
presence of ischemic symptoms or evocable ischemia.

Hypertension
Hypertension is a well-established risk factor for CHD (see 
Chapters 58 and 59).

Hyperlipidemia
Hyperlipidemia occurs in 50% to 80% of renal transplant re-
cipients treated with prednisone and calcineurin inhibitors. It 
usually consists of elevated LDL-C, apolipoprotein B, triglyc-
erides (particularly when sirolimus is used), and very low-
density lipoproteins; and low, normal, or even slightly elevated 
serum HDL-C levels.27–29 Elevated LDL-C levels have been 
identifi ed as a risk factor for cardiovascular disease in several, 
but not all, studies, probably because of treatment effects.13,30

Glucocorticoids, cyclosporine, and sirolimus promote hyper-
lipidemia.28,31 Severe hypercholesterolemia and hypertriglyc-
eridemia were 3 to 4 times more frequent with sirolimus than 
with cyclosporine and were maximal after approximately 
2 months of therapy.32 The Framingham Risk Score has been 
used to estimate that sirolimus in doses of 2 or 5 mg/day 
would cause an increased incidence of two or three new cases 
of CHD per thousand renal transplant recipients per year, re-
spectively.32,33 Hypercholesterolemia tends to improve within 
the fi rst 6 to 12 months after transplantation, when predni-
sone and cyclosporine, sirolimus, or tacrolimus doses are be-
ing tapered, as may hypertriglyceridemia when sirolimus and 
prednisone doses are decreased. Nevertheless, signifi cant per-
sistent hyperlipidemia warrants treatment (Table 89-1).

It is important to consider secondary causes of dyslipid-
emias: for hypercholesterolemia these include hypothyroidism, 
nephrotic syndrome, obstructive liver disease, and use of pred-
nisone, cyclosporine, and sirolimus; for hypertriglyceridemia 
these include diabetes mellitus, chronic excessive alcohol con-
sumption, prednisone, and sirolimus. Other drugs that can 
cause dyslipidemias include anticonvulsants, isotretinoin, �-
blockers, diuretics, androgens/anabolic steroids, oral contra-
ceptives, and highly active antiretroviral agents.31

Lowering LDL-C is achieved by therapeutic lifestyle changes 
and drug therapy (see also Chapter 63).31

Drug therapy includes statins, ezetimibe, bile acid seques-
trants, nicotinic acid, fi bric acid derivatives, and omega-
3-acid ethyl esters. A complete description of lipid-lowering 
agents, their mechanisms of action, and side effects is given in 
Chapter 63. However, their use in renal transplant recipients 
often requires modifi cation because of impaired renal func-

tion and the use of certain immunosuppressants. Cyclospo-
rine can cause signifi cant blood level elevations of those 
statins metabolized by the CYP3A4 pathway (i.e., atorvas-
tatin, lovastatin, and simvastatin), as well as pravastatin, 
metabolized in the liver by sulfation, and rosuvastatin, me-
tabolized by the CYP2C9 pathway.31,34 Cyclosporine may not 
raise the level of fl uvastatin, which has multiple metabolic 
pathways, including CYP2C9.31,34,35 Ingestion of food in-
creases the bioavailability of lovastatin.36 Cyclosporine levels 
can be increased by pravastatin, simvastatin and, to a minor 
degree, by atorvastatin.34,36 Recommended daily statin doses 
need to be adjusted for the level of renal function and certain 
immunosuppressants (Table 89-2).31 “It is recommended that 
the maximum doses of statins be reduced in patients receiv-
ing either cyclosporine or tacrolimus. The effects of sirolimus 
on statins are unknown.”31 It has not been established that 
the addition of coenzyme Q10 to statin treatment reduces its 
potential for causing myopathy.37 The phosphate binder 
sevelamer binds bile acids and can lower LDL-C.38

The only prospective, randomized, controlled trial of statin 
therapy in renal transplant recipients is the Assessment of LE-
scol in Renal Transplantation (ALERT) study, which compared 
40 to 80 mg/day of fl uvastatin with placebo in 2102 cyclospo-
rine-treated stable recipients followed for 5 to 6 years.39 The 
primary endpoint of a composite of cardiac death, defi nite or 
probable MI, and coronary revascularization was reduced 17% 
by fl uvastatin.39 Although the difference in this endpoint did 
not achieve statistical signifi cance, a post hoc analysis using 
cardiac death or defi nite nonfatal MI did show a signifi cant 
decrease with fl uvastatin from 104 to 70 events (P � .005).40 In 
a study of 12 cyclosporine-treated patients with elevated LDL-
C levels, atorvastatin was more effective in reducing LDL-C 
than was a change from cyclosporine to tacrolimus, although a 
combination of atorvastatin and a change to tacrolimus had 
the greatest effect.41  Reviews of 13 statin trials in renal trans-
plant recipients, including the ALERT study, confi rmed in 6 of 
7 studies their benefi t in reducing cardiac events, but in 3 of the 
largest and most recent studies, there was no evidence that they 
reduced acute rejection.42–44 Additional benefi ts of statins in-
clude a reduction in the level of circulating endothelin 1; de-
creases in systolic, diastolic, and pulse pressure45; reduced CRP 
and reduction of acute primary coronary events46; and antip-
roliferative47,48 and immunomodulatory effects.42

Patients should be monitored every 3 to 6 months, or as 
clinically indicated, with alanine aminotransferase (ALT) levels 
for hepatic toxicity and creatine kinase (CK) enzymes for 
muscle toxicity (although dose-related myopathy can occur 
with or without CK elevation),49 and at more frequent intervals 
with serum creatinine and blood levels of the immunosuppres-
sants that can be affected by statins.31,34 Proteinuria was associ-
ated with the use of 80 mg of rosuvastatin, a dose no longer 
marketed.50 The possibility that proteinuria is actually a statin-
class effect with a renal tubular mechanism involving blocked 
endocytosis by megalin and cubilin has been analyzed in meta-
analyses51,52 and will be further elucidated in ongoing trials.53

Ezetimibe was used as additional therapy for 18 renal trans-
plant patients receiving cyclosporine (N � 11), tacrolimus 
(N � 6), or sirolimus (N � 1) plus 7.5 prednisone, and whose 
LDL-C levels were uncontrolled by high-dose statin therapy 
(80 mg fl uvastatin in 14, 40 mg fl uvastatin in 1, 40 mg pravas-
tatin in 2, 80 mg simvastatin in 1).54 LDL-C levels were reduced 
from 178 ± 41 mg/dL to 117 ± 40 mg/dL after 3 months of ad-
ditional ezetimibe 10 mg daily. There were no signifi cant changes 
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1012 Transplantation

Table 89-1 Adult Treatment Panel III Low-density Lipoprotein Cholesterol (LDL-C) Goals and Cutpoints for Therapeutic Lifestyle 
Changes (TLC) and Drug Therapy in Different Risk Categories and Proposed Modifi cations Based on Recent Clinical Trial Evidence

Risk Category LDL-C Goal Initiate TLC Consider Drug Therapy*

Very high risk:
(10-yr risk �20% plus other features) 

(see text)

�100 mg/dL 
(optional goal: �70 mg/dL†)

�70 mg/dL �70 mg/dL

High risk: CHD‡,¶ or CHD risk equiva-
lents§

(10-yr risk � 20%)

�100 mg/dL 
(optional goal: �70 mg/dL)†,§

�100 mg/dL¶ �100 mg/dL||

(�100 mg/dL: consider drug 
options)*

Moderately high risk: 2� risk factors**
(10-yr risk 10%–20%)††

�130 mg/dL‡‡ �130 mg/dL¶ �130 mg/dl
(100–129 mg/dL: consider 

drug options)§§

Moderate risk: 2� risk factors**
(10-yr risk � 10%)‡‡

�130 mg/dL �130 mg/dL �160 mg/dL

Lower risk: 0–1 risk factors¶¶ �160 mg/dL �160 mg/dL �190 mg/dL
(160–189 mg/dL: LDL-lowering 

drug optional)

*When LDL-lowering drug therapy is employed, it is advised that intensity of therapy be suffi cient to achieve at least a 30%–40% reduction 
in LDL-C levels.
†Very high risk favors the optional LDL-C goal of � 70 mg/dL, and in patients with high triglycerides, non-HDL-C � 100 mg/dL (see Risk As-
sessment in this chapter). However, there are increased risks with this approach, which is not universally accepted (Hayward RA, Hofer TP, 
Vijan S: Narrative review: Lack of evidence for recommended low-density lipoprotein treatment targets: A solvable problem. Ann Intern 
Med 2006;145:520–530; Grundy SM: Promise of low-density lipoprotein-lowering therapy for primary and secondary prevention. Circu-
lation 2008;117:569–573.
‡CHD includes history of myocardial infarction, unstable or stable angina, coronary artery procedures (angioplasty, stenting, or bypass 
surgery), or evidence of clinically signifi cant myocardial ischemia.
§CHD risk-equivalents include clinical manifestations of noncoronary forms of atherosclerotic disease (peripheral arterial disease, abdominal 
aortic aneurysm, and carotid artery disease [transient ischemic attacks or stroke of carotid origin or � 50% obstruction of a carotid artery]), 
diabetes, and 2� risk factors with 10-year risk for hard CHD � 20%.
¶Any person at high risk or moderately high risk who has a lifestyle-related risk factor (e.g., obesity, physical inactivity, elevated triglyceride 
levels, low HDL-C, or metabolic syndrome) is a candidate for TLC to modify these risk factors regardless of LDL-C level.
ııIf baseline LDL-C is � 100 mg/dL, institution of an LDL-lowering drug is a therapeutic option on the basis of available clinical trial results. If a 
high-risk person has high triglycerides or low HDL-C, combining a fi brate or nicotinic acid with an LDL-lowering drug can be considered.
**Risk factors include cigarette smoking, hypertension (BP � 140/90 mm Hg or on antihypertensive medication), low HDL-C (�40 mg/dL), 
family history of premature CHD (CHD in male fi rst-degree relative � 55 years of age; CHD in female fi rst-degree relative � 65 years of 
age), and age (men � 45 years; women � 55 years).
††Electronic 10-year risk calculators are available at www.nhlbi.nih.gov/guidelines/cholesterol.
‡‡Optional LDL-C goal is � 100 mg/dL.
§§For moderately high-risk persons, when LDL-C level is 100–129 mg/dL, at baseline or on TLC, initiation of an LDL-lowering drug to achieve 
an LDL-C level � 100 mg/dL is a therapeutic option on the basis of available clinical trial results.
¶¶Almost all people with 0 or 1 risk factor have a 10-year risk � 10%, and 10-year risk assessment in people with 0 or 1 risk factor is thus 
not necessary.
Modifi ed from Grundy SM, Cleeman JI, Merz CN, et al: Implications of recent clinical trials for the National Cholesterol Education Pro-
gram Adult Treatment Panel III guidelines. Circulation 2004;110:227–239.

in cyclosporine or tacrolimus blood levels or in liver or muscle 
enzymes, although two patients stopped treatment because of 
nausea and muscle pain without CK enzyme elevation.54 In the 
Canadian experience with nontransplant patients, some taking 
ezetimibe without a statin did develop rhabdomyolysis.55 The 
use of the combination drug ezetimibe/simvastatin has been 
reported in nontransplant patients, and there are indications of 
a higher frequency of adverse effects.56

Hypertriglyceridemia, when associated with sirolimus, 
may diminish as the dosage of sirolimus declines, but treat-
ment may be necessary for severe elevations (see Chapter 63). 
The use of fi bric acid analogs (e.g., gemfi brozil, bezafi brate, 
fenofi brate, and ciprofi brate) or nicotinic acid may be indi-
cated. Bezafi brate, fenofi brate, and ciprofi brate may increase 
serum creatinine in cyclosporine-treated patients, and fenofi -

brate and bezafi brate may increase plasma homocysteine.27,57

Fibric acid analogs should be avoided in those with severe 
renal disease or severe hepatic disease, and the dose should be 
reduced in patients with impaired renal function.27,31 The use 
of omega-3-acid ethyl esters has not been tested in renal trans-
plant recipients, but in nontransplant patients doses of 3 to 
12 g daily can decrease fasting triglycerides by 20% to 50% 
and do not interact with statins to cause rhabdomyolysis.58,59

Combined lipid abnormalities characterized by both high 
LDL-C and triglyceride levels are more diffi cult and riskier to 
treat. Statins can reduce triglycerides modestly,59 but the addi-
tion of a second agent may be necessary. Under such circum-
stances, very close clinical and laboratory follow-up are war-
ranted. Pharmacologic approaches to raising HDL-C as a means 
to reduce cardiovascular risk and disease are just emerging.60
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Transplant-Associated Hyperglycemia: New-Onset 
Diabetes Mellitus and Prediabetic Conditions
Current criteria from the American Diabetes Association 
(ADA) classify patients with a fasting plasma glucose of 
�126 mg/dL as having diabetes, and those with values be-
tween 100 and 125 mg/dL as having impaired fasting glu-
cose.61 When a 2-hour 75-g oral glucose tolerance test is 
used, a 2-hour plasma glucose level greater than 200 mg/dL 
represents diabetes, and a 2-hour level between 140 and 200 
mg/dL defi nes impaired glucose tolerance.61 Because varying 
criteria were used for the diagnosis of new-onset diabetes 
mellitus (NDOM), its frequency within the fi rst year after 
transplantation was reported to be from 4% to 20%.62 In 
subsequent studies diabetes occurred at a 6% annual rate 
while patients were on the waiting list for a deceased donor 
kidney transplant, increased to 14% to 16% as NODM in the 
fi rst year after transplant, and then settled at an annual inci-
dence of 4% to 6%, so that the cumulative incidence of 
NODM 3 years after transplantation was 24%.63–65 In addi-
tion to patients with overt NODM, approximately a third to 
a half of the others have either impaired fasting glucose or 
impaired glucose tolerance 1 year after transplantation.65–67

Impaired fasting glucose and insulin resistance are compo-
nents of a cluster of CVD risk factors designated the meta-
bolic syndrome that also includes triglycerides greater than 
150 mg/dL, HDL-C less than 40 mg/dL, blood pressure 
greater than 130/80 mm Hg, and obesity.21

Risk factors for NODM include most of the major immu-
nosuppressants (glucocorticoids, tacrolimus, cyclosporine, and 
sirolimus, but not mycophenolate mofetil or azathioprine), 
excess weight, age older than 45 years, male gender, African-
American and Hispanic race, family history of diabetes melli-
tus, hepatitis C, possibly cytomegalovirus, and autosomal 
dominant polycystic kidney disease (ADPKD).63,65,68–70 Acute 
rejection episodes, which are often treated with high-dose IV 

methylprednisolone and conversion to tacrolimus, also raise 
the risk of NODM.65

Complications of NODM are essentially the same as those 
seen in patients with pretransplant diabetes mellitus.71 At least 
10 cases of de novo diabetic nephropathy evolving from 
NODM have been reported, with a time from onset to histo-
logic diabetic nephropathy of approximately 6 years, similar 
to that with recurrent diabetic nephropathy.72,73

A recent expert opinion recommends that “a 75-g 2-hour 
oral glucose tolerance be performed at 3 to 6 months after 
transplantation and annually thereafter in all kidney recipi-
ents without diabetes. Testing should be repeated in all pa-
tients who meet diabetic criteria to confi rm a diagnosis of 
NODM. NODM should be treated with medical nutrition 
therapy and, as required, by drug therapy to target American 
Diabetes Association–defi ned glycemic goals for patients with 
diabetes: fasting plasma glucose 90 to 130 mg/dL, 2-hour 
postprandial glucose less than 180 mg/dL, and glycosylated 
hemoglobin (HbA1C less than 7%.”61,65,74

Patients with new-onset diabetes mellitus require diabetes 
education and diet instruction. They should monitor their 
glycemic control with a home glucose diary; have their HbA1C

levels checked every 3 months; have annual ophthalmologic 
evaluations, regular foot care, and regular evaluation of com-
plications from a variety of neuropathies (i.e., autonomic 
neuropathy with orthostatic hypotension, peripheral neurop-
athy, gastroenteropathy, bladder dysfunction, neuropathic 
bone disease); and receive appropriate periodic cardiovascular 
evaluation of the coronary arteries, carotid arteries, and pe-
ripheral vascular system.61,71

Because of the dramatic increase in new drugs with new 
mechanisms of action that now constitute nine classes of 
antidiabetes medications for treating diabetes, patients with 
NODM are usually best managed by collaborative care with 
an endocrinologist or diabetologist.75 However, lifestyle 
changes can achieve a 58% risk reduction for diabetes in 
patients at high risk for the disease.76,77 The nine classes of 
antidiabetes classes are insulin, sulfonylureas (oral), bigua-
nides/metformin (oral), alpha-glycosidase inhibitors (oral), 
thiazolidinediones (TZDs; rosiglitazone and pioglitazone; 
oral), meglitinides/glinides (nateglinide, repaglinide; oral), 
glucagon-like peptides (GLP analogs; exenatide; parenteral), 
amylin analogs (pramlintide; parenteral), and dipeptidyl 
peptidase-IV (DPP-IV) inhibitors (sitagliptin; oral).75 Selec-
tion of NODM treatment and dosing will be infl uenced by 
the level of renal function, which may fl uctuate; intermittent 
courses of IV methylprednisolone; use of drugs, including 
immunosuppressants, that share metabolism by the CYP3A4 
pathway; and compromised cardiopulmonary situations that 
may not permit the fl uid retention often seen with TZDs. 
The four commonly used groups of oral agents have been 
sulfonylureas (glipizide and glyburide), biguanides (metfor-
min), TZDs (pioglitazone and rosiglitazone), and megli-
tinides/glinides (repaglinide and nateglinide).75 A consensus 
algorithm for initiation and adjustment of therapy has re-
cently been published, but it was developed before the avail-
ability of DPP-IV inhibitors.78 Various combinations of 
these drugs also are available, and dose modifi cation or 
avoidance is required according to the more hazardous com-
ponent. Sulfonylureas, which act by stimulating insulin, can-
not be used for type 1 diabetes mellitus; they are renally ex-
creted and should generally be avoided with signifi cant 

Table 89-2 Modifi cation of Statin Doses According to Glomer-
ular Filtration Rate (GFR) and Cyclosporine Use

LEVEL OF GFR (mL/min/1.73 m2)

Statin �30
�30 or 
Dialysis

With 
Cyclosporine

Atorvastatin 10–80 mg 10–80 mg 10–40 mg

Fluvastatin 20–80 mg 10–40 mg 10–40 mg

Lovastatin 20–80 mg 10–40 mg 10–40 mg

Pravastatin 20–40 mg 20–40 mg 20–40 mg

Simvastatin 20–80 mg 10–40 mg 10–40 mg

Most manufacturers recommend once-daily dosing, but consider 
giving 50% of the maximum dose twice daily.
Adapted from Executive summary of the third report of the National 
Cholesterol Education Program (NCEP) Expert Panel on Detection, 
Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult 
Treatment Panel III). JAMA 2001;285:2486–2497, and Kasiske B, 
Cosio FG, Beto J, et al: Clinical practice guidelines for managing 
dyslipidemias in kidney transplant patients: A report from the Man-
aging Dyslipidemias in Chronic Kidney Disease Work Group of the 
National Kidney Foundation Kidney Disease Outcomes Quality 
Initiative. Am J Transplant 2004;4(Suppl 7):13–53.
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allograft dysfunction because of the risk of  protracted hypo-
glycemia. Biguanides act by decreasing hepatic glucose pro-
duction and increasing muscle glucose uptake and utiliza-
tion, may aid in avoiding further weight gain, and are usually 
titrated from doses of 500 mg up to a maximum of 2000 mg; 
they are contraindicated with either transient renal insuffi -
ciency or fi xed elevations of the serum creatinine or im-
paired liver function. TZDs are agonists for peroxisome 
proliferator-activated receptor-gamma receptors in target 
tissues for insulin action, such as adipose tissue, skeletal 
muscle, and liver, an effect that translates into enhanced 
sensitivity to insulin. An interim analysis of 4437 nontrans-
plant type 2 diabetic patients (RECORD study) confi rmed 
rosiglitazone’s risk for congestive heart failure and had in-
suffi cient data to determine whether there was an increased 
risk of MI,79 a provocative fi nding reported in a recent meta-
analysis.80 Durability of therapy is an important consider-
ation in medication selection. In A Diabetes Outcome Pro-
gression Trial (ADOPT), which evaluated rosiglitazone, 
metformin, and glyburide as initial treatment for recently 
diagnosed type 2 diabetes mellitus in 4360 patients treated 
for a median of 4 years, the cumulative incidence of mono-
therapy failure at 5 years was 34% with glyburide, 21% with 
metformin, and only 15% with rosiglitazone.81 In studies 
done before concerns were raised about an increased risk of 
myocardial infarction,80 rosiglitazone had been used with 
apparent safety and effi cacy for NODM after renal trans-
plantation and did not appear to have any signifi cant effect 
on calcineurin dosing.65,82 However, concerns do exist about 
its risk for MI based on a recent meta-analysis.80,83 Megli-
tinides/glinides that act by stimulating insulin secretion can-
not be used for type 1 diabetic patients, are dosed 15 minutes 
before each meal, and appear to have less of a hypoglycemic 
potential than sulfonylureas. Nateglinide is metabolized by 
several pathways, including CYP3A4, which is involved in 
the metabolism of cyclosporine, tacrolimus, and sirolimus. 
Because approximately 75% of the administered dose ap-
pears in the urine within 6 hours, the dose effect should be 
monitored in patients with impaired renal function. In a 
single study of NODM after renal transplantation, repa-
glinide was reported to be safe and effi cacious.84 The newest 
drugs that either mimic, and thereby compensate for defi -
cient production of the incretin hormone glucagon-like 
peptide-1 (GLP-1) in type 2 diabetic patients (e.g., the GLP 
analog exenatide), or limit proteolysis of native GLP-1 (e.g., 
the DPP-IV inhibitor sitagliptin) have not been evaluated in 
renal transplant recipients.75,85–87 A recent review of oral 
medications for type 2 diabetes in nontransplant patients 
concluded, “Compared with newer, more expensive agents 
(thiazolidinediones, �-glucosidase inhibitors, and megli-
tinides), older agents (second-generation sulfonylureas and 
metformin) have similar or superior effects on glycemic 
control, lipids, and other intermediate endpoints.88 Insulin 
therapy is an alterative for treating NODM. Insulin ana-
logues in both long-acting (glargine, detemir) and short-
acting (lispro, aspart, and glulisine) forms have a reduced 
risk for hypoglycemia compared to older formulations.

The transplant nephrologist needs to carefully evaluate the 
medications being used because of the potential for adverse 
effects that include edema and congestive heart failure (the 
TZD derivatives pioglitazone and rosiglitazone), possible risk 
for MI80 and fractures in women81 (rosiglitazone), higher 

blood levels of drugs because of decreased renal function 
(insulin, metformin, sulfonylurea derivatives, exenatide, and 
sitagliptin), lactic acidosis (metformin), competitive metabo-
lism by CYP3A4 (the meglitinides repaglinide and nateglinide 
to a lesser extent and the DPP-IV inhibitor sitagliptin), and 
the effect of hepatic insuffi ciency on drug metabolism. Con-
trol of the edema associated with TZDs has been more effec-
tively accomplished with spironolactone or thiazide diuretics 
than it has with furosemide.89

In 1994, a 5-year, randomized, controlled clinical trial of 
kidney transplant recipients who had type 1 diabetes mellitus 
as their original disease compared standard insulin therapy 
with optimized glycemic control.90 The standard therapy 
group had more than a twofold increase in the volume of the 
mesangial matrix per glomerulus, a threefold increase in arte-
riolar hyalinosis, and greater thickening of the glomerular 
basement membrane. In this early study that did not have cur-
rently available insulin formulations, severe hypoglycemic 
episodes were more frequent in the optimized group. Very 
recently, it has been shown that “in at-risk patients with type 
2 diabetes, intensive intervention with multiple drug combi-
nations and behavior modifi cation has sustained benefi cial 
effects with respect to vascular complications and on rates of 
death from any cause and from cardiovascular causes.”94

Ancillary but possibly important contributors to glucose 
control are statins and drugs that block the renin-angiotensin 
system, both angiotensin-converting enzyme (ACE) inhibitors 
and angiotensin receptor blockers. Statins increase insulin 
sensitivity; in a retrospective study of 300 Canadian renal 
transplant recipients, statins were associated with a 70% de-
crease in the occurrence of NODM.65,91 There is suggestive 
evidence from studies in nontransplant patients that blockade 
of the renin-angiotensin system may be associated with a re-
duction in the occurrence of diabetes.65,92–94 The avoidance or 
withdrawal of diabetogenic immunosuppressants is discussed 
in Chapter 87. It is worthwhile to note that “trials that reduce 
one drug often improve the effects of that drug, but not graft 
and patient survival.”95

Cigarette Smoking
In a study of 1334 transplant recipients, 24.7% of whom smoked, 
the relative risk for a major cardiovascular event was 1.56 for 
those smoking 11 to 25 pack-years at transplant and 2.14 
for those smoking for more than 25 pack-years (P � .001).96 For 
smokers, the relative risk of invasive malignancy was 1.91 and of 
death with a functioning graft 1.42. Adverse renal hemodynamic 
effects, coagulation alterations, and endothelial injury result 
from smoking and are particularly injurious in diabetic 
patients.97,98 Cigarette smoking is also an independent risk factor 
for type 2 diabetes mellitus.99

There are basically three ways in which smoking cessation 
may be achieved: self-motivated spontaneous cessation, coun-
seling and behavioral therapies, and pharmacotherapies.100

One or more of these should be offered to every smoker. It has 
been estimated that approximately 50 million Americans have 
stopped smoking, 95% of whom have stopped of their own 
accord.100,101 Individuals who stop smoking typically experi-
ence physical withdrawal symptoms, which peak in 2 to 4 days 
and generally disappear in 10 to 14 days. Even years later, 
many individuals will continue to experience the periodic 
desire to smoke. Smoking even a single cigarette in response to 
these urges can frequently lead to an extended relapse. When 
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conducted by a psychologist or physician experienced in 
smoking cessation therapy the next most effective methods af-
ter spontaneous cessation are behavior-oriented programs.100

Pharmacologic aids to smoking cessation include nicotine 
replacement therapy (gum, lozenge, transdermal patch, nasal 
spray, and inhaler), bupropion, and varenicline.100–112 Recom-
mended dosage schedules for transdermal nicotine patches 
are widely available. If patients continue to smoke while using 
nicotine replacement therapy, there is an increased risk of 
adverse effects and higher peak nicotine levels. Up to 23% of 
patients using nicotine replacement therapy complain of sleep 
disturbances; nausea is also common, as is skin irritation with 
transdermal patches.

Bupropion’s mechanism for smoking cessation is unknown. 
Under the brand name Zyban, bupropion is approved by the 
U.S. Food and Drug Administration (FDA) for smoking cessa-
tion with a prescription, but under the brand name Well-
butrin, bupropion is FDA-approved for the management of 
depression. Because bupropion takes 5 to 8 days to reach 
steady-state concentrations, patients must select a quit 
date for smoking.105 The initial dose of bupropion is usually 
150 mg orally for several days that may be followed by an in-
crease to 150 mg twice daily for a total treatment period of 
7 to 12 weeks. Bupropion 150 mg each morning for 9 weeks, 
when compared with a nicotine patch alone, a combination of 
the nicotine patch and bupropion, or placebo, resulted in ab-
stinence rates after 1 year of 30.3%, 16.4%, 35.5%, and 15.6%, 
respectively, clearly indicating greater success with combina-
tion therapy that included bupropion or bupropion alone.103

Sustained-release bupropion reduced the relapse rate and 
weight gain after smoking cessation.104 Bupropion appears to 
be metabolized in the liver by enzyme systems other than 
CYP3A4 (which is involved in the metabolism of cyclospo-
rine, tacrolimus, and sirolimus). Bupropion has not been 
studied in patients with renal insuffi ciency, but dose reduction 
may be needed in these patients. Adverse effects of bupropion 
include seizure and other neurological symptoms (insomnia 
[21%], headache, abnormal dreams, dizziness, disturbed con-
centration), dry mouth, and nausea. Contraindications in-
clude seizure disorder, prior or current bulimia or anorexia 
nervosa, and monoamine oxidase inhibitor use.

Varenicline has a dual effect in smoking cessation because it 
binds to the �4�2 neuronal nicotinic acetylcholine receptors 
and acts as an agonist to enhance dopamine release and curb 
nicotine withdrawal; it also prevents the binding of nicotine to 
these receptors.105–110 Because varenicline does not reach steady 
state for 4 days, patients must have a quit date, just as with 
bupropion. Varenicline doses begin with 0.5 mg once daily on 
days 1 to 3, 0.5 mg twice daily on days 4 to 7, and 1 mg twice 
daily from day 8 to the end of treatment, which is usually 
12 weeks. In a randomized, double-blind, parallel-group, 
placebo-controlled trial that compared varenicline titrated to 
1 mg bid (N � 352), sustained-release bupropion titrated to 
150 mg bid (N � 329), or placebo (N � 344) orally for 
12 weeks, continuous abstinence rates from weeks 9 to 12 (the 
primary endpoint) were 44%, 29.5%, and 17.7%, respec-
tively.108 However, continuous abstinence rates for these 
same three groups for weeks 9 to 52 fell to 29.9%, 16.1%, and 
8.4%, respectively. At 1 year varenicline was not superior to 
sustained-release bupropion.106,108 However, in a study of re-
lapse after quitting, addition of another 12 weeks of varenicline 
versus placebo in those who were abstinent at week 12 in-

creased the continuous abstinence rates to 43.6% versus 36.9% 
at week 52, respectively (P � 0.02). Weight gain in the two 
groups was comparable.110 Serious neuropsychiatric symptoms 
including agitation, depression, and suicidal behavior have 
been reported with varenicline. Other adverse effects from va-
renicline with greater than 5% frequency include nausea (28%), 
sleep disturbance, constipation, vomiting, frequent arthralgia, 
diarrhea, chest pain, edema, polyuria, psychiatric disturbances, 
fl ushing, and abnormal liver function tests. Varenicline must 
be used with caution in patients with impaired renal function 
and creatinine clearances less than 50 mL/min because blood 
levels increase by 1.5- to 2.1-fold. Varenicline’s place in therapy 
is still evolving, but “it might prove to be particularly appropri-
ate for those in whom other therapies have failed.”106 Multi-
component behavior-oriented programs can improve the 
long-term cessation rates of pharmacologic therapies.102,111

Level II: Medical and Interventional Treatment 
of Established CHD

Four evidence-based medical therapies have been proven to 
decrease morbidity and mortality in nonrenal transplant pa-
tients with documented CHD.12,113 These are antiplatelet agents 
(aspirin, adenosine diphosphate receptor antagonists, or di-
pyridamole), �-blockers, inhibitors of the renin-angiotensin 
system, and statins or certain other lipid-lowering agents. Com-
pliance with recommendations for medical therapy was evalu-
ated in 40,450 patients from the REduction of Atherothrom-
bosis for Continued Health (REACH) International Registry 
who had documented CHD (previous MI, percutaneous coro-
nary intervention, CABG, or angina pectoris), approximately 
33% having had previous CABG, 33% percutaneous coronary 
intervention, and 33% no revascularization.12 When compared 
to those who had no intervention and were medically man-
aged, the groups who had previous CABG (usually older, male, 
and diabetic) or percutaneous coronary intervention (usually 
younger) were signifi cantly more likely to be receiving anti-
platelet therapy (79% vs. 86% and 91%, respectively), a lipid-
lowering agent (70% vs. 86% and 86%, respectively), or a �-
blocker (55% vs. 64% and 66%, respectively). The use of ACE 
inhibitors and angiotensin II receptor blockers was comparable 
in the three groups (50% vs. 48% and 46%, respectively, for 
ACE inhibitors; and 19% vs. 21% and 21%, respectively, for 
angiotensin receptor blockers). These data clearly indicate that 
“those patients with CHD managed only with medications ap-
pear to be receiving the fewest evidence-based pharmacologic 
treatments.”12 To paraphrase Shakespeare, “the fault, . . . is not 
in our stars, but in ourselves. . .” (Julius Caesar, Act I, Scene II). 
In the TNT study of 10,001 patients with clinically evident 
CHD and LDL-C less than 130 mg/dL who were randomly as-
signed to receive either 80 mg or 10 mg of atorvastatin, a pri-
mary event (CHD death, nonfatal nonprocedure-related MI, 
resuscitation after cardiac arrest, or fatal or nonfatal stroke) 
occurred in 8.7% of those receiving the 80-mg dose vs. 10.9% 
of those given a 10-mg dose, a 22% relative reduction in risk (P
� .001).8 Persistent elevation of liver enzymes was seen in 
0.2% of those receiving 10 mg atorvastatin versus 1.2% of 
those on 80 mg atorvastatin.8 Among 15,603 nontransplant 
patients in the Clopidogrel for High Atheroembolic Risk and 
Ischemia Stabilization, Management and Avoidance (CHA-
RISMA) study) who had either clinically evident CVD or 
multiple risk factors and received either 75 mg clopidogrel 
plus low-dose aspirin (75–162 mg) daily or placebo plus 
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low-dose aspirin, there was no signifi cantly greater effect with 
clopidogrel plus aspirin than with aspirin alone in reducing 
MI, stroke, or death from CVD over 28 months.114 However, in 
the CREDO study of 2116 higher-risk cardiac patients, long-
term (1 year) clopidogrel plus aspirin versus placebo plus aspi-
rin was associated with a 26.9% relative reduction in the com-
bined risk of death, MI, or stroke (P = .02).115

Experimental and clinical data suggest that at least part of 
the benefi t of renin-angiotensin-aldosterone system blockers 
and statins is related to their additional secondary antiprolif-
erative or antifi brotic effects. ACE inhibitors block transform-
ing growth factor-�-mediated extracellular matrix protein 
synthesis by fi broblasts,116 and angiotensin receptor blockers 
shunt angiotensin II to binding sites on AT2 receptors that 
inhibit endothelial cell proliferation.117 Spironolactone (25 
mg/day) reduced morbidity and mortality in patients with 
severe congestive heart failure who were also receiving ACE 
inhibitors, probably because it reduced myocardial and vascu-
lar fi brosis.118 Careful attention to spironolactone dosing, 
concurrent medications, and level of renal function should 
permit its safe use in some patients without serious hyperka-
lemia.119 Statins can block the proliferative effect of epidermal 
growth factor,48 have an antihypertensive effect,120 and have 
no clearly defi ned benefi t for osteoporosis.121

Coronary artery stenting (CAS) using drug-eluting stents 
(DES) (sirolimus or paclitaxel) has decreased restenosis from 
approximately 15% to 6% (9 events per 100 patients) whereas 
the risk of thrombosis has increased from 0.2% to 0.4% (2 
events per 1000 patients).122–125 Prolonged use of clopidogrel 
has improved the outlook.126 In an observational study from 
the Duke Heart Center, patients with DES who were event-
free at 6 months and received clopidogrel (N � 637), when 
compared to those not receiving clopidogrel (N � 579), had 
signifi cantly lower death rates (2.0% vs. 5.3%) and death or 
MI (3.1% vs. 7.2%) at 24 months.126 Among patients who had 
bare metal stents, clopidogrel was benefi cial for the fi rst 3 to 6 
months but not beyond.

In a 25-year single-institution experience examining out-
come after CABG among 2989 renal transplant recipients, 
83 required myocardial revascularization (percutaneous 
transluminal coronary angioplasty [PTCA] or CABG) before 
or after renal transplantation.127 None of the 45 patients re-
vascularized after transplantation experienced allograft loss 
or signifi cant change in renal function. Survival rates of the 
45 patients were 93%, 78%, and 60% at 1, 3, and 5 years, 
respectively.127 Early-phase risk factors for death included 
hypertension and revascularization carried out before 1989. 
Late-phase risk factors for death included diabetes mellitus, 
a greater number of pre-CABG myocardial infarctions, renal 
transplantation before 1984, older age, and unstable angina 
before CABG. These authors concluded that coronary angi-
ography, PTCA, and CABG are safe in patients with func-
tioning renal allografts.127 In another series of 31 patients 
who received CABG after renal transplantation, there was 
one early postoperative death and two episodes of renal 
transplant dysfunction.128 A retrospective U.S. Renal Data 
System (USRDS) database search from 1995 to 1998 identi-
fi ed 912 patients who were hospitalized for CABG, 613 hos-
pitalized for PTCA, and 626 for PTCA/CAS.129 In-hospital 
deaths were 4.9% for CABG, 4.2% for PTCA, and 2.2% for 
CAS. At 3 years, event-free survival from combined cardiac 
endpoints (cardiac death and acute MI) was 88.9% for 

CABG, 84.8% for CAS, and 80.2% for PTCA.129 After comor-
bidity adjustment, renal transplant patients in the United 
States have similar 3-year survival after PTCA, CAS, and 
CABG (75.8%, 78.9%, and 77.0%, respectively), but fewer 
serious cardiac events after CABG.

Cerebrovascular Disease
A duplex ultrasound or imaging study of the carotid arteries 
should be performed if a decreased carotid arterial pulse, a 
bruit over the carotid artery, or a neurological syndrome 
consistent with carotid artery disease is present. A systematic 
review and meta-analysis involving more than 90,000 non-
transplant patients that examined the effect of statins on in-
cident strokes concluded that statin use was associated with a 
21% reduction for stroke and no increase in hemorrhagic 
stroke; for every 10% reduction in LDL-C a 15.6% decrease 
in all strokes and 0.73% decrease in carotid intima-media 
thickness was seen.130 However, in 69 nontransplant patients 
(CKD N � 38; CHD N � 31) there was no signifi cant reduc-
tion in carotid intima-media thickness after 2 years in the 
CKD group despite lowering LDL-C to 70 ± 27 mg/dL with 
atorvastatin 80 mg/day.131 Recently a randomized, double-
blind, placebo-controlled study (Measuring Effects on 
intimal-media Thickness: an Evaluation Of Rosuvastatin 
[METEOR]) of 984 nontransplant patients with an average 
age of 57 years and Framingham Risk Score less than 10% 
demonstrated that rosuvastatin 40 mg, when compared to 
placebo, signifi cantly reduced carotid intima-media thickness 
over 2 years.132

If carotid artery stenosis 80% or larger (but not total occlu-
sion) is detected in asymptomatic patients, intervention 
should be considered.133 In the Asymptomatic Carotid Ath-
erosclerosis Study (ACAS), the estimated incidence of ipsilat-
eral strokes within 5 years and perioperative strokes or death 
within 30 to 42 days of randomization was reduced with sur-
gical intervention by 66% in men and by 17% in women.133

As secondary prevention, in the Stroke Prevention by 
Aggressive Reduction in Cholesterol Levels (SPARCL) study 
of 4731 nontransplant patients, 80 mg of atorvastatin, initi-
ated within 6 months of a stroke or transient ischemic epi-
sode, signifi cantly reduced recurrent stroke by 16% and fa-
tal stroke by 43% when compared to placebo.134 Although 
atorvastatin decreased ischemic strokes signifi cantly more 
than placebo (218 vs. 274), with a 5-year 3.5% absolute re-
duction in risk of a major cardiovascular event, atorvastatin 
was associated with a nonsignifi cant increased frequency of 
hemorrhagic strokes (55 vs. 33). Overall mortality rate was 
similar in the two groups, but elevated liver enzyme values 
were more common in those taking atorvastatin. The 
SPARCL results differed somewhat from those of the Heart 
Protection Study (HPS), in which 40 mg of simvastatin or 
placebo was used.135 Patients with preexisting cerebrovascu-
lar disease in the HPS study (N � 3280 adults) had no sig-
nifi cant reduction in stroke rate. A major protocol differ-
ence in the HPS study was that patients were enrolled an 
average of 4.3 years after the index event, a period well after 
the highest risk of stroke recurrence.136 However, in the HPS 
study there was a signifi cant reduction in the fi rst event rate 
for stroke, from 5.7% to 4.3%, a 28% reduction in pre-
sumed ischemic strokes with no apparent difference in 
hemorrhagic strokes.135 Data are confl icting as to whether 
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low cholesterol levels represent a risk for hemorrhagic 
stroke.137–140 The combined use of intensive LDL-C-lower-
ing and antiplatelet drugs has not been specifi cally studied 
for either primary or secondary prevention, and not in 
transplant recipients. The combination of these two treat-
ment modalities might be hazardous because of the sugges-
tion of an increase in hemorrhagic strokes in one study with 
high-dose statin therapy.134

The choice of endarterectomy over stenting has become 
clearer.141–143 Both a review of fi ve randomized trials that com-
pared stenting to endarterectomy141 and a recent Endarterec-
tomy Vs. Angioplasty in Patients with Symptomatic Severe 
Carotid Stenosis (EVA-3S) study support using carotid endar-
terectomy as the standard treatment because of lower rates of 
death and stroke at 1 and 6 months when compared to stent-
ing: 3.9% versus 9.6%, and 6.1% versus 11.7%, respectively.142

Expert commentary on these fi ndings stated: “the only widely 
accepted indication for carotid artery stenting remains its use 
in symptomatic patients who have stenosis of the internal ca-
rotid artery exceeding 70% and who also have a high surgical 
risk. All other patients should be treated medically, undergo-
ing carotid endarterectomy if indicated, or should be placed in 
a clinical trial.”144

Patients with ADPKD require special attention for CVD 
because the overall prevalence of an asymptomatic intracranial 
aneurysm as determined by magnetic resonance angiography is 
approximately 12% and increases to about 20% in those with a 
positive family history of an intracranial aneurysm or sub-
arachnoid hemorrhage in conjunction with ADPKD.145,146

Magnetic resonance angiography with gadolinium has recently 
been associated with the risk of nephrogenic systemic fi brosis in 
some patients with severely impaired renal function, but cere-
bral MRA can be done without it.147–149 For those patients with 
ADPKD and a family history of intracranial aneurysm or sub-
arachnoid hemorrhage, or who have neurological symptoms 
suggestive of an intracranial aneurysm, magnetic resonance 
angiography is usually the initial study. Repeat scanning for 
those with a history of intracranial aneurysm has been recom-
mended every 5 to 10 years.150,151 These patients should know 
the signifi cance of for those with a history of intro crarial aneu-
rysm a “sentinel” headache relating to the initial intracranial 
bleed and the need to seek immediate medical/surgical treat-
ment. Control of hypertension and timely neurosurgical judg-
ment and skill are the main elements of treatment.

Peripheral Arterial Disease
A report based on data from the Atherosclerosis Risk In Com-
munities (ARIC) study in 14,280 middle-aged adults with 
either normal kidney function, mildly decreased kidney func-
tion, or stages 3 to 4 CKD indicated by multivariate analysis, 
that CKD created a 1.56 relative risk for peripheral arterial 
disease (PAD).152 Among 43,427 adult renal transplant recipi-
ents and 53,309 adults on the renal transplant waiting list, the 
3-year cumulative incidence of de novo PAD in diabetics was 
24% for those on the waiting list versus 20% after transplanta-
tion, and for those without diabetes mellitus, 9% on the wait-
ing list versus 5% after transplantation.153 For both diabetic 
and nondiabetic patients a diagnosis of PAD on the waiting 
list was associated with approximately a threefold increase in 
the relative risk for death. After transplantation in both groups 
the development of de novo PAD increased the relative risk 

for death approximately twofold. Nondiabetic patients with 
renal allografts functioning for longer than 20 years also can 
have vascular calcifi cation and lower limb ischemia requiring 
amputation.154

Diminished femoral and/or pedal pulses; iliofemoral bruits; 
the presence of coronary, carotid, or renal arterial disease; a 
high-risk CHD profi le, and claudication are indications to 
measure the ankle-brachial index ratios. An ankle-brachial 
index value less than 0.90 at rest, or more than 0.90 at rest but 
that decreases by 20% after exercise, represents the earliest 
diagnostic assessment of PAD.155 The presence of vascular 
calcifi cation prevents the interpretation of the ankle-brachial 
index but at times may be circumvented by using a toe-
brachial index rather than the ankle-brachial index.155,156

About one third of patients with PAD in the general popula-
tion have typical claudication, resulting in amputation in 5% 
of patients within 5 years, and about 5% to 10% of patients 
have critical leg ischemia with major risk of limb loss. How-
ever, more than 50% of patients having PAD on the basis of 
abnormal ankle-brachial index ratios do not have typical clau-
dication or critical leg ischemia, but they do have reduced 
ambulatory activity and quality of life.155

For patients with PAD in the general population, risk fac-
tors should be assessed and treated (e.g., smoking cessation, 
reduction of LDL-C to less than 100 mg/dL or in very high-
risk individuals possibly to less than 70 mg/dL, control of 
hypertension to less than 130/80 mm Hg, and diabetes control 
with HbA1c less than 7%).157 Further treatment includes an 
exercise program, antiplatelet and other pharmacologic ther-
apy and, when indicated, revascularization that may take the 
form of open surgical procedures, angioplasty, and stents.155,157

Currently drug treatment of PAD includes aspirin in daily 
doses of 75 to 150 mg, which has been shown to be as effective 
as higher doses and less likely to cause gastrointestinal (GI) 
bleeding complications.157–159 Although aspirin has not been 
shown to improve claudication, it does delay the rate of pro-
gression, lessens the need for intervention, and reduces graft 
failure in patients who have undergone revascularization pro-
cedures.157 Clopidogrel was compared with aspirin in the 
Clopidogrel versus Aspirin in Patients at Risk of Ischaemic 
Events (CAPRIE) trial, in which clopidogrel’s greatest benefi t 
occurred in the 6452 patients with PAD who had nearly a 24% 
reduction (4.9%/year with clopidogrel vs. 3.7%/year with as-
pirin) in the risk of MI, stroke, or cardiovascular death.160

Clopidogrel is usually given in doses of 75 mg once daily. It is 
extensively metabolized by the liver. Although there are lower 
metabolite levels and reduced adenosine diphosphate–
induced platelet aggregation in patients with stage 5 CKD, 
prolongation of bleeding time was similar to that in healthy 
treated volunteers. Nevertheless, clopidogrel should be used 
with caution in those with signifi cant liver or kidney disease. 
Its use is contraindicated in patients with active bleeding or 
hypersensitivity. Adverse effects include bleeding, thrombotic 
thrombocytopenic purpura, hypersensitivity reactions, ana-
phylactoid reactions, serum sickness, neurological symptoms, 
hepatobiliary disorders, myelotoxicity, and skin lesions, in-
cluding angioedema, Stevens-Johnson syndrome, and toxic 
epidermal necrolysis.

Angiographic studies in renal transplant patients, who 
typically have stage 3 or 4 CKD, are problematic both for the 
use of intravenous (IV) iodinated contrast agents with their 
risk of acute kidney injury as well as magnetic resonance 
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angiography employing gadolinium with its risks for nephro-
genic systemic fi brosis and possible need for dialysis.147–149

Because contrast loads are typically larger for the study of 
PAD, if iodinated contrast agents are to be used, it is still advis-
able to try to keep the amount of reagent as low as possible, 
prehydrate patients intravenously according to their cardio-
pulmonary parameters, and use acetylcysteine before and af-
ter the procedure.161 (See also Chapter 40.)

POSTTRANSPLANTATION 
ERYTHROCYTOSIS

Posttransplantation erythrocytosis, defi ned as a persistently 
elevated hematocrit higher than 51%, used to be seen in 
about 15% of renal transplant patients (range, 4%–22%), 
usually within the fi rst 2 years after transplantation.162 How-
ever, in clinical practice since about 2000, it has become an 
unusual fi nding. This may be due to the expanding use of 
sirolimus, with its anemia effect,28 as well as widespread use 
of ACE inhibitors or angiotensin receptor blockers. In fact, 
posttransplant anemia has become a signifi cant issue, initially 
because it contributed to the risk of CVD, especially in dia-
betics,163 and then because its treatment with erythropoietin 
products after transplantation could create a new risk, as re-
fl ected in the CHOIR and CREATE trials in nontransplant 
patients (see Chapters 67 and 68).164–166

The consequences of posttransplantation erythrocytosis 
(PTE) are primarily thromboembolic events, which may be 
seen in up to 22% of patients. Remarkably, the development 
of PTE does not correlate with serum erythropoietin levels.167

Instead, angiotensin II stimulates the proliferation of normal 
early erythroid precursors that have increased numbers of AT1

receptors and correlate with the hematocrit in patients with 
PTE.168,169 Consequently, ACE inhibitors and angiotensin re-
ceptor blockers are the treatments of choice for PTE, although 
phlebotomy may be useful at times. Because some patients 
may have a rapid fall in hematocrit, or less commonly a spon-
taneous remission, careful monitoring is necessary. Intermit-
tent therapy may be effective in some patients.

MALIGNANT DISEASE

It has been stated that “cancer will surpass cardiovascular 
complications as a leading cause of death in transplant pa-
tients within the next two decades.”170 Skin cancer is the most 
frequent malignancy seen in renal transplant recipients, and 
post-transplant lymphoproliferative disease (PTLD) is the 
second most common, occurring in about 11%.170 A study of 
malignancy among 35,765 fi rst-time recipients of deceased or 
living donor kidney transplants from 1995 to 2001 revealed a 
twofold increase in common tumors (i.e., colon, lung, pros-
tate, stomach, esophagus, pancreas, ovary, and breast); ap-
proximately a fi vefold increase in melanoma, leukemia, hepa-
tobiliary tumors, cervical, and vulvovaginal cancers; a threefold 
increase in testicular and bladder cancers, a 15-fold increase in 
kidney cancers, and more than a 20-fold increase in Kaposi’s 
sarcoma, non-Hodgkin’s lymphoma, and nonmelanoma 
skin cancers.171 In data obtained by record linkage between 
the Australia and New Zealand Dialysis and Transplant Regis-
try and the Australian National Cancer Statistic Clearing-

house, it was noted that among the 18 specifi c cancers with 
greater than a threefold increase in risk, fi ve were at sites af-
fected by human papillomavirus (tongue, mouth, vulva, va-
gina, penis), two were related to Epstein-Barr virus (EBV) 
(Hodgkin’s disease, non-Hodgkin’s lymphoma), one was re-
lated to hepatitis B and C (hepatocellular carcinoma), and one 
is universally associated with human herpes virus 8 (HHV-8) 
(Kaposi’s sarcoma).172 Only fi ve of the high-risk cancers did 
not have viral infection as a generally accepted primary cause. 
Azathioprine, cyclosporine, and tacrolimus have been associ-
ated with an increased risk of post-transplant malignancies, 
whereas sirolimus especially, and possibly mycophenolic acid, 
may lower malignancy frequency.170,173–180 The full extent of 
post-transplant malignancies is beyond the scope of this 
chapter.

When a renal transplant recipient develops a malignancy, 
the transplant physician/surgeon will need to work closely 
with the oncologist to develop a plan of therapy that will in-
volve modifi cation of immunosuppressant medication, as well 
as selection of chemotherapy, radiotherapy, and surgery. The 
risks of the malignancy itself and each component of therapy 
must be compared to the morbidity and mortality risks for the 
patient and stability of renal allograft function. Perhaps the 
strongest trend in immunosuppression management of post-
transplant malignancies has been the use of sirolimus, which 
followed reports of a reduced incidence of de novo malignan-
cies when it is used.28,175,178–180 A decreased incidence of both 
skin and nonskin malignancies 5 years after renal transplant 
was reported in 430 adult renal transplant recipients ran-
domly assigned to either remain on sirolimus/cyclosporine/
steroids or to have cyclosporine withdrawn at 3 months and 
sirolimus trough levels increased.179 It should be noted, how-
ever, that the prescribed trough levels for sirolimus are ones 
that have more frequent and serious adverse effects. Mycophe-
nolic acid appears to have a neutral to possibly benefi cial ef-
fect on the occurrence of post-transplant de novo malignan-
cies.175–177 Two major studies of antibody induction therapy 
and subsequent PTLD are in agreement that PTLD rates were 
highest with monoclonal OKT3 and polyclonal Atgam and 
thymoglobulin, with the least risk from interleukin-2 receptor 
antibodies.180,181 Somewhat at variance with these results is the 
SRTR report, which attributes the highest risk for PTLD to 
rabbit thymoglobulin and then clusters interleukin-2 receptor 
antibodies, OKT3, and equine antithymocyte globulin in the 
second tier.182,183 Thus far, alemtuzumab does not appear to 
create a higher risk.184

Several clinical risk profi les for individuals prone to develop-
ing certain malignancies after renal transplantation are: 
(1) PTLD occurring within the fi rst 12 months after transplan-
tation in a white male (often younger than age 18 years) who is 
seronegative for EBV, human leukocyte antigen (HLA)–
mismatched for both HLA-B locus antigens, lacks HLA-DR7, 
and receives antithymocyte globulin induction or possibly be-
latacept185–189; (2) Kaposi’s sarcoma in a person of Arabic, Jew-
ish, black, or Mediterranean ancestry with evidence of HHV-8 
or human immunodefi ciency virus infection174,190; (3) vulvar 
and vaginal carcinomas in women with papillomavirus types 16 
and 18191; (4) hepatocellular carcinoma in those with persistent 
hepatitis B antigenemia, cirrhosis, or hepatitis C of long dura-
tion192; (5) carcinomas of the skin in fair-skinned or older indi-
viduals with unprotected sun exposure and long-duration use of 
azathioprine with its metabolite thioguanine173,193; (6) recurrent 
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malignant disease in those who before transplantation had a 
malignant neoplasm with a medium or high rate of recur-
rence.194,195 Other nondrug risk factors associated with in-
creased frequency of post-transplantation malignancy are 
increasing age, a past history of cancer, cigarette smoking, previ-
ous splenectomy, and polycystic kidney disease.175,183

Recommendations of the American Cancer Society are 
used for cancer surveillance, but they may need to be applied 
with increased frequency or with invasive testing in high-risk 
individuals.1,195

Two of the most frequently encountered malignancies after 
transplantation are PTLD and squamous cell carcinomas of 
the skin and lip. PTLD occurs within 5 years of renal trans-
plantation in approximately 1.2% of adult renal transplant 
recipients at a median of 1000 days.196 Poor prognostic factors 
include multiple organ involvement at the time of diagnosis, 
graft organ failure at diagnosis, age greater than 40 years, and 
lactic dehydrogenase level 2.5 times or more above the upper 
limit of normal.197 If none of these risk factors is present, re-
sponse to treatment can occur in as many as 89% of patients, 
whereas with two or three factors present, the response rate is 
essentially zero.197 Also infl uencing the prognosis is the clonal-
ity of the PTLD. Polyclonal B-cell PTLD has an early onset, is 
EBV-positive, and offers a better prognosis, whereas monoclo-
nal B-cell PTLD has a late onset, may be EBV-positive or EBV-
negative, and is more aggressive. B-cell PTLD constitutes ap-
proximately 85% to 90% of PTLD cases, and T-cell PTLD, 
which carries a worse prognosis, the other 10 to 15%.

Three special characteristics of PTLD after transplantation 
are its extranodal involvement in 70% of patients, compared 
with 35% of nontransplant controls, central nervous system in-
volvement in 26% (63% confi ned to the brain), and microscopic 
or gross involvement of the allograft in 20% of patients, some-
times simulating rejection. In an early study of 435 patients, total 
remissions were achieved in 29%, and approximately 25% of the 
remissions were induced by the decrease or elimination of non-
steroidal immunosuppressants.174

Treatment still begins with a reduction in immunosup-
pression, according to the risks of each noted in this chapter, 
that will usually involve discontinuation of azathioprine, dis-
continuation or at least a 50% reduction in cyclosporine or 
tacrolimus, and often an increase in maintenance prednisone 
to the 10- to 15-mg range for protection of the allograft. In 
some cases surgical resection may be indicated.197 Whether 
the second step in treatment of B-cell lymphoma should be 
chemotherapy or rituximab is currently being reassessed.198

Conventional chemotherapy has a rapid response (days) but 
signifi cant toxicity, whereas rituximab is slower (weeks) but 
generally safer.197,199,200 The usual course had been to proceed 
with conventional chemotherapy, namely, the CHOP protocol 
(cyclophosphamide, doxorubicin, vincristine [Oncovin], and 
prednisone), sometimes with irradiation. However, more re-
cently the anti-CD20 B-cell monoclonal antibody rituximab 
has been gaining favor for use before chemotherapy.198,201,202

In a key study, complete remissions were achieved in 13 (59%) 
of 22 patients who received rituximab and in 13 (57%) of 
23 patients who received chemotherapy.201 No fatalities oc-
curred in the rituximab-treated group, whereas a quarter of 
those treated with chemotherapy died of treatment-related 
toxicities. Because failure with one mode of therapy can often 
be salvaged by the other, the use of rituximab as initial therapy 
appears to be reasonable.198–200 Rituximab also has the advan-

tage of being a standardized dose of 375 mg/m2 usually given 
weekly for 4 weeks. No adjustment appears to be needed for 
the level of renal function, although “no formal studies were 
conducted to examine the effects of either renal or hepatic 
impairment” on rituximab. Adverse effects of rituximab in-
clude fatal infusion reactions, 80% of which occurred with the 
fi rst dose, tumor lysis syndrome with acute kidney injury and 
some fatalities seen when treating PTLD, severe mucocutane-
ous reactions, and severe infection, also with fatalities, re-
ported. One should be thoroughly familiar with the adverse 
effects before using this agent.

T-cell PTLD is typically aggressive and poorly responsive to 
conventional therapy centered on reduction of immunosup-
pression and chemotherapy. However, one case recently re-
ported in a recipient of a combined kidney/pancreas trans-
plant achieved clinical remission after treatment with a novel 
synthetic retinoid analog, bexarotine.199

Although antiviral therapy has been used as adjunctive 
therapy, it would only be active during the lytic stages of EBV 
infection. It may well have a more important role in reducing 
the risk of PTLD in recipients seronegative for EBV.203

Newer therapies in limited testing include the use of EBV-
specifi c cytotoxic lymphocytes204 and arginine butyrate, which 
may render EBV more susceptible to ganciclovir.199

Remarkably, because PTLD is a result of a primary EBV 
infection, renal retransplantation is acceptable for those who 
have had a complete remission. The median time from PTLD 
diagnosis to retransplantation has been 1300 days.196 Often 
the same immunosuppressants that were used at the time of 
the initial PTLD can be used for the next renal transplant.198

The second malignancy of particular interest after renal 
transplant is squamous cell carcinoma (SCC) of the skin and 
lip, which constitutes about one third of all new malignant 
neoplasms after renal transplantation. After renal transplanta-
tion SCCs tend to be multiple, have a more aggressive course, 
and are a more common cause of cancer death than in the 
general population. Transplant recipients developing SCC are 
about 30 years younger than their counterparts in the general 
population. Renal transplant recipients at increased risk in-
clude those with a history of skin cancer, actinic keratoses, 
chronic sun exposure or sunburns, or human papillomavirus 
infection, those who are fair skinned (Fitzpatrick types I to 
III), older age, those with CD4 lymphocytopenia, and those 
whose immunosuppression has been either intense or of long 
duration.205

A dermatologist should examine and treat the patient at 
intervals appropriate to the risks.205,206 Treatment of SCC may 
require varying types of surgery. Patient education, guidelines 
of care, and other aspects of posttransplantation skin cancer 
are in the process of being placed on the new International 
Transplant Skin Cancer Collaborative website for AT-RISC 
Alliance. (After Transplantation Reduce Incidence of Skin 
Cancer at www.at-risc.org). In addition to information about 
SCC in allograft recipients, there will also be information 
about the diagnostic management of basal cell carcinoma, 
melanoma, and rare carcinomas of the skin.

Skin cancer risk can be lessened by wearing protective 
clothing, avoiding direct sun exposure, and using appropriate 
sun block. Sunscreens should have a sun protection factor of 
at least 15 and be applied 15 to 30 minutes before sun expo-
sure. They do not necessarily avoid all photodamage from 
prolonged sun exposure even though they prevent erythema.207
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The fi rst new sunscreen approved by the FDA in 18 years 
contains ecamsule, which is particularly effective in UVA2 
absorption.207 Medical treatment of recurrent SCC includes 
cautious decreases in overall immunosuppression, specifi cally 
elimination of azathioprine (if being used), careful use of low-
dose retinoids, and possible substitution of sirolimus for a 
calcineurin inhibitor.179,180,206,208,209 The frequency of SCC of 
the skin is reported to be reduced by sirolimus.179,180,208,209 In a 
series of 23 renal transplant recipients with multiple skin can-
cers who were treated in 70% of the cases with cyclosporine, 
azathioprine, and prednisone, 2 mg daily of sirolimus was 
initiated with rapid withdrawal of cyclosporine or tacrolimus, 
and azathioprine or mycophenolic acid.209 With sirolimus 
levels maintained at 4 to 10 ng/mL and prednisone sustained 
at 5 to 10 mg/day, the average frequency of skin cancer epi-
sodes (predominantly SCC) decreased from 3.2 to 0.7 (P �
.001) over mean follow-up of 22.4 months, and 16 patients 
had no new skin cancers. However, one patient with malig-
nant melanoma and another with Kaposi’s sarcoma died 
within 1 year of conversion. A delay in the onset of the fi rst 
skin cancer was also seen in a multicenter trial in which 
215 renal transplant recipients, who had cyclosporine with-
drawn from a cyclosporine/sirolimus/steroid regimen, had the 
fi rst cancers appearing at an average of 1126 days after trans-
plant compared to 491 days in those who remained on the 
triple therapy, which included cyclosporine (P � .007).179

Other modes of therapy for SCC include topical 5-
fl uorouracil, and more recently low-dose oral acitretin, whose 
oral absorption is optimal with food. In collaboration with our 
dermatologists we have initiated treatment with low doses of 
10 mg acitretin daily with careful monitoring for the numerous 
adverse effects, which include hepatotoxicity, pancreatitis, pseu-
dotumor cerebri, ophthalmologic complications, infl ammatory 
bowel disease, hyperglycemia, hypertriglyceridemia, decreased 
HDL-C, hyperostosis, osteoporosis, alopecia, mucocutaneous 
lesions, elevated CK levels, and depression. Postmarketing ad-
verse effects include cardiovascular events, neuropathy, myopa-
thy, and thinning of the skin. Acitretin may require dose adjust-
ment in renal insuffi ciency and end-stage renal disease. It should 
not be used in women who are or intend to become pregnant. If 
this medication is to be used, the manufacturer’s drug informa-
tion should be carefully reviewed.

The treatment of local/regional advanced SCC of the head 
and neck with a monoclonal antibody against epidermal 
growth factor receptor (cetuximab) plus radiotherapy sig-
nifi cantly lengthened overall survival from approximately 
29 months to 49 months.210

Sirolimus has demonstrated a remarkable capacity to con-
trol Kaposi’s sarcoma in renal transplant recipients.190 Because 
Kaposi’s sarcoma is invariably associated with HHV-8, this 
implies that sirolimus has activity against HHV-8, as well as 
against EBV, as noted in the discussion of PTLD.211 The anti-
neoplastic and antiviral effects of sirolimus, as well as the 
comprehensive overview of its therapeutic effi cacy and toler-
ability, have recently been reviewed.28,180 A detailed discussion 
of malignant melanoma is beyond the scope of this discus-
sion, but a recent comprehensive review is available.212

Patients who are hepatitis B carriers or have nonhepatitis 
B cirrhosis should be monitored at 6- to 12-month intervals 
for development of hepatocellular carcinoma with liver ul-
trasound and alpha fetoprotein determinations.192 Absti-
nence from alcohol is recommended for those with hepati-

tis. Treatment of hepatitis B and C and other infections of 
the liver are discussed in Chapter 90. Of particular interest 
are recent studies evaluating cyclosporine as therapy for 
hepatitis C.213–215

GASTROINTESTINAL DISEASE

The primary causes of GI disease after renal transplantation 
are infections, malignancies, and adverse effects due to im-
munosuppressant drugs. GI infections, which include tissue-
invasive cytomegalovirus, herpes simplex, fungal, bacterial, 
and parasitic infections, are discussed in Chapter 90 and have 
been reviewed elsewhere.216 In addition to creating the sus-
ceptibility to infection, use of immunosuppressants produces 
other complications, including mucosal injury and ulceration 
associated with atypical chest pain, nausea, vomiting, aph-
thous ulcers of the mouth and tongue, and diarrhea. Diar-
rhea has been a major problem with the use of mycopheno-
late mofetil (MMF), and attempts to avoid it with 
enteric-coated mycophenolate sodium in two studies showed 
no signifi cant difference between MMF or enteric-coated 
mycophenolate sodium in the occurrence of GI symp-
toms.217,218 In some patients, changing the MMF dosing 
schedule from bid to tid dosing may control the diarrhea. 
Reduction of MMF dose is an option, but it has been re-
ported that when compared to those with no MMF dose re-
duction or discontinuation, the risk of renal allograft failure 
increased after MMF dose reduction equal to or greater than 
50% (hazard rate, 2.36), and with MMF discontinuation 
(hazard rate, 2.72).219 Sirolimus has also been noted to be as-
sociated with diarrhea in as high as 38% of renal transplant 
recipients with elevated trough levels of sirolimus.220 Other 
causes of diarrhea include diverticular disease, pancreatitis, 
unsuspected celiac disease, continued stool softener and laxa-
tive use, and other medications such as cinecalcet for hyper-
parathyroidism, colchicine for gout, and high doses of mag-
nesium supplements.

A nonrandomized multicenter study to identify nonim-
munosuppressant factors causing severe diarrhea in renal 
transplant recipients followed these seven steps: (1) Discon-
tinue or replace any nonimmunosuppressant drug that could 
cause diarrhea (e.g., antiarrhythmics, antibiotics, antihyper-
tensives, diuretics, diabetic medications, laxatives, proton 
pump inhibitors, protease inhibitors). (2) Perform a micro-
biologic stool examination (cultures for pathogenic bacteria, 
examination for ova and parasites, assays for fungi, and assay 
for C. diffi cile toxin). (3) Screen for viruses, including CMV, 
adenovirus, enterovirus, and rotavirus. (4) Test for bacterial 
overgrowth and treat as indicated. If diarrhea did not resolve 
after these four steps, (5) adjust the immunosuppressive regi-
men. If diarrhea persists, (6) perform a colonoscopy. If, after 
all of the above steps, the diarrhea has not resolved, (7) treat 
with antidiarrheal drugs, supplemental bacteria, or diets.221 In 
this protocol MMF was associated with the largest number of 
dose reductions or stoppages (N � 34), and the remission rate 
of diarrhea was 65% in these patients. Tacrolimus was ad-
justed in 12 patients, with a 42% remission rate; all 3 of the 
patients who had cyclosporine stopped or reduced had remis-
sion of diarrhea; glucocorticoids were reduced in 10 patients, 
with a 60% remission rate. After the fi rst fi ve steps of this 
protocol, 67 of the 108 patients had resolution of diarrhea, 
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and 41 patients went on to require colonoscopy and empirical 
treatment.221

Esophagitis and gastritis are most frequently associated 
with infectious causes, but cyclosporine, tacrolimus, siroli-
mus, and MMF have been associated with upper GI lesions, 
and glucocorticoids remain a controversial cause of these 
lesions.216 Once again, it is necessary to identify other drugs 
that might be causing the symptoms, such as nonsteroidal 
anti-infl ammatory drugs (NSAIDs), bisphosphonates, po-
tassium supplements, and alcohol. There should be a low 
threshold for endoscopy of the upper GI tract. Identifi cation 
of early malignancy and H. pylori–positive ulcers are obvious 
benefi ts of this approach. A search for iron-defi ciency ane-
mia and occult blood testing in three or more stool speci-
mens are also indicated. Surprisingly, one still encounters 
patients who have upper GI symptoms that completely dis-
appear when they stop taking all of their morning medica-
tions in a single batch and separate them by about 1 hour 
into two or three groups. Esophageal refl ux disease may be 
an especially diffi cult problem for those whose original kid-
ney disease was ADPKD and have very large kidneys and 
an enlarged liver, provoking refl ux symptoms. Setting aside 
the treatment of H. pylori–positive peptic ulcer disease, 
which involves triple therapy (2-week course of two antibi-
otics [e.g., amoxicillin 1000 mg bid and clarithromycin 
500 mg bid]), along with lansoprazole 30 mg bid), and other 
lesions caused by infection, the treatment of esophagitis and 
gastritis includes the use of proton pump inhibitors, H2 re-
ceptor antagonists, and coating agents.222 The use of clar-
ithromycin for treatment of H. pylori–positive peptic ulcers 
can increase blood levels of immunosuppressants metabo-
lized by the CYP3A4 pathway. Prolonged use of proton 
pump inhibitors has been associated with an increased risk 
of fractures.223

When a colonoscopy is to be done, whether for screening 
purposes over age 50 or for a specifi c indication, special care 
needs to be exercised in bowel preparation. Oral phosphate 
solutions should be avoided to prevent “phosphate nephrop-
athy.”224,225 Nonphosphate-containing preparations should 
be used.226

When a disease process leads to perforation of the colon, 
it can be managed with low mortality and often mainte-
nance of allograft function, when there is a high clinical 
index of suspicion leading to prompt treatment with 
appropriate antibiotics, exteriorization of the perforated 
colon, and reduction of immunosuppression to minimal 
levels.227 In a series of 1000 renal transplant recipients, 
the incidence of colon perforations was 1.1%. Diverticulitis 
was the cause in approximately 70%, with smaller contribu-
tions from iatrogenic factors, ischemia, impaction, colonic 
ulcers, and colitis.227 More than half of the cases of perfora-
tion of the colon occurred within 3 months of renal trans-
plantation.

Aphthous ulcers occurring in the course of treatment 
with sirolimus have been reported to be manageable with 
clobetasol.228,229

Acute pancreatitis and biliary tract diseases are more seri-
ous events in renal transplant recipients than in the general 
population. Cyclosporine has been associated with a higher 
frequency of cholelithiasis,230 although this was in an era when 
higher cyclosporine dosing was common.231 Some have rec-
ommended “eradication of all biliary calculi, electively, before 

transplantation and on diagnosis after transplantation before 
the patients get really sick.”216

OSTEOPOROSIS

Many renal transplant recipients have unrecognized osteope-
nia or osteoporosis at transplantation. Compounding that 
problem is the fact that “as many as 60% of renal transplant 
recipients treated with corticosteroids may lose suffi cient 
BMD to meet the defi nition of osteoporosis in the fi rst 
18 months after transplantation.”1 Glucocorticoids suppress 
bone formation (inhibiting synthesis of insulin-like growth 
factor, transforming growth factor-� action on bone, and 
osteocalcin) without suppressing, and possibly even stimulat-
ing, bone resorption.232 By 6 months after renal transplant, 
patients receiving therapy with cyclosporine, azathioprine, 
and low-dose prednisone had a 2.8% decrease in BMD of the 
lumbar vertebrae and a 4.2% decrease in BMD of the femoral 
neck.233 When the prednisone dose was less than 7.5 mg/day, 
subsequent decreases in BMD appeared to parallel those for 
age-matched individuals.234 However, prednisone doses as 
low as 5 mg/day have been associated with signifi cant reduc-
tion in indices of bone formation in postmenopausal fe-
males,232 and doses of 2.5 to 7.5 mg/day with higher hip and 
vertebral fracture risks in nontransplant patients.235, 236 Dura-
tion of steroid treatment, as well as dose, infl uence BMD. 
Moderate use of steroids for 4 months after transplantation 
when compared to rapid steroid withdrawal had no signifi -
cant effect on bone mass at 1 year.237 In a study of 364 renal 
transplant recipients, all of whom were treated with tacroli-
mus, MMF, and 3 days of 100 mg/day IV prednisolone, 186 of 
these patients were randomized to receive either daclizumab 
and no further steroid, whereas 178 patients had a limited 
4-month steroid regimen beginning at 0.3 mg/kg and tapered 
to zero.237 Although lumbar BMD decreased signifi cantly in 
the fi rst 3 months in both the steroid-free (�1.3%) and ste-
roid groups (�2.3%), recovery to baseline occurred at 
12 months in both groups. Both regimens prevented acceler-
ated bone loss. In a randomized, controlled study of 92 renal 
transplant recipients receiving cyclosporine, azathioprine, 
and prednisone who had stable graft function for at least 
1 year (average, 7 years), those who had prednisone with-
drawn at a rate of 1 mg/month, when compared to controls 
maintained at an average of 5.6 mg/day, demonstrated a sig-
nifi cant 2.54% per year increase in L1–L4 BMD, a rise in os-
teocalcin, and no signifi cant change in serum creatinine.238

Lumbar spine and hip bone mineral densities should be 
measured by dual x-ray absorptiometry at the time of trans-
plantation, after 6 months, and then every 12 months if results 
are abnormal. Bone mineral density measurements are “specifi c 
but not necessarily sensitive” and, as a single method, are inad-
equate for identifying all patients at risk for osteoporosis and in 
need of treatment.239 Consequently, a new evaluation scheme is 
being developed that combines BMD and clinical risk factors to 
quantitate the absolute probability of risk for hip or clinical 
fracture over a 10-year period, an approach that resembles esti-
mation of 10-year risk for CHD.239 Overall, the most important 
clinical risk factors appear to be patient age, previous fracture, 
and use of glucocorticoids, although many other risk factors 
have been described by at least seven sources.239,240 Disease 
states relevant to the renal transplant population are diabetes 
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patients preserved bone mass at 6 and 12 months whereas 
the control patients had decreases in vertebral BMD at 6 
and 12 months of 4.8% and 6.1%, respectively. However, at 
baseline 50% of the patients in the subset studied with bone 
histology had low-turnover bone disease; this increased to 
100% at 6 months in all the patients who received IV pami-
dronate but remained at 50% in control patients.263 As 
noted by Cunningham,235 “These observations are very im-
portant, raising the question of whether preservation of 
BMD, possibly in the face of deteriorating and adynamic 
bone histology is a reasonable objective in its own right. The 
overall balance in terms of achieved bone health remains 
uncertain.” These divergent fi ndings of improved BMD and 
the development of universal adynamic bone histology are 
unsettling. Furthermore, among 20 renal transplant recipi-
ents randomized to receive either two infusions of 4 mg of 
zoledronic acid or placebo at 2 weeks and 3 months after 
transplantation, as well as 1000 mg of daily calcium citrate 
for the fi rst 6 months (also used in the controls), zoledronic 
acid when compared to placebo showed no sustained ben-
efi t at 3 years despite an early decrease in bone loss by the 
bisphosphonate.266 The potential use of teriparatide to in-
crease BMD has not been tested in renal transplant recipi-
ents in whom preexisting bone disease, probable hyperpara-
thyroidism, and use or nonuse of glucocorticoids and 
bisphosphonates will create a highly complex picture.229,255

When nontransplant patients were treated with alendronate 
the improvement of BMD by teriparatide was blunted, but 

Patient receiving long-term glucocorticoid therapy (pred-
nisone equivalent of � 5 mg/day)

• Modify lifestyle risk factors for osteoporosis
• Smoking cessation or avoidance
• Reduction of alcohol consumption if excessive

• Instruct in weight-bearing physical exercise
• Initiate calcium supplementation as needed
• Initiate supplementation with vitamin D (plain or acti-

vated form) as needed
• Prescribe treatment to replace gonadal sex hormones 

if defi cient or otherwise clinically indicated
• Measure BMD at lumbar spine and/or hip
• If BMD is not normal (i.e., T-score below –1), then:

• Prescribe bisphosphonate (use with caution in 
premenopausal women; avoid in patients with GFR 
� 30 mL/min/1.73 m2 or high-risk condition)

• Reevaluate at least annually the safety and duration 
of bisphophonate therapy because of new informa-
tion on possible adverse effects of these drugs on 
different underlying pretransplant bone diseases

• Consider calcitonin as second-line agent if patient 
has contraindication to or does not tolerate bisphos-
phonate therapy

• If BMD is normal, followup and repeat BMD measure-
ment either annually or biannually

Box 89-2 Guidelines for the Prevention and Treatment of 
Glucocorticoid-Induced Osteoporosis (see comments in text)

Modifi ed from the American College of Rheumatology Ad Hoc 
Committee Guidelines on Glucocorticoid-Induced Osteoporosis–
2001 Update. Arthritis Rheum 2001;44:1496–1503.

mellitus, hyperparathyroidism, vitamin D defi ciency, chronic 
metabolic acidosis, and hypogonadal states, as well as use 
of glucocorticoids and possibly other immunosuppres-
sants.235,240–243 It remains unclear as to whether cyclosporine 
and tacrolimus, independent of other immunosuppressants, 
cause osteoporosis.235 Sirolimus thus far does not appear to 
signifi cantly affect BMD, but its testosterone-lowering effect 
may pose a long-term risk for males.28,235,244,245 Azathioprine, 
MMF, and cyclophosphamide have not been shown to cause 
bone loss.235 There have been recent reports of an increased risk 
of fractures with prolonged use of proton pump inhibitors,223

and with pioglitazone in females, but without other indications 
of osteoporosis.79,246

“Multiple current guidelines generally agree that patients 
with T-scores lower than �2.5 should be treated, and 
those with T-scores higher than �1.5 should not”; however, 
glucocorticoid use may modify this statement.239,240 Treat-
ment of osteoporosis in renal transplant recipients has 
paralleled that in the general population and is conjoined 
with adequate calcium (1500 mg daily) and vitamin D (800 
IU cholecalciferol) supplementation, after defi ciencies have 
been corrected; blood levels should be monitored. These 
treatments include bisphosphonates (oral agents: alendro-
nate, ibandronate, and risedronate; IV agents: ibandronate 
[FDA approved],247 pamidronate, and zoledronic acid [FDA 
approved]), calcitonin, estrogen, the selective estrogen re-
ceptor modulator raloxifene in postmenopausal females, 
testosterone in hypogonadal males, and possibly recombi-
nant human parathyroid hormone (teriparatide).235,248–258

Bisphosphonates have been used in renal transplant recipi-
ents because of BMD-documented osteoporosis or gluco-
corticoid therapy259,260 and often a plethora of other risk 
factors. One of the early guidelines for the prevention and 
treatment of glucocorticoid-induced osteoporosis is given 
in Box 89-2, and will be updated.259–261 However, there are 
reports pointing to the need to reassess both the routine use 
and duration of bisphosphonate therapy in such renal 
transplant recipients.251,262–267 This emerging uncertainty is 
generated by the diversity of pretransplant bone diseases 
and their uncharted courses after transplantation even be-
fore bisphosphonate use, now further complicated with the 
use of bisphosphonates.253,262–269 A meta-analysis251 of fi ve 
randomized, controlled trials of bisphosphonates in 180 
glucocorticoid-treated renal transplant recipients concluded 
that bis phosphonates, usually given IV in two to four doses 
with and soon after transplantation, signifi cantly reduced 
bone loss by 0.06 g/cm2 in the lumbar spine and nonsignifi -
cantly in the femoral neck by 0.05 g/cm2. Three of the fi ve 
studies used pamidronate (two IV264,270 and one orally,271

one IV ibandronate,272 and one IV zoledronic acid273)—all 
with supplemental calcium and three with supplemental 
vitamin D. Three of these studies reported the number of 
fractures, and they were nearly identical in the bisphospho-
nate-treated versus control patients (4 vs. 3). In a more de-
fi nitive randomized, prospective, controlled study of 72 re-
nal transplant recipients (21 with bone biopsies at baseline 
and 14 with 6-month follow-up biopsies) who received glu-
cocorticoids and cyclosporine or tacrolimus, 36 received 
pamidronate IV within 48 hours after transplantation and 
at months 1, 2, 3, and 6, as well as oral calcitriol and calcium 
carbonate, the latter two medications being the ones re-
ceived by the 36 control patients.264 Pamidronate-treated 
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no interference was exerted by raloxifene.265 None of the 
renal transplant studies performed with bisphosphonates 
have been suffi ciently powered to determine the hard end-
point of fracture occurrence. In a long-term retrospective 
cohort study of 86 renal transplant recipients followed for 
a median of 10.6 years, the only overall predictors of frac-
ture risk were age and diabetic nephropathy.267 There were 
117 fractures observed in this long-term group with a cu-
mulative incidence of 60% for any fracture at 15 years 
(compared to the expected 20%), but cumulative corticoste-
roid dose was remarkably not associated with an increased 
fracture risk.267

No guidelines have been established regarding when 
to stop bisphosphonate therapy, but a “holiday” period at 
5 years is being evaluated in low-risk nontransplant 
patients.257,258

Adverse effects reported with oral bisphosphonates are dys-
phagia, esophagitis, esophageal and gastric ulcers, decreases in 
serum calcium and phosphorus, and osteonecrosis of the jaw, 
most often occurring when bisphosphonates are given IV to 
patients with cancer, dental disease, or to those undergoing 
dental surgery.274 Because bisphosphonates are renally excreted 
and can accumulate in patients with stages 5 and 4 CKD, their 
use is avoided under these circumstances because of potential 
renal and other toxicities. The nephrotoxic effects of bisphos-
phonates appear to be most closely associated with IV use. 
Pamidronate given IV has been associated with hypocalcemia, 
febrile reactions, and collapsing focal segmental glomerulo-
sclerosis reported in seven patients receiving high doses in the 
course of treatment for malignancy.275 As noted above, bisphos-
phonates may aggravate preexisting low-turnover bone disease 
and hyperparathyroidism.235,264,276

A once-yearly infusion of zoledronic acid over a 3-year 
period in a double-blind, placebo-controlled nontransplant 
trial of 3889 postmenopausal females with osteoporosis 
(Health Outcomes and Reduced Incidence with Zoledronic 
acid ONce yearly [HORIZON]) showed a benefi t in terms 
of a reduction in the risks of vertebral, hip, and other frac-
tures, a similar effect on renal function as in the controls, 
but signifi cantly more episodes of serious atrial fi brillation 
more than 30 days later in the zoledronic acid group (50 vs. 
20 patients).255,256

Calcitonin nasal spray 200 once daily, which reduced new 
vertebral fractures by 33% in 1255 postmenopausal osteopo-
rotic women,277 has adverse effects that include allergy and 
nasal irritation. Raloxifene for postmenopausal women at a 
dose of 60 mg/day can reduce vertebral fractures by 30%,278

and it does not interfere with the use of teriparatide.265 Ad-
verse effects of raloxifene include fl ushing and hot fl ashes, leg 
cramps, and thromboembolic events.

HYPERPARATHYROIDISM

Parathyroid function improves in approximately 50% of pa-
tients with pretransplant hyperparathyroidism. However, hy-
perparathyroidism persists in 17% to 50% of patients if the 
parathyroid glands have developed nodular hyperplasia or if 
renal allograft function is impaired; hypercalcemia is present 
in approximately 10% of recipients at 1 year.279–281 The major-
ity of functioning renal allografts have a GFR of 30 to 
59 mL/min/1.73 m2 (stage 3 CKD) accompanied by decreas-

ing phosphorus excretion and lower serum calcium and 1,25-
dihydroxyvitamin D3 levels that promote secondary hyper-
parathyroidism.282 For interpretation of parathyroid hormone 
(PTH) function and assays, see Chapter 69.

Hyperparathyroidism can cause osteoporosis (particularly 
evident as decreased bone density in the forearm), osteitis fi -
brosa cystica, lytic bone lesions (Brown tumors), pathologic 
fractures, vascular calcifi cation, ectopic calcifi cation, calciphy-
laxis, renal stones, and pancreatitis. The K/DOQI guidelines 
provide a framework for treating renal transplant recipients 
even though they have not been specifi cally tested in that 
population (see Chapter 69).

Treatment of hyperparathyroidism can be medical or sur-
gical. Medical therapy includes vitamin D analogs, the calci-
mimetic cinecalcet, which suppresses PTH and lowers serum 
calcium and phosphorus and, if still needed, oral phosphate 
binders (see Chapter 69).

When secondary hyperparathyroidism is present, typically 
with hypercalcemia, and 1,25-dihydroxyvitamin D3 levels are 
in a normal range with or without vitamin D supplementa-
tion, the use of cincalcet can be considered.283 Seven small 
short-term studies totaling 81 kidney-only transplant recipi-
ents who received 30 to 180 mg of cincalcet daily generally 
demonstrated safety and effi cacy, refl ected in decreases in 
serum calcium, elevation of depressed phosphorus levels, and 
usually decreases in PTH levels.281,284–289 An extended study of 
170 nontransplant patients with secondary hyperparathy-
roidism who were treated with 30 to 180 mg of cinecalcet 
daily for 2 years demonstrated control of PTH levels in ap-
proximately 60% of patients.290 Nausea, vomiting, and diar-
rhea are the most common GI effects and may occur even 
at the lowest dose. This author has found that dosing on a 
Monday-Wednesday-Friday schedule can sometimes relieve 
these symptoms while still retaining partial effectiveness. Diar-
rhea is a particularly diffi cult adverse effect because it is also 
likely to be attributed to mycophenolate mofetil, sirolimus, or 
colchicine, if one of these drugs is also being used. Cinecalcet 
is metabolized by multiple enzymes, including CYP3A4. In a 
recent report cinecalcet reduced the AUC of tacrolimus by 
14% and increased formation of the nephrotoxic cyclospo-
rine metabolite AM19.291 These fi ndings may help to explain 
the reduced allograft function reported by some when cine-
calcet was used. A more complete list of pharmacokinetic 
interactions with cinecalcet is given in Chapter 69. Those 
prescribing the drug should read the manufacturer’s infor-
mation thoroughly. Hypocalcemia and excessive reduction of 
PTH need to be avoided, and monitoring of serum calcium, 
phosphorus, and PTH is advisable at 3-month intervals. Re-
lapsing hypercalcemia and elevated PTH levels have been re-
ported when cinecalcet is stopped.281,286,287

When 1,25-dihydroxyvitamin D3 was given for various 
reasons to 26 deceased donor renal allograft recipients with 
functioning grafts more than 1 year after transplantation, 
there was evidence of immunosuppressive properties, re-
fl ected in deceleration in the loss of graft function and in-
stances of stabilization or slight improvement in function. 
These clinical results extended fi ndings from animal studies of 
transplantation in which vitamin D prevented rejection and 
prolonged graft function.292,293 The fact that blacks have lower 
levels of vitamin D than do whites may be relevant to the high 
risk that blacks have for allograft rejection. Vitamin D has also 
been reported to have antifi brotic and antirenin effects.294,295
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Indications for parathyroidectomy have generally been the 
occurrence of acute hypercalcemia greater than 12.5 mg/dL in 
the immediate post-transplant period, asymptomatic hypercal-
cemia greater than 12 mg/dL for more than 1 year after trans-
plantation, and symptomatic hypercalcemia.296 It should be 
noted that if cinecalcet was being used in a patient before trans-
plantation and then discontinued, rebound hypercalcemia may 
occur.286 The surgical guidelines reported by Kerby were devel-
oped before the availability of cinecalcet. The major single 
center-study by Kerby, extending over a 29-year period, resulted 
in only 38 of 4344 renal transplant recipients requiring a para-
thyroidectomy for hyperparathyroidism at a mean of 2.7 years 
after transplantation. In addition to surgical complications, 
parathyroidectomy incurs risk for hypocalcemia (hungry bone 
syndrome), hypoparathyroidism that requires resetting “nor-
mal” serum calcium levels to 8.0 to 8.5 mg/dL to avoid nephro-
calcinosis (because the absence of PTH decreases calcium reab-
sorption), adynamic bone disease, and a signifi cant decline in 
renal allograft function.297 A summary of various forms of vita-
min D is given in Chapter 69 and has been reviewed.298

ACUTE VASCULAR NECROSIS

When glucocorticoids were the major immunosuppressant, the 
prevalence of acute vascular necrosis was 3% to 41%, but in the 
cyclosporine and tocrolimus eras it has generally been less than 
5%. Risk factors for acute vascular necrosis include deceased 
donor transplants, repeat transplants, frequent acute rejections, 
alcohol consumption, glucocorticoids, severe hypertriglyceride-
mia, and osteoporosis. However, an analysis of 27,772 solitary 
renal transplant recipients in the USRDS database indicated 
that acute vascular necrosis was signifi cantly more common 
when cyclosporine was used.299 Unfortunately, the study was 
unable to determine if the effect was due to differences in the 
amount of glucocorticoid therapy, hyperlipidemia, or micro-
vascular thrombosis. The weight-bearing long bones are the 
most frequently affected sites. Diagnosis is confi rmed by mag-
netic resonance imaging, although such imaging now raises 
concerns for gadolinium toxicity if it has to be used.147–149

Initial conservative measures for the hip include avoid-
ance of weight-bearing on the symptomatic side and ortho-
pedic consultation. Orthopedic surgical procedures for acute 
vascular necrosis include core decompression (with uncer-
tain benefi t) before collapse of the femoral head and total hip 
replacement for more extensive disease. Once the disease has 
occurred, an abrupt decrease or discontinuation of glucocor-
ticoids does not appear to be helpful and may jeopardize the 
allograft.

A syndrome of severe, episodic bone pain involving pri-
marily both knees and ankles that is often worse at night and 
in recumbency has been associated with the use of cyclospo-
rine.300 The pain often responds to calcium channel blockers, 
but a small number of patients may develop acute vascular 
necrosis in the affected knee.

GOUT

Risk factors for the development of gout in the general popu-
lation include obesity, weight gain, hypertension, and diuretic 
use, as well as high-purine diets in males.301 Impaired renal 

function, treatment with cyclosporine, and the use of diuret-
ics are major contributing factors in renal transplant recipi-
ents. In patients receiving cyclosporine, the prevalence of 
hyperuricemia was 30% to 80%, and 2% to 28% developed 
symptomatic gout.302,303 In the era before cyclosporine use, 
hyperuricemia developed in 19% to 55%, and gout occurred 
in only 0% to 8% within 10 years of transplantation, al-
though it increased to 23% after 20 years.241,302,304 The diag-
nosis of acute gout can be made with a good history, physical 
examination and, when needed, an examination of the joint 
fl uid for monosodium urate monohydrate crystals during an 
acute attack. However, gout in transplant patients has differ-
ences that include involvement of proximal joints, including 
the sacroiliac joint305 a shorter lead time from onset of hyper-
uricemia to the fi rst gout attack, with a mean time of ap-
proximately 1.5 to 2 years; and the more frequent occurrence 
of tophi.301 Glucocorticoids may mute the full expression of 
acute gout.

Treatment of acute gout in renal transplant recipients 
involves modifi cation of the American College of Rheuma-
tology guidelines used in the general population.306 These 
guidelines recommend the use of NSAIDs, colchicine, or 
corticosteroids for treatment of acute gout in patients who 
do not have signifi cant renal impairment or peptic ulcer 
disease. However, in renal transplant recipients both cyclo-
oxygenase-1 and cyclooxygenase-2 NSAIDs are not recom-
mended as fi rst-line treatment for acute gout because of 
adverse effects on renal hemodynamics, including renal va-
soconstriction, with reduced renal blood fl ow and decreased 
GFR, sodium and water retention, hyperkalemia, hyperten-
sion, and in some cases acute renal failure. Colchicine 
appears to be a useful medication for acute attacks, but it 
too must be used with caution and in modifi ed dose (Box 
89-3).307 This author does not recommend titrating colchi-
cine to the point of diarrhea; one of the goals of colchicine 
therapy should be to avoid diarrhea. Among the adverse ef-
fects of colchicine noted in Box 89-3 is myoneuropathy, 
which can cause elevated serum creatine kinase levels 
and changes seen on electromyography, particularly when 
used for long periods of time in patients with impaired 
renal function or also receiving statins, cyclosporine, or 
clarithromycin.301,308–311 Colchicine 0.6 mg may be contin-
ued on an every-other-day basis if necessary for a short time 
with close monitoring for toxicity until acute gouty attacks 
cease and the serum uric acid has been reduced to a safe 
level.

An alternative treatment is the use of glucocorticoids at 
doses of 0.5 to 1.0 mg/kg of prednisone for 3 to 7 days with 
tapering to a maintenance dose within 14 days.312 Adrenocor-
ticotropic hormone 40 to 80 IUs given intramuscularly has 
also been used.312 A low-purine diet can be a useful adjunct in 
males.313,314 In patients receiving cyclosporine, a change to 
another immunosuppressant not having such adverse renal 
hemodynamic and hyperuricemic effects may be appropriate. 
Diuretics should be avoided if possible or used in reduced 
doses because of their hyperuricemic effects.

According to guidelines for the general population, therapy 
to lower elevated serum uric acid levels should be undertaken 
in patients who have hyperuricemia and gouty arthritis with 
tophi, gouty erosive changes on radiograph, or two or more 
attacks/year; however, one attack has been deemed suffi cient 
in the transplant population.301,306 Reduction of serum uric 
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tients with gout to reduce serum uric acid levels to 6 mg/dL 
or lower in 81% of cases, compared to 39% of those receiving 
300 mg of allopurinol.321 Emerging problems with febuxostat 
include hepatotoxicity, diarrhea, musculoskeletal symptoms, 
and a high frequency (70%) of gouty fl ares that developed 
despite concurrent colchicine or naproxen therapy.319

Day 1
Colchicine 0.6 mg orally q1h 	 2 maximum, but stop if 

any dose causes diarrhea

Days 2–8
Colchicine 0.6 mg orally daily, but stop if any dose 

causes diarrhea

Days 10, 12, 14
Colchicine 0.6 mg orally every other day, but stop if diar-

rhea occurs
Note: The objective is to terminate the acute painful infl am-

matory joint symptoms while minimizing the risk of toxic-
ity. One should be thoroughly familiar with each patient’s 
drug sensitivities and with other potential adverse effects, 
including myopathy, neuropathy, alopecia, myelosup-
pression and, rarely, fatality, and with drug interactions, 
especially with immunosuppressants. Lower doses or 
drug avoidance are necessary for those with a GFR �
50 mL/min/1.73 m2. The risks and benefi ts of treatment, 
alternative treatment, or nontreatment must be carefully 
evaluated for each patient. Prudent clinical judgment and 
careful monitoring are essential. Also adjust allopurinol, 
azathioprine, diuretics, and diet as needed.

Box 89-3 A Modifi ed Protocol for Colchicine in the Treatment 
of Acute Gout in Stable Renal Transplant Recipients

Modifi ed from Braun WE: Modifi cation of the treatment of gout in 
renal transplant recipients. Transplant Proc 2000;32:199.

For Patients on Azathioprine
Allopurinol 50 mg/day; azathioprine reduced by 

50%–75% (no more than 50 mg/day)
Monitor complete blood count, serum uric acid, and liver and 

renal function. Leukopenia would be the most likely sign of 
toxicity and would require discontinuation of both drugs.

Reduce or eliminate diuretic, if possible; diet as needed 
(males)

For Patients on Mycophenolate Mofetil
Allopurinol 100 mg/day
Monitor complete blood count, serum uric acid, and liver 

and renal function
Reduce or eliminate diuretic if possible; diet as needed 

(males)

For All Patients Being Treated for Gout
Ultrasound of renal allograft for obstruction or stones; 

treat as indicated
Urine alkalinization to pH of �6.0–6.5*
Appropriate hydration
If no adverse effects or toxicity are encountered, except for 

patients on azathioprine, cautiously increase allopurinol 
toward 200 mg/day if necessary, and continue close 
monitoring

If GFR is � 50 mL/min/1.73 m2, probenecid 250 mg 
bid may be initiated

Addition of losartan for its uricosuric effect can be con-
sidered

Note: The objective is to decrease urate deposits while 
minimizing drug toxicity or damage to the allograft. 
One should be thoroughly familiar with each patient’s 
drug sensitivities and with the potentially serious ad-
verse effects of each component of treatment, medica-
tions, and fl uids, including the broad range that may be 
seen with allopurinol and probenecid. One should also 
be aware of any potential drug interactions, especially 
with immunosuppressants. With impaired renal function 
(GFR � 50 mL/min/1.73 m2), azathioprine doses are 
often reduced, and allopurinol and probenecid may 
need to be avoided entirely. The risks and benefi ts of 
treatment, alternative treatment, or nontreatment must 
be carefully evaluated for each patient. Prudent clinical 
judgment and careful monitoring are essential.

Box 89-4 A Modifi ed Protocol for Managing Tophaceous 
Gout in Stable Renal Transplant Recipients

*Approaches to alkalinizing the urine (and some of their risks) 
when clinically safe include the use of potassium citrate (hyperka-
lemia, alkalosis); sodium citrate, sodium bicarbonate (hyperten-
sion, fl uid retention, possibly nephrocalcinosis and nephrolithia-
sis), and acetazolamide (paresthesias, renal stones) may be more 
problematic.
Modifi ed from Braun WE: Modifi cation of the treatment of gout in 
renal transplant recipients. Transplant Proc 2000;32:199.

acid levels can be achieved through inhibition of uric acid 
production by means of the xanthine oxidase inhibitor allo-
purinol or by cautiously employing a uricosuric agent such as 
probenecid if there is good renal function. Adverse effects of 
allopurinol, especially the hypersensitivity syndrome, and its 
interaction with azathioprine, are noted in Box 89-4.

Losartan also has a uricosuric effect that is more pro-
nounced the higher the serum uric acid level.315–317 Uricosuria 
could pose a risk for uric acid stone formation, but the solu-
bility of uric acid rises signifi cantly even with a urine pH of 
6.0. Renal allografts with impaired function may not be ca-
pable of acidifying the urine to a pH of 5.0 where urate stones 
can form. Nevertheless, urine pH should be kept at 6.0 or 
above. It has been my experience that the uric acid level does 
not have to be driven down below 6 mg/dL to suppress acute 
gouty attacks, and often a reduction from a range of 11 to 
13 mg/dL to 8 to 9 mg/dL, which may be achievable with 
losartan, is suffi cient to avoid acute attacks. However, hyper-
uricemia may still be a cardiovascular risk factor (see the sec-
tion Coronary Heart Disease in this chapter).317,318

Two new agents are under study for the treatment of hyper-
uricemia: urate oxidase (uricase), which catalyzes the conver-
sion of uric acid to allantoin, and febuxostat, a nonpurine se-
lective inhibitor of xanthine oxidase.301,311,319 These drugs have 
not been studied in renal transplant recipients. A single report 
from Italy in 1997 described the use of urate oxidase in six 
heart transplant patients receiving cyclosporine, azathioprine, 
and prednisone; their acute gouty symptoms subsided and 
plasma uric acid levels normalized with apparently no change 
in serum creatinine or blood counts.301,320 Febuxostat has been 
shown in a randomized, controlled trial of nontransplant pa-
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HYPOPHOSPHATEMIA

Hypophosphatemia may be caused by massive diuresis immedi-
ately after transplantation, persistence of secondary hyperpara-
thyroidism early post-transplantation, defective proximal tubu-
lar phosphate reabsorption because of glucocorticoid therapy or 
Fanconi-like syndrome, glycosuria, acyclovir (in rat studies),322

and even the inadvertent use of phosphate binders as antacids. A 
recent study of the phosphaturic hormone FGF-23, an inhibitor 
of renal 1-�-hydroxylase activity, in 41 patients at the time of 
renal transplantation and 3 months after transplant demon-
strated that the persistence of FGF-23 after transplant contrib-
uted to hypophosphatemia and suboptimal calcitriol levels.297

Complications of severe hypophosphatemia include rhabdomy-
olysis, impaired left ventricular function and possibly ventricular 
arrhythmias, impaired pulmonary function presumably related 
to respiratory muscle impairment, defects in erythrocyte me-
tabolism with possible hemolysis, insulin resistance, and osteo-
malacia. Oral supplementation with phosphorus-containing 
compounds may be needed. Dipyridamole at a dose of 75 mg 
qid has been reported to increase low Tm PO4/GFR and improve 
hypophosphatemia.323

HYPOMAGNESEMIA

Cyclosporine, tacrolimus, and sirolimus may cause renal mag-
nesium wasting and hypomagnesemia. Magnesium depletion 
is associated with intracellular calcium overload, cardiac ar-
rhythmias, and changes in the coronary vasculature similar to 
those seen in accelerated atherosclerosis, as well as neurologi-
cal and GI symptoms. The hypomagnesemia caused by cyclo-
sporine is typically not accompanied by hypocalcemia or hy-
pokalemia. Oral magnesium supplements with substantial 
elemental magnesium content include magnesium oxide, as 
Mag-Ox 400 (241 mg), Slow-Mag enteric-coated (64 mg), and 
Uro-Mag (84 mg).

Acknowledgments

I am indebted for helpful suggestions to Dr. Michael Limhoff 
(Coronary Heart Disease and Medical Interventional Treat-
ment of Established CHD), Dr. Byron Hoogwerf (New-Onset 
Diabetes Mellitus and Prediabetic Conditions), and Dr. Angelo 
Licata (Hyperparathyroidism and Osteoporosis). 

Mrs. Sandra Bronoff provided excellent editorial assis-
tance.

References
 1. Kasiske BL, Vazquez MA, Harmon WE, et al: Recommendations 

for the outpatient surveillance of renal transplant recipients. 
American Society of Transplantation. J Am Soc Nephrol 2000;
11(Suppl):S1–S86.

 2. CYP3A and drug interactions. Med Lett Drugs Ther 2005;47:
54–55.

 3. Tablet splitting. Med Lett Drugs Ther 2004;46:89–91.
 4. Ojo AO: Cardiovascular complications after renal transplanta-

tion and their prevention. Transplantation 2006;82:603–611.
 5. Foley RN, Parfrey PS, Sarnak MJ: Clinical epidemiology of car-

diovascular disease in chronic renal disease. Am J Kidney Dis 
1998;32:S112–S119.

 6. Kasiske BL, Chakkera HA, Roel J: Explained and unexplained 
ischemic heart disease risk after renal transplantation. J Am Soc 
Nephrol 2000;11:1735–1743.

 7. Herzog CA, Ma JZ, Collins AJ: Long-term survival of renal 
transplant recipients in the United States after acute myocardial 
infarction. Am J Kidney Dis 2000;36:145–152.

 8. LaRosa JC, Grundy SM, Waters DD, et al: Intensive lipid lower-
ing with atorvastatin in patients with stable coronary disease. 
N Engl J Med 2005;352:1425–1435.

 9. Grundy SM, Cleeman JI, Merz CN, et al: Implications of recent 
clinical trials for the National Cholesterol Education Program 
Adult Treatment Panel III guidelines. Circulation 2004;110:
227–239.

 10. Cannon CP, Steinberg BA, Murphy SA, et al: Meta-analysis of 
cardiovascular outcomes trials comparing intensive versus 
moderate statin therapy. J Am Coll Cardiol 2006;48:438–445.

 11. Boden WE, O’Rourke RA, Teo KK, et al: Optimal medical ther-
apy with or without PCI for stable coronary disease. N Engl J 
Med 2007;356:1503–1516.

 12. Steinberg BA, Steg PG, Bhatt DL, et al: Comparisons of 
guideline-recommended therapies in patients with documented 
coronary artery disease having percutaneous coronary interven-
tion versus coronary artery bypass grafting versus medical 
therapy only (from the REACH international registry). Am J 
Cardiol 2007;99:1212–1215.

 13. Kasiske BL, Guijarro C, Massy ZA, et al: Cardiovascular disease 
after renal transplantation. J Am Soc Nephrol 1996;7:158–165.

 14. Greenland P, Smith SC Jr, Grundy SM: Improving coronary 
heart disease risk assessment in asymptomatic people: Role of 
traditional risk factors and noninvasive cardiovascular tests. 
Circulation 2001;104:1863–1867. 

 15. Kasiske BL: Risk factors for accelerated atherosclerosis in renal 
transplant recipients. Am J Med 1988;84:985–992.

 16. Gerstein HC, Mann JF, Yi Q, et al: Albuminuria and risk of car-
diovascular events, death, and heart failure in diabetic and non-
diabetic individuals. JAMA 2001;286:421–426.

 17. Mann JF, Gerstein HC, Pogue J, et al: Renal insuffi ciency as a pre-
dictor of cardiovascular outcomes and the impact of ramipril: the 
HOPE randomized trial. Ann Intern Med 2001;134:629–636.

 18. Sarnak MJ, Levey AS, Schoolwerth AC, et al: Kidney disease as a 
risk factor for development of cardiovascular disease: A statement 
from the American Heart Association Councils on Kidney in 
Cardiovascular Disease, High Blood Pressure Research, Clinical 
Cardiology, and Epidemiology and Prevention. Circulation 2003;
108:2154–2169.

 19. Wan RK, Mark PB, Jardine AG: Cardiovascular disease manage-
ment in renal transplant recipients: More or less treatment? 
Transplantation 2006;82:737–738.

 20. From AM, Hyder JA, Kearns AM, et al: Relationship between 
low bone mineral density and exercise-induced myocardial 
ischemia. Mayo Clin Proc 2007;82:679–685.

 21. Executive summary of the third report of the National Choles-
terol Education Program (NCEP) expert panel on detection, 
evaluation, and treatment of high blood cholesterol in adults 
(adult treatment panel III). JAMA 2001;285:2486–2497.

 22. Detrano RC, Wong ND, Doherty TM, et al: Coronary calcium 
does not accurately predict near-term future coronary events in 
high-risk adults. Circulation 1999;99:2633–2638.

 23. He ZX, Hedrick TD, Pratt CM, et al: Severity of coronary artery 
calcifi cation by electron beam computed tomography predicts 
silent myocardial ischemia. Circulation 2000;101:244–251.

 24. Grundy SM: Primary prevention of coronary heart disease: 
integrating risk assessment with intervention. Circulation 1999;
100:988–998.

 25. Block GA, Port FK: Re-evaluation of risks associated with hy-
perphosphatemia and hyperparathyroidism in dialysis patients: 
Recommendations for a change in management. Am J Kidney 
Dis 2000;35:1226–1237.

Ch89_1009-1033-X5484.indd 1026Ch89_1009-1033-X5484.indd   1026 6/18/08 3:31:11 PM6/18/08   3:31:11 PM



1027 Cardiovascular and Other Noninfectious Complications after Renal Transplantation in Adults

 26. Kullo IJ, Edwards WD, Schwartz RS: Vulnerable plaque: Patho-
biology and clinical implications. Ann Intern Med 1998;129:
1050–1060.

 27. Massy ZA, Kasiske BL: Posttransplant hyperlipidemia: mecha-
nisms and management. J Am Soc Nephrol 1996;7:971–977.

 28. Augustine JJ, Bodziak KA, Hricik DE: Use of sirolimus in solid 
organ transplantation. Drugs 2007;67:369–391.

 29. Ligtenberg G, Hene RJ, Blankestijn PJ, Koomans HA: Cardio-
vascular risk factors in renal transplant patients: Cyclosporin A 
versus tacrolimus. J Am Soc Nephrol 2001;12:368–373.

 30. Rigatto C, Parfrey P: Therapy insight: Management of cardio-
vascular disease in the renal transplant recipient. Nat Clin Pract 
Nephrol 2006;2:514–526.

 31. Kasiske B, Cosio FG, Beto J, et al: Clinical practice guidelines for 
managing dyslipidemias in kidney transplant patients: A report 
from the Managing Dyslipidemias in Chronic Kidney Disease 
Work Group of the National Kidney Foundation Kidney Disease 
Outcomes Quality Initiative. Am J Transplant 2004;4(Suppl 7):
13–53.

 32. Saunders RN, Metcalfe MS, Nicholson ML: Rapamycin in trans-
plantation: A review of the evidence. Kidney Int 2001;59:3–16.

 33. Podder H, Stepkowski SM, Napoli KL, et al: Pharmacokinetic 
interactions augment toxicities of sirolimus/cyclosporine com-
binations. J Am Soc Nephrol 2001;12:1059–1071.

 34. Molitch ME: Management of dyslipidemias in patients with 
diabetes and chronic kidney disease. Clin J Am Soc Nephrol 
2006;1:1090–1099.

 35. Neuvonen PJ, Niemi M, Backman JT: Drug interactions with 
lipid-lowering drugs: Mechanisms and clinical relevance. Clin 
Pharmacol Ther 2006;80:565–581.

 36. Chong PH, Seeger JD, Franklin C: Clinically relevant differences 
between the statins: Implications for therapeutic selection. Am J 
Med 2001;111:390–400.

 37. Coenzyme Q10. Med Lett Drugs Ther 2006;48:19–20.
 38. Phosphate binders. Med Lett Drugs Ther 2006;48:15–16.
 39. Holdaas H, Fellstrom B, Jardine AG, et al: Effect of fl uvastatin on 

cardiac outcomes in renal transplant recipients: A multicentre, 
randomised, placebo-controlled trial. Lancet 2003;361:2024–2031.

 40. Jardine AG, Holdaas H, Fellstrom B, et al: Fluvastatin prevents 
cardiac death and myocardial infarction in renal transplant re-
cipients: Post-hoc subgroup analyses of the ALERT study. Am J 
Transplant 2004;4:988–995.

 41. Wissing KM, Unger P, Ghisdal L, et al: Effect of atorvastatin 
therapy and conversion to tacrolimus on hypercholesterolemia 
and endothelial dysfunction after renal transplantation. Trans-
plantation 2006;82:771–778.

 42. Steffens S, Mach F: Drug insight: Immunomodulatory effects of 
statins—potential benefi ts for renal patients? Nat Clin Pract 
Nephrol 2006;2:378–387.

 43. Lentine KL, Brennan DC: Statin use after renal transplantation: 
A systematic quality review of trial-based evidence. Nephrol 
Dial Transplant 2004;19:2378–2386.

 44. Kasiske BL, Heim-Duthoy KL, Singer GG, et al: The effects of 
lipid-lowering agents on acute renal allograft rejection. Trans-
plantation 2001;72:223–227.

 45. Glorioso N, Troffa C, Filigheddu F, et al: Effect of the HMG-CoA 
reductase inhibitors on blood pressure in patients with essential 
hypertension and primary hypercholesterolemia. Hypertension 
1999;34:1281–1286.

 46. Ridker PM, Hennekens CH, Buring JE, Rifai N: C-reactive pro-
tein and other markers of infl ammation in the prediction of car-
diovascular disease in women. N Engl J Med 2000;342:836–843.

 47. Katznelson S: Immunosuppressive and antiproliferative effects 
of HMG-CoA reductase inhibitors. Transplant Proc 1999;31:
22S–24S.

 48. Vrtovsnik F, Couette S, Prie D, et al: Lovastatin-induced inhibition 
of renal epithelial tubular cell proliferation involves a p21 ras acti-
vated, AP-1-dependent pathway. Kidney Int 1997;52:1016–1027.

 49. Safety of aggressive statin therapy. Med Lett Drugs Ther 2004;
46:95–96.

 50. Vidt DG, Cressman MD, Harris S, et al: Rosuvastatin-induced ar-
rest in progression of renal disease. Cardiology 2004;102:52–60.

 51. Sandhu S, Wiebe N, Fried LF, Tonelli M: Statins for improving 
renal outcomes: A meta-analysis. J Am Soc Nephrol 2006;17:
2006–2016.

 52. Douglas K, O’Malley PG, Jackson JL: Meta-analysis: the effect of 
statins on albuminuria. Ann Intern Med 2006;145:117–124.

 53. Ritz E, Wanner C: Lipid changes and statins in chronic renal in-
suffi ciency. J Am Soc Nephrol 2006;17:S226–S230.

 54. Kohnle M, Pietruck F, Kribben A, et al: Ezetimibe for the treat-
ment of uncontrolled hypercholesterolemia in patients with 
high-dose statin therapy after renal transplantation. Am J 
Transplant 2006;6:205–208.

 55. Rhabdomyolosis with ezetimide. Med Lett Drugs Ther 2005;47:
17–19.

 56. Vytorin: a combination of ezetimibe and simvastatin. Med Lett 
Drugs Ther 2004;46:73–74.

 57. Westphal S, Dierkes J, Luley C: Effects of fenofi brate and gemfi -
brozil on plasma homocysteine. Lancet 2001;358:39–40.

 58. Fish oil supplements. Med Lett Drugs Ther 2006;48:59–60.
 59. Omega-3 polyunsaturated fatty acids (Omacor) for hypertri-

glyceridemia. Med Lett Drugs Ther 2005;47:91.
 60. Toth PP: Reducing cardiovascular risk by targeting high-density 

lipoprotein cholesterol. Curr Atheroscler Rep 2007;9:81–88.
 61. American Diabetes Association: Standards of medical care in 

diabetes—2006. Diabet Care 2006;29:S4–42.
 62. Jindal RM: Posttransplant diabetes mellitus—a review. Transplan-

tation 1994;58:1289–1298.
 63. Kasiske BL, Snyder JJ, Gilbertson D, Matas AJ: Diabetes mellitus 

after kidney transplantation in the United States. Am J Transplant 
2003;3:178–185.

 64. Woodward RS, Schnitzler MA, Baty J, et al: Incidence and cost 
of new onset diabetes mellitus among U.S. wait-listed and 
transplanted renal allograft recipients. Am J Transplant 2003;
3:590–598.

 65. Crutchlow MF, Bloom RD: Transplant-associated hyperglyce-
mia: A new look at an old problem. Clin J Am Soc Nephrol 
2007;2:343–355.

 66. Cosio FG, Kudva Y, van der Velde M, et al: New onset hypergly-
cemia and diabetes are associated with increased cardiovascular 
risk after kidney transplantation. Kidney Int 2005;67:2415–2421.

 67. Nam JH, Mun JI, Kim SI, et al: Beta-cell dysfunction rather 
than insulin resistance is the main contributing factor for the 
development of postrenal transplantation diabetes mellitus. 
Transplantation 2001;71:1417–1423.

 68. Hamer RA, Chow CL, Ong AC, McKane WS: Polycystic kidney 
disease is a risk factor for new-onset diabetes after transplanta-
tion. Transplantation 2007;83:36–40.

 69. Cosio FG, Pesavento TE, Kim S, et al: Patient survival after renal 
transplantation: IV. impact of post-transplant diabetes. Kidney 
Int 2002;62:1440–1446.

 70. Shah T, Kasravi A, Huang E, et al: Risk factors for development 
of new-onset diabetes mellitus after kidney transplantation. 
Transplantation 2006;82:1673–1676.

 71. Williams ME: Management of the diabetic transplant recipient. 
Kidney Int 1995;48:1660–1674.

 72. Bhalla V, Nast CC, Stollenwerk N, et al: Recurrent and de novo 
diabetic nephropathy in renal allografts. Transplantation 
2003;75:66–71.

 73. Kelly JJ, Walker RG, Kincaid-Smith P: De novo diabetic nodular 
glomerulosclerosis in a renal allograft. Transplantation 
1992;53:688–689.

 74. Sharif A, Moore RH, Baboolal K: The use of oral glucose toler-
ance tests to risk stratify for new-onset diabetes after transplan-
tation: An underdiagnosed phenomenon. Transplantation 2006;
82:1667–1672.

Ch89_1009-1033-X5484.indd 1027Ch89_1009-1033-X5484.indd   1027 6/18/08 3:31:11 PM6/18/08   3:31:11 PM



1028 Transplantation

 75. Nathan DM: Finding new treatments for diabetes—how many, 
how fast... how good? N Engl J Med 2007;356:437–440.

 76. Tuomilehto J, Lindström J, Eriksson JG, for the Finnish 
Diabetes Prevention Study Group: Prevention of type 2 
diabetes mellitus by changes in lifestyle among subjects 
with impaired glucose tolerance. N Engl J Med 2001;344:
1343–1350. 

 77. Diabetes Prevention Program Research Group: Reduction in the 
incidence of type 2 diabetes with lifestyle intervention or met-
formin. N Engl J Med 2002;346:393–406.

 78. Nathan DM, Buse JB, Davidson MB, et al: Management of hy-
perglycemia in type 2 diabetes: A consensus algorithm for the 
initiation and adjustment of therapy: A consensus statement 
from the American Diabetes Association and the European 
Association for the Study of Diabetes. Diabet Care 2006;29:
1963–1972.

 79. Home PD, Pocock SJ, Beck-Nielsen H, et al: Rosiglitazone evalu-
ated for cardiovascular outcomes — an interim analysis. N Engl 
J Med 2007;357:28–38.

 80. Nissen SE, Wolski K: Effect of rosiglitazone on the risk of myo-
cardial infarction and death from cardiovascular causes. N Engl 
J Med 2007;356:2457–2471.

 81. Kahn SE, Haffner SM, Heise MA, et al: Glycemic durability of 
rosiglitazone, metformin, or glyburide monotherapy. N Engl J 
Med 2006;355:2427–2443.

 82. Pietruck F, Kribben A, Van TN, et al: Rosiglitazone is a safe and 
effective treatment option of new-onset diabetes mellitus after 
renal transplantation. Transpl Int 2005;18:483–486.

 83. Nathan DM: Rosiglitazone and cardiotoxicity—weighing the 
evidence. N Engl J Med 2007;357:64–66.

 84. Turk T, Pietruck F, Dolff S, et al: Repaglinide in the manage-
ment of new-onset diabetes mellitus after renal transplantation. 
Am J Transplant 2006;6:842–846.

 85. Kendall DM, Kim D, Maggs D: Incretin mimetics and dipepti-
dyl peptidase-IV inhibitors: A review of emerging therapies for 
type 2 diabetes. Diabetes Technol Ther 2006;8:385–396.

 86. Sitagliptin (Januvia) for type 2 diabetes. Med Lett Drugs Ther 
2007;49:1–3.

 87. Exenatide (Byetta) for type 2 diabetes. Med Lett Drugs Ther 
2005;47:45–46.

 88. Bolen S, Feldman L, Vassy J, et al: Systematic review: Compara-
tive effectiveness and safety of oral medications for type 2 dia-
betes mellitus. Ann Int Med 2007;147:386–399.

 89. Karalliedde J, Buckingham R, Starkie M, et al: Effect of various 
diuretic treatments on rosiglitazone-induced fl uid retention. 
J Am Soc Nephrol 2006;17:3482–3490.

 90. Barbosa J, Steffes MW, Sutherland DE, et al: Effect of glycemic 
control on early diabetic renal lesions. A 5-year randomized 
controlled clinical trial of insulin-dependent diabetic kidney 
transplant recipients. JAMA 1994;272:600–606.

 91. Prasad GV, Kim SJ, Huang M, et al: Reduced incidence of 
new-onset diabetes mellitus after renal transplantation with 
3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors 
(statins). Am J Transplant 2004;4:1897–1903.

 92. Scheen AJ: Renin-angiotensin system inhibition prevents 
type 2 diabetes mellitus. Part 2. Overview of physiological 
and biochemical mechanisms. Diabet Metab 2004;30:
498–505.

 93. Bosch J, Yusuf S, Gerstein HC, et al: Effect of ramipril on the 
incidence of diabetes. N Engl J Med 2006;355:1551–1562.

 94. Gaede P, Lund-Andersen H, Parving HH, Pedersen O: Effect of 
a multifactorial intervention on mortality in type 2 diabetes. 
N Engl J Med 2008;358:580–591.

 95. Kirk AD, Mannon RB, Swanson SJ, Hale DA: Strategies for min-
imizing immunosuppression in kidney transplantation. Transpl 
Int 2005;18:2–14.

 96. Kasiske BL, Klinger D: Cigarette smoking in renal transplant 
recipients. J Am Soc Nephrol 2000;11:753–759.

 97. Orth SR, Ritz E, Schrier RW: The renal risks of smoking. Kid-
ney Int 1997;51:1669–1677.

 98. Ritz E, Benck U, Franek E, et al: Effects of smoking on renal 
hemodynamics in healthy volunteers and in patients with glo-
merular disease. J Am Soc Nephrol 1998;9:1798–1804.

 99. Manson JE, Ajani UA, Liu S, et al: A prospective study of ciga-
rette smoking and the incidence of diabetes mellitus among 
US male physicians. Am J Med 2000;109:538–542.

 100. Fiore MC, Bailey WC, Cohen SJ, et al: Treating tobacco use and 
dependence. In Quick Reference Guide for Clinicians. Rock-
ville, MD: U.S. Department of Health and Human Services, 
Public Health Service, 2000.

 101. DeNelsky GY, Bower ME: Smoking cessation in cardiac pre-
ventive health. In Robinson K (ed): Preventive Cardiology. 
Armonk, NY: Futura Publishing, 1998, pp 325–353.

 102. Helge TD, Denelsky GY: Pharmacologic aids to smoking cessa-
tion. Cleve Clin J Med 2000;67:818,821–824.

 103. Jorenby DE, Leischow SJ, Nides MA, et al: A controlled trial of 
sustained-release bupropion, a nicotine patch, or both for 
smoking cessation. N Engl J Med 1999;340:685–691.

 104. Hays JT, Hurt RD, Rigotti NA, et al: Sustained-release bupro-
pion for pharmacologic relapse prevention after smoking ces-
sation. A randomized, controlled trial. Ann Intern Med 2001;
135:423–433.

 105. Leonard M: Medications used for smoking cessation. Pharma-
cother Update 2006;9:1–5.

 106. Schroeder SA, Sox HC: Trials that matter: Varenicline: A designer 
drug to help smokers quit. Ann Intern Med 2006;145:784–785.

 107. Klesges RC, Johnson KC, Somes G: Varenicline for smoking 
cessation: Defi nite promise, but no panacea. JAMA 2006;296:
94–95.

 108. Gonzales D, Rennard SI, Nides M, et al: Varenicline, an �4�2

nicotinic acetylcholine receptor partial agonist, vs. sustained-
release bupropion and placebo for smoking cessation: A ran-
domized controlled trial. JAMA 2006;296:47–55.

 109. Jorenby DE, Hays JT, Rigotti NA, et al: Effi cacy of varenicline, 
an �4�2 nicotinic acetylcholine receptor partial agonist, vs. pla-
cebo or sustained-release bupropion for smoking cessation: A 
randomized controlled trial. JAMA 2006;296:56–63.

 110. Tonstad S, Tonnesen P, Hajek P, et al: Effect of maintenance 
therapy with varenicline on smoking cessation: A randomized 
controlled trial. JAMA 2006;296:64–71.

 111. DeNelsky GY: Stop Smoking Now. Cleveland, OH: Cleveland 
Clinic Press, 2007.

 112. Varenicline (Chantix) for tobacco dependence. Med Lett Drugs 
Ther 2006;48:66–68.

 113. Smith SC Jr, Allen J, Blair SN, et al: AHA/ACC guidelines for 
secondary prevention for patients with coronary and other 
atherosclerotic vascular disease: 2006 update endorsed by the 
National Heart, Lung, and Blood Institute. J Am Coll Cardiol 
2006;47:2130–2139.

 114. Bhatt DL, Fox KA, Hacke W, et al: Clopidogrel and aspirin ver-
sus aspirin alone for the prevention of atherothrombotic 
events. N Engl J Med 2006;354:1706–1717.

 115. Steinhubl SR, Berger PB, Mann JT 3rd, et al, for the CREDO 
Investigators: Early and sustained dual oral antiplatelet ther-
apy following percutaneous coronary intervention: A ran-
domized controlled trial. JAMA 2002;288:2411–2420.

 116. Kagami S, Border WA, Miller DE, Noble NA: Angiotensin II 
stimulates extracellular matrix protein synthesis through 
induction of transforming growth factor-� expression in 
rat glomerular mesangial cells. J Clin Invest 1994;93:
2431–2437.

 117. Monton M, Castilla MA, Alvarez Arroyo MV, et al: Effects of 
angiotensin II on endothelial cell growth: Role of AT1 and AT2

receptors. J Am Soc Nephrol 1998;9:969–974.
 118. Pitt B, Zannad F, Remme WJ, et al, for the Randomized Aldac-

tone Evaluation Study Investigators: The effect of spironolactone 

Ch89_1009-1033-X5484.indd 1028Ch89_1009-1033-X5484.indd   1028 6/18/08 3:31:12 PM6/18/08   3:31:12 PM



1029 Cardiovascular and Other Noninfectious Complications after Renal Transplantation in Adults

on morbidity and mortality in patients with severe heart failure. 
N Engl J Med 1999;341:709–717.

 119. Schepkens H, Vanholder R, Billiouw JM, Lameire N: Life-
threatening hyperkalemia during combined therapy with 
angiotensin-converting enzyme inhibitors and spironolactone: 
An analysis of 25 cases. Am J Med 2001;110:438–441.

 120. Borghi C, Prandin MG, Costa FV, et al: Use of statins and blood 
pressure control in treated hypertensive patients with hyper-
cholesterolemia. J Cardiovasc Pharmacol 2000;35:549–555.

 121. Rizzo M, Rini GB: Statins, fracture risk, and bone remodeling: 
What is true? Am J Med Sci 2006;332:55–60.

 122. Spaulding C, Henry P, Teiger E, et al: Sirolimus-eluting versus 
uncoated stents in acute myocardial infarction. N Engl J Med 
2006;355:1093–1104.

 123. Laarman GJ, Suttorp MJ, Dirksen MT, et al: Paclitaxel-eluting 
versus uncoated stents in primary percutaneous coronary 
intervention. N Engl J Med 2006;355:1105–1113.

 124. Sousa JE, Costa MA, Abizaid A, et al: Lack of neointimal pro-
liferation after implantation of sirolimus-coated stents in hu-
man coronary arteries: A quantitative coronary angiography 
and three-dimensional intravascular ultrasound study. Circula-
tion 2001;103:192–195.

 125. Shuchman M: Trading restenosis for thrombosis? New questions 
about drug-eluting stents. N Engl J Med 2006;355:1949–1952.

 126. Eisenstein EL, Anstrom KJ, Kong DF, et al: Clopidogrel use and 
long-term clinical outcomes after drug-eluting stent implanta-
tion. JAMA 2007;297:159–168.

 127. Ferguson ER, Hudson SL, Diethelm AG, et al: Outcome after 
myocardial revascularization and renal transplantation: A 25-year 
single-institution experience. Ann Surg 1999;230:232–241.

 128. Dresler C, Uthoff K, Wahlers T, et al: Open heart operations af-
ter renal transplantation. Ann Thorac Surg 1997;63:143–146.

 129. Herzog CA, Ma JZ, Collins A: Three-year survival of renal 
transplant recipients in the US after coronary artery bypass 
surgery, coronary angioplasty, and coronary stenting. J Am Soc 
Nephrol 2001;11:719A.

 130. Amarenco P, Labreuche J, Lavallee P, Touboul PJ: Statins in 
stroke prevention and carotid atherosclerosis: Systematic re-
view and up-to-date meta-analysis. Stroke 2004;35:2902–2909.

 131. Fathi R, Isbel N, Short L, et al: The effect of long-term aggres-
sive lipid lowering on ischemic and atherosclerotic burden in 
patients with chronic kidney disease. Am J Kidney Dis 2004;
43:45–52.

 132. Crouse JR III, Raichlen JS, Riley WA, et al: Effect of rosuvas-
tatin on progression of carotid intima-media thickness in low-
risk individuals with subclinical atherosclerosis: The METEOR 
trial. JAMA 2007;297:1344–1353.

 133. Executive Committee for the Asymptomatic Carotid Athero-
sclerosis Study: Endarterectomy for asymptomatic carotid 
artery stenosis. JAMA 1995;273:1421–1428.

 134. Amarenco P, Bogousslavsky J, Callahan A III, et al: High-dose 
atorvastatin after stroke or transient ischemic attack. N Engl J 
Med 2006;355:549–559.

 135. Collins R, Armitage J, Parish S, et al, for the Heart Protection 
Study Collaborative Group: Effects of cholesterol-lowering 
with simvastatin on stroke and other major vascular events in 
20536 people with cerebrovascular disease or other high-risk 
conditions. Lancet 2004;363:757–767.

 136. Vickrey BG, Rector TS, Wickstrom SL, et al: Occurrence of sec-
ondary ischemic events among persons with atherosclerotic 
vascular disease. Stroke 2002;33:901–906.

 137. Iso H, Jacobs DR Jr , Wentworth D, et al: Serum cholesterol 
levels and six-year mortality from stroke in 350,977 men 
screened for the multiple risk factor intervention trial. N Engl J 
Med 1989;320:904–910.

 138. Yano K, Reed DM, MacLean CJ: Serum cholesterol and hemor-
rhagic stroke in the Honolulu Heart Program. Stroke 1989;
20:1460–1465.

 139. Lee SH, Bae HJ, Yoon BW, et al: Low concentration of serum to-
tal cholesterol is associated with multifocal signal loss lesions on 
gradient-echo magnetic resonance imaging: Analysis of risk fac-
tors for multifocal signal loss lesions. Stroke 2002;33:2845–2849.

 140. Waters DD, Schwartz GG, Olsson AG, et al: Effects of atorvas-
tatin on stroke in patients with unstable angina or non-Q-
wave myocardial infarction: A Myocardial Ischemia Reduction 
with Aggressive Cholesterol Lowering (MIRACL) substudy. 
Circulation 2002;106:1690–1695.

 141. Coward LJ, Featherstone RL, Brown MM: Safety and effi cacy 
of endovascular treatment of carotid artery stenosis com-
pared with carotid endarterectomy: A Cochrane Systematic 
Review of the randomized evidence. Stroke 2005;36:905–911.

 142. Mas JL, Chatellier G, Beyssen B, et al: Endarterectomy versus 
stenting in patients with symptomatic severe carotid stenosis. 
N Engl J Med 2006;355:1660–1671.

 143. Ringleb PA, Allenberg J, Bruckmann H, et al: 30 day results 
from the SPACE trial of Stent-Protected Angioplasty versus 
Carotid Endarterectomy in symptomatic patients: A ran-
domised non-inferiority trial. Lancet 2006;368:1239–1247.

 144. Furlan AJ: Carotid-artery stenting—case open or closed? N Engl 
J Med 2006;355:1726–1729.

 145. Ruggieri PM, Poulos N, Masaryk TJ, et al: Occult intracranial 
aneurysms in polycystic kidney disease: Screening with MR 
angiography. Radiology 1994;191:33–39.

 146. Huston J III, Torres VE, Sulivan PP, et al: Value of magnetic 
resonance angiography for the detection of intracranial aneu-
rysms in autosomal dominant polycystic kidney disease. J Am 
Soc Nephrol 1993;3:1871–1877.

 147. Marckmann P, Skov L, Rossen K, et al: Nephrogenic systemic 
fi brosis: Suspected causative role of gadodiamide used for 
contrast-enhanced magnetic resonance imaging. J Am Soc 
Nephrol 2006;17:2359–2362.

 148. Grobner T, Prischl FC: Gadolinium and nephrogenic systemic 
fi brosis. Kidney Int 2007;72:260–264.

 149. Karlik SJ: Gadodiamide-associated nephrogenic systemic fi bro-
sis. Am J Roentgenol 2007;188:W584.

 150. Kasiske BL, Ramos EL, Gaston RS, et al: The evaluation of 
renal transplant candidates: Clinical practice guidelines. 
Patient Care and Education Committee of the American 
Society of Transplant Physicians. J Am Soc Nephrol 1995;
6:1–34.

 151. Belz MM, Fick-Brosnahan GM, Hughes RL, et al: Recurrence 
of intracranial aneurysms in autosomal-dominant polycystic 
kidney disease. Kidney Int 2003;63:1824–1830.

 152. Wattanakit K, Folsom AR, Selvin E, et al: Kidney function and 
risk of peripheral arterial disease: Results from the Atheroscle-
rosis Risk In Communities (ARIC) study. J Am Soc Nephrol 
2007;18:629–636.

 153. Snyder JJ, Kasiske BL, Maclean R: Peripheral arterial disease and 
renal transplantation. J Am Soc Nephrol 2006;17:2056–2068.

 154. Braun WE, Avery R, Gifford RW Jr, Straffon RA: Life after 
20 years with a kidney transplant: Redefi ned disease profi les 
and an emerging nondiabetic vasculopathy. Transplant Proc 
1997;29:247–249.

 155. Hiatt WR: Medical treatment of peripheral arterial disease and 
claudication. N Engl J Med 2001;344:1608–1621.

 156. Cozzolino M, Brancaccio D, Gallieni M, Slatopolsky E: Patho-
genesis of vascular calcifi cation in chronic kidney disease. 
Kidney Int 2005;68:429–436.

 157. Hankey GJ, Norman PE, Eikelboom JW: Medical treatment of 
peripheral arterial disease. JAMA 2006;295:547–553.

 158. Collaborative meta-analysis of randomised trials of antiplatelet 
therapy for prevention of death, myocardial infarction, and 
stroke in high risk patients. BMJ 2002;324:71–86.

 159. Patrono C, Garcia Rodriguez LA, Landolfi  R, Baigent C: Low-
dose aspirin for the prevention of atherothrombosis. N Engl J 
Med 2005;353:2373–2383.

Ch89_1009-1033-X5484.indd 1029Ch89_1009-1033-X5484.indd   1029 6/18/08 3:31:12 PM6/18/08   3:31:12 PM



1030 Transplantation

 160. CAPRIE Steering Committee: A randomised, blinded, trial of 
Clopidogrel versus Aspirin in Patients at Risk of Ischaemic 
Events (CAPRIE). Lancet 1996;348:1329–1339.

 161. Tepel M, van der Giet M, Schwarzfeld C, et al: Prevention of 
radiographic-contrast-agent-induced reductions in renal func-
tion by acetylcysteine. N Engl J Med 2000;343:180–184.

 162. Gaston RS, Julian BA, Curtis JJ: Posttransplant erythrocytosis: 
An enigma revisited. Am J Kidney Dis 1994;24:1–11.

 163. Djamali A, Becker YT, Simmons WD, et al: Increasing hemato-
crit reduces early posttransplant cardiovascular risk in diabetic 
transplant recipients. Transplantation 2003;76:816–820.

 164. Singh AK, Szczech L, Tang KL, et al: Correction of anemia with 
epoetin alfa in chronic kidney disease. N Engl J Med 
2006;355:2085–2098.

 165. Drueke TB, Locatelli F, Clyne N, et al: Normalization of hemo-
globin level in patients with chronic kidney disease and anemia. 
N Engl J Med 2006;355:2071–2084.

 166. Locatelli F, Del Vecchio L, Pozzoni P: Anemia and cardiovascu-
lar risk: The lesson of the CREATE trial. J Am Soc Nephrol 
2006;17:S262–S266.

 167. Danovitch GM, Jamgotchian NJ, Eggena PH, et al: Angiotensin-
converting enzyme inhibition in the treatment of renal trans-
plant erythrocytosis: Clinical experience and observation of 
mechanism. Transplantation 1995;60:132–137.

 168. Mrug M, Stopka T, Julian BA, et al: Angiotensin II stimulates 
proliferation of normal early erythroid progenitors. J Clin In-
vest 1997;100:2310–2314.

 169. Gupta M, Miller BA, Ahsan N, et al: Expression of angiotensin 
II type I receptor on erythroid progenitors of patients with post 
transplant erythrocytosis. Transplantation 2000;70:1188–1194.

 170. Buell JF, Gross TG, Woodle ES: Malignancy after transplanta-
tion. Transplantation 2005;80:S254–S264.

 171. Kasiske BL, Snyder JJ, Gilbertson DT, Wang C: Cancer after 
kidney transplantation in the United States. Am J Transplant 
2004;4:905–913.

 172. Vajdic CM, McDonald SP, McCredie MR, et al: Cancer inci-
dence before and after kidney transplantation. JAMA 2006;296:
2823–2831.

 173. Penn I: Cancers in cyclosporine-treated vs azathioprine-treated 
patients. Transplant Proc 1996;28:876–878.

 174. Penn I: Tumors after renal and cardiac transplantation. Hema-
tol Oncol Clin North Am 1993;7:431–445.

 175. Kauffman HM, Cherikh WS, McBride MA, et al: Post-transplant 
de novo malignancies in renal transplant recipients: The past 
and present. Transpl Int 2006;19:607–620.

 176. Robson R, Cecka JM, Opelz G, et al: Prospective registry-based 
observational cohort study of the long-term risk of malignan-
cies in renal transplant patients treated with mycophenolate 
mofetil. Am J Transplant 2005;5:2954–2960.

 177. Funch DP, Ko HH, Travasso J, et al: Posttransplant lymphopro-
liferative disorder among renal transplant patients in relation 
to the use of mycophenolate mofetil. Transplantation 2005;
80:1174–1180.

 178. Andrassy J, Graeb C, Rentsch M, et al: mTOR inhibition and 
its effect on cancer in transplantation. Transplantation 2005;
80:S171–S174.

 179. Campistol JM, Eris J, Oberbauer R, et al: Sirolimus therapy 
after early cyclosporine withdrawal reduces the risk for cancer 
in adult renal transplantation. J Am Soc Nephrol 2006;17:
581–589.

 180. Gutierrez-Dalmau A, Campistol JM: Immunosuppressive ther-
apy and malignancy in organ transplant recipients: A system-
atic review. Drugs 2007;67:1167–1198.

 181. Cherikh WS, Kauffman HM, McBride MA, et al: Association of 
the type of induction immunosuppression with posttransplant 
lymphoproliferative disorder, graft survival, and patient sur-
vival after primary kidney transplantation. Transplantation 
2003;76:1289–1293.

 182. Bustami RT, Ojo AO, Wolfe RA, et al: Immunosuppression and 
the risk of post-transplant malignancy among cadaveric fi rst 
kidney transplant recipients. Am J Transplant 2004;4:87–93.

 183. Opelz G, Naujokat C, Daniel V, et al: Disassociation between 
risk of graft loss and risk of non-Hodgkin lymphoma with in-
duction agents in renal transplant recipients. Transplantation 
2006;81:1227–1233.

 184. Cherikh WS: Updated analysis of dissociation of depletion and 
PTLD in kidney recipients treated with alemtuzumab induc-
tion therapy [abstract]. Am J Transplant 2007;7:233.

 185. Smith JM, Rudser K, Gillen D, et al: Risk of lymphoma after re-
nal transplantation varies with time: An analysis of the United 
States Renal Data System. Transplantation 2006;81:175–180.

 186. Subklewe M, Marquis R, Choquet S, et al: Association of hu-
man leukocyte antigen haplotypes with posttransplant lym-
phoproliferative disease after solid organ transplantation. 
Transplantation 2006;82:1093–1100.

 187. Bakker NA, van Imhoff GW, Verschuuren EA, et al: HLA anti-
gens and post renal transplant lymphoproliferative disease: 
HLA-B matching is critical. Transplantation 2005;80:595–599.

 188. Vincenti F, Larsen C, Durrbach A, et al: Costimulation block-
ade with belatacept in renal transplantation. N Engl J Med 
2005;353:770–781.

 189. Dharnidharka VR, Tejani AH, Ho PL, Harmon WE: Post-
transplant lymphoproliferative disorder in the United States: 
Young Caucasian males are at highest risk. Am J Transplant 
2002;2:993–998.

 190. Stallone G, Schena A, Infante B, et al: Sirolimus for Kaposi’s 
sarcoma in renal-transplant recipients. N Engl J Med 
2005;352:1317–1323.

 191. Joura EA, Leodolter S, Hernandez-Avila M, et al: Effi cacy of a 
quadrivalent prophylactic human papillomavirus (types 6, 11, 
16, and 18) L1 virus-like-particle vaccine against high-grade 
vulval and vaginal lesions: A combined analysis of three ran-
domised clinical trials. Lancet 2007;369:1693–1702.

 192. Bruix J, Sherman M: Management of hepatocellular carci-
noma. Hepatology 2005;42:1208–1236.

 193. Lennard L, Thomas S, Harrington CI, Maddocks JL: Skin can-
cer in renal transplant recipients is associated with increased 
concentrations of 6-thioguanine nucleotide in red blood cells. 
Br J Dermatol 1985;113:723–729.

 194. Penn I: The effect of immunosuppression on pre-existing can-
cers. Transplantation 1993;55:742–747.

 195. Penn I: Neoplasia following transplantation. In Turka LA, 
Norman DJ (eds): Primer on Transplantation. Ames, IA: 
Blackwell Publishing, 2001, pp 268–275.

 196. Johnson SR, Cherikh WS, Kauffman HM, et al: Retransplanta-
tion after post-transplant lymphoproliferative disorders: 
An OPTN/UNOS database analysis. Am J Transplant 2006;6:
2743–2749.

 197. Tsai DE, Hardy CL, Tomaszewski JE, et al: Reduction in immu-
nosuppression as initial therapy for posttransplant lymphopro-
liferative disorder: Analysis of prognostic variables and long- 
term follow-up of 42 adult patients. Transplantation 
2001;71:1076–1088.

 198. Tsai D: Advances in management of refractory PTLD. Presenta-
tion at the American Transplant Conference: 7th Annual Joint 
Transplant of the American Society of Transplant Surgeons and 
American Society of Transplantation 2007.

 199. Tsai DE, Aqui NA, Vogl DT, et al: Successful treatment of T-cell 
post-transplant lymphoproliferative disorder with the retinoid 
analog bexarotene. Am J Transplant 2005;5:2070–2073.

 200. Patel H, Vogl DT, Aqui N, et al: Posttransplant lymphoprolifer-
ative disorder in adult liver transplant recipients: A report of 
17 cases. Leuk Lymphoma 2007;48:885–891.

 201. Elstrom RL, Andreadis C, Aqui NA, et al: Treatment of PTLD 
with rituximab or chemotherapy. Am J Transplant 2006;6:
569–576.

Ch89_1009-1033-X5484.indd 1030Ch89_1009-1033-X5484.indd   1030 6/18/08 3:31:12 PM6/18/08   3:31:12 PM



1031 Cardiovascular and Other Noninfectious Complications after Renal Transplantation in Adults

 202. Taylor AL, Bowles KM, Callaghan CJ, et al: Anthracycline-
based chemotherapy as fi rst-line treatment in adults with ma-
lignant posttransplant lymphoproliferative disorder after solid 
organ transplantation. Transplantation 2006;82:375–381.

 203. Funch DP, Walker AM, Schneider G, et al: Ganciclovir and acy-
clovir reduce the risk of post-transplant lymphoproliferative 
disorder in renal transplant recipients. Am J Transplant 
2005;5:2894–2900.

 204. Comoli P, Basso S, Zecca M, et al: Preemptive therapy of 
EBV-related lymphoproliferative disease after pediatric hap-
loidentical stem cell transplantation. Am J Transplant 2007;7:
1648–1655.

 205. Stasko T, Brown MD, Carucci JA, et al: Guidelines for the man-
agement of squamous cell carcinoma in organ transplant re-
cipients. Dermatol Surg 2004;30:642–650.

 206. Berg D, Otley CC: Skin cancer in organ transplant recipients: 
Epidemiology, pathogenesis, and management. J Am Acad 
Dermatol 2002;47:1–17.

 207. A new sunscreen agent. Med Lett Drugs Ther 2007;49:41–43.
 208. Kauffman HM, Cherikh WS, Cheng Y, et al: Maintenance immu-

nosuppression with target-of-rapamycin inhibitors is associated 
with a reduced incidence of de novo malignancies. Transplanta-
tion 2005;80:883–889.

 209. Tessmer CS, Magalhaes LV, Keitel E, et al: Conversion to siroli-
mus in renal transplant recipients with skin cancer. Transplan-
tation 2006;82:1792–1793.

 210. Bonner JA, Harari PM, Giralt J, et al: Radiotherapy plus cetux-
imab for squamous-cell carcinoma of the head and neck. N Engl 
J Med 2006;354:567–578.

 211. Nepomuceno RR, Balatoni CE, Natkunam Y, et al: Rapamycin 
inhibits the interleukin 10 signal transduction pathway and the 
growth of Epstein Barr virus B-cell lymphomas. Cancer Res 
2003;63:4472–4480.

 212. Markovic SN, Erickson LA, Rao RD, et al: Malignant mela-
noma in the 21st century, part 1: Epidemiology, risk factors, 
screening, prevention, and diagnosis. Mayo Clin Proc 2007;82:
364–380.

 213. Sugawara Y, Kaneko J, Makuuchi M: Cyclosporin A for treat-
ment of hepatitis C virus after liver transplantation. Transplan-
tation 2006;82:579–580.

 214. Inoue K, Sekiyama K, Yamada M, et al: Combined interferon 
alpha2b and cyclosporin A in the treatment of chronic hepati-
tis C: Controlled trial. J Gastroenterol 2003;38:567–572.

 215. Nakagawa M, Sakamoto N, Enomoto N, et al: Specifi c inhibi-
tion of hepatitis C virus replication by cyclosporin A. Biochem 
Biophys Res Commun 2004;313:42–47.

 216. Helderman JH, Goral S: Gastrointestinal complications of 
transplant immunosuppression. J Am Soc Nephrol 2002;13:
277–287.

 217. Budde K, Curtis J, Knoll G, et al: Enteric-coated mycopheno-
late sodium can be safely administered in maintenance renal 
transplant patients: Results of a 1-year study. Am J Transplant 
2004;4:237–243.

 218. Salvadori M, Holzer H, de Mattos A, et al: Enteric-coated myco-
phenolate sodium is therapeutically equivalent to mycophenolate 
mofetil in de novo renal transplant patients. Am J Transplant 
2004;4:231–236.

 219. Bunnapradist S, Lentine KL, Burroughs TE, et al: Mycopheno-
late mofetil dose reductions and discontinuations after gastro-
intestinal complications are associated with renal transplant 
graft failure. Transplantation 2006;82:102–107.

 220. Kreis H, Cisterne JM, Land W, et al: Sirolimus in association 
with mycophenolate mofetil induction for the prevention of 
acute graft rejection in renal allograft recipients. Transplanta-
tion 2000;69:1252–1260.

 221. Maes B, Hadaya K, de Moor B, et al: Severe diarrhea in renal 
transplant patients: Results of the DIDACT study. Am J Trans-
plant 2006;6:1466–1472.

 222. Helderman JH: Prophylaxis and treatment of gastrointestinal 
complications following transplantation. Clin Transplant 2001;
15 Suppl 4:29–35.

 223. Yang YX, Lewis JD, Epstein S, Metz DC: Long-term proton 
pump inhibitor therapy and risk of hip fracture. JAMA 2006;
296:2947–2953.

 224. Heher EC, Rennke HG, Humphreys BD: Nephrocalcinosis, oral 
sodium phosphate solution, and phosphate nephropathy. Nephrol 
Rounds 2007;5:1–6. Available from www.nephrologyrounds.org.

 225. Markowitz GS, Nasr SH, Klein P, et al: Renal failure due to 
acute nephrocalcinosis following oral sodium phosphate bowel 
cleansing. Hum Pathol 2004;35:675–684.

 226. Colonoscopy preparations. Med Lett Drugs Ther 2005;47:53–54.
 227. Church JM, Fazio VW, Braun WE, et al: Perforation of the co-

lon in renal homograft recipients. A report of 11 cases and a 
review of the literature. Ann Surg 1986;203:69–76.

 228. Knechtle SJ, Pirsch JD, Fechner H, et al: Campath-1H induction 
plus rapamycin monotherapy for renal transplantation: Results 
of a pilot study. Am J Transplant 2003;3:722–730.

 229. Chuang P, Langone AJ: Clobetasol ameliorates aphthous ulcer-
ation in renal transplant patients on sirolimus. Am J Transplant 
2007;7:714–717.

 230. Lorber MI, Van Buren CT, Flechner SM, et al: Hepatobiliary 
and pancreatic complications of cyclosporine therapy in 466 
renal transplant recipients. Transplantation 1987;43:35–40.

 231. Soderdahl G, Tyden G, Groth CG: Incidence of gastrointestinal 
complications following renal transplantation in the cyclospo-
rin era. Transplant Proc 1994;26:1771–1772.

 232. Ton FN, Gunawardene SC, Lee H, Neer RM: Effects of low-
dose prednisone on bone metabolism. J Bone Miner Res 
2005;20:464–470.

 233. Kwan JT, Almond MK, Evans K, Cunningham J: Changes in 
total body bone mineral content and regional bone mineral 
density in renal patients following renal transplantation. Miner 
Electrolyte Metab 1992;18:166–168.

 234. Grotz WH, Mundinger FA, Gugel B, et al: Bone mineral den-
sity after kidney transplantation. A cross-sectional study in 190 
graft recipients up to 20 years after transplantation. Transplan-
tation 1995;59:982–986.

 235. Cunningham J: Pathogenesis and prevention of bone loss in 
patients who have kidney disease and receive long-term immu-
nosuppression. J Am Soc Nephrol 2007;18:223–234.

 236. Van Staa TP, Leufkens HG, Abenhaim L, et al: Use of oral cor-
ticosteroids and risk of fractures. J Bone Miner Res 2000;15:
993–1000.

 237. ter Meulen CG, van Riemsdijk I, Hene RJ, et al: No important 
infl uence of limited steroid exposure on bone mass during 
the fi rst year after renal transplantation: A prospective, 
randomized, multicenter study. Transplantation 2004;78:
101–106.

 238. Farmer CK, Hampson G, Abbs IC, et al: Late low-dose steroid 
withdrawal in renal transplant recipients increases bone for-
mation and bone mineral density. Am J Transplant 2006;6:
2929–2936.

 239. Silverman SL: Selecting patients for osteoporosis therapy: A 
new approach—fracture risk assessment based on clinical risk 
factors is coming into play. J Musculoskel Med 2007;24:
207–218. Available from: fi nd.galegroup.com/itx/infomark.

 240. Lewiecki EM: Review of guidelines for bone mineral density 
testing and treatment of osteoporosis. Curr Osteoporos Rep 
2005;3:75–83.

 241. Braun WE, Richmond BJ: Osteoporosis and gout before and 
after 20 years with a functioning renal transplant. Graft Organ 
Cell Transplant 1999;2:S119.

 242. Bushinsky DA: The contribution of acidosis to renal osteodys-
trophy. Kidney Int 1995;47:1816–1832.

 243. Osteoporosis prevention, diagnosis, and therapy. JAMA 2001;
285:785–795.

Ch89_1009-1033-X5484.indd 1031Ch89_1009-1033-X5484.indd   1031 6/18/08 3:31:13 PM6/18/08   3:31:13 PM



1032 Transplantation

 244. Lee S, Coco M, Greenstein SM, et al: The effect of sirolimus on 
sex hormone levels of male renal transplant recipients. Clin 
Transplant 2005;19:162–167.

 245. Fritsche L, Budde K, Dragun D, et al: Testosterone concentra-
tions and sirolimus in male renal transplant patients. Am J 
Transplant 2004;4:130–131.

 246. Hampton T: Diabetes drugs tied to fractures in women. JAMA 
2007;297:1645.

 247. Intravenous ibandronate (Boniva). Med Lett Drugs Ther 2006;
48:68–69.

 248. Summey BT, Yosipovitch G: Glucocorticoid-induced bone loss 
in dermatologic patients: An update. Arch Dermatol 2006;142:
82–90.

 249. Heffernan MP, Saag KG, Robinson JK, Callen JP: Prevention of 
osteoporosis associated with chronic glucocorticoid therapy. 
JAMA 2006;295:1300–1303.

 250. Silverman SL, Watts NB, Delmas PD, et al: Effectiveness of 
bisphosphonates on nonvertebral and hip fractures in the fi rst 
year of therapy: The risedronate and alendronate (REAL) co-
hort study. Osteoporos Int 2007;18:25–34.

 251. Mitterbauer C, Schwarz C, Haas M, Oberbauer R: Effects of 
bisphosphonates on bone loss in the fi rst year after renal 
transplantation—a meta-analysis of randomized controlled 
trials. Nephrol Dial Transplant 2006;21:2275–2281.

 252. de Nijs RN, Jacobs JW, Lems WF, et al: Alendronate or alfacal-
cidol in glucocorticoid-induced osteoporosis. N Engl J Med 
2006;355:675–684.

 253. Weisinger JR, Carlini RG, Rojas E, Bellorin-Font E: Bone dis-
ease after renal transplantation. Clin J Am Soc Nephrol 2006;1:
1300–1313.

 254. Greenspan SL, Bone HG, Ettinger MP, et al: Effect of recombi-
nant human parathyroid hormone (1-84) on vertebral fracture 
and bone mineral density in postmenopausal women with os-
teoporosis: A randomized trial. Ann Intern Med 2007;146:
326–339.

 255. Black DM, Delmas PD, Eastell R, et al: Once-yearly zoledronic 
acid for treatment of postmenopausal osteoporosis. N Engl J 
Med 2007;356:1809–1822.

 256. Compston J: Treatments for osteoporosis—looking beyond the 
HORIZON. N Engl J Med 2007;356:1878–1880.

 257. Black DM, Schwartz AV, Ensrud KE, et al: Effects of continuing 
or stopping alendronate after 5 years of treatment: The Fracture 
intervention trial Long-term EXtension (FLEX):A randomized 
trial. JAMA 2006;296:2927–2938.

 258. Colon-Emeric CS: Ten vs. fi ve years of bisphosphonate treat-
ment for postmenopausal osteoporosis: Enough of a good 
thing. JAMA 2006;296:2968–2969.

 259. American College of Rheumatology Ad Hoc Committee on 
Glucocorticoid-Induced Osteoporosis: Recommendations for 
the prevention and treatment of glucocorticoid-induced os-
teoporosis: 2001 update. Arthritis Rheum 2001;44:1496–1503.

 260. Adler RA, Hochberg MC: Suggested guidelines for evaluation 
and treatment of glucocorticoid-induced osteoporosis for the 
Department of Veterans Affairs. Arch Intern Med 2003;163:
2619–2624.

 261. Sambrook PN: Anabolic therapy in glucocorticoid-induced 
osteoporosis. N Engl J Med 2007;357:2084–2086. 

 262. Westenfeld R, Brandenburg VM, Ketteler M: Bisphosphonates 
can improve bone mineral density in renal transplant recipi-
ents. Nat Clin Pract Nephrol 2006;2:676–677.

 263. Kodras K, Haas M: Effect of kidney transplantation on bone. 
Eur J Clin Invest 2006;36(Suppl 2):63–75.

 264. Coco M, Glicklich D, Faugere MC, et al: Prevention of bone loss 
in renal transplant recipients: A prospective, randomized trial of 
intravenous pamidronate. J Am Soc Nephrol 2003;14:2669–2676.

 265. Ettinger B, San Martin J, Crans G, Pavo I: Differential effects of 
teriparatide on BMD after treatment with raloxifene or alen-
dronate. J Bone Miner Res 2004;19:745–751.

 266. Schwarz C, Mitterbauer C, Heinze G, et al: Nonsustained ef-
fect of short-term bisphosphonate therapy on bone turnover 
three years after renal transplantation. Kidney Int 2004;65:
304–309.

 267. Vautour LM, Melton LJ III, Clarke BL, et al: Long-term frac-
ture risk following renal transplantation: A population-based 
study. Osteoporos Int 2004;15:160–167.

 268. Moe S, Drueke T, Cunningham J, et al: Defi nition, evaluation, 
and classifi cation of renal osteodystrophy: A position state-
ment from Kidney Disease: Improving Global Outcomes 
(KDIGO). Kidney Int 2006;69:1945–1953.

 269. Rojas E, Carlini RG, Clesca P, et al: The pathogenesis of osteo-
dystrophy after renal transplantation as detected by early alter-
ations in bone remodeling. Kidney Int 2003;63:1915–1923.

 270. Fan SL, Almond MK, Ball E, et al: Pamidronate therapy as pre-
vention of bone loss following renal transplantation. Kidney 
Int 2000;57:684–690.

 271. Kovac D, Lindic J, Kandus A, Bren AF: Prevention of bone loss 
with alendronate in kidney transplant recipients. Transplanta-
tion 2000;70:1542–1543.

 272. Grotz WH, Mundinger FA, Rasenack J, et al: Bone loss after 
kidney transplantation: A longitudinal study in 115 graft recip-
ients. Nephrol Dial Transplant 1995;10:2096–2100.

 273. Haas M, Leko-Mohr Z, Roschger P, et al: Zoledronic acid to 
prevent bone loss in the fi rst 6 months after renal transplanta-
tion. Kidney Int 2003;63:1130–1136.

 274. Bilezikian JP: Osteonecrosis of the jaw—do bisphosphonates 
pose a risk? N Engl J Med 2006;355:2278–2281.

 275. Markowitz GS, Appel GB, Fine PL, et al: Collapsing focal seg-
mental glomerulosclerosis following treatment with high-dose 
pamidronate. J Am Soc Nephrol 2001;12:1164–1172.

 276. Grotz W, Nagel C, Poeschel D, et al: Effect of ibandronate on 
bone loss and renal function after kidney transplantation. J Am 
Soc Nephrol 2001;12:1530–1537.

 277. Wolpaw T, Deal CL, Fleming-Brooks S, et al: Factors infl uenc-
ing vertebral bone density after renal transplantation. Trans-
plantation 1994;58:1186–1189.

 278. Maricic MJ, Gluck OS: Osteoporosis: therapeutic options for pre-
vention and management. J Musculoskel Med 2001;18:415–423.

 279. Massari PU: Disorders of bone and mineral metabolism after 
renal transplantation. Kidney Int 1997;52:1412–1421.

 280. Torres A, Lorenzo V, Salido E: Calcium metabolism and skele-
tal problems after transplantation. J Am Soc Nephrol 2002;13:
551–558.

 281. Szwarc I, Argiles A, Garrigue V, et al: Cinacalcet chloride is effi -
cient and safe in renal transplant recipients with posttrans-
plant hyperparathyroidism. Transplantation 2006;82:675–680.

 282. Ix JH, Quarles LD, Chertow GM: Guidelines for disorders of 
mineral metabolism and secondary hyperparathyroidism should 
not yet be modifi ed. Nat Clin Pract Nephrol 2006;2:337–339.

 283. Shahapuni I, Monge M, Oprisiu R, et al: Drug insight: Renal 
indications of calcimimetics. Nat Clin Pract Nephrol 2006;2:
316–325.

 284. Kruse AE, Eisenberger U, Frey FJ, Mohaupt MG: The calcimi-
metic cinacalcet normalizes serum calcium in renal transplant 
patients with persistent hyperparathyroidism. Nephrol Dial 
Transplant 2005;20:1311–1314.

 285. Serra AL, Schwarz AA, Wick FH, et al: Successful treatment of 
hypercalcemia with cinacalcet in renal transplant recipients 
with persistent hyperparathyroidism. Nephrol Dial Transplant 
2005;20:1315–1319.

 286. Srinivas TR, Schold JD, Womer KL, et al: Improvement in hy-
percalcemia with cinacalcet after kidney transplantation. Clin J 
Am Soc Nephrol 2006;1:323–326.

 287. Leca N, Laftavi M, Gundroo A, et al: Early and severe hyper-
parathyroidism associated with hypercalcemia after renal 
transplant treated with cinacalcet. Am J Transplant 2006;6:
2391–2395.

Ch89_1009-1033-X5484.indd 1032Ch89_1009-1033-X5484.indd   1032 6/18/08 3:31:13 PM6/18/08   3:31:13 PM



1033 Cardiovascular and Other Noninfectious Complications after Renal Transplantation in Adults

 288. El Amm JM, Doshi MD, Singh A, et al: Preliminary experience 
with cinacalcet use in persistent secondary hyperparathyroidism 
after kidney transplantation. Transplantation 2007;83:546–549.

 289. de Francisco AL: New strategies for the treatment of hyper-
parathyroidism incorporating calcimimetics. Expert Opin 
Pharmacother 2008;9:795–811.

 290. Moe SM, Cunningham J, Bommer J, et al: Long-term treat-
ment of secondary hyperparathyroidism with the calcimimetic 
cinacalcet HCl. Nephrol Dial Transplant 2005;20:2186–2193.

 291. Falck P, Vethe NT, Asber A, et al: Cinacalcet infl uences the 
pharmacokinetics of tacrolimus but not cyclosporine A in sta-
ble renal transplant recipients. Am Transplant Cong 
2007;7:535.

 292. Becker BN, Hullett DA, O’Herrin JK, et al: Vitamin D as im-
munomodulatory therapy for kidney transplantation. Trans-
plantation 2002;74:1204–1206.

 293. Aschenbrenner JK, Heisey DM, Sollinger HW: 1,25-dihydroxy 
vitamin D3 (1,25-[OH]2D3) improves renal transplant function. 
J Am Soc Nephrol 2000;11:677A.

 294. Tan X, Li Y, Liu Y: Paricalcitol attenuates renal interstitial fi bro-
sis in obstructive nephropathy. J Am Soc Nephrol 2006;17:
3382–3393.

 295. Li YC, Kong J, Wei M, et al: 1,25-dihydroxyvitamin D3 is a nega-
tive endocrine regulator of the renin-angiotensin system. J Clin 
Invest 2002;110:229–238.

 296. Kerby JD, Rue LW, Blair H, et al: Operative treatment of ter-
tiary hyperparathyroidism: A single-center experience. Ann 
Surg 1998;227:878–886.

 297. Evenepoel P, Claes K, Kuypers D, et al: Impact of parathyroid-
ectomy on renal graft function, blood pressure and serum lip-
ids in kidney transplant recipients: A single centre study. 
Nephrol Dial Transplant 2005;20:1714–1720.

 298. Andress DL: Vitamin D treatment in chronic kidney disease. 
Semin Dial 2005;18:315–321.

 299. Abbott KC, Koff J, Bohen EM, et al: Maintenance immunosup-
pression use and the associated risk of avascular necrosis after 
kidney transplantation in the United States. Transplantation 
2005;79:330–336.

 300. Barbosa LM, Gauthier VJ, Davis CL: Bone pain that responds to 
calcium channel blockers. A retrospective and prospective study 
of transplant recipients. Transplantation 1995;59:541–544.

 301. Stamp L, Searle M, O’Donnell J, Chapman P: Gout in solid or-
gan transplantation: A challenging clinical problem. Drugs 
2005;65:2593–2611.

 302. Gores PF, Fryd DS, Sutherland DE, et al: Hyperuricemia after 
renal transplantation. Am J Surg 1988;156:397–400.

 303. Zurcher RM, Bock HA, Thiel G: Hyperuricaemia in cyclosporin-
treated patients: GFR-related effect. Nephrol Dial Transplant 
1996;11:153–158.

 304. West C, Carpenter BJ, Hakala TR: The incidence of gout in re-
nal transplant recipients. Am J Kidney Dis 1987;10:369–372.

 305. Cohen MR: Proximal gout following renal transplantation 
(letter). Arthritis Rheum 1994;37:1709–1710.

 306. Mikuls TR, MacLean CH, Olivieri J, et al: Quality of care 
indicators for gout management. Arthritis Rheum 2004;50:
937–943.

 307. Braun WE: The medical management of the renal transplant 
recipient. In Johnson RJ, Feehally J (eds.): Comprehensive Clin-
ical Nephrology, Vol 1. London: Mosby, 2000, pp 89:1–89:15.

 308. Kuncl RW, Duncan G, Watson D, et al: Colchicine myopathy 
and neuropathy. N Engl J Med 1987;316:1562–1568.

 309. Ducloux D, Schuller V, Bresson-Vautrin C, Chalopin JM: Col-
chicine myopathy in renal transplant recipients on cyclosporin. 
Nephrol Dial Transplant 1997;12:2389–2392.

 310. Simkin PA, Gardner GC: Colchicine use in cyclosporine treated 
transplant recipients: How little is too much? J Rheumatol 
2000;27:1334–1337.

 311. Pascual E, Sivera F: Therapeutic advances in gout. Curr Opin 
Rheumatol 2007;19:122–127.

 312. Clive DM: Renal transplant-associated hyperuricemia and 
gout. J Am Soc Nephrol 2000;11:974–979.

 313. Choi HK, Mount DB, Reginato AM: Pathogenesis of gout. Ann 
Intern Med 2005;143:499–516.

 314. Choi HK, Atkinson K, Karlson EW, et al: Purine-rich foods, 
dairy and protein intake, and the risk of gout in men. N Engl J 
Med 2004;350:1093–1103. 

 315. Minghelli G, Seydoux C, Goy JJ, Burnier M: Uricosuric effect 
of the angiotensin II receptor antagonist losartan in heart 
transplant recipients. Transplantation 1998;66:268–271.

 316. Shahinfar S, Simpson RL, Carides AD, et al: Safety of losartan 
in hypertensive patients with thiazide-induced hyperuricemia. 
Kidney Int 1999;56:1879–1885.

 317. Schumacher HR Jr, Chen LX: Newer therapeutic approaches: 
Gout. Rheum Dis Clin North Am 2006;32:235–244.

 318. Krishnan E, Baker JF, Furst DE, Schumacher HR: Gout and the 
risk of acute myocardial infarction. Arthritis Rheum 
2006;54:2688–2696.

 319. Bruce SP: Febuxostat: a selective xanthine oxidase inhibitor for 
the treatment of hyperuricemia and gout. Ann Pharmacother 
2006;40:2187–2194.

 320. Ippoliti G, Negri M, Campana C, Vigano M: Urate oxidase in 
hyperuricemic heart transplant recipients treated with azathio-
prine. Transplantation 1997;63:1370–1371.

 321. Becker MA, Schumacher HR Jr, Wortmann RL, et al: Febuxo-
stat compared with allopurinol in patients with hyperuricemia 
and gout. N Engl J Med 2005;353:2450–2461.

 322. Monteiro JL, De Castro I, Seguro AC: Hypophosphatemia in-
duced by acyclovir. Transplantation 1993;55:680–682.

 323. Prie D, Blanchet FB, Essig M, et al: Dipyridamole decreases re-
nal phosphate leak and augments serum phosphorus in patients 
with low renal phosphate threshold. J Am Soc Nephrol 
1998;9:1264–1269.

Further Reading
Danovich GM: Handbook of Renal Transplantation, 4th ed. Phila-

delphia, Lippincott Williams & Wilkins, 2004.
DeNelsky GY: Stop Smoking NOW! Cleveland, Ohio: Cleveland 

Clinic Press, 2007.
Djamali A, Samaniego M, Muth B, et al: Medical care of kidney 

transplant recipients after the fi rst posttransplant year. Clin J Am 
Soc Nephrol 2006;1:623–640.

Kasiske BL, Vazquez MA, Harmon WE, et al: Recommendations for 
the outpatient surveillance of renal transplant recipients. American 
Society of Transplantation. J Am Soc Nephrol. 2000;11(Suppl):
S1–S86.

National Kidney Foundation: K/DOQI clinical practice guidelines 
for bone metabolism and disease in chronic kidney disease. Am J 
Kidney Dis 2003;42:S1–S201.

Norman DJ, Turka LA: Primer on Transplantation, 2nd ed. 
Mt. Laurel, N.J., American Society of Transplantation, 2001.

Ch89_1009-1033-X5484.indd 1033Ch89_1009-1033-X5484.indd   1033 6/18/08 3:31:14 PM6/18/08   3:31:14 PM



1034

Despite advances in immunosuppression, surgical techniques, 
and donor and recipient screening that have increased the life 
expectancy of renal transplant recipients, infectious complica-
tions remain a signifi cant cause of morbidity and mortality 
among renal transplant recipients.1 A recent analysis of the 
U.S. Renal Data System database found that for patients who 
received a tranplant between 1991 and 1998, 51% had a hos-
pital discharge diagnosis that included infection during the 
fi rst year after transplantation.2 Unfortunately, the incidence 
of infection in the post-transplant period seems to be increas-
ing; total infection-related hospital discharge diagnoses have 
increased each year since 1999.3

For the clinician, the challenge lies in both the prevention 
of and the early diagnosis and treatment of infection in this 
population. This is hampered by the lack of standardized di-
agnostic testing for many pathogens and the often atypical 
presentation of infectious diseases in immunocompromised 
patients. Additionally, many of the more commonly used an-
timicrobials have signifi cant drug interactions with immuno-
suppressive medications, putting the patient at risk for al-
lograft rejection or toxic adverse effects.4 Some drug-drug 
interactions of importance are listed in Table 90-1; however, 
the clinician should always check for drug interactions before 
prescribing any antimicrobial, preferably with the input of a 
clinical pharmacist, if available.

Although the list of pathogens that may cause disease in 
the transplant recipient continues to increase, each broad 
class of infection contains several “typical” organisms with 
which the practitioner should be familiar. One helpful method 
of thinking about infection in the transplant patient is to 
consider how much time has elapsed since the transplant oc-
curred, because some infections tend to manifest during 
certain time windows after surgery. This fi nding has been 

summarized in chart form by Fishman5 (Fig. 90-1). In the 
fi rst month post-transplant, nosocomial infections tend to 
predominate, including wound and catheter-related bacterial 
and fungal infections, and fl ares of prior latent or allograft-
transmitted viruses if no prophylaxis is given (i.e., herpes 
simplex virus [HSV], hepatitis B, hepatitis C). During the 
following 5 months, viral infections predominate, including 
reactivation or primary infection with varicella-zoster virus 
(VZV), Epstein-Barr virus (EBV), or cytomegalovirus (CMV), 
although if the patient is receiving antiviral prophylaxis, 
disease may be delayed until prophylaxis is discontinued. 
Patients are also increasingly susceptible to community-
acquired respiratory viruses, environmental fungi, and 
parasites as they begin to travel and congregate with others 
outside the healthcare setting. After 6 months, the risk of op-
portunistic infections declines as the period of maximum 
immunosuppression passes, and community-acquired patho-
gens and post-transplant lymphoproliferative disease (PTLD) 
tend to be more common.

The use of vaccines before transplantation and selected 
prophylaxis regimens after transplantation, along with good 
infection control practices and common sense guidelines for 
the recipient to minimize high-risk exposures after dis-
charge, will greatly reduce the risk of infectious complica-
tions.6,7 However, there are still many pathogens for which 
there are no vaccines or effective prevention strategies. This 
chapter discusses the more common infections encountered 
in the transplant setting; however, an exhaustive review of 
infectious diseases is beyond the scope of this chapter. An 
excellent resource containing comprehensive guidelines for 
the majority of infectious diseases encountered by the clini-
cian is available in a recent supplement to the American 
Journal of Transplantation.8
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Table 90-1 Important Drug-Drug Interactions

Drugs By Class Cyclosporine Interaction Tacrolimus Interaction Nephrotoxic?

Antifungals Amphotericin B/lipid 
amphotericin B

— — Yes

Caspofungin * ↓

Fluconazole/itraconazole ↑↑ ↑↑

Ketoconazole ↑↑↑ ↑↑↑†

Voriconazole ↑↑↑ ↑↑↑†

Antibacterials Erythromycin/clarithromycin ↑↑↑ ↑↑↑

Nafcillin ↓↓ — Yes

Aminoglycosides — — Yes

Rifampin ↓↓↓ ↓↓↓

Trimethoprim/sulfamethoxazole — — Yes

Dapsone — ↑

Chloramphenicol ↑↑ ↑↑

Quinupristin/dalfopristin ↑↑ —

Metronidazole ↑↑ ↑↑

Antivirals Foscarnet — — Yes

Cidofovir — — Yes

Protease inhibitors ↑↑ ↑↑

Tenofovir — — Yes

*Combination may increase caspofungin levels and induce hepatotoxicity.
†Use with sirolimus contraindicated.
Adapted from Immunosuppressive drug interactions with anti-infective agents. Am J Transplant 2004;4(Suppl 10):164–166.

VIRAL INFECTIONS

Cytomegalovirus

Cytomegalovirus is the most important viral infection that 
develops after solid organ transplant and is associated with 
signifi cant morbidity and mortality.9 CMV is a member of the 
Betaherpesvirus family; its seroprevalence in the general adult 
population ranges from 50% to 80% by age 40, and the virus 
establishes lifelong latency in the host.10 Primary infection 
with CMV in the immunocompetent host may be asymptom-
atic or may manifest as fever, malaise, and a mononucleosis-
type syndrome. After primary infection, the virus typically 
remains latent with no systemic signs or symptoms of reacti-
vation. However, in the transplant recipient, the effects of 
CMV are myriad, including a viral syndrome with fever, leuko-
penia, and thrombocytopenia that may be compounded by 
immunosuppressive medications, and also tissue-invasive dis-
ease, potentially involving the transplanted organ as well as 
the lungs, liver, gastrointestinal tract and, rarely, the retina.11

CMV also has been associated with several indirect effects in 
solid organ tranplant patients, including increased risk of re-
jection, reduced long-term survival, increased risk of other 
opportunistic infections, bacterial infections, and allograft 
dysfunction.12

Prior to the widespread use of antiviral prophylaxis, most 
CMV disease occurred in the fi rst 3 months after solid organ 

transplantation, with donor-seropositive/recipient-seronegative 
patients at the highest risk for disease. In addition to donor se-
ropositivity, other major risk factors for CMV infection and 
disease include the degree of immunosuppression, including 
the use of antilymphocyte and OKT3 monoclonal antibody 
therapy for induction or treatment of rejection, rejection itself, 
and other concurrent viral infections (e.g., human herpesvirus 
6 [HHV-6] infection).9 Primary CMV infection via the trans-
planted organ in the seronegative recipient, reactivation of la -
tent disease in the seropositive recipient, and superinfection of 
donor virus in the seropositive recipient can all cause symptom-
atic disease. Two strategies have been used for CMV pre -
vention in at-risk patients: universal prophylaxis and preemp -
tive therapy.

Universal CMV prophylaxis involves giving antiviral ther-
apy to all “at-risk” patients (i.e., those with either a CMV-
seropositive donor or recipient) at the time of transplantation 
or immediately afterward for a specifi ed period with the goal 
of preventing CMV disease during the period of maximum 
immunosuppression. This approach may be preferable in pa-
tients in whom close monitoring for CMV disease is not pos-
sible or practical. Although numerous approaches (including 
acyclovir, valacyclovir, and CMV immunoglobulin) have been 
associated with a reduction in CMV disease, ganciclovir has 
been the mainstay of both CMV treatment and prophylaxis 
in solid organ transplant recipients after studies showed 
improved effi cacy over acyclovir in this population.13–15 The 
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intravenous form of ganciclovir has given way to oral formu-
lations at many centers due to ease of administration. Oral 
ganciclovir has a signifi cantly lower bioavailability than the 
intravenous form, but at doses of 1 gram three times a day it 
has proven effi cacy in reducing the incidence of CMV dis-
ease.16 The valine ester prodrug of ganciclovir, valganciclovir, 
has improved bioavailability compared to oral ganciclovir, 
and at doses of 900 mg daily has been shown to be equally 
effi cacious in renal transplant patients,17 with a slightly in-
creased incidence of neutropenia compared to ganciclovir 
(8.2% vs. 3.2%). Valganciclovir is not indicated for patients 
undergoing combined liver and kidney transplantation due to 
reports of breakthrough CMV disease in liver transplant re-
cipients receiving valganciclovir prophylaxis.18

Preemptive therapy requires close monitoring of patients 
for signs of CMV reactivation or primary infection, with 
prompt initiation of anti-CMV therapy to prevent progres-
sion to CMV disease. Blood CMV DNA or RNA levels or 
CMV antigenemia assays can be utilized at weekly intervals 
for the initial post-transplantation phase, and then at longer 
intervals as immunosuppression is reduced. Culture tech-
niques, including shell vials, have fallen out of favor due to 
long turnaround times or poor sensitivity. A randomized trial 
of prophylactic or preemptive oral valganciclovir was pub-
lished in 2006, comparing prophyloctic valganciclavir 900 mg 
daily for 100 days posttransplant and preemptive valganciclo-
vir 900 mg twice a day for 21 days; the trial measured whether 

CMV DNA levels rose above 2000 copies/mL in blood samples 
assessed weekly for the fi rst 16 weeks and then at 5, 6, 9, and 
12 months post-transplant. There were no signifi cant differ-
ences in effi cacy in the prevention of CMV disease, and a cost-
sensitivity analysis was similar for both approaches.19

The optimal duration of CMV prophylaxis remains unclear. 
Now that many centers use prophylaxis for the fi rst 3 months 
after transplant, CMV disease typically occurs later after trans-
plantation, most often at a median of 5 months post-transplant 
in donor-seropositive/recipient-seronegative patients.20,21 Unfor-
tunately, extension of prophylaxis beyond 3 months raises con-
cerns of drug toxicity or the development of drug resistance, al-
though a study of 301 high-risk solid organ transplant patients 
who received 100 days of valganciclovir prophylaxis failed to 
show the development of drug resistance.22 Monitoring immune 
markers of CMV also does not appear to be predictive of the 
development of CMV disease, as a recent study by LaRosa and 
colleagues23 suggests. This study examined interferon gamma 
release from T cells at biweekly intervals between 4 and 6 months 
after transplant. No association was found between presence or 
absence of T-cell response and development of CMV disease.23

However, the failure to develop IgG antibodies at 6 months’ post-
transplant in patients seronegative at the time of transplant may 
be predictive of late-onset CMV disease (10% developed disease 
vs. 1.3% of patients with CMV IgG by 6 months).24

Standard treatment of CMV disease uses intravenous gan-
ciclovir, 5 mg/kg twice daily (with dose adjustments for renal 

Donor-Derived
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Recipient-Derived
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Nonsocomial, technical
(donor or recipient)

Activation of latent infection
(relapsed, residual, opportunistic) Community-acquired

Dynamic assessment of risk of infection

Common infections in Solid-Organ Transplant Recipients
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resistant species:
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 VRE
 Candida species (non-albicans)
Aspiration
Catheter infection
Wound infection
Anastomotic leaks and ischemia
Clostridium difficile colitis

Donor-derived infection
(uncommon)

 HSV, LCMV, rhabdovirus
(rabies), West Nile virus,
HIV, Trypanosoma cruzi

Recipient-derived infection
(colonization):

 Aspergillus, pseudomonas
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With PCP and antiviral (CMV, HBV)

Prophylaxis:
 Polyomavirus BK infection, nephropathy
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 HCV infection
 Adenovirus infection, influenza
 Cryptococcus neoformans infection
 Mycobacterium tuberculosis infection
Anastomotic complications

Without prophylaxis:
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Figure 90-1 Timeline of infection after solid organ transplantation, summarizing typical donor-derived and recipient-derived infec-
tions. CMV, cytomegalovirus; EBV, Epstein-Barr virus; HBV, hepatitis B virus; HCV, hepatitis C virus; HIV, human immunodefi ciency 
virus; HSV, herpes simplex virus; LCMV, lymphocytic choriomeningitis virus; MRSA, methicillin-resistant Staphylococcus 
aureus; PCP, Pneumocystis carinii pneumonia; PML, progressive multifocal leukoencephalopathy; PTLD, post-transplant lymphoprolif-
erative disorder; SARS, severe acute respiratory syndrome; VRE, vancomycin-resistant Enterococcus faecalis; VZV, varicella-zoster 
virus. (From Fishman JA: Infection in solid-organ transplant recipients. N Engl J Med 2007;357:2601–2614.)
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insuffi ciency) and reduction of immunosuppression until 
resolution of symptoms and CMV viremia. Unfortunately, 
ganciclovir-resistant CMV has emerged as an uncommon but 
growing problem in the solid organ transplant population, 
perhaps due to prolonged use of oral ganciclovir prophylaxis 
and more potent immunosuppression regimens.25 Although 
this has not been commonly reported in recipients of kidney 
transplants alone, it may occur more frequently in pancreas 
transplant recipients; a major risk factor for this is prolonged 
exposure to low-dose ganciclovir during periods of asymp-
tomatic infection. Resistance can be detected via phenotypic 
or genotypic testing, but usually requires additional time. 
Failure to respond to adequate dosing of ganciclovir should 
raise a suspicion of ganciclovir resistance, and substitution of 
another antiviral agent may be warranted. Options for the 
treatment of resistant CMV include foscarnet with or without 
ganciclovir and cidofovir, both of which may be highly neph-
rotoxic, especially when used in the context of calcineurin 
inhibitors. Adjunctive intravenous immunoglobulin (CMV 
specifi c or nonspecifi c) has been used for treatment of refrac-
tory CMV disease, although there are no large-scale trials or 
specifi c guidelines for its use.11

Epstein-Barr Virus

Similar to CMV, EBV is a ubiquitous herpesvirus that also 
establishes latent infection in the host. EBV is a member of the 
Gammaherpesvirus family along with human herpesvirus 8 
(HHV-8)/Kaposi’s sarcoma-associated herpesvirus (KSHV). 
EBV infection in the immunocompetent host may be asymp-
tomatic if acquired during childhood or may result in infec-
tious mononucleosis in young adults. More than 90% of the 
population is seropositive by adulthood. In the transplant re-
cipient, EBV is associated with PTLD, a group of disorders 
involving varying degrees of abnormal B-cell and T-cell pro-
liferation. Patients at highest risk for PTLD are seronegative 
recipients who acquire primary infection after transplanta-
tion, making pediatric patients especially vulnerable. The 
virus is effi ciently transmitted via saliva and other body fl uids, 
but may also be transmitted by lymphocytes in the trans-
planted allograft. The risk of PTLD varies by the organ trans-
planted, with small-bowel transplant recipients at highest risk; 
lung, heart, pancreas, and liver patients at moderate risk; and 
renal transplant recipients at lowest risk (approximately 
1%).26–28 Other risk factors include the type and duration of 
immunosuppression, including OKT3 and polyclonal anti-
body use. A recent analysis of the French Registry of PTLD in 
renal transplant recipients demonstrated an incidence of 
1.18% after 5 years, with a 61% survival rate at 5 years after 
diagnosis.29 Infection with hepatitis B or C was also noted to 
be a risk factor for patient death, in addition to the more com-
monly recognized risk factors.

The diagnosis of PTLD initially requires clinical suspicion, 
because the presentation may be variable, ranging from an 
infectious mononucleosis-like syndrome to localized or dif-
fuse lymphatic tissue involvement or even isolated allograft 
involvement. The standard test for diagnosis is biopsy of the 
involved site with examination of cellular phenotype and 
clonality, as well as examination for the presence of EBV gene 
products, such as EBER, via in situ hybridization. Staging 
should be performed with special attention paid to allograft 
involvement, the presence of multifocal disease, including 

involvement of the central nervous system, and the category 
of PTLD (i.e., monomorphic vs. polymorphic, B cell vs. T 
cell). EBV viral load testing has not yet been established as an 
accepted diagnostic test for PTLD because viremia is variable 
and does not correlate specifi cally with the presence or ab-
sence of PTLD. A low viral load has good negative predictive 
value, but a high viral load is nonspecifi c, and certain subtypes 
of PTLD are EBV-negative.30,31 Studies are currently underway 
examining different EBV antigens as markers for patients at 
risk for developing PTLD and possibly also as surrogate mark-
ers for global immunosuppression levels.

Prevention strategies for PTLD are limited, because sys-
tematic study of various modalities is lacking. Identifi cation 
of high-risk recipients is recommended, specifi cally EBV-
seronegative recipients and those at risk for CMV disease. 
Avoidance of overzealous immunosuppression should be 
encouraged as well, because this has been shown to be a risk 
factor for development of PTLD. The benefi t of antiviral 
prophylaxis specifi cally targeted toward EBV has not been 
established, but CMV prophylaxis regimens may have some 
benefi t in reducing the risk for PTLD. The use of prophylac-
tic CMV intravenous immunoglobulin (IVIG) did not prove 
effi cacious in a small clinical trial.32

Treatment of early PTLD begins with reduction of immu-
nosuppression, which may result in spontaneous regression in 
23% to 50% of cases. In renal transplant patients, confi rmed 
PTLD should prompt cessation of immunosuppression, even 
at the expense of rejection of the allograft. Retransplantation 
after recovery from PTLD is possible, with a recent OPTN/
UNOS database study showing retransplantation patient sur-
vival of 100% and graft survival of 88.9% at a mean follow-up 
of 742 ± 107 days.33 Other treatment modalities include surgi-
cal debulking of the tumor or explant of the allograft, if in-
volved; referral to an oncologist for monoclonal B-cell anti-
body therapy (rituximab) if the tumor cells are CD20�; and 
cytotoxic chemotherapy for refractory disease. A variety of 
other treatment modalities are under investigation, including 
anti-interleukin-6, interferon alfa, and adoptive immuno-
therapy using the patient’s own lymphocytes activated ex 
vivo.27 Late-onset or EBV-negative PTLD typically does not 
respond as well to reduction of immunosuppression and thus 
requires more aggressive therapeutic measures, so early con-
sultation with an oncologist is prudent in these patients.

Herpes Simplex Viruses 1 and 2 
and Varicella-Zoster Virus

Herpes simplex virus-1, HSV-2, and VZV are members of the 
Alphaherpesvirus family and, like other herpesviruses, estab-
lish lifelong latency after primary infection. Seroprevalence of 
HSV-1, the common etiological agent for orolabial lesions, is 
�60% in the United States, whereas seroprevalence of HSV-2 
(genital ulcer disease) exceeds 20%.34 Antibodies to VZV, the 
cause of chickenpox and zoster/shingles, are present in more 
than 90% of adults, although the epidemiology of this virus 
may change in the future due to the adoption of universal vac-
cination of children in the United States in 1995. Most disease 
caused by these viruses is secondary to reactivation of latent 
infection; however, in seronegative patients primary infection 
may be acquired rarely via transmission from the allograft or 
more commonly from community spread, usually early in the 
post-transplant course if prophylaxis is not given.
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Reactivation of HSV-1 and HSV-2 may present as localized 
orolabial or genital ulcers, but disseminated disease may oc-
cur, causing pneumonitis and hepatitis. Similarly, VZV may 
reactivate as dermatomal zoster, but can also cause more gen-
eralized skin disease as well as invasive disease involving the 
lungs, gastrointestinal tract, and central nervous system.

Most centers use oral acyclovir 400 to 800 mg orally bid to 
tid35 or valacylovir 500 mg daily as prophylaxis against HSV-1, 
HSV-2, and VZV in patients who are not receiving prophy-
laxis for CMV; regimens for CMV prophylaxis using ganciclo-
vir or valganciclovir are also effective.34 The VZV serostatus of 
prospective transplant recipients should be assessed early in 
the evaluation process so the live, attenuated varicella vaccine 
can be administered well before transplantation occurs. In the 
previously infected, immunocompetent host, varicella vaccine 
has been shown to reduce the incidence of zoster.36 Whether 
varicella vaccine is safe and effective for the prevention of 
zoster after transplantation is unknown.

Human Herpesviruses 6 and 7

The Betaherpesviruses HHV-6 and HHV-7 were identifi ed in 
1986 and 1990, respectively. Both tend to cause primary in-
fection in childhood, such as roseola infantum, exanthema 
subitum, or other nonspecifi c febrile illnesses, and then es-
tablish latency in adults, with 90% of adults demonstrating 
seropositivity for the viruses.34 The role of reactivation of 
these viruses in the post-transplantation period is still under 
investigation, but it appears that they may have immuno-
modulatory effects either independently or in combination, 
especially in that reactivation of HHV-6 and HHV-7 is often 
found in the context of CMV disease. Primary disease caused 
by HHV-6 has been reported to include bone marrow 
suppression, encephalitis, hepatitis, colitis, pneumonitis, and 
fatal hemophagocytic syndromes,34,37–39 whereas primary 
HHV-7 syndromes have been less well-described. In a pro-
spective study of Betaherpesvirus viremia after renal trans-
plantation, CMV was the most commonly detected virus, 
occurring in 58% of patients; HHV-7 occurred earliest (in 
47%) of patients, and HHV-6 occurred in 23% of patients.40

Interestingly, the authors found a correlation between HHV-
7 viremia and increased number of rejection episodes in an 
analysis restricted only to patients with rejection (overall 
there was no association between presence of Betaherpesvi-
rus viremia and occurrence of rejection), and there was an 
increased incidence of CMV disease in patients who demon-
strated infection with both CMV and HHV-7.40

Detection of HHV-6 and HHV-7 can be accomplished by 
nucleic acid testing, but prevention strategies remain unde-
fi ned. Ganciclovir may be effective for HHV-6 prophylaxis, 
but variability of susceptibility to this agent may exist between 
the A and B variants of the virus. HHV-7 does not appear to 
be affected by ganciclovir prophylaxis,41 and both viruses ap-
pear to be resistant to acyclovir. Optimal treatment of these 
viruses is clouded by frequent coinfection with CMV. Ganci-
clovir, foscarnet, and cidofovir appear to reduce HHV-6 and 
HHV-7 viremia when used for coincident CMV disease, but it 
is unclear if this reduction is due to clearance of CMV and 
resolution of its immunomodulatory effects, or direct antivi-
ral effects on HHV-6 or HHV-7. Individual case reports of 
reduction of immunosuppression and ganciclovir treatment 
for HHV-6 infection have been published.37

Human Herpesvirus 8/Kaposi’s Sarcoma–
Associated Herpesvirus

Human herpesvirus 8 is a Gammaherpesvirus related to EBV 
that similarly establishes latency after primary infection, and 
is the cause of Kaposi’s sarcoma (KS), primary effusion lym-
phoma, and some forms of multicentric Castleman’s disease. 
Seropositivity for HHV-8 is more geographically restricted 
than for other herpesviruses, with highest prevalence rates in 
Africa and the Middle East. In the United States, seropreva-
lence is estimated to be less than 5%, although in certain 
populations (i.e., men who have sex with men) the rates may 
be higher.42 Seroconversion post-transplant appears to de-
pend on the donor status and perhaps the geographical loca-
tion of the recipient, although a study of 100 solid organ 
transplant recipients in Pittsburgh showed seropositivity rose 
from 5.3% to 15.8% after transplantation with presumed 
donor-negative organs (90% documented as negative via 
serum sample), regardless of patient age or type of organ
received.43 Incidence of KS has been estimated to be up to 
500 times higher in solid organ transplant recipients as com-
pared to the general population,44 and rates in the United 
States have been reported to be from 0.5% to 6%. Most U.S. 
patients present with cutaneous KS, and disease occurs a me-
dian of 30 months after transplantation.34

Detection of HHV-8 antibodies is useful for establishing 
seroconversion, and an assay for the detection of serum nu-
cleic acid is available for detection of viremia. No guidelines 
exist for prevention of disease, although the replicating virus 
appears to be susceptible in vitro to ganciclovir, foscarnet, and 
cidofovir.34 Treatment of post-transplantation KS depends on 
the extent of disease (i.e., cutaneous or visceral involvement), 
but typically begins with reduction of immunosuppression; if 
necessary radiotherapy and chemotherapy may be added for 
more extensive disease. Recently a series of 15 renal transplant 
recipients with post-transplantation KS were successfully 
treated with discontinuation of cyclosporine and mycopheno-
late mofetil and addition of sirolimus.45 Sirolimus, an immu-
nosuppressive medication that targets mTOR and prevents 
interleukin-2-induced proliferation of T cells, inhibits the 
growth of several tumor cell lines in vitro, and inhibits Akt, a 
protein kinase in the mTOR signaling pathway that has been 
implicated in KS pathogenesis. Sirolimus trough levels were 
maintained between 6 and 10 ng/mL, and no episodes of re-
jection occurred in any of the patients.45

Respiratory Viruses (Adenovirus, 
Respiratory Syncytial Virus, Infl uenza, 
Parainfl uenza)

Recipients of renal transplants are at risk of contracting com-
mon community-acquired respiratory viruses from household 
contacts and others. In many cases, these viruses may be sea-
sonal (e.g., respiratory syncytial virus [RSV], parainfl uenza, 
and infl uenza), and the impact on the patient varies with the 
proximity to the transplant and the degree of immunosuppres-
sion of the recipient. Polymerase chain reaction (PCR) tech-
niques have made the rapid diagnosis of most of these patho-
gens possible (fl uorescent antibody detection is also available 
in many centers), but prevention strategies and treatment are 
limited for many of these viruses. Infection control practices to 
prevent nosocomial spread and hand hygiene in and outside of 
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the hospital are the primary means of prevention of these vi-
ruses, along with yearly infl uenza vaccination for all transplant 
recipients, household contacts, and healthcare workers.

Adenovirus can cause symptomatic and invasive disease (i.e., 
hemorrhagic cystitis, gastroenteritis, pneumonitis) that can oc-
casionally be fatal in transplant recipients, more commonly in 
pediatric patients. No vaccine or prophylaxis is currently avail-
able against adenovirus, and defi nitive treatment recommenda-
tions have not been established. Several case reports suggest that 
cidofovir may be effi cacious in treating hematopoetic stem cell 
transplant patients, although dosing recommendations are un-
clear.46 Dosing of cidofovir at 5 mg/kg every 1 to 2 weeks may 
cause nephrotoxicity, but dosing at 1 mg/kg three times per week 
may cause breakthrough CMV or HSV infections.46,47 Ribavirin 
has also been used for treatment of tissue-invasive adenoviral 
disease, but its antiviral activity is limited to certain serotypes of 
adenovirus, there are signifi cant toxicities associated with its use, 
and convincing effi cacy data has not been shown to warrant 
recommendation of its use.46,47 Ganciclovir has in vitro activity 
against adenovirus, but there is no defi nitive data supporting its 
use for treatment of adenoviral disease, and confl icting data exist 
regarding prophylactic benefi ts. Insuffi cient evidence exists for 
the use of other agents, such as zalcitabine and vidarabine, for 
treatment.47 Reduction of immunosuppression should be at-
tempted in all cases along with supportive care.

RSV is a common pediatric pathogen that causes seasonal 
disease in the winter months, usually among children age 2 and 
younger. It appears that immunity to the virus is not lifelong, 
and transplant recipients may manifest more severe disease than 
immunocompetent hosts. Manifestations are typically pulmo-
nary, and the development of lower respiratory tract disease 
portends a worse prognosis.48 The benefi t of prophylaxis with 
palivizumab or RSV-IVIG in adult transplant recipients has not 
been proven. Data are limited for treatment of established RSV 
disease in solid organ transplant patients, but some benefi t may 
exist for the use of aerosolized ribavirin in combination with 
palivizumab or RSV-IVIG early in lower tract disease.48

The mainstay of prevention of infl uenza A and B is the 
yearly vaccination of the transplant recipient and their close 
contacts.6,49 The preferred vaccine is a combination of inacti-
vated antigens from strains of infl uenza A and B that are pre-
dicted via epidemiological studies to circulate for a given year; 
thus, the composition may change on a yearly basis. Although 
the response of transplant patients is lower than that of healthy 
immunocompetent individuals, suffi cient levels of protection 
are likely to occur in most individuals. Early concerns about an 
increased risk of graft rejection as a result of the immune re-
sponse to vaccination have not been supported by the literature, 
and a recent multicenter retrospective analysis of rejection in 
more than 3000 heart transplant recipients found no associa-
tion between infl uenza vaccination and episodes of rejection.50

If infection is suspected, rapid treatment should be initiated 
within 48 hours of symptom development concurrently with a 
diagnostic test such as nucleic acid detection. Neuraminidase 
inhibitors (oseltamivir, zanamivir) have become the mainstay 
of therapy because they are effi cacious against both A and B 
strains of infl uenza; however, studies specifi cally evaluating 
their effi cacy in transplant recipients have yet to be conducted.48

Treatment dosing of oseltamivir is 75 mg orally twice a day for 
5 days (zanamivir is only available as an inhaled agent). Prophy-
laxis with oseltamivir may also be benefi cial within 48 hours in 
cases of known or suspected exposure to infl uenza at a dose of 

75 mg orally once a day for a minimum of 10 days. The use of 
amantidine or rimantidine has fallen out of favor due to the 
lack of effi cacy against infl uenza B and the recent reports of 
resistance of infl uenza A during the 2006 infl uenza season.51

Parainfl uenza viruses 1 and 2 tend to circulate in the fall 
and winter months, and typically produce nonspecifi c upper 
respiratory tract symptoms. There is currently no vaccine, pro-
phylaxis, or accepted treatment regimens for these viruses.48

Hepatitis B

The incidence of new acquisition of hepatitis B during the 
hemodialysis period has been markedly reduced since the 
adoption of improved infection control practices in 1977. 
Widespread use of the hepatitis B vaccine was adopted in 
1982, further reducing the incidence of hepatitis B acquisi-
tion.52 Vaccination of all patients with compensated renal 
disease well in advance of dialysis dependence should be en-
couraged using a four-dose vaccine schedule (0, 1, 2, and 6 
months), and yearly monitoring of HBsAb titers should be 
conducted, with booster vaccination given as needed.53 Cur-
rently the prevalence among hemodialysis patients is approxi-
mately 1.6%. Among dialysis patients who seroconvert, 80% 
may develop chronic hepatitis B, and a subset of patients who 
undergo transplantation after becoming HBsAg-negative will 
reactivate after the transplant.54 Patients who receive a trans-
plant when HBsAg-positive have a poorer prognosis with high 
rates of chronic hepatitis by 10 years (85%) and also an in-
creased likelihood of sepsis and hepatocellular carcinoma in 
the posttransplant period.54 A high risk of HBV transmission 
exists when grafting an HBsAg-positive organ into a seronega-
tive recipient, so this circumstance should be avoided. Trans-
plantation of a hepatitis BsAg-negative/cAb-positive kidney 
may be undertaken in a seronegative recipient if the recipient 
is fully vaccinated and the donor is HBV DNA-negative; al-
though the recipient may seroconvert based on the presence 
of new HBcAb, this did not affect patient survival or graft 
function.55 Close follow-up of these recipients with monitor-
ing for transmission of hepatitis B is important; the use of 
hepatitis B immunoglobulin and pharmacotherapy may be 
warranted in this situation.

For recipients with hepatitis B, close monitoring of viral load 
and HBeAg is warranted, and a liver biopsy before transplanta-
tion to assess the extent of hepatitis or cirrhosis should be per-
formed, because the more extensive the liver disease present be-
fore transplantation, the higher the liver-associated mortality 
after transplantation.54 Treatment of these patients may include 
use of the nucleoside analogs lamivudine, adefovir, entecavir, 
and telbivudine, and nucleotide analogs such as tenofovir. Treat-
ment with lamivudine typically results in a large reduction in 
HBV DNA, but resistance may develop with prolonged use of 
the drug (�1 to 2 years).56 This approach is advocated before 
transplantation to suppress the viral load and should be contin-
ued after transplantation in nonhepatic recipients with chronic 
hepatitis B. Tenofovir and adefovir have both been associated 
with nephrotoxicity in patients who are not transplant recipi-
ents, raising concerns about their safety in renal transplant re-
cipients. Recent data regarding the use of long-term (up to 5 
years) adefovir in chronic hepatitis B patients was recently pub-
lished, suggesting that this agent is well tolerated, with a small 
risk of renal insuffi ciency at 1 to 3 years and a low risk of devel-
opment of resistance after 5 years.57 A smaller analysis of renal 
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transplant recipients with chronic hepatitis B resistant to lami-
vudine was reported that showed a signifi cant reduction in 
hepatitis B DNA with no evidence of adefovir-related renal tox-
icity after a median of 15 months of treatment, although several 
patients required phosphorus supplementation.58 Pretransplant 
treatment with interferon-alfa to reduce viral load and promote 
seroconversion has been investigated in renal transplant recipi-
ents, but specifi c guidelines regarding its use have not been 
published; this approach is not currently recommended.

Hepatitis C

Infection with hepatitis C leads to chronic infection in 85% of 
exposed individuals, and cirrhosis develops after approximately 
20 years in 10% to 30% of these individuals.54 Fortunately, the 
rates of HCV infection in the hemodialysis population have 
declined due to improved infection control measures and 
screening of blood products.52 However, de novo infection still 
occurs in the dialysis setting, with a seroconversion rate of 2.5% 
per 100 person-years in a recent prevalence study.59 Screening 
of potential renal transplant recipients and donors is critical, 
because discovery of chronic infection with HCV has implica-
tions for treatment and surveillance.

Hepatitis C can be effi ciently transferred via the trans-
planted organ, with seroconversion occurring in 67% of re-
cipients of an HCV-positive organ and detection of HCV 
RNA in 96% of recipients.60 This result underscores the diffi -
culty of relying solely on serological testing in transplant re-
cipients, and nucleic acid testing for HCV is required for the 
immunocompromised host, including both dialysis patients 
and transplant recipients. Because transmission of the virus 
occurs frequently, HCV-seropositive donors now are consid-
ered extended-criteria donors and are typically reserved for 
HCV-positive recipients or other special circumstances. Nu-
cleic acid testing for hepatitis C RNA in antibody-positive re-
nal donors can help identify those donors who are viremic 
and therefore likely to transmit hepatitis C.61

The effects of HCV positivity on graft and patient survival 
have been variable. In a cohort of patients on a renal transplant 
waiting list, HCV-positive patients had a higher risk of death 
compared to HCV-negative patients regardless of whether they 
remained on dialysis or underwent transplantation.62 However, 
HCV-positive recipients who underwent transplantation or se-
ronegative recipients who received a HCV-positive kidney had 
improved long-term survival compared to patients who re-
mained on dialysis after 6 months.60,63–65 HCV infection in the 
post-transplant period is associated with increased chance of 
new-onset diabetes mellitus, sepsis, and HCV-related glomeru-
lonephropathy; long-term mortality; and graft failure.54,66–69

Recent studies have suggested that hepatitis C infection in renal 
transplant patients may not necessarily predispose recipients to 
rapid progression of liver disease.70 Increased variability of the 
hypervariable region (HVR-1) of HCV E2 glycoprotein may be 
a predictor of lack of progression of fi brosis.70,71

Because of the implications of chronic hepatitis C infection 
in the post-transplant period, efforts should be made to stage 
the extent of disease in transplant candidates. Serum trans-
aminases do not refl ect the extent of liver fi brosis or cirrhosis, 
so a liver biopsy should be performed during the transplant 
evaluation to determine the extent of liver damage. Treatment 
of hepatitis C in the pretransplant period should also be con-
sidered in an effort to eradicate the virus.66 Ribavirin and 

PEG-interferon-alfa combinations are the treatments of 
choice, but adverse effects such as anemia prevent the use of 
ribavirin in this population. After transplantation, interferon-
alfa has been associated with an increased risk of renal failure 
and possible graft rejection, so it is generally not recom-
mended for use after renal transplantation.54,72,73

BK Virus

The BK virus is a double-stranded DNA polyoma virus that 
infects up to 90% of the adult population and appears to be 
primarily asymptomatic in the immunocompetent host, al-
though upper respiratory symptoms and cystitis have been 
reported.74 In the renal transplant recipient, BK virus can be 
transmitted by the transplanted organ or can reactivate from 
latency in seropositive recipients. Typically the virus causes 
asymptomatic viruria in this population, but in some patients 
nephropathy with allograft dysfunction or ureteral stenosis or 
stricture develops as a result of BK disease. The risk factors for 
development of BK viremia or viruria are unclear, but the 
extent of immunosuppression appears critical, as does antire-
jection treatment.75

The methods and screening intervals used for the diagnosis 
of BK virus infection are not well-defi ned, but include fre-
quent urine cytological examination looking for abnormal 
epithelial decoy cells and more sensitive PCR methods of de-
tection of both urine and blood specimens.76 Nucleic acid 
techniques also can provide a quantitative assessment of viral 
load and are able to differentiate between BK virus infection 
and other viruses that may produce a similar cytological ap-
pearance of epithelial cells (i.e., JC virus). Plasma viral loads 
greater than 104 copies/mL and urine viral loads greater than 
107 copies/mL are suggestive of underlying BK virus nephrop-
athy (BKVN).77 The diagnosis and staging of BKVN requires 
renal biopsy, and the incidence of BKVN appears to range 
between 1% and 10% of renal transplant recipients. Recent 
research has examined the utility of nucleic acid-based detec-
tion techniques as screening tools for the development of BK 
viruria, viremia, and nephropathy.78 Both the level of BK vire-
mia and the presence of recurrent viremia have been corre-
lated with the presence of BKVN.75,79

Treatment and prevention of BK virus is still evolving. 
Reduction of immunosuppression remains the mainstay of 
prevention and therapy of BK viruria, viremia, and nephropa-
thy. Antiviral agents have not been uniformly effi cacious in the 
prevention or treatment of BK viruria, but several have been 
anecdotally reported, including cidofovir and lefl unomide. Un-
fortunately, no randomized, controlled clinical trials have been 
performed with either of these agents, but their use may be war-
ranted in patients who have severe BKVN with concurrent re-
jection that may limit reduction of immunosuppresion.80 Cido-
fovir has activity against polyoma viruses in vitro, but its 
nephrotoxicity has led to reduced dosing in renal transplant 
patients for treatment of BK virus infection (0.25–1 mg/kg 
given intravenously every 1–3 weeks), and clinical results re-
main mixed.80 Of 26 patients with BKVN treated with cidofovir 
at the University of Pittsburgh, viremia cleared in 25 patients, 
and 15% lost the graft, compared to a historical graft loss rate 
of 45% without cidofovir.81

Lefl unomide, a drug used for the treatment of rheumatoid 
arthritis, also has antiviral activity against BK virus in vitro, and 
a limited amount of data is available regarding its clinical utility. 
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A series of 17 patients with biopsy-proven BKVN was treated 
with lefl unomide at a loading dose of 100 mg/day for 5 days and 
then 20 to 60 mg per day titrated to maintain blood levels higher 
than 40 �g/mL.82 Those patients who achieved blood levels 
greater than 40 �g/mL had reduction or clearance of the virus in 
the urine and blood by 6 months, with persistence of response 
beyond that time.78 However, the pharmacokinetics of lefl uno-
mide are unpredictable, making uniform dosing recommenda-
tions diffi cult and serum drug level monitoring necessary.

Quinolones and IVIG have also been explored for the 
treatment of BK virus infection, but limited clinical data is 
available on effi cacy, and no recommendations can be made 
about these agents until further studies are performed.80,81

Retransplantation after BKVN is feasible, with a low risk of 
recurrence of BKVN, regardless of transplant nephrectomy 
before retransplantation or the presence of active BKVN and 
viremia.83,84

FUNGAL INFECTIONS

The morbidity and mortality of fungal infections in trans-
plant recipients remains high despite recent advances in 
antifungal medications and diagnostic testing. Compared 
with other transplant recipients, renal transplant patients 
are at lower risk for fungal infections unless they are receiv-
ing a simultaneous pancreas transplant.85 Despite this re-
duced risk, clinicians need to remain vigilant for unex-
plained fever, respiratory symptoms, or skin lesions as 
possible manifestations of fungal disease. The unpredict-
ability of the clinical signs and symptoms of fungal infec-
tions, the diffi culty of interpreting radiological studies and 
biopsies, and the limited number of laboratory-based mark-
ers of fungal infection often result in the dissemination and 
invasion of fungal disease before proper treatment can be 
initiated. The added diffi culties of managing the interac-
tions between immunosuppressive medications and many 
antifungal medications increase the complexity of treating 
these infections.

Fungal infections in the early transplant period (�1 month) 
typically involve Candida species or, in rare instances, nosoco-
mial transmission of other environmental fungal pathogens, 
such as Cryptococcus neoformans or Aspergillus species.9,85 A 
variety of risk factors have been associated with early invasive 
fungal infections after transplant, including simultaneous pan-
creas transplant or pancreas transplant after kidney transplant, 
enteric or bladder drainage procedures, primary allograft dys-
function, prolonged transplantation surgery, high intraopera-
tive blood loss, prolonged intensive care unit stay, chronic graft 
dysfunction/rejection, presence of immunomodulating vi-
ruses, prolonged use of antibiotics, artifi cial stents, donor 
fungemia, and prior or concurrent fungal infection in the re-
cipient.85 Care must be taken to identify the species of Candida
isolated for therapeutic reasons, because Candida albicans re-
mains susceptible to fl uconazole, but other Candida species are 
becoming more frequent pathogens and are not uniformly 
susceptible to fl uconazole (i.e., Candida glabrata may be resis-
tant or have dose-dependent susceptibility, Candida kruseii is 
intrinsically resistant). The choice of empirical therapy for life-
threatening candidal infections depends on the epidemiology 
of isolates at an individual institution and may include high-
dose fl uconazole, voriconazole or an echinocandin.

In the later post-transplant period, patients are at risk for 
environmental pathogens and endemic mycoses, both via pri-
mary exposure and reactivation of latent disease.9,85 Aspergil-
lus and Cryptococcus neoformans infections are the most com-
monly encountered fungal pathogens during this period. Risk 
factors for fungal infection include diabetes, prolonged pre-
transplant dialysis, use of tacrolimus, and treatment for rejec-
tion.86 A careful history, including travel, workplace and home 
exposures (i.e., construction or remodeling, pets), and hob-
bies such as gardening or spelunking should be elicited, and a 
careful review of systems performed. Radiological studies may 
be warranted, and any suspicious skin lesions should be biop-
sied. Suggested diagnostic testing and treatment regimens for 
Candida, Aspergillus, and Cryptococcus are summarized in 
Table 90-2.

PNEUMOCYSTIS JIROVECI INFECTIONS 

Pneumocystis jiroveci (formerly Pneumocystis carinii) remains 
an important cause of respiratory disease in transplant recipi-
ents despite excellent prophylaxis regimens. The use of more 
potent immunosuppression and the ultimate cessation of 
prophylaxis at approximately 6 months post-transplant re-
quire the physician to consider Pneumocystis infection in any 
transplant recipient with fl ulike symptoms and persistent re-
spiratory complaints, including dry cough and dyspnea. Ra-
diographic fi ndings may be atypical in transplant recipients 
and can manifest as diffuse ground-glass infi ltrates, more fo-
cal consolidation, or pneumothorax.87

Prophylaxis with trimethoprim-sulfamethoxazole for the 
fi rst 6 months after transplant is strongly recommended, be-
cause it also reduces the risk of other opportunistic infections, 
such as toxoplasmosis, listeriosis, and nocardiosis, as well as 
bacterial urinary tract infections (UTIs). If the patient cannot 
tolerate trimethoprim-sulfamethoxazole, other agents can be 
used, such as aerosolized pentamidine, atovaquone, and dap-
sone, but care must be taken to monitor for compliance and 
adverse effects of the medications.87 Treatment of Pneumocystis
disease should be with trimethoprim-sulfamethoxazole 15 to 
20 mg/kg daily in four divided doses, with corticosteroids given 
if hypoxia with a PO2 lower than 70 mm Hg by arterial blood 
gas is documented. A minimum 14-day course of trime-
thoprim-sulfamethoxazole is often suffi cient if immunosup-
pression can be reduced, and 40 to 60 mg of prednisone for 5 to 
7 days followed by a taper is recommended for concomitant 
hypoxemia.

BACTERIAL URINARY TRACT INFECTIONS

Urinary tract infections, especially involving the transplanted 
kidney, are the most commonly encountered bacterial infec-
tions in renal transplant recipients. The incidence of UTI in 
this population has been estimated to be between 35% and 
79%, and this infection is the most common source of gram-
negative bacteremias.88 The high rate of infection is likely due 
to several factors, including surgical factors (e.g., refl uxing vs. 
nonrefl uxing anastomosis of the ureters, ureteral stent place-
ment, impaired bladder emptying), presence and duration of 
bladder catheters, and immunosuppression.88,89 Of increasing 
concern is the number of highly resistant gram-negative 
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Table 90-2 Suggested Diagnostic Testing and Treatment Regimens for Candida, Aspergillus, and Cryptococcus

Pathogen Prophylaxis Diagnosis
Treatment of Invasive 
Disease Special Considerations

Candida
species

Candiduria:
fl uconazole 
400 mg/
day until 
eradication

SPK: fl ucon-
azole 400 
mg/day or 
liposomal
amphoteri-
cin B 3–5 
mg/kg/day
for �4 wks 
until risk fac-
tors resolved

Smear/culture of blood or sterile site 
Nucleic acid detection (not universally 

accepted) 
Radiology: CT of viscera, MRI of 

brain 
Histopathology

Fluconazole 200–800 
mg/day depending on 
site and isolate MIC, 
renal function 

Amphotericin B lipid formu-
lations: 1–5 mg/kg/day 

Amphotericin B: 0.5–1.5 
mg/kg/day 

Echinocandins: caspofungin 
75 mg � 1 loading dose 
then 50 mg/day, dose re-
duction for liver disease 

Anidulafungin 200 mg � 1 
loading dose, then 100 
mg/day 

Triazoles: voriconazole 6 
mg/kg IV q12h � 2 
doses, then 4 mg/kg 
q12h; 400 mg PO q12h 
� 2 doses, then 200 mg 
q12h for patients �40 kg; 
dose reduction for liver 
disease; itraconazole 200 
mg PO or IV q12–24h 

Other options not yet FDA ap-
proved for this indication: 
micafungin, posaconazole

C. glabrata MICs/
resistance increasing 
to fl uconazole, C. 
kruseii intrinsically 
resistant 

C. lusitaniae intrinsi-
cally resistant; moni-
tor renal function 
and electrolytes 

Monitor renal function 
and electrolytes 

May be hepatotoxic if 
given with cyclospo-
rine; may decrease 
tacrolimus levels 

IV form not recom-
mended if renal im-
pairment, signifi cant 
drug interactions. 
including contraindi-
cation of voricon-
azole use with siro-
limus; reduce dose 
of tacrolimus by two 
thirds and reduce 
cyclosporine by one 
half; monitor levels

Aspergillus
species

None recom-
mended

Culture of sterile site 
Antigen detection: galactomannin as-

say not universally accepted, false 
postives with concurrent piperacil-
lin use 

Radiology: CT of viscera with nod-
ules, cavities; halo sign, crescent 
sign may be seen/MRI of brain

Histopathology

Voriconazole: dosed as 
above

Liposomal amphotericin B: 
5 mg/kg/day

Amphotericin B: 1–1.5 
mg/kg/day

Caspofungin: dosed as 
above

Role of combination ther-
apy unclear

Other options not yet FDA 
approved for this indica-
tion: micafungin, 
posaconazole

As above

As above

As above

As above

Cryptococcus 
neoformans

None recom-
mended
(fl uconazole 
may provide 
some protec-
tion)

Smear/culture of blood, CSF, sterile 
site (transplant patients must have 
CSF evaluation, may have ele-
vated opening pressure)

India ink preparation of CSF
Antigen detection in CSF, blood 

(false-negatives if nonencapsulated 
strain, prozone effect)

Nucleic acid detection (not univer-
sally accepted)

Radiology: CT of viscera, MRI of 
brain

Histopathology

Liposomal amphotericin B: 
5 mg/kg/day

OR
Amphotericin B: 0.5–1 

mg/kg/day
PLUS
5-fl ucytosine 100 mg/kg/

day divided q6h; renal 
dosing required � 14 
days

THEN
Fluconazole 400 mg/day, 

duration unknown

As above

As above

Monitoring serum 
creatinine and 
5-fl ucytosine levels 
suggested, goal 
30–80 �g/mL 2 hr 
after dose

CSF, cerebrospinal fl uid; CT, computed tomography; FDA, Food and Drug Administration; MRI, magnetic resonance imaging; SPK, simulta-
neous pancreas-kidney transplantation.
Adapted from Fungal infections. Am J Transplant 2004;4(Suppl 10):110–134, Tables 3 and 4.
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organisms isolated from these patients and the limited num-
ber of antimicrobial options for treatment.

The impact of early UTI in renal transplant recipients has 
been associated with pyelonephritis, bacteremia/septicemia, and 
increased mortality compared to the general population88–91;
late UTI may also be associated with increased mortality,92 al-
though most tend to mimic UTIs in the immunocompetent 
host. Most centers provide prophylaxis against early UTI using 
either trimethoprim-sulfamethoxazole or a quinolone for the 
fi rst 6 to 12 months after transplant.93–95 Use of trimethoprim-
sulfamethoxazole is not only inexpensive, but also provides 
prophylaxis against Pneumocystis, toxoplasmosis, listeriosis, and 
nocardiosis, although quinolones may be better tolerated.93

Most centers use low-dose trimethoprim-sulfamethoxazole 
daily, but some studies have suggested that higher doses (320 
mg/1600 mg) may be more effi cacious in the prevention of UTI 
during the fi rst month after transplant.95,96 Whether higher 
doses may be associated with increased toxicity is unknown.

Treatment of UTI in this population requires that close 
attention be paid to the susceptibilities of the isolate, because 
rates of highly resistant gram-negative pathogens appear to be 
increasing.97,98 Most centers use a longer duration of treat-
ment in transplant recipients, typically 14 days.88 Candidal 
UTIs in this population are also problematic because they may 
lead to the formation of fungal balls and resultant urinary 
obstruction, so the fi nding of yeast in a sterile urine specimen 
should prompt further investigation.

TUBERCULOSIS AND NONTUBERCULOUS 
MYCOBACTERIA

Although tuberculosis (TB) remains a relatively rare disease 
after renal transplantation, the complexities of treatment and 
high associated mortality require vigilance of the provider 
during both the pretransplant and posttransplant periods. 
The incidence of TB after renal transplantation in the United 
States is estimated to be less than 1%, but the mortality rate in 
these patients approaches 25% to 30%.99,100 Most patients 
develop symptomatic disease within the fi rst year after trans-
plantation.

Evaluation of the transplant recipient should include a 
detailed history of prior TB, possible exposure to the disease, 
or travel to endemic areas. Tuberculin skin testing is recom-
mended for all potential recipients, and should be interpreted 
as positive if greater than 5 mm of induration is detected.101 If 
no prior prophylaxis has been given, or if the patient’s re-
sponse to the test has recently converted to positive, the pa-
tient should be treated as having latent TB infection. Unfortu-
nately many patients with severe renal disease may be anergic, 
rendering the test unreliable if negative. The recent release of 
a blood test for interferon-gamma release from patient’s sen-
sitized lymphocytes after exposure to purifi ed protein deriva-
tive (QuantiFERON test) is promising, but as yet is not indi-
cated for use in immunosuppressed individuals.102 Chest 
radiographs may be useful for fi nding evidence of prior or 
active disease that would warrant further evaluation, espe-
cially if no prior treatment or prophylaxis was given. In pa-
tients in whom latent TB infection is suggested, treatment 
with 300 mg of isoniazid daily for 9 months is recommended 
after evaluation for underlying liver disease. Ideally, prophy-
laxis should be completed before transplantation and the 

onset of more severe immunosuppression; however, if the 
donor had risk factors for latent TB infection, the recipient 
should receive prophylaxis after transplantation to reduce the 
risk of transmission of disease.101 Liver function tests should 
be monitored every 2 weeks for the fi rst 6 weeks of therapy, 
then monthly, looking for elevations of transaminases greater 
than 4 times normal.

Diagnosis and treatment of active tuberculosis after trans-
plantation is complex; the involvement of an infectious dis-
eases specialist is recommended, as well as involvement of lo-
cal public health departments. Patients are likely to present in 
the fi rst year after transplantation and are more likely to pres-
ent with disseminated disease than immunocompetent pa-
tients, although pulmonary disease remains the most com-
mon manifestation.99,100 Diagnosis may require extensive 
imaging and multiple specimens from suspicious areas for 
microbiological culture and susceptibility testing. The use 
of the QuantiFERON test has not been validated for diagnosis 
of active infection in immunosuppressed patients.103 The 
standard four-drug regimen typically initiated at diagnosis of 
TB (isoniazid, rifampin, pyrazinamide, and ethambutol) is 
problematic in the transplant recipient due to the interaction 
between rifampin and calcineurin inhibitors that induces the 
metabolism of these agents. Substitution with rifabutin or a 
quinolone such as levofl oxacin is a common approach to 
eliminate this problem, although rifabutin is still associated 
with signifi cant drug interactions.101 Once susceptibility of 
the isolate to isoniazid and rifampin is confi rmed, therapy 
should continue for a minimum of 6 months, if isoniazid and 
rifampin or rifabutin are used, and longer with other regi-
mens or more severe disease.

Nontuberculous mycobacterial infections in transplant re-
cipients are rare and not well-studied. Many of these organ-
isms are environmental contaminants and can cause disease as 
a result of nosocomial transmission or exposure in the com-
munity. Again, a high index of suspicion must be maintained, 
and early involvement of an infectious diseases specialist is 
helpful, because many of these organisms require special 
growth conditions in the microbiology laboratory and do not 
have uniform susceptibilities to antimicrobial agents. More 
detailed recommendations can be found in recently published 
guidelines.104,105

HUMAN IMMUNODEFICIENCY VIRUS 
AND RENAL TRANSPLANTATION

The widespread use of highly active antiretroviral therapy 
(HAART) has changed the prognosis for patients with human 
immunodefi ciency virus (HIV) infection, allowing these pa-
tients to be considered for renal transplantation.106 Prior to 
the widespread use of HAART, a retrospective analysis of 
HIV-positive renal transplant recipients suggested a slightly 
worse 3-year survival compared to HIV-negative patients dur-
ing the same 10-year period (83% vs. 88%).107 More recently, 
several case series have reported encouraging results after re-
nal transplantation in HIV-positive patients, showing similar 
graft survival and mortality at 1 year compared to controls 
from the UNOS database.108,109 Unfortunately, graft rejection 
rates appear to be higher in the HIV-positive groups. Cur-
rently a prospective, multicenter trial is underway to study 
HIV-positive renal and liver transplant recipients to study the 
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effects of immunosuppressive medications on patient survival 
and how HIV infection and HAART affect graft survival.

Ideally, HIV-positive patients being considered for trans-
plantation should have CD4� cell counts greater than 
200 cells/�L and an undetectable viral load for 3 months on 
stable antiretroviral therapy.110 Comorbid conditions should be 
assessed, including the presence of other viral infections (i.e., 
HBV, HCV) that may have accelerated courses in the presence 
of both HIV and immunosuppression, and history of opportu-
nistic infections that may reactivate post-transplantation. After 
transplantation, these patients require close monitoring, be-
cause the pharmacokinetics and drug interactions of antiretro-
viral medications and immunosuppressive medications may be 
complex; notably, there are signifi cant drug interactions be-
tween calcineurin inhibitors and antiretroviral agents, includ-
ing both protease inhibitors and nonnucleoside reverse tran-
scriptase inhibitors.108,111 Frequent assessment of serum drug 
levels of the calcineurin inhibitors is therefore mandatory for 
patients on protease inhibitor-based HAART. More compre-
hensive guidelines have been established by the Cooperative 
Clinical Trials in Adult Transplantation group and include spe-
cifi c recommendations regarding inclusion and exclusion crite-
ria and pharmacological considerations for HAART, immuno-
suppression, and prophylaxis regimens.111

Management of infectious disease complications contin-
ues to pose a challenge for physicians treating transplant 
recipients. As the use of newer, more potent immunosup-
pressive regimens becomes more common, the risk for op-
portunistic pathogens and more severe manifestations of 
both community-acquired and nosocomial pathogens in-
creases. Continued attention to improved preventive, diag-
nostic, and treatment strategies to minimize the impact of 
infections on outcomes is required.
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Many drugs are eliminated by the kidney and therefore re-
quire dose adjustment in patients with renal insuffi ciency.1–4

Other drugs that themselves are not dependent on the kidney 
for excretion are converted in the liver to active metabolites 
that accumulate in patients with diminished renal function.5,6

Thus, to avoid toxicity doses of many drugs must be dimin-
ished in patients with decreased renal function. The precision 
required depends on the therapeutic index of individual 
drugs. For example, penicillins and cephalosporin antibiotics 
have wide margins of safety. Dosing does not require the same 
precision as with drugs having narrow therapeutic indices, 
such as aminoglycoside antibiotics or digoxin, in which, in 
some instances, serum concentrations are measured to assure 
attainment of therapeutic, yet nontoxic, levels.

Patients treated with hemodialysis, hemofi ltration, or peri-
toneal dialysis present an additional challenge. Drug may be 
removed by the procedure itself, thereby requiring compensa-
tory dose supplementation, the extent of which is a function of 
the amount of drug removed.1 The ability of dialysis to remove 
drugs is infl uenced by the binding of the drug to protein, which 
limits dialyzability, and molecular size, for example. These fac-
tors are highly variable among drugs, even those in the same 
chemical class, rendering a priori predictions impossible. Pub-
lished data from appropriate patient populations guide therapy, 
which should be complemented with measurements of serum 
drug concentrations when assays are available.

This chapter discusses principles of drug dosing as a 
framework for adjustment in dosing regimens in patients with 
renal insuffi ciency. Dosing guidelines for patients with renal 
dysfunction, including dialysis, are offered in the appendix 
(Tables A91-1 to A91-3).

It is possible to anticipate some of the effects that renal 
disease and dialysis will have on drug disposition. Renal insuf-
fi ciency will cause drugs eliminated by the kidney to accumu-
late. In general, accumulation suffi cient to be of clinical con-
cern occurs if 30% or more of the drug is eliminated in the 
urine unchanged. A characteristic of renal insuffi ciency is ac-
cumulation of endogenous organic acids in plasma, which 
compete with acidic xenobiotics for binding to albumin and 
thereby diminish protein binding. Hypoalbuminemia results 
in diminished binding of drugs bound to albumin. Thus, 
changes in protein binding infl uence the concentration of 
unbound, pharmacologically active drug in plasma.

All forms of dialysis require passage of the removed sub-
stance across a membrane. Certain characteristics of a drug 
predict its removal by dialysis. Avid binding to circulating 
proteins prevents dialytic removal. Theoretically, large size 
also restricts removal, but most xenobiotics are suffi ciently 
small that this is only rarely important. A drug that is widely 
distributed in tissues, with only a small component of the 
total body burden circulating in plasma, may readily cross a 
dialysis membrane. However, the amount removed during 
dialysis will be clinically unimportant.

Understanding the pharmacokinetic characteristics of a 
drug is the framework on which the following discussion is 
based. This allows predictions that can be helpful in clinical 
situations in which insuffi cient dosing information is available.

PRINCIPLES OF DOSE ADJUSTMENT

Loading Dose
Use of some drugs entails administration of a loading dose to 
rapidly attain therapeutic drug concentrations.7–9 This ap-
proach is usually employed when an effective drug concentra-
tion is needed quickly. Whether to give a loading dose depends 
on the urgency to achieve a pharmacologic effect compared to 
the half-life of the drug. If a loading dose is not given, the time 
needed to reach plateau drug concentrations is 4 times the 
half-life. If this time is long relative to the clinical need, a load-
ing dose strategy should be employed. The loading dose 
needed is a function of the volume of distribution (Vd) of the 
drug and its initial blood concentration (Cinitial):

Loading dose � (Cinitial) (Vd)

For example, if the Vd for a drug such as an aminoglycoside 
antibiotic is 0.25 L/kg and the desired peak serum concentra-
tion is 8 mg/L, the necessary loading dose can be calculated as 
follows:

Loading dose � (8 mg/L) (0.25 L/kg) � 2 mg/kg

It is customary for clinicians to consider a standard 
loading dose rather than calculating it from Vd and the desired 

Chapter 91

Drug Dosing in Renal Failure
D. Craig Brater

CHAPTER CONTENTS

PRINCIPLES OF DOSE ADJUSTMENT   1049
Loading Dose   1049
Maintenance Dose   1050
Half-Life   1050
Dosing Regimens   1051

Dialysis   1052
Active Metabolites   1052

DOSING RECOMMENDATIONS   1052

APPENDIX   1054

Ch91_1047-1072-X5484.indd 1049Ch91_1047-1072-X5484.indd   1049 6/18/08 3:33:54 PM6/18/08   3:33:54 PM



1050 Drugs and the Kidney

concentration. This can be hazardous in settings in which the 
patient’s disease may infl uence Vd and thereby mandate a 
change in the loading dose. For example, if the Vd of a drug in 
a patient with renal insuffi ciency is one-half that in a patient 
with normal renal function, and the patient with renal disease 
received a “standard” loading dose, the resulting initial concen-
tration would be twice that expected, with a consequent risk of 
toxicity. To illustrate this from the previous example, if the 
“normal” loading dose of 2 mg/kg were administered to a pa-
tient whose Vd was 0.125 L/kg (i.e., one-half the usual value), a 
concentration of 16 mg/L would result:

2 mg/kg � (Cinitial) (0.125 L/kg)

Cinitial � 2 mg/kg � 0.125 L/kg � 16 mg/L

It should be clear that clinicians need to be alert to changes 
in the Vd of drugs. Such data are provided in the appendix (see 
Table A91-1) for patients with renal disorders. The loading 
dose can be calculated as shown above. Alternatively, if the 
clinician knows the usual loading dose, the data in Table A91-1 
can be used to calculate a modifi ed dose:

Usual loading dose/Modifi ed loading dose �
Normal Vd/Patient’s Vd

or,

Modifi ed loading dose � (Patient’s Vd/Normal Vd) �
Usual loading dose

The direct proportionality between loading dose and Vd

makes such dose adjustments quite easy. A caution is the in-
fl uence of changes in drug protein binding, which in many 
drugs is decreased in patients with renal insuffi ciency,10,11

particularly for acidic drugs bound to serum albumin, wherein 
accumulated endogenous organic acids can displace drug 
from albumin binding sites.12

For highly protein-bound drugs, such as phenytoin, val-
proate, and warfarin, a decrease in binding to albumin might 
be expected to cause an increase in the unbound concentra-
tion, thereby resulting in increased drug effect. However, the 
increased free drug is also readily available for metabolism by 
the liver, such that the unbound concentration is no different 
from that in patients with normal renal function.10,11,13,14 As 
an example, in a patient with normal renal function, a total 
serum concentration of phenytoin of 10 mg/L yields 1 mg/L 
of free drug. In contrast, in a patient with end-stage renal 
disease, the same dose results in a lower total concentration of 
5 mg/L but the same free, pharmacologically active phenytoin 
concentration (Table 91-1).

The lesson is that for phenytoin (and valproate) the same 
pharmacologically active unbound serum concentration oc-
curs at a lower total concentration. Clinical laboratories usu-
ally measure total drug concentration. Hence, in a patient 
with renal insuffi ciency or hypoalbuminemia, the “therapeu-
tic” serum concentration, expressed as total drug, is less than 
in patients with normal renal function. This may prompt the 
physician to administer inappropriately larger doses to in-
crease the total drug concentration. The result is a concomi-
tant increase in the unbound concentration to potentially 
toxic levels. Although there is a similar scenario for warfarin, 

physicians normally monitor this drug’s effect using the Inter-
national Normalized Ratio as opposed to measuring the drug 
concentration. This spares the need to contemplate the role of 
protein binding with this agent.

Maintenance Dose
A maintenance dose maintains the desired steady-state drug 
concentrations,7–9 as determined by the target average drug 
concentration, Caverage, and the clearance (Cl) of the drug from 
the body:

Maintenance dose � (Caverage) (Cl)

If a drug is administered as a continuous intravenous infu-
sion, the maintenance dosing rate is the infusion rate of the 
drug. If a drug is administered as separate, intermittent intra-
venous doses, the dosing rate is expressed as:

Dosing rate � Individual dose/Dosing interval

If a drug is administered by mouth, a term to account for 
incomplete bioavailability must be incorporated, with the 
fraction of the dose absorbed (F). The maintenance dosing rate 
becomes:

Dosing rate � (F) (Individual dose)/Dosing interval

Hence, depending on the route of administration, any of the 
following relationships may apply:

Infusion rate � (Caverage) (Cl)

Dose/Dosing interval � (Caverage) (Cl)

F � Dose/Dosing interval � (Caverage) (Cl)

Thus, a change in clearance mandates a proportional change 
in the rate of drug administration to maintain a constant aver-
age drug concentration. The clearance of drugs or their 
metabolite(s) in patients with renal insuffi ciency is often di-
minished; consequently, maintenance doses must be adjusted. 
Guidelines for doing so are offered in the appendix (see Table 
A91-3).

Half-life
The half-life (t1/2) of a drug refers to the time required for the 
serum concentration to decrease by 50%. The rate of elimina-
tion of most drugs (exceptions being phenytoin and salicylate) 

Table 91-1  Phenytoin Concentration in Patients with Normal 
Renal Function and Those with End-stage Renal Disease

Concentration Bound � Free � Total
Percent-

age Bound

Normal renal 
function

9 � 1 � 10 mg/L 90

ESRD 4 � 1 � 5 mg/L 80

ESRD, end-stage renal disease.
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is linear and independent of the drug serum concentration. 
This implies that the t1/2 is independent of the serum concen-
tration. Therefore, the time for a drug’s concentration to de-
crease from 100 to 50 units of concentration is the same as for 
a decrease from 10 to 5 units.

Many clinicians use t1/2 synonymously with clearance of a 
drug. This presumes that an increase in t1/2 indicates a propor-
tional decrease in clearance, which thereby requires a compen-
satory and proportional decrease in the maintenance dose. This 
misconception can lead to errors in dose adjustment in patients 
with renal insuffi ciency because t1/2 is a function of both Vd and 
Cl and does not solely refl ect the clearance of a drug:

t1/2 � 0.693 Vd/Cl

A change in t1/2 can refl ect a change in Vd, a change in Cl, or 
both. The correct dosing regimen adjustment depends on 
whether an alteration in Vd or in Cl is responsible for the 
change in t1/2. If t1/2 increases solely because of an increase in 
Vd, the loading dose should be increased, while the mainte-
nance dose should remain unchanged. If it is assumed that the 
t1/2 increased because Cl decreased, a “normal” loading dose 
and a diminished maintenance dose would be administered. 
This would result in a loading dose that is too small, which 
would fail to attain the desired initial concentration, and an 
inappropriately diminished maintenance dose, which would 
maintain a lower drug concentration than desired. The result 
could be lack of effi cacy.

A good example of this is the use of digoxin in patients 
with renal insuffi ciency. In patients with mild to moderate 
renal insuffi ciency, the Vd of digoxin is little changed, whereas 
Cl may be reduced to about one-half to two-thirds normal.15

In such patients, the t1/2 rises in proportion to the diminished 
Cl. However, in patients with severe renal insuffi ciency, the Vd

is decreased to one-half to two-thirds normal, and Cl is de-
creased further to about one-third normal.15,16 In this setting, 
the t1/2 is infl uenced by both parameters. Although the half-
life is prolonged in severe renal dysfunction, it is little different 
from that in the patient with mild to moderate renal insuffi -
ciency. If the change in t1/2 in the patient with severe renal 
insuffi ciency compared to normal subjects was erroneously 
presumed to refl ect only the decrease in digoxin clearance and 
thereby to affect only the maintenance dose, a serious dosing 
error would occur. Because no downward adjustment in load-
ing dose would be made, the initial concentration would be 
higher than desired. The decrease in maintenance dose would 
be underestimated so that the patient’s steady-state serum 
concentration would be maintained at a higher concentration 
than desired. The hazards of such an error are obvious.

A realization of the limitations of using t1/2 to predict dos-
ing adjustments mandates the need to dissect it into its com-
ponent parts of Vd and Cl. Of what use, then, is t1/2? Knowing 
t1/2 allows one to determine the time necessary for serum drug 
concentrations to reach a steady state. Steady state is reached 
after administering the drug for 4 to 5 times the t1/2. This delay 
in attaining plateau drug concentrations can be avoided by 
giving a loading dose designed to attain the desired drug con-
centration quickly.

The attainment of steady state applies to a change in dose. 
For example, if a maintenance dose is doubled, 4 to 5 times the 
t1/2 is required for the serum concentration to reach the new 
plateau. Similarly, if the maintenance dose is decreased, 4 to 

5 times the t1/2 must elapse for the new, lower steady-state con-
centration to be reached. Lastly, if a drug is stopped, 4 to 5 times 
the t1/2 is needed for concentrations to become negligible.

In summary, the half-life should be used to predict the 
time for a drug to reach steady-state concentrations. It is a 
hybrid value infl uenced by both Vd and Cl and provides no 
direct information about loading or maintenance dose.

Dosing Regimens
Changes in loading dose entail giving a larger or smaller dose 
depending on whether Vd is increased or decreased. The need to 
modify a loading dose may be unclear, in which case a decision 
must be made concerning whether a loading dose strategy is 
necessary. In such cases it is wise to err on the side of caution 
and administer a smaller loading dose. If monitoring of clinical 
endpoints or serum drug concentrations shows the dose to have 
been too low, a supplementary dose can be given. In contrast, 
too large a loading dose can lead to iatrogenic drug toxicity.

Several strategies can be employed for adjusting mainte-
nance doses of a drug. The primary objective is to maintain the 
same average drug concentration in a patient without renal 
disease. Because the majority of drugs obey linear or fi rst-order 
elimination kinetics, change in clearance can be compensated 
for by a proportional change in the dosing rate: 

Usual maintenance dose/Modifi ed maintenance dose �
Usual clearance/Patient’s clearance

or,

Modifi ed maintenance dose �
(Patient’s clearance/Usual clearance) � Usual maintenance dose

Hence, if the clearance of a drug in a patient with renal insuf-
fi ciency is one-half the “normal” value, the patient’s mainte-
nance dose should be one-half that usually administered. Such 
dose modifi cations will maintain a normal average steady-
state drug concentration.

If a patient is receiving a drug by continuous intravenous 
infusion, maintenance dose modifi cation simply requires a 
modifi ed infusion rate. If the patient is receiving intermittent 
doses, reduction of the total dose administered can be accom-
plished in three ways:

 1. Decreasing each individual dose and maintaining the same 
dosing frequency. This is referred to as the variable dose 
method.

 2. Maintaining the same individual dose but administering 
each dose less frequently. This is referred to as the variable 
frequency method.

 3. Modifying both individual doses and the frequency of their 
administration, which is a combination method.

All three methods attain the same average drug concen-
tration. For example, if 2400 mg of a drug is administered 
to a patient with normal renal function as 600 mg every 
6 hours, and one wished to administer one half as much 
total drug to a patient with renal insuffi ciency, options in-
clude the following:

• 300 mg every 6 hr (variable dose)

• 600 mg every 12 hr (variable frequency)

• 400 mg every 8 hr (combination)
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The total drug administered with each of these regimens is the 
same (1200 mg). It is half that administered to a patient with 
normal renal function. These regimens differ in the profi le of 
serum drug concentrations. Regimens with closer dosing fre-
quencies and smaller individual doses result in less difference 
between peak and trough drug concentrations. Determining 
which option is best is a function of the drug and the disease 
being treated. For example, having low serum concentrations 
for a considerable period of time with an antibiotic with a 
long postantibiotic effect may not be worrisome. In contrast, 
for a drug that must be maintained within a narrow concen-
tration range to maximize effi cacy (e.g., an antiarrhythmic or 
anticonvulsant), a regimen would be needed that minimizes 
fl uctuations in serum concentrations.

No general rule can be applied to the maximum length of 
a dosing interval; 24 hours seems a reasonable rule of thumb 
and would likely be helpful for patient adherence. If a patient 
is not responding to a drug, the clinician should anticipate a 
possible inappropriate dosing regimen. Signs of toxicity 
shortly after administration of an individual dose may indi-
cate a need to give the drug more frequently in smaller doses 
to optimize the dosing regimen.

Dialysis
Patients with endstage renal disease treated with dialysis (in-
cluding hemofi ltration) have an additional mechanism by 
which drugs can be eliminated.17–20 If substantial elimination 
by these routes occurs, supplemental dosing must be given. 
This is most easily accomplished by administering a supple-
mental dose of drug at the completion of dialysis. The dose 
given is the amount of drug removed during the procedure.

With continuous ambulatory peritoneal dialysis (CAPD), 
drug removal is continuous. The patient’s total clearance of a 
drug is the sum of the clearance by residual renal function and 
clearance via CAPD. The dosing regimen (individual dose, 
dosing interval, or both) should be adjusted upward in pro-
portion to the added increment in clearance from CAPD.

Where information on dialytic removal of the agent is lack-
ing, insight into the dialyzability of a drug may be appreciated 
from its pharmacokinetic parameters. If a drug such as vanco-
mycin or amphotericin is too large to pass across the dialysis 
membrane (including the peritoneum), it will not be removed 
by dialysis. If a drug is bound in excess of 90% to plasma pro-
teins, it is unlikely that dialysis will contribute appreciably to 
its elimination. Drugs that are water soluble are more readily 
dialyzed. A clue that a drug is water soluble is that these drugs 
are usually eliminated predominantly by the kidney as un-
changed drug. Lastly, drugs with large volumes of distribution 
have minimal dialyzability because, of the total amount of 
drug in the body, only a small portion resides in the vascular 
space where it can be removed. Once dialysis ends, the large 
amount of drug in the tissues can refi ll the vascular compart-
ment. The dialysis procedure therefore removes only an insig-
nifi cant quantity of the total amount of drug in the body.

Specifi c examples can be used to illustrate these principles. 
Aminoglycoside antibiotics are water soluble, eliminated pri-
marily by the kidney (100% of the dose is normally excreted 
unchanged in the urine), have negligible protein binding, have 
a small volume of distribution (0.25 L/kg), and are removed by 
dialysis procedures suffi ciently to require dose supplementa-
tion. In contrast, cefonicid also has a small Vd (0.10 L/kg), but is 

highly bound to serum proteins (98%) and therefore is not re-
moved by hemodialysis or CAPD. Cefadroxil, on the other 
hand, despite having a somewhat larger Vd than cefonicid (0.30 
L/kg) is only 16% bound to serum proteins. Dialytic removal is 
suffi cient with this cephalosporin to require supplemental dos-
ing. Last, drugs such as phenothiazines and tricyclic antidepres-
sants that have large Vd values (�10 L/kg) are not eliminated by 
dialysis even if they are negligibly bound to serum proteins.

Table A91-2 in the appendix lists the amount of a drug 
removed by dialysis (as a percentage of a “normal” dose in a 
patient with normal renal function). This value allows calcula-
tion of the increment in dosing that must be given to compen-
sate for removal by dialysis. The table does not include 
removal of drugs by hemoperfusion, hemofi ltration, or hemo-
diafi ltration. Hemoperfusion is applicable to toxicologic set-
tings and is discussed in Chapter 92.

Hemofi ltration removes unbound drug in the serum. The 
amount removed (and thereby the dose increment needed) 
can be calculated as:

Amount removed (mg) � Serum concentration (mg/L) �
Unbound fraction � Ultrafi ltration rate (L/min) �

Time of procedure (min)

The ultrafi ltration rate and the duration of hemofi ltration 
are known. The unbound fraction can be found in the pub-
lished literature.1 Serum concentration can be directly mea-
sured for many drugs. Alternatively, the average concentration 
at steady state can be reasonably estimated as:

Average concentration (mg/L) �
Dosing rate (mg/min)/Clearance (mL/min)

Active Metabolites
Although many drugs are not themselves eliminated by renal 
routes, they are converted by the liver to active metabolites 
that depend on the kidney for excretion. Hence, in patients 
with renal disease, the metabolite can accumulate, causing its 
own pharmacologic effect(s).5,6 For example, meperidine is 
converted to normeperidine, which unlike the parent drug is 
not an analgesic but rather a central nervous system stimu-
lant. The metabolite is excreted by the kidney and accumulates 
in patients with renal insuffi ciency. Even in elderly patients 
with mild decrements in renal function, this metabolite can 
reach suffi cient concentrations to cause seizures. Its use in 
patients with renal compromise requires lower doses of me-
peridine (which may limit its effi cacy). A better alternative is 
to use another analgesic such as morphine for which the par-
ent drug and metabolite(s) do not depend on the kidney for 
elimination. For many drugs, it is not known whether there 
are active metabolites or if these accumulate in renal disease. 
Unanticipated responses to drugs should raise the consider-
ation of active metabolites and may prompt discontinuation 
of a drug in the hope that an adverse response dissipates.

DOSING RECOMMENDATIONS

When renal insuffi ciency affects the volume of distribution of 
a drug (see Table A91-3 in the appendix), the loading dose 
must be modifi ed. More commonly, one needs to compensate 
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for decreased clearance of drugs by adjusting the maintenance 
dose. Principles for doing so have been discussed previously, 
the most important of which is the proportionality that exists 
between clearance, dose, and steady-state serum drug concen-
tration. Hence, a clearance that is one-half that of normal can 
be compensated for by decreasing the dose to one-half nor-
mal. Different strategies for dose adjustment have also been 
discussed. The clinician can change each individual dose, the 
interval between them, or both. Which strategy to use depends 
on the drug and the individual patient, but a reasonable start-
ing point for most drugs is to fi rst lengthen the interval until 
a maximum of 24 hours is reached, after which further modi-
fi cation of the individual dose is appropriate.

Table A91-3 in the appendix offers recommendations for 
modifi cation of the maintenance dose in patients with various 
degrees of renal insuffi ciency. These guidelines should serve 
only as starting points of therapy. Subsequent dosing requires 
tailoring the regimen to each individual patient, which in turn 
must be based on clinical endpoints or measurement of serum 
concentrations of drugs.
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Table A91-1 Effect of Renal Disease on Volume of Distribution

Vd (L/kg)

Drug Normal Renal Function ESRD

Analgesics

Codeine 3.5–6.0 7.3

Nalmefene 8.2 17.1

Salicylate 0.15 Increase (no change)*

Anesthetics and Drugs Used during 
Anesthesia

Thiopental 1.9 (12) 3.0 (12)

Antianxiety Agents

Abecarnil 14 19 (no change)

Oxazepam 0.6–2.0 Increase (no change)

Anticonvulsants

Phenytoin 0.5–1.0 Increase (no change)

Valproate 0.2–0.4 Increase (no change)

Antihistamines

Roxatidine 3.2 2.0

Anti-infl ammatory 
Agents

Anakinra 0.11 0.17

Azapropazone 0.15–0.25 No change (decrease)

Difl unisal 0.10–0.13 0.27 (no change)

Oxaprozin 0.07–0.25 (Decrease)

Antifungals

Miconazole 2–3 Decrease

Antimicrobial Agents/Antibacterials
Cephalosporins

Cefazolin 0.11–0.14 0.17

Cefoxitin 0.27 Increase

Macrolide Antibiotics

Erythromycin 0.6–0.8 1.2

Penicillins

Azlocillin 0.18 0.3

Quinolones

Norfl oxacin 3.2 1.7

APPENDIX
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1055 Drug Dosing in Renal Failure

Vd (L/kg)

Drug Normal Renal Function ESRD

Bronchodilators

Albuterol 2.0–2.5 0.8

Cardiovascular Agents
Blood Lipid-Lowering Agents

Acifran 0.5 (Decrease to 1/3 
normal)

Cardiac Inotropes

Digitoxin 0.73 Increase (no change)

Digoxin Vd � 3.84 � 0.0446 
CrCl

Hormonal Agents

Insulin-like growth 
factor

0.15 0.07–0.09

Vd, volume of distribution; ESRD, end-stage renal disease; CrCl, creatinine clearance.
*Values in parentheses indicate data for unbound drug.

Table A91-1 Effect of Renal Disease on Volume of Distribution—cont’d

Table A91-2 Percentage of a Dose Removed by One Session of Hemodialysis or 24 Hours 
of Continuous Ambulatory Peritoneal Dialysis

Drug Hemodialysis CAPD

Analgesics

Meperidine Negligible Negligible

Methadone Negligible (1%) Negligible (1%)

Nalmefene Negligible (3.3%)

Propoxyphene Negligible Negligible

Salicylates Negligible Negligible

Tilidine Negligible (�1%)

Tramadol Negligible (7%)

Anesthetics and Drugs Used during Anesthesia

Gallamine Considerable Considerable

Antianxiety Agents, Sedatives, and Hypnotics

Buspirone Negligible

Chloral hydrate Negligible

Ethchlorvynol Negligible

Glutethimide Negligible

Meprobamate Negligible

Methaqualone Negligible

Oxazepam Negligible

Continued
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1056 Drugs and the Kidney

Drug Hemodialysis CAPD

Phenobarbital Negligible

Zopiclone Negligible

Anticholinergics and Cholinergics

Cisapride Negligible

Metoclopramide Negligible

Pirenzipine 11%–15%

Anticoagulants, Antifi brinolytics, 
and Antiplatelet Agents

Warfarin Negligible Negligible

Low-molecular-weight 
heparins

Negligible

Anticonvulsants

Gabapentin 50%

Ethosuximide 45%

Levetiracetam 25%–50%

Phenytoin Negligible Negligible

Pregabalin 50%

Primidone 30%

Topiramate 50%

Valproic acid Negligible (1%) Negligible

Antihistamines

Cetirizine Negligible (9%)

Cimetidine 10%–20% Negligible (1.6%)

Famotidine Negligible 
(6%–16%)

Negligible (4.5%)

Fexofenadine Negligible (�1.7%)

Levocabastine Negligible (11%)

Loratadine Negligible

Nizatidine Negligible (10%)

Ranitidine 50%–60% Negligible (�1%)

Anti-infl ammatory Agents

Anakinra Negligible

Azapropazone Negligible Negligible

Bromfenac Negligible

Lefl unomide Negligible Negligible

Lornoxicam Negligible

Nabumetone Negligible

Oxaprozin Negligible Negligible

Table A91-2 Percentage of a Dose Removed by One Session of Hemodialysis or 24 Hours 
of Continuous Ambulatory Peritoneal Dialysis—cont’d
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1057 Drug Dosing in Renal Failure

Table A91-2 Percentage of a Dose Removed by One Session of Hemodialysis or 24 Hours 
of Continuous Ambulatory Peritoneal Dialysis—cont’d

Drug Hemodialysis CAPD

Penicillamine 30%

Sulindac Negligible

Antimicrobial Agents
Aminoglycosides

Aminoglycosides 50% 20%–25%

Spectinomycin 50%

Carbapenems

Biapenem 90%

Imipenem 80%–90% Negligible

Meropenem 50%–70%

Cephalosporins

Cefaclor 33%

Cefadroxil 50%

Cefamandole 50% Negligible (5%)

Cefazolin 50% 20%

Cefdinir Negligible
(1.4%–7.2%)

Cefi pime 40%–70% 26%

Cefi xime Negligible (1.6%) Negligible

Cefmenoxime 16%–51% Negligible 
(�10%)

Cefmetazole 60%

Cefodizime 50% Negligible (15%)

Cefonicid Negligible Negligible (6.5%)

Cefoperazone Negligible Negligible

Ceforanide 20%–50%

Cefotaxime 60% Negligible (5%)

Cefotetan Negligible (5%–9%)

Cefotiam 30%–40%

Cefoxitin 50% Negligible

Cefpirome 32%–48% Negligible (12%)

Cefpodoxime 50%

Cefprozil 55%

Cefroxadine 50%

Cefsulodin 60%

Ceftazidime 50% Negligible

Ceftibuten 39%

Ceftizoxime 50% Negligible (16%)

Ceftriaxone 40% Negligible (4.5%)

Continued
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1058 Drugs and the Kidney

Drug Hemodialysis CAPD

Cefuroxime 20%

Cephacetrile 50%

Cephalexin 50%–75% 30%

Cephalothin 50%

Cephapirin 20%

Glycopeptides

Vancomycin Negligible Negligible 
(15–20%)

Teicoplanin Negligible Negligible (5%)

Macrolide Antibiotics

Clindamycin Negligible Negligible

Dirithromycin Negligible

Lincomycin Negligible Negligible

Monobactams

Aztreonam 40% Negligible

Carumonam 51%

Moxalactam 30%–50% Negligible 
(15%–20%)

Nitroimidazoles

Metronidazole 45% Negligible (10%)

Ornidazole 42% Negligible (6%)

Tinidazole 40%

Oxazolidinones

Linezolid 33%

Penicillins

Amdinocillin 32%–70% Negligible (�4%)

Amoxicillin 30%

Ampicillin 40%

Azlocillin 30%–45%

Carbenicillin 50%

Cloxacillin Negligible

Dicloxacillin Negligible

Methicillin Negligible

Mezlocillin 20%–25% 24%

Nafcillin Negligible

Oxacillin Negligible

Penicillin 50%

Piperacillin 30%–50% Negligible (6%)

Table A91-2 Percentage of a Dose Removed by One Session of Hemodialysis or 24 Hours 
of Continuous Ambulatory Peritoneal Dialysis—cont’d
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1059 Drug Dosing in Renal Failure

Table A91-2 Percentage of a Dose Removed by One Session of Hemodialysis or 24 Hours 
of Continuous Ambulatory Peritoneal Dialysis—cont’d

Drug Hemodialysis CAPD

Temocillin 50% Negligible

Ticarcillin 50% Negligible

Polymyxins

Colistin Negligible Negligible

Quinolones

Ciprofl oxacin Negligible (2%) Negligible 
(0.4%–1.6%)

Enoxacin Negligible

Fleroxacin Negligible (3%–7%) Negligible (�10%)

Gatifl oxacin Negligible (14%) Negligible (11%)

Levofl oxacin Negligible Negligible

Lomefl oxacin Negligible

Norfl oxacin Negligible

Ofl oxacin Negligible 
(15%–25%)

Negligible
(4%–6%)

Pefl oxacin Negligible

Temafl oxacin Negligible (9.4%)

Streptogramins

Quinupristin/dalfopristin Negligible

Sulfonamides

Sulfamethoxazole 50% Negligible (8%)

Trimethoprim 50% Negligible (7%)

Tetracyclines

Doxycycline Negligible Negligible

Minocycline Negligible Negligible

Antifungals

Amphotericin B Negligible

Fluconazole 40% Negligible (18%)

Flucytosine 50%

Itraconazole Negligible Negligible

Ketoconazole Negligible Negligible

Miconazole Negligible Negligible

Antimalarials

Chloroquine Negligible

Mefl oquine Negligible

Quinine Negligible
Continued
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1060 Drugs and the Kidney

Drug Hemodialysis CAPD

Antineoplastics and Antimetabolites

Cyclophosphamide 30%–60%

Etoposide Negligible

Methotrexate Negligible

Paclitaxel Negligible

Antituberculous Agents

Para-aminosalicylic acid 50%

Ethambutol Negligible (12%)

Isoniazid 75%

Antiulcer Agents

Lansoprazole Negligible

Omeprazole Negligible

Pantoprazole Negligible

Rabeprazole Negligible

Antiviral Agents

Abacavir 24%

Acyclovir 60% Negligible (�10%)

Amantadine Negligible

Cidofovir 50% Negligible

Didanosine 20%–67% Negligible

Foscarnet 27%–58%

Ganciclovir Negligible

Lamivudine Negligible

Ribavirin Negligible (8%)

Vidarabine 50%

Zidovudine Negligible Negligible

Bronchodilators

Dyphylline 28%

Theophylline 40%

Zileuton Negligible (0.5%)

Cardiovascular Agents
Antianginal Agents

Amlodipine Negligible Negligible

Bepridil Negligible

Diltiazem Negligible
(�0.1%)

Table A91-2 Percentage of a Dose Removed by One Session of Hemodialysis or 24 Hours 
of Continuous Ambulatory Peritoneal Dialysis—cont’d
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1061 Drug Dosing in Renal Failure

Table A91-2 Percentage of a Dose Removed by One Session of Hemodialysis or 24 Hours of 
Continuous Ambulatory Peritoneal Dialysis—cont’d

Drug Hemodialysis CAPD

Felodipine Negligible

Isradipine Negligible

Nifedipine Negligible (�1%) Negligible

Antiarrhythmics

N-Acetylprocainamide 50% Negligible

Amiodarone Negligible

Bretylium Negligible

Cibenzoline Negligible

Disopyramide Negligible (2%–4%)

Flecainide Negligible (1%) Negligible

Lorcainide Negligible 
(8%–12%)

Mexiletine Negligible Negligible

Procainamide Negligible Negligible (�5%)

Propafenone Negligible

Quinidine Negligible (�1%)

Recainam Negligible (9%)

Sematilide 20%–25%

Sotalol 40%–57%

Tocainide 25% Negligible (2%)

Antihypertensives

�1-Adrenergic Antagonists

Doxazosin Negligible

Urapadil Negligible (6.5%)

Angiotensin Receptor 
Antagonists

Candesartan Negligible (0.2%)

Erbesartan Negligible

Irbesartan Negligible

Losartan Negligible Negligible

�-Adrenergic Antagonists

Acebutolol Negligible

Atenolol 50%

Carvedilol Negligible

Esmolol Negligible Negligible

Labetalol Negligible 
(2%–5%)

Negligible
(0.14%)

Metoprolol Negligible

Nadolol 50%

Continued
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1062 Drugs and the Kidney

Drug Hemodialysis CAPD

Centrally Acting
�2-Stimulants

Clonidine Negligible

Guanfacine Negligible

Angiotensin-Converting 
Enzyme Inhibitors

Captopril 35%–40% Negligible (�1%)

Cilazapril Negligible (14%)

Enalapril 50%

Fosinopril Negligible (2%)

Lisinopril 50%–60%

Omapatrilat Negligible

Perindopril 55%

Quinapril Negligible (2.6%)

Ramipril Negligible

Blood Lipid-Lowering Agents

Bezafi brate Negligible Negligible (1.6%)

Clofi brate Negligible

Fenofi brate Negligible

Gemfi brozil Negligible

Pravastatin Negligible

Cardiac Inotropes

Digoxin Negligible Negligible (8%)

Fab Negligible Negligible

Vasodilators

Bufl omedil Negligible 
(3.4%–6.7%)

Diazoxide Negligible

Ketanserin Negligible

Minoxidil 24%–43%

Hormonal Agents

Epoetin Negligible (2.3%)

Hypoglycemic Agents

Repaglinide Negligible

Rosiglitazone Negligible

Hypouricemic Agents

Allopurinol 40%

Table A91-2 Percentage of a Dose Removed by One Session of Hemodialysis or 24 Hours of 
Continuous Ambulatory Peritoneal Dialysis—cont’d
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1063 Drug Dosing in Renal Failure

Drug Hemodialysis CAPD

Immunologic Agents

Cyclosporine Negligible

Mycophenolate Negligible

Psychotherapeutic Agents

Citalopram Negligible (�1%)

Lithium Considerable Considerable

Olanzapine Negligible

Sertindole Negligible (�0.1%)

Sertraline Negligible

Tianeptine Negligible

Steroids

Prednisone Negligible

Miscellaneous

Sulbactam Negligible

Tazobactam 30%–50% Negligible 
(11%–13%)

Table A91-2 Percentage of a Dose Removed by One Session of Hemodialysis or 24 Hours 
of Continuous Ambulatory Peritoneal Dialysis—cont’d

Table A91-3 Dosing Recommendations in Patients with Renal Insuffi ciency (Relative to Normal 
Dose)

CREATININE CLEARANCE (mL/min)

Drug �50 20–50 �20

Analgesics

Butorphanol 1/2

Codeine 1/2

Meperidine Avoid

Metamizol 1/3

Nalmefene 1/2

Propoxyphene Avoid

Tramadol 1/2

Anesthetics and Drugs Used during 
Anesthesia

Alcuronium 1/3

Doxacurium 1/2

Gallamine Avoid

Metocurine 1/2

Pancuronium Avoid

Pipecuronium 1/2

Continued
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1064 Drugs and the Kidney

CREATININE CLEARANCE (mL/min)

Drug �50 20–50 �20

Rapacuronium 2/3

D-Tubocurarine 1/2

Vecuronium Avoid

Anthelmintics

Diethylcarbamazine Decrease

Antianxiety Agents

Acamprosate 1/3

Buspirone 1/2 1/4

Anticholinergics and Cholinergics

Metoclopramide 1/2 1/4

Neostigmine 1/2 1/3

Pirenzipine 1/2

Pyridostigmine 1/2 1/3 1/5

Anticoagulants, Antifi brinolytics, 
and Antiplatelet Agents

Bivalirudin 1/4

Desirudin 1/3 1/6

Iloprost 1/2

Lamifi ban Avoid

Lotrafi ban 1/2

Low-molecular-weight 
heparins

1/2

Sulotroban 1/2 1/5 1/20

Tirofi ban 1/2

Tranexamic acid 1/2 1/4 1/8

Anticonvulsants

Gabapentin 1/2 1/4 1/8

Levetiracetam 1/2 1/3

Oxcarbazepine 1/2

Pregabalin 1/2 1/3 1/6

Topiramate 1/2

Vigabatrin 1/2 1/4

Antihistamines

Cetirizine 1/3

Cimetidine 1/2 1/6

Ebastine 1/2

Emedastine 2/3

Table A91-3 Dosing Recommendations in Patients with Renal Insuffi ciency (Relative to Normal 
Dose)—cont’d

Ch91_1047-1072-X5484.indd 1064Ch91_1047-1072-X5484.indd   1064 6/18/08 3:34:00 PM6/18/08   3:34:00 PM



1065 Drug Dosing in Renal Failure

CREATININE CLEARANCE (mL/min)

Drug �50 20–50 �20

Famotidine 1/2 1/3 1/5

Fexofenadine 1/2

Levocabastine 1/3

Nizatidine 1/2 1/4 1/4

Ranitidine 1/2 1/3 1/4

Roxatidine 3/4 1/2 1/4

Anti-infl ammatory agents

Anakinra 1/5

Azapropazone 1/2 1/5 1/10

Diacerein 1/2

Difl unisal 1/2

Indobufen 1/2 1/3

Ketoprofen 1/2

Ketorolac Avoid

Oxaprozin 1/2

Penicillamine Avoid

Tiaprofenic acid 1/2

Ximoprofen 1/3

Antimicrobial Agents/Antibacterials
Aminoglycosides 1/3 1/2 1/4
Carbapenems

Biapenem 1/5

Imipenem 1/2 1/4

Meropenem 2/3 1/3 1/6

Cephalosporins

Cefaclor 1/2 1/4

Cefadroxil 1/2 1/4 1/8

Cefamandole 1/2 1/3 1/4

Cefazolin 1/2 1/4 1/6

Cefdinir 1/10

Cefditoren pivoxil 1/3

Cefepime 2/3 1/5 1/8

Cefetamet 1/2 1/4 1/8

Cefi xime 1/2 1/3

Cefmenoxime 1/2 1/4 1/6

Cefmetazole 2/3 1/2 1/3

Cefodizime 1/2

Table A91-3 Dosing Recommendations in Patients with Renal Insuffi ciency (Relative to Normal 
Dose)—cont’d

Continued
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1066 Drugs and the Kidney

CREATININE CLEARANCE (mL/min)

Drug �50 20–50 �20

Cefonicid 1/2 1/5 1/10

Ceforanide 1/2 1/3 1/5

Cefotaxime 1/2 1/4

Cefotetan 1/2 1/4 1/10

Cefotiam 3/4 1/2

Cefoxitin 1/2 1/4 1/6

Cefpirome 1/2 1/4

Cefpodoxime 1/4 1/8

Cefprodoxime 1/2 1/3 1/5

Cefprozil 1/2

Cefroxadine 1/2 1/4

Cefsulodin 1/2 1/4 1/10

Ceftazidime 1/2 1/5 1/10

Ceftibuten 1/2 1/6

Ceftizoxime 1/2 1/4 1/10

Cefuroxime 1/2 1/4

Cephacetrile 1/2 1/4 1/10

Cephalexin 1/3 1/10

Cephalothin 2/3 1/2 1/6

Cephapirin 1/2 1/3

Cephradine 1/3 1/10

Loracarbef 1/2 1/4 1/10

Chloramphenicol and Thiamphenicol

Thiamphenicol 1/2 1/3 1/10

Glycopeptides

Teicoplanin 1/2 1/3

Vancomycin 2/3 1/2 1/10

Macrolide Antibiotics

Clarithromycin 1/3

Lincomycin 1/2 1/3

Roxithromycin 1/2

Telithromycin 1/2

Monobactams

Aztreonam 1/2 1/3 1/4

Carumonam 2/3 1/3 1/6

Moxalactam 1/2 1/3 1/10

Table A91-3 Dosing Recommendations in Patients with Renal Insuffi ciency (Relative to Normal 
Dose)—cont’d
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1067 Drug Dosing in Renal Failure

Table A91-3 Dosing Recommendations in Patients with Renal Insuffi ciency (Relative to Normal 
Dose)—cont’d

CREATININE CLEARANCE (mL/min)

Drug �50 20–50 �20

Penicillins

Amdinocillin 1/2 1/4

Amoxicillin 1/2 1/6

Ampicillin 1/2 1/4 1/10

Azlocillin 1/2 1/4

Carbenicillin 1/3 1/5 1/10

Methicilin 1/2 1/4

Mezlocillin 1/2 1/4 1/8

Penicillin 1/5 1/8

Piperacillin 1/2 1/3

Ticarcillin 1/2 1/3 1/4

Timocillin 1/2 1/4

Polymyxins

Colistin Avoid

Polymyxin B Avoid

Quinolones

Ciprofl oxacin 1/2

Fleroxacin 3/4 1/2 1/3

Gatifl oxacin 1/4

Gemifl oxacin 1/2

Levofl oxacin 1/4 Avoid

Lomefl oxacin 1/6

Norfl oxacin 1/2

Ofl oxacin 1/2

Rufl oxacin 2/3

Sparfl oxacin 1/2

Sulfonamides

Sulfamethoxazole 1/2

Sulfi soxazole 3/4 1/2 1/4

Trimethoprim 1/2

Tetracyclines

Tetracycline Avoid

Urinary Bacteriostatics

Cinoxacin 1/10

Fosfomycin 1/4

Continued
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1068 Drugs and the Kidney

CREATININE CLEARANCE (mL/min)

Drug �50 20–50 �20

Nalidixic acid Avoid

Nitrofurantoin Avoid

Antifungals

Fluconazole 1/2 1/3

Flucytosine 1/2 1/3 1/4

Miconazole 1/3

Terbinafi ne 1/2

Antimalarials

Chloroquine 1/2 1/5 1/10

Quinine 1/2 1/3

Antineoplastic Agents

Bleomycin 1/2

Capecitabine Avoid

Carboplatin 1/2 1/3

Etoposide 1/2 1/3

Exemestane 1/3

Methotrexate Undefi ned

Oxaliplatin 1/2

Pentostatin 1/2

Raltitrexed 1/2 Avoid

Topotecan 1/4

Antiparasitics

Pentamidine Avoid

Antispasticity Agents

Baclofen Decrease

Tizanidine 1/4

Antituberculous 
Agents

Ethambutol 1/2 1/3

Isoniazid 1/2

Antiulcer Agents

Colloidal bismuth 
subcitrate

Avoid

Antiviral Agents

Acyclovir 1/2 1/5

Table A91-3 Dosing Recommendations in Patients with Renal Insuffi ciency (Relative to Normal 
Dose)—cont’d
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1069 Drug Dosing in Renal Failure

Table A91-3 Dosing Recommendations in Patients with Renal Insuffi ciency (Relative to Normal 
Dose)—cont’d

CREATININE CLEARANCE (mL/min)

Drug �50 20–50 �20

Amantadine 1/2 1/5 1/10

Cidofovir 1/2 1/5 1/10

Didanosine 1/3

Emtricitabine 1/2 1/3 1/4

Entecavir 1/2 1/4 1/10

Foscarnet Decrease

Ganciclovir 1/2 1/5 1/10

Lamivudine 1/3 1/10

Oseltamivir Avoid

Penciclovir 1/2 1/4

Ribavirin 1/3

Rimantadine 1/2

Stavudine 1/5 1/10

Vidarabine Decrease

Zalcitabine 1/2 1/4

Zanamivir 1/5 1/10

Zidovudine 1/2

Bisphosphonates Avoid
Bronchodilators

Albuterol 1/3

Dyphylline Avoid

Enprofylline Avoid

Prenalterol Decrease

Terbutaline Decrease

Tiotropium 1/2 1/5 1/10

Cardiovascular Agents
Antianginal Agents

Isradipine 1/4

Lercanidipine 1/2

Ranolazine 1/2

Antiarrhythmics

Acecainide (N-acetyl-
procainamide;
NAPA)

1/2 1/4

Bretylium 1/5

Cibenzoline 1/2 1/3

Continued
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1070 Drugs and the Kidney

CREATININE CLEARANCE (mL/min)

Drug �50 20–50 �20

Disopyramide 1/2 1/5

Dofetilide 1/2 Avoid

Flecainide 1/3

Procainamide
(see NAPA)

Recainam 1/2 1/4

Sematilide 1/2 1/4 1/4

Sotalol 1/3 1/8

Tocainide 3/4 1/2

Antihypertensives

Acebutolol 1/2 1/3

Atenolol 1/2 1/4

Betaxolol 1/2

Benazepril 1/4

Bisoprolol 1/2 1/3

Bosentan 1/2

Bufl omedil 1/2

Candesartan 1/2

Captopril 1/2 1/6 1/12

Carteolol 1/2 1/4

Celiprolol Decrease

Cetamolol 1/3

Cilazapril 3/4 1/2 1/4

Clonidine 1/2 1/3

Delapril 1/3

Diazoxide 2/3 1/2

Enalapril 1/3 1/5

Eposartan 2/3

Fosinopril 1/2

Guanadrel 1/2 1/5 1/10

Imidapril 1/2

Lisinopril 1/2 1/4

Methyldopa 1/2

Metoprolol 1/2

Minoxidil 1/2

Moexipril 1/4

Moxonidine 1/3

Nadolol 3/4 1/2 1/4

Table A91-3 Dosing Recommendations in Patients with Renal Insuffi ciency (Relative to Normal 
Dose)—cont’d
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1071 Drug Dosing in Renal Failure

Table A91-3 Dosing Recommendations in Patients with Renal Insuffi ciency (Relative to Normal 
Dose)—cont’d

CREATININE CLEARANCE (mL/min)

Drug �50 20–50 �20

Nebivolol 1/2

Olmesartan 1/3

Pentopril Avoid

Perindopril 1/10

Pinacidil 1/2

Quinapril 1/2 1/4 1/8

Ramipril 2/3 1/3

Rilmenidine 2/3 1/3 1/5

Spirapril 1/3

Temocapril 1/2

Trandolapril 1/3

Valsartan 1/2

Blood Lipid-Lowering Agents

Acifran 1/4 Avoid

Bezafi brate 2/3 1/3 1/6

Cerivastatin 2/3

Ciprofi brate 1/2

Clofi brate Avoid

Fenofi brate 1/6

Lovastatin 1/2

Cardiac Inotropes

Digoxin 1/2 1/3 1/5

Flosequinan 1/3

Milrinone 1/3 1/4 1/10

Piroximone 1/2

Cognitive Impairment

Memantine 1/2

Diuretics

Acetazolamide
(for glaucoma)

1/2 1/2 1/3

Eplerenone Avoid

Mannitol Avoid

Triamterene 1/2 1/3 1/4

Erectile Dysfunction

Sildenafi l 1/2

Tadalafi l 1/2 1/4

Continued
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CREATININE CLEARANCE (mL/min)

Drug �50 20–50 �20

Hormonal Agents

Goserelin 1/4

Lanreotide 1/2

Octreotide 1/2

Triptorelin 1/2

Hypoglycemic Agents

Acetoheximide Avoid

Chlorpropamide Avoid

Metformin Avoid

Repaglinide 1/3

Tolrestat 1/2

Hypouricemic Agents

Allopurinol 2/3 1/3 1/6

Colchicine 1/2

Psychotherapeutic Agents

Acamprosate Avoid

Amisulpride 1/2

Milnacipran 1/2 1/4

Mirtazapine 2/3

Quetiapine 3/4

Reboxetine 2/3

Remoxipride 1/2

Risperidone 2/3

Sulpiride 2/3 1/2 1/4

Venlafaxine 1/2

Sympathomimetics

Almotriptan 1/2

Dolasetron 1/2

Pramipexole 1/4

Selegiline Avoid

Miscellaneous

Dextran 40 Avoid

Sulbactam 1/5

Tazobactam 1/4

“Decrease” indicates a need to decrease the dose in patients with renal insuffi ciency, but data are not suf-
fi cient to offer quantitative guidelines.

Table A91-3 Dosing Recommendations in Patients with Renal Insuffi ciency (Relative to Normal 
Dose)—cont’d
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In 2004, the American Association of Poison Control Centers 
(AAPCC) reported approximately 2.43 million human poison 
exposures.1 Although incidence far exceeds mortality, fatal 
ingestions occurred in 1183 patients.

The nephrologist is often consulted in poisoning cases for 
assistance in drug removal. The 2004 AAPCC data show that 
8654 patients were treated with urine alkalinization, 1726 re-
ceived hemodialysis, and 62 received either hemoperfusion or 
another extracorporeal intervention.

This chapter outlines the approach to the poisoned subject. 
It covers initial management, enteric decontamination, en-
hanced drug elimination, and principles and application of 
dialysis and related procedures. Emphasis is given to clinical 
criteria for use of dialysis and extracorporeal techniques, deci-
sion making among available modalities, and recent advances.

INITIAL APPROACH

The algorithm in Figure 92-1 provides a reasonable approach 
to the treatment of all poisoned patients, in combination with 
appropriate triage and disposition. Initial assessment should 
include evaluation of the airway and breathing status, with 
administration of supplemental oxygen, intubation, and me-
chanical ventilation as necessary. Impaired circulatory status 
requires hemodynamic support with intravenous fl uids or 
pressor agents. Core temperature should be frequently as-
sessed, because autonomic dysfunction is possible. Hyperther-
mia or hypothermia should be corrected by passive external 
cooling or warming or peritoneal lavage. Hypoglycemia 
should also be assessed and corrected if present.

Although all patients require a complete neurological exami-
nation, comatose patients and those with seizures need immedi-
ate intervention. With coma or altered consciousness, dextrose 
(25 g) should be administered empirically in combination with 
thiamine (100 mg) given before the dextrose in alcoholics and 
malnourished patients.2,3 Empiric administration of naloxone 
should be reserved for patients with signs of opiate intoxication, 
such as respiratory depression and pupillary miosis. Empirical 
fl umazenil can precipitate seizure. It should be used only for 
reversal of conscious sedation and not for presumed benzodiaz-
epine overdose.2 Treatment of seizures after poisoning is similar 
to treatment of seizures from other causes. If intravenous access 
is diffi cult, intranasal midazolam or rectal administration of di-
azepam is an effective treatment for acute seizures, particularly 
in children.4 Seizures and coma after acute overdose of isoniazid 
are typically unresponsive to conventional antiepileptics and 
should be treated with pyridoxine (vitamin B6) in doses equiva-
lent to ingested isoniazid.5,6 Physostigmine should be used to 
treat anticholinergic poisonings even without seizures. It may be 
safer and more effective than benzodiazepines.7

Subsequent evaluation should include an investigation of the 
offending or suspected drug or chemical. This should include the 
route, estimated dose, quantity, and timing of ingestion. Multiple 
drugs should be considered, especially with intentional or suicidal 
ingestions. Further information might be obtained from physician 
and pharmacy records, family members, paramedics, and medica-
tion containers. An accurate and thorough medical history with 
regard to chronic illness or organ dysfunction, medications, and 
allergies should be attempted. A complete physical examination 
with attention to pupillary size, breath odors, skin changes, un-
usual vital signs, and respiratory pattern should be performed. 

Chapter 92

Dialysis and Hemoperfusion in the 
Treatment of Poisoning and Drug Overdose
Nikolas B. Harbord, Zachary Z. Brener, Donald A. Feinfeld, 
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1074 Drugs and the Kidney

Finally, laboratory studies should include toxicology panels with 
serial blood levels of identifi ed ingestions. Metabolic panels with 
electrolytes and an arterial blood gas should be obtained to deter-
mine acid-base status and identify an increased anion gap or 
electrolyte disturbance. Calculation of the serum osmolal gap and 
examination of urine for crystals may further aid in the identifi ca-
tion and treatment of ingestion. Additional laboratory tests should 
include calcium, magnesium, liver function tests, ketones, lactate 
level and, if applicable, a urine pregnancy test.

ENTERIC DECONTAMINATION: 
GASTRIC LAVAGE, EMETICS, WHOLE 
BOWEL IRRIGATION, AND ORAL 
SORBENTS/CATHARTICS

Use of lavage, induction of emesis, bowel irrigation, and oral 
sorbents should be preceded in unconscious patients by airway 
intubation with a cuffed tube to prevent aspiration of gastric 
contents. Enteric decontamination is contraindicated in petro-
leum distillate ingestions and caustic ingestions because of the 
risk of hydrocarbon aspiration pneumonitis and gastrointestinal 
rupture, respectively. Gastric lavage is recommended only up to 
1 hour after ingestion. Lavage provides limited total drug re-
moval and may increase the risk of aspiration or hasten the pas-
sage of drug into the small bowel.8–10 Syrup of ipecac is not rec-
ommended for routine use for induced emesis of ingestions.11

Gastric lavage and ipecac may, however, be useful for drugs that 
delay gastric emptying, such as tricyclic antidepressants and 
large quantities of aspirin or barbiturates.12 Whole-bowel irriga-
tion with large volumes of polyethylene glycol is an effective 
method for clearing the bowel of poisons, particularly if the in-

gestion is an enteric-coated drug (e.g., aspirin), a slow-release 
preparation (e.g., lithium, theophylline, verapamil), iron tablets, 
foreign bodies, or ingested packets of illicit drugs.13–15 Multiple-
dose activated charcoal is the most effective method of enteric 
decontamination. It is recommended for a wide variety of inges-
tions.16 Oral charcoal (50 g q2–6h) reduces oral bioavailabilty by 
preventing drug absorption and also signifi cantly shortens drug 
half-life through interruption of the enterohepatic circulation of 
some agents (e.g., barbiturates, digitalis preparations, and the-
ophylline). The cation exchange resin kayexalate is an oral sor-
bent that may be effective in the prevention of gastrointestinal 
absorption of ingested lithium.17 The addition of the cathartic 
sorbitol to oral sorbents prevents constipation and increases 
passage of the charcoal–poison complex.

ENHANCED ELIMINATION: ALTERING 
URINE PH

Elimination is the irreversible removal of a drug from the 
body. It refers principally to excretion and biotransformation. 
In patients with renal function, excretion involves drug con-
centration movement in (and out of) the urine through three 
processes: glomerular fi ltration, tubular secretion, and tubular 
reabsorption. With an understanding of drug properties, cli-
nicians can increase renal excretion of drugs through modula-
tion of urine pH.

Drugs that are weak acids or bases exist in solution as mix-
tures of ionized and nonionized species. The dissociation of a 
weak acid or base is determined by its dissociation constant
(pKa). At a pKa equal to the pH, the concentrations of nonion-
ized drug and ionized drug are equivalent. In the renal tubule, 
the nonionized molecules are generally lipid soluble, readily 
diffuse across cell membranes, and are reabsorbed. In contrast, 
the ionized form is refl ected from cell membranes and excreted. 
Because the dissociation constant is a logarithmic function, 
small alterations of the pH of tubular fl uid increase ionization 
greatly and have a disproportionately larger effect on drug 
clearance. In short, excretion of weak acid drugs with pKa in the 
range of 3.0 to 7.5 can be increased with urinary alkalinization. 
Conversely, excretion of weak bases with pKa 7.5 to 10.5 can be 
increased with urinary acidifi cation. Drugs that will respond to 
urine pH manipulation are renally excreted, with pKa in the 
weakly acidic and basic range, confi ned to the extracellular fl uid 
compartment, and minimally protein bound. For example, 
phenobarbital (pKa 7.2) and thiopental (pKa 7.6) have similar 
dissociation constants, but, due to differences in distribution, 
25% to 50% of phenobarbital is excreted unmetabolized in the 
urine compared with less than 1% of thiopental. In this case, 
alkalinization of the urine will clearly not increase the excretion 
of the weak acid thiopental.

The administration of alkali to raise urine pH above 
7.5 increases the urinary excretion of chlorpropamide, 2,4-
dichlorophenoxyacetic acid, difl unisal, fl uoride, mecoprop, 
methotrexate, phenobarbital, and salicylate.18 Urinary alka-
linization is recommended for salicylate poisoning when 
the plasma level exceeds 50 mg/dL, even when alkalemia is 
initially present. In salicylate poisoning, estimating the se-
verity of poisoning with the assistance of serum levels and a 
nomogram will help in the decision to use alkalinization. 
However, clinical deterioration, pulmonary edema, devel-
opment of renal failure or severe acid-base disorders, and 

Figure 92-1 Simplifi ed management of the poisoned patient.

Poisoned patient
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charcoal

1.  Remove from environment
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• Continue antidotes or enzyme inhibitor
• Enhanced elimination: altering urinary pH 
• Extracorporeal removal 
 hemodialysis (standard or modified)
 hemoperfusion
 plasmapheresis, exchange blood transfusion
• Drug-specific antibodies
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1075 Dialysis and Hemoperfusion in the Treatment of Poisoning and Drug Overdose

salicylate levels greater than 100 mg/dL should prompt a 
change to hemodialysis to remove salicylate and correct 
acid-base status. Urinary alkalinization remains fi rst-line 
therapy for treatment of salicylate intoxication when hemo-
dialysis is not appropriate.18 Acetazolamide is not recom-
mended as the method of urinary alkalinization due to 
competitive inhibition of protein binding and risk of in-
crease in salicylate levels.19 Urinary alkalinization for drug 
removal in phenobarbital poisonings is not likely to be as 
effective as multiple-dose activated charcoal.18,20 Intrave-
nous bicarbonate solutions should be administered as a 
bolus followed by a constant infusion. Urine pH should be 
maintained within the range of 7.5 to 8.5. Urinary modula-
tion is the objective of treatment.

“Forced” diuresis or alkaline diuresis with large quantities 
of intravenous fl uids is recommended for chlorophenoxy her-
bicides, 2,4-dichlorophenoxyacetic acid, and mecoprop.18

Furthermore, forced diuresis (achieving urine outputs of 
300–500 mL/hr) may be complicated by the development of 
hyponatremia and water intoxication, pulmonary edema, and 
cerebral edema. Salicylate excretion has been found to be 
similar after urinary alkalinization without forced diuresis.21

Although alkalinization is well tolerated, hypokalemia after 
potassium shifts is frequent. Severe alkalemia with tetany and 
hypocalemia may occur.18 Urine pH, serum pH, and electro-
lytes should be measured frequently in the initial period of 
treatment.

Urinary acidifi cation, to pH less than 5.5, has been at-
tempted to increase the excretion of weakly basic drugs such 
as amphetamines, fenfl uramine, phencyclidine (PCP), and 
quinine. However, acidifi cation is not recommended in the 
management of poisoning with these agents because most 
patients recover with supportive care.22 Furthermore, lower-
ing urine pH increases PCP excretion only modestly and is 
only of benefi t for deeply comatose patients.22 Acidifi cation 
has been performed using arginine- or lysine-hydrochloride, 
ammonium chloride, or ascorbic acid. There is a risk of acide-
mia and hyperkalemia. Serum potassium should be moni-
tored closely and urine pH measured at least hourly. Bromide 
intoxication, often with high serum chloride levels and nega-
tive anion gap at presentation, may follow ingestion of dextro-
methorphan bromide, bromide salts in sleeping draughts, and 
colas.23–25 Chloride loading with ammonium chloride in-
creases the elimination of bromide, which can be increased 
further with the administration of mannitol, loop diuretics, or 
dialysis.25

INDICATIONS FOR EXTRACORPOREAL 
TECHNIQUES IN POISONING

Extracorporeal techniques deserve special consideration for 
removal of agents with delayed toxicity, such as mushrooms, 
paraquat, methanol, and ethylene glycol; when endogenous 
clearance is impaired (e.g., cardiac, renal, or hepatic failure); 
or when the agent can be removed at a rate exceeding endog-
enous elimination.

The decision to use dialysis modalities for drug removal is 
made on clinical criteria. Symptoms to consider include ab-
normalities in vital signs suggesting hemodynamic instability, 
deterioration despite adequate supportive treatment, mental 
status alteration (including confusion, lethargy, stupor, and 

coma), pneumonia due to coma, and midbrain dysfunction 
(i.e., hypothermia, hypotension, and bradycardia). Dialysis 
may not only remove the offending agent, but also improve 
electrolyte abnormalities and correct concomitant acid-base 
disorders.

Hypotensive patients requiring hemodynamic support 
with an indication for extracorporeal drug removal should 
receive an infusion of pressors distal to the dialyzer or sorbent 
cartridge. Careful monitoring of circulatory status is essential 
as dialysis may enhance the clearance of the pressor agents.

DIALYSIS TECHNIQUES FOR REMOVING 
POISONS

Many substances can be removed from the body by hemodi-
alysis, peritoneal dialysis, hemofi ltration, hemoperfusion, and 
combined modalities.26 The underlying principles of dialysis 
for drug removal, and the potential problems associated with 
it, are reviewed fi rst.

Principles of Dialysis
Hemodialysis is the most commonly used method of extracor-
poreal drug removal for the treatment of poisoning.1 In con-
ventional practice, the apparatus consists of a blood circuit 
(arteriovenous or venovenous), electronic and mechanical 
devices (blood pump, pressure monitors and alarms, and 
transmembrane pressure controller), a dialyzer cartridge con-
taining the synthetic (or semisynthetic) membrane, and a 
countercurrent dialysate circuit of purifi ed water and added 
electrolytes. In dialysis, solutes and poisons are removed from 
blood by diffusion across the porous membrane and into the 
dialysate.

Hemofi ltration is a related procedure that does not employ 
dialysate but removes drugs and poisons by convective clear-
ance. Blood within the fi ltration cartridge is subject to pres-
sure across the porous membrane, creating an ultrafi ltrate of 
plasma and solutes. Hemofi ltration requires both anticoagu-
lation of the blood circuit and continuous replacement of 
fl uid and electrolytes lost into the ultrafi ltrate. Ultrafi ltration 
dialysis provides effi cient clearance of large-molecular-weight 
intoxicants. It requires lower rates of blood and dialysate fl ow 
but a prolonged or continuous treatment protocol.

Hemodiafi ltration combines ultrafi ltration across a high-
fl ux (large-pore) dialysis membrane with countercurrent fl ow 
of dialysate for combined diffusive and convective clearance.

Factors Governing Drug Removal 
with Dialysis
Drug characteristics that increase removal by dialysis are small 
molecular size (molecular weight � 500 Da), high water 
solubility, low protein binding, small volume of distribution 
(�1 L/kg), and rapid equilibration of plasma and tissue to 
maintain a concentration gradient.27,28 Characteristics that 
limit dialysis clearance include high lipid-solubility, tight tis-
sue binding, large volume of distribution, and slow plasma 
equilibration with other body compartments. For example, 
amitriptyline is tightly bound to albumin and muscle protein, 
resulting in a large apparent volume of distribution (8.3 L/kg 
of body weight). Consequently, it is poorly dialyzable. In 
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contrast, lithium distributes in whole body water and is not 
protein bound. Consequently, it is eminently dialyzable. Al-
though protein binding is an important factor, some drugs, 
such as salicylates, are reversibly protein bound and are highly 
dialyzable. Dialysis factors that determine drug removal in-
clude access type, blood and dialysate fl ow rates, and dialyzer 
properties (i.e., material, surface area, and pore size). Low 
blood fl ow may prevent hemodynamic instability but neces-
sitates longer or continuous treatments for adequate clear-
ance. Although higher fl ow rates increase diffusive clearance, 
this plateaus above a blood fl ow rate of 200 to 300 mL/min 
and a dialysate fl ow rate above 1.5 times that of blood. For 
drugs of high molecular weight, removal can be increased by 
increasing the dialyzer surface area, pore size, and length of 
the treatment.

As the molecular weight of a drug increases, its removal 
becomes less dependent on diffusion and more on convection
(the creation of an ultrafi ltrate).26 Therefore, the effi cient 
clearance of large-molecular-weight intoxicants is best ac-
complished with hemofi ltration and hemodiafi ltration. De-
pending on the pore size of the dialyzer, these modalities can 
remove drugs with molecular weight up to 50,000 Da. The 
degree of protein binding also limits drug clearance with ul-
trafi ltration. The sieving coeffi cient (SC) is a measure of the 
ability of a molecule to pass convectively across a membrane. 
The drug clearance is the product of the sieving coeffi cient 
and the ultrafi ltration rate. For molecules that pass completely 
(an SC of 1), the clearance is equal to the ultrafi ltration rate. 
Increasing the ultrafi ltration rate will thus increase clearance 
of any intoxicant with an SC greater than 0.

The complications of extracorporeal elimination include 
hypotension, blood loss, metabolic disequilibrium, catheter 
problems such as hematomas, and mechanical problems such 
as air embolism. Dialysis is most frequently employed to re-
move alcohols, lithium, and salicylate. Prolonged (or repeat) 
dialysis may be required to remove lithium, ethchlorvynol, 
glutethimide, and midazolam to avoid rebounds in drug con-
centration and relapse of intoxication. Box 92-1 lists drugs 
and chemicals that are removed by dialysis.

Sorbent Hemoperfusion 
and Complications of Hemoperfusion
Although fi rst introduced in the 1940s29 and adopted for 
clinical use in the 1970s and 1980s,30–32 hemoperfusion is used 
infrequently to treat acute intoxications.1 The apparatus con-
sists of a blood circuit identical to that of hemodialysis, in-
cluding blood pumps and pressure monitors, but with a car-
tridge containing a large surface area column of charcoal or 
resin. The column is primed with saline solution. Anticoagu-
lated blood is pumped through the cartridge, where drugs 
with molecular weight between 100 and 40,000 Da are re-
moved by adsorption. Table 92-1 lists several available hemo-
perfusion devices.

Available columns include activated charcoal and resin col-
umns, and antibody- or antigen-coated columns for specifi c 
states (e.g., lupus erythematosus,33 cytotoxic antibody removal 
before renal transplantation,34 or endotoxin binding35). Acti-
vated charcoal has greater affi nity for water-soluble molecules, 
whereas resins (e.g., XAD-4) have greater affi nity for lipid-
soluble molecules (e.g., glutethimide and methaqualone).36

The sorbent column may become saturated during use, leading 

to a progressive decline in extraction ratios. The use of short, 
intermittent treatments provides several advantages: less clini-
cal “rebound” effect as the drug redistributes from tissues into 
plasma, reduction in hematologic side effects, and improved 
drug clearance.

Drug clearance with hemoperfusion exceeds that seen 
with dialysis for lipid-soluble drugs, cardiac glycosides, bar-
biturates, and other types of hypnotics, sedatives, and tran-
quilizers. For example, the extraction ratio of theophylline is 
99%, as compared to 50% with hemodialysis. If there is near-
equivalent clearance, dialysis is preferred because it is less 
expensive and can address any superimposed metabolic dis-
order (e.g., those that complicate salicylate poisoning).37 Box 
92-2 lists drugs that have been reported to be removed by 
various types of hemoperfusion.

The specifi c complications of hemoperfusion include throm-
bocytopenia, leukopenia, hypocalcemia, and hypoglycemia. 
Transient platelet depletion (average loss 30%) occurs with 
both coated and uncoated charcoal and resin sorbent columns. 
More severe thrombocytopenia, fl ushing, and dyspnea were 
reported with the original resin columns, but changes to prepa-
ratory methods and coatings have made resins more biocom-
patible.38 A transient reduction in body temperature of several 
degrees can be expected. However, hypotension is less likely 
with hemoperfusion than with dialysis modalities.

Plasma Exchange and Exchange Blood 
Transfusion
Plasma exchange and exchange blood transfusion are used 
infrequently in the treatment of poisoning39 but can remove 
highly protein-bound drugs. With a 3- to 4-L plasma ex-
change, the maximal quantity of drug removed is the plasma 
concentration multiplied by the volume of plasma removed. 
Attempts to use plasma exchange to treat chromic acid and 
chromate poisoning have not been fully successful,40 whereas 
treatment of acute cyclosporine41 and cisplatin42 intoxications 
have been more successful. Exchange blood transfusion is 
employed with hemolysis when methemoglobinemia compli-
cates the poisoning (e.g., sodium chlorate poisoning).

Hemoperfusion and Hemodialysis 
with Chelation
Intoxication with aluminum in dialysis patients can be treated 
with desferoxamine (DFO) chelation combined with hemodi-
alysis or hemoperfusion to remove the DFO–aluminum com-
plex. Dialysis with high-fl ux membranes and charcoal hemo-
perfusion are superior to cuprophane membranes in removing 
the DFO–aluminum complexes.43 Recently, in an aluminum-
intoxicated patient, we demonstrated higher clearances with a 
1.8 m2 high-fl ux dialyzer than with a 300-g charcoal sorbent 
column. Steady clearance was observed throughout a 4-hour 
treatment with the dialyzer; the sorbent saturated by 2 hours.44

Clinical improvement of osteomalacia, encephalopathy, and 
anemia have also been reported in aluminum-intoxicated di-
alysis patients treated with DFO chelation combined with 
extracorporeal elimination.45

Desferoxamine chelation and hemoperfusion or hemodial-
ysis also effectively clears iron from acutely intoxicated and 
overloaded patients.46 Heavy metals and their salts are not re-
moved effi ciently by dialysis or hemoperfusion alone. During 
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Antimicrobials/Anticancer
Cefaclor
Cefadroxil
Cefamandole
Cefazolin
Cefi xime
Cefmenoxime
Cefmetazole
(Cefonicid)
(Cefoperazone)
Ceforamide
(Cefotaxime)
Cefotetan
Cefotiam
Cefoxitin
Cefpirome
Cefroxadine
Cefsulodin
Ceftazidime
(Ceftriaxone)
Cefuroxime
Cephacetrile
Cephalexin
Cephalothin
(Cephapirin)
Cephradine
Moxalactam
Amikacin
Dibekacin
Fosfomycin
Gentamicin
Kanamycin
Neomycin
Netilmicin
Sisomicin
Streptomycin
Tobramycin
Bacitracin
Colistin
Amoxicillin
Ampicillin
Azlocillin
Carbenicillin
Clavulinic acid
(Cloxacillin)
(Dicloxacillin)
(Floxacillin)
Mecillinam
(Mezlocillin)
(Methicillin)
(Nafcillin)
Penicillin
Piperacillin
Temocillin
Ticarcillin
(Clindamycin)
(Erythromycin)
(Azithromycin)
(Clarithromycin)

Metronidazole
Nitrofurantoin
Ornidazole
Sulfi soxazole
Sulfonamides
Tetracycline
(Doxycycline)
(Minocycline)
Tinidazole
Trimethoprim
Aztreonam
Cilastatin
Imipenem
(Chloramphenicol)
(Amphotericin)
Ciprofl oxacin
(Enoxacin)
Fleroxacin
(Norfl oxacin)
Ofl oxacin
Isoniazid
(Vancomycin)
Capreomycin
PAS
Pyrizinamide
(Rifampin)
(Cycloserine)
Ethambutol
5-Fluorocytosine
Acyclovir
(Amantadine)
Didanosine
Foscarnet
Ganciclovir
(Ribavirin)
Vidarabine
Zidovudine
(Pentamidine)
(Praziquantel)
(Fluconazole)
(Itraconazole)
(Ketoconazole)
(Miconazole)
(Chloroquine)
(Quinine)
(Azathioprine)
Bredinin
Busulfan
Cyclophosphamide
5-Fluorouracil
(Methotrexate)

Barbiturates
Amobarbital
Aprobarbital
Barbital
Butabarbital
Cyclobarbital
Pentobarbital

Phenobarbital
Quinalbital
(Secobarbital)

Nonbarbiturate Hypnotics, 
Sedatives, Tranquilizers, 
and Anticonvulsants
Carbamazepine
Atenolol
Betaxolol
(Bretylium)
Clonidine
(Calcium channel blockers)
Captopril
(Diazoxide)
Carbromal
Chloral Hydrate
(Chlordiazepoxide)
(Diazepam)
(Diphenylhydantoin)
(Diphenylhydramine)
Ethiamate
Ethchlorvynol
Ethosuximide
Gallamine
Glutethimide
(Heroin)
Meprobamate
(Methaqualone)
Methsuximide
Methyprylon
Paraldehyde
Primidone
Valproic acid

Cardiovascular Agents
Acebutolol
(Amiodarone)
Amrinone
(Digoxin)
Enalapril
Fosinopril
Lisinopril
Quinapril
Ramipril
(Encainide)
(Flecainide)
(Lidocaine)
Metoprolol
Methyldopa
(Ouabain)
N-Acetylprocainamide
Nadolol
(Pindolol)
Practolol
Procainamide
Propranolol
(Quinidine)
(Timolol)
Sotatol

Tocainide

Alcohols
Ethanol
Ethylene glycol
Isopropanol
Methanol

Analgesics and 
Antirheumatics
Acetaminophen
Aspirin
Colchicine
Methylsalicylate
Phenacetin
(D-Propoxyphene)
Salicylic acid

Antidepressants
(Amitriptyline)
Amphetamines
(Imipramine)
Isocarboxazid
MAO inhibitors
Moclobemide
(Pargyline)
(Phenelzine)
Tranylcypromine
(Tricyclic antidepressants)

Solvents and Gases
Acetone
Camphor
Carbon monoxide
(Carbon tetrachloride)
(Eucalyptus oil)
Thiols
Toluene
Trichloroethylene

Plant and Animal Toxins, 
Herbicides, and Insecticides
Alkyl phosphate
Amanitin
Demeton sulfoxide
Dimethoate
Diquat
Glufosinate
Methylmercury complex
(Organophosphates)
Paraquat
Snake bite
Sodium chlorate
Potassium chlorate

Miscellaneous
Acipimox
Allopurinol
Aminophylline
Aniline
Borates
Boric acid

Box 92-1 Drugs and Chemicals Removed with Dialysis

Continued
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Miscellaneous—cont’d
(Chlorpropamide)
Chromic acid
(Cimetidine)
Dinitro-O-cresol
Folic acid
Mannitol
Methylprednisolone

4-Methylpyrazole
Sodium citrate
Theophylline
Thiocyanate
Ranitidine

Metals and Inorganics
(Aluminum)*
Arsenic

Barium
Bromide
(Copper)*
(Iron)*
(Lead)*
Lithium
(Magnesium)
(Mercury)*

Potassium
(Potassium dichromate)*
Phosphate
Sodium
Strontium
(Thallium)*
(Tin)
(Zinc)

Box 92-1 Drugs and Chemicals Removed with Dialysis—cont’d

( ), poor removal; ( )*, removed with chelating agent.
From Watson WA, Litovitz TL, Rodgers Jr GC, et al: 2004 Annual report of the American Association of Poison Control Centers Toxic
Exposure Surveillance System. Am J Emerg Med 2005;23:589–666.

Box 92-2 Drugs and Chemicals Removed with Hemoperfusion

From Muran PJ: Mercury elimination with oral DMPS, DMSA, vitamin C, and glutathione: An observational clinical review. Altern Ther
Health Med 2006;12:70–75.

Table 92-1 Some Available Hemoperfusion Devices

Manufacturer Device Sorbent Type Amount of Sorbent Polymer Coating

Clark* Biocompatible 
system

Carbon 50, 100, 250 mL Heparinized polymer

Gambro* Adsorba Norit carbon 100 or 300 g Cellulose acetate

Nextron Medical Hemosorba Ch-350 Petroleum bead 
carbon

170 g PolHema

*Smaller devices for use in children.
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hemodialysis, metal removal may be enhanced with certain 
antioxidants (n-acetylcysteine, cysteine, zinc, or methionine) 
when used in conjunction with chelating agents.47 In contrast, 
the modest removal of mercury and thallium by hemoperfu-
sion can be enhanced with high-dose vitamin C and intrave-
nous glutathione.48,49

IMMUNOPHARMACOLOGY

Immunopharmacologic treatment of poisonings is limited to 
digoxin toxicity,50 scorpion sting,51 and snakebite.52 Fab (frag-
ments of antibodies to drugs or venom) fragment prepara-
tions for treating acute colchicine and tricyclic antidepressant 
poisonings have been developed but are not available com-
mercially.53 When injected, Fabs combine specifi cally with 
their antigenic targets. Digoxin Fabs are effective in the treat-
ment of toad venom poisoning54 and after ingestion of yellow 
oleander, which is a frequent source of natural cardiac glyco-
side poisoning in South Asia.55

When given in potentially fatal cases of cardiac glycoside 
poisoning, digoxin Fabs can improve outcomes.56 Digoxin 
Fabs should not be dosed differently in patients with renal 
impairment,57 although renal failure delays clearance of both 
Fab and total digoxin.58 Digoxin poisoning can relapse in pa-
tients with renal failure 24 to 48 hours after receiving Fab anti-
bodies. This may relate to dissociation of Fab from the glyco-
side (C. Ronco, personal communication). The risk of rebound 
toxicity necessitates prolonged monitoring in patients with 
renal failure. Although immobilized antibody on hemoperfu-
sion devices is logical,59 successful treatment of digoxin toxicity 
with hemoperfusion and hemofi ltration has not been well 
substantiated. Newer resin hemoperfusion devices (BetaSorb) 
have been shown to remove digoxin in vitro.60
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Computers have a mystique that either attracts or repels pro-
spective users. Regardless, they have become a necessity for the 
health profession. This chapter will deal with the practical 
aspects of applying the Internet to problems clinicians com-
monly encounter.

The history of computing and the Internet, though beyond 
the scope of this chapter, is fascinating.1–3 What started as a 
tabulating machine to enable a burgeoning nation to compute 
the 1890 census grew into a mammoth device that provided a 
military advantage during World War II. After the invention 
of the transistor and solid-state circuitry, the computer shrank 
in size and cost, resulting in the digital transformation that 
erupted in the last part of the 20th century. Modern users 
carry computers in their pocket that have the computing 
power of the most sophisticated machines of 50 years ago.

BASICS

It is impossible to understand the Internet without a brief 
introduction to computer basics. One can easily become 
confused by the terminology and jargon used in this indus-
try, and getting started may be diffi cult because of the learn-
ing curve required to master computer skills. Keeping in 
mind that the software of today is engineered to create ease 
of use and that skills gained are cumulative may alleviate the 
reader’s trepidation.

The general principle of computing is the same regardless 
of use and can be divided in terms of hardware, software, or 

location. With respect to hardware (machinery), there must 
always be input devices (i.e., the keyboard and mouse), a pro-
cessor with storage devices such as the server or workstation, 
and output devices, such as the monitor or printer. The soft-
ware is divided into the operating system, a specifi c applica-
tion, and data management. Regarding location, processing 
may be done by a stand-alone machine, connected within an 
offi ce to a network, or extended off-site via the Internet. De-
tails of how each of these components work are discussed 
elsewhere.4,5

The Internet is a worldwide network of computers com-
municating with each other through standard protocols. It 
became popular in 1990 when scientists at CERN, the Euro-
pean Organization for Nuclear Research, conceptualized and 
developed the World Wide Web. Several books are available 
to give the reader an in-depth view of how the Internet 
developed and information about the technical side of its 
management.6

INTEGRATING THE INTERNET 
WITH THE WORD PROCESSOR

Word processing replaced the typewriter; the only remnant 
left is the QWERTY keyboard developed in the 1860s.7 Word 
processing programs also feature a toolbar menu, enabling 
users to change and adapt styles, layouts, and font size easily. 
They also allow the nephrologist to generate manuscripts 
in the format required by the publisher, saving time and costs. 
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1084 Use of the Internet

Specifi cally, users can add pictures, charts, tables, or diagrams 
into text by using the Insert dropdown menu.

Microsoft Word integrates with EndNote and Reference 
Manager, applications that allow users to create a library of 
bibliographic data downloaded from the Internet sources 
such as the National Library of Medicine’s (NLM) PubMed. 
The author simply drags a selected reference from the End-
Note or Reference Manager library, which consists of refer-
ences the user has entered into the program, onto the docu-
ment. It is automatically formatted in the selected style 
required by the publisher.8 Chickenfoot, a Mozilla Firefox 
Browser extension, enables users to automate web browsing 
functions on their personal computers. A script to automate 
EndNote use with PubMed can be found at http://szf.com.9

SPREADSHEETS: FROM LIST 
MANAGEMENT TO FORECASTING

Soon after the advent of personal computing in the late 
1970s, software emerged that could modify data stored in the 
cells of computer-generated tables. This advance is known as 
the spreadsheet. Today, Microsoft Excel, the most heavily used 
spreadsheet application, enables users to add values to a cell, 
specify mathematical arguments for each value, and relate the 
results of the manipulation to any other cell or to an entire 
row or column of cells. Consequently, large bodies of data 
can be summed or averaged, and projections and regression 
analyses can be modifi ed within milliseconds. With very little 
learning time, complex statistical manipulations of data can 
be performed by physicians as well as researchers. Changing 
one value in the spreadsheet will change all values that de-
pend on it, giving users the power to design prediction and 
simulation templates. For instance, a practice that projects a 
20% increase in patient services per year can simulate future 
requirements for employees, supplies, offi ce space, and other 
expenses. Likewise, data transferred between large databases 
can be manipulated, reformatted, and shared with other 
applications.10

Useful accounting tools are also available; in Microsoft Excel, 
the net present value (NPV) formula enables users to predict 
whether it is more advantageous to place capital in an interest-
bearing account than to invest it in a new enterprise; this can be 
used for clinical purposes. Take, for example, a nephrology 
practice that is trying to determine whether it will be economi-
cal to purchase a new electronic health record system. The sys-
tem being investigated will allow the group to examine addi-
tional patients, eliminate dictation services and, when the 
practice becomes paperless, eliminate the chart room. They also 
will be able to reduce the time staff spends fi ling reports, labora-
tory reports, and imaging studies. The group carefully calcu-
lates how much they will reduce expenses and what revenue 
and additional services can be incorporated. But the application 
has fi xed costs: purchasing the basic software application, the 
required computers and server, and the operating system licens-
ing fee. In addition, there also is a hefty monthly service charge. 
With a spreadsheet containing all expenses and projected reve-
nue, the practice can use the NPV formula, taking into account 
the current prime interest rate for investments, to ascertain if it 
would be more feasible just to place the money in the bank or 
to purchase the new electronic health record. A positive NPV 
means that the profi ts from capitalizing a system are greater 

than placing funds in an interest-bearing account, giving the 
practice solid data on which to base their decision.9,11

Patient List Management
By placing dates into spreadsheet columns and patient names 
in rows, a nephrologist can track which of his or her list of 
dialysis patients has been visited. A PDA (personal digital as-
sistant) spreadsheet can be synchronized over the Internet to 
the main computer used by the billing and coding department 
to generate bills.

The spreadsheet can also keep track of laboratory informa-
tion. The physician can refer to the spreadsheet during future 
visits to seek trends in patient care, as in this example: A 
patient with chronic kidney disease (CKD) is prescribed a 
0.6 g/kg protein-restricted diet. Every 3 months the physician 
measures the 24-hour urine nitrogen, tracks the urine nitrogen, 
and uses it to calculate the patient’s protein intake. The urine 
protein-to-creatinine ratio is also entered in the spreadsheet so 
the physician can determine if the patient is following the di-
etary restriction and if there are changes in proteinuria.

In clinics with large numbers of patients, this activity would 
be impractical, and other physicians would want to share this 
information. In addition, the visit needs to be tied to billing. In 
such clinics, the database, a large repository of structured in-
formation, should be useful for patient management.

CREATING PRESENTATIONS

Although most nephrologists use Microsoft PowerPoint for 
creating slide presentations, a few “tricks” can make any user 
appear professional. For example, a photograph of a saddle-
nose deformity can be downloaded from the web to a desktop 
computer. This image is taken from the screen by pressing the 
“alt” and “PrtSc” buttons simultaneously, allowing the photo-
graph to be immediately pasted into Microsoft PowerPoint. 
The “crop” tool on the “picture” toolbar can then be used to 
tailor-fi t the photograph perfectly into a slide.12,13 In addition, 
highly complex tables created in Microsoft Excel can be con-
verted to charts or graphs and imported into PowerPoint. 
Mastering a few simple keystrokes can allow one to create 
complex diagrams and fi gures because the PowerPoint pro-
gram uses a technology that enables the embedding of practi-
cally any kind of binary data. Consequently, movies, charts, 
and photographs can be portrayed with equal ease.11

THE OFFICE SYSTEM

The use of the computer as a practice management tool and 
electronic health record is gaining in popularity, but still only 
one in four physicians uses computers in this manner.14 Al-
though computer systems are expensive and require sophisti-
cated programming and upkeep, they can be an invaluable tool 
to increase the quality of health care delivered.15 Without com-
puters, 30 minutes of care requires on average 1 hour of paper-
work.16 Multiple benefi ts of using a computer include a reduc-
tion in redundant data entry; once entered, data is permanently 
available for future use.17 Next, a well-designed system can pro-
vide checkpoints for patient safety. An example is the medica-
tion list: Should two agents have the potential to interact, the 
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physician can be warned to make necessary changes. If a 
computer is at the point of service, whether a hospital room 
or a dialysis station, the physician will have instant access to 
data, and patient entries can be made on site. This reduces 
reliance on faulty physician memory. Once entered, 
other physicians and health personnel will have access to the 
information.

The computer is an Internet-based, patient-centered tool. 
Some health care providers, such as the Palo Alto Medical 
Foundation, allow patients to review their medications and 
laboratory values online.18 Patient organizations such as the 
American Association of Kidney Patients (AAKP) have devel-
oped patient health records that enable a patient to enter 
medical information, check defi nitions, and share data with 
their physician. Based on these advances, it is obvious that 
physician use of computers will decrease inequities in medical 
care and reduce administrative costs (presently 31 cents of 
each dollar19) while helping to make medical care accessible to 
the growing number of uninsured patients.

A well-designed health information system takes into ac-
count the need to protect patient confi dentiality. Data must be 
sent from computer to computer over a secure network (a so-
called virtual private network), which must be established on 
the physician’s workstation or laptop computer. By using 
strong encryption algorithms when storing data on the server 
and allowing Internet access only directly to that server’s ad-
dress, the private network is not needed, so information can 
be securely viewed from any website. Physician passwords 
must be designed so that hackers cannot easily guess them; 
security is compounded by each letter or number added to the 
password, and when numbers and shifted numbers (charac-
ters and capitals) are added. Other security items, such as no 
repudiation, and digital signatures must be in place to prevent 
the record from being nefariously altered. Data security is 
beyond the scope of this chapter, but the Health Insurance 
Portability and Accountability Act (HIPAA) spells out specifi c 
requirements for using a computer online to share informa-
tion. Information about a patient’s health records must also 
follow these rules.

Selection of an offi ce system should never be a decision 
made in haste. It requires time and energy and is often accom-
panied by periods of frustration; a purchase should be preceded 
by understanding the workfl ow of the offi ce and by determin-
ing how a computer can speed each step, as in the following 
example: A group practice with offi ces at several locations is 
trying to decide whether to own or lease a computer system. If 
owned, it will reside on a local server, offering heightened secu-
rity, but if leased, it will reside on the vendor’s server and will be 
Internet-based. This offers the advantage of data access from 
remote sites. The group approaches the choice systematically, 
comparing costs, benefi ts, risks, and tradeoffs to make an ideal 
choice. Several outstanding resources, including the Hartley 
book,20 can help clinicians select offi ce systems.21–24

PRACTICE ANALYSIS

Well-designed software enables the physician to gather and 
manipulate data. The physician can analyze growth patterns, 
defi ne demographic and geographic centers where patients 
live, and give attention to areas for new recruits to practice. 
For example, a practice group can sort its end-stage renal 

disease patients by ZIP code and rank them according to the 
fi rst date of dialysis. Using a commercially available software 
package, Microsoft MapPoint, they can visualize their pa-
tients’ homes by ZIP code. In one practice, it was noted that 
over the past 3 years there had been a steady growth of pa-
tients from the northwest side of the city, yet there were no 
dialysis centers in that area and patients were driving long 
distances for dialysis care. It became obvious that placing a 
dialysis facility near the heaviest density of patients would 
yield a fi nancial “break-even” point in 2 years and would en-
hance the ability of the practice to deliver care. When pre-
sented with these data, the group decided to build a facility to 
accommodate patients based on the patterns recognized dur-
ing their analysis.

THE COMPUTER AND CLINICAL 
RESEARCH

With expansive technology, particularly as we utilize knowl-
edge of the human genome to create better therapies, there 
will be a greater demand for clinical trials. The offi ce com-
puter is an ideal analytic tool to help detect, recruit, and 
screen study subjects,25 as in this example: The opportunity 
to screen patients with stage 4 CKD and diabetic nephropa-
thy arose; one nephrology practice group promised to enroll 
30 patients over a 12-month period to study a more aggres-
sive lipid-lowering regimen. The inclusion criteria were 
patients over age 18 years with an estimated glomerular fi l-
tration rate (GFR) value of less than 30 mL/min, serum cho-
lesterol levels lower than 200 mg/dL, and a negative history 
of myocardial infarction. The practice queried its database 
using these variables and notifi ed patients of the possibility 
of participating in screening for enrollment or exclusion. 
Meanwhile, the physician group generated a list of referring 
physicians likely to send patients meeting these criteria, 
and in cooperation with the study sponsor, arranged educa-
tional seminars to help recruit additional patients. This 
computer-driven exercise allowed them to fulfi ll the recruit-
ment goal.

INTERNET TOOLS FOR NEPHROLOGISTS

In the United States, 70.8% of the population uses the Inter-
net.26 The advent of mobile telephones and PDAs allow Inter-
net access without carrying a large device. Technology adds 
dimension to effectiveness, knowledge, and confi dence27 to the 
physician’s decision-making powers through instant access and 
sharing of patient data, guidelines, clinical trials results, and 
publications.

The Nephron Information Center
Nephron.org has embedded formulas for calculating the 
Modifi cation of Diet in Renal Disease study (MDRD) GFR 
(eGFR) and has text boxes to link to PubMed, Google, and 
Wikipedia in its header. It receives 17,000 unique visits each 
day because users are searching for news or literature perti-
nent to patients with kidney disease. Newsdesk, a technology 
built for Nephron.org, aggregates and syndicates resources 
about kidney disease that are published on the Internet each 
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day. The information is organized and displayed on the front 
page of the site as “news.”

The site also has calculators for body mass index, mean 
arterial pressure, and conversions for laboratory values as well 
as direct access to the National Kidney Foundation’s K/DOQI 
guidelines (also available at http://kidney.org).

Finding Drug Reactions from a PDA
The site epocrates.com enables physicians to look up medi-
cation dosing, indication, drug interactions, and adverse 
events using a PDA. The package also includes several handy 
calculators. This information is available at http://www
.epocrates.com.

Calculating Protein Intake
An online protein intake calculator (http://nephron.org/
protein_intake) allows a nephrologist to advise a patient. It 
can be used as in this example: A mechanical engineer was 
prescribed a 0.6 g/kg protein-restricted diet in an effort to 
help preserve kidney function. The patient collected a 24-hour 
urine, and the urea nitrogen content in the collection was 
4.5 g/day; his weight was 70 kg. The calculator converted these 
data into a protein intake of 41.69 g/day, which is on target 
with the prescribed diet.28,29

Tracking Dialysis Units during 
a Catastrophe
The site dialysisunits.com enables users to search for dialysis 
facilities and details. Based on the Centers for Medicare & 
Medicaid Services (CMS) national provider list, it is updated 
monthly. Search can be made by name, city, ESRD Network, 
state, ZIP code, or dialysis modality. After Hurricane Katrina, 
the program informed dialysis patients which dialysis units 
were operating when they returned to Louisiana. CMS and the 
ESRD Networks control portions of the site to track facility 
closures during emergencies.

How to Calculate the MDRD GFR
The four-variable MDRD study equation is a popular method 
of predicting the GFR from serum creatinine, age, race, and 
gender. It is based on stepwise multiple linear regression 
analyses of the demographic and laboratory data from the 
Modifi cation of Diet in Renal Disease clinical trial.30–33 To 
correct for the variation in the calibration of laboratory in-
struments that leads to a variation in performance of the 
equation at higher levels of GFR, serum creatinine levels 
measured using the original laboratory equipment were re-
calibrated to a Roche/Hitache enzymatic assay traceable to 
serum samples analyzed at the National Institute of Stan-
dards and Technology (NIST) using isotope-dilution mass 
spectrometry. The original GFR equation is used when labo-
ratory creatinine values have not been standardized. The 
formula, which gives users the option to choose which cre-
atinine methodology was used, is available online at http://
mdrd.com and is used by both the National Kidney Founda-
tion (http://www.kidney.org) and the Nephron Information 
Center (http://nephron.org). A third site, that of the Na-
tional Kidney Disease Education Program (http://nkdep.nih.

gov), also gives users this option. The formula can be used as 
in this example: A 55-year-old Hispanic female with a cre-
atinine of 2 mg/dL 4 months ago now has a creatinine of 2.1, 
both traceable to diabetic nephropathy. Her GFR has de-
clined from 26 to 24 mL/min/1.73 m2

, indicating that she has 
stage 4 CKD.

Wikikidney
Wikikidney.org is a collaborative nephrology encyclopedia 
patterned after Wikipedia. Information is not copyrighted and 
is reviewed or edited by other volunteer professionals. The 
wiki concept34 is that placing information in open view facili-
tates peer review, editing, and upgrading until contributors 
are satisfi ed with the content. Wiki etiquette dictates that all 
articles uploaded must have references. The wikis allow for 
broad dissemination but lack the structured peer review of 
conventional publications. This source can serve as a fi rst-line 
resources for medical information.

Search Articles on PubMed, HighWire, 
and HubMed
The NLM’s PubMed enables searching for publications by 
keyword, author, date, or medical subject heading. It is also 
available for PDAs or phones at http://pubmedhh.nlm.nih.
gov. One can enter keywords into a text fi eld on a cell phone, 
for instance, and scroll through the same database of refer-
ences and abstracts used with conventional computers. 
PubMed is invaluable during rounds, conferences, and in the 
midst of patient care. Many other features are listed on the 
ncbi.nlm.nih.gov website.

HighWire Press, a large repository of peer-reviewed content, 
hosts more than 4.2 million full-text articles, of which nearly 1.7 
million are free. Surprisingly, it receives the overwhelming ma-
jority of its referrals from Google, not from PubMed.35 HubMed.
org also uses the NLM database, but it allows direct transfer to 
reference managers such as EndNote. In addition, it takes ad-
vantage of a standardized Web format that syndicates published 
articles that can be viewed on an individual’s website. This new 
format, RSS (Really Simple Syndication36), is becoming highly 
popular in the news publishing industry and is widely used by 
CNN and the New York Times. In the past special software was 
required to read fi les sent in this format, but lately this function-
ality is available on freely accessible web browsers such as 
Mozilla Firefox (http://fi refox.com).

An example will serve to illustrate how these searches 
work: A new faculty member was interested in learning 
more about CKD. By searching for “chronic kidney disease” 
on hubmed.org and then clicking the “feeds” button, all 
NLM articles on CKD were fed to her Firefox browser. Each 
time a new article appears on PubMed or HubMed, the feed 
distributes the reference to her computer, and it is available 
for viewing.

SHIFTS: Tracking Dialysis Patients 
between Center, Hospital, and Offi ce
Tracking a visit to a patient in a dialysis unit is possible 
using a spreadsheet format, but there are disadvantages; it is 
not secure and may be diffi cult to send across the Internet. 
Using online programs enables users to log in and track their 

Ch93_1081-1092-X5484.indd 1086Ch93_1081-1092-X5484.indd   1086 6/18/08 3:34:46 PM6/18/08   3:34:46 PM



1087 Internet Resources for Nephrologists

visits. A well-designed computer program should automati-
cally stamp the date, place, and physician’s initials and gener-
ate a report for billing. The program should be encrypted so 
that the data are secure. To see an example of the SHIFTS 
program, go to http://interoperablesoftware.com.

NEPHROL: The Nephrology Discussion 
Group
NEPHROL, sponsored by the National Kidney Foundation, is 
an e-mail listserv, or discussion group, that comprises 2000 
nephrologists from around the world. Subjects vary, and discus-
sions can be lively. Many of the participants are experts in their 
fi eld, and erudite discussions enable physicians in practice to get 
answers to diffi cult clinical problems from colleagues. This group 
can be found at http://kidney.org/professionals/cyber.cfm.

How to Look Up a Lecture from HDCN
The site hdcn.com (Hypertension, Dialysis and Clinical Ne-
phrology) publishes key lectures from national meetings, of-
fering streaming video as well as a PDF handout. Lectures can 
be downloaded and “burned” on a CD-ROM. The site re-
quires a subscription.

USRDS
The USRDS (U.S. Renal Data System) is a database of infor-
mation on every dialysis patient in the Medicare program. As 
patients become eligible for enrollment, their facilities must 
complete a Federal 2728 form. Using this and claims data, the 
registry makes available statistics about the incidence, preva-
lence, morbidity, and economics of end-stage renal disease 
(http://usrds.org).

Google
This popular search engine also accesses 3 billion medical articles. 
In a recent study of 26 New England Journal of Medicine weekly 
clinical pathologic conferences, three to fi ve keyword Google 
searches had a 58% success rate of making the correct diagno-
sis.37 Google Scholar is a refi ned version of Google that, by allow-
ing a more selective search of scientifi c articles, fi lters out extra-
neous information. An additional feature of Google is the ability 
to automatically fi nd images for keywords. This comprehensive 
tool is indispensable when trying to fi nd charts and diagrams.

For example, a renal fellow was asked to give a talk on 
WNT signaling. She was working on a set of MS PowerPoint 
slides and needed another image. By going to http://google.
com, typing “wnt signaling” into the textbox, and clicking the 
“images” menu item above the logo, she retrieved 3800 images 
in 0.02 seconds. She double-clicked on one of them, saved it 
to the desktop, and imported it into her PowerPoint presenta-
tion using the Insert:picture menu.

PHYSICIAN QUALITY REPORTING 
INITIATIVE (PRQI)

As part of the Tax Relief and Health Care Act of 2006, CMS 
has created the Physician Quality Reporting Initiative as the 

initial step toward a shift in payment strategy to value or 
performance-based payments. This phase enabled providers 
to earn bonus payments of up to 1.5% of total allowed 
Medicare charges by voluntarily reporting codes that refl ect 
quality of care with their claims. These “zero dollar quality-
data codes” are specifi c for measures pertinent to one’s 
practice.

This scheme forced physicians to review how they capture 
data related to clinical events, generate appropriate codes and 
include them with billing information. It is the fi rst step to-
ward tying claims processing to an outcomes-based reim-
bursement model.

Figure 93-1 is an algorithm for high blood pressure 
control in patients with diabetes. This algorithm can be 
converted into a simple software applet that, when inte-
grated into one’s electronic health system, simplifi es the 
capture and analysis of relevant information and, after be-
ing reviewed by the provider, passes it along to the billing 
department.

A PRACTICAL TIP ON INTERNET 
SECURITY

Standard e-mail uses nonencrypted protocols. For example, 
secure e-mail used within a university only assures privacy 
when the sender and user are in the same institution. Conse-
quently, an email that is sent unencrypted is not secure for 
patient communication.38,39 Patients should be advised of 
this fact, and physicians should use caution when sending 
sensitive laboratory data to their patients.

The Health Insurance Portability and Accountability Act 
of 1996 specifi es that patient health information sent 
over the Internet must be secure and encrypted. The CMS 
has authority over HIPAA and has created guidance docu-
ments on their website, http://cms.hhs.gov/SecurityStan-
dard. They have pointed out risks and vulnerabilities associ-
ated with the use of laptops, backup devices, fl ash drives, 
and e-mails. These include the potential for stolen pass-
words, malicious stealing of sensitive data off a server, inap-
propriate access by an employee, workstations being left 
unattended, and corruption of a system due to a virus. Rules 
are complex, but in principle, specify that practices must 
have sound security policies and ongoing risk management 
initiatives and that electronic personal health information 
should always be protected from access by nonauthorized 
users through the use of strong encryption. CMS points 
out the risk of not using a strong encryption system when 
sending or receiving e-mails containing sensitive patient 
information.

CONCLUSIONS

A complete  discussion of the resources and applic ations avail -
able to nephrologists would require much more space, but 
this chapter should serve as an introduction and review 
of some of the more practical web and computer applica -
tions, and as a starting point for those in the fi eld  to discover 
other available sites. Tables 93-1 to 93-3 list several sites useful 
to nephrologists.
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DIABETES
ICD-9 CODES

*ICD-9 CODES FOR THIS MEASURE
250.00, 250.01, 250.02, 250.03, 250.10,
250.11, 250.12, 250.13, 250.20, 250.21, 
250.22, 250.23, 250.30, 250.31, 250.32,
250.33, 250.40, 250.41, 250.42, 250.43,
250.50, 250.51, 250.52, 250.53, 250.60,
250.61, 250.62, 250.63, 250.70, 250.71,
250.72, 250.73, 250.80, 250.81, 250.82,
250.83, 250.90, 250.91, 250.92, 250.93,
648.00, 648.01, 648.02, 648.03, 648.04

NO

NO

NO

YES

YES

YES

Diabetes*

Stop

Stop

AGE
≥ 18 and ≤ 75

years

ENCOUNTER**

MEASURE
BLOOD

PRESSURE2000F-8P

REPORT CPT II CODE

SBP DBP

< 130 130–139 ≥ 140

3074F 3075F 3077F

< 80

3078F

80–89

3075F

≥ 90

3077F

REPORT CPT II CODE

REPORT CPT II CODE (S)

And if NO blood 
pressure documented 2000F-8P

AND
AGE

≥ 18 and ≤ 75 years 
on encounter date

AND

Encounter during reporting period

CPT
**CPT/HCPCS CODES FOR THIS 
MEASURE
97802, 97803, 97804, 99201, 99202, 
99203, 99204, 99205, 99211, 99212, 
99213, 99214, 99215, 99304, 99305, 
99306, 99307, 99308, 99309, 99310,
99324, 99325, 99326, 99327, 99328, 
99334, 99335, 99336, 99337, 99341, 
99342, 99343, 99344, 99345, 99347, 
99348,  99349, 99350
HCPCS G0270, G0271

 If these 3 conditions are met

OR

OR

OR

OR

OR

AND

If SBP < 130

If SBP 130–139

If SBP ≥ 140

3074F

3075F

3077F

If DBP < 80

If DBP 80–89

If DBP ≥ 90

3078F

3079F

3080F

PERFORMANCE IS MET IF 3074F, 3075F, 3078F
PERFORMANCE IS NOT MET IF 3079F, 3080F, 3077F, 2000F–8P

Both a systolic and diastolic code are required
SBP—systolic blood pressure in mm Hg
DBP—diastolic blood pressure in mm Hg

Figure 93-1 Algorithm for Physician Quality Reporting Initiative, Measure 3 (see text). Diabetic patients must have one of the 
listed ICD-9 codes, meet age criteria, and have a recent encounter during the reporting period that meets the listed CPT or 
HCPCS codes. If no documented blood pressure, use CPT II code 2000F-8P. Both a systolic and diastolic code are required. 
Performance is met if CPT II codes are 3074F or 3075F and 3078F. Performance is not met if code is 3079F or 3080F or 
3077F. CPT, Current Procedural Terminology; DBP, diastolic blood pressure in mm Hg; HCPCS, Healthcare Common Proce-
dure Coding System; ICD-9, International Statistical Classifi cation of Diseases; SBP, systolic blood pressure in mm Hg.
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Table 93-1  Information Sites

Site Name Site Address

AAKP My Health http://aakp.org/my-health/

Dialysis & Transplantation http://eneph.com

Dialysis Units in the USA http://dialysisunits.com

Epocrates http://epocrates.com

Fistula First http://fi stulafi rst.org

Hypertension Dialysis & 
Clinical Nephrology 
(HDCN)

http://hdcn.com/

Kidney Community Emer-
gency Response 
Coalition

http://kcercoalition.com

Kidney Disaster Page http://kidneydisasters.com

Kidney Times http://ikidney.com

NEPHROL http://www.kidney.org/
professionals/cyber.cfm

Nephron Information 
Center

http://nephron.org

Nephronline http://www.nephronline.org/

National Kidney Founda-
tion KDOQI

http://kdoqi.org

HighWire Press http://highwire.stanford.edu

PubMed http://ncbi.nlm.nih.gov/
pubmed

HubMed http://hubmed.org

Recent Journals http://journals.nephron.org

Renal Business Today http://renalbusiness.com

UK Renal Association http://www.renal.org/

UpToDate http://uptodate.com

USRDS http://usrds.org/

wikikidney http://wikikidney.org

From Wikikidney, http://wikikidney.org. Accessed May 1, 2008.
AAKP, American Association of Kidney Patients; KDOQI, Kidney 
Disease Oucomes Quality Initiative; USRDS, U.S. Renal Data System.

Table 93-2 Renal Organizations

Organization Website

American Association of Kid-
ney Patients (AAKP) 

http://aakp.org

American Kidney Fund (AKF) http://kidneyfund.org

American Nephrology 
Nurses Association 
(ANNA)

http://annanurse.org

American Society for Bone & 
Mineral Research (ASBMR)

http://asbmr.org

American Society of 
Nephrology (ASN)

http://asn-online.org

American Society of Trans-
plant Surgeons (ASTS)

http://asts.org

American Society of Trans-
plantation (AST)

http://a-s-t.org/

European Renal Association 
(ERA-EDTA)

http://era-edta.org

International Federation of 
Kidney Foundations (IFKF)

http://ifkf.net

International Society for 
Hemodialysis (ISHD) 

http://ishd.net

International Society of 
Nephrology (ISN)

http://nature.com/isn

International Society for 
Peritoneal Dialysis (ISPD)

http://ispd.org

Kidney Care Partners (KCP) http://kidneycarepartners.
org/

National Kidney Foundation 
(NKF)

http://www.kidney.org

National Renal Administra-
tors Association (NRAA)

http://nraa.org

Renal Physicians Association 
(RPA)

http://renalmd.org

UK Renal Registry (UKRR) http://renalreg.com/

United Network for Organ 
Sharing (UNOS)

http://unos.org/

USRDS http://usrds.org

Vascular Access Society 
(VAS)

http://www
.vascularaccesssociety
.com/

From: Wikikidney, http://wikikidney.org. Accessed May 1, 2008. 
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Table 93-3  Government Organizations

 Organization Web site

Agency for Healthcare 
Research and Quality (AHRQ)

http://ahrq.gov

Center for Medicare & Medic-
aid Services (CMS)

http://cms.hhs.gov

Centers for Disease Control 
and Prevention (CDC)

http://cdc.gov

Clinical Trials http://clinicaltrials.gov

FirstGov http://fi rstgov.gov

Forum of ESRD Networks http://esrdnetworks.org/

U.S. Department of Health and 
Human Services (HHS)

http://hhs.gov

Institute of Medicine (IOM) http://iom.edu

Library of Congress (THOMAS) http://thomas.loc.gov/

National Kidney Disease Edu-
cation Program (NKDEP)

http://nkdep.nih.gov

National Heart, Lung, and 
Blood Institute (NHLBI)

http://nhlbi.nih.gov

National Institute of Diabetes 
and Digestive and Kidney 
Diseases (NIDDK)

http://niddk.nih.gov

National Institutes of Health 
(NIH)

http://nih.gov

National Kidney and Urologic 
Diseases Information Clear-
inghouse (NKUDIC)

http://kidney.niddk.nih.
gov

From: Wikikidney. http://wikikidney.org. Accessed May 1, 2008.
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A
A Diabetes Outcome Progression Trial (ADOPT), 1014
A to Z (Aggrastat to Zocor) trial, 637t
AA (arachidonic acid), 114–116, 115f
AA amyloidosis, 257, 259t, 263
AAPCC (American Association of Poison Control 

Centers), 1073
AASK (African American Study of Kidney Disease and 

Hypertension), 614, 615t, 701
AAV (ANCA-associated vasculitis). See Systemic 

vasculitis.
Abacavir, in renal failure, 1060t
Abacteriuria, symptomatic, 449
ABCD (Appropriate Blood Pressure Control in Diabe-

tes) trial, 612, 612t, 614, 615t, 639
Abdominal angiography, acute renal failure due to, 

dopamine for, 18t–19t
Abdominal aorta surgery, acute renal failure due to

dopamine for, 16t–17t
fenoldopam for, 24t–25t

Abecarnil, in renal failure, 1054t
Abilify (aripiprazole), in end-stage renal disease, 803t, 

813
ABO incompatibility, in renal transplantation, plasma-

pheresis for, 134
Abruptio placentae, hypertension and, 480
Abscess(es)

perinephric, and autosomal dominant polycystic 
kidney disease, 541

visceral, glomerulonephritis due to, 144
Acamprosate, in renal failure, 1064t, 1072t
ACAS (Asymptomatic Carotid Atherosclerosis Study), 

1016
Access fl ow rate (Qa) monitoring, 864, 865b, 866
Access recirculation, 881, 888
ACCOMPLISH trial, 613
ACCORD (Action to Control Cardiovascular Risk in 

Diabetes) study, 639
Accounting tools, 1084
ACD-A (acid citrate dextrose-A) solution

with hemodialysis, 65t
with plasmapheresis, 127

ACE (angiotensin-converting enzyme), 602
Acebutolol

with dialysis, 685, 685t, 1061t
in renal failure, 1070t

Acecainide, in renal failure, 1069t
ACEIs. See Angiotensin-converting enzyme inhibitors.
Acetaminophen, for pain management, in end-stage 

renal disease, 832t
Acetaminophen intoxication, hemodialysis for, 62t
Acetate dialysis, 851–852

dialysis reactions with, 895–896
Acetate-based dialysate, 63
Acetazolamide

in combination, 402b, 403
dosage of, 390t
for metabolic alkalosis, 383–384
in renal failure, 1071t
for salicylate toxicity, 373

Acetohexamide, in renal failure, 1072t
Acetylcysteine, for hyperhomocysteinemia, 727–728
N-Acetylcysteine, for chronic kidney disease, 732, 733, 

733t
N-Acetylprocainamide, in renal failure, 1061t

Acetylsalicylic acid toxicity, respiratory alkalosis due to, 
386, 386t

Acid citrate dextrose-A (ACD-A) solution
with hemodialysis, 65t
with plasmapheresis, 127

Acid-base disorders
mixed, clinical settings for, 370
pathophysiology of, 368–370, 369f, 370t

Acid-base regulation, in pregnancy, 487t
Acidosis

drug-induced, 373
lactic

with contrast agents, 44
d-, 373
l-, 372–373
due to metformin, 9

metabolic (See Metabolic acidosis)
renal response to, 368–370
renal tubular, 375–378

differential diagnosis of, 375b
distal, 376–378

classic, 375t, 376–377, 376b
generalized, 375t, 377–378, 378b

proximal, 375–376, 375t
respiratory, 378–379

causes of, 378
compensation for, 368, 370t
diagnosis of, 378–379, 379b
treatment of, 379

toxin-induced, 373–374
Acifran, in renal failure, 1055t, 1071t
Acquired immunodefi ciency syndrome (AIDS). 

See Human immunodefi ciency virus (HIV).
Acral calciphylaxis, 419
Action myoclonus–renal failure syndrome, 224t
Action to Control Cardiovascular Risk in Diabetes 

(ACCORD) study, 639
Activated charcoal, for poisoning, 1074, 1076
Active metabolites, and dose adjustment, 1052
ACTN4 gene, 223, 224t
Acupuncture, for hypertension, 576t, 578
Acute dialysis, 58–69

hemodialysis as (See Acute hemodialysis)
peritoneal, 59, 67–69

Acute Dialysis Quality Initiative, 487
Acute hemodialysis, 58–67

access for, 61–63
anticoagulation with, 63, 64t–65t
complications of, 66
dialysate for, 63
dialyzer for, 63
factors infl uencing delivery of, 61–63
indications for and timing of, 59–60
for isolated fl uid removal, 61
modalities of, 58–59
prescription for, 60–63, 61t
quality assurance for, 66–67
for toxin/drug removal, 61, 62t

Acute interstitial nephritis (AIN), 313–318
background of, 313
classifi cation of, 313
diagnosis of, 314
drug-induced, 313, 314
epidemiology of, 313
histology and pathophysiology of, 313

Acute interstitial nephritis (AIN) (Continued)
infection-related, 313–314
in systemic immune disorders, 314
therapy of, 314–318

corticosteroids for, 314–315
cyclophosphamide and cyclosporine for, 316–317
future directions for, 318
mycophenolate mofetil for, 315–316
specifi c recommendations on, 317–318, 317f, 318t
withdrawal of offending agent for, 314

Acute kidney injury (AKI)
dialysis for (See Acute dialysis)
diuretics in, 7, 35–39, 394–395

ceiling dosage of, 401t
for complications, 37–38
for established disease, 36–37, 37t, 395
pharmacology and dose recommendations for, 

38–39
for prevention, 35–36, 36t, 394–395

early diagnosis of, 95, 95b
experimental strategies for, 92–96, 95b
pathophysiology of, 93–95
prevention of, 95–96, 95b
treatment of, 95–96, 95b

Acute Kidney Injury Network, 3
Acute peritoneal dialysis, 59, 67–69
Acute poststreptococcal glomerulonephritis (APSGN), 

in children, 507–508
Acute renal failure (ARF)

acidosis due to, 374
complications of, 9–10
diagnostic criteria for, 3–4, 4b, 4f
dialysis for (See Acute dialysis)
dopaminergic agents for, 13–23

dopamine as, 13–22
in cardiovascular surgery, 15–20
effect on renal hemodynamics and sodium 

excretion of, 14–15, 15
in established disease, 20–21
in high-risk patients, 15–20, 16t–19t
in liver transplantation and hepatobiliary 

surgery, 20
meta-analysis of trials of, 21
potentially deleterious effects of, 21–22, 21t
in radiocontrast-induced nephropathy, 20
in renal transplantation, 20

fenoldopam as, 22–23, 24t–27t
drug dosing in (See Drug dosing, in renal failure)
electrolyte disturbances in, 8–9
fl uid challenge in, 7, 7f
with multiple myeloma, plasmapheresis for, 133–134, 

134t
myoglobinuria in, 7–8
nutritional management of, 81–90

amino acid/protein metabolism in, 82, 86, 87t
anticatabolic strategies in, 82–83, 82b
carbohydrate metabolism in, 83
clinical experience with, 84–86
complications and monitoring of, 89, 89t
electrolytes in, 84
energy metabolism and energy requirements in, 

82, 87t
enteral nutrition in, 86–87, 86t
impact of, 85
lipid metabolism in, 84
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Note: Page numbers followed by f indicate fi gures; t, tables; b, boxes.
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Acute renal failure (ARF) (Continued)
metabolic alterations and nutritional requirements 

in, 81–84, 82b
metabolic impact of extracorporeal therapy in, 

84, 84b
micronutrients in, 84
nutrient administration in, 85f, 85–89
oral feedings in, 86, 86t
parenteral nutrition in, 87–89, 88t
patient classifi cation for, 85, 86t
protein/amino acid requirements in, 83, 85, 86t, 88t

pregnancy-related, 487–488, 488t
vs. prerenal azotemia, 3–4, 4b
prevention of, dopamine for, 15–20, 16t–19t
recovery from and prognosis for, 10
renal replacement therapy for, 9–10
vasopressor agents for, 23–30

epinephrine as, 27–28
norepinephrine as, 26–27, 28t–29t
phenylephrine as, 28–29
vasopressin as, 29–30

volume replacement for, 4–8
Acute tubular necrosis (ATN), dopamine for, 20–21
Acute urethral syndrome, 449
Acute vascular necrosis, posttransplantation, 1024
Acyclovir

for posttransplant HSV and VZV, 1038
in renal failure, 1060t, 1068t

Adalat. See Nifedipine.
ADAMTS-13 defi ciency

congenital, 305, 307t, 309
immune-mediated, 298–300, 307t, 309

Adaptive immune system, 976–977
Addison’s disease, hyperkalemia due to, 365
Adefovir

for HBV-associated renal disease, 275t
for posttransplant hepatitis B, 1039–1040

Adenocarcinoma, renal. See Renal cell carcinoma.
Adenoviral vectors, for gene therapy, 558
Adenovirus, posttransplantation, 1038–1039
Adequacy of Peritoneal Dialysis in Mexico (ADEMEX) 

Study, 937–938, 937t, 938f
ADH (antidiuretic hormone), syndrome of 

inappropriate secretion of, 345, 346
Adipocytes, and macrophages, 118
Adjustment disorders, in end-stage renal disease, 

810–811
Adjuvant agents, for renal transplantation, 981t, 

984–985, 988
ADMA (asymmetric dimethylarginine), 731, 733
Adolescence, end-stage renal disease in, 522–531

anemia due to, 525
cardiovascular disease due to, 525
dialysis for, 526–528
endocrine disorders due to, 523–524
growth retardation due to, 523–524
hypertension due to, 525
mortality due to, 526
neurodevelopmental outcome for, 525–526
nutrition for, 522–523, 523t
primary diagnoses for, 522, 523t
psychosocial adjustment for, 526
quality of life for, 526
renal osteodystrophy due to, 524–525
renal transplantation for, 522, 528–531, 529b, 529t

ADOPT (A Diabetes Outcome Progression Trial), 1014
ADPKD. See Autosomal dominant polycystic kidney 

disease (ADPKD).
Adrenal disorders, hypertension due to, 691–694
Adrenal insuffi ciency, hyperkalemia due to, 365–366
Adrenergic agents, for hypertension in children, 514t
�-Adrenergic agonists

for hepatorenal syndrome, 50–51
for hypertension in children, 514t

�1-Adrenergic agonists, in renal failure, 1061t
�-Adrenergic agonists

for hyperkalemia, 362–363
in renal failure, 1061t

Adrenergic blocking agents
for hypertension with dialysis, 687–688, 688t
for hypertensive urgencies, 629

Adrenergic crisis, hypertension with, 630f, 631t, 632
�-Adrenergic receptor blockers

for hypertension
in children, 514t

�-Adrenergic receptor blockers (Continued)
guidelines for selection of, 621t
due to pheochromocytoma, 693–694

for hypertensive emergencies, 628t
�1-Adrenergic receptor blockers, for benign prostatic 

hypertrophy, 472
��-Adrenergic receptor blockers

for hypertension in children, 514t
for renal artery stenosis, 653

�-Adrenergic receptor blockers
adverse effects of, 592–594, 685
erectile dysfunction due to, 786b
hydrophilic, 685
for hypertension, 591–597

adverse effects of, 592–594
algorithm for, 596, 597f
in children, 514t
with COPD and bronchospasm, 594
with dialysis, 684–686, 685t
dosage of, 596, 597t
guidelines for selection of, 621t, 622
randomized trials of, 591–592
in specifi c patient groups, 594–596

for hypertensive urgencies, 629
lipophilic, 685
for renal artery stenosis, 653

�2-Adrenergic stimulants, centrally acting, in renal 
failure, 1062t

Adrenocortical disorders, hypertension due to, 691–693, 
692f, 692t

Adrenocorticotropic hormone, for posttransplant gout, 
1024

Adsorption, continuous plasma fi ltration coupled with, 
75f, 77

Adult sporadic hypophosphatemic osteomalacia, 549t
Adult Treatment Panel III (ATP III) report, 715–722
Advance care planning, for dialysis patients, 949b, 951, 

952b
Advance directives, 949b, 951, 952b
Advil (ibuprofen), in end-stage renal disease, 808t
Adynamic bone disease, in chronic kidney disease, 766
AEB071, for renal transplantation, 987
AFCAPS/TexCAPS (Air Force/Texas Coronary 

Atherosclerosis Prevention Study), 635
African American Study of Kidney Disease and 

Hypertension (AASK), 614, 615t, 701
AG. See Anion gap.
Agalsidase alfa, for Fabry’s disease, 554–555, 554t
Agalsidase beta, for Fabry’s disease, 554–555, 554t
Age

and quality of life in end-stage renal disease, 819
and renal transplantation, 957, 959f

Aggrastat to Zocor (A to Z) trial, 637t
Agitation, in end-stage renal disease, 810
AH amyloidosis, 257, 259t
AHI (apnea-hypopnea index), 791
aHUS (atypical hemolytic-uremic syndrome), 249

in children, 510–511
AIDS. See Human immunodefi ciency virus (HIV).
AIN. See Acute interstitial nephritis.
Air detectors, for hemodialysis, 845
Air embolism, during hemodialysis, 845, 899
Air Force/Texas Coronary Atherosclerosis Prevention 

Study (AFCAPS/TexCAPS), 635
Air traps, for hemodialysis, 845
AKI. See Acute kidney injury (AKI).
AL amyloidosis, 257, 259–263

clinical features of, 259t
pathophysiology of, 461
treatment of, 259–263, 260t–261t, 462–463, 462t

Albumin
for acute kidney injury, 38–39
during hemodialysis, 904
for hepatorenal syndrome, 48t, 50–51, 53–54
for nephrotic syndrome, 396
for plasmapheresis, 128
in resuscitation fl uid, 6

Albumin dialysis, for hepatorenal syndrome, 48t, 51–52
Albuterol

for hyperkalemia, 362–363
in renal failure, 1055t, 1069t

Alcohol intake, and hypertension, 576t, 577
Alcohol intoxication, hemodialysis for, 62t
Alcohol withdrawal, hypophosphatemia due to, 421
Alcoholic ketoacidosis, 372

Alcoholism, hypophosphatemia due to, 421
Alcuronium, in renal failure, 1063t
Aldehydes, in peritoneal dialysis fl uids, 916, 917
Aldosterone antagonists

historical background of, 607
for hypertension, 607, 622
mechanisms and pharmacology of, 607
for nephrotic syndrome, 283–284
for prevention of progressive renal failure, 709

Aldosterone-sensitive distal nephron (ASDN), 389, 402
Aldosteronism

glucocorticoid-remediable
hypertension due to, 693
hypokalemia in, 360–361, 360t

primary
hypertension due to, 691–693, 692f, 692t
hypokalemia in, 359–360, 360t

Alemtuzumab (Campath-H1), for renal transplantation, 
980t, 982, 989

Alendronate
for hypercalcemia, 415
for posttransplant osteoporosis, 1022

ALERT (Assessment of Lescol in Renal Transplantation) 
study, 1002, 1011

Alfentanil, for pain management in end-stage renal 
disease, 832t

Alfuzosin, for benign prostatic hypertrophy, 472
Aliskiren

pharmacology of, 603–604
renal actions of, 604

Alkalemia, 381–382, 385–386
Alkalosis

metabolic (See Metabolic alkalosis)
respiratory, 385–386, 386t

compensation for, 368, 370t
hypophosphatemia due to, 421

Alkylating agents
for focal segmental glomerulosclerosis, 227
for glomerular and tubulointerstitial disease, 106–107
for minimal change disease, 210–213, 211t–212t

in children, 210, 211t–212t, 499–500
ALLAH. See Antihypertensive and Lipid-Lowering 

Treatment to Prevent Heart Attack Trial.
Alloantigen, recognition of, 977, 1001
Allograft rejection

accelerated, 996
antibody-mediated, 996, 997, 997b, 999
early

acute, 996–998, 997b, 998b, 998t
management of, 997–999, 998t
recurrent, 998–999

gene therapy for, 559–560
hyperacute, 995–996, 997
late

acute, 999–1000
chronic, 1000–1004, 1001t, 1002b

in pediatric recipients, 530–531
plasmapheresis for, 134–135, 135t
preventable causes of, 998b
T cell–mediated, 997b
transplantation after, 961

Alloimmunity
cellular, 977
humoral, 977

Allopurinol
for posttransplant gout, 1025, 1025b
for prevention of nephrolithiasis, 432–433
in renal failure, 1062t, 1072t

Almotriptan, in renal failure, 1072t
Alport’s syndrome, 504

anti-GBM antibody disease after renal 
transplantation for, 198, 1005

Alprazolam (Xanax), in renal failure, 804t
Alprostadil (Caverject), for erectile dysfunction, 788
Aluminum carbonate, for bone disease, 768
Aluminum hydroxide, for bone disease, 768
Aluminum overload, in hemodialysis, 759
AMADEX study, 940, 941
Amantadine (Symmetrel), in renal failure, 808t, 1060t, 

1069t
Ambien (zolpidem), in renal failure, 806t
Ambulatory blood pressure monitoring, 568–569
Amdinocillin, in renal failure, 1058t, 1067t
American Association of Poison Control Centers 

(AAPCC), 1073
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Amiloride
for ascites, 397
in combination, 402, 402b
for diabetes insipidus, 350, 350t
dosage of, 390t
for hypertension due to primary aldosteronism, 692, 

692t
for hypokalemia, 359
for hypomagnesemia, 423
for idiopathic edema, 398
mechanism of action of, 389, 389f
for metabolic alkalosis, 385
pharmacokinetics of, 392t, 393

Amino acid(s)
in parenteral nutrition for acute renal failure, 88t
in peritoneal dialysis fl uids, 917

Amino acid metabolism, in acute renal failure, 82, 86, 
87t

Amino acid requirements, in acute renal failure, 83, 
86, 87t, 88t

Aminoacidurias, 547–548
Aminoglycosides

for peritonitis, 928f
in renal failure, 1052, 1057t, 1065t

Aminophylline
for contrast-induced nephropathy, 42t, 43
as diuretic, 391

Amiodarone, in renal failure, 1061t
Amisulpride, in renal failure, 1072t
Amitriptyline (Elavil), in renal failure, 799t

for pain management, 833t
Amlodipine (Norvasc)

cardiovascular effects of, 612, 612t, 613
in children, 514t
for chronic kidney disease, 733, 733t
with dialysis, 684t, 1060t
pharmacology of, 610, 611t, 612
and progressive renal failure, 702
renal protective effects of, 614, 615t
after renal transplantation, 616, 677

Ammonium (NH4
�), in metabolic acidosis, 369–370, 

374
Ammonium chloride, for metabolic alkalosis, 383
Amoxicillin

for posttransplant peptic ulcer disease, 1021
in renal failure, 1058t, 1067t

Amphotericin B
for candidal UTI, 452
for posttransplant infections, 1042t
in renal failure, 1059t

Amphotericin B lipid formulations, for posttransplant 
infections, 1042t

Amphotericin B liposomal, for posttransplant infec-
tions, 1042t

Ampicillin
for peritonitis, 926f
in renal failure, 1058t, 1067t

AMR (antibody-mediated rejection), 996, 997, 997b, 
999

Amyloidosis, 257–264, 258t
AA, 257, 259t, 263
AH, 257, 259t
AL, 257, 259–263

clinical features of, 259t
pathophysiology of, 461
treatment of, 259–263, 260t–261t, 462–463, 462t

apolipoprotein A1, 259t, 263
classifi cation of, 257, 259t
clinical manifestations of, 257–259
dialysis-related, 259t
end-stage renal disease associated with, 263–264
fi brinogen A�, 259t, 263
gelsolin, 259t
hereditary, 257, 259t, 263
lysozyme, 259t
senile systemic, 257, 259t
transthyretin, 259t, 263
treatment of, 259–264, 260t–261t

Anafranil (clomipramine), in renal failure, 799t
Anakinra, in renal failure, 1054t, 1056t, 1065t
Analgesic(s)

in end-stage renal disease, 808t
in renal failure, 1054t, 1055t, 1063t

Analgesic ladder, for end-stage renal disease, 829, 831f, 
832b, 832t

Anaphylactic reactions, to dialysis, 894
Anaphylatoxins, dialysis reactions due to, 895
Anatomic evaluation, of living kidney donor, 963b
Anatrophic nephrolithotomy, 439
ANCA(s) (antineutrophil cytoplasm antibody[ies]), 

with anti-GBM antibody disease, 199–200, 201
ANCA (antineutrophil cytoplasm antibody)-associated 

vasculitis (AAV). See Systemic vasculitis.
Anemia

in children and adolescents with end-stage renal 
disease, 525

in chronic kidney disease, 749–753, 756–762, 777
due to bleeding, 759–762, 761b
characteristics of, 756
defi ning, 749–750
epidemiology of, 756
erectile dysfunction due to, 785–786, 788
evaluation of, 750–751, 750f, 757b, 767
impact of, 750
pathophysiology of, 749
sleep disorders with, 792
treatment of, 751–753, 756–762

erythopoiesis-stimulating agents for, 751–752, 
751t, 753, 757–758, 761b

iron for, 752–753, 753f, 753t, 758–759
defi ned, 756
in pregnancy-related acute renal failure, 488

Anesthetics, in renal failure, 1054t, 1055t, 1063t–1064t
Aneurysm(s)

dissecting aortic, hypertension with, 630f, 631–632, 
631t

with hemodialysis vascular access, 867
pseudo-, 867

intracranial, and autosomal dominant polycystic 
kidney disease, 540–541

Angina, unstable, hypertension with, 631, 631t
Angioplasty

for hemodialysis vascular access, 864, 866
for renovascular disease, 664–673

complications of, 660–661, 670–671, 671b, 671f
demographics of, 660, 661f
goals of, 660, 664
vs. medical therapy, 648, 652, 653–654
outcomes of, 666–670, 666f, 667t–669t, 670f
patient selection for, 671–673
restenosis after, 671, 671f
techniques of, 664–665

Angiotensin II
in infl ammation, 119
in progressive renal failure, 700, 700f
in renal artery stenosis, 648, 649, 649f

Angiotensin receptor antagonists (ATRAs). 
See Angiotensin receptor blockers (ARBs).

Angiotensin receptor blockers (ARBs)
for diabetic nephropathy, 327–329, 328f
with dialysis, 687, 687t, 1061t
for end-stage renal disease, 776
for focal segmental glomerulosclerosis, 229, 231

in children, 501
history of, 601
for hypertension

and diabetes, 621
with dialysis, 687, 687t
guidelines for selection of, 621t
history of, 601
pharmacology of, 602–603, 603t
renal actions of, 604–605
with renal failure, 606, 632–633
renal protective effects of, 605
after renal transplantation, 677

for idiopathic membranous nephropathy, 240–241
for IgA nephropathy, 179, 181t, 507
for lupus nephritis, 164b
for nephrotic syndrome, 283
pharmacology of, 602–603, 603t
for posttransplant coronary heart disease, 1016
for prevention of progressive renal failure, 700f, 703t, 

704–706, 706f
renal actions of, 604–605
for renal artery stenosis, 652, 653f, 655, 655f, 656f

pathophysiologic basis for, 648–649
in renal failure, 606, 1061t
renoprotective effects of, 605, 704–706
safety of, 705–706, 706f

Angiotensin-converting enzyme (ACE), 602

Angiotensin-converting enzyme inhibitors (ACEIs)
adverse effects of, 398, 686
for diabetic nephropathy, 327–329, 327f, 328f

prevention of, 325
with dialysis, 686–687, 686t, 895, 1062t
for end-stage renal disease, 776
for focal segmental glomerulosclerosis, 229, 231

in children, 501
for HIV-associated renal disease, 277
for hypertension

in children, 514t
and diabetes, 621
guidelines for selection of, 621t
history of, 601
and nephropathy, 605–606
pharmacology of, 602, 602t

for hypertensive urgencies, 627t, 629
for idiopathic membranous nephropathy, 240–241
for IgA nephropathy, 179, 181t
for lupus nephritis, 164b
and nephropathy, 605–606
for nephrotic syndrome, 282–283, 287
pharmacologic nephrectomy with, 650
pharmacology of, 602, 602t
for posttransplant coronary heart disease, 1016
for prevention of progressive renal failure, 700f, 

702–706, 703t, 706f
renal actions of, 604–605
for renal artery stenosis, 652, 653f, 655, 655f, 656f

pathophysiologic basis for, 648–650, 649f, 650f
in renal failure, 606, 632–633, 1062t
after renal transplantation, 677
renoprotective effects of, 605, 613–615, 702–706, 703t
safety of, 705–706, 706f

Anglo-Scandinavian Cardiac Outcomes Trial (ASCOT), 
612t, 613

Anion gap (AG)
in metabolic acidosis

high, 368, 369f, 370–374
normal, 368, 369f, 374–378

urine, 370, 374
Anorexia, in end-stage renal disease, 834t
ANP (atrial natriuretic peptide)

for acute kidney injury, 37, 37t
for edema, 403
mechanism of action of, 389f, 391

Anthelmintics, in renal failure, 1064t
Anthropometrics, 739
Antianginal agents, in renal failure, 1060t–1061t, 1069t
Antianxiety drugs

in end-stage renal disease, 804t–806t
in renal failure, 1054t, 1055t–1056t, 1064t

Antiarrhythmics, in renal failure, 1061t, 1069t–1070t
Antibiotics

for posttransplant infections, 1035t
in renal failure, 1054t, 1057t–1059t, 1064t–1068t
and shock wave lithotripsy, 442

Antibodies, 976, 977
Antibody-conjugated siRNA, for gene therapy, 559
Antibody-mediated rejection (AMR), 996, 997, 997b, 

999
Anticancer drugs

in renal failure, 1060t, 1068t
thrombotic microangiopathy due to, 301–302

Anticatabolic strategies, for acute renal failure, 82–83, 
82b

Anti-CD3 monoclonal antibodies, for renal 
transplantation, 982

Anti-CD20 monoclonal antibodies, for renal 
transplantation, 982

Anti-CD25 antibody, for renal transplantation, 979f, 983
Anti-CD50 monoclonal antibodies, for renal 

transplantation, 982
Anticholinergics, in renal failure, 1056t, 1064t
Anticoagulants

with hemodialysis, 63, 64t–65t
for membranoproliferative glomerulonephritis, 251
for nephrotic syndrome, 288
with plasmapheresis, 127
in renal failure, 1056t, 1064t

Anticonvulsants
in end-stage renal disease, 806t–807t

for neuropsychiatric disorders, 809
for pain management, 833t

in renal failure, 1054t, 1056t, 1064t
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Antidepressants
in end-stage renal disease, 798t–801t

for anxiety disorders, 811
for depression, 812
for pain management, 833t

erectile dysfunction due to, 786b
intoxication with, hemodialysis for, 62t
in renal failure, 799t–800t, 1052
tricyclic, in renal failure, 799t–800t, 1052

for depression, 812
for pain management, 833t

Antidiuretic hormone (ADH), syndrome of 
inappropriate secretion of, 345, 346

Antidulafungin, for posttransplant infections, 1042t
Antifi brinolytics, in renal failure, 1056t, 1064t
Antifi brotic therapy, for prevention of progressive renal 

failure, 709
Antifreeze, acidosis due to, 373–374
Antifungals

for posttransplant infections, 1035t, 1042t
in renal failure, 1054t, 1059t, 1068t

Antigen recognition, 977, 1001
Antigen-presenting cells (APCs), 977
Antiglomerular basement membrane (anti-GBM) 

antibody(ies), 128–129, 197, 198
Antiglomerular basement membrane (anti-GBM) 

antibody disease, 197–203
in children, 201
clinical and pathologic features of, 197
defi ned, 197
diagnosis of, 198
in elderly, 201
lung hemorrhage in, 197, 198
posttransplantation, 200–201, 202

in Alport’s syndrome, 198
in pregnancy, 201
treatment of, 198–203

development of current regimens for, 198–199
effectiveness and outcome of, 199–200, 199t, 200f
future directions for, 202–203
plasmapheresis for, 125, 128–129, 128t, 199, 199t, 

200, 201t, 202
role of individual components of, 200
specifi c recommendations for, 201–202, 201t
supportive, 202

Antihistamines
for pruritus in end-stage renal disease, 833t
in renal failure, 1054t, 1056t, 1064t–1065t

Anti-HLA antibodies, 977, 978–979
Antihypertensive agents

ACE inhibitors and angiotensin receptor blockers as, 
601–606

history of, 601
and natural history of renal injury, 605
and nephropathy, 605–606
optimization of use of, 607–608
pharmacology of, 602–603, 602t, 603t
renal actions of, 604–605
with renal failure, 606

aldosterone antagonists as, 607
calcium channel blockers as, 610–617

effi cacy of, 610–612
in end-stage renal disease, 616
pharmacology of, 610, 611t
and prevention of cardiovascular morbidity and 

mortality, 612–613, 612t
and prevention of progression of chronic kidney 

disease, 613–615, 615t
with renal transplantation, 616
safety of, 616–617

for children, 513, 514t, 515t
and diabetes, 620–621
diuretics and �-blockers as, 591–597

adverse effects of, 592–594
algorithm for, 596, 597f
with COPD and bronchospasm, 594
dosage of, 596, 597t
randomized trials of, 591–592
in specifi c patient groups, 594–596

erectile dysfunction due to, 785, 786b
guidelines for selection of, 620–622, 621f, 621t
for lupus nephritis, 164b
in pregnancy, 482t
for prevention of progressive renal failure, 700–702, 

700f

Antihypertensive agents (Continued)
for renal artery stenosis, 651–653, 653f, 656f
in renal failure, 1061t–1062t, 1070t–1071t

Antihypertensive and Lipid-Lowering Treatment to 
Prevent Heart Attack Trial (ALLHAT)

calcium channel blockers in, 612, 612t, 613, 615t
LDL cholesterol in, 636
on progression of chronic kidney disease, 701
renin system blockade in, 605–606
thiazide diuretics in, 592, 593, 596

Anti-IL-2R antibodies, for renal transplantation, 
988–989

Anti-infl ammatory agents
for IgA nephropathy, 174–175, 176t
in renal failure, 1054t, 1056t–1057t, 1065t

Antimalarials, in renal failure, 1059t, 1068t
Antimanic agents, in end-stage renal disease, 802t
Antimetabolites

in renal failure, 1060t, 1068t
for renal transplantation, 981t, 984–985

Antimicrobials
for posttransplant infections, 1035t
in renal failure, 1054t, 1057t–1059t, 1065t–1068t

Antineoplastics
in renal failure, 1060t, 1068t
thrombotic microangiopathy due to, 301–302

Antineutrophil cytoplasm antibody(ies) (ANCAs), with 
anti-GBM antibody disease, 199–200, 201

Antineutrophil cytoplasm antibody (ANCA)-associated 
vasculitis (AAV). See Systemic vasculitis.

Antioxidant therapy
for chronic kidney disease, 731–734, 732t, 733t
for thrombotic microangiopathy, 306t

Antioxidant vitamins, and infl ammation, 118
Antiparasitics, in renal failure, 1068t
Antiparkinsonian agents, in end-stage renal disease, 808t
Antiphospholipid syndrome, thrombotic microangiopa-

thy in, 301
Antiplatelet agents

for IgA nephropathy, 179, 180t, 507
for membranoproliferative glomerulonephritis, 251
for posttransplant coronary heart disease, 1015–1016
for renal artery stenosis, 654–655, 656, 656f
in renal failure, 1056t, 1064t
for thrombotic microangiopathy, 306t, 308
thrombotic microangiopathy due to, 302
for vascular access thrombosis, 762

Antipsychotics, in end-stage renal disease, 802t–804t, 
813

Antispasticity agents, in renal failure, 1068t
Anti-T lymphocyte globulin (ATG-Fresenius), for renal 

transplantation, 979
Antithrombotic agents, for thrombotic microangiopa-

thy, 306t
Antithymocyte globulin, for systemic vasculitis, 191
Anti–T-lymphocyte antibodies, for systemic vasculitis, 

191
Anti-transforming growth factor-� (anti-TGF-�), for 

focal segmental glomerulosclerosis, 230t
Antituberculous agents, in renal failure, 1060t, 1068t
Anti–tumor necrosis factor-� (anti-TNF-�) monoclonal 

antibodies, for familial Mediterranean fever, 554t
Antiulcer agents, in renal failure, 1068t
Antiviral agents

for posttransplant infections, 1035t
in renal failure, 1060t, 1068t–1069t

Anxiety disorders, in end-stage renal disease, 804t–806t, 
811

Anxiety-hyperventilation syndrome, respiratory alkalo-
sis due to, 386, 386t

Anxiolytics
in end-stage renal disease, 804t–806t
in renal failure, 1054t, 1055t–1056t, 1064t

Aortic aneurysm
dissecting, hypertension with, 630f, 631–632, 631t
due to renal artery stenosis, 651t

Aortic dissection, hypertension with, 630f, 631–632, 
631t

APCs (antigen-presenting cells), 977
APD. See Automated peritoneal dialysis.
Apheresis, double-fi ltration, 126–127
Aphthous ulcers, posttransplantation, 1021
Apnea, sleep, 681, 791–793, 809
Apnea-hypopnea index (AHI), 791
Apolipoprotein A1 amyloidosis, 259t, 263

Apoptosis, in acute kidney injury, 94
Apparent mineralocorticoid excess, hypokalemia in, 

360t, 361
Appropriate Blood Pressure Control in Diabetes 

(ABCD) trial, 612, 612t, 614, 615t, 639
Appropriate Blood Pressure in Diabetes Study, 325
APSGN (acute poststreptococcal glomerulonephritis), 

in children, 507–508
Aquadex system, 61
Aquaretics, 390t, 391, 403
Arachidonic acid (AA), 114–116, 115f
Arava. See Lefl unomide.
ARBs. See Angiotensin receptor blockers (ARBs).
ARF. See Acute renal failure (ARF).
Argatroban, with hemodialysis, 65t
Arginine vasopressin receptor antagonists, 390t, 391, 403
ARIC (Atherosclerosis Risk in Communities) study, 

1017
Aripiprazole (Abilify), in end-stage renal disease, 803t, 

813
Arrhythmias, in hemodialysis patients, 898
Arterial monitor, for hemodialysis, 845
Arteriovenous bridge graft (AVG), for hemodialysis 

vascular access, 860, 864, 866
blood sampling with, 887b

Arteriovenous fi stula (AVF), for hemodialysis vascular 
access, 861–866

blood sampling with, 887b
complication(s) of, 864–867

heart failure and pulmonary hypertension as, 867
infections as, 860, 866, 868
stenosis as, 863–866, 863t, 865b
thrombosis as, 761–762, 864, 866, 867–868
vascular steal as, 867

maturation of, 863–864, 863b
preoperative evaluation for, 861–862
process improvement for, 862–863, 863b
types of, 860
in unique situations, 862

Arteriovenous hemodiafi ltration, continuous, 73
Arteriovenous hemodialysis, continuous, 73
Arteriovenous hemofi ltration, continuous, 73
ASB (asymptomatic bacteriuria), 449

in pregnancy, 486
Ascites, diuretics for, 394f, 397–398
Ascorbic acid, for contrast-induced nephropathy, 43
ASCOT (Anglo-Scandinavian Cardiac Outcomes Trial), 

612t, 613
ASCT (autologous stem-cell transplantation)

for AL amyloidosis, 260t, 262–263, 264, 462–463
for cast nephropathy, 464–465
for light-chain deposition disease, 265

ASDN (aldosterone-sensitive distal nephron), 
389, 402

ASFAST (Atherosclerosis and Folic Acid 
Supplementation Trial), 725

Aspergillus spp, posttransplant infections with, 1041, 
1042t

Aspirin
for membranoproliferative glomerulonephritis, 251
posttransplantation

for coronary heart disease, 1015–1016
for peripheral arterial disease, 1017

for renal artery stenosis, 654–655, 656, 656f
for thrombotic microangiopathy, 306t
for vascular access thrombosis, 762

Aspirin toxicity
metabolic acidosis due to, 373
respiratory alkalosis due to, 386, 386t

Assessment of Lescol in Renal Transplantation (ALERT) 
study, 1002, 1011

Asymmetric dimethylarginine (ADMA), 731, 733
Asymptomatic bacteriuria (ASB), 449

in pregnancy, 486
Asymptomatic Carotid Atherosclerosis Study (ACAS), 

1016
Atenolol

with dialysis, 685, 685t, 1061t
for hypertension, 597t

in children, 514t
in pregnancy, 482t
in renal failure, 1061t, 1070t
renal protective effects of, 614, 615t

Atgam (thymoglobulin), for renal transplantation, 
979–982, 980t, 988

Index–1093-1132-X5484.indd 1096Index–1093-1132-X5484.indd   1096 6/18/08 3:35:29 PM6/18/08   3:35:29 PM



1097 Index

ATG-Fresenius (anti-T lymphocyte globulin), for renal 
transplantation, 979

Atherogenic dyslipidemia, 715, 717b, 718–720
Atherosclerosis and Folic Acid Supplementation Trial 

(ASFAST), 725
Atherosclerosis Risk in Communities (ARIC) study, 

1017
Atherosclerotic renal artery stenosis, 647, 650, 651t

angioplasty and stenting for, 664, 668–670, 668t, 
669t, 670f

Atherosclerotic renal vascular disease, in living kidney 
donor, 966

Ativan (lorazepam), in renal failure, 805t
ATN (acute tubular necrosis), dopamine for, 20–21
Atorvastatin

for cardiovascular risk reduction, in hypertension, 
637t

for chronic kidney disease, 733t
for lipid management, 719t
posttransplantation

for cerebrovascular disease, 1016
for coronary heart disease, 1015
for hyperlipidemia, 1011, 1013t

ATP III (Adult Treatment Panel III) report, 715–722
ATRAs (angiotensin receptor antagonists). 

See Angiotensin receptor blockers (ARBs).
Atrial natriuretic peptide (ANP)

for acute kidney injury, 37, 37t
for edema, 403
mechanism of action of, 389f, 391

Atypical hemolytic-uremic syndrome (aHUS), 249
in children, 510–511

Autoimmune disease(s), 105
renal tubular acidosis due to, 376t

Autologous stem-cell transplantation (ASCT)
for AL amyloidosis, 260t, 262–263, 264, 462–463
for cast nephropathy, 464–465
for light-chain deposition disease, 265

Automated peritoneal dialysis (APD), 913, 919, 
920, 921

demographics of, 913
guidelines for clearance with, 943
peritoneal transport status in, 938, 939
prescription for, 921, 939
small solute clearance in, 935, 937, 938
volume status in, 939, 940, 943

Autoregulation, total body, 682
Autosomal dominant hypophosphatemic rickets, 549t, 

550
Autosomal dominant polycystic kidney disease 

(ADPKD), 539–544
defi ned, 539
epidemiology of, 539
extrarenal manifestations of, 539–541, 540t
kidney pain in, 542, 543t
in living kidney donor, 966
management of complications of, 540t
posttransplant cerebrovascular disease with, 1017
renal manifestations of, 540t, 541–542
slowing of progression of, 544

AVE 7688, for focal segmental glomerulosclerosis, 230t
Aventyl (nortriptyline), in renal failure, 800t, 812
AVF. See Arteriovenous fi stula (AVF).
AVG (arteriovenous bridge graft), for hemodialysis 

vascular access, 860, 864, 866
blood sampling with, 887b

Azapropazone, in renal failure, 1054t, 1056t, 1065t
Azathioprine (Azasan, Imuran)

for anti-GBM antibody disease, 199, 199t, 200
for glomerular and tubulointerstitial disease, 106
for IgA nephropathy, 175, 177t, 507
for lupus nephritis, 159b, 160b, 161–162, 164b, 166b
for minimal change disease, 215

in children, 215, 500
for renal transplantation, 979f, 981t, 984

gout due to, 1025b
for systemic vasculitis, 190, 191t, 193, 193t, 194t

Azlocillin, in renal failure, 1054t, 1058t, 1067t
Azotemia

due to diuretics, 398
prerenal, vs. acute renal failure, 3–4, 4b

Azotemic renovascular disease, 647
Aztreonam

for peritonitis, 928f
in renal failure, 1058t, 1066t

B
B cells, 976, 977
Backache, due to peritoneal dialysis, 933
Baclofen, in renal failure, 1068t
Bacteria, in dialysate fl uid, 853–854, 854b
Bacterial endotoxin–related pyrogenic reactions, to 

dialysis, 66
Bacterial infections

glomerulonephritis due to, 142–145, 142t
with hemodialysis, 868, 902

Bacteriuria, asymptomatic, 449
in pregnancy, 486

Balloon angioplasty, for renovascular disease, 664–673
complications of, 660–661, 670–671, 671b, 671f
demographics of, 660, 661f
goals of, 660, 664
vs. medical therapy, 648, 652, 653–654
outcomes of, 666–670, 666f, 667t–669t, 670f
patient selection for, 671–673
restenosis after, 671, 671f
techniques of, 664–665

Barnidipine, for hypertension, 610, 611t
Bartter syndrome, 552–553, 552t

hypokalemia in, 360, 360t
Basal energy expenditure, in acute renal failure, 82
Basiliximab (Simulect), for renal transplantation, 980t, 

988
B-cell crossmatching, 978–979
Belatacept, for renal transplantation, 977, 986
Benazepril

with dialysis, 686t
for IgA nephropathy, 181t
for nephrotic syndrome, 283
pharmacology of, 602t
in renal failure, 606, 1070t

Bendrofl uazide, dosage of, 390t
Bendrofl umethiazide, for hypertension, 597t
BENEDICT (Bergamo Nephrologic Diabetic 

Complications Trial), 613, 615t
Benign familial hematuria (BFH), 504
Benign prostatic hyperplasia (BPH), 471–472
Benzathine benzylpenicillin, for poststreptococcal 

glomerulonephritis, 143
Benzodiazepam, with dialysis, 684t
Benzodiazepine(s), in end-stage renal disease

for anxiety disorders, 811
for pain management, 833t

Benzodiazepine receptor agonists, for sleep apnea, in 
end-stage renal disease, 809

Bepridil, with dialysis, 684t, 1060t
Bergamo Nephrologic Diabetic Complications Trial 

(BENEDICT), 613, 615t
Betaxolol

with dialysis, 685t
in renal failure, 1070t

Bezafi brate, in renal failure, 1062t, 1071t
BFH (benign familial hematuria), 504
Biapenem, in renal failure, 1057t, 1065t
Bias, lead-time, 741
Bicarbonate (HCO3

-)
in chronic kidney disease, 739, 743
for contrast-induced nephropathy, 42, 42t
for diabetic ketoacidosis, 372
gastrointestinal loss of, 375b, 375t
for lactic acidosis, 372–373
for metabolic acidosis due to renal failure, 374
in metabolic alkalosis, 381–384
in peritoneal dialysis fl uids, 915, 916–917
for renal tubular acidosis, 376, 377

Bicarbonate dialysis, 851–852
Bicarbonate-buffered dialysate, 63, 68
Bicarbonate/chloride (HCO3

�/Cl�) exchanger, in renal 
tubular acidosis, 376

Bicitra (Shohl’s Solution), for renal tubular acidosis, 
377

Biguanides, for transplant-associated hyperglycemia, 
1014

Bile acid sequestrants
for lipid management, 719t
for nephrotic syndrome, 286

Biliary tract disease, posttransplantation, 1021
Biocompatibility, of peritoneal dialysis fl uids, 918
Biofeedback system, for hemodialysis, 846, 847f
Biofi lm, on dialysate, 905
Biomarkers, of acute kidney injury, 95, 95b

Biopsy, renal. See Renal biopsy.
Bipolar disorder, in end-stage renal disease, 802t, 

812–813
Bismuth subcitrate, colloidal, in renal failure, 1068t
Bisoprolol

for hypertension, 597t
with dialysis, 685t

in renal failure, 1070t
Bisphosphonates

for hypercalcemia, 415–416, 464
for multiple myeloma, 268, 464
for posttransplant osteoporosis, 1022–1023, 1022b
in renal failure, 1069t

Bivalirudin, in renal failure, 1064t
BK virus

allograft dysfunction due to, 999
posttransplantation, 1040–1041

BK virus nephropathy (BKVN), 1040–1041
Black patients, hypertension in, diuretics and �-blockers 

for, 594
Bladder cancer, obstructive uropathy due to, 472
Bladder dysfunction, obstructive uropathy due to, 473
Bleeding. See also Hemorrhage.

with peritoneal dialysis, 933
after renal transplantation, 973
in uremia, 9, 759–761, 760t, 761b, 762t

Bleomycin
in renal failure, 1068t
thrombotic microangiopathy due to, 302

Blood circuit, for hemodialysis, 845–846, 846f
Blood glucose control, for prevention of diabetic 

nephropathy, 323–324
Blood group antigens, 977
Blood leak detector, for hemodialysis, 845–846
Blood loss

classifi cation of, 6
during hemodialysis, 900–901

Blood pressure (BP), high normal, 569–570, 570f, 571t
Blood pressure control

for diabetic nephropathy, 326
in prevention, 324–325

for end-stage renal disease, 774–776, 775t
for prevention of progressive renal failure, 700–702, 

700f
Blood pressure measurement, 568–569

in children, 512
Blood pressure monitoring, ambulatory, 568–569
Blood pressure regulation, cholesterol and, 638
Blood pump(s), for hemodialysis, 845

malfunction of, 888
Blood pump fl ow rate (BPFR), for hemodialysis, 867
Blood sampling, in hemodialysis, 886–888, 887b, 888b
Blood transfusion, exchange, for poisoning, 1076
Blood type, in renal transplantation, 957
Blood urea nitrogen (BUN) concentration, hemodialysis 

and, 60, 880, 880f, 882–883
Blood viscosity, n-3 fatty acids and, 116
Bloodstream infection (BSI), with hemodialysis, 868
BMD (bone mineral density)

after renal transplantation, 1021–1023, 1022b
and renal transplantation, 961

Bohr effect, in metabolic alkalosis, 381
Bone and mineral disease

in chronic kidney disease, 765–771
calciphylaxis as, 770–771
in childhood and adolescence, 524–525
high-turnover, 766
due to hyperparathyroidism, 765–766, 766f
due to hyperphosphatemia, 766–768, 767t
low-turnover, 766
renal osteodystrophy as, 765–766
after renal transplantation, 770
treatment of, 769–770
due to vitamin D defi ciency, 768–769

hypophosphatemic nonrachitic, 549t, 550
Bone loss, due to thiazide diuretics, 594
Bone marrow transplantation–associated thrombotic 

microangiopathy, 302–303, 307t
Bone mineral density (BMD)

after renal transplantation, 1021–1023, 1022b
and renal transplantation, 961

Bone morphogenetic protein, 7
for focal segmental glomerulosclerosis, 230t
for prevention of progressive renal failure, 709

Bone protection, with lupus nephritis, 165b
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Boniva (ibandronate)
for hypercalcemia, 415–416
for posttransplant osteoporosis, 1022

Bortezomib, for multiple myeloma, 267–268
Bosentan

for focal segmental glomerulosclerosis, 230t
in renal failure, 1070t

Bowel irrigation, for poisoning, 1074
BP. See Blood pressure (BP).
BPFR (blood pump fl ow rate), for hemodialysis, 867
BPH (benign prostatic hyperplasia), 471–472
Breast-feeding, and hypernatremic dehydration, 8
Bretylium, in renal failure, 1061t, 1069t
British Hypertension Society, 570–571, 571t, 587–588, 

588f
Bromfenac, in renal failure, 1056t
Bromocriptine, for erectile dysfunction, 787
Bronchodilators, in renal failure, 1055t, 1060t, 1069t
Bronchospasm, �-blockers with, 594
BSI (bloodstream infection), with hemodialysis, 868
B-type natriuretic peptide, 391

for congestive heart failure, 397
Buffers, in peritoneal dialysis fl uids, 917, 916t
Bufl omedil, in renal failure, 1062t, 1070t
Bumetanide

for acute kidney injury, 37t, 38
dosage of, 390t

ceiling, 400–401, 401t
pharmacokinetics of, 391, 392t, 393

BUN (blood urea nitrogen) concentration, hemodialysis 
and, 60, 880, 880f, 882–883

Buprenorphine, for pain management in end-stage renal 
disease, 832t

Bupropion (Wellbutrin, Zyban)
for posttransplant smoking cessation, 1015
in renal failure, 800t, 812

Buspirone (Buspar), in renal failure, 805t, 1055t, 
1064t

Butorphanol, in renal failure, 1063t
BX471, for focal segmental glomerulosclerosis, 230t

C
C3 nephritic factors (C3NeFs), in membranoprolifera-

tive glomerulonephritis, 249, 252, 253f
C3a, dialysis reactions due to, 895, 902
C4d, in kidney transplantation, 978
C5a, dialysis reactions due to, 895, 902
Ca2�. See Calcium.
CABG (coronary artery bypass graft)

acute renal failure due to, 16t–17t
posttransplantation, 1016

CAD (coronary artery disease)
chronic kidney disease and, 715–717, 716t, 778–779
with dialysis, 680–681
renal artery stenosis and, 651t, 654

Calan. See Verapamil.
Calcidiol, in hypercalcemia, 413, 413f
Calcifi cation, vascular, in chronic kidney disease, 768
Calcijex. See Calcitriol.
Calcimimetic agents, for bone disease, 769–770
Calcineurin inhibitors (CIs)

for focal segmental glomerulosclerosis, 227, 231
for glomerular and tubulointerstitial disease, 107
for idiopathic membranous nephropathy, 242t, 

243–244
for minimal change disease, 213, 214t

in children, 213, 214t, 500
posttransplant hypertension due to, 675–677
for renal transplantation, 980t–981t, 983, 987–988

nephrotoxicity of, 1001–1002, 1001t, 1003–1004
optimal dose of, 1004
withdrawal from, 989

Calciphylaxis, 770–771
acral, 419

Calcitonin
for hypercalcemia, 416
for posttransplant osteoporosis, 1023

Calcitriol (Rocaltrol, Calcijex)
for bone disease, 769
in hypercalcemia, 413
for hyperphosphatemia, 420
for hypocalcemia, 417f, 418
after parathyroidectomy, 770
for posttransplant osteoporosis, 1022

Calcium (Ca2�)
in chronic kidney disease, 767t
in hemodialysate fl uid, 852, 853, 899–900
and hypertension, 576, 576t
in peritoneal dialysis fl uids, 916, 916t
serum concentration of, 412

Calcium acetate
for bone disease, 768
for hyperphosphatemia, 420

Calcium carbonate
for bone disease, 768
for hyperphosphatemia, 420
for hypocalcemia, 418
for posttransplant osteoporosis, 1022

Calcium channel blockers (CCBs)
for diabetic nephropathy, 325
with dialysis, 684, 684t
diuretic resistance due to, 400t
in end-stage renal disease, 616, 776 
for hypertension, 610–617

in children, 514t
effi cacy of, 610–612
guidelines for selection of, 621t
pharmacology of, 610, 611t
due to pheochromocytoma, 694
and prevention of cardiovascular morbidity and 

mortality, 612–613, 612t
and prevention of progression of chronic kidney 

disease, 613–615, 615t
due to primary aldosteronism, 692–693
after renal transplantation, 616, 677

for hypertensive urgencies, 628t, 629
and progressive renal failure, 702
for renal artery stenosis, 649–650, 649f,

650f, 653
safety of, 616–617

Calcium chloride
for hyperkalemia, 361
for hypocalcemia, 418

Calcium citrate, for hypocalcemia, 418
Calcium disorder(s), 412–418

during hemodialysis, 903
hypercalcemia as, 412–416, 413f, 414f
hypocalcemia as, 416–418, 416f, 417f

Calcium glubionate (Neo-Calglucon), for hypocalcemia, 
418

Calcium gluceptate, for hypocalcemia, 417–418, 417f
Calcium gluconate

for hyperkalemia, 361–362
for hypocalcemia, 417, 417f
after parathyroidectomy, 770

Calcium homeostasis, 412
abnormalities in, in nephrotic syndrome, 287

Calcium intake
with chronic kidney disease, 742t, 743
with end-stage renal disease in childhood and 

adolescence, 523t, 524
after renal transplantation, 744–745

Calcium oxalate stones
evaluation of, 431, 432f, 433f
prevention of, 431–433
risk factors for, 431b

Calcium phosphate metabolism, in chronic kidney 
disease, 777–778

Calcium phosphate stones
diagnosis of, 430–431
prevention of, 434

Calcium resonium, for hyperkalemia, 364
Calcium salts, for hyperkalemia, 8–9
Calcium supplements, for hypocalcemia, 

417, 417f
Calcium-based phosphate binders, for bone disease, 

767–768
Calculus(i). See also Nephrolithiasis.

renal, 440–441, 441f
staghorn, 434, 441
ureteral, 441–442, 442f

CALM (Candesartan and Lisinopril Microalbuminuria) 
study, 705

Caloric intake
in chronic renal disease, 743
for end-stage renal disease in childhood and 

adolescence, 522, 523t
after renal transplantation, 744

Calyceal diverticula, stones in, 440–441

CAMELOT (Comparison of Amlodipine vs. Enalapril 
to Limit Occurrences of Thrombosis) trial, 
612t, 613

Campath-H1 (alemtuzumab), for renal transplantation, 
980t, 982, 989

Canada/USA (CANUSA) Study, 937, 940
Cancer

renal cell (See Renal cell carcinoma)
after renal transplantation, 1018–1020
thrombotic microangiopathy in, 301

Cancer screening, for renal transplantation
of living kidney donor, 963b, 965
of recipient, 958b, 959–960

Candesartan
high-dose, 607
for hypertension, 570

with dialysis, 687t
pharmacology of, 603, 603t
renal actions of, 604
for renal artery stenosis, 649
in renal failure, 1061t, 1070t

Candesartan and Lisinopril Microalbuminuria (CALM) 
study, 705

Candidal infections
posttransplantation, 1041, 1042t
of urinary tract, 450, 451

Candidiasis, mucocutaneous, glomerulonephritis due 
to, 146

CANUSA (Canada/USA) Study, 937, 940
CAPD. See Continuous ambulatory peritoneal dialysis 

(CAPD)
Capecitabine, in renal failure, 1068t
Capitation payment, 837–838, 838t
CAPRIE (Clopidogrel versus Aspirin in Patient at Risk 

of Ischaemic Events) trial, 1017
Capsaicin, for pruritus in end-stage renal disease, 833t
Captopril

for congenital nephrotic syndrome, 502b
for contrast-induced nephropathy, 43
for diabetic nephropathy, 327, 327f
with dialysis, 686, 686t, 1062t
for focal segmental glomerulosclerosis, 231
for HIV-associated renal disease, 274t
for hypertension in children, 514t
for hypertensive urgencies, 627t, 629
for IgA nephropathy, 181t
pharmacology of, 602, 602t
for prevention of progressive renal failure, 702
in renal failure, 606, 1062t, 1070t
renoprotective effect of, 605, 614, 615t, 702
treatment of, 652, 653f

Carbamazepine (Tegretol)
for diabetes insipidus, 350, 350t
in end-stage renal disease, 806t

for pain management, 833t
hemodialysis for intoxication with, 62t

Carbapenems, in renal failure, 1057t, 1065t
Carbenicillin, in renal failure, 1058t, 1067t
Carbidopa/levodopa (Sinemet)

in renal failure, 808t
for restless legs syndrome, 833t

Carbohydrate(s), in parenteral nutrition, for acute renal 
failure, 88, 88t

Carbohydrate intake
with chronic kidney disease, 742t
and hypertension, 575–576, 576t

Carbohydrate metabolism, in acute renal failure, 83
Carbonic anhydrase inhibitors

dosage of, 390t
mechanism of action of, 389
for metabolic alkalosis, 383–384
pharmacokinetics of, 391
recommended dose ranges for, 390t

Carboplatin, in renal failure, 1068t
Carcinoma

renal cell (See Renal cell carcinoma)
thrombotic microangiopathy in, 301

Cardene. See Nicardipine.
Cardiac abnormalities, in hypocalcemia, 416
Cardiac arrest, in hemodialysis patients, 898
Cardiac inotropes, in renal failure, 1055t, 1062t, 1071t
Cardiac surgery, acute renal failure in

dopamine for, 15–20, 16t–19t
fenoldopam for, 22, 24t–25t

Cardiopulmonary disease, in living kidney donor, 966
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Cardiopulmonary recirculation, in hemodialysis, 881
Cardiovascular agents, in renal failure, 1055t, 

1060t–1062t, 1069t–1071t
Cardiovascular complications

of end-stage renal disease, 773–779
anemia as, 777
blood pressure control for, 774–776, 775t
in childhood and adolescence, 525
coronary artery disease as, 778–779
dialysis for, 778
dyslipidemia as, 776–777
healthy lifestyle for, 773–774
heart failure as, 779
hyperparathyroidism as, 777–778
risk factors for, 773, 774t
sudden death as, 779
treatment goals for, 773, 774t

of hemodialysis, 896–899
Cardiovascular disease (CVD)

with dialysis, 680–681
diet and, 576
hypertension with, diuretics and �-blockers for, 595
posttransplantation, 1009–1018

cerebrovascular disease as, 1016–1017
coronary heart disease as, 1009–1016

diagnosis of, 1011
epidemiology of, 1009
medical and interventional treatment of, 

1015–1016
risk factor management for, 1010–1015, 1010b, 

1012t, 1013t
epidemiology of, 1009
peripheral arterial disease as, 1017–1018

renal artery stenosis and, 650–651, 651t
renal transplantation with, 958b, 959

Cardiovascular effects
of calcium channel blockers, 612–613, 612t
of metabolic alkalosis, 381–382
of respiratory alkalosis, 386

Cardiovascular evaluation of living kidney donor, 962b, 
965, 966

Cardiovascular risk in hypertension, 567, 568, 568t, 635–641
estimate of, 635, 636f
reduction of, 639–640

Cardiovascular risk factor(s)
in chronic kidney disease, 715–717, 716t, 773, 774t
in hypertension, 635–641, 636b

C-reactive protein as, 640–641, 640f
diabetes as, 639
dyslipidemias as, 635–638, 636b, 636f, 637t
emerging, 640–641, 640f, 641f
homocysteine as, 640, 640f
lipoprotein (a) as, 640, 640f
smoking as, 638–639

Cardiovascular (CV) risk reduction
with chronic kidney disease, 716–718, 718b, 719t
for diabetic nephropathy, 325–326
in hypertension, 639–640

Cardiovascular Risk Reduction by Early Anemia Treat-
ment with Epoetin Beta (CREATE), 752, 757, 777

Cardiovascular surgery, acute renal failure in
dopamine for, 15–20, 16t–19t
fenoldopam for, 22, 24t–25t

Cardizem. See Diltiazem.
CARE (Cholesterol and Recurrent Events) trial, 635
Carnitine, in end-stage renal disease

for cramps, 833t
and quality of life, 822t

�-carotene, and infl ammation, 118
Carotid artery disease, posttransplantation, 1016–1017
Carotid endarterectomy, for posttransplant cerebrovas-

cular disease, 1017
Carteolol, in renal failure, 1070t
Cartia. See Diltiazem.
Carumonam, in renal failure, 1058t, 1066t
Carvedilol

with dialysis, 685, 685t, 686, 1061t
for hypertension, 593, 597t
for renal artery stenosis, 653

CAS (coronary artery stenting) posttransplantation, 1016
Case-mix adjustment, 838
Caspofungin, for posttransplant infections, 1042t
Cast nephropathy, 265–268

clinical features of, 265
diagnosis of, 258t, 265

Cast nephropathy  (Continued)
histology of, 265
pathophysiology of, 265, 461, 462
treatment of, 265–266, 266t, 462t, 464–465

Catastrophe, tracking of dialysis units during, 1086
Cathartics, for poisoning, 1074
Catheter(s)

for hemodialysis
acute, 61–63, 859–860
maintenance, 861, 867–868

for peritoneal dialysis, 914–915, 914f
malfunction of, 930–931, 930f

CATIE (Clinical Antipsychotic Trials of Intervention 
Effectiveness), 813

Cation-exchange resins, for hyperkalemia, 363–364
Caverject (alprostadil), for erectile dysfunction, 788
CAVH (continuous arteriovenous hemofi ltration), 73
CAVHD (continuous arteriovenous hemodialysis), 73
CAVHDF (continuous arteriovenous hemodiafi ltra-

tion), 73
CCBs. See Calcium channel blockers.
CCD (cortical collecting duct)

potassium concentration in, 354–355, 354f
in renal control of K� excretion, 354–355, 354f

CCPD (continuous cycling peritoneal dialysis), 917, 920
CD2AP gene, 223, 224t
CDC (complement-dependent cytotoxicity) assay, 

978–979
CDK (cyclin-dependent kinase) inhibitors, for focal 

segmental glomerulosclerosis, 230t
Cefaclor, in renal failure, 1057t, 1065t
Cefadroxil, in renal failure, 1052, 1057t, 1065t
Cefamandole, in renal failure, 1057t, 1065t
Cefazolin, in renal failure, 1054t, 1057t, 1065t
Cefdinir, in renal failure, 1057t, 1065t
Cefepime, in renal failure, 1057t, 1065t
Cefetamet, in renal failure, 1065t
Cefi xime, in renal failure, 1057t, 1065t
Cefmenoxime, in renal failure, 1057t, 1065t
Cefmetazole, in renal failure, 1057t, 1065t
Cefodizime, in renal failure, 1057t, 1065t
Cefonicid, in renal failure, 1057t, 1066t
Cefoperazone, in renal failure, 1057t
Ceforanide, in renal failure, 1057t, 1066t
Cefotaxime, in renal failure, 1057t, 1066t
Cefotetan, in renal failure, 1057t, 1066t
Cefotiam, in renal failure, 1057t, 1066t
Cefoxitin, in renal failure, 1054t, 1057t, 1066t
Cefpirome, in renal failure, 1057t, 1066t
Cefpodoxime, in renal failure, 1057t, 1066t
Cefprozil, in renal failure, 1057t, 1066t
Cefroxadine, in renal failure, 1057t, 1066t
Cefsulodin, in renal failure, 1057t, 1066t
Ceftazidime

for peritonitis, 928f
in renal failure, 1057t, 1066t

Ceftibuten, in renal failure, 1057t, 1066t
Ceftizoxime, in renal failure, 1057t, 1066t
Ceftriaxone, in renal failure, 1057t
Cefuroxime, in renal failure, 1058t, 1066t
Celexa (citalopram), in renal failure, 798t, 812, 1063t
Celiprolol, in renal failure, 1070t
Cell activation, n-3 fatty acids and, 116
Cell necrosis, in acute kidney injury, 94
CellCept. See Mycophenolate mofetil.
Cell-mediated immunity, 105, 976–977
Cellular alloimmunity, 977
Cellular immunity, 105, 976–977
Central diabetes insipidus, 349–350, 350t
Central tolerance, 105
Central venous catheters (CVCs), for hemodialysis 

vascular access, 861, 867–868
blood sampling with, 887b

Centrally acting �2-stimulants, in renal failure, 1062t
Centrally acting drugs

for hypertension, with dialysis, 687, 687t
for renal artery stenosis, 653

Centrifugation, for plasmapheresis, 126, 127f
CEPD (continuous exchange/equilibrium peritoneal 

dialysis), 68
Cephacetrile, in renal failure, 1058t, 1066t
Cephalexin, in renal failure, 1058t, 1066t
Cephalosporins, in renal failure, 1054t, 1057t–1058t, 

1065t–1066t
Cephalothin, in renal failure, 1058t, 1066t

Cephaprin, in renal failure, 1058t, 1066t
Cephradine, in renal failure, 1066t
CERA (continuous erythropoietin receptor activator), 

for anemia in chronic kidney disease, 751, 751t
Cerebral adaptation, to hypotonicity, 338
Cerebral edema, due to hyponatremia, 338–339, 339b
Cerebral response, to hypernatremia, 347
Cerebrovascular accident (CVA)

hypertension due to, 630, 630f, 631t, 632t
due to renal artery stenosis, 651t

Cerebrovascular disease
posttransplantation, 1016–1017
renal transplantation with, 959

Cerivastatin, in renal failure, 1071t
Certican (everolimus), for renal transplantation, 981t, 

984–985
Cetamolol, in renal failure, 1070t
Cetirizine, in renal failure, 1056t, 1064t
CETP (cholesteryl ester transfer protein) inhibitors, for 

cardiovascular risk reduction in hypertension, 638
CFB (complement factor B), in thrombotic microangi-

opathy, 304, 307t
CFH (complement factor H)

in hemolytic-uremic syndrome, 510
in membranoproliferative glomerulonephritis, 249, 

252
in thrombotic microangiopathy, 298, 299f, 303, 304, 

307t, 308
CFI (complement factor I)

in hemolytic-uremic syndrome, 510
in thrombotic microangiopathy, 299f, 303, 304, 

307t, 308
CG (collapsing glomerulopathy), 221t, 223, 225, 234
Charcoal, for poisoning, 1074, 1076
CHARISMA (Clopidogrel for High Atheroembolic 

Risk and Ischemia Stabilization, Management and 
Avoidance) study, 1015

CHD. See Coronary heart disease (CHD).
Chelation

for cystine stones, 470
for poisoning, 1076–1079

Chemotherapy
for multiple myeloma, 266t, 267–268
in renal failure, 1060t, 1068t
thrombotic microangiopathy due to, 301–302

CHF. See Congestive heart failure (CHF).
Chickenfoot, 1084
Children

Alport’s syndrome in, 504
anti-GBM antibody disease in, 201
end-stage renal disease in, 522–531

anemia due to, 525
cardiovascular disease due to, 525
dialysis for, 526–528
endocrine disorders due to, 523–524
growth retardation due to, 523–524
hypertension due to, 525
mortality due to, 526
neurodevelopmental outcome for, 525–526
nutrition for, 522–523, 523t
primary diagnoses for, 522, 523t
psychosocial adjustment for, 526
quality of life for, 526
renal osteodystrophy due to, 524–525
renal transplantation for, 528–531, 529b, 529t, 972

focal segmental glomerulosclerosis in, 500–501
glomerulonephritis in, 505–508

membranoproliferative, 508
postinfectious, 507–508

hematuria in, 503–505, 503b
benign familial, 504

hemolytic uremic syndrome in, 509–511
Henoch-Schönlein purpura in, 505–506
hypertension in, 511–513

causes of, 512, 512t
defi ned, 511–512
diagnosis of, 513
epidemiology of, 511–512
obesity and, 512–513
risk factors for, 512–513, 512b
screening for, 512–513, 512b
therapy for, 513, 514t, 515t

hyponatremia in, 339
idiopathic hypercalciuria in, 504–505
IgA nephropathy in, 506–507

Index–1093-1132-X5484.indd 1099Index–1093-1132-X5484.indd   1099 6/18/08 3:35:31 PM6/18/08   3:35:31 PM



1100 Index

Children (Continued)
minimal change disease in, 499–500, 499t

clinical presentation of, 499, 499t
treatment of, 499–500

alkylating agents for, 210, 211t–212t, 499–500
azathioprine for, 215, 500
calcineurin inhibitors for, 213, 214t, 500
glucocorticoids for, 207, 208t, 499
levamisole for, 215, 500
mycophenolate mofetil for, 213–215, 500
specifi c recommendations on, 215, 216f

nephrotic syndrome in, 498–503, 499t, 502b
congenital, 501–503, 502b

obstructive uropathy in, 474
proteinuria in, 497–498, 498b
urinary tract infections in, 513–515
vesicoureteral refl ux in, 515–516

Chloral hydrate, in renal failure, 1055t
Chlorambucil

for focal segmental glomerulosclerosis, 227
for glomerular and tubulointerstitial disease, 107
for idiopathic membranous nephropathy, 241–242, 

242t, 243b, 244, 244b, 245
for minimal change disease, 210, 213, 217

in children, 210, 211t, 499–500
for Waldenström’s macroglobulinemia, 466

Chloramines, in dialysate fl uid, 853, 901
Chloramphenicol, in renal failure, 1066t
Chloride (Cl�)

in peritoneal dialysis fl uids, 916t
reabsorption of

faster, 355
slower, 355

urinary, in metabolic alkalosis, 382, 383t
Chloride (Cl�) shunt syndrome, 553

hyperkalemia due to, 365
Chloroquine, in renal failure, 1059t, 1068t
Chlorothiazide

for acute kidney injury, 38
in combination, 402, 402b, 403
dosage of, 390t
pharmacokinetics of, 392t

Chlorpromazine (Thorazine), in end-stage renal disease, 
802t, 813

Chlorpropamide
for diabetes insipidus, 350, 350t
in renal failure, 1072t

Chlorthalidone
dosage of, 390t
pharmacokinetics of, 392t
for prevention of nephrolithiasis, 432, 432b
renal protective effects of, 615t

CHOICE study, 941
CHOIR (Correction of Hemoglobin and Outcomes in 

Renal Insuffi ciency), 752, 757, 777
Cholecalciferol, for hypocalcemia, 418
Cholecalcitriol, in calcium homeostasis, 412
Cholesterol

and blood pressure regulation, 638
as cardiovascular risk factor

in chronic kidney disease, 715–720, 716t, 775t
in hypertension, 635–638, 636b, 636f, 637t

non-HDL, 720
with renal artery stenosis, 654, 656

Cholesterol absorption inhibitor, for lipid management, 
719t

Cholesterol and Recurrent Events (CARE) trial, 635
Cholesterol management, with chronic kidney disease, 

715–722
and atherogenic dyslipidemia, 715, 717b, 718–720
and diabetic nephropathy, 720–721
high risk conditions for, 716–717, 718b
after kidney transplant, 722
low-density lipoprotein–lowering therapies for, 718, 

719t
and metabolic syndrome, 716, 717b, 720, 720t
not requiring dialysis, 721–722
and primary nephrotic syndrome, 720, 721f
requiring dialysis, 722
risk assessment for, 716, 716b, 717b
target of therapy for, 715, 716t
therapeutic lifestyle changes for, 716t, 718, 718b

Cholesteryl ester transfer protein (CETP) inhibitors, 
for cardiovascular risk reduction in hyperten-
sion, 638

Cholestyramine
for lipid management, 719t
for nephrotic syndrome, 286

Cholinergics, in renal failure, 1056t, 1064t
CHP (continuous hemoperfusion), 75f
Chronic allograft nephropathy, 1000–1003, 1001t, 1002b
Chronic kidney disease (CKD). See also Dialysis; 

End-stage renal disease (ESRD); Uremia.
acidosis due to, 374
anemia in, 749–753, 756–762, 777

due to bleeding, 759–762, 761b
characteristics of, 756
defi ning, 749–750
epidemiology of, 756
evaluation of, 750–751, 750f, 757b, 767
impact of, 750
pathophysiology of, 749
sleep disorders with, 792
treatment of, 751–753, 756–762

erythopoiesis-stimulating agents for, 751–752, 
751t, 753, 757–758, 761b

iron for, 752–753, 753f, 753t, 758–759
antioxidant therapy for, 731–734, 732t, 733t
bleeding in, 9, 759–761, 760t, 761b, 762t
blood pressure control for, 774–776, 775t
bone and mineral disease in, 765–771

calciphylaxis as, 770–771
in childhood and adolescence, 524–525
high-turnover, 766
due to hyperparathyroidism, 765–766, 766f, 

777–778
due to hyperphosphatemia, 766–768, 767t
low-turnover, 766
renal osteodystrophy as, 765–766
after renal transplantation, 770
treatment of, 769–770
due to vitamin D defi ciency, 768–769

cardiovascular complications of, 773–779
anemia as, 777
blood pressure control for, 774–776, 775t
coronary artery disease as, 778–779
dialysis for, 778
dyslipidemia as, 776–777
healthy lifestyle for, 773–774
heart failure as, 779
hyperparathyroidism as, 777–778
risk factors for, 773, 774t
sudden death as, 779
treatment goals for, 773, 774t

cardiovascular risk factors in, 715–717, 716t, 773, 774t
cholesterol management with, 715–722, 776–777

and atherogenic dyslipidemia, 715, 717b, 718–720
and diabetic nephropathy, 720–721
high-risk conditions for, 716–717, 718b
after kidney transplant, 722
low-density lipoprotein–lowering therapies for, 

718, 719t
and metabolic syndrome, 716, 717b, 720, 720t
not requiring dialysis, 721–722
and primary nephrotic syndrome, 720, 721f
requiring dialysis, 722
risk assessment for, 716, 716b, 717b
target of therapy for, 715, 716t
therapeutic lifestyle changes for, 716t, 718, 718b

in diabetic nephropathy, 329
dialysis for, 61, 778
epidemiology of, 699
erectile dysfunction in, 783–789

due to anemia and diminished oxygen delivery, 
785–786

causes of, 783–786, 784b
due to endocrine abnormalities, 784, 784b
evaluation of, 786, 786b
improvement after renal transplantation of, 788–789
incidence of, 783
medication-induced, 785, 786b
due to neurogenic alterations, 784, 784b, 785f
due to physiologic alterations, 783–785, 784b
treatment of, 786–788, 787b
due to vascular compromise, 784b, 785

hyperhomocysteinemia in, 725–728, 726f–728f
hyperparathyroidism in, 765–770, 766f, 777–778
hyperphosphatemia in, 766–768, 767t, 778
hypertension with, diuretics and �-blockers for, 

595–596

Chronic kidney disease (CKD) (Continued)
iron defi ciency in, 752–753, 753f, 753t, 758–759
lifestyle modifi cations for, 773–774, 775t
malnutrition in, 736–737, 737f
nutritional assessment in, 737–739, 738b
nutritional therapy for, 739–744

bicarbonates in, 743
calcium in, 742t, 743
carbohydrates in, 742t
energy requirements in, 742t, 743
fat in, 742t
phosphorus in, 742t, 743
potassium in, 742t
protein restriction in, 739–742, 740t, 742t
recommended nutrient intake in, 742t
sodium in, 742t, 743
trace elements and vitamins in, 743–744
water in, 742t

progressive
mechanisms underlying, 699–700, 700f
prevention of, 699–710, 700f

ACE inhibitors and angiotensin receptor 
blockers for, 700f, 702–706, 703t, 706f

antihypertensive therapy in, 700–702, 700f
calcium channel blockers for, 613–615, 615t
control of hyperglycemia for, 708
dietary interventions for, 699, 700f, 707
future therapies for, 708–709
lipid lowering for, 700f, 707–708
monitoring for, 708
pharmacologic inhibition of renin-angiotensin 

system in, 702–706, 703t, 706f
proteinuria as therapeutic target in, 699, 700f, 

706–709
smoking cessation for, 700f, 708
strategy for maximal renoprotection in, 709–710, 

709t
due to renal artery stenosis, 647, 651t, 653–654
renal osteodystrophy in, 765–766
sleep disorders in, 791–793
thrombotic complications of, 761–762
vascular calcifi cation in, 768
vitamin D defi ciency in, 768–770, 778

Chronic kidney insuffi ciency, diuretics for, 395
Chronic obstructive pulmonary disease (COPD), 

�-blockers with, 594
Chronic renal failure. See Chronic kidney disease 

(CKD).
Churg-Strauss syndrome, 187
Chyloperitoneum, due to peritoneal dialysis, 933
Chymase, 604–605
CI(s). See Calcineurin inhibitors (CIs).
Cialis (tadalafi l)

for erectile dysfunction, 787–788
in renal failure, 1071t

Cibenzoline, in renal failure, 1061t, 1069t
Cidofovir

for polyomavirus nephropathy, 1000, 1041
for posttransplant adenovirus, 1039
for posttransplant cytomegalovirus, 1037
in renal failure, 1060t, 1069t

Cigarette smoking
in end-stage renal disease, 773–774
and hypertension, 636b, 636f, 638–639
and posttransplant cardiovascular complications, 

1014–1015
and progressive renal failure, 708
with renal artery stenosis, 654

Cilazapril
in renal failure, 1062t, 1070t
renal protective effects of, 614, 615t

Cimetidine, in renal failure, 1056t, 1064t
CIN. See Contrast-induced nephropathy (CIN).
Cinacalcet hydrochloride (Sensipar)

for calciphylaxis, 771
for hyperparathyroidism, 769–770

posttransplantation, 1023
for hyperphosphatemia, 420

Cinoxacin, in renal failure, 1067t
Ciprofi brate, in renal failure, 1071t
Ciprofl oxacin

for exit-site infections, 929
for peritonitis, 928f
in renal failure, 1059t, 1067t
for UTI, 450, 451
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Circulatory support, for edema, 403–404
Cirrhosis

diuretics for, 397–398
and hyponatremia, 346–347

Cisapride, in renal failure, 1056t
Citalopram (Celexa), in renal failure, 798t, 812, 1063t
Citrate

with hemodialysis, 63, 65t
with plasmapheresis, 127
for prevention of stone formation, 470
urinary, 433, 433f

CKD. See Chronic kidney disease (CKD).
Cl. See Clearance (Cl).
Cl�. See Chloride.
Clarithromycin

for posttransplant peptic ulcer disease, 1021
in renal failure, 1066t

ClCNKB, in Bartter syndrome, 552
Clean intermittent catheterization, 473
Clearance (Cl)

diffusive vs. convective, 877
and dose adjustment, 1050
equivalent continuous, 884
half-life and, 1051
residual native kidney, 883, 883t

Clemastine, for pruritus in end-stage renal disease, 
833t

Clindamycin, in renal failure, 1058t
Clinical Antipsychotic Trials of Intervention Effective-

ness (CATIE), 813
Clinical research, computer and, 1085
CLKT (combined liver-kidney transplantation), for 

hepatorenal syndrome, 49
Clodronate, for hypercalcemia, 415
Clofi brate

for diabetes insipidus, 350, 350t
for lipid management, 719t
in renal failure, 1062t, 1071t

Clomiphene citrate, for erectile dysfunction, 786
Clomipramine (Anafranil), in renal failure, 799t
Clonazepam (Klonopin)

in renal failure, 805t
for restless legs syndrome, 833t

Clonidine
with dialysis, 687, 687t, 1062t
for hypertension in children, 514t
for hypertensive urgencies, 628t, 629
for renal artery stenosis, 653
in renal failure, 1070t

Clopidogrel
posttransplantation

for coronary heart disease, 1015–1016
for peripheral arterial disease, 1017

for vascular access thrombosis, 762
Clopidogrel for High Atheroembolic Risk and Ischemia 

Stabilization, Management and Avoidance 
(CHARISMA) study, 1015

Clopidogrel for Reduction of Events During 
Observation (CREDO) study, 1016

Clopidogrel versus Aspirin in Patient at Risk of 
Ischaemic Events (CAPRIE) trial, 1017

Clorazepate (Tranxene), in renal failure, 805t
Cloxacillin, in renal failure, 1058t
Clozapine (Clozaril), in end-stage renal disease, 803t, 

813
CMV (cytomegalovirus), posttransplantation, 

1035–1037
CNF (Finnish-type congenital nephrotic syndrome), 

502
Cobalamin metabolism inborn abnormal, thrombotic 

microangiopathy with, 305, 307t
Cocoa consumption and hypertension, 576t, 577
Codeine

for pain management in end-stage renal disease, 832t
in renal failure, 1054t, 1063t

Coeffi cient of diffusion, 877
Coffee consumption, and hypertension, 576t, 577
Cognitive impairment, drugs for, in renal failure, 1071t
COL4A4 gene, 504
COL4A5 gene, 504
Colchicine

for AA amyloidosis, 263
for familial Mediterranean fever, 553–554, 554t
for posttransplant gout, 1024, 1025b
in renal failure, 1072t

Colesevelam, for lipid management, 719t
Colestipol

for lipid management, 719t
for nephrotic syndrome, 286

Colic, renal, 430
Colistin, in renal failure, 1059t, 1067t
Collagen vascular diseases, in pregnancy, 489
Collapsing glomerulopathy (CG), 221t, 223, 225, 234
Collecting duct diuretics, 389–391. See also Potassium 

(K�)-sparing diuretics.
in combination, 402b

Colloid fl uids, for volume replacement, 5–6
Colloidal bismuth subcitrate, in renal failure, 1068t
Colon perforation, posttransplantation, 1021
Colonoscopy, posttransplantation, 1021
Combined liver-kidney transplantation (CLKT), for 

hepatorenal syndrome, 49
Comorbidities, hemodialysis vascular access with, 862
Comparison of Amlodipine vs. Enalapril to Limit 

Occurrences of Thrombosis (CAMELOT) trial, 
612t, 613

Complement cascade, in membranoproliferative 
glomerulonephritis, 249, 250f, 252–253, 253f

Complement factor B (CFB), in thrombotic 
microangiopathy, 304, 307t

Complement factor H (CFH)
in hemolytic-uremic syndrome, 510
in membranoproliferative glomerulonephritis, 249, 252
in thrombotic microangiopathy, 298, 299f, 303, 304, 

307t, 308
Complement factor I (CFI)

in hemolytic-uremic syndrome, 510
in thrombotic microangiopathy, 299f, 303, 304, 307t, 

308
Complement fragments, dialysis reactions due to, 895, 902
Complement regulatory proteins, defective activity of

genetic, 303–304, 307t
immune-mediated, 298, 307t

Complement system activation, in dialysis, 901–902
Complementary and alternative medicine, for hyperten-

sion, 578
Complement-dependent cytotoxicity (CDC) assay, 

978–979
Computer(s), 1083–1087

basics of, 1083
for clinical research, 1085
for creating presentations, 1084
for offi ce system, 1084–1085
for patient list management, 1084
for practice analysis, 1085
security with, 1085, 1087
spreadsheets on, 1084

Congenital defects, thrombotic microangiopathy with, 
295t, 303–305

future directions for, 309
recommendations for, 307t
screening for, 299f, 308

Congenital nephrotic syndrome, 501–503, 502b
Congestive heart failure (CHF)

with dialysis, 680–681, 779
diuretics for, 396–397, 398, 404
hypertension with, 631, 631t
and hyponatremia, 346–347
due to renal artery stenosis, 651t
ultrafi ltration for, 61

Conivaptan
dosage of, 390t
for hyponatremia, 346, 346t
mechanism of action of, 391

Conjugated estrogens, for uremic bleeding, 760t, 761, 
762t

Consent, informed, for dialysis, 948, 949b
Constriction bands, for erectile dysfunction, 788
Continuous ambulatory peritoneal dialysis (CAPD), 920

algorithm for management of clearances in, 942f, 943
catheter replacement in, 915
complications of, 927, 932, 933–934
demographics of, 913
drug dosing with, 1052, 1055t–1063t
icodextrin in, 917
patient compliance with, 940
peritoneal transport status in, 939
prescription for, 921, 939
small solute clearance in, 935, 936f, 937–938
volume status in, 939–940

Continuous arteriovenous hemodiafi ltration 
(CAVHDF), 73

Continuous arteriovenous hemodialysis (CAVHD), 73
Continuous arteriovenous hemofi ltration (CAVH), 73
Continuous cycling peritoneal dialysis (CCPD), 917, 920
Continuous erythropoietin receptor activator (CERA), 

for anemia in chronic kidney disease, 751, 751t
Continuous exchange/equilibrium peritoneal dialysis 

(CEPD), 68
Continuous hemoperfusion (CHP), 75f
Continuous plasma fi ltration coupled with adsorption 

(CPFA), 75f, 77
Continuous plasma fi ltration–plasma exchange 

(CPF-PE), 75, 75f
Continuous positive airway pressure (CPAP), for 

obstructive sleep apnea, 793
Continuous renal replacement therapy (CRRT), 73–79

clinical aspects of, 76–78
evolution of, 73–75, 74f, 75f
vs. intermittent hemodialysis, 59, 76–78
metabolic impact of, 84, 84b

Continuous ultrafi ltration, slow, 75f
Continuous venovenous hemodiafi ltration (CVVHDF), 

75f
Continuous venovenous hemodialysis (CVVHD), 75f
Continuous venovenous hemofi ltration (CVVH), 

73–74, 75f, 76
Continuous venovenous high-fl ux dialysis (CVVHFD), 

75f
Continuous-fl ow centrifugation, for plasmapheresis, 126
Continuous-fl ow peritoneal dialysis, 68
Contraception, after hypertension in pregnancy, 485
Contrast media

classifi cation of, 43
considerations related to, 43–44
nephrotoxicity of, 43–44

Contrast-induced nephropathy (CIN), 41–44
concomitant medications with, 44
epidemiology of, 41
prevention of, 42–43, 42t

ascorbic acid for, 43
bicarbonate for, 42, 42t
captopril for, 43
dopamine for, 20, 43
fenoldopam for, 23, 24t–25t
fl uid administration for, 42, 42t
forced diuresis for, 43
N-acetylcysteine for, 42–43, 42t
pathogenetic basis for, 41
renal replacement therapy for, 43
theophylline for, 42t, 43
vasodilation for, 43

risk of
assessment of, 41–42
minimization of, 44, 44f

Controlled Onset Verapamil Investigation of Cardiovas-
cular Endpoints (CONVINCE) trial, 612–613, 612t

Convective clearance, 877
Cool-dialysate dialysis, 897
COOPERATE study, 705
COPD (chronic obstructive pulmonary disease), 

�-blockers with, 594
Coronary angiography, acute renal failure due to, dopa-

mine for, 18t–19t
Coronary artery bypass graft (CABG)

acute renal failure due to, 16t–17t
posttransplantation, 1016

Coronary artery disease (CAD)
chronic kidney disease and, 715–717, 716t, 778–779
with dialysis, 680–681
renal artery stenosis and, 651t, 654

Coronary artery stenting (CAS), posttransplantation, 
1016

Coronary Drug Project, 638
Coronary heart disease (CHD)

diet and, 576
posttransplantation, 1009–1016

diagnosis of, 1011
epidemiology of, 1009
medical and interventional treatment of, 

1015–1016
risk factor management for, 1010–1015, 1010b, 

1012t, 1013t
Coronary insuffi ciency, hypertension with, 631, 631t
Coronary ischemia, hypertension with, 631, 631t
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Correction of Hemoglobin and Outcomes in Renal 
Insuffi ciency (CHOIR), 752, 757, 777

Cortical collecting duct (CCD)
potassium concentration in, 354–355, 354f
in renal control of K� excretion, 354–355, 354f

Corticosteroids
for acute interstitial nephritis, 314–315, 317, 317f, 

318t
for anti-GBM antibody disease, 200
for focal segmental glomerulosclerosis, 226, 

228t–229t, 231, 231f
in children, 501

for HBV-associated renal disease, 275
for idiopathic membranous nephropathy, 241, 242t, 

243, 243b, 244, 244b, 245
for IgA nephropathy, 174–175, 176t, 507
for lupus nephritis, 158–161, 159b, 164b, 166b, 167b
for membranoproliferative glomerulonephritis, 251

in children, 508
HCV-associated, 154, 154t

for minimal change disease, 207–210, 208t, 209t, 215, 
216, 217

in renal failure, 1063t
for renal transplantation, 979f, 981t, 985

osteoporosis due to, 1021–1022, 1022b
withdrawal from, 989

Corticotropin, for idiopathic membranous nephropathy, 
243b

Cortisol, hypertension due to decreased metabolism 
of, 693

Cost(s), of end-stage renal disease, 836–841
for hemodialysis, 837–838, 838t, 839t
Medicare spending in, 836, 837, 837f
methodologies for evaluating, 836–837, 837t
for peritoneal dialysis, 839
for transplantation, 839–840, 840t, 841t
for vascular access, 838–839

Cost-benefi t analysis, 836
Cost-effectiveness analysis, 836, 837t
Cost-identifi cation analysis, 836–837
Cost-minimization analysis, 836
Cotrimoxazole, for systemic vasculitis, 189, 192, 193t, 

194t
Covera. See Verapamil.
Coxiella burnetii, glomerulonephritis due to, 146
CP-690,550, for renal transplantation, 987
CPAP (continuous positive airway pressure), for 

obstructive sleep apnea, 793
CPFA (continuous plasma fi ltration coupled with 

adsorption), 75f, 77
CPF-PE (continuous plasma fi ltration–plasma ex-

change), 75, 75f
Cramps

in end-stage renal disease, 833t
due to hemodialysis, 899–900

CrC (creatinine clearance)
in peritoneal dialysis, 935, 936b, 936f, 937, 937t
in pregnancy, 487t

C-reactive protein (CRP)
in hypertension, 119

as cardiovascular risk factor, 640–641, 640f
in obesity, 118

CREATE (Cardiovascular Risk Reduction by Early 
Anemia Treatment with Epoetin Beta), 752, 757, 777

Creatinine
and anemia, 749
in pregnancy, 488, 489

Creatinine clearance (CrC)
in peritoneal dialysis, 935, 936b, 936f, 937, 937t
in pregnancy, 487t

CREDO (Clopidogrel for Reduction of Events During 
Observation) study, 1016

Crescentic glomerulonephritis, due to systemic vasculi-
tis. See Systemic vasculitis.

Crescentic nephritis
in Henoch-Schönlein purpura, 182–183
in IgA nephropathy, 174

Critical illness, acute renal failure due to, 23, 26t–27t
Crossmatching, 978–979
CRP (C-reactive protein)

in hypertension, 119
as cardiovascular risk factor, 640–641, 640f

in obesity, 118
CRRT. See Continuous renal replacement therapy 

(CRRT).

Cruzan v Director, 950–951
Cryofi ltration, for HCV-associated membranoprolifera-

tive glomerulonephritis, 154
Cryoglobulinemia, 151–155

clinical features, pathology, and pathophysiology of, 
151–152

defi ned, 151
mixed, 151–154
plasmapheresis for, 131–132
treatment of, 152–155, 153t, 154t

Cryoprecipitate, for uremic bleeding, 760–761, 760t, 
762t

Cryptococcus neoformans, posttransplant infections with, 
1041, 1042t

Crystalloid fl uids, for volume replacement, 5
CsA. See Cyclosporine.
CTL(s) (cytotoxic T lymphocytes), 977, 978
CTLA4 (cytotoxic T-lymphocyte antigen 4), for renal 

transplantation, 979f
Culture-negative peritonitis, 926, 927f
Cushing’s phenomena, hypertension due to, 693
CV. See Cardiovascular (CV).
CVA (cerebrovascular accident)

hypertension due to, 630, 630f, 631t, 632t
due to renal artery stenosis, 651t

CVCs (central venous catheters), for hemodialysis 
vascular access, 861, 867–868

blood sampling with, 887b
CVD. See Cardiovascular disease (CVD).
CVVH (continuous venovenous hemofi ltration), 73–74, 

75f, 76
CVVHD (continuous venovenous hemodialysis), 75f
CVVHDF (continuous venovenous hemodiafi ltration), 

75f
CVVHFD (continuous venovenous high-fl ux dialysis), 

75f
CY. See Cyclophosphamide.
Cyanide toxicity, due to sodium nitroprusside, 626
Cyclers, for peritoneal dialysis, 920
Cyclic antidepressants, hemodialysis for intoxication 

with, 62t
Cyclic edema, diuretic resistance due to, 400t
Cyclin-dependent kinase (CDK) inhibitors, for focal 

segmental glomerulosclerosis, 230t
Cyclopenthiazide, dosage of, 390t
Cyclophosphamide (CY, Cytoxan)

for acute interstitial nephritis, 316, 317, 317f, 318t
for anti-GBM antibody disease, 199, 199t, 200, 201t, 

202
for focal segmental glomerulosclerosis, 227, 231f, 

232, 233t
in children, 501

for glomerular and tubulointerstitial disease, 
106–107

for Henoch-Schönlein purpura, 506
for idiopathic membranous nephropathy, 241, 

242–243, 242t, 243b, 244–245, 244b
for IgA nephropathy, 175, 177t
for lupus nephritis, 159b, 160b, 161, 163, 164b–167b
for membranoproliferative glomerulonephritis, 251

HCV-associated, 154, 154t
for minimal change disease, 210–213, 212t, 216, 217

in children, 210, 211t, 499–500
in renal failure, 1060t
for systemic vasculitis

in induction therapy, 189, 190
in maintenance therapy, 190, 191t
specifi c recommendation on, 192, 193
after transplantation, 193t, 194t

Cyclosporine (Cyclosporin A, CsA, Sandimmune, 
Neoral, Gengraft)

for acute interstitial nephritis, 317, 318t
drug interactions with, 985, 986b, 1035t
for Fabry’s disease, 555
for focal segmental glomerulosclerosis, 227, 231, 

231f, 233
for glomerular and tubulointerstitial disease, 107
hyperkalemia induced by, 365
for idiopathic membranous nephropathy, 242t, 243, 

243b, 244b, 245
for IgA nephropathy, 175, 177t
for lupus nephritis, 164b, 167b
for minimal change disease, 213, 214t, 217

in children, 213, 214t, 500
in renal failure, 1063t

Cyclosporine (Continued)
for renal transplantation, 979f, 980t, 983, 987–988

gout due to, 1024
hypertension due to, 675–677
nephrotoxicity of, 1002, 1003
optimal dose of, 1004
withdrawal from, 989

for systemic vasculitis, 190, 191
Cymbalta (duloxetine), in renal failure, 801t, 812
Cyst, renal, 456
Cyst hemorrhage, in autosomal dominant polycystic 

kidney disease, 542, 543t
Cyst infection, in autosomal dominant polycystic kidney 

disease, 543t
Cysteamine bitartrate (Cystagon), for infantile nephro-

pathic cystinosis, 551
Cystine stones

prevention of, 434
treatment of, 470

Cystinosis, 551
infantile nephropathic, 551

Cystinuria, 470, 547–548
Cystitis, 447, 449, 450–451

in children, 515
Cystography, for renal transplantation evaluation, 970
Cystoscopic stone removal, 430
Cystoscopy, for renal transplantation evaluation, 970
Cytokine(s)

in hypertension, 119
in obesity, 118

Cytokine production, n-3 fatty acids and, 116
Cytokine therapies, for renal cell carcinoma, 458
Cytomegalovirus (CMV), posttransplantation, 

1035–1037
Cytotoxic agents

for focal segmental glomerulosclerosis, 227
for idiopathic membranous nephropathy, 

241, 242t
for membranoproliferative glomerulonephritis, 251

Cytotoxic T lymphocytes (CTLs), 977, 978
Cytotoxic T-lymphocyte antigen 4 (CTLA4), for renal 

transplantation, 979f
Cytoxan. See Cyclophosphamide.

D
Daclizumab (Zenapax), for renal transplantation, 980t, 

983
Dalfopristin, in renal failure, 1059t
Dalteparin, with hemodialysis, 64t
Darbepoetin alfa, for anemia

in childhood and adolescence, 525
in chronic kidney disease, 751, 751t, 757, 758

Darusentan, for focal segmental glomerulosclerosis, 230t
DASH diet. See Dietary Approaches to Stop Hyperten-

sion (DASH) diet.
DCT diuretics. See Distal convoluted tubule (DCT) 

diuretics.
DDD. See Dense deposit disease.
DDS (dialysis disequilibrium syndrome), 60, 66, 899
Death and dying

principles of good, 834, 834b
symptoms of, 834, 835t

Decorin, for focal segmental glomerulosclerosis, 230t
Deferoxamine, dialysis reactions due to, 896
DEHP [di(2-ethylhexyl)phthalate], dialysis reactions 

due to, 895
Dehydration

assessment of, 4–5, 7, 7f
classifi cation of, 6
compensated, 6
with electrolyte disturbances, 8–9
volume replacement for, 4–8

Deionizers, for hemodialysis, 846f
Delapril, in renal failure, 1070t
Delayed graft function (DGF), 994–996, 995f
Delayed puberty, due to end-stage renal disease, 524
Delirium, in end-stage renal disease, 797b, 810
Delivered dose, 879
Demeclocycline hydrochloride, for hyponatremia, 345
Dementia, in end-stage renal disease, 810
Dense deposit disease (DDD), 249

pathogenesis of, 249–250, 250f
treatment of

corticosteroids for, 251
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Dense deposit disease (DDD) (Continued)
indications for, 251
kidney transplantation for, 252
targets in complement cascade for, 252–253

useful links on, 254
Dental abscess, glomerulonephritis due to, 142t
Denys-Drash syndrome, 502
11-Deoxycorticosterone, hypertension due to excess 

production of, 691
Deoxyspergualin, for systemic vasculitis, 191
Depakene (valproic acid), in renal failure, 802t, 1056t
Depakote (valproic acid), in renal failure, 802t, 1056t
Depression, in end-stage renal disease, 798t–801t, 

811–813
DES (drug-eluting stents), for posttransplant coronary 

heart disease, 1016
1-Desamine-8-d-arginine vasopressin (DDAVP, 

desmopressin)
for diabetes insipidus, 349–350
for uremic bleeding, 760t, 761, 761b, 762t

Desferoxamine (DFO) chelation, for poisoning, 1076–1079
Desipramine (Norpramin), in renal failure, 799t

for pain management, 833t
Desirudin, in renal failure, 1064t
Desmopressin

for diabetes insipidus, 349–350
for uremic bleeding, 760t, 761, 761b, 762t

Desyrel (trazodone), in renal failure, 801t
Detrusor arefl exia, 473
Detrusor hyperrefl exia, 473
Detrusor-sphincter dyssynergia, 473
Developing countries, hypertension in, 596
Dexamethasone

for AL amyloidosis, 260t, 261t, 262–263, 264
and podocyte function, 226

Dextran 40, in renal failure, 1072t
Dextran 70, for thrombotic microangiopathy, 306t
Dextropropoxyphene, for pain management in end-

stage renal disease, 832t
Dextrose

in peritoneal dialysis fl uids, 68, 916t, 917
for poisoning, 1073

Dextrose solutions, 5
DFO (desferoxamine) chelation, for poisoning, 1076–1079
DGF (delayed graft function), 994–996, 995f
DHA (docosahexaenoic acid), 113, 113f, 115f
Diabetes Control and Complications Trial, 324
Diabetes insipidus, 347–348, 349–350, 350t

central, 349–350, 350t
gestational, 350, 350t
nephrogenic, 350, 350t

Diabetes mellitus (DM)
antihypertensive agents and, 620–621
with end-stage renal disease, 329–330
erectile dysfunction due to, 784
hypernatremia in, 348
and hypertension, 571t, 636b, 636f, 639
hypophosphatemia due to, 421
in living kidney donor, 965
renal artery stenosis and, 651t, 654
renal transplantation with, 1005
due to thiazide diuretics and �-blockers, 593
transplant-associated, 1013–1014

Diabetic ketoacidosis, 371–372
Diabetic nephropathy (DN), 323–330

diagnosis of, 323, 324t
dyslipidemia in, 720–721
epidemiology of, 323
natural history of, 323, 324f
in pregnancy, 489
prevention of, 323–326

blockade of renin-angiotensin system for, 325
blood pressure control for, 324–325
cardiovascular risk reduction for, 325–326
glycemic control for, 323–324

therapy of, 326–330
algorithm for, 330, 330f
blockade of renin-angiotensin system for, 327–329, 

327f, 328f
renoprotective effects of, 702–703

blood pressure control for, 326
diet for, 329
with end-stage renal disease, 329–330
future strategies for, 329
for sequelae of chronic kidney disease, 329

Diacerein, in renal failure, 1065t
Diagnostic and Statistical Manual of Mental Disorders, 

4th Edition (DSM-IV), 811
Dialysance, 848, 877–878

ionic, 882
Dialysate, 63, 68

blood-stained, 933
composition of, 850–852
contamination of, 904–905
cool, 897
fi brin in, 931–932
ultrapure, 905

Dialysate-to-plasma ratio of creatinine (D/P Cr), 918, 
919

Dialysis. See also Chronic kidney disease (CKD); End-
stage renal disease (ESRD); Renal replacement 
therapy (RRT); Uremia.

acute (See Acute dialysis)
for calciphylaxis, 771
cardiovascular complications with, 773–779

anemia as, 777
blood pressure control for, 774–776, 775t
coronary artery disease as, 778–779
dialysis for, 778
dyslipidemia as, 776–777
healthy lifestyle for, 773–774
heart failure as, 779
hyperparathyroidism as, 777–778
risk factors for, 773, 774t
sudden death as, 779
treatment goals for, 773, 774t

in childhood and adolescence, 526–528
cool-dialysate, 897
dementia due to, 810
drug dosing with, 1052, 1055t–1063t
dyslipidemia with, 722
extended, 78

daily, 58, 59, 61t, 78
with fi ltration, 78

hemo- (See Hemodialysis [HD])
for hemolytic-uremic syndrome, 510
for hyperkalemia, 365
hypertension with, 680–689

epidemiology of, 680–681, 681f
monitoring of, 680
pathophysiology of, 681–683, 682f
treatment of, 683–689

ACE inhibitors for, 686–687, 686t
adrenergic blocking agents for, 687–688, 688t
algorithm for, 688f, 689
angiotensin II receptor blockers for, 687, 687t
�-blockers for, 684–686, 685t
calcium channel blockers for, 684, 684t
centrally acting drugs for, 687, 687t
diuretics for, 683–684
goals of, 683
nonpharmacologic, 683
nonspecifi c vasodilators for, 688–689, 688t

long-term, 61, 62t
patient selection for, 946, 947–948, 949b, 950b
peritoneal (See Peritoneal dialysis [PD])
for poisoning, 1075–1076, 1077b–1078b
pregnancy with, 490, 491t
and protein malnutrition, 741
restless legs syndrome with, 809
seizures due to, 809
slow continuous, 58, 59
slow low-effi ciency, 58, 59, 61t
sustained low-effi ciency daily, 75f, 78
toxic effects of, 894
tracking of patients on, 1086–1087
for uremic bleeding, 760, 762t
vitamin supplementation during, 726
withholding or withdrawal of, 828–832, 948–953, 

949b
advance care planning and, 949b, 951, 952b
changing views on, 947
confl ict between surrogate and nephrologist on, 

948–950, 950f
ethical principles for, 950
for incompetent patient, 948
informed consent in, 948, 949b
legal basis for, 950–951
patient’s request for, 947, 949b, 950b, 951–953, 

953b

Dialysis (Continued)
prognosis in, 949b
recommendations on, 946, 947–948, 949b
shared decision making on, 947–948, 949b

Dialysis disequilibrium syndrome (DDS), 60, 66, 899
Dialysis facility reimbursement, 838
Dialysis Morbidity and Mortality Study (DMMS), 616
Dialysis Outcomes and Practice Patterns Study 

(DOPPS), 616, 684
Dialysis reactions, 894–896, 902
Dialysis solution(s), for peritoneal dialysis, 915–917, 

916t
Dialysis solution circuit, for hemodialysis, 846
Dialysis units, online search for, 1086
Dialysis vascular access, thrombotic complications of, 

761–762
Dialysis-associated steal syndrome, 898–899
Dialysis-related amyloidosis, 259t
Dialysisunits.com, 1086
Dialyzer(s), 847–850

clotting of, 888
coil, 847–848
conventional, 848, 848t
future developments in, 850
high-effi ciency, 848–849, 848t
high-fl ux, 848–849, 848t, 850
hollow-fi ber, 848, 848t
mass transfer area coeffi cient for, 878
plate, 847
reuse of, 849, 854–855
specifi cation sheets for, 849
types of, 847–849, 848t

Dialyzer clearance, 877–882
actual vs. assumed, 887b
delivered, 878–879
effective (integrated, equilibrated), 878–879, 881
instantaneous cross-, 878
intrinsic, 878

Dialyzer clearance rate (K), 876
Dialyzer membranes, 63

biocompatibility of, 847, 849–850, 850b
and dialysis reactions, 895, 902

cellulose-based, 847
characteristics of, 847–850, 848t
choice of, 850, 850b
permeability and porosity of, 847, 849–850
structural components of, 847
symmetric vs. asymmetric, 847
synthetic, 847, 849

Dialyzer reactions, 894–896, 902
Diamorphine, for pain management in end-stage renal 

disease, 832t
Diarrhea, posttransplantation, 1020–1021
Diastolic pressure, 569
Diazepam (Valium), in renal failure, 805t
Diazoxide

for hypertensive emergencies, 626, 627t
in children, 514t

in renal failure, 1062t, 1070t
Dibenzyline (phenoxybenzamine hydrochloride), for 

hypertension due to pheochromocytoma, 693–694
Dicloxacillin

for exit-site infections, 929
in renal failure, 1058t

Didanosine, in renal failure, 1060t, 1069t
Diet. See also Nutritional management.

for autosomal dominant polycystic kidney disease, 
544

for chronic kidney disease, 739–744
bicarbonates in, 743
calcium in, 742t, 743
carbohydrates in, 742t
energy requirements in, 742t, 743
fat in, 742t
phosphorus in, 742t, 743
potassium in, 742t
protein restriction in, 739–743, 740t, 742t
recommended nutrient intake in, 742t
sodium in, 742t, 743
trace elements and vitamins in, 743–744
water in, 742t

for diabetic nephropathy, 329
for end-stage renal disease, in childhood and 

adolescence, 522–523, 523t
for hyperphosphatemia, 419
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Diet(Continued)
for hypertension, 569

alcohol restriction in, 576t, 577
and cardiovascular risk reduction, 639–640
cocoa restriction in, 576t, 577
coffee restriction in, 576t, 577
DASH, 575, 576t, 578–579, 579t, 580
effects of, 576t
individual micro- and macronutrients in, 576–577, 

576t
OMNI-Heart trial of, 575–576
with other nonpharmacologic interventions, 

578–580
PREMIER study of, 578–579
recommendations on, 579t, 580
sodium restriction in, 569, 583–588

algorithm for, 587–588, 588f
assessment for, 586
in DASH diet, 585–586
defi nitions for, 583
dietary patterns and, 585
effect of, 576t, 577, 583–584
in established disease, 587, 587b
practical advice on, 587, 587b
as prevention, 586–587
public health strategies for, 584–585
TONE study of, 579–580

for nephrotic syndrome, 282, 286
for prevention of nephrolithiasis, 431–432, 433f, 

434, 470
for prevention of progressive renal failure, 699, 700f, 

707
Dietary Approaches to Stop Hypertension (DASH) diet

components of, 579t
effi cacy of, 575, 576t, 578–579
recommendations on, 580
salt reduction in, 583–584, 585–586

Dietary modulation, of infl ammatory response, 
112–120

Diethylcarbamazine, in renal failure, 1064t
Di(2-ethylhexyl)phthalate (DEHP), dialysis reactions 

due to, 895
Diffuse mesangial sclerosis (DMS), 502

classifi cation of, 221t
genetic, 221t
idiopathic, 221t

Diffusion coeffi cient, 877
Diffusion model, for hemodialysis, 880–881
Diffusive clearance, 877
Difl unisal, in renal failure, 1054t, 1065t
Digitoxin, in renal failure, 1055t
Digoxin

in renal failure, 1051, 1055t, 1062t, 1071t
toxicity of, 1079

Dihydropyridines, 610
with dialysis, 684t
and progressive renal failure, 702

1,25-Dihydroxycholecalciferol [1,25(OH)2D3]
in calcium homeostasis, 412
in end-stage renal disease, 778
in magnesurias, 550
for X-linked hypophosphatemic rickets, 548, 549t

Dilantin (phenytoin)
for IgA nephropathy, 174
in renal failure, 807t, 1050, 1050t, 1054t, 1056t

Diltiazem (Dilacor, Cardizem, Cartia, Tiazac)
cardiovascular effects of, 612t, 613
with dialysis, 684t, 1060t
pharmacology of, 610, 611t
in pregnancy, 482t
renal protective effects of, 614, 615t
with renal transplantation, 616
safety of, 617

Dimethylarginine, asymmetric, 731, 733
Dipyridamole

for IgA nephropathy, 179, 180t, 507
for membranoproliferative glomerulonephritis, 251
for thrombotic microangiopathy, 297t, 306t
for vascular access thrombosis, 762

Direct renin inhibitor, pharmacology of, 603–604
Direct toxic effects, of dialysis, 894
Dirithromycin, in renal failure, 1058t
Disopyramide, in renal failure, 1061t, 1070t
Dissecting aortic aneurysm, hypertension with, 630f, 

631–632, 631t

Dissociation constant (pKa), 1074
Dissolution therapy, for nephrolithiasis, 430, 470
Distal convoluted tubule (DCT) diuretics. See also

Thiazide diuretics.
adverse effects of, 398–399, 398t
in combination, 401–402, 402b
dosage of, 390t
mechanism of action of, 389, 389f
pharmacokinetics of, 392t

Distal embolic protection devices, with renal artery 
stent, 664, 665

Diuresis
forced

for contrast-induced nephropathy, 43
for poisoning, 1075

postobstructive, 473–474
Diuretic(s), 388–405

abuse of, 398
in acute kidney injury, 7, 35–38, 394–395

ceiling dosage of, 401t
for complications, 37–38
for established disease, 36–37, 37t, 395
pharmacology and dose recommendations for, 

38–39
for prevention, 35–36, 36t, 394–395

algorithm for clinical use of, 394, 394f
aquaretics as, 390t, 391, 403
for ascites, 394f, 397–398
for chronic kidney insuffi ciency, 395
for cirrhosis, 397–398
collecting duct, 389–391 (See also Potassium 

[K�]-sparing diuretics)
in combination, 402b

combined, 401–403, 402b
continuous infusion of, 403
for contrast-induced nephropathy, 43
for diabetes insipidus, 350, 350t
distal convoluted tubule (See also Diuretic[s], thiazide)

adverse effects of, 398–399, 398t
in combination, 401–402, 402b
dosage of, 390t
mechanism of action of, 389, 389f
pharmacokinetics of, 392t

erectile dysfunction due to, 786b
for heart failure, 396–397, 398, 404
high-dose, 400–401, 401t
history of, 388
for hyperkalemia, 364
for hypertension, 591–597

adverse effects of, 592–594
algorithm for, 596, 597f
in children, 514t
with COPD and bronchospasm, 594
with dialysis, 683–684
dosage of, 596, 597t
guidelines for selection of, 621t
due to primary aldosteronism, 692f, 692t
randomized trials of, 591–592
after renal transplantation, 677
in specifi c patient groups, 594–596

hypokalemia due to, 359, 360t, 398–399, 592
hyponatremia due to, 339, 399
intravenous, 400–401, 401t
loop

in acute kidney injury
ceiling dosage of, 400–401, 401t
for established disease, 37, 37t, 385
pharmacology and dose recommendations for, 

38–39
for prevention, 36, 36t

adverse effects of, 398–399, 398t
for chronic kidney insuffi ciency, 395
for cirrhosis, 401t
in combination, 401–402, 402b
for congestive heart failure, 397, 401t
dosage of, 390t

ceiling, 400–401, 401t
high-dose, 400–401, 401t
for hypercalcemia, 414f, 415
for hyponatremia, 346
intravenous, 400–401, 401t
mechanism of action of, 389, 389f
for nephrotic syndrome, 284–285, 396, 401t
pharmacokinetics of, 391, 392–393, 392t, 393f

metabolic alkalosis due to, 383, 384

Diuretic(s) (Continued)
natriuretic peptides as, 389f, 390t, 391
for nephrotic syndrome, 284–285, 395–396, 401t
new agents as, 391
noncompliance with, 399–400, 400t
osmotic, 390t, 391
pharmacokinetics of, 391–394, 392f, 392t, 393f
potassium-sparing

adverse effects of, 398t
dosage for, 390t
for hypertension due to primary aldosteronism, 

692, 692t
for hypokalemia, 359
mechanism of action of, 389–391, 389f
pharmacokinetics of, 392t, 393

proximal tubule (See also Carbonic anhydrase inhibi-
tors)

in combination, 402b
dosage of, 390t
mechanism of action of, 389

recommended doses of, 390t
for renal artery stenosis, 652–653
in renal failure, 1071t
resistance to (See Diuretic resistance)
sites and mechanisms of action of, 388–391, 389f
thiazide

for acute kidney injury, 38
adverse effects of, 398–399, 398t
in combination, 402, 403
for congestive heart failure, 397
for diabetes insipidus, 350, 350t
dosage of, 390t
for hypertension, 591–597

adverse effects of, 592–594
algorithm for, 596, 597f
in children, 514t
with COPD and bronchospasm, 594
dosage of, 596, 597t
in pregnancy, 482t
randomized trials of, 591–592
in specifi c patient groups, 594–596

hyponatremia due to, 339
mechanism of action of, 389, 389f
for nephrotic syndrome, 285
pharmacokinetics of, 391, 392t, 393
for prevention of nephrolithiasis, 432, 432b

toxicity and adverse effects of, 398–399, 398t
Diuretic resistance, 399–404

in congestive heart failure, 397
general causes of, 399–400, 400t
in nephrotic syndrome, 284–285
therapeutic approach(es) to, 400–403

aquaretics as, 390t, 391, 403
circulatory support and inotropic agents as, 

403–404
combined diuretic therapy as, 401–403, 402b
continuous diuretic infusion as, 403
endopeptidase inhibitors and atrial peptides as, 

403
general, 404–405, 405f
high-dose and IV diuretics as, 400–401, 401t
ultrafi ltration as, 404

Divalproex (Depakene, Depakote), in renal failure, 802t, 
1056t

DM. See Diabetes mellitus.
DMMS (Dialysis Morbidity and Mortality Study), 616
DMS. See Diffuse mesangial sclerosis.
DN. See Diabetic nephropathy.
Dobutamine, for edema, 403, 404
Docosahexaenoic acid (DHA), 113, 113f, 115f
Dofetilide, in renal failure, 1070t
Dolasetron, in renal failure, 1072t
Donor, living kidney. See Living kidney donor.
Donor-specifi c anti-HLA antibodies (DSAs), 977, 

978–979
Dopamine

for acute renal failure, 13–22
in cardiovascular surgery, 15–20, 16t–19t
deleterious effects of, 21–22, 21t
effect on renal hemodynamics and sodium 

excretion of, 14–15, 15
established, 20–21
in high-risk patients, 15–20, 16t–19t
in liver transplantation and hepatobiliary surgery, 

16t–19t, 20

Index–1093-1132-X5484.indd 1104Index–1093-1132-X5484.indd   1104 6/18/08 3:35:34 PM6/18/08   3:35:34 PM



1105 Index

Dopamine (Continued)
meta-analysis of trials of, 21
in radiocontrast-induced nephropathy, 20
in renal transplantation, 20

for contrast-induced nephropathy, 20, 43
deleterious effects of, 21–22, 21t
for edema, 403, 404
effect on renal hemodynamics and sodium 

excretion of
in disease states, 14–15, 15
in healthy persons, 14

physiology of intrarenal, 13–14
Dopamine antagonist, for hypertensive urgencies, 627t
Dopamine receptors, 14, 22
Dopaminergic agent(s), for acute renal failure, 13–23

dopamine as (See Dopamine)
fenoldopam as, 22–23, 24t–27t

DOPPS (Dialysis Outcomes and Practice Patterns 
Study), 616, 684

Dose
loading, 1049–1050, 1050t
maintenance, 1050

modifi ed, 1051
Dose adjustment, principles of, 1049–1052, 1050t
Dosing rate, 1050
Dosing recommendations, with renal failure, 1052–1053
Dosing regimens, 1051–1052
Double-fi ltration apheresis, 126–127
Doxacurium, in renal failure, 1063t
Doxazosin

for benign prostatic hypertrophy, 472
with dialysis, 688t
for hypertension due to pheochromocytoma, 694, 

694b
in renal failure, 1061t

Doxepin (Sinequan), in renal failure, 800t
Doxercalciferol, for bone disease, 769
Doxycycline

for leptospirosis, 145
in renal failure, 1059t

D/P Cr (dialysate-to-plasma ratio of creatinine), 918, 
919

DRASTIC (Dutch Renal Artery Stenosis Intervention 
Cooperative) trial, 648, 668

Dronabinol, for anorexia in end-stage renal disease, 834t
Droperidol, in end-stage renal disease, 813
Drug clearance

and dose adjustment, 1050
half-life and, 1051

Drug concentration
average, 1050
initial, 1049

Drug dosing
Internet site on, 1086
in renal failure, 1049–1072

active metabolites in, 1052
for analgesics, 1054t, 1055t, 1063t
for anesthetics, 1054t, 1055t, 1063t–1064t
for anthelmintics, 1064t
for antianxiety agents, sedatives, and hypnotics, 

1054t, 1055t–1056t, 1064t
for anticholinergics and cholinergics, 1056t, 1064t
for anticoagulants, antifi brinolytics, and antiplate-

let agents, 1056t, 1064t
for anticonvulsants, 1054t, 1056t, 1064t
for antifungals, 1054t, 1059t, 1068t
for antihistamines, 1054t, 1056t, 1064t–1065t
for anti-infl ammatory agents, 1054t, 1056t–1057t, 

1065t
for antimalarials, 1059t, 1068t
for antimicrobials/antibacterials, 1054t, 

1057t–1059t, 1065t–1068t
for antineoplastics and antimetabolites, 1060t, 

1068t
for antiparasitics, 1068t
for antispasticity agents, 1068t
for antituberculous agents, 1060t, 1068t
for antiulcer agents, 1068t
for antiviral agents, 1060t, 1068t–1069t
for bisphosphonates, 1069t
for bronchodilators, 1055t, 1060t, 1069t
for cardiovascular agents, 1055t, 1060t–1062t, 

1069t–1071t
for cognitive impairment, 1071t
with dialysis, 1052, 1055t–1063t

Drug dosing (Continued)
for diuretics, 1071t
for erectile dysfunction, 1071t
half-life in, 1050–1051
for hormonal agents, 1055t, 1062t, 1072t
for hypoglycemic agents, 1062t, 1072t
for hypouricemic agents, 1062t, 1072t
for immunologic agents, 1063t
loading dose in, 1049–1050, 1050t
maintenance dose in, 1050
principles of, 9, 1049–1052
for psychotherapeutic agents, 1063t, 1072t
recommendations on, 1052–1053
regimens for, 1051–1052
for steroids, 1063t
for sympathomimetics, 1072t
volume of distribution in, 1049–1050, 1054t–1055t

Drug elimination, enhanced, for poisoning, 1074–1075
Drug interactions, in treatment of posttransplant 

infections, 1034, 1035t
Drug overdose, 1073–1079

chelation for, 1076–1079
dialysis for, 1075–1076, 1077b–1078b
enhanced elimination for, 1074–1075
enteric decontamination for, 1074
immunopharmacologic treatment of, 1079
indications for extracorporeal techniques in, 1075
initial approach to, 1073–1074, 1074f
plasma exchange and exchange blood transfusion 

for, 1076
seizures due to, 1073
sorbent hemoperfusion for, 1076, 1078b, 1078t

Drug removal, dialysis for, 61, 62t
Drug-associated thrombotic microangiopathy, 301–302, 

307t
Drug-eluting stents (DES), for posttransplant coronary 

heart disease, 1016
Drug-induced acidosis, 373
Drug-induced acute interstitial nephritis, 313, 314
Drug-induced erectile dysfunction, in chronic kidney 

disease, 785, 786b
Drug-induced renal tubular acidosis, 376t
Drug-induced seizures, in end-stage renal disease, 809
DSAs (donor-specifi c anti-HLA antibodies), 977, 

978–979
DSM-IV (Diagnostic and Statistical Manual of Mental 

Disorders, 4th Edition), 811
Dt/V (ionic dialysance), 882
Duloxetine (Cymbalta), in renal failure, 801t, 812
Dutasteride, for benign prostatic hypertrophy, 472
Dutch Renal Artery Stenosis Intervention Cooperative 

(DRASTIC) trial, 648, 668
Dwell volumes, in peritoneal dialysis, 939
Dynacirc (isradipine)

cardiovascular effects of, 612, 612t
pharmacology of, 610, 611t

Dyphylline, in renal failure, 1060t, 1069t
Dyslipidemia(s)

atherogenic, 715, 717b, 718–720
as cardiovascular risk factor

in chronic kidney disease, 715–717, 716t
in hypertension, 635–638, 636b, 636f, 637t

in childhood and adolescence, 525
with chronic kidney disease, 715–722, 776–777

atherogenic, 715, 717b, 718–720
not requiring dialysis, 721–722
requiring dialysis, 722

with diabetic nephropathy, 720–721
during hemodialysis, 904
high risk conditions for, 716–717, 718b
low-density lipoprotein–lowering therapies for, 718, 

719t
in metabolic syndrome, 716, 717b, 720, 720t
in nephrotic syndrome, 285–287, 720, 721f
in progressive renal failure, 700f, 707–708
with renal artery stenosis, 654, 656
after renal transplantation, 722
risk assessment for, 716, 716b, 717b
target of therapy for, 715, 716t
therapeutic lifestyle changes for, 716t, 718, 718b
due to thiazide diuretics and �-blockers, 593

Dysnatremias. See also Hypernatremia; Hyponatremia.
during hemodialysis, 903

Dysproteinemias, 461–466, 462t
Dysuria, 449

E
E2F decoy, in glomerulonephritis and renal fi brosis, 

560–561
Early growth response gene 1 (egr-1), in glomeruloscle-

rosis and interstitial fi brosis, 560
Ebastine, in renal failure, 1064t
EBCT (empty bed contact time), for hemodialysis, 853
EBV (Epstein-Barr virus), posttransplantation, 1037

and malignancies, 1019
ECF (extracellular fl uid), potassium ions in, 353–354, 354f
ECF (extracellular fl uid) volume depletion, due to 

diuretics, 398
Echinocandins, for posttransplant infections, 1042t
Eclampsia

management of, 484f, 630f, 632
postpartum, 484

EC-MPS (mycophenolate sodium, enteric-coated), for 
renal transplantation, 979f, 981t, 984, 1020

Economics, of end-stage renal disease, 836–841
for hemodialysis, 837–838, 838t, 839t
Medicare spending in, 836, 837, 837f
methodologies for evaluating, 836–837, 837t
for peritoneal dialysis, 839
for transplantation, 839–840, 840t, 841t
for vascular access, 838–839

Eculizumab, for membranoproliferative glomerulone-
phritis, 253f

ED. See Erectile dysfunction (ED) in chronic kidney 
disease.

EDD (extended daily dialysis), 58, 59, 61t, 78
EDDf (extended daily dialysis with fi ltration), 78
Edema

cerebral, due to hyponatremia, 338–339, 339b
cyclic, diuretic resistance due to, 400t
diuretics for (See Diuretic[s])
genital, due to peritoneal dialysis, 932
idiopathic, 398
leg, after renal transplantation, 974–975
in nephrotic syndrome, 284–285, 395–396
in pregnancy, 479
pulmonary, hypertension with, 630f, 631, 631t

Edmonton Symptom Assessment System, 829, 830f
EFA (essential fatty acid) defi ciency, 116–117
Efalizumab, for renal transplantation, 986
Effector mechanisms, in immune system, 977–978
Effexor (venlafaxine), in renal failure, 801t, 1072t

for anxiety disorders, 811
for depression, 812

egr-1 (early growth response gene 1), in glomeruloscle-
rosis and interstitial fi brosis, 560

EHEC (enterohemorrhagic E. coli), hemolytic-uremic 
syndrome due to, 509, 510

Eicosanoids, production of, 114–115, 115f
Eicosapentaenoic acid (EPA), 113, 113f, 114–116, 115f
EKR (equivalent continuous clearance), 884
EKRjc (equivalent renal urea clearance), 67
Elavil (amitriptyline), in renal failure, 799t

for pain management, 833t
Elderly

anti-GBM antibody disease in, 201
hypernatremia in, 347
hypernatremic dehydration in, 8
hypertension in, 572, 572f

diuretics and �-blockers for, 594
hypertensive emergencies in, 625

Electroconvulsive therapy, for depression in end-stage 
renal disease, 812–813

Electrohydraulic lithotripsy, 437
Electrolyte(s)

in acute renal failure, 84
in continuous renal replacement therapy, 76
in parenteral nutrition for acute renal failure, 88t
in peritoneal dialysis fl uids, 916, 916t

Electrolyte disturbances, in acute renal failure, 8–9
Elimination, enhanced, for poisoning, 1074–1075
E-mail, security of, 1087
Embolic protection devices, with renal artery stent, 

664, 665
Embolism

air, during hemodialysis, 845, 899
pulmonary, with idiopathic membranous 

nephropathy, 241
Emedastine, in renal failure, 1064t
Emetics, for poisoning, 1074
Empty bed contact time (EBCT), for hemodialysis, 853
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Emtricitabine, in renal failure, 1069t
ENaC(s) (epithelial Na� channels), 354, 355
ENaC (epithelial Na� channel) blockers, for 

hypokalemia, 359
Enalapril

cardiovascular effects of, 612, 613
with dialysis, 686t, 1062t
for hypertension in children, 514t
for IgA nephropathy, 181t
pharmacology of, 602t
for renal artery stenosis, 650, 650f
in renal failure, 606, 1070t
renal protective effects of, 614
with renal transplantation, 616

Enalaprilat
for hypertensive urgencies, 627t
for renal artery stenosis, 649

Encapsulating peritoneal sclerosis, 924
Encephalopathy, hypertensive, 624–625

treatment of, 630, 630f, 631t
Encryption, 1087
Endarterectomy vs. Angioplasty in Patient with 

Symptomatic Severe Carotid Stenosis (EVA-3S) 
study, 1017

EndNote, 1084
Endocarditis, infective, glomerulonephritis due to, 140, 

142t, 143–144
Endocrine disorders

in chronic kidney disease, erectile dysfunction due to, 
784, 784b

due to end-stage renal disease, in childhood and 
adolescence, 523–524

End-of-life care, 828–835
background of, 828
integration of, 832–834, 834f
for other symptoms, 829, 833t–834t
for pain management, 829, 831b

adjuvant medications in, 833t
analgesic ladder of, 829, 831f, 832b, 832t
assessment for, 831b
opioids in, 829, 831b, 831f, 832b, 832t
psychosocial issues with, 831b

principles of good death in, 834, 834b
symptom assessment for, 829, 830f
symptom prevalence and impact for, 828–829
symptoms of end of life in, 834, 835t
withholding and withdrawing dialysis in, 828–832, 

948–953, 949b
Endopeptidase inhibitors, for edema, 403
Endothelial dysfunction, in end-stage renal disease, 682
Endothelin type A (ETA) receptor antagonists, for pre-

vention of progressive renal failure, 709
Endotoxins, in dialysate, 902
Endovascular stents, 664–673

complications of, 660–661, 670–671, 671b, 671f
demographics of, 660, 661f
embolic protection devices with, 664, 665
goals of, 660, 664
outcomes of, 666–670, 666f, 667t–669t, 670f
techniques of, 664–665

End-stage renal disease (ESRD). See also Chronic kidney 
disease (CKD); Dialysis; Uremia.

amyloidosis-associated, 263–264
anorexia in, 834t
antioxidant therapy for, 731–734, 732t, 733t
cardiovascular complications of, 773–779

anemia as, 777
blood pressure control for, 774–776, 775t
coronary artery disease as, 778–779
dialysis for, 778
dyslipidemia as, 776–777
healthy lifestyle for, 773–774
heart failure as, 779
hyperparathyroidism as, 777–778
risk factors for, 773, 774t
sudden death as, 779
treatment goals for, 773, 774t

in childhood and adolescence, 522–531
anemia due to, 525
cardiovascular disease due to, 525
dialysis for, 526–528
endocrine disorders due to, 523–524
growth retardation due to, 523–524
hypertension due to, 525
mortality due to, 526

End-stage renal disease (ESRD) (Continued)
neurodevelopmental outcome for, 525–526
nutrition for, 522–523, 523t
primary diagnoses for, 522, 523t
psychosocial adjustment for, 526
quality of life for, 526
renal osteodystrophy due to, 524–525
renal transplantation for, 522, 528–531, 

529b, 529t
cramps in, 833t
diabetic patient with, 329–330
economics of, 836–841

for hemodialysis, 837–838, 838t, 839t
Medicare spending in, 836, 837, 837f
methodologies for evaluating, 836–837, 837t
for peritoneal dialysis, 839
for transplantation, 839–840, 840t, 841t
for vascular access, 838–839

hepatitis B virus in, 275–276
HIV in, 277
hyperhomocysteinemia in, 725–728, 726f–728f
hypertension in, 680–689

calcium channel blockers for, 616
in childhood and adolescence, 525
epidemiology of, 680–681, 681f
monitoring of, 680
pathophysiology of, 681–683, 682f
treatment of, 683–689

ACE inhibitors for, 686–687, 686t
adrenergic blocking agents for, 687–688, 

688t
algorithm for, 688f, 689
angiotensin II receptor blockers for, 687, 687t
�-blockers for, 684–686, 685t
calcium channel blockers for, 684, 684t
centrally acting drugs for, 687, 687t
diuretics for, 683–684
goals of, 683
nonpharmacologic, 683
nonspecifi c vasodilators for, 688–689, 688t

hypotension in, 834t
lethargy and fatigue in, 834t
in living kidney donor, 963–964
due to lupus nephritis, 167
neuropsychiatric disorder(s) in, 795–814

adjustment disorders as, 810–811
algorithm for treatment of, 796f, 814
anxiety disorders as, 811
delirium as, 797b, 810
dementia as, 810
depression and manic depression as, 811–813
drugs used to treat, 798t–808t

analgesics as, 808t
anticonvulsants as, 806t–807t, 809
antidepressants as, 798t–801t
antimanic agents as, 802t
antiparkinsonian agents as, 808t
antipsychotics as, 802t–804t
anxiolytics/hypnotics as, 804t–806t

etiology of, 797b
insomnia as, 809–810
peripheral neuropathies as, 797
schizophrenia/psychotic disorders as, 813
seizures as, 797–809
sexual disorders as, 813–814

pain in, 828
management of, 829, 831b

adjuvant medications in, 833t
analgesic ladder of, 829, 831f, 832b, 832t
assessment for, 831b
opioids in, 829, 831b, 831f, 832b, 832t
psychosocial issues with, 831b

palliative and supportive care in, 828–835
background of, 828
integration of, 832–834, 834f
for other symptoms, 829, 833t–834t
for pain management, 829, 831b

adjuvant medications in, 833t
analgesic ladder of, 829, 831f, 832b, 832t
assessment for, 831b
opioids in, 829, 831b, 831f, 832b, 832t
psychosocial issues with, 831b

principles of good death in, 834, 834b
symptom assessment for, 829, 830f
symptom prevalence and impact for, 828–829

End-stage renal disease (ESRD) (Continued)
symptoms of end of life in, 834, 835t
withholding or withdrawal of dialysis in, 828–832, 

948–953, 949b
pregnancy with, 489, 490, 491t
pruritus in, 833t
quality of life in, 818–823

factors affecting, 819, 820t–821t
interventions to improve, 819–823, 821t–822t, 823f

due to renal artery stenosis, 647
renin system blockade and, 605–606
restless legs syndrome in, 833t

Energy expenditure, in acute renal failure, 82
Energy intake, for end-stage renal disease in childhood 

and adolescence, 522, 523t
Energy metabolism, in acute renal failure, 82
Energy requirements

in acute renal failure, 82, 87t
with chronic kidney disease, 742t, 743

Enhanced elimination, for poisoning, 1074–1075
Enoxacin, in renal failure, 1059t
Enoxaparin

with hemodialysis, 64t
for nephrotic syndrome, 288

Enprophylline, in renal failure, 1069t
Entecavir

for HBV-associated renal disease, 275t
in renal failure, 1069t

Enteral nutrition, for acute renal failure, 86–88, 86t
Enteric decontamination, for poisoning, 1074
Enterobacteriaceae, UTIs due to, 449
Enterococci, UTIs due to, 449
Enterohemorrhagic E. coli (EHEC), hemolytic-uremic 

syndrome due to, 509, 510
Envelope packaged siRNA, for gene therapy, 559
Eosinophilic peritonitis, with peritoneal dialysis, 928
EPA (eicosapentaenoic acid), 113, 113f, 114–116, 115f
EPAs (erythopoiesis-stimulating agents)

for anemia in chronic kidney disease, 751–752, 751t, 
753, 757–758, 761b

complications of treatment with, 752, 758, 759
suboptimal responses to, 752–753, 758–759

Epinephrine, for acute renal failure, 27–28
Epithelial Na� channel(s) (ENaCs), 354, 355
Epithelial Na� channel(s) (ENaC) blockers, for hypo-

kalemia, 359
Epitope switching, 1001
Eplerenone

for ascites, 397
in combination, 402, 402b
dosage of, 390t
for focal segmental glomerulosclerosis, 230t
historical background of, 607
for hypertension, 607, 622

due to primary aldosteronism, 692, 692t
for hypokalemia, 359
mechanism of action of, 389–391, 607
pharmacology of, 607
in renal failure, 1071t

EPO. See Erythropoietin (EPO).
Epocrates.com, 1086
Epoetin

for renal anemia, 761b
in renal failure, 1062t

Epoetin alfa, for anemia in chronic kidney disease, 751, 
751t, 757

Epoetin beta, for anemia in chronic kidney disease, 757
Epoprostenol, for thrombotic microangiopathy, 308
Eprodisate, for AA amyloidosis, 263
Eprosartan

with dialysis, 687t
pharmacology of, 603, 603t
renal actions of, 604
in renal failure, 1070t

Epstein-Barr virus (EBV), posttransplantation, 1037
and malignancies, 1019

Equivalent continuous clearance (EKR), 884
Equivalent renal urea clearance (EKRjc), 67
Erectile dysfunction (ED), in chronic kidney disease, 

783–789
due to anemia and diminished oxygen delivery, 785–786
causes of, 783–786, 784b
drugs dosage adjustments for, 1071t
due to endocrine abnormalities, 784, 784b
evaluation of, 786, 786b
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Erectile dysfunction (ED) (Continued)
improvement after renal transplantation, 788–789
incidence of, 783
medication-induced, 785, 786b
due to neurogenic alterations, 784, 784b, 785f
due to physiologic alterations, 783–785, 784b
treatment of, 786–788, 787b
due to vascular compromise, 784b, 785

Ergocalciferol
for chronic kidney disease, 744, 768
for hypocalcemia, 418

Erythopoiesis-stimulating agents (EPAs)
for anemia in chronic kidney disease, 751–752, 751t, 

753, 757–758, 761b
complications of treatment with, 752, 758, 759
suboptimal responses to, 752–753, 758–759

Erythrocytosis, posttransplantation, 1018
Erythromycin, in renal failure, 1054t
Erythropoietin (EPO)

for acute kidney injury, 95–96
for anemia in childhood and adolescence, 525
in chronic kidney disease, 749, 756
human recombinant, 757, 760t
physiology of, 749, 756
and quality of life in end-stage renal disease, 821t

Erythropoietin (EPO) gene therapy for renal anemia, 
561–562

Escherichia coli, urinary tract infection with, 447–448
Escherichia coli O157:H7

hemolytic-uremic syndrome due to, 509, 510
Shiga toxin due to, 295, 309

Escitalopram (Lexapro), in renal failure, 798t
Eskalith. See Lithium.
Esmolol

for hypertensive urgencies, 629
in renal failure, 1061t

Esophagitis, posttransplantation, 1021
ESRD. See End-stage renal disease.
Essential fatty acid (EFA) defi ciency, 116–117
Estrogens, conjugated, for uremic bleeding, 760t, 761, 

762t
Eszopiclone (Lunesta), in renal failure, 806t
ETA (endothelin type A) receptor antagonists, for 

prevention of progressive renal failure, 709
Etanercept, for focal segmental glomerulosclerosis, 230t
Ethacrynic acid

for acute kidney injury, 37t
dosage of, 390t

Ethambutol, in renal failure, 1060t, 1068t
Ethanol, for ethylene glycol intoxication, 374
Ethchlorvynol, in renal failure, 1055t
Ethics, of withholding or withdrawal of dialysis, 950
Ethosuximide, in renal failure, 1056t
Ethylene glycol, acidosis due to, 373–374
Ethylene glycol intoxication, hemodialysis for, 62t
Ethylene oxide (EtO), dialysis reactions due to, 894–895, 

896
Etidronate

for calciphylaxis, 771
for hypercalcemia, 415

Etoposide, in renal failure, 1060t, 1068t
European Society of Hypertension, 570–571, 571t
EVA-3S (Endarterectomy vs. Angioplasty in Patient with 

Symptomatic Severe Carotid Stenosis) study, 1017
Everolimus (Certican), for renal transplantation, 981t, 

984–985
Excel spreadsheet, 1084
Exchange blood transfusion, for poisoning, 1076
Exemestane, in renal failure, 1068t
Exercise

for end-stage renal disease, 774, 775t
for hypertension, 576t, 577–578, 639–640
and quality of life in end-stage renal disease, 819–823, 

822t
Exit-site infections

with hemodialysis vascular access, 868
with peritoneal dialysis, 928–929, 929t

EXP-3174, pharmacology of, 603, 603t
Expenditures, in end-stage renal disease, 836–841

for hemodialysis, 837–838, 838t, 839t
Medicare spending in, 836, 837, 837f
methodologies for evaluating, 836–837, 837t
for peritoneal dialysis, 839
for transplantation, 839–840, 840t, 841t
for vascular access, 838–839

Experimental strategies, for acute kidney injury, 92–96, 
95b

Extended daily dialysis (EDD), 58, 59, 61t, 78
Extended daily dialysis with fi ltration (EDDf), 78
Extended dialysis, 78
Extracellular fl uid (ECF), potassium ions in, 353–354, 

354f
Extracellular fl uid (ECF) volume depletion, due to 

diuretics, 398
Extracorporeal albumin dialysis for hepatorenal 

syndrome, 48t, 51–52
Extracorporeal circuit, for hemodialysis, 845–846, 846f
Extracorporeal shock wave lithotripsy, 430, 437

antibiotics and, 442
for cystine stones, 548
effi cacy of, 438–439
indications for, 471
for renal calculi, 440, 441, 441f
technique of, 470–471
for ureteral calculi, 441–442

Extracorporeal therapy. See also Renal replacement 
therapy (RRT).

metabolic impact of, 84, 84b
for poisoning, 1075–1079, 1077b–1078b, 1078t

Ezetimibe
for lipid management, 719t
for posttransplant hyperlipidemia, 1011–1012

F
FA(s). See Fatty acids (FAs).
Fab(s)

for poisoning, 1079
in renal failure, 1062t

Fabry’s disease, 554–555, 554t
FACET (Fosinopril versus Amlodipine Cardiovascular 

Events Randomized Trial), 612, 612t
Falciparum malaria, glomerulonephritis due to, 

146–147
Familial hypocalciuric hypercalcemia (FHH), 413
Familial Mediterranean fever (FMF), 553–554, 554t
Familial rickets, 548–550, 549t
Famotidine, in renal failure, 1056t, 1065t
Fanconi syndrome, 550–552, 551t
Fasudil, for focal segmental glomerulosclerosis, 230t
Fat emulsions, in parenteral nutrition for acute renal 

failure, 88, 88t
Fat intake

with chronic kidney disease, 742t
and hypertension, 575–576, 576t

Fatigue in end-stage renal disease, 834t
Fatty acids (FAs)

dietary manipulation of intake of, 117
essential, defi ciency of, 116–117
n-3, 112

biologic properties and effects of, 113–116, 
113f–115f

dietary supplementation with, 117
n-6, defi ciency of, 116–117

FAVORIT study, 725
FCXM (fl ow cytometry crossmatch), 978–979
Febuxostat for posttransplant gout, 1025
Felodipine (Plendil)

cardiovascular effects of, 612, 612t, 613
with dialysis, 684t, 1061t
pharmacology of, 610, 611t

Femoral catheter, for hemodialysis, 61–62, 859
Fenofi brate

for lipid management, 719t
in renal failure, 1062t, 1071t

Fenoldopam mesylate
for acute renal failure, 22–23, 24t–27t
for contrast-induced nephropathy, 23, 24t–25t
for hypertensive emergencies, 627t, 629

Fentanyl, for pain management in end-stage renal 
disease, 832t

Ferric gluconate, for chronic kidney disease, 752, 753t, 
758

Ferritin, serum, in chronic kidney disease, 752, 753f, 758
Fetal effects, of renal transplant, 492t, 493
Fetus, obstructive uropathy in, 474
Fexofenadine, in renal failure, 1056t, 1065t
FFP (fresh frozen plasma)

for plasmapheresis, 128
for thrombotic microangiopathy, 297t, 306t

FGF-23 (fi broblast growth factor 23), and posttrans-
plant hypophosphatemia, 1026

FHH (familial hypocalciuric hypercalcemia), 413
FHN (Frequent Hemodialysis Network) Trial Group, 

884
Fiber bundle volume, of dialyzer, 849
Fibric acid analogues, for posttransplant hypertriglyc-

eridemia, 1012
Fibric acid derivatives

for lipid management, 719t
for nephrotic syndrome, 286

Fibrillary glomerulonephritis, 258t, 268–269
Fibrillary kidney disease, 257, 258t

amyloidosis as, 257–264, 258t, 259t
fi brillary glomerulonephritis and immunotactoid 

glomerulopathy as, 258t, 268–269
Fibrin, in dialysate, 931–932
Fibrinogen A� amyloidosis, 259t, 263
Fibroblast growth factor 23 (FGF-23), and 

posttransplant hypophosphatemia, 1026
Fibromuscular dysplasia

in living kidney donor, 965
renal artery stenosis due to, 647–648, 666, 666f, 667t

Filariasis, glomerulonephritis due to, 147
Filtration, extended daily dialysis with, 78
Finasteride, for benign prostatic hypertrophy, 472
Finnish-type congenital nephrotic syndrome (CNF), 

502
First-use syndrome, 895
Fish oil(s), 112

biologic properties and effects of, 113–116, 
113f–115f

for IgA nephropathy, 179, 182t, 507
Fistula First Initiative, 862, 863, 863b
Fistula maturation, for hemodialysis vascular access, 

863–864, 863t
FK506. See Tacrolimus.
FK778, for renal transplantation, 986
Flecainide, in renal failure, 1061t, 1070t
Fleet Enema (phosphate enema), for 

hypophosphatemia, 422
Fleroxacin, in renal failure, 1059t, 1067t
Flosequinan, in renal failure, 1071t
Flow cytometry crossmatch (FCXM), 978–979
Flow model, for hemodialysis, 881
Floxacillin, for exit-site infections, 929
Fluconazole

for candidal UTI, 452
for peritonitis, 926
for posttransplant infections, 1042t
in renal failure, 1059t, 1068t

Flucytosine
for candidal UTI, 452
for peritonitis, 926
for posttransplant infections, 1042t
in renal failure, 1059t, 1068t

Fludrocortisone acetate
for hyperkalemia, 364, 365
for renal tubular acidosis, 378

Fluid administration, for contrast-induced nephropathy, 
42, 42t

Fluid challenge, 7, 7f
Fluid intake

with chronic kidney disease, 742t
for end-stage renal disease in childhood and adoles-

cence, 523
for prevention of nephrolithiasis, 431, 470

Fluid overload, with peritoneal dialysis, 929–930, 930f, 
931f

Fluid removal, in continuous renal replacement therapy, 
76

Fluid restriction, for hyponatremia, 345
Fluid resuscitation

monitoring and administration of, 6–7
selection of, 5–6

Fluid retention, in end-stage renal disease, 681–682
Flumazenil, for poisoning, 1073
Fluoride, in dialysate fl uid, 853
Fluoroquinolone, for UTI, 450, 451
Fluoxetine (Prozac, Sarafem), in renal failure, 798t, 812
Fluvastatin

for lipid management, 719t
for posttransplant hyperlipidemia, 1011, 1013t

Fluvoxamine (Luvox), in renal failure, 798t
FMF (familial Mediterranean fever), 553–554, 554t
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Focal segmental glomerulosclerosis (FSGS), 220–234
cellular, 225
in children, 500–501
classifi cation of, 220, 221t, 223
clinical presentation of, 220, 223–225
collapsing, 221t, 223, 225, 234
defi ned, 220
epidemiology of, 220
etiology of, 220–223
genetic, 221t, 223, 224t

treatment of, 232
idiopathic, 221t, 222

treatment for, 226, 228t–229t, 231–232, 231f
medication-associated, 221t
vs. minimal change disease, 205–206, 217–218, 220
pathology of, 223
plasmapheresis for, 132
postadaptive (secondary), 221t, 222–223, 222t

treatment of, 231, 232
posttransplantation, 1004–1005
prognosis for, 225–226, 225t
reactive, 232
recurrent, 232–233, 233t
steroid-refractory or steroid-resistant, 227–229, 231, 

231f
tip lesion, 225
treatment of, 226–232

ACE inhibitors for, 229
calcineurin inhibitors for, 227, 231
current recommendations for, 231–232, 231f
cytotoxic agents for, 227
for genetic disease, 232
glucocorticoids for, 226, 228t–229t, 231, 231f
initial, 226, 228t–229t
limitations of, 232
mycophenolate mofetil for, 227–228
plasma exchange for, 132, 233, 233t
for postadaptive disease, 231, 232
potential novel therapies for, 229–231, 230t
for reactive disease, 232
for recurrent disease, 233, 233t
sirolimus for, 228–229
for steroid-refractory or steroid-resistant patients, 

227–229, 231, 231f
Folic acid supplementation, for hyperhomocysteinemia, 

726–728, 727f, 728f, 743–744
Follicle-stimulating hormone, in chronic kidney disease, 

784
Fomepizole, for ethylene glycol intoxication, 374
Foot process effacement, in postadaptive focal segmental 

glomerulosclerosis, 223
Forced diuresis

for contrast-induced nephropathy, 43
for poisoning, 1075

Forecasting, 1084
Formaldehyde, dialysis reactions due to, 895, 896, 901
Foscarnet

for posttransplant cytomegalovirus, 1037
in renal failure, 1060t, 1069t

Fosfomycin
in renal failure, 1067t
for UTI, 450

Fosinopril
cardiovascular effects of, 612
with dialysis, 686t, 1062t
for HIV-associated renal disease, 274t
pharmacology of, 602, 602t
in renal failure, 1070t

Fosinopril in Dialysis (FOSIDIAL) study, 681
Fosinopril versus Amlodipine Cardiovascular Events 

Randomized Trial (FACET), 612, 612t
Fosrenol (lanthanum carbonate)

for bone disease, 768
for hyperphosphatemia, 420

Fraction of dose absorbed, 1050
Fractional clearance of urea (Kt/V)

in hemodialysis, 876, 878–879
delivered vs. prescribed, 885–886, 886b
normalized, 884–885
single-pool, 879–880
standard, 884

in peritoneal dialysis, 935
calculation of, 935, 936b
vs. hemodialysis, 936, 941–942, 941f
randomized controlled trials on, 937, 937t, 938

Fractional excretion, of urea, 3–4
Framingham Heart Study, 635, 636f
Frequent Hemodialysis Network (FHN) Trial Group, 

884
Fresh frozen plasma (FFP)

for plasmapheresis, 128
for thrombotic microangiopathy, 297t, 306t

Fructose intolerance, hereditary, 552
FSGS. See Focal segmental glomerulosclerosis (FSGS).
FTY720, for renal transplantation, 986–987
Fungal infections

glomerulonephritis due to, 146
posttransplantation, 1041, 1042t
and renal transplantation, 960

Furosemide
in acute kidney injury, 7

for established disease, 37, 37t, 395
pharmacology and dose recommendations for, 

38–39
for prevention, 36, 36t

for ascites, 397–398
in combination, 402
for congestive heart failure, 397
continuous infusion of, 403
for contrast-induced nephropathy, 43
with dialysis, 683
dosage of, 390t

ceiling, 400–401, 401t
for hemolytic-uremic syndrome, 510
for hypercalcemia, 414f, 415
for hypertension in children, 514t
for hyponatremia, 342
for nephrotic syndrome, 284–285, 396
pharmacokinetics of, 391, 392t, 393

G
Gabapentin (Neurontin)

in end-stage renal disease, 807t
for pain management, 833t
for restless legs syndrome, 822t

in renal failure, 1056t, 1064t
Gadolinium contrast, with renal artery stenosis, 663–664
Galactosemia, 551
�-Galactosidase defi ciency, 554
Gallamine, in renal failure, 1055t, 1063t
Gallium nitrate, for hypercalcemia, 416
Galloway-Mowat syndrome, 224t
Ganciclovir

posttransplantation
for adenovirus, 1039
for cytomegalovirus, 1036–1037

in renal failure, 1060t, 1069t
Ganglionic blocker, for hypertensive emergencies, 628t
Gastric lavage, for poisoning, 1074
Gastritis, posttransplantation, 1021
Gastrointestinal (GI) acid, metabolic alkalosis due to 

loss of, 382
Gastrointestinal (GI) disease(s)

posttransplantation, 1020–1021
renal transplantation with, 960

Gatifl oxacin, in renal failure, 1059t, 1067t
Gaunidinosuccinic acid, in uremic bleeding, 9
GBM (glomerular basement membrane), in membrano-

proliferative glomerulonephritis, 250f, 252–253
GB-virus type C (GBV-C), in dialysis patients, 905, 906
GDPs (glucose degradation products), in peritoneal 

dialysis fl uids, 916, 917
Gefi tinib, for focal segmental glomerulosclerosis, 230t
Gelsolin amyloidosis, 259t
Gemfi brozil

for cardiovascular risk reduction in hypertension, 
635, 637

for lipid management, 719t
for nephrotic syndrome, 286
in renal failure, 1062t

Gemifl oxacin, in renal failure, 1067t
Gene expression, in gene therapy, 557
Gene therapy, 557–562

defi ned, 557
delivery of, 557
ex vivo, 557
gene expression in, 557
general considerations for, 557
for glomerulonephritis, 560–561

Gene therapy  (Continued)
for hemodialysis vascular access, 562
in vivo, 557
with kidney transplantation, 559–560
for renal anemia, 561–562
for renal cell carcinoma, 560
for renal fi brosis, 560–561
RNA interference in, 558–559
safety of, 557
vectors in, 557–559

Gengraft. See Cyclosporine.
Genital edema, due to peritoneal dialysis, 932
Genitourinary disease, renal transplantation with, 

960–961
Genitourinary malignancy, obstructive uropathy due 

to, 472
Geodon (ziprasidone), in end-stage renal disease, 804t, 

813
Gestational diabetes insipidus, 350, 350t
Gestational hypertension, 479, 480t
GFR. See Glomerular fi ltration rate.
GI (gastrointestinal) acid, metabolic alkalosis due to 

loss of, 382
GI (gastrointestinal) disease(s)

posttransplantation, 1020–1021
renal transplantation with, 960

Gitelman’s syndrome, 552–553, 552t
hypokalemia in, 360, 360t
magnesuria in, 550

Glinides, for transplant-associated hyperglycemia, 1014
Glomerular basement membrane (GBM), in membra-

noproliferative glomerulonephritis, 250f, 252–253
Glomerular disease, immunosuppressive agents for, 

105–109
Glomerular fi ltration rate (GFR)

in chronic kidney disease, 699
dopamine and, 14, 15
online calculations of, 1086
in pregnancy, 487t
in renal artery stenosis, 648, 649, 649f, 650, 650f, 654

Glomerular hemodynamic factors, in progressive renal 
failure, 699–700

Glomerulonephritis (GN)
in children, 505–508

membranoproliferative, 508
postinfectious, 507–508

crescentic, due to systemic vasculitis (See Systemic 
vasculitis)

essential fatty acid defi ciency and, 116–117
fi brillary, 258t, 268–269
gene therapy for, 560–561
infection-associated, 140–149

bacterial, 142–145, 142t
diagnosis of, 141, 148–149, 149f
fungal, 146
future directions for, 147–148
management of, 148–149, 149f
parasitic, 146–147
pathogenesis of, 141
prognosis for, 141, 147–148
recent developments in, 140–142, 142t
rickettsial, 146
viral, 145–146

membranoproliferative (See Membranoproliferative 
glomerulonephritis [MPGN])

pauci-immune (See Systemic vasculitis)
postinfectious, 141

in children, 507–508
poststreptococcal, 140, 141, 142–143, 142t

in children, 507–508
rapidly progressive

plasmapheresis for, 129, 130t
due to systemic vasculitis (See Systemic vasculitis)

Glomerulopathy
collapsing, 221t, 223, 225, 234
immunotactoid, 258t, 268–269

Glomerulosclerosis
focal segmental (See Focal segmental glomeruloscle-

rosis [FSGS])
gene therapy for, 560–561

Glucocorticoid(s)
for focal segmental glomerulosclerosis, 226, 

228t–229t, 231, 231f
for glomerular and tubulointerstitial disease, 106
for hypercalcemia, 416
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Glucocorticoid(s) (Continued)
for idiopathic membranous nephropathy, 241, 242t, 

243, 243b, 244, 244b, 245
for minimal change disease, 207–210, 209t, 215, 216, 

217
in children, 207, 208t, 499

for posttransplant gout, 1024
for renal transplantation, 979f, 981t, 985

osteoporosis due to, 1021–1022, 1022b
withdrawal of, 989

Glucocorticoid-remediable aldosteronism
hypertension due to, 693
hypokalemia in, 360–361, 360t

Gluconeogenesis, hepatic, in acute renal failure, 82, 83
Glucose

blood, in end-stage renal disease, 774, 775t
in hemodialysis fl uids, 822t, 850–851
in parenteral nutrition for acute renal failure, 88, 88t
in peritoneal dialysis fl uids, 915, 916t, 917

Glucose degradation products (GDPs), in peritoneal 
dialysis fl uids, 916, 917

Glucose intolerance, due to diuretics, 399
Glutethimide, in renal failure, 1055t
Glyburide, for transplant-associated hyperglycemia, 

1014
Glycemia, for end-stage renal disease, 774, 775t
Glycemic control

for prevention of diabetic nephropathy, 323–324
for prevention of progressive renal failure, 708

Glycogen storage disease, Fanconi syndrome in, 552
Glycopeptides, in renal failure, 1058t, 1066t
Glycosaminoglycans

in AA amyloidosis, 263
for prevention of progressive renal failure, 709

Glycosurias, 548
GM-CSF (granulocyte/macrophage colony-stimulating 

factor), for renal cell carcinoma, 560
GN. See Glomerulonephritis.
Goodpasture, Ernest, 197
Goodpasture’s syndrome. See Antiglomerular basement 

membrane (anti-GBM) antibody disease.
Google, 1087
Google Scholar, 1087
Gordon’s syndrome, 553
Goserelin, in renal failure, 1072t
Gout

due to diuretics, 399
posttransplantation, 1024–1025, 1025b

Government organizations, online, 1090t
Graft rejection. See Allograft rejection.
Graham, Thomas, 5
Gram-negative bacteria

glomerulonephritis due to, 144
peritonitis due to, 926, 928f

Gram-positive bacterial, peritonitis due to, 926, 926f
Granulocyte/macrophage colony-stimulating factor 

(GM-CSF), for renal cell carcinoma, 560
Granulomatosis, Wegener’s. See Wegener’s granuloma-

tosis (WG).
Growth hormone therapy, for end-stage renal disease in 

childhood and adolescence, 524
Growth retardation, due to end-stage renal disease, 

523–524
Guanadrel, in renal failure, 1070t
Guanfacine, with dialysis, 687t, 1062t

H
HAART (highly active antiretroviral therapy), for 

HIV-associated renal disease, 274t, 277, 278
and renal transplantation, 1043–1044

Hagen-Poisseuille relationship, 6
Half-life, 1050–1051
Haloperidol (Haldol), in end-stage renal disease, 802t, 

813
for delirium, 810

Hantaan virus, glomerulonephritis due to, 145–146
HAPPHY (Heart Attack Primary Prevention in Hyper-

tension) trial, 639
Hard water syndrome, 853
Hardware, 1083
Hartmann, Alexis, 5
Hartnup disease, 547
HAV (hepatitis A virus), glomerulonephritis due to, 145
HBV. See Hepatitis B virus.

HCDD (heavy-chain deposition disease), 258t, 264, 461
HCl (hydrochloric acid), for metabolic alkalosis, 384
HCO3

�. See Bicarbonate (HCO3
�).

HCT (helical computed tomography scan), of 
nephrolithiasis, 429

HCTZ. See Hydrochlorothiazide.
HCV. See Hepatitis C virus.
HD. See Hemodialysis (HD).
HDCN.com, 1087
HDL (high-density lipoprotein), as cardiovascular risk 

factor in hypertension, 636b, 636f, 637–638
HDM (high-dose melphalan)

for AL amyloidosis, 260t, 262–263, 264
for light-chain deposition disease, 265

HDT (high-dose therapy)
for AL amyloidosis, 260t, 262–263, 264, 462–463
for cast nephropathy, 464–465
for monoclonal light-chain deposition disease, 463

Headache, during dialysis, 900
Health information system, 1085
Health Outcomes and Reduced Incidence with Zole-

dronic Acid Once Yearly (HORIZON) study, 1023
Health records, online, 1085
Health-related quality of life (HRQOL), 818, 828, 829
Heart Attack Primary Prevention in Hypertension 

(HAPPHY) trial, 639
Heart failure

after arteriovenous shunt placement, 867
in dialysis patients, 779
diuretics for, 396–397, 398, 404
hemodialysis vascular access with, 862
hypertension with, 631, 631t

diuretics and �-blockers for, 595
Heart Outcomes Prevention Evaluation (HOPE) study, 

325, 595, 702, 731
Heart Protection Study (HPS), 708, 1016–1017
Heart surgery, acute renal failure in

dopamine for, 15–20, 16t–19t
fenoldopam for, 22, 24t–25t

Heavy-chain deposition disease (HCDD), 258t, 
264, 461

Helical computed tomography scan (HCT), of nephro-
lithiasis, 429

HELLP syndrome, 301, 307t, 482, 484–485, 484f
Hematologic complications, of hemodialysis, 900–902
Hematuria

in children, 503–505, 503b
benign familial, 504

in living kidney donor, 966
HEMO (Hemodialysis) Study, 66–67, 876, 877, 884
Hemodiafi ltration

continuous arteriovenous, 73
continuous venovenous, 75f
intermittent, 59
for poisoning, 1075

Hemodialysis (HD)
acute, 58–67

anticoagulation with, 63, 64t–65t
complications of, 66
dialysate for, 63
dialyzer for, 63
factors infl uencing delivery of, 61–63
indications for and timing of, 59–60
for isolated fl uid removal, 61
modalities of, 58–59
prescription for, 60–63, 61t
quality assurance for, 66–67
for toxin/drug removal, 61, 62t
vascular access for, 61–63, 859–860

adequacy of (See Hemodialysis [HD] adequacy)
air embolism during, 845, 899
aluminum overload in, 759
blood pump for, 845

malfunction of, 888
for bone disease, 769
for cast nephropathy, 267, 465
in childhood and adolescence, 527–528
complications of, 894–906

cardiovascular, 896–899
due to dialysate contamination, 904–905
dialysis reactions as, 894–896
hematologic, 900–902
hepatitis as, 905–906
metabolic, 903–904
neurological, 899–900

Hemodialysis (HD) (Continued)
pulmonary, 903
vascular access–related, 863–868

aneurysms and pseudoaneurysms as, 867
heart failure and pulmonary hypertension as, 867
infections as, 860, 866, 868
stenosis as, 863–866, 863t, 865b
thrombosis as, 761–762, 864, 866, 867–868
vascular steal as, 867

continuous arteriovenous, 73
continuous venovenous, 75f
for contrast-induced nephropathy, 43
cost of, 837–838, 838t, 839t
frequency of, 884, 888–889
general principles of, 845
vs. hemofi ltration, 877
for hypercalcemia, 416
for hyperkalemia, 365
for hyperphosphatemia, 419
hypertension with, 680–689

epidemiology of, 680–681, 681f
monitoring of, 680
pathophysiology of, 681–683, 682f
treatment of, 683–689

ACE inhibitors for, 686–687, 686t
adrenergic blocking agents for, 687–688, 688t
algorithm for, 688f, 689
angiotensin II receptor blockers for, 687, 687t
�-blockers for, 684–686, 685t
calcium channel blockers for, 684, 684t
centrally acting drugs for, 687, 687t
diuretics for, 683–684
goals of, 683
nonpharmacologic, 683
nonspecifi c vasodilators for, 688–689, 688t

initiation of, 877
intermittent

for acute kidney injury, 60–61
advantages and disadvantages of, 58
anticoagulants with, 63, 64t–65t
complications of, 66–67
continuous vs., 59, 76–78
defi ned, 58
for drug/toxin removal, 61, 62t
vs. hybrid therapies, 59, 61t
metabolic impact of, 84b
prescription for, 60–61
sorbent system, 58–59

iron defi ciency with, 752–753, 753f, 759
long-term, 61, 62t
for poisoning, 1075

with chelation, 1076–1079
pregnancy and, 906
pyrogenic reactions during, 854–855
and quality of life in end-stage renal disease, 822t
and sleep apnea, 681, 792
sodium-gradient, 851
target of, 876–877
technical aspect(s) of, 845–855

blood circuit as, 845–846, 846f
dialysate composition as, 850–852
dialysis solution circuit as, 846
dialyzers as, 847–850

future developments in, 850
membrane choice for, 850, 850b
permeability and porosity of, 849–850
reuse of, 849, 854–855
types of, 847–849, 848t

microbiology as, 853–854, 854b
on-line monitoring as, 846, 847f, 847t
water treatment as, 846f, 852–853, 904–905

vascular access for, 859–868
acute, 859–860
catheter care for, 867–868
complications of, 863–868

aneurysms and pseudoaneurysms as, 867
heart failure and pulmonary hypertension as, 

867
infections as, 860, 866, 868
stenosis as, 863–866, 863t, 865b
thrombosis as, 761–762, 864, 866, 867–868
vascular steal as, 867

fi stula maturation for, 863–864, 863t
gene therapy for, 562
maintenance, 860–868
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Hemodialysis (HD) (Continued)
preoperative evaluation and vascular mapping for, 

861–862
process improvement for, 862–863, 863b
selection of, 860–861, 861f
surveillance and prophylactic angioplasty for, 

864–866, 865b
in unique situations, 862

vitamin E–coated membranes for, 732, 732t
Hemodialysis (HD) adequacy, 875–889

current target for, 876
measurement of

access recirculation and, 881, 888
addition of residual native kidney clearance in, 

883, 883t
blood pump malfunction and, 888
blood sampling in, 886–888, 887b, 888b
clearance vs. dialysance in, 877–878
coeffi cient of diffusion in, 877
delivered dose in, 879
delivered vs. prescribed dose in, 885–886, 886b
dialyzer clotting and, 888
dialyzer mass transfer area coeffi cient (KOA) in, 878
equivalent continuous clearance in, 884
errors in, 886–888, 886b–888b
fractional clearance of urea (Kt/V) in, 876, 

878–880, 884–885
history of, 875–876
ionic dialysance in, 882
pitfalls and troubleshooting in, 885–888, 

886b–888b
practical examples of, 888–889
protein catabolic rate in, 882–883
recent modifi cations of urea modeling for, 884–885
scaling by surface area in, 885
solute accumulation and uremic toxicity in, 

876–877
solute distribution volume in, 883–884
solute sequestration and disequilibrium in, 

880–882, 880f
treatment time in, 881–882, 886b, 887b, 889
two-BUN method in, 882–883
urea clearance in, 877–882
urea generation in, 882–883
urea reduction ratio in, 879

vs. peritoneal dialysis, 941–942, 941f
for phosphate removal, 889
in subpopulations, 885

Hemodialysis (HD) dose
delivered vs. prescribed, 885–886, 886b
measurement of, 877–882

clearance vs. dialysance in, 877–878
dialyzer mass transfer area coeffi cient in, 878
diffusion model for, 880–881
formal urea modeling for, 878–879
ionic dialysance in, 882
Kt/Vurea in, 878–879
rate equations in, 881
recirculation in, 881
simplifi ed methods for, 879–880
single-pool urea kinetics in, 879
solute clearance in, 877
solute sequestration and disequilibrium in, 

880–882, 880f
treatment time in, 881–882, 886b, 887b, 889
urea reduction ratio in, 879

in renal failure, 1052, 1055t–1063t
Hemodialysis (HEMO) Study, 66–67, 876, 877, 884
Hemofi ltration

continuous arteriovenous, 73
continuous venovenous, 73–74, 75f, 76
dialysis vs., 877
high-volume, 75, 75f, 77
for poisoning, 1075

Hemoglobin (Hgb), in chronic kidney disease, 749, 751, 
752, 756–757, 775t

Hemolysis, intradialytic, 901
Hemolytic-uremic syndrome (HUS)

atypical (D�), 249
in children, 510–511

in children, 509–511
clinical course of, 509, 511
clinical presentation of, 509, 511
D�, 509–510
hypertension due to, 510

Hemolytic-uremic syndrome (HUS) (Continued)
pathogenesis of, 509, 510
postpartum, 301, 307t
posttransplantation, 302–303
prognosis for, 510
Shiga toxin–associated, 295–298
due to thrombotic microangiopathy (See Thrombotic 

microangiopathy(ies) [TMAs])
treatment of, 509–510, 511

plasmapheresis for, 132–133, 511
Hemoperfusion

continuous, 75f
for poisoning

with chelation, 1076–1079
sorbent, 1076, 1078b, 1078t

Hemorrhage. See also Bleeding.
cyst, in autosomal dominant polycystic kidney 

disease, 542
intracranial, due to hypertension, 630–631, 631t
lung, in anti-GBM antibody disease, 197, 198, 201, 202
subarachnoid, due to hypertension, 630–631, 631t

Henoch-Schönlein purpura (HSP), 505
in children, 505–506
clinical presentation of, 172, 506
crescentic nephritis in, 182–183
disease mechanisms in, 172–173
epidemiology of, 505–506
histology of, 505
prognosis for, 506
without renal failure, 183
slowly progressive, 183
after transplantation, 183
treatment of, 182–183, 506

approaches to, 173–174
future directions for, 184
plasmapheresis for, 132, 506
recommendations on, 183, 183f
study design on, 173–174

Heparin
with hemodialysis, 63, 64t, 868, 902
for IgA nephropathy, 507
low molecular weight

with hemodialysis, 64t, 1056t
in renal failure, 1050, 1056t

for nephrotic syndrome, 288
with plasmapheresis, 127
for thrombotic microangiopathy, 297t, 306t

Heparin-induced thrombocytopenia, in dialysis 
patients, 902

Hepatic failure, respiratory alkalosis due to, 385
Hepatic gluconeogenesis, in acute renal failure, 82, 83
Hepatitis A virus (HAV), glomerulonephritis due to, 

145
Hepatitis B virus (HBV)

background of, 272
epidemiology of, 272
posttransplantation, 960, 1039–1040

and malignancies, 1019
and renal replacement therapy, 275–276
and renal transplantation, 960

Hepatitis B virus (HBV)-associated membranoprolifera-
tive glomerulonephritis, 273, 274t, 275

Hepatitis B virus (HBV)-associated membranous 
nephropathy, 273, 274t, 275

Hepatitis B virus (HBV)-associated polyarteritis nodosa, 
273, 274, 274t, 275

plasmapheresis for, 135
Hepatitis B virus (HBV)-associated renal disease, 272–276

background of, 272
frequency of, 272, 273t
pathogenesis of, 272–273
renal biopsy for, 273
treatment for, 273–275, 274t, 275t

Hepatitis C virus (HCV)
in dialysis patients, 905
posttransplantation, 960, 1040
and renal transplantation, 960

Hepatitis C virus (HCV)-associated membranoprolif-
erative glomerulonephritis, 140, 151–155, 249

clinical features, pathology, and pathophysiology of, 
151–152

treatment of, 152–155, 153t, 154t
Hepatitis C virus (HCV)-associated renal disease, 273t
Hepatitis G virus (HGV), in dialysis patients, 

905, 906

Hepatobiliary surgery, acute renal failure due to, 
18t–19t, 20

Hepatocellular carcinoma, posttransplantation, 1019
Hepatocyte growth factor (HGF)

for focal segmental glomerulosclerosis, 230t
in glomerulosclerosis and interstitial fi brosis, 561
for graft rejection, 559–560
for prevention of progressive renal failure, 709

Hepatorenal syndrome (HRS), 47–54, 54b
defi ned, 47
diagnostic criteria for, 47, 48b
pathogenesis of, 47
prevention of, 53–54
type 1, 47–53

diagnostic criteria for, 47
management of

albumin for, 48t, 50–51
extracorporeal albumin dialysis for, 48t, 51–52
general measures for, 47–48
liver transplantation for, 48–49, 48t, 52
recommendations for, 52–53, 52f
renal replacement therapy for, 48t, 51
transjugular intrahepatic portosystemic shunt 

for, 48t, 51
vasoconstrictors for, 48t, 49–51, 49t

prognosis for, 47
type 2

diagnostic criteria for, 47
management of, 53, 53f
prognosis for, 47

Hereditary fructose intolerance, 552
Hereditary hypophosphatemic rickets, with hypercalci-

uria, 549t, 550
Hereditary renal disease. See Inherited renal disease.
Hernias, due to peritoneal dialysis, 932
Herpes simplex virus 1 (HSV-1), posttransplantation, 

1037–1038
Herpes simplex virus 2 (HSV-2), posttransplantation, 

1037–1038
Herpes-type viruses, glomerulonephritis due to, 146
Hetastarch, in resuscitation fl uid, 6
Hgb (hemoglobin), in chronic kidney disease, 749, 751, 

752, 756–757, 775t
HGF. See Hepatocyte growth factor.
HGF gene, for graft rejection, 559–560
HGV (hepatitis G virus), in dialysis patients, 905, 906
HHV-6t (human herpesvirus 6), posttransplantation, 

1038
HHV-7 (human herpesvirus 7), posttransplantation, 

1038
HHV-8 (human herpesvirus 8), posttransplantation, 1038

and malignancies, 1019
HIF-1 (hypoxia inducible factor-1), 749
High-density lipoprotein (HDL), as cardiovascular risk 

factor in hypertension, 636b, 636f, 637–638
High-dose melphalan (HDM)

for AL amyloidosis, 260t, 262–263, 264
for light-chain deposition disease, 265

High-dose therapy (HDT)
for AL amyloidosis, 260t, 262–263, 264, 462–463
for cast nephropathy, 464–465
for monoclonal light-chain deposition disease, 463

High-fl ux dialysis, continuous venovenous, 75f
Highly active antiretroviral therapy (HAART), for 

HIV-associated renal disease, 274t, 277, 278
and renal transplantation, 1043–1044

High-risk procedures, for acute renal failure, 15–20, 
16t–19t

High-turnover bone disease, in chronic kidney disease, 
766

High-volume hemofi ltration (HVHF), 75, 75f, 77
HighWire Press, 1086
Histocompatibility, in renal transplantation, 957
Histoplasmosis, glomerulonephritis due to, 146
HIV. See Human immunodefi ciency virus.
HLA (human leukocyte antigens), 976, 977
HMG-CoA reductase inhibitors. See 3-Hydroxy-

3-methylglutaryl coenzyme A (HMG-CoA) 
reductase inhibitors.

Home blood pressure monitoring, 568–569
Homocysteine

as cardiovascular risk factor in hypertension, 640, 
640f

defi ned, 725
metabolism of, 725–726, 726f
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Homocysteinemia, as cardiovascular risk factor in 
hypertension, 640, 640f

Homocysteinemia in Kidney and End State Renal 
Disease Study (HOST), 725

HOPE (Heart Outcomes Prevention Evaluation) study, 
325, 595, 702, 731

HORIZON (Health Outcomes and Reduced Incidence 
with Zoledronic Acid Once Yearly) study, 1023

Hormonal agents, in renal failure, 1055t, 1062t, 1072t
Hormonal changes, in pregnancy, 487t
Horseshoe kidney, stones with, 441
Hospitalized patients, hypernatremia in, 347–348, 347b
HOST (Homocysteinemia in Kidney and End State 

Renal Disease Study), 725
HOT (Hypertension Optimal Treatment) trial, 577, 

613, 639
HPS (Heart Protection Study), 708, 1016–1017
HPT. See Hyperparathyroidism (HPT).
HRQOL (Health-related quality of life), 818, 828, 829
HRS. See Hepatorenal syndrome (HRS).
HSP. See Henoch-Schönlein purpura (HSP).
HSV-1 (herpes simplex virus 1), posttransplantation, 

1037–1038
HSV-2 (herpes simplex virus 2), posttransplantation, 

1037–1038
HubMed.org, 1086
Human herpesvirus 6 (HHV-6), posttransplantation, 

1038
Human herpesvirus 7 (HHV-7), posttransplantation, 

1038
Human herpesvirus 8 (HHV-8), posttransplantation, 

1038
and malignancies, 1019

Human immunodefi ciency virus (HIV)
and renal replacement therapy, 277–278
and renal transplantation, 278, 960, 1043–1044
thrombotic microangiopathy in, 301

Human immunodefi ciency virus (HIV)-associated im-
mune complex disease, 277

Human immunodefi ciency virus (HIV)-associated 
nephritis (HIVAN), 273t, 274t, 276–277

Human immunodefi ciency virus (HIV)-related renal 
disease, 273t, 274t, 276–277

Human leukocyte antigens (HLA), 976, 977
Human recombinant erythropoietin (rhEPO), 757–758, 

760t
Humoral alloimmunity, 977
Humoral hypercalcemia of malignancy, 413, 415
Humoral immunity, 105, 976, 977
Hungry bone syndrome, 770

after parathyroidectomy, 1024
HUS. See Hemolytic-uremic syndrome (HUS).
HVHF (high-volume hemofi ltration), 75, 75f, 77
Hydralazine

with dialysis, 688–689, 688t
for hypertension

in children, 514t, 515t
in pregnancy, 482t

for hypertensive urgencies, 627t, 629
Hydration, assessing state of, 4–5
Hydrochloric acid (HCl), for metabolic alkalosis, 384
Hydrochlorothiazide (HCTZ)

cardiovascular effects of, 612
in combination, 402b
for congestive heart failure, 397
dosage of, 390t
for hypertension, 597t

in children, 514t
due to primary aldosteronism, 692f, 692t

pharmacokinetics of, 392t
for prevention of nephrolithiasis, 432, 432b

Hydrofl umethiazide
dosage of, 390t
pharmacokinetics of, 392t

Hydromorphone, for pain management in end-stage 
renal disease, 832t

Hydronephrosis, 440
in pregnancy, 487t

Hydrothorax, due to peritoneal dialysis, 932
3-Hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 

reductase inhibitors
for end-stage renal disease, 777
for idiopathic membranous nephropathy, 241
for IgA nephropathy, 182
for lipid management, 719t

3-Hydroxy-3-methylglutaryl coenzyme reductase 
inhibitors (Continued)

for nephrotic syndrome, 286
posttransplantation

for cerebrovascular disease, 1016
for hyperglycemia, 1014
for hyperlipidemia, 1011, 1013t

Hydroxychloroquine, for lupus nephritis, 164b
25-Hydroxycholecalciferol (25-OH-D)

in chronic kidney disease, 744, 768–769, 778
in hypercalcemia, 413, 413f
in nephrotic syndrome, 287

Hydroxyethyl starch (hetastarch), in resuscitation fl uid, 6
11b-Hydroxysteroid dehydrogenase (11b-OHSD), and 

hypertension, 693
1,25-Hydroxyvitamin D3, for posttransplant 

hyperparathyroidism, 1023
Hyperaldosteronism, primary

hypertension due to, 691–693, 692f, 692t
hypokalemia in, 359–360, 360t

Hypercalcemia, 412–416
causes of, 412–413
clinical features of, 413
diagnosis of, 413, 413f
familial hypocalciuric (familial benign), 413
during hemodialysis, 903
humoral, or malignancy, 413, 415
mild, 413–414
moderate, 414–415
in multiple myeloma, 464
pathophysiology of, 412–413
after renal transplantation, 744–745
severe, 415–416
treatment of, 413–416, 414f

Hypercalciuria
evaluation of, 431, 432f
hereditary hypophosphatemic rickets with, 549t, 550
idiopathic

in children, 504–505
treatment of, 432b

renal tubular acidosis due to, 376t
Hypercapnea

metabolic alkalosis due to, 383–384
in respiratory acidosis, 379

Hypercatabolism, in acute renal failure, 82–83, 82b, 
86, 87t

Hyperchloremic metabolic acidosis, 368, 374–378
of chronic renal failure, 374
diagnosis of, 369f
differential diagnosis of, 374, 375b
distinguishing features of, 375t
pathogenesis of, 374
renal tubular acidosis as, 375–378, 375b, 376b, 378b

Hypercholesterolemia
posttransplantation, 1011–1012, 1012t
in progressive renal failure, 700f, 707–708

Hypercoagulability, in nephrotic syndrome, 287–288
Hyperglycemia

control of, for prevention of progressive renal failure, 
708

transplant-associated, 1013–1014
Hyperhomocysteinemia, in chronic kidney disease, 

725–728, 726f–728f
Hyperkalemia, 361–366

in acute renal failure, 8–9
due to Addison’s disease, 365
causes of, 361f
cyclosporine-induced, 365
during hemodialysis, 903
due to hyporeninemic hypoaldosteronism, 365
with low K� concentration in cortical collecting 

duct, 355
pentamidine-induced, 365
in renal tubular acidosis, 377
due to renin system blockade, 606
due to spironolactone, 607
treatment of, 361–366

general considerations for, 361–365
in medical emergencies, 361–363, 362f
with no medical emergency, 362f, 364–365

trimethoprim-induced, 365
Hyperlipidemia

as cardiovascular risk factor
in chronic kidney disease, 715–717, 716t
in hypertension, 635–638, 636b, 636f, 637t

Hyperlipidemia (Continued)
in childhood and adolescence, 525
with chronic kidney disease, 715–722, 776–777

atherogenic, 715, 717b, 718–720
not requiring dialysis, 721–722
and primary nephrotic syndrome, 720, 721f
requiring dialysis, 722

in diabetic nephropathy, 720–721
due to diuretics, 399
high-risk conditions for, 716–717, 718b
low-density lipoprotein–lowering therapies for, 718, 719t
in metabolic syndrome, 716, 717b, 720, 720t
in nephrotic syndrome, 285–287, 720, 721f
with peritoneal dialysis, 934
posttransplantation, 722, 1011–1012, 1012t, 1013t
with renal artery stenosis, 654, 656
risk assessment for, 716, 716b, 717b
target of therapy for, 715, 716t
therapeutic lifestyle changes for, 716t, 718, 718b
due to thiazide diuretics and �-blockers, 593

Hyperlipoproteinemia, in nephrotic syndrome, 285
Hypermagnesemia, 422, 422f
Hypernatremia, 347–351

in acute renal failure, 8
cerebral response to, 347
clinical presentation of, 349
defi ned, 347
in diabetes mellitus, 347–348
in elderly, 347
epidemiology of, 347
euvolemic, 348f, 349–350, 350t
during hemodialysis, 903
in hospitalized patients, 347–348, 347b
hypervolemic, 348f, 351
hypovolemic, 348f, 350
polyuria in, 347–348
prevention of, 347–348, 347b
treatment of, 348–351, 348f, 349b

for euvolemic disease, 348f, 349–350, 350t
for hypervolemic disease, 348f, 351
for hypovolemic disease, 348f, 350

Hyperparathyroidism (HPT)
in chronic kidney disease, 765–766, 766f, 777–778

in childhood and adolescence, 524
erectile dysfunction due to, 784, 787

in nephrotic syndrome, 287
posttransplantation, 770, 1023–1024
primary, 412–414
secondary, 420

Hyperphosphatemia, 419–420, 419f
in chronic kidney disease, 766–768, 767t, 778

in childhood and adolescence, 524
with hypocalcemia, 417
pseudo-, 419

Hyperprolactinemia, in chronic kidney disease, erectile 
dysfunction due to, 784, 786–787

Hypertension
accelerated, 624

treatment of, 629–630, 631t
ACE inhibitors and angiotensin receptor blockers for, 

601–606
with dialysis, 686–688, 686t–688t
guidelines for selection of, 621t
history of, 601
and natural history of renal injury, 605
and nephropathy, 605–606
optimization of use of, 607–608
pharmacology of, 602–603, 602t, 603t
renal actions of, 604–605
with renal failure, 606
with renal transplantation, 677

due to activation of mineralocorticoid receptors, 693
acupuncture for, 578
with adrenergic crisis, 630f, 631t, 632
due to adrenocortical disorders, 691–693, 692f, 692t
aldosterone antagonists for, 607, 622
due to aldosteronism

glucocorticoid-remediable, 693
primary, 691–693, 692f, 692t

allograft dysfunction due to, 1001t
and autosomal dominant polycystic kidney disease, 

541–542
�-blockers for

in children, 514t
guidelines for selection of, 621t
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Hypertension (Continued)
��-blockers for, in children, 514t
calcium channel blockers for, 610–617

with dialysis, 684, 684t
effi cacy of, 610–612
in end-stage renal disease, 616
guidelines for selection of, 621t
pharmacology of, 610, 611t
and prevention of cardiovascular morbidity and 

mortality, 612–613, 612t
and prevention of progression of chronic kidney 

disease, 613–615, 615t
with renal transplantation, 616, 677
safety of, 616–617

cardiovascular risk factor(s) in, 635–641, 636b
C-reactive protein as, 640–641, 640f
diabetes as, 636f, 636t, 639
dyslipidemias as, 635–638, 636b, 636f, 637t
emerging, 640–641, 640f, 641f
homocysteine as, 640, 640f
lipoprotein (a) as, 640, 640f
smoking as, 636f, 636t, 638–639

cardiovascular risk in, 567, 568, 568t, 635–641
estimate of, 635, 636f
reduction of, 639–640

due to cerebrovascular accident, 630, 630f, 
631t, 632t

in children, 511–513
causes of, 512, 512t
defi ned, 511–512
diagnosis of, 513
epidemiology of, 511–512
risk factors for, 512–513, 512b
screening for, 512–513, 512b
therapy for, 513, 514t, 515t

complementary and alternative medicine for, 578
with coronary ischemia, 631, 631t
decisions for management of, 567–572
defi ned, 567–568
due to 11-deoxycorticosterone excess, 691
diabetes and, 571t, 636b, 636f, 639
with dialysis, 680–689

epidemiology of, 680–681, 681f
monitoring of, 680
pathophysiology of, 681–683, 682f
treatment of, 683–689

ACE inhibitors for, 686, 686t
adrenergic blocking agents for, 687–688, 688t
algorithm for, 688f, 689
angiotensin II receptor blockers for, 687, 687t
�-blockers for, 684–686, 685t
calcium channel blockers for, 684, 684t
centrally acting drugs for, 687, 687t
diuretics for, 683–684
goals of, 683
nonpharmacologic, 683
nonspecifi c vasodilators for, 688–689, 688t
vasodilators for, 688–689, 688t

dietary intervention(s) for, 569
alcohol restriction, 576t, 577
and cardiovascular risk reduction, 639–640
cocoa restriction, 576t, 577
coffee restriction, 576t, 577
DASH diet, 575, 576t, 578–579, 579t, 580
effects of, 576t
individual micro- and macronutrients in, 576–577, 

576t
OMNI-Heart trial of, 575–576
with other nonpharmacologic interventions, 

578–580
PREMIER study of, 578–579
recommendations, 579t, 580
sodium restriction, 569, 583–588

algorithm for, 587–588, 588f
assessment for, 586
in DASH diet, 585–586
defi nitions for, 583
dietary patterns and, 585
effect of, 576t, 577, 583–584
in established disease, 587, 587b
practical advice on, 587, 587b
as prevention, 586–587
public health strategies for, 584–585
TONE study of, 579–580

direct renin inhibitor for, 603–604

Hypertension (Continued)
with dissecting aortic aneurysm, 630f, 631–632, 631t
diuretics and �-blockers for, 591–597

adverse effects of, 592–594
algorithm for, 596, 597f
in black patients, 594
with cardiovascular disease, 595
with chronic kidney disease, 595–596
with COPD and bronchospasm, 594
in developing countries, 596
with dialysis, 684–686, 685t
dosage of, 596, 597t
in elderly, 594
guidelines for selection of, 621t, 622
with heart failure, 595
with left ventricular hypertrophy, 595
randomized trials of, 591–592
with renal transplantation, 677
in specifi c patient groups, 594–596

in elderly, 572, 572f
diuretics and �-blockers for, 594

in end-stage renal disease, 680–689
in childhood and adolescence, 525
epidemiology of, 680–681, 681f
monitoring of, 680
pathophysiology of, 681–683, 682f
treatment of, 683–689

ACE inhibitors for, 686–687, 686t
adrenergic blocking agents for, 687–688, 688t
algorithm for, 688f, 689
angiotensin II receptor blockers for, 687, 687t
�-blockers for, 684–686, 685t
calcium channel blockers for, 684, 684t
centrally acting drugs for, 687, 687t
diuretics for, 683–684
goals of, 683
nonpharmacologic, 683
nonspecifi c vasodilators for, 688–689, 688t

due to erythropoiesis-stimulating agents, 752
exercise for, 576t, 577–578, 639–640
goals for treatment of, 570–572, 571t
guidelines for diagnosis and treatment of, 570–571, 

571t
guidelines for selecting drug treatment of, 620–622, 

621f, 621t
due to hemolytic-uremic syndrome, 510
and IgA nephropathy, 179, 181t
individualization of pharmacologic therapy for, 

620–622, 621f, 621t
infl ammation and, 118f, 119–120
intradialytic, 898
isolated systolic, 571t
with left ventricular failure, 631, 631t
lifestyle interventions for, 569, 575–580
in living kidney donor, 965
malignant, 624

thrombotic microangiopathy in, 301
treatment of, 629–630, 631t

measurement of, 568–569
with myocardial infarction, 630f, 631, 631t
nonpharmacologic treatment of, 575–580
due to pheochromocytoma, 693–694, 694b
postoperative (perioperative), 630f, 631t, 632
pre-, 569–570, 570f, 571t
in pregnancy, 479–485

chronic, 480–481, 480t, 481f, 482t
classifi cation of, 479, 480t
defi ned, 479
diuretics and �-blockers for, 595
gestational, 479, 480t
and postpartum contraception, 485
due to preeclampsia and eclampsia, 480t, 481–485, 

482b, 483f, 484f
with preexisting renal disease, 488
transient, 480t

prevention of, lifestyle modifi cations for, 586–587
pulmonary, after arteriovenous shunt placement, 867
with pulmonary edema, 630f, 631, 631t
due to renal artery stenosis, 647, 651–653, 651t, 653f, 

656f
with renal failure, 631t, 632–633
as renal risk factor, 567, 568t
after renal transplantation, 675–678

causes of, 675–677, 676b
clinical features of, 675

Hypertension (Continued)
refractory, 678
treatment of, 676f, 677

ACE inhibitors and angiotensin receptor 
blockers for, 677

calcium channel blockers for, 616, 677
diuretics for, 677

renin in, 588
renovascular, 647, 660–673

demographics of, 661
diagnostic considerations in, 663–664, 663f
renal angioplasty and stenting for, 664–673

complications of, 660–661, 670–671, 671b, 671f
demographics of, 660, 661f
embolic protection devices with, 664, 665
goals of, 660, 664
vs. medical therapy, 648, 652, 653–654
outcomes of, 666–670, 666f, 667t–669t, 670f
patient selection for, 671–673
restenosis after, 671, 671f
techniques of, 664–665

risks of progression of, 661–663, 662f
severe, 631t, 633

natural history of, 624–625
smoking cessation for, 576t, 578
stress reduction for, 578
subarachnoid hemorrhage due to, 630–631, 631t
tai chi for, 576t, 578
weight loss for, 576t, 577, 587, 639–640

Hypertension Optimal Treatment (HOT) trial, 577, 
613, 639

Hypertensive crisis(es), 624–633
algorithm for treatment of, 630f
in children, 513, 515t
nature of, 624–625, 625b
in preeclampsia, 630f, 631t, 632
treatment of, 625–633

drugs for, 626–629, 627t–628t, 630t
general considerations in, 625–626
for specifi c conditions, 629–633, 631t, 632t

Hypertensive emergencies, 624–633
in children, 513, 515t
nature of, 624–625, 625b
treatment of, 625–633

drugs for, 626–629, 627t–628t
general considerations in, 625–626
for specifi c conditions, 629–633, 631t, 632t

Hypertensive encephalopathy, 624–625
treatment of, 630, 630f, 631t

Hypertensive urgencies
drugs for, 629, 630f
nature of, 624, 625b

Hypertonic saline
for hyponatremia, 341
for volume replacement, 6

Hypertriglyceridemia
during hemodialysis, 904
posttransplantation, 1011, 1012

Hyperuricemia
due to diuretics, 399
posttransplantation, 1024–1025, 1025b
due to thiazide diuretics, 593

Hyperventilation
hypophosphatemia due to, 421
respiratory alkalosis due to, 385, 386, 386t

Hyperviscosity syndrome, 466
Hypnotics

in end-stage renal disease, 804t–806t
in renal failure, 1054t, 1055t–1056t, 1064t

Hypoalbuminemia
during hemodialysis, 904
and malnutrition, 736–737, 738
in nephrotic syndrome, 281–284

Hypoaldosteronism
hyporeninemic

hyperkalemia due to, 364
renal tubular acidosis due to, 377

pseudo-
classic, 548
type 2, 553

Hypocalcemia, 416–418, 416f, 417f
during hemodialysis, 903
in nephrotic syndrome, 287

Hypocapnea, respiratory alkalosis due to, 385
Hypoglycemic agents, in renal failure, 1062t, 1072t
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Hypokalemia, 356–361
in apparent mineralocorticoid excess, 360t, 361
in Bartter syndrome, 360, 360t
causes of, 356b, 357f, 359–361, 360t
diuretic-induced, 359, 360t, 398–399, 592
in Gitelman’s syndrome, 360, 360t
in glucocorticoid-remediable aldosteronism, 360–361, 

360t
during hemodialysis, 903
in Liddle syndrome, 360t, 361
in primary hyperaldosteronism, 359–360, 360t
treatment of, 356–361

initial approach to, 356f
K� preparations for, 358–359, 359t
K�-sparing diuretics for, 359
magnitude of K� defi cit and, 358
in medical emergencies, 356–357
without medical emergency, 357–358, 357f, 358f
risks of, 359
route of K� administration for, 358
specifi c issues with K� replacement therapy for, 

358–359
Hypokalemic periodic paralysis, 357–358
Hypomagnesemia, 423, 423f, 550

during hemodialysis, 904
with hypocalcemia, 417
posttransplantation, 1026

Hypomagnesemic tetany, 550
Hyponatremia, 338–347

asymptomatic euvolemic, 345–346, 346t
cerebral adaptations to, 338
in children, 339
due to diuretics, 339, 399
euvolemic, 345–346, 346t
during hemodialysis, 903
hospital-acquired, in premenopausal women, 339
hypertonic, 337
hypervolemic, 346–347, 347b
hypotonic, 338
hypovolemic, 346, 347b
hypoxia and, 338–339
neurological complication(s) of, 338–339

cerebral edema as, 338–339, 339b
osmotic demyelination as, 338, 339, 339b
risk factors for, 338, 339b

polydipsia and, 339
symptomatic

acute, 340–342, 340f, 341b
chronic, 340f, 342–345, 343t

translocational, 337
treatment of, 339–347

for acute symptomatic disease, 340–342, 340f, 341b
for asymptomatic euvolemic disease, 345–346, 346t
for chronic symptomatic disease, 340f, 342–345, 

343t
for hypervolemic disease, 346–347, 347b
for hypovolemic disease, 346, 347b

Hypoparathyroidism, hypocalcemia due to, 418
Hypophosphatemia, 420–422, 420f, 421t

in alcoholic ketoacidosis, 372
in diabetic ketoacidosis, 371–372
during hemodialysis, 903–904
posttransplantation, 1026

Hypophosphatemic nonrachitic bone disease, 549t, 550
Hypophosphatemic osteomalacia, adult sporadic, 549t
Hypophosphatemic rickets

autosomal dominant, 549t, 550
hereditary, with hypercalciuria, 549t, 550
primary or X-linked, 548–550, 549t

Hypopnea, 791
Hyporeninemic hypoaldosteronism

hyperkalemia due to, 364
renal tubular acidosis due to, 377

Hypotension
due to dialysis, 66
in end-stage renal disease, 834t

postural, 797
intradialytic, 896–898

Hypotonicity, cerebral adaptation to, 338
Hypouricemic agents, in renal failure, 1062t, 1072t
Hypovolemia

classifi cation of, 6
compensated, 6
diagnosis of, 4–5, 7, 7f
volume replacement for, 4–8

Hypoxemia
during hemodialysis, 903
respiratory alkalosis due to, 386, 386t

Hypoxia
due to dialysis, 66
hyponatremia and, 338–339

Hypoxia inducible factor-1 (HIF-1), 749

I
IAP (intra-access pressure), 864–866, 865b
Ibandronate (Boniva)

for hypercalcemia, 415–416
for posttransplant osteoporosis, 1022

Ibuprofen (Motrin, Advil), in end-stage renal disease, 
808t

ICAs (intracranial aneurysms), and autosomal domi-
nant polycystic kidney disease, 540–541

ICF (intracellular fl uid), potassium ions in, 353–354, 
354f

Icodextrin, in peritoneal dialysis fl uids, 68, 916t, 917, 
939–940

IDEAL (Initiating Dialysis Early and Late) Study, 877
IDEAL (Incremental Decrease in End Points Through 

Aggressive Lipid Lowering) trial, 637t
IDH (intradialytic hypotension), 896–898
Idiopathic membranous nephropathy, 239–246

clinical trials and specifi c recommendations on, 
240–245

general strategy for, 240–241
natural history of, 239
prognostic indicators for, 239–240
with renal insuffi ciency, 244–245, 244b
without renal insuffi ciency, 24bt, 241–244, 242t

Idiopathic nephrotic syndrome. See Minimal change 
disease (MCD).

IDNT (Irbesartan Diabetic Nephropathy Trial), 326, 
327, 328, 612t, 613, 704

IF (interstitial fi brosis), gene therapy for, 560–561
IFN. See Interferon.
IF/TA (interstitial fi brosis/tubular atrophy), allograft 

dysfunction due to, 1000–1003, 1001t, 1002b
Ig(s). See Immunoglobulin(s) (IG[s]).
IgA. See Immunoglobulin A.
IHD. See Intermittent hemodialysis (IHD).
IHF (intermittent hemodiafi ltration), 59
IL-2 (interleukin-2), for renal cell carcinoma, 458–459, 560
IL-7 (interleukin-7), for renal cell carcinoma, 560
ILLUSTRATE trial, 638
Iloprost, in renal failure, 1064t
Imidapril, in renal failure, 1070t
Imipenem

for peritonitis, 928f
in renal failure, 1057t, 1065t

Imipramine (Tofranil), in renal failure, 800t
Immune complex disease, HIV-associated, 277
Immune disorders, acute interstitial nephritis in, 314
Immune response, 977–978

overview of, 105
Immune system

adaptive, 976–977
components of, 976–977
innate, 977

Immunoablation, for systemic vasculitis, 191–192
Immunoabsorption, 127
Immunoadsorption

for anti-GBM antibody disease, 200
for systemic vasculitis, 191

Immunoglobulin(s) (Igs), 977
intravenous (See Intravenous immunoglobulin [IVIG])
pooled human, for IgA nephropathy, 178
for thrombotic microangiopathy, 306t

Immunoglobulin A (IgA), decreasing production of, 174
Immunoglobulin A (IgA) deposition

alteration of immune and infl ammatory events that 
follow, 174–182

prevention and removal of, 174
Immunoglobulin A (IgA) nephritis, crescentic, rapidly 

progressive renal failure due to, 174
Immunoglobulin A (IgA) nephropathy (IgAN), 

172–184, 506–507
alteration of immune and infl ammatory events that 

follow IgA deposition in, 174–182
in children, 506–507
clinical features of, 172, 506

Immunoglobulin A (Continued)
disease mechanisms in, 172–173
hypertension in, 179, 181t
nephrotic syndrome in, 178
predicting risk of progression of, 179
slowly progressive, 178–179
after transplantation, 182
treatment of, 173–182, 506–507

ACE inhibitors for, 179, 181t
angiotensin receptor antagonists for, 179, 181t, 507
antiplatelet agents for, 179, 180t, 507
approaches to, 173–174
azathioprine for, 175, 177t, 507
corticosteroids for, 174–175, 176t, 507
cyclophosphamide for, 175, 177t
cyclosporine for, 175, 177t
decreasing IgA production in, 174
endpoints for, 173
fi sh oil for, 179, 182t, 507
future directions for, 184
HMG-CoA reductase inhibitors for, 182
lefl unomide for, 175, 177t
mizoribine for, 178
mycophenolate mofetil for, 175–178, 178t
with nephrotic syndrome, 178
phenytoin for, 174
plasmapheresis for, 132
pooled human immunoglobulin for, 178
prevention and removal of IgA deposits in, 174
recommendations on, 183, 183f
with slowly progressive disease, 178–179
study design on, 173–174
tonsillectomy for, 174, 507

Immunoglobulin light-chain metabolism, and renal 
lesions, 461–462, 462t

Immunologic agents, in renal failure, 1063t
Immunology, transplant, 976–978

alloimmunity in
cellular, 977
humoral, 977

clinical application of, 978–979
components of immune system in, 976–977
crossmatch methods in, 978–979
detection of anti-HLA antibodies in, 978
effector mechanisms in, 977–978
recognition of alloantigen in, 977
tissue-typing techniques in, 978

Immunomodulatory effects, of continuous renal 
replacement therapy, 76–77

Immunopharmacology, for poisoning, 1079
Immunosuppressive medication(s), 979–989, 980t–981t

for acute interstitial nephritis, 314–318, 317f, 318t
for acute kidney injury, 96
adjuvant agents as, 981t, 984–985, 988
for anti-GBM antibody disease, 199, 199t, 200, 

201–202, 201t
antimetabolites as, 981t, 984–985
calcineurin inhibitors as, 980t–981t, 983, 987–988

withdrawal from, 989
in childhood and adolescence, 530
cost of, 840
drug interactions of, 985, 986b, 1034, 1035t
for focal segmental glomerulosclerosis, 227–229, 233
for glomerular and tubulointerstitial disease, 105–109
glucocorticoids as, 981t, 985

withdrawal from, 989
for idiopathic membranous nephropathy, 241–245, 

243b, 244b
for IgA nephropathy, 174–178, 507
in induction treatment, 979–983, 980t–981t, 988–989
intravenous immunoglobulins as, 985–986
for lupus nephritis, 157–168
mechanisms of action of, 979f, 980t–981t
monoclonal lymphocyte–depleting antibodies as, 

980t, 982
monoclonal nondepleting antibodies as, 983
new, 986–987
polyclonal lymphocyte–depleting antibodies as, 

979–982, 980t
posttransplant hypertension due to, 675–677
protocols for, 987, 987t
and sensitization, 989–990
for systemic vasculitis, 189–193, 191t, 193t, 194t
target of rapamycin inhibitors as, 984–985
for thrombotic microangiopathy, 306t
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Immunotactoid glomerulopathy, 258t, 268–269
Impotence, due to diuretics, 399
Imuran. See Azathioprine.
In vitro models, of acute kidney injury, 93
In vivo models, of acute kidney injury, 92–93
Incompetent patient, withholding or withdrawal of 

dialysis for, 948–950, 949b
Incremental Decrease in End Points Through Aggressive 

Lipid Lowering (IDEAL) trial, 637t
Indapamide

dosage of, 390t
pharmacokinetics of, 392t

Individualized therapy, for hypertension, 620–622, 621f, 
621t

Indobufen, in renal failure, 1065t
Indomethacin (Indocin)

in end-stage renal disease, 808t
for nephrotic syndrome, 283

Induction treatment, for renal transplantation, 979–983, 
980t–981t, 988–989

Indwelling catheters, 473
and UTIs, 449

Infant(s), ureteral stones in, 442
Infantile nephropathic cystinosis, 551
Infection(s)

due to dialysate fl uid, 853–854, 854b
exit-site

with hemodialysis vascular access, 868
with peritoneal dialysis, 928–929, 929t

due to hemodialysis vascular access, 860, 866, 868
in nephrotic syndrome, 288
with peritoneal dialysis, 924–929

exit-site and tunnel, 928–929, 929t
peritonitis as, 924–928, 925f–928f

posttransplantation, 1034–1044
bacterial urinary tract, 1041–1043
in childhood and adolescence, 530
drug interactions in treatment of, 1034, 1035t
epidemiology of, 1034
fungal, 1041, 1042t
with human immunodefi ciency virus, 1043–1044
with Pneumocystis jiroveci, 1041
timeline for, 1034, 1036f
with tuberculosis and nontuberculous mycobac-

teria, 1043
viral, 1035–1041
wound, 972–973

renal transplantation with
in living donor, 963b, 965
in recipient, 958b, 960

urinary tract (See Urinary tract infection[s] [UTIs])
Infection-associated glomerulonephritis, 140–149

bacterial, 142–145, 142t
diagnosis and management of, 141, 148–149, 149f
fungal, 146
future directions for, 147–148
parasitic, 146–147
pathogenesis of, 141
prognosis for, 141, 147–148
recent developments in, 140–142, 142t
rickettsial, 146
viral, 145–146

Infection-related acute interstitial nephritis, 313–314
Infective endocarditis, glomerulonephritis due to, 140, 

142t, 143–144
Inferior vena cava, renal cancer involving, 458
Infl ammation

acute, 112
in acute kidney injury, 93–94
chronic, 112
defi ned, 112
fatty acids and, 113–117, 113f–115f
and hypertension, 118f, 119–120
and malnutrition, 736–737
tissue phenomena in, 112
vitamins, 117–118

Infl ammatory reactions, defi ned, 112
Infl ammatory response, dietary modulation of, 

112–120
Infl ammatory state, obesity as, 118–119, 118f
Infl iximab

for focal segmental glomerulosclerosis, 230t
for systemic vasculitis, 190, 191

Infl uenza, posttransplantation, 1038–1039
Information sites, online, 1089t

Informed consent, for dialysis, 948, 949b
Infrarenal aortic clamping, acute renal failure due to, 

16t–17t
Inherited renal disease

aminoacidurias as, 547–548
autosomal dominant polycystic kidney disease as, 

539–544
defi ned, 539
epidemiology of, 539
extrarenal manifestations of, 539–541, 540t
kidney pain in, 542, 543t
management of complications of, 540t
renal manifestations of, 540t, 541–542
slowing of progression of, 544

Bartter syndrome as, 552–553, 552t
chloride shunt (Gordon’s) syndrome as, 553
Fabry’s disease as, 554–555, 554t
familial Mediterranean fever as, 553–554, 554t
Fanconi syndrome as, 550–552, 551t
gene therapy for, 557–562
glycosurias as, 548
Liddle syndrome as, 553
magnesurias as, 550
phosphaturias as, 548–550, 549t
pseudohypoaldosteronism as, 548

Initiating Dialysis Early and Late (IDEAL) Study, 877
Innate immune system, 977
Inorganic phosphates, for hypercalcemia, 416
Inotropic agents, for edema, 403–404
INSIGHT (Intervention as a Goal in Hypertension 

Treatment) trial, 612, 612t
Insomnia, in end-stage renal disease, 809–810
Instantaneous cross-dialyzer clearance (Kd), 878
Insulin

for diabetic ketoacidosis, 371
for hyperkalemia, 361–362
in parenteral nutrition for acute renal failure, 88t

Insulin resistance
in acute renal failure, 82, 83
and malnutrition, 737
due to thiazide diuretics and �-blockers, 593

Insulin-like growth factor, in renal failure, 1055t
Intercompartmental mass transfer coeffi cient (Kc), 

880–881
Interferon (IFN) therapy, for renal cell carcinoma, 458
Interferon-alfa (IFN-�)

for familial Mediterranean fever, 554t
for HBV-associated renal disease, 273, 274–275, 274t
for HCV-associated membranoproliferative glomeru-

lonephritis, 152–153, 153t, 154, 154t
for posttransplant hepatitis C, 1040
thrombotic microangiopathy due to, 302

Interferon-� (IFN-�), for focal segmental glomerulo-
sclerosis, 230t

Interleukin-2 (IL-2), for renal cell carcinoma, 458–459, 
560

Interleukin-7 (IL-7), for renal cell carcinoma, 560
Intermittent centrifugation, for plasmapheresis, 126
Intermittent hemodiafi ltration (IHF), 59
Intermittent hemodialysis (IHD)

for acute kidney injury, 60–61
advantages and disadvantages of, 58
anticoagulants with, 63, 64t–65t
complications of, 66–67
continuous vs., 59, 76–78
defi ned, 58
for drug/toxin removal, 61, 62t
vs. hybrid therapies, 59, 61t
metabolic impact of, 84b
prescription for, 60–61
sorbent system, 58–59

Intermittent ultrafi ltration, 59
Internal jugular catheter, for hemodialysis, 62
International Verapamil-Trandolapril Study (INVEST), 

595, 612t, 613
Internet, 1083–1087

defi ned, 1083
government organizations on, 1090t
information sites on, 1089t
integrating word processor and, 1083–1084
Physician Quality Reporting Initiative on, 1087, 1088f
renal organizations on, 1089t
security of, 1087
tools for nephrologists on, 1085–1087

Interstitial fi brosis (IF), gene therapy for, 560–561

Interstitial fi brosis/tubular atrophy (IF/TA), allograft 
dysfunction due to, 1000–1003, 1001t, 1002b

Interstitial nephritis, acute. See Acute interstitial 
nephritis (AIN).

Intervention as a Goal in Hypertension Treatment 
(INSIGHT) trial, 612, 612t

Intra-access pressure (IAP), 864–866, 865b
Intracavernosal injection therapy, for erectile 

dysfunction, 788
Intracellular fl uid (ICF), potassium ions in, 353–354, 

354f
Intracorporeal lithotripsy, 437–438
Intracranial aneurysms (ICAs), and autosomal domi-

nant polycystic kidney disease, 540–541
Intracranial hemorrhage, due to hypertension, 630–631, 

631t
Intradialytic hypertension, 898
Intradialytic hypotension (IDH), 896–898
Intratubular obstruction, in acute kidney injury, 94
Intravenous immunoglobulin (IVIG)

for BK virus nephropathy, 1041
for glomerular and tubulointerstitial disease, 109
for lupus nephritis, 164b
posttransplantation

for cytomegalovirus, 1037
for respiratory syncytial virus, 1039

for renal transplantation, 985–986
for systemic vasculitis, 190

Intrinsic clearance, of dialyzer, 878
INVEST (International Verapamil-Trandolapril Study), 

595, 612t, 613
Ionic dialysance (Dt/V), 882
Irbesartan

cardiovascular effects of, 613
for diabetic nephropathy, 326, 327, 328f
with dialysis, 687t, 1061t
high-dose, 607
for IgA nephropathy, 181t
pharmacology of, 603, 603t
renal actions of, 604
renoprotective effect of, 605, 614, 615t, 704

Irbesartan Diabetic Nephropathy Trial (IDNT), 326, 
327, 328, 612t, 613, 704

Iron defi ciency
in chronic kidney disease, 752–753, 753f, 753t, 

758–759
functional, 758

Iron dextran
for chronic kidney disease, 752, 753t, 758
dialysis reactions due to, 896

Iron sucrose, for chronic kidney disease, 752, 
753t, 758

Ischemic heart disease, renal transplantation with, 
959

Ischemic nephropathy, 647, 660
Isoniazid, in renal failure, 1060t, 1068t
Isoptin. See Verapamil.
Isotonic saline, for hyponatremia, 346
Isotretinoin, for focal segmental glomerulosclerosis, 

230t
Isradipine

with dialysis, 684t, 1061t
in renal failure, 1069t

Isradipine (Dynacirc)
cardiovascular effects of, 612, 612t
pharmacology of, 610, 611t

ITGB4 gene, 224t
Itraconazole

for posttransplant infections, 1042t
in renal failure, 1059t

IVIG. See Intravenous immunoglobulin.

J
Janus kinase 3 inhibitor, for renal transplantation, 987
Jaw, osteochemonecrosis of, due to bisphosphonates, 

416
JC virus, allograft dysfunction due to, 999
Joint National Committee Report 7 (JNC-7), on 

hypertension, 570, 571, 571t
Joulie solution

for phosphaturic syndromes and Fanconi syndrome, 
551t

for X-linked hypophosphatemic rickets, 548–550
Jugular vein catheter, for hemodialysis, 62, 859
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K
K�. See Potassium.
K (dialyzer clearance rate), 876
Kaposi’s sarcoma, posttransplantation, 1020, 1038
Kaposi’s sarcoma–associated herpesvirus (KSHV), post-

transplantation, 1038
Kayexalate

for hyperkalemia, 364
for poisoning, 1074

Kc (intercompartmental mass transfer coeffi cient), 
880–881

KCl. See Potassium chloride.
Kd (instantaneous cross-dialyzer clearance), 878
K/DOQI. See Kidney Disease Outcome Quality Initiative.
Ketanserin, in renal failure, 1062t
Ketoacidosis

alcoholic, 372
diabetic, 371–372

Ketoconazole, in renal failure, 1059t
Ketoprofen, in renal failure, 1065t
Ketorolac, in renal failure, 1065t
Ketotifen, for pruritus in end-stage renal disease, 833t
Kidney

horseshoe, stone in, 441
medullary sponge, stone in, 441
solitary, stone in, 441
transplanted, stone in, 441

Kidney after liver transplantation, for hepatorenal 
syndrome, 49

Kidney biopsy. See Renal biopsy.
Kidney disease, chronic. See Chronic kidney disease 

(CKD).
Kidney Disease Outcome Quality Initiative (K/DOQI)

on anemia
screening for, 749
treatment of, 751, 756, 757, 758

on bone and mineral disorders, 765, 766
on peritoneal dialysis, 937, 938

Kidney Disease Quality of Life Questionnaire, 819
Kidney donor, living. See Living kidney donor.
Kidney failure

acute (See Acute renal failure [ARF])
chronic (See Chronic kidney disease [CKD])

Kidney injury, acute. See Acute kidney injury (AKI).
Kidney pain, in autosomal dominant polycystic kidney 

disease, 542, 543t
Kidney size, in pregnancy, 487t
Kidney stone disease. See Nephrolithiasis.
Kidney transplantation. See Renal transplantation.
Klonopin (clonazepam)

in renal failure, 805t
for restless legs syndrome, 833t

KO (mass transfer coeffi cient), 878
KOA (mass transfer area coeffi cient), 878
K-Phos

for hypophosphatemia, 421–422, 421t
for phosphaturic syndromes and Fanconi syndrome, 

551t
Kramer, Peter, 73
KSHV (Kaposi’s sarcoma–associated herpesvirus), post-

transplantation, 1038
Kt/V. See Fractional clearance of urea.

L
Labetalol

with dialysis, 685, 685t, 1061t
for hypertension

with acute ischemic stroke, 632t
in children, 514t, 515t
due to pheochromocytoma, 694
in pregnancy, 482t

for hypertensive emergencies, 626, 628t
for hypertensive urgencies, 629
for renal artery stenosis, 653

Lacidipine, for hypertension, 610, 611t
Lactate, in peritoneal dialysis fl uids, 915, 916–917, 916t
Lactate-based dialysate, 63, 68
Lactated Ringer’s solution, for volume replacement, 5
Lactic acidosis

with contrast agents, 44
D-, 373
L-, 372–373
due to metformin, 9

LAMB2 gene, 224t

Lamictal (lamotrigine), in renal failure, 802t
Lamifi ban, in renal failure, 1064t
Lamivudine (3TC)

for HBV-associated renal disease, 273–274, 274t, 275t
for posttransplant hepatitis B, 1039–1040
in renal failure, 1060t, 1069t

Lamotrigine (Lamictal), in renal failure, 802t
Lanreotide, in renal failure, 1072t
Lansoprazole

for posttransplant peptic ulcer disease, 1021
in renal failure, 1060t

Lanthanum carbonate (Fosrenol)
for bone disease, 768
for hyperphosphatemia, 420

Laser lithotripsy, 438, 470
LCDD (light-chain deposition disease), 258t, 264–265

monoclonal, 264, 461–462, 462t, 463–464
LDL. See Low-density lipoprotein (LDL).
l-dopa, 13
LEA29Y, for renal transplantation, 977, 986
Leachable substances, dialysis reactions due to, 894–895, 

896
Lead-time bias, 741
Lean body mass, in peritoneal dialysis, 936, 937b, 940
Lefl unomide (Arava)

for BK virus nephropathy, 1040–1041
for IgA nephropathy, 175, 177t
in renal failure, 1056t
for renal transplantation, 986
for systemic vasculitis, 191

Left internal jugular catheter, for hemodialysis, 62
Left ventricular failure, hypertension with, 631, 631t
Left ventricular hypertrophy (LVH)

anemia and, in chronic renal disease, 750, 777
and autosomal dominant polycystic kidney disease, 

542
hypertension with

as cardiovascular risk factor, 636f
diuretics and �-blockers for, 595

Leg edema, after renal transplantation, 974–975
Legal basis, for withholding or withdrawal of dialysis, 

950–951
Leishmaniasis, visceral, glomerulonephritis due to, 147
Lenalidomide

for AL amyloidosis, 261t, 263, 264
for multiple myeloma, 267

Lentivirus-based vectors, for gene therapy, 558
Leprosy, glomerulonephritis due to, 144–145
Leptospirosis, glomerulonephritis due to, 145
Lercanidipine

for hypertension, 610, 611t
in renal failure, 1069t

Lethargy, in end-stage renal disease, 834t
Leukocyte activation, in hemodialysis, 902
Leukoencephalopathy, reversible posterior, 625
Leukotrienes (LTs), 115, 115f
Levamisole, for minimal change disease, 215

in children, 215, 500
Levetiracetam, in renal failure, 1056t, 1064t
Levitra (vardenafi l), for erectile dysfunction, 787–788
Levocabastine, in renal failure, 1056t, 1065t
Levodopa, for restless legs syndrome, 822t
Levofl oxacin, in renal failure, 1059t, 1067t
Lexapro (escitalopram), in renal failure, 798t
LHCDD (light and heavy chain deposition disease), 

264, 461
Liddle syndrome, 553

hypokalemia in, 360t, 361
metabolic alkalosis in, 385

Lidocaine, for pruritus in end-stage renal disease, 833t
Life Options Rehabilitation Council, 819
Lifestyle modifi cations

for dyslipidemia, 716t, 718, 718b
for end-stage renal disease, 773–774, 775t
for hypertension, 569, 575–580, 586–587

Light and heavy chain deposition disease (LHCDD), 
264, 461

Light-chain deposition disease (LCDD), 258t, 264–265
monoclonal, 264, 461–462, 462t, 463–464

Light-chain metabolism, and renal lesions, 461–462, 
462t

Lincomycin, in renal failure, 1058t, 1066t
Linezolid, in renal failure, 1058t
Linoleic acid, 113, 113f, 115f
�-Linolenic acid, 113, 113f, 115f

Lipid(s), in parenteral nutrition for acute renal failure, 
87–89, 88t

Lipid mediators, production of, 114–115, 115f
Lipid metabolism, in acute renal failure, 84
LIPID (Long-term Intervention with Pravastatin in 

Ischemic Disease) study, 635–636
Lipid-lowering agents, 715, 717, 718, 718b, 719t

for lupus nephritis, 164b–165b
posttransplantation, 1011–1012, 1013t
for prevention of progressive renal failure, 700f, 

707–708
in renal failure, 1055t, 1062t, 1071t

Lipoid nephrosis. See Minimal change disease (MCD).
Lipoprotein

high-density, as cardiovascular risk factor in hyper-
tension, 636b, 636f, 637–638

low-density
as cardiovascular risk factor

in chronic kidney disease, 715–720, 716t, 775t
in hypertension, 635–638, 636b, 636f, 637t

with renal artery stenosis, 654, 656
very low density, in chronic kidney disease, 

720, 722
Lipoprotein (a) (Lp[a]), as cardiovascular risk factor, in 

hypertension, 640, 640f
Lisinopril

with dialysis, 686t, 1062t
and nephropathy, 605, 606
pharmacology of, 602, 602t
in renal failure, 606, 1070t
renal protective effects of, 614, 615t
with renal transplantation, 616

List management, 1084
Lithium (Eskalith, Lithobid, Lithonate)

hemodialysis for intoxication with, 62t
for hyponatremia, 345
in renal failure, 802t, 812, 1063t

Lithotripsy, 437–439
effi cacy of, 438–439
electrohydraulic, 437
extracorporeal shock wave, 430, 437

antibiotics and, 442
for cystine stones, 548
effi cacy of, 438–439
indications for, 471
for renal calculi, 440, 441, 441f
technique of, 470–471
for ureteral calculi, 441–442

intracorporeal, 437–438
laser, 438, 470
pneumatic, 438
ultrasonic, 437–438

Liver disease, polycystic, 539–540
Liver transplantation

acute renal failure due to
dopamine for, 16t–17t, 20
fenoldopam for, 22, 24t–25t

for hepatorenal syndrome, 48–49, 48t, 52, 53
orthotopic, for hereditary amyloidosis, 263

Living kidney donor
choice of kidney from, 971
contraindications to, 964, 964b
evaluation of, 961–966

anatomic, 963b
for cancer, 963b, 965
for cardiopulmonary disease, 966
cardiovascular, 962b, 965, 966
for hypertension, 965
imaging for, 971
for infection, 963b, 965
medical, 961, 962b–963b, 964–966
metabolic-focused, 963b
for nephrolithiasis, 965
for obesity, 965
psychosocial, 961, 962b
renal-focused, 963b, 965–966
for renovascular disease, 965–966
for venous thromboembolism, 965

quality of life of, 966
relationship of, 961, 962b, 964f
risks to, 961–964
survival benefi t of, 957, 958f

Lixivaptan
for hyponatremia, 346, 346t
mechanism of action of, 391

Index–1093-1132-X5484.indd 1115Index–1093-1132-X5484.indd   1115 6/18/08 3:35:40 PM6/18/08   3:35:40 PM



1116 Index

LMWH (low molecular weight heparin)
with hemodialysis, 64t, 1056t
in renal failure, 1050, 1056t, 1064t

Loa loa, glomerulonephritis due to, 147
Loading dose, 1049–1050, 1050t
Lomefl oxacin, in renal failure, 1059t, 1067t
Long-term dialysis, 61, 62t
Long-term Intervention with Pravastatin in Ischemic 

Disease (LIPID) study, 635–636
Loop diuretics

in acute kidney injury
ceiling dosage of, 400–401, 401t
for established disease, 37, 37t, 395
pharmacology and dose recommendations for, 

38–39
for prevention, 36, 36t

adverse effects of, 398–399, 398t
for chronic kidney insuffi ciency, 395
for cirrhosis, 401t
in combination, 401–402, 402b
for congestive heart failure, 397, 401t
dosage of, 390t

ceiling, 400–401, 401t
high-dose, 400–401, 401t
for hypercalcemia, 414f, 415
for hyponatremia, 346
intravenous, 400–401, 401t
mechanism of action of, 389, 389f
for nephrotic syndrome, 284–285, 396
pharmacokinetics of, 391, 392–393, 392t, 393f

Loracarbef, in renal failure, 1066t
Loratadine, in renal failure, 1056t
Lorazepam (Ativan), in renal failure, 805t
Lorcainide, in renal failure, 1061t
Lornoxicam, in renal failure, 1056t
Losartan

for diabetic nephropathy, 325, 327
with dialysis, 687, 687t, 1061t
for end-stage renal disease, 776
for hypertension

with dialysis, 687, 687t
after renal transplantation, 616, 677

for nephrotic syndrome, 283
pharmacology of, 603, 603t
for posttransplant gout, 1025
renal protective effects of, 614–615, 615t

Lotrifi ban, in renal failure, 1064t
Lovastatin

for cardiovascular risk reduction in hypertension, 635
for lipid management, 719t
for posttransplant hyperlipidemia, 1011, 1013t
in renal failure, 1071t

Low molecular weight heparin (LMWH)
with hemodialysis, 64t, 1056t
in renal failure, 1050, 1056t, 1064t

Low-density lipoprotein (LDL)
as cardiovascular risk factor

in chronic kidney disease, 715–720, 716t, 775t
in hypertension, 635–638, 636b, 636f, 637t

with renal artery stenosis, 654, 656
Low-density lipoprotein cholesterol (LDL-C), after renal 

transplantation, 1011–1012, 1012t
Low-density lipoprotein (LDL)-lowering therapies, 715, 

717, 718, 718b, 719t
Lowe syndrome, 551
Low-protein diet, for chronic kidney disease, 739–742, 

740t, 742t
Low-turnover bone disease, in chronic kidney disease, 

766
Lp(a) (lipoprotein [a]), as cardiovascular risk factor, in 

hypertension, 640, 640f
LTs (leukotrienes), 115, 115f
Ludiomil (maprotiline), in renal failure, 801t
Luminal (phenobarbital), in renal failure, 807t, 1056t
Lunesta (eszopiclone), in renal failure, 806t
Lung hemorrhage, in anti-GBM antibody disease, 197, 

198, 201, 202
Lupus erythematosus, systemic, 157, 163–167

in pregnancy, 489
thrombotic microangiopathy in, 301

Lupus membranous nephropathy, 163, 167b
Lupus nephritis, 157–168

animal studies on, 158, 158b
background of, 157
bone protection with, 165b

Lupus nephritis (Continued)
end-stage renal failure due to, 167
future issues with, 167–168
human studies on, 158–162, 159b–160b
in pregnancy, 489
prognosis for, 162, 163b
proliferative, 163, 166b
relapse of, 163
thrombotic diathesis with, 165b
treatment of

angiotensin antagonists for, 164b
antihypertensives for, 164b
azathioprine for, 159b, 160b, 161–162, 164b, 166b
corticosteroids for, 158–161, 159b, 164b, 166b, 167b
cyclophosphamide for, 159b, 160b, 161, 163, 

164b–167b
cyclosporine for, 164b, 167b
experimental therapies for, 167, 168t
hydroxychloroquine for, 164b
intravenous immunoglobulins for, 164b
lipid-lowering drugs for, 164b–165b
methotrexate for, 164b
mycophenolate mofetil for, 160b, 162, 164b, 166b
options for, 162–163, 164b–167b
plasmapheresis for, 129–131, 131t, 160b, 162, 164b
rituximab for, 164b
specifi c recommendations for, 162–167, 164b–167b
tacrolimus for, 164b

Luteinizing hormone, in chronic kidney disease, 784
Luvox (fl uvoxamine), in renal failure, 798t
LVH. See Left ventricular hypertrophy.
Lymphatic obstruction, diuretic resistance due to, 400t
Lymphocele, after renal transplantation, 974
Lymphocyte immune globulin, for renal transplanta-

tion, 979–982, 980t, 988
Lymphoproliferative disease, posttransplant, 1018–1019

in childhood and adolescence, 530
Epstein-Barr virus and, 1037

Lyrica (pregabalin), in renal failure, 807t, 1056t, 1064t
Lysozyme amyloidosis, 259t
Lysuride hydrogen maleate, for erectile dysfunction, 787

M
Macroglobulinemia, Waldenström’s, 462t, 465–466
Macrolide antibiotics, in renal failure, 1054t, 1058t, 

1066t
Macronutrients, and hypertension, 575–577
Macrophages, adipocytes and, 118
Magnesium

in hemodialysis fl uid, 853
and hypertension, 576, 576t
in peritoneal dialysis fl uids, 916t

Magnesium carbonate, for bone disease, 768
Magnesium defi ciency, 550
Magnesium disorder(s), 422–423

during hemodialysis, 904
hypermagnesemia as, 422, 422f
hypomagnesemia as, 423, 423f, 550

Magnesium homeostasis, 422
Magnesium oxide (Mag-Ox 400, Slow-Mag, Uro-Mag)

for Gitelman’s syndrome, 553
for magnesurias, 550
for posttransplant hypomagnesemia, 1026

Magnesium pyrrolidine carboxylate, for Gitelman’s 
syndrome, 553

Magnesium sulfate
for hypomagnesemia, 423
for hypomagnesemic tetany, 550
for preeclampsia, 483

Magnesurias, 550
Mag-Ox 400 (magnesium oxide)

for Gitelman’s syndrome, 553
for magnesurias, 550
for posttransplant hypomagnesemia, 1026

Maintenance dose, 1050
modifi ed, 1051

Major histocompatibility complex (MHC) antigens, 
976, 977

Malaria, glomerulonephritis due to, 146–147
Malignancy, humoral hypercalcemia of, 413, 415
Malignant disease, posttransplantation, 1018–1020
Malignant hypertension, 624

thrombotic microangiopathy in, 301
treatment of, 629–630, 631t

Malnutrition
in peritoneal dialysis, 940–941, 943
in renal disease, 736–737, 737f

Manic depression, in end-stage renal disease, 802t, 
812–813

Manidipine, for hypertension, 610, 611t
Mannitol

in acute kidney injury
for established disease, 36–37, 37t
pharmacology and dose recommendations for, 38
for prevention, 35–36, 36t, 394

for contrast-induced nephropathy, 43
dosage of, 390t
mechanism of action of, 391
in renal failure, 1071t

MAP (mean arterial pressure), in renal artery stenosis, 
649f, 650f

MapPoint, 1085
Maprotiline (Ludiomil), in renal failure, 801t
MARS (molecular adsorbents recirculation system), for 

hepatorenal syndrome, 48t, 51–52
Mass transfer area coeffi cient (KOA), 878
Mass transfer coeffi cient (KO), 878
MC (mixed cryoglobulinemia), 151–154
MCD. See Minimal change disease (MCD).
MCP (membrane cofactor protein)

in hemolytic-uremic syndrome, 510
in thrombotic microangiopathy, 299f, 303, 304, 307t, 

308
MDRD study. See Modifi cation of Diet in Renal Disease 

(MDRD) study.
Mean arterial pressure (MAP), in renal artery stenosis, 

649f, 650f
Measuring Effects on Intima-Media Thickness: An 

Evaluation of Rosuvastatin (METEOR) study, 1016
Mechanical ventilation

respiratory alkalosis due to, 386, 386t
volume status with, 5

Medicare spending, for end-stage renal disease, 836, 
837, 837f

Medicated urethral system for erection (MUSE), 788
Medullary sponge kidney, stone in, 441
Mefl oquine, in renal failure, 1059t
Mefruside, dosage of, 390t
MEFV gene, 553
Megestrol, for anorexia in end-stage renal disease, 834t
Meglitinides, for transplant-associated hyperglycemia, 

1014
MELD (Model for End-stage Liver Disease) score, 48, 52
Melphalan

for AL amyloidosis, 260t, 262–263, 264
for light-chain deposition disease, 265
for multiple myeloma, 267

Memantine, in renal failure, 1071t
Membrane cofactor protein (MCP)

in hemolytic-uremic syndrome, 510
in thrombotic microangiopathy, 299f, 303, 304, 307t, 

308
Membrane fi ltration, for plasmapheresis, 126, 127f
Membranoproliferative glomerulonephritis (MPGN)

in children, 508
hepatitis B–associated, 273, 274t, 275
hepatitis C–associated, 140, 151–155, 249

clinical features, pathology, and pathophysiology 
of, 151–152

treatment of, 152–155, 153t, 154t
idiopathic, 249–254

in children, 508–509
classifi cation of, 249
complement cascade in, 249, 250f, 252–253, 253f
genetic predisposition to, 250
glomerular basement membrane in, 250f, 

252–253
pathogenesis of, 249–251, 250f, 508
prognosis for, 250
treatment of, 251–254

antiplatelet agents and anticoagulants for, 251
corticosteroids for, 251, 508
cytotoxic agents for, 251
indications for, 251
kidney transplantation for, 252
plasma exchange for, 251–252, 508
targets in complement cascade for, 252–253, 

253f
useful links on, 254

Index–1093-1132-X5484.indd 1116Index–1093-1132-X5484.indd   1116 6/18/08 3:35:41 PM6/18/08   3:35:41 PM



1117 Index

Membranous nephropathy (MN)
HBV–associated, 273, 274t, 275
idiopathic, 239–246

clinical trials and specifi c recommendations on, 
240–245

general strategy for, 240–241
natural history of, 239
prognostic indicators for, 239–240
with renal insuffi ciency, 244–245, 244b
without renal insuffi ciency, 24bt, 241–244, 242t

Men, UTIs in, 450, 451–452
Meperidine

for pain management in end-stage renal disease, 
832t

in renal failure, 1055t, 1063t
Meprobamate, in renal failure, 1055t
�-Mercaptopropionylglycine (�-MPG, tiopronin), for 

cystine stones, 470, 548
Meropenem, in renal failure, 1057t, 1065t
Metabolic acidosis

in acute renal failure, 9
clinical examples of, 370–378
compensation for, 368, 370t
defi ned, 368
diagnosis of, 368, 369f
high anion gap, 368, 370–374

alcoholic ketoacidosis as, 372
causes of, 370, 370b
diabetic ketoacidosis as, 371–372
diagnosis of, 369f, 370–371, 371f
d-lactic acidosis as, 373
drug-induced, 373
l-lactic acidosis as, 372–373
due to renal failure, 374
toxin-induced, 373–374

and malnutrition, 737
normal anion gap (hyperchloremic), 368, 374–378

of chronic renal failure, 374
diagnosis of, 369f
differential diagnosis of, 374, 375b
distinguishing features of, 375t
pathogenesis of, 374
renal tubular acidosis as, 375–378, 375b, 376b, 

378b
renal response to, 368–370
sleep disorders with, 792

Metabolic alkalosis, 381–385
clinical consequences of, 381–382, 382b
compensation for, 368, 370t
due to diuretics, 383, 384, 399
effective arterial volume in

decreased, 382–384
increased, 384–385

due to gastrointestinal acid loss, 382
generation of, 381
maintenance of, 381
pathogenesis of, 381
posthypercapneic, 383–384
saline-resistant, 383t, 384–385, 384t
saline-responsive, 382–384, 383t
treatment of, 382–385, 383t

Metabolic alterations, in acute renal failure, 81–84, 82b
Metabolic compensation, for respiratory disturbances, 

368, 370t
Metabolic complications, of peritoneal dialysis, 933–934
Metabolic disturbances, due to hemodialysis, 903–904
Metabolic impact, of extracorporeal therapy, 84, 84b
Metabolic regulation, in pregnancy, 487t
Metabolic syndrome, 716, 717b, 720, 720t

transplant-associated, 1013
Metabolic-focused evaluation, of living kidney donor, 

963b
Metabolites, active, and dose adjustment, 1052
Metamizol, in renal failure, 1063t
Metastatic carcinoma

renal cell, 455, 457, 458–459
thrombotic microangiopathy in, 301

METEOR (Measuring Effects on Intima-Media Thick-
ness: An Evaluation of Rosuvastatin) study, 1016

Metformin
lactic acidosis due to, 9

with contrast agents, 44
in renal failure, 1072t
for transplant-associated hyperglycemia, 1014

Metformin intoxication, hemodialysis for, 62t

Methadone
for pain management in end-stage renal disease, 832t
in renal failure, 1055t

Methanol intoxication, hemodialysis for, 62t
Methaqualone, in renal failure, 1055t
Methicillin, in renal failure, 1058t, 1067t
Methicillin-induced acute interstitial nephritis, 315
Methicillin-resistant Staphylococcus aureus (MRSA), 

peritonitis due to, 925, 926, 927
Methionine, metabolism of, 725–726, 726f
Methotrexate

for lupus nephritis, 164b
in renal failure, 1060t, 1068t
for systemic vasculitis, 189, 191, 191t, 192–193

Methyl alcohol, acidosis due to, 374
Methylchlorthiazide, dosage of, 390t
Methyldopa

with dialysis, 687, 687t
for hypertensive emergencies, 628t
in pregnancy, 482t
in renal failure, 1070t

Methylphenidate, for lethargy and fatigue in end-stage 
renal disease, 834t

Methylprednisolone (Solu-Medrol)
for acute interstitial nephritis, 315, 317, 317f, 318t
for anti-GBM antibody disease, 200
for focal segmental glomerulosclerosis, in children, 

501
for glomerular and tubulointerstitial disease, 106
for HBV-associated renal disease, 275
for idiopathic membranous nephropathy, 241, 242t, 

243b, 244, 244b, 245
for lupus nephritis, 159b, 164b, 166b, 167b
for membranoproliferative glomerulonephritis, 251

HCV-associated, 154
for renal transplantation, 981t
for systemic vasculitis, 189, 191t, 192, 193t, 194t

Metoclopramide, in renal failure, 1056t, 1064t
Metocurine, in renal failure, 1063t
Metolazone

in combination, 402, 402b
dosage of, 390t

Metoprolol
with dialysis, 685, 685t, 1061t
for hypertension, 597t
for hypertensive urgencies, 629
in renal failure, 1070t
renal protective effects of, 614

Metronidazole
for peritonitis, 926, 928f
in renal failure, 1058t

Mexiletine, in renal failure, 1061t
Mezlocillin, in renal failure, 1058t, 1067t
MHC (major histocompatibility complex) antigens, 

976, 977
MI (myocardial infarction), hypertension with, 630f, 

631, 631t
diuretics and �-blockers for, 595

Miconazole, in renal failure, 1054t, 1059t, 1068t
Microalbuminuria, in diabetic nephropathy, 323, 324f, 324t
Microangiopathy, thrombotic. See Thrombotic 

microangiopathy(ies) (TMAs).
Microbiology, of hemodialysis systems, 853–854, 854b
Micronutrients

in acute renal failure, 84
and hypertension, 576, 576t

Microscopic polyangiitis (MP), 187, 188, 192
Microsoft Excel, 1084
Microsoft MapPoint, 1085
Microsoft PowerPoint, 1084
Microsoft Word, 1084
MIDAS (Multicenter Isradipine Diuretic Atherosclerosis 

Study), 593, 612, 612t
Midazolam (Versed), in renal failure, 805t
MIDD (monoclonal immunoglobulin deposition 

diseases), 264, 461, 462t, 463–464
Middle molecules, in dialyzers, 850
Midodrine

for hepatorenal syndrome, 49t, 50
for hypotension in end-stage renal disease, 834t
for intradialytic hypotension, 898

Milnacipran, in renal failure, 1072t
Milrinone

for edema, 403, 404
in renal failure, 1071t

Mineral(s), in parenteral nutrition for acute renal 
failure, 88t

Mineral requirements, in acute renal failure, 84
Mineralocorticoid(s)

for hyperkalemia, 363
metabolic alkalosis due to, 384–385
for renal tubular acidosis, 378

Mineralocorticoid excess, apparent, hypokalemia in, 
360t, 361

Mineralocorticoid receptor(s), hypertension due to 
activation of, 693

Mineralocorticoid receptor blockers
in combination, 402–403
dosage of, 390t
for hypertension due to primary aldosteronism, 

691–692, 692f, 692t
mechanism of action of, 389–391
for metabolic alkalosis, 385

Minimal change disease (MCD), 205–218
in children, 499–500, 499t

clinical presentation of, 499, 499t
treatment of, 499–500

alkylating agents for, 210, 211t–212t, 499–500
azathioprine for, 215, 500
calcineurin inhibitors for, 213, 214t, 500
glucocorticoids for, 207, 208t, 499
levamisole for, 215, 500
mycophenolate mofetil for, 213–215, 500
specifi c recommendations on, 215, 216f

classifi cation of, 221t
clinical features of, 205
in complete remission, 206t, 207
defi ned, 205
vs. focal and segmental glomerulosclerosis, 205–206, 

217–218, 220
frequently relapsing, 206t, 210, 216–217
genetic, 205–218
idiopathic, 221t
natural history of, 205, 207
pathogenesis of, 206
pathology of, 205–206
reactive, 205–218
relapse of, 206t, 207, 216

in children, 207, 499–500
steroid-dependent, 206t, 210, 216–217
steroid-resistant, 206t, 207, 210, 217–218
steroid-responsive, 206t, 207–210, 208t, 209t
treatment of, 206–218

alkylating agents for, 210–213, 211t–212t
azathioprine for, 215
calcineurin inhibitors for, 213, 214t
classifi cation based on response to, 206–207, 206b
glucocorticoids for, 207–210, 208t, 209t, 215, 216, 

217
levamisole for, 215
mycophenolate mofetil for, 213–215, 217
rituximab for, 215
specifi c recommendations on, 215–218, 216f, 217f

Minocycline, in renal failure, 1059t
Minoxidil

for hypertension
in children, 514t
with dialysis, 688, 688t

for hypertensive urgencies, 629
for renal artery stenosis, 650, 650f
in renal failure, 1062t, 1070t

Mirtazapine (Remeron), in renal failure, 801t, 1072t
for anxiety disorders, 811
for depression, 812

Mithramycin, for hypercalcemia, 416
Mitochondrial genome defects, Fanconi syndrome with, 552
Mitomycin C, thrombotic microangiopathy due to, 

301–302
Mixed acid base disorders, clinical settings for, 370
Mixed cryoglobulinemia (MC), 151–154
Mizoribine

for glomerular and tubulointerstitial disease, 109
for IgA nephropathy, 178

MMF. See Mycophenolate mofetil (MMF).
MN. See Membranous nephropathy (MN).
Model for End-stage Liver Disease (MELD) score, 48, 52
Modifi cation of Diet in Renal Disease (MDRD) study

on low blood pressure target, 614, 683, 700–701, 776
online calculations of, 1085, 1086
on protein restriction, 707, 739–741
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Moexipril
with dialysis, 686t
pharmacology of, 602t
in renal failure, 1070t

Molecular adsorbents recirculation system (MARS), for 
hepatorenal syndrome, 48t, 51–52

Monitoring, for prevention of progressive renal failure, 
708

Monobactams, in renal failure, 1058t, 1066t
Monoclonal immunoglobulin deposition diseases 

(MIDD), 264, 461, 462t, 463–464
Monoclonal light-chain deposition disease, 264, 

461–462, 462t, 463–464
Monoclonal lymphocyte–depleting antibodies, for renal 

transplantation, 980t, 982
Monoclonal nondepleting antibodies, for renal 

transplantation, 983
Monocyte activation, in hemodialysis, 902
Monoglobin immunoglobulin–associated kidney 

disease, 257, 258t
AL amyloidosis as, 257, 259–263

clinical features of, 259t
pathophysiology of, 461
treatment of, 259–263, 260t–261t, 462–463, 462t

light-chain deposition disease as, 258t, 264–265
myeloma cast nephropathy as (See Cast nephropathy)

Morphine, for pain management in end-stage renal 
disease, 829, 832t

Motrin (ibuprofen), in end-stage renal disease, 808t
Mouse models

of acute kidney injury, 92–93
of lupus nephritis, 158, 158b

Moxalactam, in renal failure, 1058t, 1066t
Moxonidine, in renal failure, 1070t
MP (microscopic polyangiitis), 187, 188, 192
MPA (mycophenolic acid), 315
�-MPG (�-mercaptopropionylglycine), for cystine 

stones, 470, 548
MPGN. See Membranoproliferative glomerulonephritis.
MRSA (methicillin-resistant Staphylococcus aureus), 

peritonitis due to, 925, 926, 927
mtDNA, in podocytopathies, 224t
Mucocutaneous candidiasis, glomerulonephritis due 

to, 146
Multicenter Isradipine Diuretic Atherosclerosis Study 

(MIDAS), 593, 612, 612t
Multiple myeloma, 461–465

AL-type amyloidosis in, 461, 462–463, 462t
cast nephropathy due to (See Cast nephropathy)
chemotherapy for, 266t, 267–268
diagnosis, clinical features, and kidney histology of, 

265
hypercalcemia in, 464
kidney disease in, 265, 461–465, 462t
kidney transplantation in, 268
monoclonal light-chain deposition disease in, 

461–462, 462t, 463–464
renal failure with, 464

plasmapheresis for, 133–134, 134t
Murine models, of lupus nephritis, 158, 158b
Muromonab-CD3 (Orthoclone, OKT3)

for allograft rejection, 997–998, 998t
for renal transplantation, 979f, 980t, 982, 989

Muscle cramps
in end-stage renal disease, 833t
due to hemodialysis, 899–900

MUSE (medicated urethral system for erection), 788
Mycobacterial infections

glomerulonephritis due to, 144–145
posttransplantation, 1043

Mycophenolate mofetil (MMF, CellCept)
for acute interstitial nephritis, 315–316, 317, 317f, 

318t
for focal segmental glomerulosclerosis, 227–228, 231f

in children, 501
for glomerular and tubulointerstitial disease, 108
for idiopathic membranous nephropathy, 243b, 244, 

244b
for IgA nephropathy, 175–178, 178t
for interstitial fi brosis and tubular atrophy in 

allograft, 1002–1003
for lupus nephritis, 160b, 162, 164b, 166b
for minimal change disease, 213–215, 217

in children, 213–215, 500
in renal failure, 1063t

Mycophenolate mofetil (MMF, CellCept) (Continued)
for renal transplantation, 979f, 981t, 984, 988, 989

diarrhea due to, 1020
gout due to, 1025b

for systemic vasculitis, 190–191, 191t, 193t, 194t
Mycophenolate sodium, enteric-coated (EC-MPS, 

Myfortic), for renal transplantation, 979f, 981t, 
984, 1020

Mycophenolic acid (MPA), 315
Myeloma, multiple, 461–465

AL-type amyloidosis in, 461, 462–463, 462t
cast nephropathy due to (See Cast nephropathy)
chemotherapy for, 266t, 267–268
diagnosis, clinical features, and kidney histology of, 

265
hypercalcemia in, 464
kidney disease in, 265, 461–465, 462t
kidney transplantation in, 268
monoclonal light-chain deposition disease in, 

461–462, 462t, 463–464
renal failure with, 464

plasmapheresis for, 133–134, 134t
Myeloma cast nephropathy. See Cast nephropathy.
Myeloperoxidase-bound immunosorbent columns, for 

systemic vasculitis, 191
Myfortic (mycophenolate sodium, enteric-coated), for 

renal transplantation, 979f, 981t, 984, 1020
Myocardial infarction (MI), hypertension with, 630f, 

631, 631t
diuretics and �-blockers for, 595

Myoglobinuria, in acute renal failure, 7–8

N
n-3 fatty acids, 112

biologic properties and effects of, 113–116, 113f–115f
dietary supplementation with, 117

n-6 fatty acid defi ciency, 116–117
Na�. See Sodium (Na�).
Nabumetone, in renal failure, 1056t
N-acetylcysteine (NAC), for contrast-induced 

nephropathy, 42–43, 42t
N-acetyl-procainamide (NAPA), in renal failure, 

1069t
Nadolol

with dialysis, 685, 685t, 1061t
for IgA nephropathy, 181t
in renal failure, 1070t

Nafcillin, in renal failure, 1058t
NaHCO3. See Sodium bicarbonate.
Naked DNA, for gene therapy, 558
Nalidixic acid, in renal failure, 1068t
Nalmefene, in renal failure, 1054t, 1055t, 1063t
Naloxone, for poisoning, 1073
NAPA (N-acetyl-procainamide), in renal failure, 1069t
Nateglinide, for transplant-associated hyperglycemia, 

1014
National Cholesterol Education Program (NCEP), 715
National Cooperative Dialysis Study (NCDS), 66–67
National Institute for Clinical Excellence, on salt reduc-

tion, 587–588, 588f
National Intervention Cooperative Study in Elderly 

Hypertensives (NICS-EH), 613
National Kidney Disease Education Program, website 

for, 1086
National Kidney Foundation, website for, 1086
National Library of Medicine (NLM), 1086, 1084
Natriuretic peptides

for acute kidney injury, 37, 37t
for congestive heart failure, 397
as diuretics, 389f, 390t, 391

NCDS (National Cooperative Dialysis Study), 66–67
NCEP (National Cholesterol Education Program), 715
Nebivolol

with dialysis, 685, 685t
for hypertension, 597t
in renal failure, 1071t

NECOSAD study, 941
Nefazodone, for depression in end-stage renal disease, 

812
Neo-Calglucon (calcium glubionate), for hypocalcemia, 

418
Neoplastic disease. See Renal cell carcinoma.
Neoral. See Cyclosporine.
Neostigmine, in renal failure, 1064t

Nephrectomy
bilateral

for renal transplantation, 970
for Shiga toxin–associated thrombotic 

microangiopathy, 296–298
pharmacologic, 650
for renal cell carcinoma, 457–458

Nephrin, 226
Nephritis

acute interstitial (See Acute interstitial nephritis 
[AIN])

crescentic
in Henoch-Schönlein purpura, 182–183
in IgA nephropathy, 174

HIV-associated, 273t, 274t, 276–277
lupus (See Lupus nephritis)
shunt, 144

Nephritogenic E. coli, 448
Nephroblastoma, 459
Nephrocalcinosis, renal tubular acidosis due to, 376t
Nephrogenic diabetes insipidus, 350, 350t
Nephrolithiasis

in autosomal dominant polycystic kidney disease, 
542, 543t

bilateral, 440
in calyceal diverticula, 440–441
clinical and laboratory manifestations of, 429
clinical and metabolic evaluation of, 430–431, 431b, 

432b, 432f, 433f
due to cystinuria, 470, 547–548
cystoscopic stone removal for, 430
diagnosis of, 429–430
differential diagnosis of, 429–430
epidemiology of, 429
follow-up for, 434
with horseshoe kidney, 441
imaging of, 429
in infants, 442
lithotripsy for, 437–439

extracorporeal shock wave, 430
in living kidney donor, 965
medical treatment of, 430, 470
with medullary sponge kidney, 441
with obesity, 442
obstructive uropathy due to, 469–471
percutaneous nephrostolithotomy for, 430
during pregnancy, 442
prevention of recurrence of, 431–434, 470
recommendations for, 440–442, 440b, 441f, 442f
risk factors for, 430–431, 431b
with solitary kidney, 441
spontaneous stone passage in, 470
with staghorn calculi, 434, 441
stone composition in, 430, 470
surgical modalities for, 439–440
in transplanted kidney, 441
ureteral stent for, 430

Nephrolithotomy
anatrophic, 439
percutaneous, 430, 439, 471

recommendations for, 440, 441, 441f
Nephron, aldosterone-sensitive distal, 389, 402
Nephron Information Center, 1085–1086
Nephron.org, 1085–1086
Nephropathy

BK virus, 1040–1041
chronic allograft, 1000–1003, 1001t, 1002b
contrast-induced (See Contrast-induced nephropathy 

[CIN])
diabetic (See Diabetic nephropathy [DN])
IgA (See Immunoglobulin A (IgA) nephropathy 

[IgAN])
ischemic, 647, 660
membranous (See Membranous nephropathy [MN])
myeloma cast (See Cast nephropathy)
polyomavirus, posttransplantation, 1040–1041

allograft dysfunction due to, 999–1000
renin system blockade and, 605–606

Nephrosis, lipoid. See Minimal change disease (MCD).
Nephrotic syndrome (NS), 281–288

abnormalities of calcium homeostasis in, 287
in children, 498–503, 499t, 502b
congenital, 501–503, 502b
defi ned, 281, 395
diuretics for, 284–285, 396, 401t
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Nephrotic syndrome (NS) (Continued)
edema in, 284–285, 395–396
Fanconi syndrome with, 552
hypercoagulability and thromboembolism in, 

287–288
hyperlipidemia in, 285–287, 720, 721f
hypoalbuminemia/proteinemia in, 281–284
idiopathic (See Minimal change disease [MCD])
due to idiopathic membranous nephropathy (See

Idiopathic membranous nephropathy)
in IgA nephropathy, 178
increased susceptibility to infection in, 288

Nephrotomy, radical paravascular, 439
Nephrotoxicity, of contrast media, 43–44
Nesiritide

for congestive heart failure, 397
dosage of, 390t

Net present value (NPV), 1084
Neuraminidase inhibitors, for posttransplant infl uenza, 

1039
Neuraminidase-associated thrombotic microangiopathy, 

298, 307t
Neuroblastoma, 459
Neurodevelopmental outcome, of end-stage renal 

disease in childhood and adolescence, 525–526
Neurogenic alterations, in chronic kidney disease, 

erectile dysfunction due to, 784, 784b, 785f
Neuroleptics, in end-stage renal disease, 802t–804t, 

813
Neurological complications, of hemodialysis, 899–900
Neurontin. See Gabapentin.
Neuropathies, in chronic kidney disease, sleep disorders 

with, 792
Neuropsychiatric disorder(s), in end-stage renal disease, 

795–814
adjustment disorders as, 810–811
algorithm for treatment of, 796f, 814
anxiety disorders as, 811
delirium as, 797b, 810
dementia as, 810
depression and manic depression as, 811–813
drugs used to treat, 798t–808t

analgesics, 808t
anticonvulsants, 806t–807t, 809
antidepressants, 798t–801t
antimanic agents, 802t
antiparkinsonian agents, 808t
antipsychotics, 802t–804t
anxiolytics/hypnotics, 804t–806t

etiology of, 797b
insomnia as, 809–810
peripheral neuropathies, 797
schizophrenia/psychotic disorders, 813
seizures, 797–809
sexual disorders, 813–814

Neutral phosphate, for X-linked hypophosphatemic 
rickets, 548–550

Neutra-Phos
for hypophosphatemia, 421–422, 421t
for phosphaturic syndromes and Fanconi syndrome, 

551t
New-onset diabetes mellitus (NODM), transplant-

associated, 1013–1014
NF-kB (nuclear factor kB)

in glomerulonephritis and renal fi brosis, 560–561
in graft rejection, 559

NH4
� (ammonium), in metabolic acidosis, 369–370, 
374

NHE (sodium/hydrogen ion exchanger), 354, 354f
Niacin (Niaspan), for cardiovascular risk reduction, in 

hypertension, 637–638
Niaspan (nicotinic acid), for lipid management, 719t
Nicardipine (Cardene)

for hypertension
with acute ischemic stroke, 632t
cardiovascular effects of, 613
with dialysis, 684t
pharmacology of, 610, 611t

for hypertensive urgencies, 628t, 629
Nicotinamide, for Hartnup disease, 547
Nicotine replacement therapy, for posttransplant smok-

ing cessation, 1015
Nicotinic acid (Niaspan), for lipid management, 719t
NICS-EH (National Intervention Cooperative Study in 

Elderly Hypertensives), 613

Nifedipine (Adalat, Procardia)
cardiovascular effects of, 612, 612t
with dialysis, 684t, 1061t
for hypertension

in children, 514t, 515t
due to pheochromocytoma, 694
in pregnancy, 482t
due to primary aldosteronism, 693

for hypertensive urgencies, 629
for IgA nephropathy, 181t
pharmacology of, 610, 611t
and progressive renal failure, 702
renal protective effects of, 614, 615t
safety of, 616

Nightly intermittent peritoneal dialysis (NIPD), 920
Nil disease. See Minimal change disease (MCD).
Nimodipine (Nimotop), for hypertension, 610, 611t
Nisoldipine (Sular)

cardiovascular effects of, 612, 612t
with dialysis, 684t
pharmacology of, 610, 611t
renal protective effects of, 614, 615t

Nitrendipine
cardiovascular effects of, 612t, 613
pharmacology of, 610, 611t, 612

Nitric oxide (NO)
in erection, 784, 785f
in uremic bleeding, 9

Nitrofurantoin
in renal failure, 1068t
for UTI, 450

Nitroglycerin, for hypertensive emergencies, 626, 627t
Nitroimidazoles, in renal failure, 1058t
Nitroprusside

with dialysis, 688t, 689
for hypertension with acute ischemic stroke, 632t
for hypertensive emergencies, 626, 627t

in children, 514t
Nizatidine, in renal failure, 1056t, 1065t
NKCC2, in Bartter syndrome, 552
NLM (National Library of Medicine), 1086, 10084
NO (nitric oxide)

in erection, 784, 785f
in uremic bleeding, 9

Nocturnal penile tumescence (NPT), 783
NODM (new-onset diabetes mellitus), transplant-

associated, 1013–1014
Nondihydropyridines, 610
Nonsteroidal anti-infl ammatory drugs (NSAIDs)

for diabetes insipidus, 350, 350t
diuretic resistance due to, 400t
for nephrotic syndrome, 283
for pain management in end-stage renal disease, 832t

Nonviral vectors, for gene therapy, 558
Nordic Diltiazem (NORDIL) study, 612t, 613
Norepinephrine

for acute renal failure, 26–27, 28t–29t
for hepatorenal syndrome, 49t, 50–51

Norfl oxacin
for hepatorenal syndrome, 54
in renal failure, 1054t, 1059t, 1067t

Normal Hematocrit Cardiac Trial, 752
Normal saline, for hypercalcemia, 414–415, 414f
Normoglycemia, for end-stage renal disease, 774, 775t
Norpramin (desipramine), in renal failure, 799t

for pain management, 833t
Nortriptyline (Aventyl, Pamelor), in renal failure, 800t, 

812
Norvasc. See Amlodipine.
NPHS1 gene, 223, 224t, 502
NPHS2 gene, 223, 224t, 232
NPT (nocturnal penile tumescence), 783
NPV (net present value), 1084
NS. See Nephrotic syndrome (NS).
NSAIDs. See Nonsteroidal anti-infl ammatory drugs 

(NSAIDs).
Nuclear factor kB (NF-kB)

in glomerulonephritis and renal fi brosis, 560–561
in graft rejection, 559

Nucleoside/nucleotide analogues, for HBV-associated 
renal disease, 273–274, 275t

Nutrient administration, for acute renal failure, 85f, 86–89
Nutrition, for end-stage renal disease in childhood and 

adolescence, 522–523, 523t
Nutritional assessment, in renal diseases, 737–739, 738b

Nutritional issues, in renal transplant patients, 744–745
Nutritional management. See also Diet.

of acute renal failure, 81–90
amino acid/protein metabolism in, 82, 86, 87t
anticatabolic strategies in, 82–83, 82b
carbohydrate metabolism in, 83
clinical experience with, 84–86
complications and monitoring of, 89, 89t
electrolytes in, 84
energy metabolism and energy requirements in, 

82, 87t
enteral nutrition in, 86–88, 86t
impact of, 86
lipid metabolism in, 84
metabolic alterations and nutritional requirements 

in, 81–84, 82b
metabolic impact of extracorporeal therapy in, 

84, 84b
micronutrients in, 84
nutrient administration in, 85f, 86–89
oral feedings in, 86, 86t
parenteral nutrition in, 87–89, 88t
patient classifi cation for, 85, 86t
protein/amino acid requirements in, 83, 85, 86t, 88t

of chronic kidney disease, 739–744
bicarbonates in, 743
calcium in, 742t, 743
carbohydrates in, 742t
energy requirements in, 742t, 743
fat in, 742t
phosphorus in, 742t, 743
potassium in, 742t
protein restriction in, 739–743, 740t, 742t
recommended nutrient intake in, 742t
sodium in, 742t, 743
trace elements and vitamins in, 743–744
water in, 742t

Nutritional repletion, hypophosphatemia due to, 421
Nutritional requirements, in acute renal failure, 81–84
Nutritional support, in acute renal failure

administration of, 85–89
anticatabolic strategies in, 82–83
carbohydrates in, 88, 88t
clinical experiences with, 84–85
complications and monitoring of, 89, 89t
electrolytes in, 84, 88t
energy requirements in, 82, 87t
via enteral nutrition, 86–88, 87t
fat emulsions in, 88–89, 88t
impact of, 85
insulin in, 88t
micronutrients in, 84, 88t
oral feedings for, 86, 86t
via parenteral nutrition, 87–89, 88t
patient classifi cation for, 85, 86t
protein/amino acids in, 83, 85, 86t, 88t

O
OA� (organic anions), and diuretics, 391–392, 392f
OAT (organic anion transporter), and diuretics, 

391–392, 392f
Obesity

in end-stage renal disease, 774, 775t
and hypertension

as cardiovascular risk factor, 636b
in children, 512–513

as infl ammatory state, 118–119, 118f
peritoneal dialysis with, 917
and progressive renal failure, 707
after renal transplantation, 744
and renal transplantation

in living donor, 965
in recipient, 960

ureteral stones with, 442
Obstructive sleep apnea (OSA), 791–793
Obstructive uropathy, 469–474

acute, 469
allograft dysfunction due to, 1001t
due to benign prostatic hyperplasia, 471–472
due to bladder dysfunction, 473
due to calculi, 469–471
chronic, 469
clinical presentation of, 469
defi ned, 469
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Obstructive uropathy (Continued)
diuresis after, 473–474
due to extrinsic compression, 473
fetal and pediatric, 474
due to genitourinary malignancy, 472
management of, 469
overview of, 469
of ureteropelvic junction, 471
due to urethral stricture/stenosis, 472–473

Octreotide
for autosomal dominant polycystic kidney disease, 

544
in renal failure, 1072t

ODS (osmotic demyelination syndrome), 338, 339, 339b
Offi ce system, use of computer in, 1084–1085
Ofl oxacin

in renal failure, 1059t, 1067t
for UTI, 450, 451

1,25(OH)2D3

in calcium homeostasis, 412
in end-stage renal disease, 778
in magnesurias, 550
for X-linked hypophosphatemic rickets, 548, 549t

25-OH-D
in chronic kidney disease, 744, 768–769, 778
in hypercalcemia, 413, 413f
in nephrotic syndrome, 287

11�-OHSD (11�-hydroxysteroid dehydrogenase), and 
hypertension, 693

OKT3 (muromonab-CD3)
for allograft rejection, 997–998, 998t
for renal transplantation, 979f, 980t, 982, 989

Olanzapine (Zyprexa)
in end-stage renal disease, 803t, 813
in renal failure, 1063t

Oliguria, and dialysis, 60
Olmesartan, in renal failure, 1071t
Omapatrilat, in renal failure, 1062t
Omega-3 fatty acids, 112

biologic properties and effects of, 113–116, 
113f–115f

dietary supplementation with, 117
for IgA nephropathy, 179, 182t

Omega-3-acid ethyl esters, for posttransplant 
hypertriglyceridemia, 1012

Omeprazole, in renal failure, 1060t
OMNI-Heart (Optimal Macronutrient Intake Trial to 

Prevent Heart Disease), 575–576
Onchocerca volvulus, glomerulonephritis due to, 147
Oncogenous rickets, with phosphaturia, 549t
Ondansetron, for pruritus in end-stage renal disease, 

833t
Online resources, 1085–1087, 1089t, 1090t
OPC-31260, for autosomal dominant polycystic kidney 

disease, 544
OPC-41061, for autosomal dominant polycystic kidney 

disease, 544
Opioids, for pain management in end-stage renal 

disease, 829, 831b, 831f, 832b, 832t
Optimal Macronutrient Intake Trial to Prevent Heart 

Disease (OMNI-Heart), 575–576
Oral chelating agents, for cystine stones, 470
Oral contraceptives, and preeclampsia, 485
Oral feedings, for acute renal failure, 86, 86t
Oral sorbents, for poisoning, 1074
Organ cross talk, in acute kidney injury, 94–95
Organic anion(s) (OA�), and diuretics, 391–392, 392f
Organic anion transporter (OAT), and diuretics, 

391–392, 392f
Organic brain syndrome, 797b, 810
Organizations, online, 1089t, 1090t
Ornidazole, in renal failure, 1058t
Ornipressin, for hepatorenal syndrome, 49–50
Orthoclone (muromonab-CD3)

for allograft rejection, 997–998, 998t
for renal transplantation, 979f, 980t, 982, 989

Orthotopic liver transplantation, for hereditary amyloi-
dosis, 263

OS (oxidative stress), 731–734, 732t, 733t
OSA (obstructive sleep apnea), 791–793
Oseltamivir

for posttransplant infl uenza, 1039
in renal failure, 1069t

Osmolality, 337
of peritoneal dialysis fl uids, 916, 916t

Osmotic agents, in peritoneal dialysis fl uids, 915, 916t, 
917, 939–940

Osmotic demyelination syndrome (ODS), 338, 339, 339b
Osmotic diuretics, 390t, 391
Osteochemonecrosis, of jaw, due to bisphosphonates, 

416
Osteodystrophy, renal, 765–766

in childhood and adolescence, 524–525
Osteomalacia

adult sporadic hypophosphatemic, 549t
in chronic kidney disease, 766
in nephrotic syndrome, 287

Osteoporosis, posttransplantation, 1021–1023, 1022b
Ototoxicity, of diuretics, 399
“Overfl ow hypothesis,” for edema of nephrotic 

syndrome, 396
Oxacillin, in renal failure, 1058t
Oxalate, urinary, 431, 433f
Oxaliplatin, in renal failure, 1068t
Oxaprozin, in renal failure, 1054t, 1056t, 1065t
Oxazepam (Serax)

for intradialytic muscle cramps, 900
in renal failure, 806t, 1054t, 1055t

Oxazolidinones, in renal failure, 1058t
Oxcarbazepine, in renal failure, 1064t
Oxidative stress (OS), 731–734, 732t, 733t
Oxycodone, for pain management in end-stage renal 

disease, 832t
Oxygen delivery, diminished, in chronic kidney disease, 

erectile dysfunction due to, 785–786

P
Packed red blood cell transfusions, for hemolytic-

uremic syndrome, 510
Paclitaxel, in renal failure, 1060t
PAD (peripheral arterial disease), posttransplantation, 

1017–1018
Pain

in autosomal dominant polycystic kidney disease, 
542, 543t

in end-stage renal disease, 828
due to peritoneal dialysis, 933

Pain management
for calciphylaxis, 771
in end-stage renal disease, 829, 831b

adjuvant medications in, 833t
analgesic ladder of, 829, 831f, 832b, 832t
assessment for, 831b
opioids in, 829, 831b, 831f, 832b, 832t
psychosocial issues with, 831b

Paint thinner, acidosis due to, 374
Palivizumab, for posttransplant respiratory syncytial 

virus, 1039
Palliative care

defi ned, 828
for end-stage renal disease, 828–835

background of, 828
integration of, 832–834, 834f
for other symptoms, 829, 833t–834t
for pain management, 829, 831b

adjuvant medications in, 833t
analgesic ladder of, 829, 831f, 832b, 832t
assessment for, 831b
opioids in, 829, 831b, 831f, 832b, 832t
psychosocial issues with, 831b

principles of good death in, 834, 834b
symptom assessment for, 829, 830f
symptom prevalence and impact for, 828–829
symptoms of end of life in, 834, 835t
withholding or withdrawal of dialysis in, 828–832, 

948–953, 949b
Pamelor (nortriptyline), in renal failure, 800t, 812
Pamidronate

for hypercalcemia, 414f, 415
for multiple myeloma, 464
for posttransplant osteoporosis, 1022, 1023

PAN (polyarteritis nodosa), HBV–associated, 273, 274, 
274t, 275

plasmapheresis for, 135
Pancreatitis, posttransplantation, 1021
Pancuronium, in renal failure, 1063t
Pantethine, for infantile nephropathic cystinosis, 551
Pantoprazole, in renal failure, 1060t
Papaverine, for erectile dysfunction, 788

Para-aminosalicylic acid, in renal failure, 1060t
Parainfl uenza, posttransplantation, 1038–1039
Paralysis, hypokalemic periodic, 357–358
Parasitic infections

glomerulonephritis due to, 146–147
and renal transplantation, 960

Parasympathetic nervous system, in erection, 784
Parathyroid hormone (PTH)

in calcium homeostasis, 412
in chronic kidney disease, 765–766, 766f, 777–778

in childhood and adolescence, 524
target levels of, 767t

in hypercalcemia, 413, 413f
in hyperphosphatemia, 419

Parathyroidectomy
for bone disease, 770
for calciphylaxis, 770, 771
for hypercalcemia, 413–414, 415
for posttransplant hyperparathyroidism, 1024

Parenteral nutrition, for acute renal failure, 87–89, 88t
Paricalcitol (Zemplar)

for bone disease, 769
for hyperphosphatemia, 420

Paroxetine (Paxil), in renal failure, 798t, 812
Parvovirus B19, glomerulonephritis due to, 146
Patient compliance, with peritoneal dialysis, 940
Patient list management, 1084
Patient Self-Determination Act, 951
Pauci-immune glomerulonephritis. See Systemic 

vasculitis.
PAX2 gene, 224t
Paxil (paroxetine), in renal failure, 798t, 812
PCNL (percutaneous nephrolithotomy), 430, 439, 471

recommendations for, 440, 441, 441f
PCR (protein catabolic rate), 882–883
PD. See Peritoneal dialysis (PD).
PDA (personal digital assistant) spreadsheet, 1084
PDC (personal dialysis capacity), 918t
PDE-5Is (5-phosphodiesterase inhibitors), for erectile 

dysfunction, 787–788
Pediatric patients. See Children.
Pefl oxacin, in renal failure, 1059t
Pegylated interferon

for HCV-associated membranoproliferative 
glomerulonephritis, 152, 153, 153t

for posttransplant hepatitis C, 1040
Pegylated nanoparticles, for gene therapy, 558
Penciclovir, in renal failure, 1069t
Penicillamine, in renal failure, 1057t, 1065t
d-Penicillamine, for cystine stones, 470, 547–548
Penicillin(s)

for leptospirosis, 145
for poststreptococcal glomerulonephritis, 142–143
in renal failure, 1054t, 1058t–1059t, 1067t

Penile prostheses, for erectile dysfunction, 788
Pentamidine, in renal failure, 1068t
Pentamidine-induced hyperkalemia, 365
Pentopril, in renal failure, 1071t
Pentostatin, in renal failure, 1068t
Pentoxyfylline, for hepatorenal syndrome, 54
Peptic ulcer disease, posttransplantation, 1021
Percutaneous nephrolithotomy (PCNL), 430, 439, 471

recommendations for, 440, 441, 441f
Percutaneous transluminal coronary angioplasty 

(PTCA), posttransplantation, 1016
Percutaneous transluminal renal angioplasty (PTRA), 

664–673
complications of, 660–661, 670–671, 671b, 671f
demographics of, 660, 661f
goals of, 660, 664
vs. medical therapy, 648, 652, 653–654
outcomes of, 666–670, 666f, 667t–669t, 670f
patient selection for, 671–673
restenosis after, 671, 671f
techniques of, 664–665

Percutaneous transluminal renal angioplasty with 
stenting (PTRA-S), 664–673

complications of, 660–661, 670–671, 671b, 671f
demographics of, 660, 661f
goals of, 660, 664
vs. medical therapy, 648, 653–654
outcomes of, 666–670, 666f, 667t–669t, 670f
patient selection for, 671–673
restenosis after, 671, 671f
techniques of, 664–665
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Pergolide, for restless legs syndrome, 833t
Perindopril

pharmacology of, 602t
in renal failure, 606, 1062t, 1071t

Perinephric abscesses, and autosomal dominant poly-
cystic kidney disease, 541

Periodic leg movements, in sleep, in end-stage renal 
disease, 809

Periodic paralysis, hypokalemic, 357–358
Perioperative hypertension, 630f, 631t, 632
Peripheral arterial disease (PAD), posttransplantation, 

1017–1018
Peripheral neuropathies, in end-stage renal disease, 797
Peripheral tolerance, 105
Peripheral vascular disease

due to renal artery stenosis, 651t
renal transplantation with, 959

Peritoneal dialysis (PD)
access for, 68
acute, 59, 67–69
adequacy of (See Peritoneal dialysis [PD] adequacy)
automated, 919, 920

demographics of, 913
guidelines for clearance with, 943
peritoneal transport status in, 938, 939
prescription for, 921, 939
small solute clearance in, 935, 937, 938
volume status in, 939, 940, 943

benefi ts of, 913
biocompatibility in, 918
for cast nephropathy, 465
catheters for, 914–915, 914f

malfunction of, 931–932, 932f
in childhood and adolescence, 526–527
clinical uses of chronic, 918–921
complication(s) of, 69, 924–934

encapsulating peritoneal sclerosis as, 924
infectious, 924–929

exit-site and tunnel infections as, 928–929, 929t
peritonitis as, 924–928, 925f–928f

noninfectious, 929–934
bleeding as, 933
catheter malfunction as, 931–932, 932f
chyloperitoneum as, 933
hernias as, 932
inadequate ultrafi ltration as, 929–930, 930f, 931f
metabolic, 933–934
pain as, 933

structural changes in peritoneum as, 924, 925f
components of system for, 913–914
continuous ambulatory, 920

algorithm for management of clearances in, 942f, 
943

catheter replacement in, 915
complications of, 927, 932, 933–934
demographics of, 913
drug dosing with, 1052, 1055t–1063t
icodextrin in, 917
malnutrition in, 920
patient compliance with, 940
peritoneal transport status in, 939
prescription for, 921, 939
small solute clearance in, 935, 936f, 937–938
volume status in, 939–940

continuous cycling, 917, 920
continuous exchange/equilibrium, 68
continuous-fl ow, 68
contraindications for, 919
cost of, 839
cyclers for, 920
demographics of, 913
dialysate for, 68
dialysis solutions for, 916–917, 916t
dose calculation in, 68–69
drug dosing with, 1052, 1055t–1063t
dwell volumes in, 939
history of, 67
for hypercalcemia, 416
increasing dose of, 939
indications for, 919
malnutrition in, 940–941
membrane function in, 913–914, 918–919, 918t
modalities of, 68, 920
nightly intermittent, 920
in obese patients, 919

Peritoneal dialysis (PD) (Continued)
prescription for, 920–921, 939–940
techniques in, 913–921
tidal, 68, 916, 920
tonicity of solution in, 939
volume status in, 939–940, 943

Peritoneal dialysis (PD) adequacy, 935–943
algorithm for management of clearances in, 942–943, 

942f
vs. hemodialysis, 941–942, 941f
measurement of

comparative outcome studies in, 941–942, 941f
delivered clearance in, 939
malnutrition in, 940–941, 943
patient compliance in, 940
peritoneal transport status in, 938–939, 938f
small solute clearance in, 935–938

clinical studies of, 937
principles of quantifi cation for, 935–937, 936b, 

936f, 937b
randomized controlled trials of, 937–938, 937t, 

938f
volume status in, 939–940

Peritoneal equilibration test (PET), 918–919, 918t
and dialysis prescription, 920–921
and inadequate ultrafi ltration, 929–930
and peritoneal dialysis adequacy, 938, 938f

Peritoneal sclerosis, encapsulating, 924
Peritoneal transport status, 938–939, 938f
Peritonitis, with peritoneal dialysis, 924–928

culture-negative, 926, 927f
diagnosis of, 924–925
empiric therapy for, 925–926
eosinophilic, 928
gram-negative, 926, 928f
gram-positive, 926, 926f
prevention of, 927–928
relapsing, 927
due to yeast infection, 926

Peritubular dysfunction, in acute kidney injury, 94
Personal dialysis capacity (PDC), 918t
Personal digital assistant (PDA) spreadsheet, 1084
PET. See Peritoneal equilibration test.
pH, of peritoneal dialysis fl uids, 915, 916–917, 916t
Pharmacologic nephrectomy, 650
Phenobarbital (Luminal), in renal failure, 807t, 1056t
Phenothiazines, in renal failure, 1052
Phenoxybenzamine hydrochloride (Dibenzyline), for 

hypertension due to pheochromocytoma, 693–694
Phenoxylmethyl penicillin, for poststreptococcal glo-

merulonephritis, 143
Phentolamine mesylate (Regitine)

for erectile dysfunction, 788
for hypertensive emergencies, 626, 628t

Phenylalkylamine, with dialysis, 684t
Phenylephrine, for acute renal failure, 28–29
Phenytoin (Dilantin)

for IgA nephropathy, 174
in renal failure, 807t, 1050, 1050t, 1054t, 1056t

Pheochromocytoma, hypertension due to, 693–694, 694b
Phosphate(s)

in diabetic ketoacidosis, 371–372
inorganic, for hypercalcemia, 416
neutral, for X-linked hypophosphatemic rickets, 

548–550
plasma concentration of, 418

Phosphate binders
for bone disease, 767–768, 767t
for calciphylaxis, 771
for end-stage renal disease, 778
for hyperphosphatemia, 419–420

Phosphate disorder(s), 418–422
hyperphosphatemia as, 419–420, 419f
hypophosphatemia as, 420–422, 420f, 421t

Phosphate enema (Fleet Enema), for hypophosphate-
mia, 422

Phosphate homeostasis, 418–419
Phosphate preparations, for phosphaturic syndromes 

and Fanconi syndrome, 551, 551t
Phosphate removal, hemodialysis adequacy for, 889
Phosphate restriction, for hyperphosphatemia, 419
Phosphate supplements

for hypophosphatemia, 421–422, 421t
for X-linked hypophosphatemic rickets, 548–550, 

549t

Phosphaturia(s)
hereditary, 548–550, 549t
oncogenous rickets with, 549t

5-Phosphodiesterase inhibitors (PDE-5Is), for erectile 
dysfunction, 787–788

Phospholipase A2, 115
Phosphorus, target levels of, with chronic kidney 

disease, 767t
Phosphorus disturbances, during hemodialysis, 903–904
Phosphorus intake

with chronic kidney disease, 742t, 743
for end-stage renal disease in childhood and adoles-

cence, 523t, 524
after renal transplantation, 744–745

Phosphorus restriction, for bone disease, 766–767, 767t
Phospho-Soda, for hypophosphatemia, 421t
PHP (primary hyperparathyroidism), 412–414
Physical activity

for end-stage renal disease, 774, 775t
for hypertension, 576t, 577–578, 639–640

Physician Quality Reporting Initiative (PQRI), 1087, 
1088f

Physiologic saline, for volume replacement, 5
Pimozide, in end-stage renal disease, 813
Pinacidil, in renal failure, 1071t
Pindolol, with dialysis, 685t
Pipecuronium, in renal failure, 1063t
Piperacillin

for peritonitis, 928f
in renal failure, 1058t, 1067t

Pirenzipine, in renal failure, 1056t, 1064t
Pirfenidone

for focal segmental glomerulosclerosis, 230t
for prevention of progressive renal failure, 709

Piroximone, in renal failure, 1071t
Pitressin (vasopressin)

for acute renal failure, 29–30
for diabetes insipidus, 349

pKa (dissociation constant), 1074
Plasma cells, 977
Plasma cryosupernatant, for thrombotic microangiopa-

thy, 306t
with ADAMTS-13 defi ciency, 300

Plasma exchange. See also Plasmapheresis.
continuous plasma fi ltration–, 75, 75f
for poisoning, 1076

Plasma fi ltration, continuous, coupled with adsorption, 
75f, 77

Plasma fi ltration–plasma exchange, continuous, 75, 75f
Plasma infusion, for thrombotic microangiopathy, 306t, 

308
with ADAMTS-13 defi ciency, 305
with genetic abnormalities in complement regulatory 

proteins, 304
idiopathic, 306

Plasma manipulation, for thrombotic microangiopathy, 
308

with ADAMTS-13 defi ciency, 300
Shiga toxin–associated, 296

Plasma renin activity (PRA), in end-stage renal disease, 
682

Plasmapheresis, 125–136
anticoagulation with, 127
for anti-GBM antibody disease

effi cacy of, 128–129, 128t, 199, 199t, 200
mechanism of action of, 125
recommendations on, 201t, 202

for antineutrophil cytoplasm antibody–associated 
vasculitis, 129, 130t

for cast nephropathy, 266–267, 266t, 465
centrifugation technique for, 126, 127f
complications of, 135–136
for cryoglobulinemia, 131–132
defi ned, 125
effi cacy of, 128–135
for focal segmental glomerulosclerosis, 132, 233, 233t
for HBV-associated polyarteritis, 135
for hemolytic-uremic syndrome, 132–133, 511
for Henoch-Schönlein purpura, 132, 506
for hyperviscosity syndrome, 466
for IgA nephropathy, 132
indications for, 125, 128–136
for lupus nephritis, 129–131, 131t, 160b, 162, 164b
mechanism of action of, 125, 126t
membrane fi ltration technique for, 126, 127f
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Plasmapheresis (Continued)
for membranoproliferative glomerulonephritis, 

251–252
in children, 508
HCV-associated, 154, 154t

for relapsing nephrotic syndrome, 132
for renal failure with multiple myeloma, 133–134, 

134t
for renal transplantation, 134–135, 135t
replacement fl uids in, 128
selective, 126–127
for serum sickness, 135
for systemic vasculitis, 129, 130t, 188–189, 192, 194t
technical considerations with, 125–128, 127f
for thrombotic microangiopathy

with ADAMTS-13 defi ciency, 305
controlled studies of, 297t
effi cacy of, 132–133, 133t
with genetic abnormalities in complement regula-

tory proteins, 304
idiopathic, 306
recommendations on, 306t
replacement fl uids in, 128

for thrombotic thrombocytopenic purpura, 125, 
132–133, 133t

for toxin removal, 135
Plasmid DNA, for gene therapy, 558
Plasmodium falciparum, glomerulonephritis due to, 

146–147
Plasmodium malariae, glomerulonephritis due to, 147
Platelet abnormalities, in hemodialysis, 902–903
Platelet transfusions, for thrombotic microangiopathy 

with ADAMTS-13 defi ciency, 300
Platinum drugs, thrombotic microangiopathy due to, 

302
PLCE1 gene, 224t
PLD (polycystic liver disease), 539–540
Plendil (felodipine)

cardiovascular effects of, 612, 612t, 613
with dialysis, 684t, 1061t
pharmacology of, 610, 611t

Pleural effusion, due to peritoneal dialysis, 932
Plicamycin, for hypercalcemia, 416
PNA (protein equivalent of nitrogen appearance), 

737–738, 738b
in peritoneal dialysis, 936, 936b

Pneumatic lithotripsy, 438
Pneumococcus, glomerulonephritis due to, 144
Pneumocystis jiroveci, posttransplantation, 1041
Podocyte function, dexamethasone and, 226
Podocytopathies, 220–222, 221t, 223, 224t, 234
Poisoning, 1073–1079

chelation for, 1076–1079
dialysis for, 1075–1076, 1077b–1078b
enhanced elimination for, 1074–1075
enteric decontamination for, 1074
immunopharmacologic treatment of, 1079
indications for extracorporeal techniques in, 1075
initial approach to, 1073–1074, 1074f
plasma exchange and exchange blood transfusion 

for, 1076
seizures due to, 1073
sorbent hemoperfusion for, 1076, 1078b, 1078t

Polyangiitis, microscopic, 187, 188, 192
Polyarteritis nodosa (PAN), HBV–associated, 273, 274, 

274t, 275
plasmapheresis for, 135

Polyclonal lymphocyte–depleting antibodies
for allograft rejection, 997–998, 998t
for renal transplantation, 979–982, 980t

Polycystic kidney disease, autosomal dominant, 539–544
defi ned, 539
epidemiology of, 539
extrarenal manifestations of, 539–541, 540t
kidney pain in, 542, 543t
in living kidney donor, 966
management of complications of, 540t
posttransplant cerebrovascular disease with, 1017
renal manifestations of, 540t, 541–542
slowing of progression of, 544

Polycystic liver disease (PLD), 539–540
Polycystin-1, for autosomal dominant polycystic kidney 

disease, 544
Polydipsia, and hyponatremia, 339
Polyethylene glycol, for poisoning, 1074

Polyglucose, in peritoneal dialysis fl uids, 917
Polyhydramnios, 488
Polymyxin(s), in renal failure, 1059t, 1067t
Polymyxin B, in renal failure, 1067t
Polyomavirus nephropathy (PVN), posttransplantation, 

1040–1041
allograft dysfunction due to, 999–1000

Polyomavirus-associated nephropathy (PVAN)
allograft dysfunction due to, 999–1000
posttransplantation, 1040–1041

Polythiazide
dosage of, 390t
pharmacokinetics of, 392t

Polyuria, in hypernatremia, 347–348
Pontine micturition complex, 473
Posterior urethral valves, 474
Postinfectious glomerulonephritis, 141

in children, 507–508
Postobstructive diuresis, 473–474
Postoperative hypertension, 630f, 631t, 632
Poststreptococcal glomerulonephritis (PSGN), 140, 141, 

142–143, 142t
in children, 507–508

Posttransplantation erythrocytosis (PTE), 1018
Posttransplantation infections, in childhood and 

adolescence, 530
Posttransplantation lymphoproliferative disease 

(PTLD), 1018–1019
in childhood and adolescence, 530
Epstein-Barr virus and, 1037

Postural hypotension, in end-stage renal disease, 797
Potassium (K�)

decreased intake of, 356b
in dialysate fl uid, 852
in extracellular and intracellular fl uid, 353–354, 354f
and hypertension, 576, 576t
increased urine loss of, 356b
in peritoneal dialysis fl uids, 916
physiology of, 353–354, 354f
shift into cells of, 356b, 357, 357f

Potassium acetate, for hypokalemia, 359t
Potassium (K�) administration

for diabetic ketoacidosis, 371
in medical emergencies, 357
without medical emergency, 357–358, 357f, 358f
route of, 358

Potassium chloride (KCl), 358, 359t
for Bartter syndrome, 553
for diabetic ketoacidosis, 371
for metabolic alkalosis, 382

Potassium citrate
for hypokalemia, 359t
for prevention of nephrolithiasis, 433, 433f

Potassium (K�) concentration, in cortical collecting 
duct, 354–355, 354f

Potassium (K�) defi cit, magnitude of, 358
Potassium (K�) depletion

in alcoholic ketoacidosis, 372
in diabetic ketoacidosis, 371–372

Potassium (K�) disturbances, during hemodialysis, 903
Potassium (K�) excretion

excessive, 357, 358f
low rate of, 357, 357f
renal regulation of, 354

Potassium intake, with chronic kidney disease, 742t
Potassium modeling, during hemodialysis, 903
Potassium phosphate

for hypokalemia, 358–359, 359t
for hypophosphatemia, 421t

Potassium (K�) preparations, for hypokalemia, 
358–359, 359t

Potassium (K�) replacement therapy, specifi c issues 
with, 358–359

Potassium (K�)-sparing diuretics
adverse effects of, 398t
dosage of, 390t
for hypertension due to primary aldosteronism, 692, 

692t
for hypokalemia, 359
mechanism of action of, 389–391, 389f
pharmacokinetics of, 392t, 393

PowerPoint, 1084
PPAP (prepump arterial pressure), for hemodialysis, 867
PQRI (Physician Quality Reporting Initiative), 1087, 

1088f

PR(s) (pyrogenic reactions), during hemodialysis, 
854–855

PRA (plasma renin activity), in end-stage renal disease, 
682

Practice analysis, use of computer in, 1085
Practice management, use of computer in, 1084–1085
Pramipexole

in renal failure, 1072t
for restless legs syndrome, 833t

PR-ARF (pregnancy-related acute renal failure), 
487–488, 488t

Pravastatin
for cardiovascular risk reduction in hypertension, 

635–636, 637t
for lipid management, 719t
for nephrotic syndrome, 287
for posttransplant hyperlipidemia, 1011, 1013t
in renal failure, 1062t

Pravastatin or Atorvastatin Evaluation and Infection 
Therapy (PROVE IT) trial, 637t

Prazosin
in children, 514t
with dialysis, 688t
for hypertensive emergencies, 628t

Prealbumin, serum, 738
Preconditioning, in acute kidney injury, 94
Prednisolone

for anti-GBM antibody disease, 201t, 202
for idiopathic membranous nephropathy, 243, 244b
for membranoproliferative glomerulonephritis, 251

in children, 508
for minimal change disease, 207, 209t, 210

in children, 207, 208t, 499
for renal transplantation, 981t
for systemic vasculitis, 191t, 192, 193, 193t, 194t
for thrombotic microangiopathy, 308

Prednisone
for acute interstitial nephritis, 315, 317, 317f, 318t
for AL amyloidosis, 260t, 262
for focal segmental glomerulosclerosis, 226, 

228t–229t, 231, 231f
in children, 501

for glomerular and tubulointerstitial disease, 106
for HBV-associated renal disease, 275
for HIV-associated renal disease, 274t
for hypercalcemia, 416
for idiopathic membranous nephropathy, 241
for IgA nephropathy, 175, 507
for lupus nephritis, 164b, 166b, 167b
for minimal change disease, 207, 208t, 209t, 215, 216
for posttransplant gout, 1024
in renal failure, 1063t
for renal transplantation, 981t

osteoporosis due to, 1021, 1022b
for thrombotic microangiopathy, 306t, 308

Preeclampsia, 481–485
cause of, 482
classifi cation of, 481–482, 482b
clinical presentation of, 482
counseling for, 484–485
epidemiology of, 481
hypertensive crisis in, 630f, 631t, 632
management of, 483–484, 483f, 484f
maternal and perinatal outcome with, 483
mild, 481–482, 482b, 483, 483f
and postpartum contraception, 485
prevention of, 483
risk factors for, 482
screening for, 482–483
severe, 481–482, 482b, 483, 484f
superimposed, 480, 480t

Pregabalin (Lyrica), in renal failure, 807t, 1056t, 1064t
Pregnancy

acid-base regulation in, 487t
acute renal failure in, 487–488, 488t
anti-GBM antibody disease in, 201
asymptomatic bacteriuria in, 486
collagen vascular diseases in, 489
diabetic nephropathy in, 489
with dialysis, 490, 491t, 906
edema in, 479
hormonal changes in, 487t
hypertension in, 479–485

chronic, 480–481, 480t, 481f, 482t
classifi cation of, 479, 480t
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Pregnancy (Continued)
defi ned, 479
diuretics and �-blockers for, 595
gestational, 479, 480t
and postpartum contraception, 485
due to preeclampsia and eclampsia, 480t, 481–485, 

482b, 483f, 484f
with preexisting renal disease, 488
transient, 480t

metabolic regulation in, 487t
physiologic changes during, 486, 487t
proteinuria in, 479, 480
pyelonephritis in, 486
with renal allograft, 490–493, 492t
renal anatomy in, 487t
renal biopsy during, 490
and renal disease

as complication, 486–488, 488t
effects of, 488–489, 489t
end-stage, 489, 490, 491t
epidemiology of, 488
management of, 490
outcome of, 489, 489t
specifi c preexisting, 489–493
underlying, 488

renal hemodynamics in, 487t
ureteral stones during, 442
urinary tract infections in, 451, 486

with renal transplantation, 491
Pregnancy-associated thrombotic microangiopathies, 

300–301, 307t
Pregnancy-related acute renal failure (PR-ARF), 

487–488, 488t
Prehypertension, 569–570, 570f, 571t
Premenopausal women, hospital-acquired hyponatre-

mia in, 339
PREMIER study, 578–579
Prenalterol, in renal failure, 1069t
Prepump arterial pressure (PPAP), for hemodialysis, 867
Prerenal azotemia, vs. acute renal failure, 3–4, 4b
Presentations, creating, 1084
Pressure monitors, for hemodialysis, 845
Pressure test, of dialyzer, 849
Primary aldosteronism

hypertension due to, 691–693, 692f, 692t
hypokalemia in, 359–360, 360t

Primary hyperparathyroidism (PHP), 412–414
Primidone, in renal failure, 1056t
Probenecid, for posttransplant gout, 1025
Probucol, for nephrotic syndrome, 286
Procainamide, in renal failure, 1061t, 1070t
Procardia. See Nifedipine.
Prograf. See Tacrolimus.
PROGRESS trial, 595
Progressive renal failure

mechanisms underlying, 699–700, 700f
prevention of, 699–710, 700f

ACE inhibitors and angiotensin receptor blockers 
for, 700f, 702–706, 703t, 706f

antihypertensive therapy in, 700–702, 700f
calcium channel blockers for, 613–615, 615t
control of hyperglycemia for, 708
dietary interventions for, 699, 700f, 707
future therapies for, 708–709
lipid lowering for, 700f, 707–708
monitoring for, 708
pharmacologic inhibition of renin-angiotensin 

system in, 702–706, 703t, 706f
proteinuria as therapeutic target in, 699, 700f, 706–709
smoking cessation for, 700f, 708
strategy for maximal renoprotection in, 709–710, 709t

Prolactin, in chronic kidney disease, and erectile dys-
function, 784, 786–787

Prolonged intermittent daily renal replacement therapy, 78
Prolyl hydroxylase inhibitors, for focal segmental glo-

merulosclerosis, 230t
Prometheus system, for hepatorenal syndrome, 48t, 52
Propafenone, in renal failure, 1061t
Proportioning system, for hemodialysis, 846
Propoxyphene, in renal failure, 1055t, 1063t
Propranolol, 597t

in children, 514t
for hypertensive urgencies, 629
for hypokalemic paralysis, 358
in pregnancy, 482t

Prostacyclin, for thrombotic microangiopathy, 306t
Prostaglandin I2, for thrombotic microangiopathy, 308
Prostaglandin synthetase inhibitor, for Bartter 

syndrome, 553
Prostate cancer, obstructive uropathy due to, 472
Prostatic hyperplasia, benign, 471–472
Protease inhibitors, for HIV-associated renal disease, 

274t
Protein A immunoabsorption, 127
Protein catabolic rate (PCR), 882–883
Protein catabolism

in acute renal failure, 82–83, 82b, 86, 87t
during hemodialysis, 904

Protein equivalent of nitrogen appearance (PNA), 
737–738, 738b

in peritoneal dialysis, 936, 936b
Protein intake

for chronic kidney disease, 741–743, 742t
for end-stage renal disease in childhood and 

adolescence, 522, 523t
estimation of, 737–738, 738b
and hypertension, 575–576, 576t
online calculator of, 1086
after renal transplantation, 744

Protein malnutrition, dialysis and, 741
Protein metabolism, in acute renal failure, 82
Protein requirements, in acute renal failure, 83
Protein restriction

for autosomal dominant polycystic kidney disease, 
544

for chronic kidney disease, 739–743, 740t, 742t
for nephrotic syndrome, 282
for prevention of progressive renal failure, 707

Proteinemia, in nephrotic syndrome, 281–284
Proteinuria

in autosomal dominant polycystic kidney disease, 
542

in children, 497–498, 498b
fi xed, 497–498
orthostatic, 498
transient, 497

in pregnancy, 479, 480, 482b
as therapeutic target for prevention of progressive 

renal failure, 699, 700f, 706–709
PROVE IT (Pravastatin or Atorvastatin Evaluation and 

Infection Therapy) trial, 637t
Proximal tubule diuretics. See also Carbonic anhydrase 

inhibitors.
in combination, 402b
dosage of, 390t
mechanism of action of, 389

Prozac (fl uoxetine), in renal failure, 798t, 812
Pruritus, in end-stage renal disease, 833t
Pseudoaneurysms, with hemodialysis vascular access, 

867
Pseudohyperphosphatemia, 419
Pseudohypoaldosteronism

classic, 548
type 2, 553

Pseudomonas
exit-site infections due to, 929
peritonitis due to, 926, 928

Pseudomonas aeruginosa, UTIs due to, 449
PSGN (poststreptococcal glomerulonephritis), 140, 141, 

142–143, 142t
in children, 507–508

Psychiatric disorder(s), in end-stage renal disease, 
795–814

adjustment disorders, 810–811
algorithm for treatment of, 796f, 814
anxiety disorders, 811
delirium, 797b, 810
dementia, 810
depression and manic depression, 811–813
drugs used to treat, 798t–808t

antidepressants, 798t–801t
antimanic agents, 802t
antipsychotics, 802t–804t
anxiolytics/hypnotics, 804t–806t

etiology of, 797b
schizophrenia/psychotic disorders, 813

Psychogenic hyperventilation, respiratory alkalosis due 
to, 386, 386t

Psychosocial adjustment, to end-stage renal disease in 
childhood and adolescence, 526

Psychosocial evaluation, for renal transplantation
of living donor, 961, 962b
of recipient, 958b, 961

Psychosocial issues, with pain management in end-stage 
renal disease, 831b

Psychotherapeutic agents, in renal failure, 1063t, 1072t
Psychotic disorders, in end-stage renal disease, 

802t–804t, 813
PTCA (percutaneous transluminal coronary angio-

plasty), posttransplantation, 1016
PTE (posttransplantation erythrocytosis), 1018
PTH. See Parathyroid hormone (PTH). 
PTLD (posttransplantation lymphoproliferative 

disease), 1018–1019
in childhood and adolescence, 530
Epstein-Barr virus and, 1037

PTRA. See Percutaneous transluminal renal angioplasty 
(PTRA).

Puberty, delayed, due to end-stage renal disease, 524
Public health strategies, to reduce salt intake, 584–585
PubMed, 1086, 1084
Pulmonary complications, of hemodialysis, 903
Pulmonary edema, hypertension with, 630f, 631, 631t
Pulmonary embolism, with idiopathic membranous 

nephropathy, 241
Pulmonary function tests, for renal transplantation, 961
Pulmonary hemorrhage, in anti-GBM antibody disease, 

197, 198, 201, 202
Pulmonary hypertension, after arteriovenous shunt 

placement, 867
Pulmonary renal syndrome, plasmapheresis for, 129
Pulse pressure, 569
Pump segment, for hemodialysis, 845
Purpura

Henoch-Schönlein (See Henoch-Schönlein purpura 
[HSP])

thrombotic thrombocytopenic
plasmapheresis for, 125, 132–133, 133t
pregnancy-associated, 300–301
due to thrombotic microangiopathy (See Throm-

botic microangiopathy[ies] [TMAs])
PVAN (polyomavirus-associated nephropathy)

allograft dysfunction due to, 999–1000
posttransplantation, 1040–1041

PVN (polyomavirus nephropathy), posttransplantation, 
1040–1041

allograft dysfunction due to, 999–1000
Pyelonephritis, 447, 449, 450–451

allograft dysfunction due to, 1001t
in autosomal dominant polycystic kidney disease, 

541, 543t
in children, 513–514, 515
in pregnancy, 486

Pyridostigmine, in renal failure, 1064t
Pyridoxal-5′-phosphate, and infl ammation, 117–118
Pyrogenic reactions (PRs), during hemodialysis, 854–855
Pyuria, 449

Q
Q fever, glomerulonephritis due to, 146
Qa (access fl ow rate) monitoring, 864, 865b, 866
QALY (quality-adjusted life year), cost per, 836, 837t, 

839
QTc prolongation, due to antipsychotics in end-stage 

renal disease, 813
Quality assurance, for acute dialysis, 66–67
Quality of life (QOL)

defi ned, 818
with end-stage renal disease, 818–823

in childhood and adolescence, 526
factors affecting, 819, 820t–821t
interventions to improve, 819–823, 821t–822t, 

823f
health-related, 818, 828, 829
after living kidney donation, 966
measuring, 818
with renal transplantation, 819

Quality-adjusted life year (QALY), cost per, 836, 837t, 
839

QuantiFERON test, posttransplantation, 1043
Quartan malaria, glomerulonephritis due to, 147
Quetiapine (Seroquel)

in end-stage renal disease, 803t, 813
in renal failure, 1072t

Index–1093-1132-X5484.indd 1123Index–1093-1132-X5484.indd   1123 6/18/08 3:35:45 PM6/18/08   3:35:45 PM



1124 Index

Quinapril
with dialysis, 686t, 1062t
pharmacology of, 602t
in renal failure, 1071t

Quinidine, in renal failure, 1061t
Quinine

for muscle cramps
in end-stage renal disease, 833t
intradialytic, 900

in renal failure, 1059t, 1068t
thrombotic microangiopathy due to, 302

Quinolones
for BK virus nephropathy, 1041
in renal failure, 1054t, 1059t, 1067t

Quinupristin, in renal failure, 1059t

R
RAAS (renin-angiotensin-aldosterone system)

in autosomal dominant polycystic kidney disease, 
541, 542

in end-stage renal disease, 682–683
RAAS (renin-angiotensin-aldosterone system) 

antagonists, for chronic renal disease, 733, 733t, 776
rAAV (recombinant adeno-associated virus) vectors, for 

gene therapy, 558
Rabeprazole, in renal failure, 1060t
RAD (renal tubule assist device), for acute kidney injury, 

96
Radical paravascular nephrotomy, 439
Radiocontrast-induced nephropathy. See Contrast-

induced nephropathy (CIN).
RALES Trial, 607
Raltitrexed, in renal failure, 1068t
Ramelteon (Rozerem), in renal failure, 806t
Ramipril

for diabetic nephropathy, 325
with dialysis, 686t, 1062t
pharmacology of, 602t
in renal failure, 606, 1071t
renal protective effects of, 614, 615t

Ramipril Effi cacy in Nephropathy (REIN) Study, 596, 
614, 615t, 701, 702, 703–704

Ranitidine, in renal failure, 1056t, 1065t
Ranolazine, in renal failure, 1069t
Rapacuronium, in renal failure, 1064t
Rapamune. See Sirolimus.
Rapidly progressive glomerulonephritis (RPGN)

due to anti-GBM disease (See Antiglomerular base-
ment membrane [anti-GBM] antibody disease)

plasmapheresis for, 129, 130t
due to systemic vasculitis (See Systemic vasculitis)

RAS. See Renal artery stenosis; Renin-angiotensin 
system.

RASSF1 gene, in renal cell carcinoma, 455
RBF (renal blood fl ow)

dopamine and, 14–15, 15t
in pregnancy, 487t
in renal artery stenosis, 648, 650

REACH (Reduction of Atherothrombosis for Continued 
Health), 1015

Reactive oxygen species (ROS), 731
Really Simple Syndication (RSS), 1086
Reboxetine, in renal failure, 1072t
Recainam, in renal failure, 1061t, 1070t
Recirculation, in hemodialysis, 881, 888
Recombinant adeno-associated virus (rAAV) vectors, for 

gene therapy, 558
Recombinant human erythropoietin (rhEPO), 757–758, 

760t
RECORD study, 1014
5�-Reductase inhibitors, for benign prostatic 

hypertrophy, 472
Reduction of Atherothrombosis for Continued Health 

(REACH), 1015
Reduction of Endpoints in NIDDM with the Angio-

tensin II Antagonist Losartan (RENAAL) trial, 
614–615, 615t, 704, 776

Reference Manager, 1084
Regitine (phentolamine mesylate)

for erectile dysfunction, 788
for hypertensive emergencies, 626, 628t

REIN (Ramipril Effi cacy in Nephropathy) Study, 596, 
614, 615t, 701, 702, 703–704

Relative supersaturation, in nephrolithiasis, 431

Relaxin, for focal segmental glomerulosclerosis, 230t
Remeron (mirtazapine), in renal failure, 801t, 1072t

for anxiety disorders, 811
for depression, 812

Remoxipride, in renal failure, 1072t
RENAAL (Reduction of Endpoints in NIDDM with the 

Angiotensin II Antagonist Losartan) trial, 614–615, 
615t, 704, 776

Renagel (sevelamer)
for bone disease, 768
for hyperphosphatemia, 420

Renal acidifi cation, dysfunction of, 376t
Renal allograft biopsy, 996, 997b
Renal allograft dysfunction, 994–1005

allograft rejection as
acute, 996–998, 997b, 998b, 998t
recurrent, 998–999

due to calcineurin inhibitor nephrotoxicity, 
1003–1004

delayed graft function as, 994–996, 995f
early, 996–999

acute, 996–998, 997b, 998b, 998t
recurrent, 998–999

immediate, 994–996, 995f
due to interstitial fi brosis and tubular atrophy, 997b, 

1000–1003, 1001t, 1002b
late

acute, 999–1000
chronic, 1000–1004, 1001b, 1002t

due to polyomavirus nephropathy, 999–1000
primary nonfunction as, 994
due to recurrent and de novo renal disease, 

1004–1005
Renal allograft rejection

accelerated, 996
antibody-mediated, 996, 997, 997b, 999
early

acute, 996–998, 997b, 998b, 998t
management of, 997–999, 998t
recurrent, 998–999

gene therapy for, 559–560
hyperacute, 995–996, 997
late

acute, 999–1000
chronic, 1000–1004, 1001t, 1002b

in pediatric recipients, 530–531
plasmapheresis for, 134–135, 135t
preventable causes of, 998b
T cell–mediated, 997b
transplantation after, 961

Renal anatomy, in pregnancy, 487t
Renal angioplasty and stenting, 664–673

complications of, 660–661, 670–671, 671b, 671f
demographics of, 660, 661f
embolic protection devices with, 664, 665
goals of, 660, 664
vs. medical therapy, 648, 652, 653–654
outcomes of, 666–670, 666f, 667t–669t, 670f
patient selection for, 671–673
restenosis after, 671, 671f
techniques of, 664–665

Renal artery, distal embolic protection devices in, 664, 
665

Renal artery angioplasty. See Renal artery revasculariza-
tion.

Renal artery disease. See Renal artery stenosis (RAS).
Renal artery revascularization, 664–673

complications of, 660–661, 670–671, 671b, 671f
demographics of, 660, 661f
goals of, 660, 664
outcomes of, 666–670, 666f, 667t–669t, 670f
techniques of, 664–665

Renal artery stenosis (RAS), 647–657, 660–673
aortic aneurysm due to, 651t
atherosclerotic, 647, 650, 651t

angioplasty and stenting for, 664, 668–670, 668t, 
669t, 670f

and cardiovascular disease, 650–651, 651t
cerebrovascular disease due to, 651t
chronic kidney disease due to, 647, 651t, 653–654
clinical syndromes of, 660, 661b
comobidities with, 650–651, 654–655
congestive heart failure due to, 651t
and coronary artery disease, 651t, 654
defi ned, 647

Renal artery stenosis (RAS) (Continued)
demographics of, 661
and diabetes, 651t, 654
diagnostic considerations in, 663–664, 663f
dyslipidemia with, 654, 656
end-stage renal disease due to, 647
due to fi bromuscular dysplasia, 647–648, 666, 666f, 667t
hypertension due to, 647, 651–653, 651t, 653f, 656f
natural history of, 647–648
peripheral vascular disease due to, 651t
risks of progression of, 661–663, 662f
and smoking, 654
transplant, 675–678.974
treatment of, 651–655

ACE inhibitors and angiotensin receptor blockers 
for, 652, 653f, 655, 655f, 656f

pathophysiologic basis for, 648–650, 649f, 650f
algorithm for, 656f, 672
antiplatelet agents for, 654–655, 656, 656f
�-blockers for, 653
calcium channel blockers for, 649–650, 649f, 650f, 

653
central agents for, 653
diuretics for, 652–653
medical vs. surgical, 648, 652, 653–654
outcomes and goals of, 651–655, 660, 664
pathophysiologic basis for, 648–650, 649f, 650f
recommendations for, 655–657, 655f, 656f
renal angioplasty and stenting for, 664–673

complications of, 660–661, 670–671, 671b, 671f
demographics of, 660, 661f
embolic protection devices with, 664, 665
goals of, 660, 664
vs. medical therapy, 648, 652, 653–654
outcomes of, 666–670, 666f, 667t–669t, 670f
patient selection for, 671–673
restenosis after, 671, 671f
techniques of, 664–665

Renal biopsy
of allograft, 996, 997b
for HBV-associated renal disease, 273
for HIV-associated renal disease, 276
during pregnancy, 490

Renal blood fl ow (RBF)
dopamine and, 14–15, 15t
in pregnancy, 487t
in renal artery stenosis, 648, 650

Renal calculi, 440–441, 441f. See also Nephrolithiasis.
Renal cell carcinoma, 455–459

bilateral, 455
diagnostic evaluation of, 456, 457f
epidemiology of, 455
future directions for, 459
gene therapy for, 560
metastatic, 455, 457, 458–459
pathologic classifi cation of, 456, 456t
presentation of, 455
recurrence of, 458
risk factors for, 455
staging of, 457, 458t
thiazide diuretics and, 594
treatment of, 457–459

Renal colic, 430
Renal cyst, 456
Renal failure

acute (See Acute renal failure [ARF])
chronic (See Chronic kidney disease [CKD])
drug dosing in, 1049–1072

active metabolites in, 1052
for analgesics, 1054t, 1055t, 1063t
for anesthetics, 1054t, 1055t, 1063t–1064t
for anthelmintics, 1064t
for antianxiety agents, sedatives, and hypnotics, 

1054t, 1055t–1056t, 1064t
for anticholinergics and cholinergics, 1056t, 1064t
for anticoagulants, antifi brinolytics, and antiplate-

let agents, 1056t, 1064t
for anticonvulsants, 1054t, 1056t, 1064t
for antifungals, 1054t, 1059t, 1068t
for antihistamines, 1054t, 1056t, 1064t–1065t
for anti-infl ammatory agents, 1054t, 1056t–1057t, 

1065t
for antimalarials, 1059t, 1068t
for antimicrobials/antibacterials, 1054t, 1057t–1059t, 

1065t–1068t
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Renal failure (Continued)
for antineoplastics and antimetabolites, 1060t, 

1068t
for antiparasitics, 1068t
for antispasticity agents, 1068t
for antituberculous agents, 1060t, 1068t
for antiulcer agents, 1068t
for antiviral agents, 1060t, 1068t–1069t
for bisphosphonates, 1069t
for bronchodilators, 1055t, 1060t, 1069t
for cardiovascular agents, 1055t, 1060t–1062t, 

1069t–1071t
for cognitive impairment, 1071t
with dialysis, 1052, 1055t–1063t
for diuretics, 1071t
for erectile dysfunction, 1071t
half-life in, 1050–1051
for hormonal agents, 1055t, 1062t, 1072t
for hypoglycemic agents, 1062t, 1072t
for hypouricemic agents, 1062t, 1072t
for immunologic agents, 1063t
loading dose in, 1049–1050, 1050t
maintenance dose in, 1050
principles of, 1049–1052
for psychotherapeutic agents, 1063t, 1072t
recommendations on, 1052–1053
regimens for, 1051–1052
for steroids, 1063t
for sympathomimetics, 1072t
volume of distribution in, 1049–1050, 1054t–1055t

hypertension with, 631t, 632–633
with multiple myeloma, 464

plasmapheresis for, 133–134, 134t
progressive (See Progressive renal failure)
renin system blockade with, 606

Renal fi brosis, gene therapy for, 560–561
Renal function

dopamine and, 14–15, 15t
with renal artery stenosis, 653–654
therapeutic ablation of, for nephrotic syndrome, 284

Renal hemodynamics
dopamine and, 14–15, 15t
in pregnancy, 487t

Renal hypertension. See Renovascular hypertension.
Renal insuffi ciency

drug dosing with, 1063t–1072t
in pregnancy, 488

Renal limited vasculitis, 187
Renal mass, diagnostic evaluation of, 456, 457f
Renal organizations, online, 1089t
Renal osteodystrophy, 765–766

in childhood and adolescence, 524–525
Renal replacement therapy (RRT). See also Dialysis.

for acute renal failure, 9–10
for cast nephropathy, 465
in childhood and adolescence, 526–528
continuous, 73–79

clinical aspects of, 76–78
evolution of, 73–75, 74f, 75f
vs. intermittent hemodialysis, 59
metabolic impact of, 84, 84b

for contrast-induced nephropathy, 43
costs of, 837–841, 838t–841t
for diabetic nephropathy, 329–330
drug dosage with, 9
for hemolytic-uremic syndrome, 510
hepatitis B virus in, 275–276
for hepatorenal syndrome, 48t, 51
HIV and, 277–278
metabolic impact of, 84, 84b
prolonged intermittent daily, 78

Renal revascularization, 664–673
complications of, 660–661, 670–671, 671b, 671f
demographics of, 660, 661f
goals of, 660, 664
outcomes of, 666–670, 666f, 667t–669t, 670f
techniques of, 664–665

Renal transplantation
for AL amyloidosis, 463
allograft dysfunction after (See Renal allograft 

dysfunction)
anti-GBM antibody disease after, 200–201, 202

in Alport’s syndrome, 198
bilateral native nephrectomy for, 970
cadaver donors for, 970–971, 994

Renal transplantation (Continued)
for cast nephropathy, 465
in childhood and adolescence, 528–531, 972

bone disease after, 524–525
donor for, 528, 529t
failure of, 530–531
immunosuppressive therapy for, 530
infections after, 530
preparation for, 528–530, 529b
prognostic risk factors for, 529t

complication(s) of, 972–975
acute vascular necrosis, 1024
bleeding, 975
cancer, 1018–1020
cerebrovascular disease, 1016–1017
coronary heart disease, 1009–1016

diagnosis of, 1011
epidemiology of, 1009
medical and interventional treatment of, 

1015–1016
risk factor management for, 1010–1015, 1010b, 

1012t, 1013t
erythrocytosis, 1018–1019
gastrointestinal, 1020–1021
gout, 1024–1025, 1025b
hyperparathyroidism, 1023–1024
hypomagnesemia, 1026
hypophosphatemia, 1026
infectious, 1034–1044

bacterial urinary tract, 1041–1043
drug interactions in treatment of, 1034, 1035t
epidemiology of, 1034
fungal, 1041, 1042t
with human immunodefi ciency virus, 

1043–1044
with Pneumocystis jiroveci, 1041
timeline for, 1034, 1036f
with tuberculosis and nontuberculous mycobac-

teria, 1043
viral, 1035–1041

leg edema, 976–977
lymphocele, 976
obstruction of collecting system, 975–976
osteoporosis, 1021–1023, 1022b
peripheral arterial disease, 1017–1018
transplant renal artery stenosis, 976
urine leak, 975
vascular thrombosis, 975
vesicoureteral refl ux, 976
wound, 972–975

cost of, 839–840, 840t, 841t
with diabetes, 1005
for diabetic nephropathy, 330
for diffuse mesangial sclerosis, 502
dopamine for, 20
dual-kidney, 972
dyslipidemia after, 722
for fi brillary glomerulonephritis or immunotactoid 

glomerulopathy, 269
for focal segmental glomerulosclerosis, in children, 

501
gene therapy with, 559–560
hemodialysis vascular access prior to, 862
for hemolytic-uremic syndrome, 510, 511
Henoch-Schönlein purpura after, 183
hepatitis B virus in, 276
with human immunodefi ciency virus, 278, 960, 

1043–1044
hyperparathyroidism after, 770
hypertension after, 675–678

causes of, 675–677, 676b
clinical features of, 675
refractory, 678
treatment of, 676f, 677

ACE inhibitors and angiotensin receptor block-
ers for, 677

calcium channel blockers for, 616, 677
diuretics for, 677

IgA nephropathy after, 182
immunology of, 976–978

alloimmunity in
cellular, 977
humoral, 977

clinical application of, 978–979
components of immune system in, 976–977

Renal transplantation (Continued)
crossmatch methods in, 978–979
detection of anti-HLA antibodies in, 978
effector mechanisms in, 977–978
recognition of alloantigen in, 977
tissue-typing techniques in, 978

immunosuppressive medication(s) for, 979–989, 
980t–981t

adjuvant agents, 981t, 984–985, 988
antimetabolites, 981t, 984–985
calcineurin inhibitors, 980t–981t, 983, 987–988

withdrawal from, 989
drug interactions of, 985, 986b
glucocorticoids, 981t, 985

withdrawal from, 989
in induction treatment, 979–983, 980t–981t, 

988–989
intravenous immunoglobulins, 985–986
mechanisms of action of, 979f, 980t–981t
monoclonal lymphocyte–depleting antibodies, 

980t, 982
monoclonal nondepleting antibodies, 983
new, 986–987
polyclonal lymphocyte–depleting antibodies, 

979–982, 980t
protocols for, 987, 987t
and sensitization, 989–990
target of rapamycin inhibitors, 984–985

improvement in erectile dysfunction after, 788–789
living donor for

choice of kidney from, 971
contraindications to, 964, 964b
evaluation of, 961–966

anatomic, 963b
for cancer, 963b, 965
for cardiopulmonary disease, 966
cardiovascular, 962b, 965, 966
for hypertension, 965
imaging for, 971
for infection, 963b, 965
medical, 961, 962b–963b, 964–966
metabolic-focused, 963b
for nephrolithiasis, 965
for obesity, 965
psychosocial, 961, 962b
renal-focused, 963b, 965–966
for renovascular disease, 965–966
for venous thromboembolism, 965

quality of life of, 966
relationship of, 961, 962b, 964f
risks to, 961–964
survival benefi t of, 957, 958f

mannitol for, 36
for membranoproliferative glomerulonephritis, 

252
for monoclonal light-chain deposition disease, 

463–464
in multiple myeloma, 268
nephrolithiasis after, 441
nutritional issues after, 744–745
plasmapheresis for, 134–135, 135t
pregnancy with, 490–493, 492t
procedure for, 971–972
and quality of life, 819
recipient evaluation for, 957–961, 958b, 970

age in, 957, 959f
for blood type and histocompatibility, 957
for bone density, 961
for cancer, 958b, 959–960
for cardiovascular disease, 958b, 959
cystoscopy or cystography in, 970
for failed allografts, 961
for infection, 958b, 960
for obesity, 960
psychosocial, 958b, 961
pulmonary function tests in, 961
for recurrent disease, 958b, 960–961
re-evaluation while on waiting list in, 961

recurrent and de novo renal disease after, 1004–1005
subsequent, 972
systemic vasculitis after, 193, 193t, 194t
for thrombotic microangiopathy

with genetic abnormalities in complement 
regulatory proteins, 304

for Shiga toxin–associated, 298
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Renal tubular acidosis (RTA), 375–378
differential diagnosis of, 375b
distal, 376–378

classic, 375t, 376–377, 376b
generalized, 375t, 377–378, 378b

proximal, 375–376, 375t
Renal tubule assist device (RAD), for acute kidney 

injury, 96
Renal vein thrombosis (RVT), in nephrotic syndrome, 

288
Renal-focused evaluation, of living kidney donor, 963b, 

965–966
Renin, in hypertension, 588
Renin-angiotensin system (RAS), pharmacologic inhibi-

tion of, for prevention of progressive renal failure, 
702–706, 703t, 706f

Renin-angiotensin system (RAS) blockade
for diabetic nephropathy, 327–329, 327f, 328f

prevention of, 325
historical background of, 601
for hypertension, 601–608
and natural history of renal injury, 605
and nephropathy, 605–606
optimization of, 607–608
pharmacology of, 602–604, 602t, 603t
renal actions of, 604–605
with renal failure, 606

Renin-angiotensin-aldosterone system (RAAS)
in autosomal dominant polycystic kidney disease, 

541, 542
in end-stage renal disease, 682–683

Renin-angiotensin-aldosterone system (RAAS) antago-
nists, for chronic renal disease, 733, 733t, 776

Renoprotection, in chronic kidney disease, 699–710
ACE inhibitors and angiotensin receptor blockers for, 

702–706, 703t, 706f
antihypertensive therapy for, 700–702
calcium channel blockers for, 702
dietary interventions for, 707
future therapies in, 708–709
glycemic control for, 708
lipid lowering for, 707–708
monitoring in, 708
smoking cessation for, 708
strategy for maximal, 709–710, 709t

Renovascular disease, 647, 660–673
azotemic, 647
demographics of, 661
diagnostic considerations in, 663–664, 663f
in living kidney donor, 965–966
renal angioplasty and stenting for, 664–673

complications of, 660–661, 670–671, 671b, 671f
demographics of, 660, 661f
embolic protection devices with, 664, 665
goals of, 660, 664
vs. medical therapy, 648, 652, 653–654
outcomes of, 666–670, 666f, 667t–669t, 670f
patient selection for, 671–673
restenosis after, 671, 671f
techniques of, 664–665

risks of progression of, 661–663, 662f
Renovascular hypertension, 647, 660–673

demographics of, 661
diagnostic considerations in, 663–664, 663f
renal angioplasty and stenting for, 664–673

complications of, 660–661, 670–671, 671b, 671f
demographics of, 660, 661f
embolic protection devices with, 664, 665
goals of, 660, 664
vs. medical therapy, 648, 652, 653–654
outcomes of, 666–670, 666f, 667t–669t, 670f
patient selection for, 671–673
restenosis after, 671, 671f
techniques of, 664–665

risks of progression of, 661–663, 662f
Repaglinide

in renal failure, 1062t, 1072t
for transplant-associated hyperglycemia, 1014

Replacement fl uids, with plasmapheresis, 128
Requip (ropinirole), in renal failure, 808t
Rescue treatments, for thrombotic microangiopathy, 308

with ADAMTS-13 defi ciency, 300
Shiga toxin–associated, 296–298

Research, computer and, 1085
Residual native kidney clearance, 883, 883t

Residual syndrome, 877
Resolvins, 116
Respiratory acidosis, 378–379

causes of, 378
compensation for, 368, 370t
diagnosis of, 378–379, 379b
treatment of, 379

Respiratory alkalosis, 385–386, 386t
compensation for, 368, 370t
hypophosphatemia due to, 421

Respiratory compensation, for metabolic disturbances, 
368, 370t

Respiratory effects, of metabolic alkalosis, 381
Respiratory syncytial virus (RSV), posttransplantation, 

1038–1039
Respiratory viruses, posttransplantation, 1038–1039
Restless legs syndrome (RLS), 809, 822t, 833t

in dialysis patients, 900
Restoril (temazepam), in renal failure, 806t
Resuscitation fl uid

monitoring and administration of, 6–7
selection of, 5–6

Retroviral vectors, for gene therapy, 557–558
Reuse syndrome, 895
Revascularization, for renal artery stenosis, 664–673

complications of, 660–661, 670–671, 671b, 671f
demographics of, 660, 661f
goals of, 660, 664
outcomes of, 666–670, 666f, 667t–669t, 670f
techniques of, 664–665

Reverse osmosis (RO) system, for hemodialysis, 846f, 
853

Reversible posterior leukoencephalopathy, 625
rhEPO (recombinant human erythropoietin), 757–758, 

760t
Ribavirin

for HCV-associated membranoproliferative glomeru-
lonephritis, 152, 153, 153t, 154, 154t

posttransplantation
for adenovirus, 1039
for hepatitis C, 1040

in renal failure, 1060t, 1069t
Rickets

hypophosphatemic
autosomal dominant, 549t, 550
hereditary, with hypercalciuria, 549t, 550
X-linked (vitamin D–dependent, familial), 

548–550, 549t
oncogenous, with phosphaturia, 549t

Rickettsial infections, glomerulonephritis due to, 146
Rifampin, for exit-site infections, 929
RIFLE criteria, for acute renal failure, 3, 4f
Right internal jugular catheter, for hemodialysis, 62
Rilmenidine, in renal failure, 1071t
Rimantadine, in renal failure, 1069t
Ringer, Sidney, 5
Risedronate, for hypercalcemia, 414, 415
Risk adjuster model, for renal transplantation costs, 

839–840, 840t
Risperidone (Risperdal)

in end-stage renal disease, 803t, 813
in renal failure, 1072t

Rituximab (Rituxan)
for glomerular and tubulointerstitial disease, 108
for idiopathic membranous nephropathy, 243b, 244
for lupus nephritis, 164b
for membranoproliferative glomerulonephritis, 253f

HCV-associated, 154–155
for minimal change disease, 215
for posttransplant malignancies, 1019
for renal transplantation, 980t, 982
for systemic vasculitis, 190
for thrombotic microangiopathy with ADAMTS-13 

defi ciency, 300
RLS (restless legs syndrome), 809, 822t, 833t

in dialysis patients, 900
RNA interference (RNAi), 558–559
RO (reverse osmosis) system, for hemodialysis, 846f, 853
Rocaltrol. See Calcitriol.
Rocky Mountain spotted fever, glomerulonephritis due 

to, 146
Rodent models, of acute kidney injury, 92–93
ROMK, in Bartter syndrome, 552
Ropinirole (Requip), in renal failure, 808t
ROS (reactive oxygen species), 731

Rosiglitazone
in renal failure, 1062t
for transplant-associated hyperglycemia, 1014

Rosuvastatin
for lipid management, 719t
for posttransplant cerebrovascular disease, 1016

Roxatidine, in renal failure, 1054t, 1065t
Roxithromycin, in renal failure, 1058t, 1066t
Rozerem (ramelteon), in renal failure, 806t
RPGN (rapidly progressive glomerulonephritis)

due to anti-GBM disease (See Antiglomerular base-
ment membrane [anti-GBM] antibody disease)

plasmapheresis for, 129, 130t
due to systemic vasculitis (See Systemic vasculitis)

RRT. See Renal replacement therapy.
RSS (Really Simple Syndication), 1086
RSV (respiratory syncytial virus), posttransplantation, 

1038–1039
RTA. See Renal tubular acidosis (RTA).
Rufl oxacin, in renal failure, 1059t, 1067t
RVT (renal vein thrombosis), in nephrotic syndrome, 

288

S
4S (Scandinavian Simvastatin Survival Study), 

635, 636
SAFE study, 6
Salicylate(s)

metabolic acidosis due to, 373
in renal failure, 1054t, 1055t

Salicylate intoxication, 1074–1075
hemodialysis for, 62t
respiratory alkalosis due to, 386, 386t

Saline diuresis, for hyperphosphatemia, 419
Saline-resistant metabolic alkalosis, 383t, 384–385, 384t
Saline-responsive metabolic alkalosis, 382–384, 383t
Salmonella, glomerulonephritis due to, 144
Salt intake, 583
Salt reduction

for end-stage renal disease, 774–775
for hypertension, 569, 583–588

algorithm for, 587–588, 588f
assessment for, 586
in DASH diet, 585–586
defi nitions for, 583
dietary patterns and, 585
effect of, 576t, 577, 583–584
in established disease, 587, 587b
practical advice on, 587, 587b
as prevention, 586–587
public health strategies for, 584–585
TONE study of, 579–580

for nephrotic syndrome, 284
Salt retention, in end-stage renal disease, 681–682
Salt sensitivity, and infl ammation, in hypertension, 

119–120
Salt substitutes, 585
Sandimmune. See Cyclosporine.
Sarafem (fl uoxetine), in renal failure, 798t, 812
Saralasin

pharmacology of, 602–603
renal actions of, 604

Satavaptan
for hyponatremia, 346t
mechanism of action of, 391

SC (sieving coeffi cient), 1076
Scandinavian Simvastatin Survival Study (4S), 635, 636
SCC (squamous cell carcinoma), posttransplantation, 

1019–1020
Schistosomiasis, glomerulonephritis due to, 147
Schizophrenia, in end-stage renal disease, 802t–804t, 813
Schloendorff v Society of New York Hospital, 950
Scleroderma, thrombotic microangiopathy in, 301
Scribner, Belding, 947
Scrub typhus, glomerulonephritis due to, 146
SCT. See Stem-cell transplantation (SCT).
SCUF (slow continuous ultrafi ltration), 75f
Secondary Prevention with Antioxidants of Cardiovas-

cular disease in End-stage renal disease (SPACE) 
trial, 732

Sedatives, in renal failure, 1054t, 1055t–1056t, 1064t
Seizures

in end-stage renal disease, 797–809, 806t–807t
due to poisoning, 1073
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Selective serotonin reuptake inhibitors (SSRIs), in renal 
failure, 798t–799t

for anxiety disorders, 811
for depression, 812

Selegiline, in renal failure, 1072t
Selenium, in acute renal failure, 84
Self-tolerance, 105
Sematilide, in renal failure, 1061t, 1070t
Senile systemic amyloidosis, 257, 259t
Sensipar. See Cinacalcet hydrochloride.
Sepsis, acute renal failure due to

fenoldopam for, 23, 24t–27t
vasopressor agent(s) for, 23–30

epinephrine, 27–28
norepinephrine, 26–27, 28t–29t
phenylephrine, 28–29
vasopressin, 29–30

Septic shock, acute renal failure due to, vasopressor 
agent(s) for, 23–30

epinephrine, 27–28
norepinephrine, 26–27, 28t–29t
phenylephrine, 28–29
vasopressin, 29–30

Serax (oxazepam)
for intradialytic muscle cramps, 900
in renal failure, 806t, 1054t, 1055t

Seroquel (quetiapine)
in end-stage renal disease, 803t, 813
in renal failure, 1072t

Sertindole
in end-stage renal disease, 813
in renal failure, 1063t

Sertraline (Zoloft), in renal failure, 799t, 1063t
for depression, 812
for hypotension, 834t

Serum sickness, plasmapheresis for, 135
Sevelamer (Renagel)

for bone disease, 768
for hyperphosphatemia, 420

Sexual dysfunction
in end-stage renal disease, 813–814
erectile (See Erectile dysfunction [ED])
due to thiazide diuretics, 593–594

SHEP (Systolic Hypertension in the Elderly Program) 
trial, 592, 593

SHIFTS program, 1086–1087
Shiga toxin, 295
Shiga toxin binding agent (Synsorb Pk), 296
Shiga toxin–associated hemolytic-uremic syndrome 

(Stx-HUS), 295–298
Shiga toxin–associated thrombotic microangiopathy, 

295–298, 307t, 309
Shiga-like toxin, 295, 509
Shigella dysenteriae, 295
Shock wave lithotripsy (SWL), extracorporeal, 430, 437

antibiotics and, 442
effi cacy of, 438–439
indications for, 471
for renal calculi, 440, 441, 441f
technique of, 470–471
for ureteral calculi, 441–442

Shohl’s Solution (Bicitra), for renal tubular acidosis, 
377

Short hairpin RNAs (shRNAs), for gene therapy, 559
Shunt nephritis, 144
SIADH (syndrome of inappropriate secretion of 

antidiuretic hormone), 345, 346
Sieving coeffi cient (SC), 1076
Sildenafi l (Viagra)

for erectile dysfunction, 787–788814
in renal failure, 1071t

Simulect (basiliximab), for renal transplantation, 980t, 
988

Simvastatin
for cardiovascular risk reduction in hypertension, 

635, 636, 637t
for lipid management, 719t
for posttransplant hyperlipidemia, 1011, 1013t

Sinemet (carbidopa/levodopa)
in renal failure, 808t
for restless legs syndrome, 833t

Sinequan (doxepin), in renal failure, 800t
Single-pool urea kinetics, 879–880
siRNAs (small interfering RNAs), for gene therapy, 

558–559, 561

Sirolimus (Rapamune, SRL)
drug interactions with, 985, 986b
for focal segmental glomerulosclerosis, 228–229
for glomerular and tubulointerstitial disease, 

107–108
for interstitial fi brosis and tubular atrophy in al-

lograft, 1002, 1003
posttransplant hypertension due to, 675–676
for renal transplantation, 979f, 981t, 984–985, 988, 

989
Skim milk, for hypophosphatemia, 421t
Skin cancer, posttransplantation, 1018, 1019–1020
SLE (systemic lupus erythematosus), 157, 163–167

in pregnancy, 489
thrombotic microangiopathy in, 301

SLED (slow low-effi ciency dialysis), 58, 59, 61t
SLEDD (sustained low effi ciency daily dialysis), 75f, 78
Sleep apnea, 681, 791–793, 809
Sleep disorders, in chronic kidney disease

insomnia as, 809–810
periodic leg movements as, 809
restless legs syndrome as, 809
sleep apnea as, 791–793, 809

Slow continuous dialysis, 58, 59
Slow continuous ultrafi ltration (SCUF), 75f
Slow low-effi ciency dialysis (SLED), 58, 59, 61t
Slow-blood-fl ow method, for blood sampling in 

hemodialysis, 887–888, 888b
Slow-Mag (magnesium oxide)

for Gitelman’s syndrome, 553
for magnesurias, 550
for posttransplant hypomagnesemia, 1026

Small interfering RNAs (siRNAs), for gene therapy, 
558–559, 561

Small solute clearance, in peritoneal dialysis, 935–938
clinical studies of, 937
principles of quantifi cation for, 935–937, 936b, 936f, 

937b
randomized controlled trials of, 937–938, 937t, 938f

Smoking
in end-stage renal disease, 773–774
and hypertension, 636b, 636f, 638–639
and posttransplant cardiovascular complications, 

1014–1015
and progressive renal failure, 708
with renal artery stenosis, 654

Smoking cessation
and blood pressure, 638–639
for end-stage renal disease, 774, 775t
for hypertension, 576t, 578
posttransplantation, 1014–1015
for prevention of progressive renal failure, 700f, 708
for renal artery stenosis, 654

SNS (sympathetic nervous system)
in end-stage renal disease, 683
in erection, 784, 785f

Sodium (Na�)
faster reabsorption of, 355
in hemodialysis fl uid, 851, 897
and infl ammation, in hypertension, 119–120
in peritoneal dialysis fl uids, 916, 916t
slower reabsorption of, 355
total body, 337

Sodium bicarbonate (NaHCO3)
for Fanconi syndrome, 551
for hyperkalemia, 363
for hypokalemia, 358
in metabolic alkalosis, 383

Sodium (Na�) channel(s), epithelial, 354, 355
Sodium (Na�) channel blockers

mechanism of action of, 389
for metabolic alkalosis, 385

Sodium chloride (NaCl). 
for pseudohypoaldosteronism, 548
for volume replacement, 5

Sodium citrate, for renal tubular acidosis, 377
Sodium concentration, plasma, 337–338
Sodium dialysance, 882
Sodium (Na�) disturbances, during hemodialysis, 903
Sodium excretion, dopamine as, 13–14, 15t
Sodium ferric gluconate, for chronic kidney disease, 752, 

753t, 758
Sodium intake, 583

with chronic kidney disease, 742t, 743
Sodium modeling, for hemodialysis, 851, 900

Sodium nitroprusside
with dialysis, 688t, 689
for hypertension with acute ischemic stroke, 632t
for hypertensive emergencies, 626, 627t

in children, 514t
Sodium phosphate, for hypophosphatemia, 421t
Sodium profi ling, 897
Sodium ramping, 897
Sodium restriction

for end-stage renal disease, 774–775
for hypertension, 569, 583–588

algorithm for, 587–588, 588f
assessment for, 586
in DASH diet, 585–586
defi nitions for, 583
dietary patterns and, 585
effect of, 576t, 577, 583–584
in established disease, 587, 587b
practical advice on, 587, 587b
as prevention, 586–587
public health strategies for, 584–585
TONE study of, 579–580

for nephrotic syndrome, 284
for prevention of progressive renal failure, 707

Sodium sieving, 916, 940
Sodium thiosulfate (STS), for calciphylaxis, 771
Sodium-gradient hemodialysis, 851
Sodium/hydrogen ion (Na�/H�) exchanger (NHE), 

354, 354f
Sodium-potassium adenosine triphosphatase 

(Na�/K�-ATPase), 353–354, 354f
Sodium-potassium adenosine triphosphatase 

(Na�/K�-ATPase) inhibitor, in end-stage renal 
disease, 682

Software, 1083
Solid organ transplantation–associated thrombotic 

microangiopathy, 302–303, 307t
Solu-Medrol. See Methylprednisolone.
Solute accumulation, in hemodialysis adequacy, 876–877
Solute disequilibrium, in hemodialysis, 880–882, 880f
Solute distribution volume, 883–884
Solute removal, in continuous renal replacement 

therapy, 76
Solute sequestration, in hemodialysis, 880–882, 880f
Somatostatin C, for autosomal dominant polycystic 

kidney disease, 544
Sonata (zaleplon)

for insomnia in end-stage renal disease, 810
in renal failure, 806t

Sorafenib, for renal cell carcinoma, 459
Sorbent hemoperfusion, for poisoning, 1076, 1078b, 1078t
Sorbent system intermittent hemodialysis, 58–59
Sotalol

with dialysis, 685, 685t, 1061t
in renal failure, 1070t

SPA (standard peritoneal permeability analysis), 
918–919, 918t, 929–930

SPACE (Secondary Prevention with Antioxidants of 
Cardiovascular disease in End-stage renal disease) 
trial, 732

SPARCL (Stroke Prevention by Aggressive Reduction in 
Cholesterol Levels) study, 1016

Sparfl oxacin, in renal failure, 1059t, 1067t
Spectinomycin, in renal failure, 1057t
S-phosphorus, in end-stage renal disease, 775t
Spirapril

with dialysis, 686t
in renal failure, 1071t

Spirochetes, glomerulonephritis due to, 145
Spironolactone

adverse effects of, 607
for ascites, 397–398
in combination, 402–403, 402b
dosage of, 390t
historical background of, 607
for hypertension, 597t, 607, 622

in children, 514t
due to primary aldosteronism, 691–692, 692f, 

692t, 693
for idiopathic edema, 398
mechanism of action of, 389, 607
for metabolic alkalosis, 385
for nephrotic syndrome, 283–284
pharmacokinetics of, 392t, 393
pharmacology of, 607
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Spironolactone (Continued)
for posttransplant coronary heart disease, 1016
for prevention of progressive renal failure, 709

Spitzer-Weinstein syndrome, 553
Splenectomy, for thrombotic microangiopathy with 

ADAMTS-13 defi ciency, 300
Spreadsheets, 1084
Squamous cell carcinoma (SCC), posttransplantation, 

1019–1020
SRL. See Sirolimus.
SSRIs (selective serotonin reuptake inhibitors), in renal 

failure, 798t–799t
for anxiety disorders, 811
for depression, 812

Staghorn calculi, 434, 441
Standard peritoneal permeability analysis (SPA), 

918–919, 918t, 929–930
Staphylococcal infection, glomerulonephritis due to, 

140, 142t, 143–144
Staphylococcal septicemia, glomerulonephritis due to, 

142t, 144
Staphylococcus aureus

exit-site infections due to, 929
glomerulonephritis due to, 142t, 143, 144
peritonitis due to, 925, 926, 926f, 927–928

Staphylococcus saprophyticus, UTIs due to, 449, 450
Statins. See 3-Hydroxy-3-methylglutaryl coenzyme A 

(HMG-CoA) reductase inhibitors.
Stavudine, in renal failure, 1069t
Steal syndrome, dialysis-associated, 898–899
Steinstrasse, 439, 471
Stem-cell transplantation (SCT)

for acute kidney injury, 96
for AL amyloidosis, 260t, 262–263, 264, 462–463
for cast nephropathy, 464–465
for monoclonal light-chain deposition disease, 463
for systemic vasculitis, 191–192

Stenosis, of hemodialysis vascular access, 863–866, 863t, 
865b

Stenotrophomonas, peritonitis due to, 926
Stenting, for renovascular disease, 664–673

complications of, 660–661, 670–671, 671b, 671f
demographics of, 660, 661f
embolic protection devices with, 664, 665
goals of, 660, 664
vs. medical therapy, 648, 653–654
outcomes of, 666–670, 666f, 667t–669t, 670f
techniques of, 664–665

Steroids. See Corticosteroids.
Stone disease. See Nephrolithiasis.
STOP-2 trial, 612, 612t
Stop-dialysate-fl ow method, for blood sampling in 

hemodialysis, 888, 888b
Streptococcal infection, glomerulonephritis due to, 140, 

141, 142–143, 142t
in children, 507–508

Streptococcus faecalis, glomerulonephritis due to, 143
Streptococcus pneumoniae, neuraminidase-associated 

thrombotic microangiopathy due to, 298
Streptococcus viridans, glomerulonephritis due to, 142t, 

143
Streptogramins, in renal failure, 1059t
Streptokinase, for thrombotic microangiopathy, 306t
Stress reduction, for hypertension, 576t, 578
Stroke

hypertension due to, 630, 630f, 631t, 632t
due to renal artery stenosis, 651t

Stroke Prevention by Aggressive Reduction in 
Cholesterol Levels (SPARCL) study, 1016

Struvite stones
diagnosis of, 431
prevention of, 434
treatment of, 470

STS (sodium thiosulfate), for calciphylaxis, 771
Stx-HUS (Shiga toxin–associated hemolytic-uremic 

syndrome), 295–298
Subarachnoid hemorrhage, due to hypertension, 

630–631, 631t
Subclavian catheter, for hemodialysis, 62, 860
Subjective Global Assessment, 739
Sudden death

in dialysis patients, 779
of hemodialysis patients, 898

Sular. See Nisoldipine.
Sulbactam, in renal failure, 1063t, 1072t

Sulfamethoxazole, in renal failure, 1059t, 1067t
Sulfamethoxazole/trimethoprim, for peritonitis, 928f
Sulfi soxazole, in renal failure, 1067t
Sulfonamides, in renal failure, 1059t, 1067t
Sulindac, in renal failure, 1057t
Sulodexide

for focal segmental glomerulosclerosis, 230t
for membranoproliferative glomerulonephritis, 

253f
for prevention of progressive renal failure, 709

Sulotroban, in renal failure, 1064t
Sulpiride, in renal failure, 1072t
Sunitinib, for renal cell carcinoma, 459
Superoxide anion, 731
Supersaturation, relative, in nephrolithiasis, 431
Supportive care, for end-stage renal disease, 828–835

background of, 828
integration of, 832–834, 834f
for other symptoms, 829, 833t–834t
for pain management, 829, 831b

adjuvant medications in, 833t
analgesic ladder of, 829, 831f, 832b, 832t
assessment for, 831b
opioids in, 829, 831b, 831f, 832b, 832t
psychosocial issues with, 831b

principles of good death in, 834, 834b
symptom assessment for, 829, 830f
symptom prevalence and impact for, 828–829
symptoms of end of life in, 834, 835t
withholding and withdrawing dialysis in, 828–832, 

948–953, 949b
Surrogate decision maker, withholding or withdrawal of 

dialysis with, 948–950, 949b
Sustained low effi ciency daily dialysis (SLEDD), 75f, 78
SV40 virus, allograft dysfunction due to, 999
Swiss LithoClast, 438
SWL. See Shock wave lithotripsy, extracorporeal. 
Symmetrel (amantadine), in renal failure, 808t, 1060t, 

1069t
Sympathetic nervous system (SNS)

in end-stage renal disease, 683
in erection, 784, 785f

Sympatholytic agents
erectile dysfunction due to, 786b
for hypertensive urgencies, 628t, 629

Sympathomimetics, in renal failure, 1072t
Syndrome of inappropriate secretion of antidiuretic 

hormone (SIADH), 345, 346
Synsorb Pk (Shiga toxin binding agent), 296
Syphilis, glomerulonephritis due to, 145
Sys-China trial, 596
Systemic disease–associated thrombotic microangiopa-

thy, 301, 307t
Systemic immune disorders, acute interstitial nephritis 

in, 314
Systemic lupus erythematosus (SLE), 157, 163–167

in pregnancy, 489
thrombotic microangiopathy in, 301

Systemic vasculitis, 187–194
defi ned, 187
diagnosis of, 187–188
treatment of, 188–194

azathioprine for, 190, 191t, 193, 193t, 194t
clinical trials on, 188–192
cotrimoxazole for, 189, 192, 193t, 194t
cyclophosphamide for, 189, 190, 191t, 192, 193, 

193t, 194t
cyclosporine for, 190, 191
deoxyspergualin for, 191
future directions in, 193
induction, 188–190, 193t, 194t
infl iximab for, 190, 191
intravenous immunoglobulin for, 190
maintenance, 190–192, 191t, 193t, 194t
methotrexate for, 189, 191, 191t, 192–193
methylprednisolone for, 189, 191t, 192, 193t, 194t
mycophenolate mofetil for, 190–191, 191t, 193t, 

194t
outcome of, 192
plasma exchange for, 129, 130t, 188–189, 192, 194t
prednisolone for, 191t, 192, 193, 193t, 194t
rituximab for, 190
specifi c recommendations on, 192–193
after transplantation, 193, 193t, 194t

SYST-EUR study, 612t, 613

Systolic Hypertension in the Elderly Program (SHEP) 
trial, 592, 593

Systolic pressure, 569

T
T cell(s), 976–977

in acute kidney injury, 93–94
and immunosuppressive agents, 108–109

TA (tubular atrophy), allograft dysfunction due to, 
1000–1003, 1001t, 1002b

Tacrolimus, extended-release (Prograf XL), for renal 
transplantation, 987

Tacrolimus (Prograf, FK506)
for allograft rejection, 999
drug interactions with, 985, 986b, 1035t
for focal segmental glomerulosclerosis, 227

in children, 501
for glomerular and tubulointerstitial disease, 107
for idiopathic membranous nephropathy, 243–244, 

243b
for lupus nephritis, 164b
posttransplant hypertension due to, 675–677
for renal transplantation, 979f, 981t, 983, 987–988

nephrotoxicity of, 1003
optimal dose of, 1004

Tadalafi l (Cialis)
for erectile dysfunction, 787–788
in renal failure, 1071t

Tai chi, for hypertension, 576t, 578
Tamsulosin, for benign prostatic hypertrophy, 472
Target of rapamycin (TOR) inhibitors, for renal trans-

plantation, 981t, 984–985
Tazobactam, in renal failure, 1063t, 1072t
TB (tuberculosis)

glomerulonephritis due to, 145
posttransplantation, 1043
and renal transplantation, 960

3TC (lamivudine)
for HBV-associated renal disease, 273–274, 274t, 275t
for posttransplant hepatitis B, 1039–1040
in renal failure, 1060t, 1069t

TCCs (tunneled central venous catheters), for 
hemodialysis vascular access, 860, 867–868

T-cell activation, 977
T-cell crossmatching, 979
T-cell receptors (TCRs), 976–977
Tegretol. See Carbamazepine.
Teicoplanin, in renal failure, 1058t, 1066t
Telithromycin, in renal failure, 1058t, 1066t
Telmisartan

and diabetes, 621
with dialysis, 687t
pharmacology of, 603, 603t

Temafl oxacin, in renal failure, 1059t
Temazepam (Restoril), in renal failure, 806t
Temocapril, in renal failure, 1071t
Temocillin, in renal failure, 1059t, 1067t
Temperature monitor, for hemodialysis, 846
Tenckhoff catheter, 68
Tenofovir, for posttransplant hepatitis B, 1039
Terazosin

for benign prostatic hypertrophy, 472
with dialysis, 688t

Terbinafi ne, in renal failure, 1068t
Terbutaline, in renal failure, 1069t
Teriparatide, for posttransplant osteoporosis, 1022
Terlipressin

for acute renal failure, 30
for hepatorenal syndrome, 49t, 50, 51

Testosterone, in chronic kidney disease, and erectile 
dysfunction, 784, 786

Tetany, hypomagnesemic, 550
Tetracyclines, in renal failure, 1059t, 1067t
TGF-� (transforming growth factor-�), in 

glomerulosclerosis and interstitial fi brosis, 560–561
Thalidomide

for AL amyloidosis, 261t, 263, 463
for multiple myeloma, 267

T-helper (Th) cells, 977
Theophylline

for contrast-induced nephropathy, 42t, 43
in renal failure, 1060t

Therapeutic lifestyle changes
for dyslipidemia, 716t, 718, 718b
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Therapeutic lifestyle changes (Continued)
for end-stage renal disease, 773–774, 775t
for hypertension, 569, 575–580, 586–587

Thiamine, for poisoning, 1073
Thiamphenicol, in renal failure, 1066t
Thiazide diuretics

for acute kidney injury, 38
adverse effects of, 398–399, 398t
in combination, 402, 403
for congestive heart failure, 397
for diabetes insipidus, 350, 350t
dosage of, 390t
for hypertension, 591–597

adverse effects of, 592–594
algorithm for, 596, 597f
in children, 514t
with COPD and bronchospasm, 594
dosage of, 596, 597t
in pregnancy, 482t
randomized trials of, 591–592
in specifi c patient groups, 594–596

hyponatremia due to, 339
mechanism of action of, 389, 389f
for nephrotic syndrome, 285
pharmacokinetics of, 391, 392t, 393
for prevention of nephrolithiasis, 432, 432b

Thiazolidinediones (TZDs)
for focal segmental glomerulosclerosis, 230t
for transplant-associated hyperglycemia, 1014

Thiocyanate toxicity, due to sodium nitroprusside, 
626

Thiopental, in renal failure, 1054t
Thioridazine, in end-stage renal disease, 813
Thorazine (chlorpromazine), in end-stage renal disease, 

802t, 813
Thrombocytopenia, heparin-induced, in dialysis 

patients, 902
Thromboembolism

in nephrotic syndrome, 287–288
venous, in living kidney donor, 965

Thrombosis
due to dialysis vascular access, 761–762, 864, 866, 

867–868
in uremia, 9
vascular, after renal transplantation, 973

Thrombotic diathesis, with lupus nephritis, 165b
Thrombotic microangiopathy(ies) (TMAs), 294–309

acquired, 295–303, 295t
future directions for, 309
recommendations for, 307t

classifi cation of, 295t
controlled studies of specifi c treatments for, 297t
with defective activity of complement regulatory 

proteins
genetic, 303–304, 307t
immune-mediated, 298, 307t

with defi ciency of von Willebrand’s factor–cleaving 
protease (ADAMTS-13)

congenital, 305, 307t, 309
immune-mediated, 298–300, 307t, 309

defi ned, 294
drug-associated, 301–302, 307t
future directions for, 309
genetic (with congenital defects), 295t, 303–305

future directions for, 309
recommendations for, 307t
screening for, 299f, 308

HIV and, 277
idiopathic, 295t, 305, 307t
with inborn abnormal cobalamin metabolism, 305
neuraminidase-associated, 298, 307t
plasma manipulation for, 308
plasmapheresis for, 128, 132–133, 133t
pregnancy-associated, 300–301, 307t
rescue treatments for, 308
Shiga toxin–associated, 295–298, 307t, 309
specifi c recommendations on, 306–308, 306t, 307t
systemic disease–associated, 301, 307t
transplantation–associated, 302–303, 307t

Thrombotic thrombocytopenic purpura (TTP)
plasmapheresis for, 125, 132–133, 133t
pregnancy-associated, 300–301, 307t
due to thrombotic microangiopathy (See Thrombotic 

microangiopathy[ies] [TMAs])
Thromboxane A2 (TXA2), 115, 115f

Thymoglobulin (lymphocyte immune globulin, Atgam), 
for renal transplantation, 979–982, 980t, 988

TIA (transient ischemic attack), due to renal artery 
stenosis, 651t

Tianeptine, in renal failure, 1063t
Tiaprofenic acid, in renal failure, 1065t
Tiazac. See Diltiazem.
Ticarcillin, in renal failure, 1059t, 1067t
Ticlopidine

for IgA nephropathy, 181t
thrombotic microangiopathy due to, 302
for vascular access thrombosis, 762

Tidal peritoneal dialysis (TPD), 68, 916, 920
Tilidine, in renal failure, 1055t
Timolol, with dialysis, 685t
Tinidazole, in renal failure, 1058t
Tiopronin (�-mercaptopropionylglycine), for cystine 

stones, 470, 548
Tiotropium, in renal failure, 1069t
TIPS (transjugular intrahepatic portosystemic shunt), 

for hepatorenal syndrome, 48t, 51, 53
Tirofi ban, in renal failure, 1064t
Tissue typing, 978–979
Tizanidine, in renal failure, 1068t
TM (transcendental meditation), for hypertension, 

576t, 578
TMAs. See Thrombotic microangiopathy(ies).
TNF-� (tumor necrosis factor-�), in infl ammation, 118
TNT (Treat to New Targets) trial, 637t, 715, 1015
Tocainide, in renal failure, 1061t, 1070t
�-Tocopherol, for chronic kidney disease, 731, 732–733, 

733t
Tofranil (imipramine), in renal failure, 800t
Tolerance, 105
Tolrestat, in renal failure, 1072t
Tolvaptan

for autosomal dominant polycystic kidney disease, 
544

for hyponatremia, 346, 346t
mechanism of action of, 391

TOMHS (Treatment of Mild Hypertension Study), 
593, 612

TONE (Trial of Nonpharmacologic Interventions in the 
Elderly), 579

Tonsillectomy, for IgA nephropathy, 174, 507
Topiramate, in renal failure, 1056t, 1064t
Topotecan, in renal failure, 1068t
TOR (target of rapamycin) inhibitors, for renal trans-

plantation, 981t, 984–985
Torcetrapib, for cardiovascular risk reduction in hyper-

tension, 638
Torsade de pointes, due to antipsychotics, in end-stage 

renal disease, 813
Torsemide

for acute kidney injury, 38
dosage of, 390t

ceiling, 400–401, 401t
pharmacokinetics of, 391, 392t, 393

Total body autoregulation, 682
Toxin removal. See also Poisoning.

dialysis for, 61, 62t
plasmapheresis for, 135

Toxin-induced acidosis, 373–374
renal tubular, 376t

Toxoplasmosis, glomerulonephritis due to, 147
TPD (tidal peritoneal dialysis), 68, 916, 920
Trace elements

in acute renal failure, 84
in chronic kidney disease, 743–744
in parenteral nutrition for acute renal failure, 88t

Tracking
of dialysis patients, 1086–1087
of dialysis units during catastrophe, 1086

Tramadol
for pain management in end-stage renal disease, 832t
in renal failure, 1055t, 1063t

Trandolapril
cardiovascular effects of, 613
for diabetic nephropathy, 325
with dialysis, 686t
for nephrotic syndrome, 283
pharmacology of, 602, 602t
in renal failure, 1071t
renal protective effects of, 613, 615t

Tranexamic acid, in renal failure, 1064t

Tranilast, for focal segmental glomerulosclerosis, 230t
Transcendental meditation (TM), for hypertension, 

576t, 578
Transferrin, serum, 738
Transferrin saturation, in chronic kidney disease, 752, 

753f, 758
Transforming growth factor-� (TGF-�), in glomerulo-

sclerosis and interstitial fi brosis, 560–561
Transient ischemic attack (TIA), due to renal artery 

stenosis, 651t
Transjugular intrahepatic portosystemic shunt (TIPS), 

for hepatorenal syndrome, 48t, 51, 53
Transplant immunology, 976–978

alloimmunity in
cellular, 977
humoral, 977

clinical application of, 978–979
components of immune system in, 976–977
crossmatch methods in, 978–979
detection of anti-HLA antibodies in, 978
effector mechanisms in, 977–978
recognition of alloantigen in, 977
tissue-typing techniques in, 978

Transplant renal artery stenosis (TRAS), 675–678, 974
Transplantation

renal (See Renal transplantation)
stem-cell

for acute kidney injury, 96
for AL amyloidosis, 260t, 262–263, 264, 462–463
for cast nephropathy, 464–465
for monoclonal light-chain deposition disease, 463
for systemic vasculitis, 191–192

Transplantation–associated thrombotic microangiopa-
thy, 302–303, 307t

Transthyretin (TTR) amyloidosis, 259t, 263
Transurethral suppositories, for erectile dysfunction, 788
Tranxene (clorazepate), in renal failure, 805t
TRAS (transplant renal artery stenosis), 675–678, 974
Trazodone (Desyrel), in renal failure, 801t
TREAT (Trial to Reduce Cardiovascular Events with 

Aranesp), 777
Treat to New Targets (TNT) trial, 637t, 715, 1015
Treatment of Mild Hypertension Study (TOMHS), 

593, 612
Treatment time, for hemodialysis, 881–882, 886b, 887b, 

889
Trendelenburg, Friedrich, 6
Trendelenburg position, 6
Trial of Nonpharmacologic Interventions in the Elderly 

(TONE), 579
Trial to Reduce Cardiovascular Events with Aranesp 

(TREAT), 777
Trials of Hypertension Prevention, 577
Triamterene

dosage of, 390t
for hypertension due to primary aldosteronism, 692, 

692t
for hypokalemia, 359
mechanism of action of, 389
for metabolic alkalosis, 385
pharmacokinetics of, 392t, 393
in renal failure, 1071t

Triazolam, for insomnia, in end-stage renal disease, 
809–810

Triazoles, for posttransplant infections, 1042t
Trichlormethiazide

for hypertension, 597t
pharmacokinetics of, 392t

Tricyclic antidepressants, in renal failure, 799t–800t, 
1052

for depression, 812
for pain management, 833t

Trimethaphan camsylate, for hypertensive emergencies, 
626–629, 628t

Trimethoprim
in renal failure, 1059t, 1067t
for UTI, 450

Trimethoprim-induced hyperkalemia, 365
Trimethoprim-sulfamethoxazole, for UTIs, 450, 451

posttransplantation, 1043
Triptolide, for autosomal dominant polycystic kidney 

disease, 544
Triptorelin, in renal failure, 1072t
Trisodium citrate (TSC), with hemodialysis, 65t
TRPC6 gene, 224t
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l-Tryptophan immunoadsorption, for systemic 
vasculitis, 191

TTP (thrombotic thrombocytopenic purpura)
plasmapheresis for, 125, 132–133, 133t
pregnancy-associated, 300–301, 307t
due to thrombotic microangiopathy (See Thrombotic 

microangiopathy[ies] [TMAs])
TTR (transthyretin) amyloidosis, 259t, 263
Tuberculosis (TB)

glomerulonephritis due to, 145
posttransplantation, 1043
and renal transplantation, 960

d-Tubocurarine, in renal failure, 1064t
Tubular atrophy (TA), allograft dysfunction due to, 

1000–1003, 1001t, 1002b
Tubular cell dysfunction, in acute kidney injury, 94
Tubulointerstitial disease

immunosuppressive agents for, 105–109
renal tubular acidosis due to, 376t

Tubulointerstitial fi brosis, in progressive renal failure, 
700

Tumor necrosis factor-� (TNF-�), in infl ammation, 118
Tunnel infection, with peritoneal dialysis, 928–929, 929t
Tunneled central venous catheters (TCCs), for 

hemodialysis vascular access, 860, 867–868
Two-compartment model, for hemodialysis, 880–881
TXA2 (thromboxane A2), 115, 115f
Tyrosine kinase inhibitors, for renal cell carcinoma, 459
Tyrosinosis, 551–552
TZDs (thiazolidinediones)

for focal segmental glomerulosclerosis, 230t
for transplant-associated hyperglycemia, 1014

U
UAG (urine anion gap), 370, 374
UKPDS (United Kingdom Prospective Diabetes Study), 

324, 326, 593, 596, 639
Ulcers, posttransplantation

aphthous, 1021
peptic, 1021

Ultrafi ltration
for edema, 404
intermittent, 59
for isolated fl uid removal, 61
slow continuous, 75f

Ultrafi ltration capacity, 930, 931f
Ultrafi ltration failure, with peritoneal dialysis, 929–930, 

930f, 931f
Ultrasonic lithotripsy, 437–438
United Kingdom Prospective Diabetes Study (UKPDS), 

324, 326, 593, 596, 639
United States Renal Data System (USRDS), 616, 1087
UPJ (ureteropelvic junction) obstruction, 471
Urapidil

for hypertensive emergencies, 629
in renal failure, 1061t

Urate oxidase, for posttransplant gout, 1025
Urea

fractional excretion of, 3–4
for hyponatremia, 345–346
as marker for uremic toxins, 877
maternal level of, 488

Urea clearance, 878–882
compromised, 886b
equilibrated, 881
fractional (See Fractional clearance of urea [Kt/V])
and toxin levels, 877

Urea distribution volume, 876
causes of discrepancies in, 885, 886b

Urea generation, measures and application of, 882–883
Urea modeling, 878–879

recent modifi cations of, 884–885
Urea reduction ratio (URR), 879

with acute dialysis, 66–67
Uremia. See also Chronic kidney disease (CKD); Dialy-

sis; End-stage renal disease (ESRD).
bleeding in, 9, 759–761, 760t, 761b, 762t
cardiovascular complications of, 773–779

anemia as, 777
blood pressure control for, 774–776, 775t
coronary artery disease as, 778–779
dialysis for, 778
dyslipidemia as, 776–777
healthy lifestyle for, 773–774

Uremia (Continued)
heart failure as, 779
hyperparathyroidism as, 777–778
risk factors for, 773, 774t
sudden death as, 779
treatment goals for, 773, 774t

complications of, 9–10
sleep disorders with, 792

Uremic toxicity, in hemodialysis adequacy, 876–877
Ureteral calculi, 441–442, 442f
Ureteral stent, 430, 442
Ureteral stones. See Nephrolithiasis.
Ureteroneocystostomy, with renal transplantation, 972
Ureteropelvic junction (UPJ) obstruction, 471
Ureteroscopy, 471
Urethral stenosis, 472–473
Urethral stents (UroLume), for benign prostatic hyper-

trophy, 472
Urethral stricture, 472–473
Urethral syndrome, acute, 449
Urethral valves, posterior, 474
Uric acid stones

prevention of, 434
treatment of, 470

Uricase, for posttransplant gout, 1025
Uricosuric agent, for posttransplant gout, 1025
Urinary acidifi cation, for poisoning, 1075
Urinary alkalinization, for poisoning, 1074–1075
Urinary bacteriostatics, in renal failure, 1067t–1068t
Urinary catheters, 473
Urinary indices, for acute renal failure, 3–4, 4b
Urinary tract infection(s) (UTIs), 447–452

acute, uncomplicated, 449, 450–451
and autosomal dominant polycystic kidney disease, 541
candidal, 450, 451
in children, 513–515
complicated, 452
cystitis as, 447, 449, 450–451
diagnosis of, 449–450
epidemiology of, 447
impact of, 447
management of, 450–452
in men, 450, 451–452
pathogenesis of, 447–449
posttransplantation, 1041–1043

in pregnancy, 491
in pregnancy, 486

with renal transplant, 491
prevention of, 451
pyelonephritis as, 447, 449, 450–451
recurrent, 451
in women, 450–451

Urine anion gap (UAG), 370, 374
Urine collecting system, obstruction of, after renal trans-

plantation, 973–974
Urine collection, 24-hour, for nephrolithiasis, 431
Urine culture, 449–450
Urine leak, after renal transplantation, 973
Urine pH, alteration of, for poisoning, 1074–1075
Urodynamics, 473
Urokinase

for peritoneal dialysis catheter malfunction, 931f
for thrombotic microangiopathy, 297t

Urolithiasis. See Nephrolithiasis.
UroLume (urethral stent), for benign prostatic hyper-

trophy, 472
Uro-Mag (magnesium oxide)

for Gitelman’s syndrome, 553
for magnesurias, 550
for posttransplant hypomagnesemia, 1026

Uropathogenic E. coli, 448
Uropathy, obstructive. See Obstructive uropathy.
URR (urea reduction ratio), 879

with acute dialysis, 66–67
USRDS (United States Renal Data System), 616, 1087
Uterine prolapse, due to peritoneal dialysis, 932
UTIs. See Urinary tract infection(s).

V
Vacuum constriction devices, for erectile dysfunction, 

788
Vaginal fl ora, and UTIs, 448
VA-HIT (Veterans Administration High-density 

Lipoprotein Cholesterol Intervention Trial), 637

Valganciclovir, for posttransplant cytomegalovirus, 1036
Valium (diazepam), in renal failure, 805t
Valproate, in renal failure, 1050, 1054t
Valproic acid (Depakene, Depakote), in renal failure, 

802t, 1056t
Valsartan

cardiovascular effects of, 613
for chronic kidney disease, 733, 733t
with dialysis, 687t
high-dose, 607
for IgA nephropathy, 179, 181t
pharmacology of, 603, 603t
in renal failure, 1071t

Valsartan Antihypertensive Long-term Use Evaluation 
(VALUE) trial, 612t, 613

Vancomycin
for exit-site infections, 929
for peritonitis, 926
in renal failure, 1058t, 1066t

Vardenafi l (Levitra), for erectile dysfunction, 787–788
Varenicline, for posttransplant smoking cessation, 

1015
Variable dose method, of dose adjustment, 1051
Variable frequency method, of dose adjustment, 1051
Varicella-zoster virus (VZV), posttransplantation, 

1037–1038
Vascular access

cost of, 838–839
for hemodialysis, 859–868

acute, 859–860
catheter care for, 867–868
complications of, 863–868

aneurysms and pseudoaneurysms, 867
heart failure and pulmonary hypertension, 

867
infections, 860, 866, 868
stenosis, 863–866, 863t, 865b
thrombosis, 761–762, 864, 866, 867–868
vascular steal, 867

fi stula maturation for, 863–864, 863t
gene therapy for, 562
maintenance, 860–864
preoperative evaluation and vascular mapping for, 

861–862
process improvement for, 862–863, 863b
selection of, 860–861, 861f
surveillance and prophylactic angioplasty for, 

864–866, 865b
in unique situations, 862

Vascular calcifi cation, in chronic kidney disease, 768, 
778

Vascular compromise, in chronic kidney disease, erectile 
dysfunction due to, 784b, 785

Vascular mapping, for hemodialysis vascular access, 
862

Vascular necrosis, acute posttransplantation, 1024
Vascular steal, due to hemodialysis vascular access, 867
Vascular thrombosis, after renal transplantation, 973
Vasculitis, systemic. See Systemic vasculitis.
Vasoconstriction

in acute kidney injury, 93
alkalosis-induced, 381
in hepatorenal syndrome, 47
hypertensive emergencies with, 625

Vasoconstrictors, for hepatorenal syndrome, 48t, 49–51, 
49t, 53

Vasodilation
in acute kidney injury, 93
for contrast-induced nephropathy, 43
n-3 fatty acids and, 116

Vasodilators
with dialysis, 688–689, 688t, 1062t
erectile dysfunction due to, 786b
for hypertension in children, 514t
for hypertensive urgencies, 627t, 629
for renal artery stenosis, 649–650, 649f, 650f, 653

Vasopeptidase inhibitors, for prevention of progressive 
renal failure, 709

Vasopressin (Pitressin)
for acute renal failure, 29–30
for diabetes insipidus, 349

Vasopressin receptor antagonists, 390t, 391, 403
for autosomal dominant polycystic kidney disease, 

544
for hyponatremia, 346–347, 346t
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Vasopressor agent(s), for acute renal failure, 23–30
epinephrine as, 27–28
norepinephrine as, 26–27, 28t–29t
phenylephrine as, 28–29
vasopressin as, 29–30

VCUG (voiding cystourethrogram), 515–516
Vd (volume of distribution), 1049–1050, 1054t–1055t
Vectors, for gene therapy, 557–559
Vecuronium, in renal failure, 1064t
Venlafaxine (Effexor), in renal failure, 801t, 1072t

for anxiety disorders, 811
for depression, 812

Venous monitor, for hemodialysis, 845
Venous obstruction, diuretic resistance due to, 400t
Venous thromboembolism, in living kidney donor, 

965
Venovenous hemodiafi ltration, continuous, 75f
Venovenous hemodialysis, continuous, 75f
Venovenous hemofi ltration, continuous, 73–74, 75f, 76
Venovenous high-fl ux dialysis, continuous, 75f
Venovenous pumped techniques, 73–74
Ventricular hypertrophy, left. See Left ventricular hyper-

trophy (LVH).
Ventriculoatrial shunts, glomerulonephritis due to, 144
Verapamil (Calan, Covera, Isoptin, Verelan)

for diabetic nephropathy, 325
with dialysis, 684t
for hypertension

cardiovascular effects of, 612–613, 612t
pharmacology of, 610, 611t
renal protective effects of, 613, 614, 615t
with renal transplantation, 616
safety of, 617

Verapamil in Hypertension and Atherosclerosis Study 
(VHAS), 612, 612t

Verotoxin, 295, 509
Versed (midazolam), in renal failure, 805t
Very low density lipoprotein (VLDL), in chronic kidney 

disease, 720, 722
Vesicoureteral refl ux (VUR)

in children, 515–516
after renal transplantation, 974
and UTIs, 449

Veterans Administration High-density Lipoprotein 
Cholesterol Intervention Trial (VA-HIT), 637

VHAS (Verapamil in Hypertension and Atherosclerosis 
Study), 612, 612t

Viagra (sildenafi l)
for erectile dysfunction, 787–788, 814
in renal failure, 1071t

Vidarabine, in renal failure, 1060t, 1069t
Vigabatrin, in renal failure, 1064t
Vincristine, for thrombotic microangiopathy, 306t, 308
Viral hepatitis, glomerulonephritis due to, 145
Viral infection(s)

allograft dysfunction due to, 145–146
glomerulonephritis due to, 145–146
posttransplantation, 1035–1041

with BK virus, 1040–1041
with cytomegalovirus, 1035–1037
with Epstein-Barr virus, 1037
hepatitis B, 1039–1040
hepatitis C, 1040
with herpes simplex viruses 1 and 2, 1037–1038
with human herpesvirus 8, 1038
with human herpesviruses 6 and 7, 1038
respiratory, 1038–1039
with varicella-zoster virus, 1037–1038

Viral vectors, for gene therapy, 557–558
Virtual private network, 1085
Visceral abscess, glomerulonephritis due to, 144
Visceral leishmaniasis, glomerulonephritis due to, 147
Vitamin(s)

during hemodialysis, 904
and infl ammation, 117–118
in parenteral nutrition for acute renal failure, 88t

Vitamin A
for chronic kidney disease, 744
and infl ammation, 118

Vitamin B6

for hyperhomocysteinemia, 726–728, 727f, 728f
and infl ammation, 117–118

Vitamin B12, for hyperhomocysteinemia, 726–727, 727f, 
728f

Vitamin C
in acute renal failure, 84
for chronic kidney disease, 731, 744

Vitamin D
for chronic kidney disease, 744
for hypocalcemia, 418
for nephrotic syndrome, 287
for posttransplant hyperparathyroidism, 1023
for renal osteodystrophy in childhood and adoles-

cence, 524
Vitamin D defi ciency, in chronic kidney disease, 

768–770, 778
Vitamin D intoxication, 413, 413f
Vitamin D sterols, for bone disease, 767t, 769
Vitamin D2, for hypocalcemia, 418
Vitamin D3

in calcium homeostasis, 412
for hypocalcemia, 418

Vitamin D–dependent rickets, 548–550, 549t
Vitamin E

for chronic kidney disease, 731, 732, 732t
and infl ammation, 118
for thrombotic microangiopathy, 306t, 308

Vitamin requirements
in acute renal failure, 84
in chronic kidney disease, 743–744

Vitamin supplementation
during hemodialysis, 904
for hyperhomocysteinemia, 726–728, 727f

VLDL (very low density lipoprotein), in chronic kidney 
disease, 720, 722

Voiding, 473
Voiding cystourethrogram (VCUG), 515–516
Volume depletion

assessment of, 4–5, 7, 7f
classifi cation of, 6
compensated, 6
due to diuretics, 398
with electrolyte disturbances, 8–9
volume replacement for, 4–8

Volume expander
monitoring and administration of, 6–7
selection of, 5–6

Volume expansion, for acute renal failure, 4–8
Volume of distribution (Vd), 1049–1050, 1054t–1055t
Volume of urea distribution, 876

causes of discrepancies in, 885, 886b
Volume overload, sleep disorders due to, 792
Volume replacement, 4–8

assessing need for, 4–5, 7, 7f
with electrolyte disturbances, 8–9
monitoring and administration of, 6–7
with myoglobinuria, 7–8
selection of fl uid for, 5–6

Volume status
assessment of, 4–5, 7, 7f
in peritoneal dialysis, 939–940, 943

Vomiting, metabolic alkalosis due to, 382
von Willebrand’s factor (vWF), plasmapheresis for 

removal of, 125, 133
von Willebrand’s factor (vWF)-cleaving protease 

defi ciency
congenital, 305, 307t, 309
immune-mediated, 298–300, 307t, 309

Voriconazole, for posttransplant infections, 1042t
VUR (vesicoureteral refl ux)

in children, 515–516
after renal transplantation, 974
and UTIs, 449

vWF (von Willebrand’s factor), plasmapheresis for 
removal of, 125, 133

vWF (von Willebrand’s factor)-cleaving protease 
defi ciency

congenital, 305, 307t, 309
immune-mediated, 298–300, 307t, 309

VZV (varicella-zoster virus), posttransplantation, 
1037–1038

W
Waldenström’s macroglobulinemia, 462t, 465–466
Warfarin

for IgA nephropathy, 179, 180t, 507
for membranoproliferative glomerulonephritis, 251

Warfarin (Continued)
in renal failure, 1050, 1056t
for vascular access thrombosis, 762

Water intake. See Fluid intake.
Water softeners, for hemodialysis, 853
Water treatment system (WTS), for hemodialysis, 846f, 

852–853, 904–905
Websites, 1085–1087, 1089t, 1090t
Wegener’s granulomatosis (WG), 187

treatment of
clinical trials on, 188
induction, 188, 189, 190
maintenance, 190, 191, 192
outcome of, 192
specifi c recommendations for, 192

Weight loss
for end-stage renal disease, 774, 775t
for hypertension, 576t, 577, 587, 639–640
for obstructive sleep apnea, 793
for prevention of progressive renal failure, 707

Wellbutrin (bupropion)
for posttransplant smoking cessation, 1015
in renal failure, 800t, 812

West of Scotland Coronary Prevention Study 
(WOSCOPS), 635

WG. See Wegener’s granulomatosis.
Whole bowel irrigation, for poisoning, 1074
Wikikidney.org, 1086
Wilms’ tumor, 459
Wilson’s disease, 552
Wood alcohol, acidosis due to, 374
Word processor, integrating Internet with, 1083–1084
WOSCOPS (West of Scotland Coronary Prevention 

Study), 635
Wound care, for calciphylaxis, 771
Wound infection, after renal transplantation, 972–973
WT1 gene, 224t, 502
WTS (water treatment system), for hemodialysis, 846f, 

852–853, 904–905
Wuchereria bancrofti, glomerulonephritis due to, 147

X
Xanax (alprazolam), in renal failure, 804t
Xanthine oxidase inhibitor, for posttransplant gout, 

1025
Ximoprofen, in renal failure, 1065t
X-linked hypophosphatemic rickets, 548–550, 549t

Z
Zalcitabine, in renal failure, 1069t
Zaleplon (Sonata)

for insomnia in end-stage renal disease, 810
in renal failure, 806t

Zanamivir
for posttransplant infl uenza, 1039
in renal failure, 1069t

Zemplar (paricalcitol)
for bone disease, 769
for hyperphosphatemia, 420

Zenapax (daclizumab), for renal transplantation, 980t, 
983

Zidovudine, in renal failure, 1060t, 1069t
Zileuton, in renal failure, 1060t
Ziprasidone (Geodon), in end-stage renal disease, 804t, 

813
Zoledronic acid (Zometa)

for hypercalcemia, 415
for posttransplant osteoporosis, 1022, 1023

Zoloft (sertraline), in renal failure, 799t, 1063t
for depression, 812
for hypotension, 834t

Zolpidem (Ambien), in renal failure, 806t
Zopiclone, in renal failure, 1056t
Zyban (bupropion)

for posttransplant smoking cessation, 1015
in renal failure, 800t, 812

Zyprexa (olanzapine)
in end-stage renal disease, 803t, 813
in renal failure, 1063t
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