Foreword

Nephrology, Dialysis and

Transplantation

Isthere aneed for another nephrology text?
Certainly anumber of excellent textbooks are
availablefor nephrologiststolook upin-depth
information on the various topicsin the field.
The current treatise pursues a different pur-
pose and incorporates a novel approach pio-
neered by Dustri-Verlag. The ring binder for-
mat allows removal of chapters to be carried
to rounds or conferences, and replacement of
individual chapters as the field progressesin
one, but not necessarily al other topics cov-
ered by the book. This obviates the need to
purchase every two to three years an entire
new set of textbooks and allows ongoing and
timely updating of individua topics as re-
quired. It wasthe goal of the editorsto create
aclinically oriented text providing the reader
with concise, up-to-date information without
lengthy historical perspectives and back-
ground information. The development of a
CD should later complement this treatise by
allowing more in-depth listings of detailed
references, presentation of charts, graphs,
photomicrographs, x-rays, etc. The current
two volumes represent a well rounded first

edition, which was made possible by the dili-
gent and devoted input from the co-editors,
Drs. B. Peter Sawaya, Mohamed H. Sayegh,
and Raymond M. Hakim, with enormoushelp
from Dr. Nuhad Ismail. The overall quality of
thistreati se was accomplished through excel-
lent contributions of the authors of the indi-
vidual chapters. The authors were recruited
from around the world and the editors would
like to extend their deepest gratitude to these
fineacademiciansfor their great work. We are
looking forward to an ongoing collaboration
in the continued updating process of the text.
This lively process of continuous updating
will hopefully be enhanced by input from the
readers, which is solicited and welcomed by
all section editorsand the chief editor. Finaly,
we would beremissif we did not express our
thanks to Jorg Feistle of Dustri-Verlag, who
hasbeen aconsi stent and pleasant force essen-
tial to the creation of thiswork. Looking for-
ward to an enjoyable and successful ongoing
documentation of the clinical knowledge base
and progressin the field of nephrology, dialy-
sis and transplantation.

Hartmut H. Malluche
Lexington, July 1999
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Diagnostic Evaluations of the Kidney
and the Urinary Tract

Francis Dumler, Leslie L. Rocher and Beatrice L. Madrazo

Urinalysis

Theurinalysisisthe single most useful and
cost effective method of screening for renal
and urological disease. It is simple, inexpen-
sive, widely available, and noninvasive. Al-
though not specific as to cause, urinalysis
provides valuable information regarding the
type and severity of rena involvement. Until
recently, it was common practiceto performa
urinalysison al patientsupon hospital admis-
sion or for preoperative clearance regardless
of clinical presentation. Thisisnot cost effec-
tive, and routine urinalysis is no longer rec-
ommended as a screening test in the general
population. However, it is indicated in all
patients at risk or suspected of having renal or
urological disease. In addition, pregnant
women, diabetics, and the elderly should be
routinely screened. In patients with protein-
uria, urinary sediment findings are a general
predictor of histology on rena biopsy.

Early morning concentrated urinary speci-
mens are preferred for urinaysis. Optimal
samplesare obtained after 14 hoursof nofluid
intake. Specimens can be obtained by sponta
neous voiding, catheterization, or suprapubic
aspiration.  Clean-catch/midstream-voided
samples arefirst choice. In males, specimens
should be obtained after retraction of thefore-
skin. Females should manually separate the

labia and gently clean the periurethral area
using cotton balls prepacked in a soap solu-
tion. Suprapubic aspiration is most suitable
for infants and has amost no use in adult
practice. Urinalysis is best performed within
2 hours of collection. If needed, samples may
bemaintained at 4°C for up to 24 hours. When
delays are expected, adding a few drops of
acetic acid facilitates the preservation of
formed cast elements.

A sample of urineis placed in a clear tube
for dipstick testing. A similar aliquot, usually
10— 12 mL, is centrifuged at 3000 rpm for 3
— 5 minutes, the supernatant poured, and the
sediment resuspended in the residual volume,
usually 0.1 mL, for microscopic anadysis. A
completeurinalysis consists of 3 major evalu-
ations: physical examination, overall chemi-
cal composition, and analysis of formed ele-
ments in the sediment. In many laboratories
the latter is performed only if dipstick testing
is abnormal or when specifically requested
regardless of dipstick results.

Physical examination of the urine is done
by visual inspection of the sample, placed in
a clear transparent container, under proper
lighting, and against awhite background. The
color of the urine is determined by its chemi-
cal composition, concentration of solutes, and
pH. Hematuriais the most common cause of
abnormal color, ranging from red to black
depending on amount, pH, and time. Red-
tinged urine may also be seen with hemoglo-
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Table 1. Routine Urinalysis Testing by Dipstick

Parameter Seconds Comment

Glucose 30 No false positives

Bilirubin 30 Noncharted colors are positive*
Ketone 40 Detects acetoacetic acid only
Specific Gravity 45 Not affected by glucose or dye
Blood 60 Hemoglobin and myoglobin*

pH 60

Protein 60 Albumin > globulin > light chains
Urobilinogen 60

Nitrite 60 Positive test suggests >10° CFU/mL
Leukocytes 120 Fairly specific

"False negative results may occur due to high ascorbic acid content

binuriaand myoglobinuria, after eating beets,
and during rifampin therapy. Yellow to brown
urine is due to bile pigments in jaundiced
patients. Urine of normal color upon voiding
that darkens with time suggests porphyria
(porphobilinogen), melanoma (melanogen),
or alkaptonuria (homogentisic acid) in the
appropriate clinical setting. Many drugs aso
influence the color of urine. The urine sample
may be immediately cloudy due to the pres-
ence of formed elements, or it may get cloudy
later because of precipitation of phosphates
(alkaline or neutral pH) or urates (acid pH).
Refrigeration accelerates precipitation. Pro-
fuse white foam may suggest proteinuria. A
pungent smell suggests bacteria, while a
sweet fruity odor may be due to ketones. In
addition, inborn errors of metabolism may
lead to a particular smell in the urine: maple
syrup (maple syrup urine disease), mousy
(phenylketonuria), sweaty (isovaleric acid-
emia), or fishy (hypermethionemia) odor.

Overall chemical composition ismost com-
monly evaluated using the dipstick method.
Parametersusually tested arelisted below and
inTable 1 by thetimerequired to completethe
reaction.
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Glucose: M easured using aspecific glucose
oxidase and peroxidase method. Glucose is
metabolized with glucose oxidase into glu-
conic acid and hydrogen peroxide. The per-
oxidase catalyzesthe oxidation of apotassium
iodide chromogen by hydrogen peroxide re-
sultinginashadeof colorsranging from green
to brown. False negatives may occur in the
presence of large amounts of ascorbic acid.

Bilirubin: Under norma circumstances
only conjugated bilirubin is excreted into the
urine. In patientswith jaundicedueto obstruc-
tion or hepatocellular disease, bile pigments
overflow into the urine. Bilirubin binds to
diazotized dichloroaniline in a strong acid
medium and produces various shades of tan.

Ketone: The nitroprusside reaction, which
detects acetoacetate, is most commonly used.
Betahydroxybutyric acid (which accountsfor
80% of ketonesin blood) and acetone are not
detected by thismethod. With prolonged fast-
ing or starvation, ketonuria may be detected
in the absence of ketonemia

Specificgravity: Assessestheability tocon-
centrate or dilute the urine. It correlates
closely with osmolality except when a high
concentration of glucose or other substances
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present in the urine (i.e. contrast agents, pro-
teins) contribute more mass (an increase in
specific gravity) than osmols. Theusual range
is 1.001 — 1.035. It can be measured using a
hygrometer, arefractometer, or adipstick; the
latter is most commonly used. The dipstick
detection method uses a polyionic polymer
reagent that releases hydrogen ion (H) asiit
is saturated with cations present in the urine.
The resultant change in acidity of the indica
tor dye causes a color change from blue to
yellow. Although not influenced by glucoseor
contrast agents, this method is useful only as
ascreening tool. It tendsto overestimate spe-
cific gravity at pH < 6.0 and underestimate at
pH >7.0. Whenclinically relevant, itisessen-
tial to measure urine osmolality. Osmolality
providesthetrue measure of solute concentra-
tion in the urine. It is usually quantitated by
the freezing point technique. Normal values
range from 50 to 1,200 mosm/kg.

Blood: Detection is based on the pseudo-
peroxidase capacity of hemoglobin or
myoglobin to catalyze a reaction between
diisopropylbenzene dihydroperioxide and
3,3',5,5 -tetramethylbenzidine. A  spotted
pattern indicates intact red blood cells, and a
uniform pattern suggests free hemoglobin,
myoglobinuria, or methemoglobinuria. This
method isvery sensitiveand can detect aslittle
as 3 red blood cells (RBC) per high power
field (HPF). A positive test in the absence of
RBCsin the urinary sediment usually implies
lysis of RBCswith rel ease of hemoglobin but
may be due to the presence of free pigmen-
turia. Specific testing for hemoglobinuria or
myoglobinuria should be ordered for defini-
tive identification when clinically indicated.

pH: Although the norma rangeisfrom 4.5
t0 7.9, theusual urinary pH isbetween 5.0 and
6.5. During waking hours urinary pH is lower
astheacid load contained inthe diet isexcreted.

The most common detection method uses
methyl red and bromothymol blue, to provide

a wide range of colors for measuring pH. A
consistently alkaline pH may be associated
with a substantial vegetarian diet, the pres-
ence of urea-splitting bacteria, or metabolic
akalosis. An acid pH iscommon during large
meat consumption but may be indicative of a
metabolic acidosis. The dipstick techniqueis
adequate for screening only. When acid-base
disorders are clinically suspected and knowl-
edge of the urine pH isessential for diagnosis
and treatment, accurate measurement requires
use of an electrode pH meter and a urine
sample collected under oil.

Protein: Urine dipstick techniques for pro-
tein primarily detect albumin and do not react
with immunoglobulin light chains. Sulfosali-
cylic acid detects both albumin and immuno-
globulins. These techniques provide only a
qualitative assessment. As proteinuria is the
major abnormality observed in patients with
renal disease, a positive dipstick test should
be followed by quantitation of protein in a
24-hour urine sample, or at least by aprotein
to creatinine ratio in a random sample. Dip-
stick methods use a pH-sensitive colorimetric
indicator, tetrabromophenol blue buffered at
pH 3.0, that changes from yellow to dark
green and turquoise as protein concentration
increases. The color shift is caused by the
binding of negatively charged proteins. Neu-
tral or positively charged proteins will not
cause color change. As little as 20 mg/dL of
albumin can be detected. It may bedifficult to
differentiate normal from trace. A high urine
pH may give afa se negativeresult. Detection
of proteinuriaisthe most important reason for
ordering aurinalysiswhen screening the gen-
eral population for the presence of rena dis-
ease.

Urobilinogen: Based on the reaction be-
tween p-diethylaminobenzaldehyde and a
color enhancer that reacts with urobilinogen
inastrong acid medium to produce apink-red
color. A value > 2.0 mg/dL marks the transi-
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Table 2. Urinary Sediment: Normal Values and Clinical Significance

RBC: < 5/mm? or < 3/HPF (0.3 mm diameter)*
WBC: < 10/mm?® or < 5/HPF (0.3 mm diameter)**

Tubular epithelial cells: usually distal tubular cells (< 1/HPF)

Squamous epithelial cells: lower urinary tract

Casts: distal tubular lumen molds of Tamm Horsfall matrix:

hyaline:

RBCs:

white blood cells:
epithelial cells:
granular:

no clinical significance

glomerular hematuria

inflammation of renal parenchyma
desquamation of tubular epithelium
denatured cells, precipitated plasma proteins

*If >80% of RBCs are dysmorphic (with blebs or fragmented), the likelihood of glomerular hematuria is high
**Eosinophiluria (Hansel staining technique) is highly suggestive of allergic interstitial nephritis, particularly
when infection or other causes of acute tubular necrosis are excluded

tion from normal to abnormal. A high urobil-
inogen concentration suggeststhe presence of
a hemolytic process. As the base value is
equivalent to 0.2 mg/dL, this test cannot de-
termine the absence of urobilinogen.

Nitrate: Many urinary tract pathogens are
capable of converting nitrates to nitrites. Dip-
stick methodsallow nitritesto react with p-ar-
sanilic acid to form a diazonium compound,
which, after further reaction with 1,2,3,4-
tetrahydrobenzo(h)-quinolin-3-ol, resultsina
pink end point. False negatives occur when
low dietary protein intake results in a low
nitrate content in the urine, when prolonged
storage in the bladder leads to nitrite break-
down, or when high concentrations of ascor-
bicacid (=25 mg/dL) arepresent. In addition,
gram-positive organisms do not break down
nitrate. Thistest may be negativein up to 50%
of patients with bacteriuria.

Leukocytes: Lysed white blood cells
(WBC) will release esterases. Dipstick meth-
ods provide a substrate that liberates 3-hy-
droxy-5-phenyl pyrrole after hydrolysis. The
pyrrolesthen react with adiazonium salt caus-
ing achangein color from pink to purple.

4

Microscopic examination of the urinary
sediment isavery useful and semiquantitative
procedure. A drop of resuspended urine is
placed on a glass slide, shielded with a cover
dlip, and examined at low (100x — 160x) and
high (400x) magnification under a bright-
field microscope. Although not essential,
some recommend use of a counting (Fuchs-
Rosenthal) chamber. Timed collections (Ad-
dis counts) are rarely used because they are
cumbersome, formed elements deteriorate,
and other diagnostic methods, such as rena
biopsy, are more likely to provide a definitive
diagnosis. Phase-contrast microscopy en-
hances cell morphology and allows the best
definition of all formed urinary sediment ele-
ments. Polarized light may be used tolook for
anisotropic crystals (asis done with synovial
fluid in the assessment of crystal-induced
arthropathy). In general, the sample should be
examined as soon as possible to avoid bacte-
rial contamination and lysis of formed ele-
ments. Normal values for the urinary sedi-
ment are shown in Table 2.

Red blood cells (Figure 1a): The normal
amount in a spun urinary sediment is < 3
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Figure la. Figure 1b.

Figure 1c. Figure 1d.

Figure 1. Urinary sediment cells. a: numerous RBCs and occasional white (granular) cells; b: numerous
white cells in cluster and occasional RBCs; c: tubular epithelial cells; d: transitional cells (with permission of
Hoffmann-La Roche Inc., copyright 1973)
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RBCsHPF. Because of varying amounts of
RBC sediment on centrifugation, some prefer
to use a counting chamber and an aliquot of
unspun urine. With this method the upper
range of normal is 13,000 RBCg/mL. How-
ever, thereare no datato substantiate asignifi-
cant advantage relative to semiquantitative
techniques. On occasion, yeast and air bub-
blesmay be confused with erythrocytes. Add-
ing a drop of 25% acetic acid will dissolve
RBCs but not yeast or bubbles.

It may be clinicaly relevant to ascertain
whether hematuria is glomerular, tubular, or
distal to the renal papillae in origin. RBCs
acquired distal to the renal papillaetend to be
homogenous, while those originating from
the glomerulus or tubuli are quite dysmorphic
with various abnormalitiesin size, shape, and
membrane appearance due to pH and osmo-
lality changes in the distal segments of the
nephron. The latter may appear as crenated
forms, ghost cells, or biconcave disks, or may
simulate budding yeast. Phase-contrast mi-
croscopy alows for the best discrimination
between dysmorphic and homogenous (iso-
morphic) RBCs. All RBCsinnormal urineare
dysmorphic. Nondysmorphic hematuriaisal-
ways abnormal. Hematuria associated with >
80% dysmorphic cells is very suggestive of
glomerular disease. Furthermore, the pres-
ence of RBC casts or renal tubular epithelial
cells containing phagocytized RBCsisamost
always indicative of glomerulonephritis.

Although the above technique has potential
for discriminating between glomerular (need
for renal biopsy) and nonglomerular (need for
urological workup) hematuria, patients with
IgA nephropathy or postinfectious glomeru-
lonephritis may have a predominance of non-
dysmorphic erythrocytes. In addition, aggres-
sive diuresis with furosemide may convert
hematuria from isomorphic to dysmorphic.
Overall sensitivity and specificity values are
88% and 95%, respectively. Unfortunately,

6

the negative predictive value is high enough
that nonglomerular bleeding cannot be ex-
cluded by dysmorphic hematuria alone.
Perhaps the most important reason in test-
ing for hematuriaisthe detection of urological
malignancies. The US Preventive Services
Task Forcerecommends screening all patients
over age 60 for hematuria In nonselected
populations, the prevalence of hematuria is
about 2—-4%. Of thosewith apositivetest, 1%
are bound to have urological malignancies,
the most common being bladder carcinoma.
White blood cells (Figure 1b): The normal
amount in a spun urinary sediment is < 5
WBCSHPF. Leukocytes are dlightly larger
than erythrocytes and have a granular cyto-
plasm. With the use of a counting chamber,
the upper limit of normal is2,000 WBCs/mL.
L eukocytes may be differentiated from renal
tubular cellsby specific staining techniquesor
by addition of glacial acetic acid that enhances
the nuclei of white blood cells. Leukocytes
can enter the urine at any point in the urinary
tract. The presence of white blood cell casts
and proteinuria suggests nephron involve-
ment. The most common causes of leuko-
cyturia are infection, inflammation, hemor-
rhage, and contamination. Pyuria most com-
monly represents infection; its absence is
helpful in excluding it. Polymorphonuclear
cells (PMNs) are the rule. However, in acute
dlergic tubulointerstitial nephritis, a large
number of urinary leukocytes are eosinophils;
these are best identified using Hansel’s stain
(methylene blue and eosin Y in methanal). A
positive value is defined by >5% of white
cells. In addition to acuteinterstitial nephritis,
eosinophiluria can occur in rapid (crescentic)
acute glomerulonephritis (GN), acute prosta-
titis, and atheroembolic renovascul ar disease.
Renal tubular cells (Figure 1c): They are
rarely detected in normal urine (normal < 1
cell/HPF). They derivefrom thedistal tubule,
aredightly larger than leukocytes, and have a
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single large round nucleus and granular cyto-
plasm. Anincreased number, when present, is
indicative of tubular damage. They are better
differentiated from WBCs by staining. When
containing phagocytized lipid droplets, they
are called oval-fat bodies. The identification
of rena tubular cells containing phagocytized
RBCshasthe sameclinical significanceasan
RBC cast.

Squamous epithelial cells: They are the
most common cell types after white and red
blood cellsand appear aslargeflat cellswhich
are derived from bladder, urethra, or vagina.

Transitional epithelial cells (Figure 1d):
They line the urinary epithelium from the
renal calyx to the proximal urethra. They are
rarely present in normal urine but may be seen
with infections and neoplasias of the urinary
tract. When numerous, they are particularly
suggestive of malignancy and require further
cytologic examination.

Urinary casts are cylindrical elements
formed in the distal tubule by aggregates of
Tamm-Horsfall glycoprotein gel. This proc-
essismorelikely to occur inacid urineat high
solute concentration. Acellular casts may be
hyaline, granular, waxy, or fatty. Cellular casts
contain erythrocytes, leukocytes, or rend tu-
bular cells. Pigmented casts may be observed
in hemoglobinuriaand in hyperbilirubinemic
states. Casts should be screened for at low
(10x) and identified at high (45x) power mag-
nification. Large bizarre casts in males are
likely of prostatic origin. Triamterene can
form castsfromtrapped crystalsat anacid pH.

Hyaline casts (Figure 2a): These are com-
posed of Tamm-Horsfall glycoprotein and
have a homogenous, clear, colorless appear-
ance. They may be seenin normal individuals
during high volume diuresis, in the course of
febrile illnesses, or in concentrated urine.
Their presence in the urine has no pathologic
meaning.

Granular casts: Finely granular casts, like
hyaline casts, may be seeninnormal individu-
as and provide little useful information.
Coarse granular casts were thought to be the
result of lysis of constituent granular cells.
However, recent studiesindicatethat thegran-
ules are composed of plasma proteins incor-
porated into the Tamm-Horsfall glycoprotein
matrix. Coarse granular casts are seen in a
variety of glomerular and tubular disorders
and are therefore not specific.

Waxy casts: They are highly refractile and,
unlike hyaline casts, resistant to alkaline pH.
They are broad and convoluted, not disease
specific, and suggestive of tubular hypertro-
phy and chronic renal disease. They are be-
lieved to be the consequence of cellular cast
degeneration and are usually seen with severe
renal insufficiency.

Fatty casts: Usualy seen in nephrotic pa-
tients. Oval fat bodies are tubular epithelia
cells with lipid-laden drops commonly asso-
ciated with fatty casts.

RBC casts (Figure 2b): They are charac-
teristic of glomerular bleeding (glomeru-
lonephritis), but on rare occasions may be due
to severe acute interstitial nephritis. If the
erythrocytes degrade, the structure takes the
appearance of a pigmented cast. True hemo-
globin casts are amorphous cylinders of an
orange to reddish color. In acid urine, eryth-
rocytes lose their hemoglobin, and the cast
may look granular, but under phase-contrast
the double contours of the cell membrane are
clearly delineated. Disintegration of erythro-
cytes may eventually result in brick-red
granular cast. Strings of RBCs are not truly
casts but have the same clinical significance
asaRBC cast.

WBC casts (Figure 2¢): Indicative of infec-
tion (acute pyelonephritis), particularly when
associated with bacterial casts. However, they
may also be seenin acute and chronic intersti-
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Figure 2a. Figure 2b.

Figure 2c. Figure 2d.

Figure 2. Urinary sediment casts. a: hyaline cast; b: tubular epithelial cell cast; c: white blood cell cast;
d: RBC cast (with permission of Hoffmann-La Roche Inc., copyright 1973)
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Figure 3a. Figure 3b.

Figure 3c. Figure 3d.

Figure 3. Urinary sediment crystals. a: calcium oxalate crystals (envelope forms); b: triple phosphate
crystals (coffin lid forms); c: calcium carbonate crystals (rhombohedral forms); d: uric acid crystals (multiple
forms) (with permission of Hoffmann-La Roche Inc., copyright 1973)
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tial nephritis, postinfectious GN, and lupus
nephritis.

Renal tubular epithelial cell casts (Figure
2d): They areformed of tightly packed nucle-
ated cells and areindicative of tubular injury.
They areusually seeninacutetubular necrosis
(ATN) and acute GN.

A variety of crystals may be found in the
urine (Figure 3a-d). Crystals of uric acid, cal-
cium, phosphate, or urates are commonly
found, in addition to amorphous phosphates
and urates. In patients with active stone dis-
ease, larger quantitiesof crystalsmay be seen.
None has specific clinical relevance, as their
formation is pH, temperature, and food de-
pendent. However, they may provide diagnos-
tic clues in patients with microhematuria,
nephrolithiasis, or toxin ingestion.

Urate: They may appear as an amorphous
background in acid urine or have diamond,
needle, or rhombus shapes, usually clustered
like flowers. They are commonly observed
and are not diagnostic. However, in the pres-
ence of acute renal failure (ARF), sheets of
uric acid crystals are highly suggestive of
acute urate nephropathy.

Amorphous phosphates: Common in alka-
line urine, and can be cleared by addition of
glacial acetic acid.

Calcium oxalate (Figure 3a): Octahedral
envel ope shapes are the best recognized. The
presence of large amounts in a patient with
ARFisstrongly suggestive of ethylene glycol
poisoning.

Triplephosphate (Figure 3b): Coffinlidsor
quartz crystals are the usual forms.

Cystine: Perfect hexagons (“benzenering”)
are diagnostic of cystinuria.

In the absence of contamination, urinary
lipids are amost aways pathological.
Lipiduria usually implies the presence of a
nephrotic syndrome. However, it may occur
in the absence of proteinuriain bone marrow
and fat embolization syndromes. Numerous
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Table 3. Urinalysis Findings in Various Renal
Syndromes

Syndrome Findings

— hematuria with red
blood cell casts

— phagocytized red
blood cells

— dysmorphic red blood
cells

— proteinuria

— lipiduria

— Glomerulonephritis

— Acute tubular
necrosis

— granular and epithelial
cell casts
— many epithelial cells

— Acute tubulo-
interstitial nephritis

— pyuria with white and
granular cell casts

— Acute pyelonephritis — bacterial casts

— Urinary tract infection — pyuria alone

— Prerenal azotemia — near normal urine
— Obstructive uropathy

— Renal ischemia

fat particles in urine may also be seen in
preeclampsia and in rapidly progressive
glomerulonephritis. Nonpolarizing fat parti-
cles seen within casts are called oval fat bod-
ies. Maltese Cross spherulites are composed
of cholesterol esters and are identified using
polarized light. On bright microscopy they
may be confused with RBCs.

The presence of microorganisms is most
commonly due to contamination. The pres-
ence of leukocytes suggestsinfection. Tricho-
monas vaginalis is the most common proto-
zoan in urine. Enterobius vermicularisis usu-
aly an ana contaminant. Parasites are not
common except in specific endemic areas
(Schistosoma haematobium in Africa and the
Middle East).

Finally, automated urinalysis devices are
being tested that can read dipstick strips and
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examine the sediment using thin layers of
uncentrifuged urine, astroboscopic lamp, and
avideo camera. To recapitulate, from aclini-
cal perspective a variety of rena syndromes
can be associated with urine abnormalities
that, although not specific, provide useful di-
agnostic clues (Table 3).

Clinica Evauation of
Renal Function

Glomerular Filtration Rate (GFR)

Glomerular filtrationisakey function of the
kidney. About 1.2 — 1.3 million glomeruli
provide 1.0 m? of filtration surface and gener-
ate 180 L of tubular fluid per day. Glomerular
filtration is the result of high hydraulic pres-
sure across the glomerular capillaries and in-
creased glomerular capillary hydraulic per-
mesbility. The glomerular filtration barrier is
size and charge selective, with substances up
to 10 kilodaltons (kD) being freely filtered.
Approximately one-fifth of the cardiac output
flows through the kidneys (500 mL/min per
kidney). The rate of glomerular filtrationisa
function of rena plasma flow, hydrostatic
pressure, oncotic pressure, surface area, and
hydraulic permeability. In the absence of ex-
perimental data, filtration disequilibrium in
humansis presumed from network thermody-
namic and mathematical modeling. GFR and
renal plasmaflow remain constant when renal
arterial pressureisvaried between 80 and 180
mm Hg. This autoregulation phenomenon is
achieved by corresponding changes in renal
resistance vessels (afferent at normal pres-
sures and afferent/efferent at low pressures)
that ensure maintenance of adequate filtration
pressure.

The concept of renal clearance is based on
the premisethat the excretion rate of any inert
solutein the urine equal sitssimultaneousrate
of removal from plasma. Therefore, the rena
clearance (C) of a given substance is defined
by the relationship between the excretion per
unit time (U) and the concentration in plasma
(P) as expressed by the relationship

C=U/P

True GFR is measured with a marker that
is completely filtered and not reabsorbed, se-
creted, or metabolized. Inulin, a polymer of
fructose (5.2 kD), is such a marker and has
been long considered the gold standard. How-
ever, itisscarce, and therequired techniqueis
cumbersome and time consuming. Patients
are typicaly studied in the morning after an
overnight fast. An oral water |oad of 10 — 15
mL/kg is given followed by additional fluid
intake to achieve urine flow rates of 4
mL/min. A loading dose of inulinisadminis-
tered followed by acontinuousinfusion. Once
asteady state hasbeen reached (30 min), urine
collections are obtained. Clearance is calcu-
lated using the time average inulin plasma
concentration and the urinary excretion rate.
The average of 3—4 clearance periodsisused
as the final calculation. Because glucose is
detected in most inulin assays, it must be
removed or measured and subtracted from the
total plasmavalue. Inagivenindividua, GFR
measured by this technique is very constant,
with a coefficient of variation < 10%.

M ethods using noninulin labeled agentsare
discussed in the radionuclide section. Unla-
beled radiocontrast agents such as iothala
mate and diatrizoate meglumine have been
usedinlieuof inulin. Aslittleas1 mL injected
subcutaneously is all that is required. How-
ever, assays require high performance liquid
chromatography (HPLC), whichislesseasily
available and more costly. An alternative
method based on detection of low concentra-
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tions of iodine can be used with the low-os-
molality, nonionic radiocontrast agent io-
hexol.

Thereisadiurna variation in GFR related
tofeeding. Values are highest in the afternoon
and lowest at past midnight. Similar increases
have been noted in patients receiving paren-
teral hyperalimentation, in patients with ex-
tensive burns, and during pregnancy when
GFR may increase by asmuch as50%. Onthe
other hand, exercise induces transient de-
creases with up to 40% reductions after
strenuous physical activity. During the first
weeks of life, GFR is about 50% of normal
but gradually rises to pesk values by 12
months of age and remains constant up to age
40. A gradual declineisthen observed, so that
by the eighth decade GFR may beonly at 30%
of its peak value.

GFR measurements are best suited for
monitoring disease progression in agiven in-
dividual. Normal valueshavetoowidearange
to be useful in the detection or diagnosis of
specific disease processes. Because renal size
(and presumed filtration surface) is propor-
tional to surface area, attempts have been
made to normalize glomerular filtration val-
uesto this parameter. Although this approach
tightens the distribution of normal values, the
rangeis still substantial. Some of this normal
variability could be minimized by measuring
GFR at afixed dietary protein intake.

Creatinine Clearance (C¢r)

Ccristhemost widely used clinical estimate
of GFR. Creatineisderived from the metabo-
lism of creatine in skeletal muscle and from
dietary meat intake, with about 1.6% of the
creatine pool converted to creatinine. It is
freely filtered at the glomerulus and not reab-
sorbed or metabolized. However, approxi-
mately 15% of the urinary creatinine is de-
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rived from tubular secretion. Itsoverall excre-
tion rate is 15 — 20 mg/kg/day in females and
20 — 25 mg/kg/day in males.

Although creatinine generation is fairly
constant at a given protein intake, severa
factorsinfluencethe apparent generation rate.
Ingestion of cooked stewed meats increases
the dietary creatinine load and the apparent
generation rate. A change in muscle mass
results in unstable creatinine generation rates
that can take up to 3 weeksto stabilize. Simi-
larly, a change in dietary protein intake in-
duces changes in creatinine generation rate
that do not reach steady state for up to 4
weeks. In addition, creatinine excretion isnot
constant over time. Short-term variationsin a
singleindividual rangefrom 6—20%. Asrena
failure progresses, creatinine secretion into
the gut and bacteriabreakdown account for an
approximate Cg of 2 mL/min. Furthermore,
tubular secretion of creatinine increases pro-
portionally to the decline in GFR and may
reach values 25% greater than at normal renal
function. In severerend failure, Ce rates may
be double those obtained with inulin. Incom-
plete urine collections are also an important
source of error. It is best to use 24-hour col-
lections to minimize the impact of bladder
emptying and inaccurate timing.

Serum creatinineisusually measured using
the Jaffé reaction (creatinine reacting with
akaline picrate) to form an orange-red com-
plex. Unfortunately, this reaction also detects
noncreatinine chromogens and therefore
overestimates creatinine concentration. This
is particularly true at low creatinine concen-
trations. Enzymatic methods are more pre-
cise, and HPL C providesdirect measurements
without any interference. The latter methods
are more expensive and involved and are not
frequently used in routine clinical testing.

Interestingly, measurements of Cg using
the Jaffé method in normal subjects yield re-
sults very close to the inulin clearance. The
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Table 4. Empiric Estimation of Creatinine Clearance

Method

Formulae

1 Cockcroft, Gault [1976]

2 Siersbaek, Nielsen [1971]

3 Jelliffe [1972]

4  Gates [1985] (mL/min/1.73m?)*

140 — Age (vears) x Body Weight (kq)
72 x Serum Creatinine (mg/dL)
Use 85% of value if female

19.653 — 0.142 x Age (years) x Body Weight (kq)

10 x Serum Creatinine (mg/dL)

Body Weight (k) x 146-Age (years)
72 x Serum Creatinine (mg/dL)
Use 90% of value if female

0.5 +[89.4 x Serum Creatinine'l‘z] + [55 — Age (years)] x

0.005 x 89.4 x Serum Creatinine'l'z] in males

0.5 +[60.0 x Serum Creatinine'l‘l] + [56 — Age (years)] x

*Body Surface Area (m?)

0.005 x 89.4 x Serum Creatinine'l'l] in females

Weight (kg)>*?® x Height (cm)®7?° x 71.84
10000

1 Cockcroft DW, Gault MH 1976 Nephron 16: 31-41, 2 Siersbaek-Nielsen K, Molholm HJ, Kampan J et al.
1971 Lancet 1: 1133-1134, 3 Jelliffe RW, Jelliffe SM 1972 Mathematical Biosciences 14: 17-24, 4 Gates GF

1985 Am J Kidney Dis 5: 199-205

reason is that the overestimation of serum
creatinine concentration due to detection of
nonchromogens mathematically offsets the
tubular secretion of creatinine. However, in
renal failure the nonchromogen effect de-
creases as the serum creatinine concentration
rises, and tubular secretion increases so that
overestimation of GFR becomes the norm.
Under these circumstances, inhibition of tu-
bular secretion of creatinine with cimetidine
resultsin values closer to those obtained with
inulin clearance. Other drugs capable of
inhibiting tubular secretion of creatinine
include potassium-sparing diuretics,
probenecid, and trimethoprim. In advanced

renal failure (< 15 mL/min) the increased tu-
bular reabsorption of filtered urea and the
increased tubular secretion of creatinine bal-
ance each other, so that the average of theurea
and creatinine clearancesisvery closeto true
GFR measured by inulin clearance.

In spite of the above limitations, Cer meas-
urementsare very helpful in defining whether
GFR isnormal or abnormal and in determin-
ing whether it is stable or unstable over time.
When urinecollectionsarenot availableor are
unreliable, indirect calculations of Ccr can be
made using empiric formulae that estimate
creatinine generation. A summary of these
empiric equations is shown in Table 4.
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Serum Creatinine and Blood Urea
Nitrogen Concentration

Serum creatinine and blood urea nitrogen
(BUN) concentrations are most commonly
used as estimates of GFR because of ease of
use, wide availability, and considerable prac-
tical value in patient care. Serum creatinine
concentration is the recommended test for
screening asymptomatic adultsfor overt renal
dysfunction. However, the sensitivity for de-
tecting mild decreases in true (inulin) GFR
(50 — 90 mL/min) is not very high. Among
patients with decreased renal function docu-
mented by inulin clearance, 25% have a nor-
mal creatinine clearance and 40% have serum
creatinine measurements within the normal
range. Thisisparticularly truein patientswith
low muscle mass and reduced creatinine gen-
eration who maintain serum creatinine con-
centrations within the normal range despite a
25 —30% loss of renal function. In addition,
progressive rend injury may be associated
with an increase in the tubular secretion of
creatinine, so that the expected rise in serum
creatinine concentration may be substantially
blunted.

In most clinical circumstances, defining
whether GFR is changing is more important
than obtaining an accurate measure of the
actual value. Serial assessment of serum creat-
inine concentration is very useful in this re-
gard. Serum creatinine concentration varies
inversely with GFR. In general, arising serum
creatinine concentration implies decreasing
GFR, afalling serum creatinine concentration
an increasing GFR, and a stable value no
change. Nevertheless, thereare certain limita
tions in using serum creatinine concentration
alone as an index of changein GFR. In early
renal disease GFR may fall substantially (by
as much as 20 — 30%) without an obvious
increase in serum creatinine. In addition, be-
cause the relationship between GFR and se-
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rum creatinine concentration is logarithmic,
the absolute difference between creatinine
measurements does not accurately portray the
degree of renal deterioration. While a serum
creatinine concentration increase from 1 — 2
mg/dL represents a 50% loss of function, the
same increase in serum creatinine concentra-
tion at lower levelsof renal function (i.e. from
4 —5 mg/dL) implies a functional decline of
amuch smaller magnitude (20%).

Progressive renal failure can be monitored
by avariety of methods, the most practical of
which employs the reciprocal of serum creat-
inine concentration. In most patients with
glomerular injury, reciprocal serum creatinine
concentration values decline linearly with
time as renal function worsens. This linear
relationship may suggest that glomerular fil-
tration changes at a constant rate throughout
the course of disease. Morelikely, glomerular
filtration decreases at a dower rate early on,
only to accelerate late in the disease process.
Although useful in patient management, this
method is too insensitive for use in clinical
research studies.

BUN concentration also varies inversely
withthe GFR. Urea (60 daltons) isthe primary
end point of protein metabolism. It is synthe-
sized in the liver and distributed in al body
fluids. Itisfreely filtered but reabsorbed inthe
proximal and distal tubules. However, itisnot
a very useful marker because its production
and excretion rates are very dependent on
dietary protein intake and proximal tubular
reabsorption, respectively. Volume depletion
from any cause enhances proximal tubular
reabsorption of urearesulting in a dispropor-
tionate increase in BUN relative to the fall in
GFR. This observation is used clinicaly to
substantiate adiagnosis of prerenal azotemia.
In addition, a high protein diet, increased tis-
sue breakdown, and gastrointestinal bleeding
will increase BUN concentration without a
corresponding change in GFR. On the other
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hand, alcoholism, liver disease, or alow die-
tary proteinintakewill lower BUN concentra-
tionsin the absence of changesin glomerular
filtration. The usual BUN/Cr ratio is 10:1.
Higher valuesindicate volume depletion, and
lower values suggest volume expansion, liver
dysfunction, or malnutrition. Urea clearance
usually underestimates GFR and may be one
half or less than that measured by creatinine
or inulin techniques. However, in advanced
rena failure (< 15 mL/min) the lower urea
clearance (due to increased reabsorption) and
the higher creatinine clearance (due to in-
creased secretion) cancel each other so that
the average of both is very close to the GFR
measured with inulin.

Proteinuria

Proteinuria is the hallmark of many rend
diseases. Substantial amounts of large mo-
lecular weight plasma proteins normally flow
into the glomerular capillaries without cross-
ing into the urinary space. The glomerular
barrier with its charge and size selectivity
prevents al but a small fraction of albumin,
globulins, and other large proteinsfrom enter-
ing the urinary space. Low molecular weight
proteins (< 20 kD) are filtered freely but are
then reabsorbed in the proximal tubule. Under
usual circumstances, urinary protein excre-
tion rangesbetween 30— 130 mg/day, with the
upper range of normal being 150 — 200
mg/day.

Approximately 60% of the total urinary
protein excreted is derived from filtered
plasma proteins. Of these, serum albumin is
the single largest component (40%), followed
by serum immunoglobulins (15%), and mis-
cellaneous proteins including kappa and
lambda.chains (5%). Theremaining 40% con-

sists mostly of tubular proteins (Tamm-Hors-
fall protein or uromodulin) secreted into the
urine. Uromodulin is a negatively-charged
glycoprotein formed on the epithelial side of
the thick ascending segment of the loop of
Henle and the early distal convoluted tubule.
Although small (80 dalton), it forms aggre-
gatesof 7—23 x 10° dalton. Its major physi-
ological role is to bind and inactivate inter-
leukin-1 and tumor necrosis factor. IgA and
urokinase are also secreted by tubular cells
and may appear in the urinein small amounts.
Filtration of plasma proteins may increase
with exercise, upright posture, or fever and
may result in mild transient proteinuria.

Urinary protein content may be measured
in random samples, in timed or untimed sam-
ples, and in 24-hour collections. The latter is
the standard for assessing and quantitating
proteinuria. The subject is instructed to dis-
card thefirst voided morning urine, record the
time, and collect all subsequent urine voided
for 24 hours up to the time noted. When the
urine is being evaluated for orthostatic prote-
inuria, the collection must be done in two
Separate containers, one for urine produced
during waking hours (~16 hours) and the sec-
ond for the overnight (~8 hours) sample. Uri-
nary creatinine excretion rates may be used to
gauge the completeness of the collection (20
— 25 mg/kg/day in males and 15 — 20
mg/kg/day in females). Because of the great
variability of creatinine excretion, this ap-
proach isbest used for longitudinal follow-up
of proteinuriain agiven patient. There are no
specific recommended assays for measuring
protein content intimed samples. Thesulfosa-
lycylic acid method relieson precipitation and
measurement of turbidity with a photometer
or nephelometer and has a 20% coefficient of
variation. Trichloroacetic acid can be added to
increase detection of gamma globulins. The
Coomassie blue method isvery reliableand is
favored by many.
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Urinary protein/creatinine ratios have been
used as a surrogate of the 24-hour urinary
protein method. Ratios >3.0 — 3.5 are seen
with nephrotic range proteinuria, and ratios
< 0.20 indicate values < 200 mg/day. Timing
isimportant, asearly morning samplestend to
have less protein than afternoon samples. In
addition, having to perform 2 measurements
instead of one significantly increases the co-
efficient of variation for the test.

The normal urinary albumin excretion rate
(microalbuminuria) is 12 upg/min  or
20 mg/day. Its detection requires sensitive
methods such as electrophoresis, immu-
noel ectrophoresis, radioimmunoassay (RIA),
immunoturbidimetry, laser nephelometry, or
enzyme-linked  immunosorbent  assay
(ELISA). The performance profile for these
methods is similar, and selection usually de-
pends on availability and local experience.
Dipsticks for detection of microalbuminuria
are now commercially available, but there is
not enough experience with them to recom-
mend routine clinical application. A timed
24-hour collection is the ideal method for
sample collection. If not feasible, the second
choiceis atimed 30- to 45-minute collection
after a300mL water load. First morning sam-
ple testing should be used only by default.

The most important clinical use of urinary
protein excretion measurements is the detec-
tion and monitoring of renal disease and its
progression. In general, the use of standard
protein determinations is sufficient for this
purpose, and 24-hour collections are pre-
ferred over random sampling and pro-
tein/creatinine ratios. In patients suspected of
having monoclonal gammopathies, specific
tests are required for identification of light or
heavy chains. In diabetic patients, testing for
microalbuminuriaisthe method of choice for
early detection of risk for nephropathy. In
nondiabetic patients the rel ationship between
proteinuria and progressive renal disease is

16

significantly more variable than in diabetics.
The number of false positive dipstick testsfor
protein in the population at large isrelatively
high, particularly when the expected preva-
lence of renal diseaseis low. For this reason,
a positive test should be repeated and fol-
lowed by stricter testing if positive. For in-
stance, proteinuria detected by routine uri-
nalysis in patients with lower urinary tract
infections (UTI), fever, or congestive heart
failure (CHF) may revert to negative upon
improvement or correction of the underlying
condition. In young, otherwise healthy indi-
viduals, proteinuria that is intermittent and
postural (< 1,000 mg/day) has no pathologic
significance. Renal survival of college stu-
dentswith intermittent proteinuriaisthe same
asin normals.

Determining whether  proteinuria is
glomerular or tubular may have clinical rele-
vance. An increase in both albumin and high
molecular weight proteinsindicates glomeru-
lar disease, whereas low molecular weight
proteinuria suggests a tubular process. [B2-
microglobulin is a small molecular weight
(11.8 kD) protein that is freely filtered at the
glomerulus and almost completely removed
by proximal tubular cells, so that < 0.1% of
the filtered load appears in the urine (370
ug/day). Many tubulointerstitial diseases are
associated with a substantial increase in
Bo-microglobulinuria,  particularly  acute
pyelonephritis and acute interstitial nephritis.
Defining whether glomerular proteinuria is
selective or nonsel ective has been used in the
past to differentiate minimal change disease
from other causes of glomerular proteinuria.
The amount of immunoglobulin G (1gG) (160
kD) iscompared to that of albumin (69 kD) or
transferrin (88 kD). A ratio< 0.10isindicative
of highly selective proteinuria (minimal
changedisease). A ratio > 0.50 isindicative of
nonselectivity and suggests a diagnosis of
glomerulonephritis.



1 Dumler, Rocher and Madrazo - Diagnostic Evaluations

Urinary Electrolytes

Measurement of urinary electrolytes may
provide useful adjuvant clinical information.
Under conditions of neutral balance, the 24-
hour urinary sodium excretion is in equilib-
rium with intake and is a measure of dietary
sodium. When balance is not neutral, it re-
flects either increased sodium reabsorption
(decreased effective intravascular volume) or
increased renal excretion (diuretics, salt-wast-
ing). Urinary chloride measurements have a
similar clinical implication. Urinary potas-
sium excretion isafunction of dietary intake,
gastrointestinal losses, and renal excretion. In
conditions associated with hypokalemia, a
low potassium excretion isindicative of non-
renal losses (i.e. gastrointestinal tract), and a
high excretion is characteristic of concomi-
tant hyperaldosteronism (usually associated
with a decreased effective intravascular vol-
ume) or renal potassium wasting (tubul ointer-
stitial disease). In the presence of hyperka
lemia, alow urinary potassium excretion de-
notesan inadequate renal response (decreased
GFR, primary or secondary hypoaldosteron-
ism), whileahigh value signifiesan appropri-
ate response and is suggestive of nonrenal
causes of hyperkalemia. Quantitation of the
urinary anion gap may provide an estimate of
ammonia production and thus be useful in
assessing the renal response in systemic hy-
perchloremic acidosis. Metabolic acidosis
due to diarrhea is associated with increased
ammonia production and a negative anion
gap, while apositive anion gap indicatesrenal
tubular acidosis (RTA). In most clinical cir-
cumstances urinary electrolytes are measured
in random urine samples, so that concentra-
tions rather than excretion rates are used for
interpretation. These results are summarized
in Table5.

Other Tests of Tubular Function

Tests of concentrating ability: The most
common cause of adecreased urinary concen-
tration ability (hyposthenuria) ischronicrena
failure (CRF), asafall in concentration capac-
ity paralelsthelossin GFR. In tubul ointersti-
tial or medullary diseases, the loss of concen-
trating ability may be greater than expected
for the degree of renal failure. Central and
nephrogenic diabetes insipidus are aso
causes of hyposthenuria. Urine osmolality
(Uosm) is the standard assessment of concen-
trating ability. The early morning Uosm is
> 800 mOsm/kg. A more rigorous evaluation
requiresinduction of dehydration. An 18 — 26
hour water deprivation period (with a body
weight loss of 3—5%) increases Uqsm to about
1,100 mOsm/kg (range: 800 — 1400). When
the test identifies adecreased urinary concen-
tration, desmopressin acetate (DDAVP) may
be used in a second phase to distinguish cen-
tral from nephrogenic diabetes insipidus.
Plasma arginine vasopressin levels may be
measured concomitantly. The osmolal and
free water clearance can be calculated using
genera rena clearance formulae as shown
below:

Osmolal Clearance (C,) =
Urinary Osmolality (U,,) % Urine Volume (V)
Plasma Osmolality (P.,)

1
Water Clearance (TcH20) = Cosm—V
(anegative value indicates net water loss
or free water clearance). 2

Diluting capacity: Thistest isusually used
for research purposes only. After al —2 L
water load, while on a normal solute intake,
healthy individuals dilute the urine to 40 — 80
mOsm/kg.

Hydrogen ion excretion: All measurements
must be made using a pH meter in urine
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Table 5. Clinical Interpretation of Urinary Electrolytes

Clinical syndrome Urinary electrolytes

Hypokalemia Urinary K < 30 mEg/L (extrarenal losses)

— with associated metabolic acidosis: Small bowel diarrhea, gastrointestinal fistulae, laxative abuse

— with normal acid-base parameters: Low potassium intake, increased skin fluid losses, laxative
abuse

— with associated metabolic alkalosis: Colonic diarrhea, upper gastrointestinal losses. laxative abuse

Urinary K > 30 mEg/L (renal losses)

— with associated metabolic acidosis: Renal tubular acidosis, anion gap acidosis, ureteroneosigmoid-
ostomy
— with normal acid-base parameters: Recovering acute tubular necrosis, post obstructive diuresis,

leukemia, magnesium depletion

— with associated metabolic alkalosis Vomiting, nasogastric drainage, chloride loosing diarrhea,
and low urinary chloride (< 20 mEg/L):  prior diuretic use

— with associated metabolic alkalosis Diuretic use, Bartter syndrome, magnesium depletion if normo-
and high urinary chloride (> 20 mEg/L):  tensive
Hyperaldosteronism (primary or secondary), congenital
adrenal hyperplasia, exogenous mineralocorticoid use,
Liddle syndrome if hypertensive

Decreased total body water: Urinary Na < 20 mEg/L (extrarenal losses)
(hypovolemia) Urinary Na > 20 meg/L (renal losses)
Increased total body water Urinary Na < 20 mEq/L

(hypervolemia/edema)
Decreased effective vascular volume due to congestive heart
failure, liver disease, nephrotic syndrome

Urinary Na > 20 meg/L
Advanced renal failure

Metabolic alkalosis Urinary Cl < 20 mEq/L chloride responsive alkalosis
Gastric fluid loss, non-reabsorbable anion delivery, post diu-
resis therapy, post hypercapnea, villous adenoma, congenital
chloridorrhea

Urinary Cl > 20 mEg/L
Chloride unresponsive alkalosis

Urinary potassium < 30 mEg/L Laxative abuse or severe potassium depletion

Urinary potassium > 30 mEg/L Bartter syndrome or diuretic abuse if normotensive
Primary hyperaldosteronism or licorice abuse if hypertensive
and with low plasma renin
Secondary hyperaldosteronism if hypertensive and with high
plasma renin, Cushing syndrome with high plasma cortisol
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Table 6. Serologic Tests Used in the Diagnosis of Renal Disease

Diagnostic test

Clinical Condition

ANCA-c

ANCA-p

Anti GBM antibody

C4 normal/C3 decreased
C4 and C3 decreased

C3 nephritogenic factor
Anti nuclear antibody > 160
Anti double stranded DNA
Anti single stranded DNA
Anti-Scl-70

Cryoglobulins

Serum proteins by immunodiffusion
Hepatitis B/C screen

Wegener’s, vasculitis, rapidly progressive glomerulonephritis
Pauci-immune rapidly progressive glomerulonephritis
Goodpasture syndrome, renal allograft in Alport syndrome
Postinfectious glomerulonephritis

Membranoproliferative glomerulonephritis types 1 and 2
Membranoproliferative glomerulonephritis type2 > type 1
Systemic lupus erythematosus

Systemic lupus erythematosus

Drug-induced systemic lupus erythematosus

Scleroderma, CREST syndrome

Primary and secondary cryoglobulinemia

Monoclonal gammopathies

Glomerulonephritides associated with hepatitis B/C infection

collected under cil. A pH < 5.3 in an early
morning specimen excludesadefect in hydro-
gen ion secretion (type 1 or distal RTA). An
acid load test with CaCl, may be used to
identify milder defects. Type 2 (or proximal
RTA) patients have resting acidosis and an
alkaline urine, but generate an acid urine in
response to an acid load when serum bicar-
bonate concentration falls below 16 — 20
mEQg/L. In CRF, the most common cause of
decreased hydrogen ion excretion is a de-
crease in ammonia production. Although uri-
nary ammonia production is not routinely
measured, it can be estimated by the urinary
anion gap.

Serological Evaluation of
Patients with Renal Disease

Serologic tests are useful in evaluating pa-
tients with systemic or primary renal diseases
in which glomerular involvement is highly

probable. Testsinclude awiderange of assays
aimed at detecting etiologic agents with
pathophysiological rolesor surrogate markers
of diseases that define rena involvement.
Many of these assays do not have established
international standards, so results must bere-
ferred to normal values specifically defined
for a particular procedure used. Commonly
used tests are shown in Table 6.

Antineutrophilic Cytoplasmic
Antibody (ANCA)

Recognition of these antibodies has had a
major impact in clinical practice. Their detec-
tion is associated with syndromes charac-
terized by systemic or rena-limited segmen-
tal vasculitis and fibrinoid necrosis, and titers
correlate reasonably well with severity of ill-
ness. Most of these autoantibodies are 1gG,
athough some patients may have a predomi-
nant IgM or IgA type. They produce adiffuse
cytoplasmic appearance when using for-
malin-fixed neutrophils. However, with etha-
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nol fixation 2 distinct patterns are observed:
cytoplasmic (C) and perinuclear (P). Over
95% of C-ANCA isdirected toa29 kD serine
proteinase known as proteinase 3 (PR3),
which appearsto beidentical to myeloblastin,
azurophil granule protein (AGP7), and P29.
P-ANCA is mostly directed against myelop-
eroxidase (MPO) but binds with other intra-
cellular components including elastase, lac-
toferrin, and cathepsin G.

C-ANCA is most often associated with
Wegener's granulomatosis, while P-ANCA is
mostly associated with pauci-immune renal
disease. In the presence of aclinical picture
consistent with rapidly progressive GN, are-
nal biopsy isstill recommended becausethere
are some false positive ANCA results in pa
tients with acute interstitial nephritis, lym-
phoma, Mycobacterium bovis infection, and
human immunodeficiency virus (HIV) dis-
ease. About 95% of patientswith rapidly pro-
gressive GN and pauci-immune findings will
have a positive ANCA. Of these, about 60%
have aperipheral pattern. Only 5% of patients
with immune-complex glomerulonephritis
will be positive. In addition, 10 — 30% of
patients with antiglomerular basement mem-
brane (anti-GBM) disease will aso have a
positive ANCA test. ANCA does not react
with the noncollagenous domain of type 4
collagen, indicating true doubl e disease rather
than antibody cross reactivity.

Some laboratories till use standard im-
munofluorescence microscopy. Inthiscaseall
serum with aP-ANCA pattern should also be
tested for antinuclear antibodies (ANA) to
exclude an ANA peripheral pattern. Morere-
cent methods employ radioimmunoassay
(RIA) or ELISA techniques using purified
proteins as substrate. Assays using granule
extracts have a higher false positive rate. Pa
tients with high IgA levels, particularly in
association with Henoch-Schénlein purpura,
may have false positive results. ANCA may
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aso be positive, in the absence of rena in-
volvement, in patients with ulcerative colitis,
sclerosing cholangitis, Crohn’s disease, and
retrobulbar fibrosis.

Antiglomerular Basement
Membrane (Anti-GBM) Antibody

Anti-GBM antibodies are directed against
an epitope in the noncollagenous domain
(NC1) of thea pha3 chain of typelV collagen.
The most specific assays use purified intact
type IV collagen as substrate. M ost |aborato-
ries employ solid phase assays (RIA, ELISA,
immunoblotting), which usually detect only
1gG antibodies; on rare occasions antibodies
are IgA. Indications for testing include the
presence of rapidly progressive GN, pulmo-
nary-renal syndrome, or unexplained hemop-
tysis. Approximately 60% of patients with
anti-GBM disease have lung involvement. A
kidney biopsy still plays a major role in the
diagnosis of anti-GBM disease. A positive
linear staining in the absence of anti-GBM
antibodies occurs in diabetes mellitus (DM),
focal segmental glomerulosclerosis (FSGS),
and acute postinfectious GN. Thereisno cor-
relation between anti-GBM titersand severity
of clinical illness. However, serial titers may
be used to monitor therapy. Plasma exchange
is continued until titers are less than twice
background. Patientsawaiting transplantation
should not undergo surgery until antibody
levels are low or undetectable.

In patients with Alport’s syndrome the re-
active epitope may be absent in the GBM.
After renal transplantation about 10 — 30%
develop apositivelinear immunofluorescence
on biopsy. However, very few have detectable
circulating anti-GBM antibodies. The allo-
graft disease is usualy benign, with only a
very small subset actually developing rapidly
progressive GN and rend failure.
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Serum Complement Levels

The serum complement battery routinely
includes assessment of CH50, C3, and C4
levels. CH50 is assayed by incubating serum
sampleswith sheep RBCssensitized with rab-
bit anti-red-blood-cell antibodies. One CH50
unit is defined as the amount required to lyse
50% of RBCs in the assay. A normal CH50
indicates that complements 1 — 9 are present,
but is less sensitive in screening for C4 defi-
ciency. A low CH50 identifies patients with
hereditary or acquired deficiencies. C3 and
C4 are measured by nephelometry or immu-
nodiffusion. A normal value does not exclude
complement activation as a pathogenetic
mechanism, because hypocomplementemia
occurs only when consumption exceeds pro-
duction. A low complement may be associ-
ated with immune complex disease, chronic
antigenemia, stabilization of C3 or C4 conver-
tase by autoantibodies such as nephritic fac-
tors, decreased production of complement
components, and isolated genetic deficien-
cies.

Complement levels should be measured
when acute GN is suspected because the com-
plement profile may aid in the differential
diagnosis. For instance, acute postinfectious
GN ischaracterized by anormal C4 and alow
C3that rapidly returnsto normal. Membrano-
proliferative glomerulonephritis (MPGN)
type 1 is associated with a persistent fall in
both C3 and C4, whiletype 2 hasanormal C4
and a persistently low C3. The C3 nephrito-
genic factor (C3NeF) is an IgG autoantibody
directed against a neoantigen in the C3 con-
vertase C3bBb (aternate pathway). Itisfound
in patients with MPGN types 1 and 2 but is
much more common in the latter. It is also
detectable in individuas with partial
lipodystrophy, regardless of the presence of
GN. C4ANeF is an autoantibody that stabilizes
C4b2a convertase (classical pathway). It has

been described in patientswith systemic lupus
erythematosus (SLE), MPGN type 1, acute
postinfectious GN, and in various other forms
of chronic GN. Atheromatous embolic renal
failure is commonly associated with signifi-
cant hypocomplementemia.

Antinuclear Antibodies

Many autoimmune disorders are associated
with the presence of antinuclear antibodies
(ANA). Some are fairly disease specific, but
many are not. However, the prevalence of
ANA types varies enough between disease
processes so that pattern identification be-
comes useful in differential diagnosis.

The most common screening method isin-
direct immunofluorescence. There are 4 gen-
eral patterns described: diffuse, speckled, nu-
cleolar, and peripheral. The diffuse pattern is
the most commonly observed (60%), fol-
lowed by the speckled (30%). Approximately
3 —4% of Caucasians develop a positive titer
with increasing age. In addition, low titers
(< 1:60) are common in many acute or
chronic inflammatory conditions. A positive
result should be followed by further testing
when clinically indicated. Assays using
molecularly cloned antigens give the most
specific test results.

Perhaps the most common use for ANA
testing in clinical nephrology is detection of
renal involvement due to systemic lupus
erythematodes (SLE). Screening testing usu-
aly identifies a homogenous pattern at titers
>1: 60. In general, absolutelevelsof ANA do
not correlate well with clinical disease activ-
ity. The presence of anti-double-stranded
DNA (anti-ds DNA) antibodies, which bind
to epitopes in the double helical structure of
DNA, arehighly specific for SLE but are seen
in only 60% of patients. The presence of anti
Smith (Sm), anti ribonucleoprotein particles
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(RNP) or anti-SSA/Ro antibodies also sug-
gest SLE but are less sensitive. Anti-ssDNA
antibodies are very characteristic of drug-in-
duced SLE. Anti-Scl-70 antibodies are highly
specific for sclerodermaand the CREST (cal-
cinosis, Raynaud’s phenomenon, esophageal
dysmotility, sclerodactyly, telangiectasias)
syndrome. Anti-SSB/La/Ha antibodies are
characteristic of Sjogren’s syndrome.

Antiphospholipid Antibodies

Antiphospholipid antibodies are a hetero-
genous family of acquired circulating 1gG
antibodies that react with various anionic
phospholipids including cardiolipin, phos-
phatidic acid, and phosphatidylcholine. They
have the common property of inhibition phos-
pholipid-dependent coagulation reactions in
vitro and are often detected as a prolonged
PTT. Clinically, their presenceis highly asso-
ciated with a thrombotic diathesis. Some cli-
nicians consider them arisk factor for recur-
rent clotting of hemodialysis vascular ac-
cesses. The lupus anticoagulant testing is
most specific for these antibodies. It isimpor-
tant to recognize that 1gG and/or IgM anti-
cardiolipin antibody titers do not necessarily
parallel the anticoagulant activity in vitro. Of
related interest, a primary antiphospholipid
syndrome characterized by otherwise unex-
plained thrombosisin large arteries and veins
has been associated with the presence of these
antibodies.

Cryoglobulins

Cryoglobulinsare abnormal immunogl obu-
linsthat precipitate in the cold and redissolve
onrewarmingto 37° C. They arevery nonspe-
cific and occur in a variety of disease proc-
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esses, including autoimmune disorders, infec-
tions, lymphoproliferative disorders, vasculi-
tis, and primary GN. Small amounts of cryo-
globulins (< 80 ng/mL) may be detected in up
to 38% of normal subjects. The sampling
method is critical, and the syringe and needle
must bewarmed up for theblood draw. A high
titer (> 1g/dL) isconsidered diagnostic. Three
major types have been described. Typel hasa
single monoclonal component (IgG, IgM,
IgA, light chain); type Il isamonoclonal IgM
directed against 1gG; type Il is a polyclona
IgM against 1gG.

Cryoglobulinemia of any type or etiology
may cause renal involvement; however, it is
most common with type Il. About 50% of
patients have isolated hematuria/proteinuria,
20% develop a nephrotic syndrome, and an-
other 20% present as an acute GN. Other
systemic symptoms suggestive of cryoglobu-
linemia include recurrent palpable purpura,
skin ulceration and necrosis, arthritis, Ray-
naud’s phenomenon, liver abnormalities, and
neurologic symptoms.

Streptococcal Serologies

Streptococcal  serologies (ASO, anti-
DNAase B, antihyalurodinase, antistreptoki-
nase, anti-DNAase) are most commonly used
in the evaluation of patientswith acute GN in
whom an infectious etiology is sought. How-
ever, a positive test for group A B-hemolytic
streptococcus is only indicative of previous
infection and does not confirm a diagnosis of
postinfectious GN. These tests are positive in
> 95% of patients with throat infection and
80% of patients with skin infections. Titers
become positive within 1 — 5 weeks of infec-
tion and last for about 3 — 6 months. When
patients are promptly treated with antibiotics,
the antibody response can be abrogated.
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Serum Protein Electrophoresis

Serum protein el ectrophoresisis most com-
monly used to assess monoclonal gammopa-
thies. Standard serum protein electrophoresis
does not identify light chains. Immunoelec-
trophoresisidentifiesboth heavy (G, A, M, D,
E) and light (kappa and lambda) chains. Im-
munofixation is a more reliable method. It is
important to perform immunoel ectrophoresis
inboth urineand plasmasampl es, asdetection
in urine but not serum is not uncommon.

Multiple myeloma and amyloidosis are the
major renal diagnoses sought with these tech-
niques. DM and SLE are associated with in-
creased polyclonal urinary light chains.
M onogammopathies may be seen in avariety
of disorders, including hematologic, connec-
tive tissue, autoimmune, and dermatologic
conditions. Actually, up to 3% of normal in-
dividuals over 70 may have an identifiable
monoclonal component, usually < 3 g/dL. Of
note, about 25% of patients with idiopathic
monoclonal gammopathy eventually develop
multiple myeloma.

Miscellaneous

Hepatitis B and C virus serology may be
used for screening patients with glomerular
disease that may be attributable to these
agents. Periarteritis nodosamay also be asso-
ciated with hepatitis B. HIV serology isindi-
cated in patients suspected of having acquired
immunodeficiency syndrome (AIDS) neph-
ropathy. IgA levels are high in 30 — 40% of
patients with IgA nephropathy.

Rheumatoid factor is an antibody with
specificity for Fc fragments of 1gG. The latex
test is positive in 80% of patients with rheu-
matoid arthritis, and may also be positive in
patients with subacute bacterial endocarditis,

syphilis, tuberculosis, shunt nephritis, acute
postinfectious GN, collagen vascular dis-
eases, autoimmune diseases, and systemic
vasculitis. An IgM rheumatoid factor is par-
ticularly common in Wegener's granuloma-
tosis. An IgA rheumatoid factor is very sug-
gestive of Henoch-Schonlein purpura.

Circulating immune complexes are meas-
ured using a C1q binding assay. They are
positive in autoimmune, vasculitic, neoplas-
tic, and infectious diseases. They have little
practical application in clinical nephrology.

High serum IgE titers may be seen in
Churg-Strauss vasculitis, alergic drug reac-
tions, and in patients with latex allergy.

Renal Radiology

I ntravenous Pyelography (IVP)

Radiologic techniques are based on the dif-
ferential attenuation of X-rays by tissues.
Densestructures such ashonesgreatly attenu-
ate the beam and appear light on film. Low-
density tissueslike fat cause little attenuation
and appear dark. High-osmolality contrast
media (diatrizoic or iothalamic acid) are com-
posed of a negatively-charged anion contain-
ing a benzene ring with 3 iodine molecules
and a positively-charged cation (sodium or
methylglucamine). Newer low-osmolality
agents, anionic (ioxaglate-dimer) or nonan-
ionic (iopamidol, iohexal, ioversal), provide
twice the concentration of iodine for a given
osmolality than conventional agents. Use of
low-osmolality agents reducesthe prevalence
of side effects from 5 — 1%. Severe reactions
including cardiac arrhythmias, cardiac arrest,
pulmonary edema, loss of consciousness, and
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seizures occur in < 0.01 of patientsand are 5
— 10 times less common with the use of low-
osmolality agents. Fluid restriction in prepa
ration for an IVP is no longer warranted ex-
cept to minimize emesis. Patients are asked to
abstain from food after midnight and limit
fluid intake to < 500 mL in the 4 hours pre-
ceding the study. A laxative such as bisacody!|
may be used daily for 1 —2 daysprior to IVP.

The major clinical advantage of the IVPis
its ability to provide an overall survey of the
anatomy of the kidney and urinary tract as
well as an estimate of rena function. A drip
technique alows delivery of higher doses
with less discomfort and may improve the
nephrographic phase. The nephrogram de-
fines renal size and contour and identifies
changesin substance. The blush of contrast in
the rena capillaries alows definition of the
parenchyma, and, as it concentrates in the
proximal collecting tubules (PCT), the image
is enhanced. A normal nephrogram is syn-
chronous and symmetrical; if not, the pres-
ence of nonfunctioning parenchyma should
be considered. Theleft kidney isusually 2cm
longer than the right; arenal size< 11 cmiis
abnormal. Renal size by IVP is greater than
by ultrasonography because of agreater mag-
nification artifact and contrast-induced os-
motic diuresis. Although resolution is 1.5 —
2.0cm,alcmecystiseasily observed whereas
a 1.0 cm mass may not be apparent.

The pyelographic phase permits identifica
tion of abnormalities in the contour of the
pyelocalyceal collecting system and recogni-
tion of intrapelvic filling defects. The ureters
are not visualized symmetrically nor at the
same time. Filling defects may also be noted.
Persistent total filling of a ureter suggests an
obstructive component. Retrograde and/or an-
tegrade visualization may be required if there
is concern about significant pathology. The
bladder is well seen, but polyps or other le-
sions may be missed. Masses may appear as

24

filling defects or as abnormalities in the con-
tour itself. However, defects may be misinter-
preted as superimposed bowel. Observed ab-
normalitiesmay warrant further eval uation by
cystoscopy. Small residual bladder volumes
(<50 mL) are not well seen. The urethra can
be visualized by emptying the bladder post
IVP. It should be specifically assessed with a
voiding cystourethrogram or retrograde ure-
thrography under specia circumstances in-
cluding bladder and/or perineal trauma, void-
ing abnormdlities, and vesicoureteral reflux.

Mgjor indications for IVP include acute
renal colic and nonglomerular hematuria. In
these conditions, 1VP is more sensitive than
ultrasonography becauseit providesanatomic
definition of the entire urinary tract aswell as
functional information. Other clinical indica-
tions for IVP include renal stone disease,
voiding difficulties, neurogenic bladder, re-
current urinary tract infections (UTIs), sterile
pyuria, congenital abnormalities (Figure 4),
unexplained abdominal pain, and postopera-
tive complications (Table 7). With the advent
of ultrasonography, computed tomography
(CT), and nuclear imaging, IVP is no longer
the first-line diagnostic study in patients sus-
pected of having renal neoplasias, obstructive
uropathy, or renovascular hypertension or in
the follow-up of renal allograft recipients.

Renal tuberculosis is an important diagno-
sis to keep in mind. Pulmonary tuberculosis
has decreased markedly but extrapulmonary
disease has not changed in prevalence. Tuber-
culosis is more common in immigrant popu-
lations. A history of pulmonary tuberculosis
is almost always present, but is usually inac-
tive at the time of presentation. Renal lesions
are indolent until very late in the course of
disease. About 25% of patients have gross
hematuria. Sterilepyuriaisseeninabout 10%.
IVPisthetest of choiceandispositivein 90%
of patients. Mgor findings include moth-
eaten papilla, parenchymal calcification and
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scarring, and multiple irregular infundibular
stenosis or strictures with subsequent hydro-
calicosis. If rena functionisdecreased (which
happens about 50% of the time) then retro-
grade pyelography isindicated. If the ureteral
orifice is scarred, cannulation may be very
difficult. As the bladder is commonly af-
fected, cystoscopy provides additional diag-
nostic benefit. Advanced disease may present
as a nonfunctioning kidney (autonephrec-
tomy).

Vesicoureteral reflux results from a dys
functional vesicoureteral junction. If theintra-
mural segment of the ureter is too short, the
junction behaves as aleaky valve. Asachild
with this abnormality grows, the intraluminal
segment lengthens and becomes fully opera-
tional. However, in some children this abnor-
mality persistsinto adulthood. A diuretic in-
travenous pyelogramisvery helpful in assess-
ing this condition. Grade | reflux involves up
to the lower third of the ureter. Grade Il
reaches the renal pelviswithout causing dila-
tion. Grade Il results in mild pelvic dilata-
tion. Grade 1V produces marked dilatation
and tortuosity of the ureter. Attimes, gradell|
may need to be differentiated from obstruc-
tion. Intrarenal reflux is more common in the
upper and lower poles because these papillary
orifices are round and more open. Patients
with neurogenic bladder also have a higher
incidence of reflux. When duplicate ureters
are present, the lower one tends to reflux.

Ultrasonography

Ultrasonography isbased on thedifferential
acoustic impedance of tissues. Ultrasonic
pulses are generated from short electric ener-
gizing pulses by a piezoelectric transducer.
Bounced energy is reflected back to the
transducer and reconverted to an electrica
impulse. Transmissionisoptimal at water-like

il
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Figure 4. Horseshoe kidney. Excretory urogram
demonstrates a medial orientation to the lower pole
of both kidneys. The lower poles may be bridged by

fibrous or nephrogenic tissue, such as in this case
(arrows).

density; air and adipose tissue dampen the
echo. Because the velocity of sound intissues
is constant, depth can be calculated from the
time difference between sending and receiv-
ing an impulse. Real time digital images are
generated by transforming reflected energy
into a gray scale equivalent. Rapid sweeping
with the transducer provides cross-sectional
capabilities, and multiple planes can be se-
quentially generated by altering the position-
ing of the transducer. High-frequency probes
provide better resolution but have less pene-
tration. Patency of arteries and veins, as well
as direction, magnitude, and velocity can be
assessed with Doppler techniques. Renal ul-
trasonography is most often the first-line mo-
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Table 7. Radiologic Studies Used in Diagnosis of Renal and Urological Disease

Suspected Condition Radiographic Comments
Procedure

Nonglomerular hematuria IVP Anatomic definition of the

Acute renal colic/nephrolithiasis VP entire urinary tract and

Congenital malformations IVP estimation of individual

Recurrent urinary tract infections IVP function

Acute renal failure us Does not require contrast and is the best method
to exclude obstruction

Chronic renal failure us Does not require contrast and increased echo-
genicity correlates with degree of sclerosis/fibrosis

Renal stone disease us Identifies stone only in the pelvis, may detect ob-
struction

Renal cysts us 95% accuracy in differentiating cysts from solid
masses
US and CT are preferred for diagnosis of polycystic
kidney disease

Renal masses CT Best method for assessing solid masses
MR is best for evaluating tumor extension into the
renal vein and inferior vena cava and for identifying
lesions < 2cm in diameter

Renal transplantation us Excludes obstruction, identifies perirenal fluid
collections, provides supportive evidence of acute
rejection

Perirenal hematoma us CT if recent hemorrhage is suspected

Atherosclerotic renal vascular DSA Best resolution and the gold standard

disease & renal hypertension
Spiral CT and MR angiography are promising
Captopril renography is useful for screening

Renal vein thrombosis MRA Best resolution, US is a good alternative

Acute (complicated) pyelonephritis CT Can identify wedge lesions, abscess, and perirenal-
fluid collection,US is a good alternative

Renal trauma IVP A normal IVP is highly accurate in excluding renal

damage
An abnormal IVP must be followed by dynamic CT
with imaging of entire abdomen/pelvis
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Figure 5. Normal kidney.
Sagittal sonogram of the right
kidney demonstrates the cen-
tral hyperechoic sinus echo CT
(S) surrounded by the hy-
poechoic renal parenchyma
(P). The medullary pyramids
are hypoechoic and located
peripheral to the sinus (ar-
rows).

dality for visudization of the kidneys. It is
harmless, portable, free of ionizing radiation,
and provides morphologic analysistotally in-
dependent of renal function.

The right kidney is best imaged with the
patient in a supine position and with the liver
as an acoustic window. Theleft kidney is best
visualized in the right lateral decubitus posi-
tion with the spleen as an acoustic window
whenever possible. The echogenicity of the
spleen is greater than that of the liver, which
in turn is more echogenic than the kidney. If
the ultrasonographic appearance of theliveris
abnormal, comparisons may be distorted.
Each kidney measures 10 — 12 cm in length.
The rena sinus is hyperechoic. The renal
pyramids are seen as hypoechoic triangles
abutting the sinusand surrounded by themore
echogenic parenchyma (Figure 5). The renal
cortical areais homogenous. Minimal dilata
tion of the pelvis may be observed with afull
bladder. Color Doppler technology alows
sampling of the main renal vessels and its
branches, including interlobar, arcuate, and
capsular arteries.

Major strengths of ultrasonography include
detection of pelvic and calycea dilatation,
identification of intrarenal fluid collections,
separation of cystic and solid masses, and
assessment of the perirenal space (Table 7).
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Disadvantages include poor resolution of the
pelvicalyceal system and the retroperitoneum
and poor visualization of the ureter. In addi-
tion, ultrasonography is very operator de-
pendent.

Acute renal failure (ARF): Ultrasonogra-
phy is the first diagnostic test of choice be-
cause it is the best method for excluding ob-
structive uropathy and does not require con-
trast administration. In hydronephrosis (Fig-
ure 6), branching, nonechoic, fluid-filled ca-
lyces, infundibul ae, and pelvisdistort the nor-
mal appearance of the compact sinus com-
plex. Mild obstruction shows no distortion,
and moderate obstruction is characterized by
rounding of the collecting structures. In se-
vere forms the sinus fat is replaced with
rounded dilated infundibulae and calyces.
Unilateral obstruction has multiple causes.
Identification of bilatera hydronephrosis
mandates assessment of the bladder and pel-
vis to exclude bladder outlet obstruction and
retroperitoneal disease as etiologic factors.
False negatives are unusual, but may be due
to severe dehydration, acute obstruction with
not enough timefor distension, intermittent or
partia obstruction, aruptured calyx, staghorn
caculi that obscure the underlying hy-
dronephrosis, retroperitoned fibrosis, tumor
encasement, or near-absent renal function.
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Medical renal disease (Figure 7): Rend
size, cortical thickness, and degree of echo-
genicity provide nonspecific information. In-
creased echogenicity is the most common
characteristic associated with medical renal
disease. Thereis ahigh degree of correlation
between increased echogenicity and global
glomerular sclerosis, tubular atrophy, and the
presence of an infiltrative or inflammatory
process.
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Figure 6. Hydronephrosis.
The sinus echoes are sepa-
rated by the hypoechoic urine-
filled and dilated collecting sys-
tem (arrows).

Figure 7. Medical renal dis-
ease. Sagittal sonogram re-
veals an echogenic renal pa-
renchyma (D) with loss of nor-
mal central sinus echoes. The
kidney is more echogenic than
the liver (L).

Renal masses. The most common renal
masses are cysts. Ultrasonography has a 94%
accuracy in separating solid from cystic
masses. About 90% of cysts are cortical and
tubular in origin. It is not uncommon to find
1-5cystsper kidney in patientsover 50 years
of age. Polycystic kidney disease (PKD) can
be excluded if there are < 10 cysts per kidney
set between normal-looking parenchyma. In
PKD, other organssuch asliver, pancreas, and
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Figure 8. Renal cysts. A sharply circumscribed
anechoic area consistent with a cyst is noted at the
renal hilum. Acoustic enhancement beyond the cyst
is present (arrow).

Figure 9. Renal cell carcinoma. Transverse
sonogram demonstrates a large tumor (T) with small
adjacent cyst. Obstruction of collecting system
and/or infiltration of tubules by tumor gives rise to
adjacent cysts (sentinel cyst).

spleen may show cystic lesions. Criteria for
benign cysts include smooth and sharply de-
fined walls, absence of internal echoes, poste-
rior wall enhancement proportional to fluid
content, and a narrow band of acoustic shad-
owing beyond the outer margin (Figure 8). If
all these criteriaare not met, CT isindicated.
Bleeding into acyst may give the appearance
of a solid mass. Multiple thick septae are
highly suggestive of malignancy. The best
method for ng solid renal massesisCT.

Figure 10. Medullary sponge kidney. The echo-
genic medullary pyramids create a pattern of trian-
gular areas bordering the renal hilum (P). Note a
large calculus in lower pole (arrow).

Angiomyolipomas are benign tumorsthat are
characteristically well circumscribed and
very echogenic.

Malignant lesions are typically = 3 cm in
diameter before they are well detected by
ultrasonography (Figure 9). About 85% of
tumors are renal cell carcinomas. They are
quite varied in appearance, with low, normal,
or increased echogenicity. Posterior wall at-
tenuation may be noted. Infiltrative tumors
can appear as multiple hyperechoic massesin
lymphomas and focal masses, as diffuse en-
largement in leukemia, or as hizarre distor-
tions. Renal cell carcinomas are best evalu-
ated by CT and magnetic resonance (MRI).

Renal stone disease: When rend calculi is
suspected, akidney, ureter and bladder radio-
graph (KUB) should always be obtained first.
Ultrasonography may detect actual calculi (>
5 mmin diameter) or identify hydronephrosis
(Figure 10). Practically al stones regardiess
of composition are highly echogenic and ac-
companied by shadowing. Most stones cause
obstruction at the level of the ureteropelvic or
ureterovesical junction; neither area is well
visualized by ultrasonography. I\VPand/or CT
may be required for definitive diagnosis.
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Figure 11.
sonogram demonstrates flow at the renal hilum
(arrows). Spectral waveform on interlobar artery
demonstrates normal low-resistance arterial wave-
form.

Normal renal transplant. Transverse

Infections: Ultrasonography is usually nor-
mal in about 75% of patients but may identify
an underlying hydronephrosis. Acute
pyelonephritis may result in renomegaly, het-
erogenous echogenicity, and perirenal fluid
collections. A localized phlegmon presents as
afocal, hypoechoic mass of ill-defined mar-
gins that may simulate a malignant lesion. A
classic abscess has thick walls, well-defined
borders, and a hypoechoic fluid level. Xan-
thogranulomatous pyelonephritisusually pre-
sents as enlarged hypoechoic areas sur-
rounded by a hyperechogenic sinus.

Renal hypertension: Color Doppler ultra-
sonography is of limited value as a screening
test. Intra-arterial digital subtraction angiog-
raphy isthe gold standard. Spiral CT angiog-
raphy and magnetic resonance angiography
show great promise. Captopril renography
may be a useful screening tool.

Renal veinthrombosis: Magnetic resonance
techniquesarethebest diagnostictools. Ultra-
sonography with Doppler studies is a good
alternate because it is noninvasive and re-
quires no contrast administration. Findings
include a dilated rena vein with a thrombus
in the lumen, thrombus extension into the
inferior vena cava, renal enlargement, thick-
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Figure 12.
cele. Transverse sonogram of a left-sided allograft
demonstrates a complex collection due to an in-
fected lymphocele (arrows).

Renal transplant with infected lympho-

ening of Gerotafascia, and formation of peri-
capsular venous collaterals.

Renal transplantation (Figure 11): Ultra-
sonography isthe method of choicefor evalu-
ation of rena allografts. Mild degrees of
pyelocaliectasis are not uncommon. Uri-
nomas, lymphoceles, hematomas, and ab-
scesses are easily detected but have a similar
appearance (Figure 12). Peripherd arteria re-
sistance is usualy quantitated as the resistiv-
ity index (RI).

_ peak systalic velocity — lowest diastolic velocitiy
peak systolic velocity

RI

A value > 0.70 indicates increased in-
trarenal resistance. Thisisanonspecific find-
ing commonly observed in acuterejection and
cyclosporine nephrotoxicity but less fre-
quently in delayed graft function. Acuterejec-
tion may also be associated with rena en-
largement, prominent hypoechoic pyramids,
and effacement of the central sinus. Acute
alograft pyelonephritis is indistinguishable
from acute rgjection by ultrasonography.
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Hematomas: Quite echogenic in the acute
phase, hematomas become hypoechoic and
septated asthey liquefy. If recent hemorrhage
is suspected, CT is indicated because ultra-
sonography cannot detect fresh blood.

Computed Tomogr aphy

CTisadigita cross-sectional imaging tech-
nique capable of detecting subtlevariationsin
X-ray attenuation by different tissues. Data
samples are obtained by moving the source
around the patient at a given cross section of
the body while measuring attenuation values
along the X-ray beam. A computer calculates
the average X-ray attenuation of all tissues
within aspecific volume element or voxel and
represents it by a resulting number (CT
number or pixel value). All CT numbers are
referenced to water, which hasavalue of zero.
Tissues less dense than water (fat) have a
negative number; denser structures have posi-
tive numbers. Images are created by convert-
ing pixel valuesto light intensity on acathode
ray tube from which a hard copy (film) is
obtained. Current scanners are capable of de-
tecting a 0.3% difference in attenuation and
achieving a spatial resolution of 0.5 -1 mm.
The system operator defines awindow width
(500 Hounsfield units [HU]) and an attenu-
ation range (15 — 30 HU).

The attenuation coefficients within the
retroperitoneum are different enough to allow
visualization of the kidney, vascular struc-
tures, and the renal fascia. The renal paren-
chymais uniformly homogeneous at 30 — 50
HU. The collecting system is differentiated
from the parenchyma because of its water
content (0 — 20 HU). Fat fills the perirenal
space and sharply defines the rena border.
Renal imaging by CT uses an initia digi-
tal/computer-generated radiograph to define
the location of the kidneys. A nonenhanced

study is then done using contiguous 1 cm
thick sections. Thin sections (0.5 cm or less)
are used occasionally to better delineate ab-
normalities or to identify small calculi. Con-
tiguous bowel 1oops are identified by an ora
barium swallow. Best definition is obtained
with intravenous (V) contrast media, except
when calcification, hemorrhage, or urine ex-
travasation is suspected, in which case a
nonenhanced study is preferred. Images are
usually displayed in the transverse plain, but
sagittal and coronal images may also be con-
structed (Table 7).

The renal vascular anatomy is best seen
with a bolus dye injection and rapid acquisi-
tion of images (dynamic CT). Within seconds
the aorta, arteries, and veins are visudized.
The nephrographic phase, characterized by
enhancement of the cortex and the corti-
comedullary junction, is apparent within 1
min. Thetubular phase, identified by increas-
ing enhancement of the medulla, is noted at 2
min. Finally, the collecting system is apparent
at 2 -3 min. In patients with significant rena
failure, enhancement is proportiona to the
amount of dye filtered, and usually only the
vascular phaseisreliably observed.

Obstructive uropathy: Ultrasonography is
the technique of choice for initial evaluation
of suspected obstructive uropathy. In addition
to detection of hydronephrosis in a nonen-
hanced study, CT can definethe anatomic site,
degree, and cause of obstruction with nonen-
hancing imaging. Retroperitoneal fibrosis is
suspected by increased attenuation within fat
tissue that suggests encasement of the ureters.
A dilated ureter is identified as a column of
water surrounded by a thin tube. Extrinsic
masses compressing the ureters, intraluminal
masses, or stones may also be visualized. Re-
gardless of composition, calculi have high
attenuation rates (600 HU for calcium and 180
— 500 for uric acid) when compared to tissue
(30 — 60 HU). Therefore, al uric acid and
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cystine stones are radiopague with CT. Blood
clots have a wide range of HU ranging from
soft tissueto near calculi. Serial examinations
arerequired for better definition because clots
lose attenuation with age.

Congenital anomalies. Usually found inci-
dentally or by intravenouspyel ography (1VP).
CT does not provide any imaging advantage
unless the kidney cannot be located or an
identified mass needs further investigation.

Polycystic kidney disease: The kidneys are
bilaterally enlarged with multiple cysts of
various sizes distorting the collecting system.
Hepatic, pancreatic, splenic, and pulmonary
cysts may aso be identified. Hemorrhagic
cysts are seen as high-density lesions. Calculi
within cysts and cyst wall calcifications may
also be noted.

Acquired cystic disease: Multiple small
cysts in hypotrophic kidneys may be seen in
long-term dialysis patients. Perirenal hemor-
rhage and renal cell carcinoma are increased
in this group.

Renal masses: Simple benign cysts are the
most commonly detected renal masses, occur-
ring in morethan 50% of patientsafter age 50.
They are characterized by ahomogenous low
attenuation value (0 — 20 HU) and nearly
indiscernible thin walls, are very sharply de-
lineated from the surrounding parenchyma,
and are not enhanced by contrast. Diagnostic
accuracy for simple cysts is virtualy 100%.
Parapelvic cystsare hilar renal masseswith all
the characteristics of ssimple cysts. They may
mimic hydronephrosis or an extrarenal pelvis
in nonenhanced scans.

Complicated cysts have ahigher density, an
irregular shape, and thickened or calcified
walls. At times they may simulate solid tu-
mors. Hyperdense lesions (50 — 90 HU) may
be benign or malignant. The former include
simple cysts complicated by hemorrhage, in-
fection, dye leakage, and a high protein con-
tent. Lesions less than 3 cm in diameter and
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with simple cyst characteristics except for
density are considered benign. Calcification
aways raises suspicion of malignancy. Occa-
sionally, abenign cyst may show asmall, fine,
linear plague. Septations in simple cysts are
few in number and aways less than 1 mm
thick. When indicated, percutaneous cyst as-
piration and biopsy may be performed under
CT guidance.

Renal carcinoma accounts for 85% of pri-
mary renal malignancies. Approximately 1%
are bilateral and 4.5% multifocal. Although
most carcinomas are large at the time of diag-
nosis(7—8cm), sizeaone should not be used
as the mgjor criterion for differentia diagno-
sis. Rend cell carcinomas characteristically
are> 3 cm in diameter, have adensity greater
than 30 HU but are less dense than the sur-
rounding parenchyma, distort the renal con-
tour, and are usualy poorly differentiated
from therest of the parenchyma. They tend to
be homogenous, but hemorrhage and necrosis
may cause heterogeneity. Calcification may
be present. CT isvery useful for staging renal
cell carcinomas: | — lesion limited to the pa-
renchyma; Il — extension to the perirenal
space; |11 —extension to therenal vein, lymph
nodes, or inferior vena cava; 1V — extension
outside Gerota fascia. Stages Il and IV are
better identified with CT than with angiogra-
phy. Retroperitoneal lymph nodeinvolvement
iswell seen by CT. MRI is the technique of
choicefor evaluating tumor extension into the
renal vein. Angiography is reserved for rare
situationsin which detailed vascular anatomy
is needed. CT scanning is also an excellent
method for detecting local recurrence after
nephrectomy. A baseline study should be per-
formed in the immediate postoperative pe-
riod.

Metastaticrenal diseaseistwiceascommon
as renal cell carcinoma. Lung cancer is the
most common type. Lesions look like renal
cell carcinoma but are typically multifocal,
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bilateral, small, and cortical inlocation. Renal
vein and inferior vena cava involvement is
rare in metastatic disease.

Lymphomas, particularly non-Hodgkins
types, frequently involve the kidneys and are
seen in 30 — 50% of autopsies. They usually
appear asmultiplebilateral nodules. A diffuse
enlargement is due to progressive enlarge-
ment and coal escence of single lesions.

Angiomyolipomas are the most common
benign renal tumors of the kidney. They are
hamartomas in nature and usually present as
a large solitary renal mass. Identification of
adipose tissue within the mass virtualy ex-
cludesmalignancy. Hemorrhagic areaswithin
the tumor are common. Tuberous sclerosisis
associated with a high frequency of small,
multiple, bilateral angiomyolipomas. Dy-
namic CT will usually demonstrate the hyper-
vascular nature of the tumor.

Oncocytomas are benign tumors, usualy
6 — 7 cm in diameter, that arise from the
proximal tubular epithelium. They are solid
homogenous masses of smooth contour, dis-
tinct interface, and, at times, a central stellate
scar. Although these characteristics suggest a
benign lesion, the diagnosis can only be con-
firmed histologically.

Transitional cell carcinomas account for
90% of renal pelvis neoplasms and are asso-
ciated with exposure to organic chemicals
used in aniline dye production. Papillary
forms are most common (85%), tend to be
low-grade, and are slow to infiltrate and me-
tastasize. Nonpapillary lesions are more ag-
gressive. Squamous cell carcinomas are the
second most common type. They may be as-
sociated with infection and calculi in about
50% of patients. They usually present as an
intraluminal mass of soft tissue attenuation
(385 — 45 HU) with nodular borders, and they
show enhancement with contrast. Large le-
sions may cause hydronephrosis. Calcifica
tion may occur, but it is less frequent than

frank calculi. Loss of the peripelvic fat stripe
indicates parenchymal invasion and overt ma-
lignancy. Because 40% of patients have con-
comitant pathology in the ureter or bladder,
images including these areas are essential.

Pyelonephritis: CT is superior to ultra-
sonography for delineating renal and
perirenal inflammatory masses. Findings
range from a dight increase in overall renal
size to radially oriented wedge-shaped areas
of diminished attenuation oriented from the
collecting system to the capsule. Focal rena
enlargement with distortion of the renal con-
tour may also be noted. A frank abscess will
be delineated by a well-defined wall. The
presence of gas within the renal parenchyma
is highly suggestive of emphysematous
pyelonephritis.  Infected hydronephrosis
(pyonephrosis) may show adebris-fluid level,
gas, or both.

Xanthogranulomatous pyelonephritis may
present as a focal tumefactive or a diffuse
lesion. The parenchymaisreplaced by masses
that represent dilated calyces as well as ab-
scesses filled with debris and pus. The thick
walls noted are a result of granulation tissue
and compressed normal parenchyma. Calculi
areoften lodged withinthe pelvisand calyces.
Involvement of the perirenal and pararenal
compartmentsis not uncommon.

Renal tubercul osisis second only to pulmo-
nary disease. Most kidneys are small, with
areasof focal fibrosisand distortion. Thicken-
ing of the pelvis and ureteric wall is very
suggestive of tuberculosis. Calyces are usu-
aly filled with caseating material and putty-
like calcifications or frank calculi.

Renal vascular disease: Infarcts are identi-
fied as wedge-shaped areas of diminished at-
tenuation, with the cortical rim showing in-
creased density due to perfusion from collat-
erals (Figures 13a and 13b). These lesions
may also be seen in acute cortical necrosis,
ATN, and renal vein thrombosis. Global in-
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Figure 13b.

Figure13. Renalinfarction. a: Wedge-shape, low-
density area is present in right kidney (arrow) in a
42-year-old male who presented with right flank pain
and no evidence of bacteriuria. b: Renal arteriogra-
phy shows 2 small renal aneurysms (arrows).

farctsproduce ahomogenouslesioninvolving
at least 50% of the surface area. Acute renal
cortical necrosis shows a thin rim of low at-
tenuation between the capsule and the me-
dulla. In rena vein thrombosis the kidney is
enlarged and therenal vein full of low density
material. Renal artery stenosis results in dif-
fuse uniform atrophy of the parenchyma.
More recently, spiral CT has been used for
noninvasive imaging of the vascular system.
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The kidneys are localized with standard
nonenhanced CT. A dose of nonionic contrast
medium isthen injected manually and a short
sequence of dynamic scans done for estima-
tion of contrast transit time from the point of
injection to the abdominal aorta. The spiral
CT isthen started at the level of the superior
mesenteric artery after bolus injection ad-
ministration and scans obtained at 2 — 3 mm
section thicknesswith atablefeed of 2—3mm
per second for a scanning time of up to 32
seconds. Multiplanar reformatting and 3-di-
mensional surface reconstructionsare created
by use of athreshold level dependent on the
degree of vascular enhancement (130 — 220
HU). Maximum-intensity-projection images
are reconstructed by eliminating bone struc-
tures from axial sections and subsequent dis-
play of the maximum pixel values along each
path. Spiral CT can accurately identify multi-
plerenal arteriesand rend arterial stenosisin
vessel segments between the origin and the
hilum. More complicated anatomy requires
use of activecinedisplay of axia sectionsand
multiplanar image reformatting at narrow in-
tervals (1 —2 mm) for evaluation of the entire
vessel length. Spiral CT can detect mural cal-
cification of blood vessel sand acquires perfu-
sion images (nephrographic phase) not avail-
able with magnetic resonance angiography.
Potential difficulties with this technique in-
cludearelatively large dyeload and difficulty
in ng peripheral stenoses and differen-
tiating high-grade stenosis from total occlu-
sion with collateral circulation. The overall
specificity and sensitivity of this technique
compared to angiography are 92% and 83%,
respectively. The major clinical use of spiral
CT isinthe diagnosis of rena artery stenosis
and in the anatomical assessment of living
renal alograft donors.

Renal trauma: Best assessed initially by
IVP. A normal IVP is highly accurate in ex-
cluding renal damage. However, an abnormal
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IV Pisnonspecific so that further examination
by dynamic CT is indicated. Imaging of the
entire abdomen and retroperitoneum is
needed because about 20% of patients have
other organs affected. CT scanning differenti-
ates between minor (contusion, incomplete
laceration, intrarenal hematoma) and major
(completelaceration, rena fracture, shattered
kidney) injuries. CT also identifies areas of
focal renal infarction and subcapsular,
perirenal, and pararenal hematomasaswell as
minimal amounts of bleeding (Figure 14).
Accumulation of contrast-laden urine within
the interstitial space of the kidney is charac-
teristic of renal contusion. Parenchymal tears
are seen as hypodense areas. If functional,
they will be enhanced during dynamic CT.
Focal infarctions are wedge shaped. Hema-
tomasin the space medial to thekidney should
raise suspicion of vascular damage. Arteriog-
raphy isthe procedure of choicefor evaluation
of potential vascular lesions.

Renal allograft evaluation: The major dis-
advantage when compared to ultrasonogra
phy is the need for a contrast agent. When
hydronephrosisispresent, CT may providean
etiologic diagnosis. Urinomas can be identi-
fied by assessing tissue density before and
after dye injection. Acute rejection is charac-
terized by loss of corticomedullary junction
during dynamic CT.

M agnetic Resonance Imaging

MRI isbased on the spontaneous alignment
of magnetic moments of the nuclei contained
in tissues when an external electromagnetic
field isapplied. Because H" isabundant in the
human body and has a high gyromagnetic
ratio, MRI is ailmost exclusively carried out
with protons. Images are produced by apply-
ing multiple radiofrequency signals (256 —
512 pulses) over several minutes. Fat satura

Figure 14. Renal trauma. Precontrast CT reveals
a hyperdense perinephric collection secondary to
hemorrhage (H)

tion spin echo techniques improve image
resolution by reducing the respiratory artifact
caused by moving subcutaneous fat.

Although CT is superior for defining calci-
fied and fatty structures, MRI provides better
tissue contrast resolution, does not require
dye, directly measures multiplanar images,
and has no biological side effects. Magjor
drawbacks include availability, cost, and the
relatively long time needed for imaging. MRI
is most commonly used as a problem-solving
technique when ultrasonography and CT pro-
vide equivocal results. The renal venous cir-
culationisparticularly well defined, and MRI
is the technique of choice for detection of
renal vein thrombus or tumor invasion (Table
7). Gadolinium is approved for use as a
paramagnetic contrast agent. Minor side ef-
fects occur in 2.4% of patients (nausea, vom-
iting, urticaria). Only 5% of the usual iodi-
nated dosage is delivered. Estimated inci-
dence for anaphylaxis is 0.001%. No renal,
hepatic, or cardiovascular toxicity has been
reported.

M agnetic resonance angiography (MRA) is
based on the phase differences between mov-
ing and stationary objectsand on thebulk spin
flow in the area of interest. Renal arteries are
best studied with phase contrast and the renal
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veinsandinferior venacavawithtimeof flight
techniques (TOF). Proximal lesions are better
seenthandistal or intrarenal ones, particularly
limiting the study of fibromuscular dysplasia.

Magnetic resonance spectroscopy (MRS)
requires use of amagnet capable of delivering
at least 1.5T with a field homogeneity 100
times greater than for MRI. Nuclei used for
spectroscopy include 3p 3¢, 'H and °F. The
most common element used is 3P (energy
transfer, ATP hydrolysis, and intracellular
pH). An increase in inorganic phosphate (Pi)
from ATP hydrolysis during hypoxialeads to
a decreasing ATP/Pi ratio. The phospho-
monoester (M P)/Pi ratio isagood predictor of
renal parenchymal viability. Acute renal fail-
ure is characterized by rapid loss of ATPR,
increased Pi, and decreased pH. In rena alo-
grafts, a decrease in MP/Pi is suggestive of
rejection.

Obstructive uropathy: Anatomy iswell pre-
served in acute and subacute cases, while in
chronic obstruction the corticomedullary in-
terface disappears. A diuretic MRI may be
useful in differentiating anatomical obstruc-
tion from its functional counterpart.

Congenital anomalies. MRI provides ex-
cellent anatomica definition of congenital
anomalies including agenesis, duplication,
congenital obstruction, and horseshoe or pan-
cake kidney. Ultrasonography, more readily
available and less expensive, isthe procedure
of choice. However, MRI is warranted with
inconclusive ultrasonographic studies.

Renal masses: Ultrasonography and CT are
the methods of choice. However, MRI is spe-
cifically indicated for evaluation of the renal
vein and inferior vena cava. With fat satura-
tion techniques, cysts< 1 cm can beidentified.
Thisresolution issimilar to that of CT. Cysts
have sharp borders and thin walls and lack
contrast enhancement. A complicated cyst
(bleeding or infection) will have similar
changes to those described with CT. MRI
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offers no advantage in the study of polycystic
kidney disease. Calcificationsarenot detected
by MRI. Angiomyolipomas are best studied
by CT.

Renal cell carcinoma presents with a spec-
trum of findings. MRI isvery helpful iniden-
tifying lesions < 2 cm and is preferred over
CT. Additional advantagesfor staging include
multiplanar imaging and better vessel visuali-
zation. MRI is the method of choice for de-
tecting thrombus and tumor extension into the
renal vessels. Gadolimium enhances tumor
signals but does not affect blood signals.

Renal functional assessment: Glomerular
filtration can be evaluated with injection of
contrast and fast breath-hold gradient echo
techniques. MRI provides better spatial and
multiplanar resolution than isotopic renogra-
phy and allows visuaization of the kidney
even in the absence of function.

Pyelonephritis: The collecting system is
seen well with T1 imaging because urine has
alow signd. Infected urine has a higher T1
signal than normal and can thus be identified.
The kidney may appear swollen and lobar
areas of high density may be noted, with ab-
scesses identified as low-density images.

Medical renal disease: Loss of the corti-
comedullary junction isavery sensitive find-
ing indicating significant renal disease; how-
ever, itisquite nonspecific. Exceptionsto this
rule are sickle cell disease and paroxysmal
nocturnal hemoglobinuria. In both, the cortex
has a very low signal intensity when com-
pared to the medulla, because cortical iron
deposition shortens T2. MRI changes are ob-
served in 30% of patients after extracorporeal
shock wave lithotripsy. Findings include
parenchymal hemorrhage contusions and
subcapsular or perinephric hematomas.
Bleeding increases the signal, while contu-
sion and edema produce focal or diffuse loss
of corticomedullary differentiation. In ATN,
the kidney appears normal, but after contrast
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the signal intensity in the renal medulla in-
creases because of proximal tubule edema.

Renovascular disease: The oblique course
and small size of the renal arteries limit the
usefulnessof MRI. However, MRA isaprom-
ising tool in the evaluation of renovascular
disease, particularly in renal alografts.

Renal allograft evaluation: MRI has no ad-
vantage over ultrasonography.

Angiography
Renal Arteriography

Themost common use of renal angiography
isthe detection of renovascular disease mani-
festing itself as hypertension and/or progres-
sive loss of renal function. In cases of rend
trauma, angiography isindicated when vessel
damageisstrongly suspected. Angiography is
necessary at times for differentiating avascu-
lar benign cystic lesions from neoplasms that
are usualy highly vascularized. Of note,
about 10% of renal cell carcinomas are avas-
cular.

The femora artery is the preferred entry
areg; if unavailable, the axillary approachisa
reasonable aternative. Before angiography,
platelet counts, prothrombin, partial throm-
boplastin, and bleeding times should be
checked and corrected when abnormal. Solid
food is restricted from midnight and fluid
intake is encouraged, as adequate hydration
and fluid expansion can substantially lessen
contrast nephrotoxicity. Modern computer
technology alows real time recording of im-
ages, digital subtraction arteriography (DSA),
postprocedure processing for enhancement,
lessuse of film, and lower contrast loads. The
major disadvantage of digital techniques is
motion artifact. Use of smaller diameter
catheters (< 5 French) and computer assis-
tance have made angiography aroutine outpa-

tient procedure (Table 7). The complication
rate of the procedureitself is< 1%, including
hematomas, thrombosis, arteriovenous fistu-
|ae, pseudonaneurysms, and infections.

A pigtail catheter is placed at the presumed
level of the renal arteries (first lumbar verte-
bral body). A bolusdyeinjection (< 4 mL/kg)
ismade, and filmsaretaken at arate of at |east
2/sec. After identifying the origin of therenal
artery, a curved catheter is positioned and
selective rena arteriograms obtained. A sin-
gle rena artery is found in about 70% of
patients. As it reaches the hilum, the main
renal artery branches into several segmental
vessels, which subsequently divide into inter-
lobar arteries that traverse between the renal
pyramids. The interlobar arteries give rise to
arcuate arteries that curve around the medulla
and run parallel to the cortex. Theintralobular
arteries branch out at right angles from the
interlobar segment. Initial imagesaretakenin
the anteroposterior view. Lateral views are
then obtained to better evaluatetherenal ostia.
Upon completion the catheter isremoved and
compression applied for 10 minutes. The pa-
tient usually remains in bed rest for 4 — 6
hours. When appropriate, venous renin sam-
ples are obtained from the renal veins and the
inferior vena cava.

Renal artery stenosis. The most common
cause is atherosclerosis. Most frequent loca-
tion isthe main renal artery and its proximal
branches. Plagues may be smooth or irregular
and at times accompanied by poststenotic
dilatation. Ostial stenosis is usually aortic in
origin. Fibromuscular dysplasia is most
common in white females younger than 40.
There are 4 major types: |. medial fibroplasia
with aneurysm formation (70%) presenting as
the classic string of beads; 1I. perimedial
fibroplasia (15% ) with a string of beads
smaller than the unaffected segments of the
vessal; [11. intimal fibroplasia; IV. periarterial
fibroplasia. The latter 2 are associated with
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decreased renal mass and small circumferen-
tial stenoses. Angiography can aso be used
for detection of rena allograft arteria
stenosis.

A rend veintoinferior venacavareninratio
> 1.5 with contralateral renin suppression is
very specific for renovascular hypertension.
However, because of a 50% false negative
rate, many centers perform angioplasty with-
out waiting for renal vein renin results. Percu-
taneous transluminal angioplasty is exten-
sively used for the treatment of rena artery
stenosis. Results are best in media fibro-
plasia. Atheromatous disease that is short,
segmental, and not ostial is reasonably well
treated by angioplasty (70 — 90% patency at
12 — 18 months with good blood pressure
control in 60 — 70% of patients). Restenosis
occursin 10 —20% of patientswithin the first
year and is most common in patients with
>30% residua stenosis after angioplasty.
Ostium lesions respond poorly to angioplasty
and may be best managed by stenting. Com-
plications include ARF (2%), worsening of
renal function (2%), and development of arte-
rial rupture, perforation, dissection, segmen-
tal occlusion, symptomatic embolization,
false aneurysm, fistulaformation, or puncture
site trauma (10%). Less than 4% of these
require surgical correction. It isimportant to
remember that atherosclerotic stenosis may
not cause hypertension.

Renal artery aneurysms. These tend to be
focal and saccular and areusually located near
the hilum. About 30 — 50% have a calcified
wall. They are seen in 1% of rena arte-
riograms and are most commonly associated
with stenosis. Therisk of ruptureis 6%.

Embolicrenal disease: May result from left
atrial or ventricular thrombus, atrial myxoma,
cardiac valvular vegetations, or mural throm-
bus within an aneurysm in the aorta or renal
artery, and may be precipitated by angiogra
phy. Cholesterol embolic disease may be
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identified by pruning of vesselsin the appro-
priate clinical setting.

Vasculitis: Thedistal vessel sare most affec-
ted. In periarteritisnodosa, multiple 1 —3 mm
punctate aneurysmsmay be noted in the distal
renal artery branches.

Other vascular lesions: In renal infarction,
an occluded vessel may beidentified in asso-
ciation with a wedge-shaped radiolucent de-
fect. Arteriovenous fistulae usually result
from trauma and are characterized by rapid
shunting to the venous system. Arteriovenous
malformations havethe appearance of serpen-
tine arteries that opacify quite early.

CO2 Angiography

Currently limited to a few centers but re-
ceiving increasing attention for its ability to
provide adequate definition of vascular anat-
omy without use of iodinated contrast agents.
Because this technique allows multiple stud-
ies without risk of nephrotoxicity, it has great
potential for screening patients with sus-
pected occlusiverenal arterial disease. Studies
comparing CO» angiography and flush aor-
tography (without selective catheterization)
indicate an 83% sensitivity and a 99% speci-
ficity with this technique. Peripheral vessels
of the lower extremity are well seen and may
provide a particular advantage for evaluation
of renal alograft arterial stenosis. The most
significant side effect of CO, angiography is
neurotoxicity (multifocal ischemic infarction
dueto gasembolization). It isalso contraindi-
cated in patients with significant pulmonary
disease, as they may be unable to excrete a
large CO2 load. Concomitant congestive heart
failure is aso of concern because it may be
associated with livedo reticularis, rhabdomy-
olysis, and intestinal infarction from gas em-
bolization following aortography. Lack of
commercially available CO; injectors and the
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need for tilting tables aso limit the wide-
spread use of this technique.

Intravenous Digital Subtraction
Angiography

It is rarely used at present. On the other
hand, dye injection into the right atrium
makes DSA suitablefor follow-up assessment
of percutaneous interventional procedures.

Rena VVenography

Therearevery few indicationsfor venogra
phy because it has been replaced by MRI. A
renal vein thrombusmay be seen angiographi-
caly as a radiolucent filling defect or as a
venous occlusion.

Transcatheter Embolization

Used in the treatment of neoplasms and
arteriovenous fistulae or to control bleeding.
Embolization can be done with autologous
clot, Gelfoam, polyvinyl alcohol coils, de-
tachable balloons, or absolute acohol. Many
patients develop a postembolectomy syn-
drome characterized by malaise, fever, local
pain, and leukocytosis lasting 3 — 5 days.

Radionuclide Studies

Glomerular Filtration Rate

Availableradionuclide agentsexcreted only
by glomerular filtration include iothalamate,
diethylenetriamine pentaacetic acid (DTPA)
and ethylenediaminetetraacetic acid (EDTA).
Most accurate clearance values are obtained

using standard clearance techniques (as de-
scribed previously for inulin) including timed
blood and urine samples. **l-iothalamate
(614 dalton) may aso be administered as a
subcutaneous bolus injection obviating the
need for a constant infusion. It provides GFR
valuesidentical to those obtained with inulin.
Because of the prolonged half life of theiso-
tope (60 days), concomitant Lugol admini-
stration isrequired to protect the thyroid. Val-
uesobtained with **Cr-EDTA (292 dalton) are
10% lower than inulin, perhaps because of in
vivo protein binding, tubular reabsorption, or
in vivo dissociation. The disadvantage in us-
ing MTce.DTPA (393 dalton) is that its short
half-life of 6 hours requires preparation im-
mediately before administration and prompt
counting of samples. Protein binding also re-
sults in lower clearance values when com-
pared to inulin. Radiation is always an issue.
Although less than with a standard radiologic
procedure, there is transient accumulation in
the urinary tract during excretion. It isrecom-
mended that patients ingest large amounts of
fluid the day of the study. These methods are
most commonly used as a replacement for
inulin clearance measurements.

Radionuclide agents can be used to assess
GFR without collection of timed urine speci-
mens. A singleinjection or acontinuousinfu-
sion technique may beused. GFR ismeasured
as the amount of injected radiolabel cleared
from plasmadivided by theintegrated area of
its plasma concentration over time curve.
M athemati cal modeling must be used because
it is not possible to obtain enough samples to
directly measurethe areaunder thecurve. The
method presumes that arterial and venous
compartments are in prompt equilibrium.
Both single and double compartment models
have been used. Because the latter requires
multiple sampling, the one-compartment
model is most commonly used in the clinical
setting. Clearanceisdescribed by theequation
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C=Vo (In (@13

where C = clearance, Vo = initia volume,
In = natural logarithm, and t2 = radiolabel
half-life.

Thistechniqueis quite accurate and asfew
as 2 samples are enough. Second sampling
time should be adjusted to the probable level
of GFR as follows: 1 hour for near normal
function, 4 — 5 hours for moderate renal fail-
ure, up to 24 hours for severe chronic renal
failure or, regardless of renal function, when
significant ascitesis present. A shorter single
plasma method assumes that the volume of
distribution (Vd) isgiven by thedilution of the
administered dose (D) at thetime of sampling
(t). At about 3 hours when the tracer concen-
tration has reached equilibrium, Vd can be
calculated as D/Pt. Because the radiolabel
disappearancerateisproportiona to GFR and
Vd, theformer can be mathematically derived.
This technique loses accuracy at GFR < 30
mL/min.

Intheabsenceof plasmasamples, total GFR
can be calculated by gamma camera capture
of the activity time curves (renogram) gener-
ated over the kidneys. The renogram consists
of an initial spike related to the immediate
uptake of the arterial bolus (aortorenal transit
time), a renal parenchymal transit time seg-
ment, and afinal pelvic transit time. Absolute
estimates of GFR using this approach have a
20% variation and are less accurate than
plasma sampling. However, an important ad-
vantage of this technique is the ability to
measure the rel ative contribution of each kid-
ney to total function as determined by the
individual activity time curves generated. A
normal peak occurs at about 150 — 180 sec-
onds. Asthefirst 90 seconds are unstable due
to mixing, measurements are made from 90 —
180 seconds. The norma range of relative
uptake function is 42.5 — 57.5 %. Estimation
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of relativerenal functionisthemost important
measurement obtained with radionuclide
techniques. Results are accurate and repro-
ducible (6% variation). Errors increase when
overal GFR is< 20 mL/min.

Renal Plasma Flow

Radiopharmaceutical s, which are primarily
secreted by the tubules, provide a reasonable
index of renal blood flow. Agents include
para-aminohippurate (PAH), orthohippurate
(OIH), and mercaptoacetyltriglycine
(MAG3), labeled with **1 or *™Tc. In gen-
eral, ®™Tc-MAG3 is considered the agent of
choice. After injection, samples are taken at
defined intervals (7, 17, 30, 44, 60, and 120
min). Calculations using two (7, 17 min) and
one (44 min) samples are also available but
have a greater coefficient of variation.

Dynamic Diagnostic Imaging

Renovascular hypertension: Stenosisof the
renal artery will decrease uptake, increase
transit time, and delay tracer excretion on the
affected side. The sensitivity of renography in
the diagnosis of renovascular hypertensionis
similar to that of rapid sequence IVP (70%
sensitivity and 79% specificity). Diagnostic
accuracy isimproved by performing renogra-
phy before and after captopril administration.
Captopril induces a further acute decrease in
renal blood flow and GFR on theaffected side,
thereby magnifying the asymmetry of the
renogram curves and cortical retention
(90 — 95 % sensitivity and specificity). Prior
furosemide administration may further en-
hance differences. Normally, uptake is maxi-
mal at 1.5 — 2.5 min, and the difference be-
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tween kidneysis no more than 60:40%. Find-
ings suggestive of renal artery stenosis in-
cludethefollowing: I. lessthan 42% accumu-
lation of tracer, II. adelay of >1 minin peak
time, and Ill. increased residua activity at
15-20 min. In mild stenosisthelatter may be
the only positive finding. Lateralizing find-
ings are less likely to be apparent when GFR
issignificantly decreased.

\esicoureteral reflux: This abnormality
may be assessed directly or indirectly. The
direct method is identical to a micturating
cystogram but has the disadvantage of offer-
ing no anatomical detail. On the other hand, it
uses|essradiation exposure andismoreeasily
quantifiable. The indirect technique employs
a standard dynamic ®™Tc-DTPA renal scan.
Upon compl etion of thetest, the patient drinks
until the bladder feelsfull and thereisan urge
tovoid. Baselinerenal and bladder counts are
taken at this point. The patient then voids
while the gamma camera updates data for
several minutesafter voiding. Thepresence of
reflux into the kidney is detected in the time-
activity curves as a peak. Lesser degrees of
reflux are more prone to error and not easily
identified by this method.

Obstructive uropathy: Ultrasonography is
the best modality for detecting obstruction
(90 — 95% sensitivity and 70% specificity)
but provides no functional data. This may be
of particular importance in neonates, in pa
tientswith previous urological surgery, andin
those who have recently passed a kidneys
stone. An atonic collecting system appears
like hydronephrosisin the absence of obstruc-
tion. A furosemiderenogram can separatetrue
obstruction from functional dilatation. A
standard renogram identifies obstruction as a
prolonged transit time. After a standard
renogram, a single IV dose of furosemide is
given (0.5 mg/kg) and data collected over 15
min. A normal response is a steeping of the
rate of fall with aconcave washout curve. The

absence of washout indicates obstruction. In
retroperitoneal fibrosis, ultrasonography may
show no hydronephrosis, but the renogram
will demonstrate progressive accumul ation of
tracer without excretion.

Acute renal failure: 1sotopic renography is
not particularly helpful in the evaluation of
patients with ARF. It identifies blood flow to
the kidney and the presence or absence of
functional tissue. ATN hasanormal perfusion
phase followed by moderately good visuali-
zation at 90 — 180 seconds. Tracer density
then gradually decreaseswith little accumula-
tion in the collecting system. Acute GN and
acuteinterstitial nephritisarecharacterized by
delayed perfusion, very slow accumulation,
and virtually no excretion.

Chronic renal failure: Nuclear studies are
of very little help. Scans may identify small
scarred kidneys or the presence of polycystic
kidney disease.

Renal transplantation: The most com-
monly used agent is ®™Tc-MAG3. Delayed
graft function is characterized by good perfu-
sion and decreased function, while in acute
alograft rejection both are decreased. Cy-
closporine toxicity is indistinguishable from
delayed graft function. Isotopic renography
may assist in the detection of a suspected
urinary leak. In many centers, routine early
postoperativeisotopic renography isbeing re-
placed by color Doppler ultrasonography.

Satic renal imaging: Increased gallium up-
take is a nonspecific indicator of inflamma-
tion. Thistest will be positivein the presence
of acute pyelonephritis, acute interstitial ne-
phritis, and neoplastic infiltration.
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Urological Procedures

Magjor indications for urological interven-
tions encompass abnormal bladder function,
suspected lesions (benign or malignant), pre-
sumed lower tract bleeding, intra/extralumi-
nal ureteric lesions, the need for precise defi-
nition of the collecting system, and evaluation
of vesicoureteric reflux. Urological proce-
dures of interest to the nephrologist include
cystoscopy, retrograde and antegrade
pyelography, cystourethrogaphy, and upper
tract endoscopy and lithotripsy.

Retrograde pyelography: Contrast is in-
jected directly into the ureter or ureteral ori-
fice for direct visualization of the collecting
system and ureter. The degree of distention
and opacification is controlled by the amount
of dye and the injection pressure. The ureter
can be cannulated cystoscopically and the
catheter advanced to the desired level for dye
injection (direct), or a bulb-shaped catheter
may be wedged to the orifice for injection
(bulb pyelogram). If a suspected lesion is
found, brush cytology should be performed at
the same time. Overdistention may cause
pyel osinus extravasation dueto fornix rupture
and extravasation into the rena sinus,
pyelolymphatic extravasation, and/or pyelo-
tubular back flow to the papillary dista col-
lecting ducts.

Renal pelvis tumors are best screened for
with retrograde pyelography. Hematuriaisthe
most common clinical presentation, with ob-
struction noted on occasions. Flank pain, dy-
suria, or palpable mass are distinctly unusual.
Exposure to metabolites of aminophenolsis
associated with ahigher risk. Individualswho
consume large amounts of phenacetin area so
at greater risk. Renal pelvis tumors account
for < 10% of rena tumors. Most common are
transitional cell carcinomas, which are twice
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as frequent in males as females and peak in
the 7th decade of life. They may occur any-
wherein theurothelium but are 15 timesmore
common in the bladder than in the ureter or
pelvis. Lesions may be flat or papillary, with
20% containing metaplastic  squamous
changes. The papillary types are easier to de-
tect and are usually less malignant. Flat le-
sions are harder to find, are more malignant,
and include squamous cell carcinomas. Mul-
ticentric lesions are very common in the blad-
der and in about 30% of pelvis tumors.

Antegrade pyelography: Contrast is di-
rectly injected into the collecting system. It is
usualy performed when VP fails and retro-
grade studies are considered risky or not pos-
sible. In children thisisthe preferred method
because cystoscopy is problematic. It is usu-
aly done under ultrasonographic or CT guid-
ance.

Cystography: Mainly used for assessment
of low-pressure vesicoureteral reflux or blad-
der rupture. Voiding cystography can be done
using adrip method or adirect injection viaa
urethral catheter. The study may demonstrate
low-pressure vesicoureteral reflux, radiolu-
cent filling defects (tumor or radiolucent
stone), bladder diverticuli, or vesicocolic fis-
tulae. The bladder is usualy filled until the
patient feels the urge to void. The catheter is
then removed and the patient voids. A cine or
video isobtained during voiding and recorded
in spot films, 200 mm cut film, or continuous
105 mm film. High-pressure reflux, bladder
extravasation, and small neck diverticuli may
not be apparent until the voiding study is
obtained. For air contrast cystography, the
bladder is first coated with barium, drained,
and then insufflated with air, CO, or nitrous
oxide. This technique has better resolution
and allows visualization of lesions located
within diverticuli or those too small to be
detected by standard cystography.
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Retrograde urethrography and voiding
cystourethrography (VCUG): These areindi-
cated in male patients with neuromuscular
bladder dysfunction. A Foley catheter is in-
serted into the fossa navicularis and the bal-
loon inflated with 1 mL of saline. Contrast is
injected via the Foley and the bladder filled.
The catheter remainsin place during the void-
ing study. If low pressure reflux is noted,
abdominal compression is applied to prevent
reflux into the kidneys.

Dynamic retrograde urethrography: This
procedureisdone using aFoley catheter (pre-
ferred method as above) or a Brodny clamp.
The latter is a device that has an external
meatal plug that isfitted over the glans penis
by a traction clamp. The study should be
followed by VCUG.

Urodynamic studies: Cystometry measures
changesinintravesical pressurewith progres-
sive increases in bladder volume. The
cystometrogram (CMG) evaluates the filling
and/or storage phases of detrusor contraction
and consists of four phases:

— |. the initial rise to achieve bladder

resting pressure,

— 1. the tonus phase where filling causes
little change in pressure (400 — 750 mL
at < 15 cm H20),

— 111 the peak capacity at which additional
volumecausesarisein pressurewhilethe
patient is still able to suppressinvolunta
ry voiding, and

— V. the last phase is voluntary voiding.
This evaluation detects bladder com-
pliance abnormalities, involuntary detru-
sor contraction, and decreased bladder
volume.

Uroflowmetry allows the recording of flow
volumes and patterns. Flow rate is afunction
of the combined activity of detrusor and ure-
thra. Urethral obstruction may be overcome
by a more forceful detrusor contraction. The

normal flow pattern reaches a maximum rate
within onethird of thetotal voiding time, with
> 45% of the total void volume evacuated
within the same period. Mean flow rate should
equal 50% of the maximum rate achieved. An
interrupted stream is suggestive of striated
sphincter contraction, detrusor sphincter
dyssynergia, or artifact. Outlet obstruction is
characterized by a flat, elongated curve with
alow maximum flow rate.

Residual urine volume aso gives an index
of poor detrusor function and/or bladder out-
let obstruction. The larger the volume, the
more likely the detrusor hypocontractility.
Neurogenic bladder isaterm used to describe
neuromuscular dysfunction of the detrusor
muscle and the urethral sphincter. In thiscon-
dition, the normal reciprocal parasympathetic
and sympathetic activity is inhibited and re-
sultsin voiding difficulties. Urological evalu-
ation for this condition includes urodynamic
studies, electromyography, and radiology.
Dual-microtipped pressure transducer cathe-
tersallow simultaneous measurement of blad-
der and urethral pressures. Within the bladder,
readings are obtained at the bladder neck,
distal sphincter, and bulbous urethra. Sphinc-
ter dyssynergy can be easily detected at the
internal and distal sphincter sites. Urinary
flow measurements are also helpful in evalu-
ating bladder emptying. Normal values for
males under age 40 are 22 mL/sec; these drop
to 13 mL/sec by age 60. In females normal
vaues for age < 50 are 25 mL/sec and de-
crease to 18 mL/sec thereafter. Striated mus-
cle activity is assessed by inserting an elec-
tromyographic needle into the externd
sphincter. Normal activity is present at rest,
increaseswith rising intraabdominal pressure,
and ceases upon voiding. In upper motor neu-
ron lesions, no increase in electrical activity
during rising abdominal pressureis noted be-
cause of discontinuity of the neural pathway.
Continuous activity during voiding indicates
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dyssynergia. An areflexic bladder shows no
activity at any time.

Endoscopy of the upper urinary tract: This
technique is helpful in evaluating patients
with aradiolucent filling defect in the upper
urinary tract. Patients with unilateral hema-
turiaidentified by cystoscopy require a com-
prehensive  evaluation. If  retrograde
ureterography and upper tract cytology are
negative, a CT study is indicated. If thisis
negative, an arteriogram isindicated. A nega-
tive angiogram is an indication for uretero-
scopy.

Instrumentation and endoscopy: Cystoure-
throscopy alows direct visualization of the
anterior and posterior urethra, bladder neck,
and bladder. Hematuria is the most common
indication. In patients with initial hematuria,
bleeding is usualy urethral or prostatic. In
total hematuria, the source is likely the blad-
der or the upper tract. Terminal hematuria
usually arises from the bladder neck. Next in
frequency is the presence of voiding symp-
toms (obstructive and/or irritative). Visualiza-
tion of the upper urinary tract can aso be
accomplished by flexible ureteroscopy. A
case of essential hematuria localized to the
right or left supravesical collecting systemis
an indication for ureteroscopy. Anatomical
sites of hematuria, when found, can be treated
by direct fulguration.

Local bladder pathology commonly identi-
fied by cystoscopy includes filling defects,
foreign bodies, cystitis (infectious or inflam-
matory), diverticuli, herniation, tumors
(lelomyoma, hamartoma, nephrogenic ade-
noma, fibrous polyp, papilloma, transitional
cell carcinoma, squamous cell carcinoma,
adenocarcinoma), and bladder calculi.

Extracorporeal shock wave lithotripsy:
Shock waves can be reliably reproduced by
theunderwater dischargeof acapacitor. These
waves propagate to the stone without energy
loss or tissue damage. They can be precisely
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focused by integrating the energy source into
asuitablereflecting system. Shock wavesgive
rise to mechanical stressesin brittle materials
such as kidney stones and cause disintegra-
tion. Except for cystine stones, human calculi
canbedealt withat low level sof pressure (700
— 900 bar). Side effects include hematuria,
perirenal hematoma, parenchymal hemor-
rhage, edema, tubular necrosis, and fibrosis.
The hemorrhage and edema are similar to
blunt renal traumaand are short lived.

Renal Biopsy

Examination of rena tissue obtained by
biopsy isacrucial component of disease man-
agement in clinical nephrology. While corre-
|ationsbetween clinical diseaseand histologic
change had long been derived from autopsy
material, the introduction of percutaneous bi-
opsy methods dramatically expanded the un-
derstanding of glomerular disease in particu-
lar.

Current practice incorporates use of arenal
biopsy to establish a specific diagnosis when
other clinical assessment of renal disease by
history, physical examination, urinalysis, and
serology isinconclusive. A precise diagnosis
has the potential to influence selection of
medical therapy. Thebiopsy may also behelp-
ful in defining prognosis of certain disease
states, and in limited circumstances may as-
sess the evolution of renal disease by serid
examination of tissue samples over time,

Indicationsfor Renal Biopsy

The most common settings for considering
renal biopsy are the evaluation of the neph-



1 Dumler, Rocher and Madrazo - Diagnostic Evaluations

rotic syndrome or nephrotic range prote-
inuria, acute nephritis, and acute renal failure
of obscure origin. Biopsies are aso com-
monly done to evaluate rena dysfunction in
transplanted kidneys. Less commonly, a bi-
opsy may be undertaken in the evaluation on
non-nephrotic range proteinuria and isolated
hematuria. It is important to emphasize that
the decision to pursue an invasive diagnostic
study such as a biopsy aways be individual-
ized, and that the clinical utility of biopsies
varies markedly depending on clinical cir-
cumstances.

Nephrotic range proteinuria (= 3.0 g/24
hours) is classified as secondary if due to
systemic disease and primary or idiopathic if
an underlying nonrenal disease is not identi-
fied. Most clinicians consider a renal biopsy
in adult patients with nephrotic proteinuria
when diabetes mellitus , amyloidosis, multi-
ple myeloma, hereditary nephropathies, and
certain infections have been excluded. The
best clinical judgment before biopsy can dif-
fer from the biopsy diagnosis in 45% of pa-
tients, with modification of planned therapy
in 35% of these same patients. Because treat-
ment alternatives for idiopathic nephrotic
syndromeremain somewhat limited, other cli-
nicians have advocated use of a decision
analysis model advocating use of empiric
therapy with corticosteroids. This approach
assumes that diagnoses other than the com-
mon forms of idiopathic nephrotic syndrome
(membranous nephropathy, focal and seg-
mental glomerulosclerosis, minimal change
disease, and membranoproliferative glomeru-
lonephritis) occur in only 2% of cases. Some
clinicians have found that patients clinically
judged to haveidiopathic nephrotic syndrome
have other diagnoses established by biopsy
more frequently. Moreover, treatments with
cytotoxic and immunosuppressive agents are
currently considered in the treatment idi-
opathic nephrotic syndrome. It isimportant to

discusstherelative utility of renal biopsy with
patients before recommending arenal biopsy
for evaluation and treatment of idiopathic
nephrotic syndrome. A wide array of issues
such asage, co-morbidities, and level of rena
function should be addressed.

The rena biopsy may also be useful in
evaluating proteinuric conditions in patients
with systemic disease. The best example is
lupus nephritis. In this setting, even though
diagnosisisrarely the issue, the specific mor-
phology of rena involvement guides the
choice of therapy. A standardized set of crite-
ria (World Health Organization classification
of lupus nephritis) has been developed to as-
sist the clinician in deciding on appropriate
treatment regimens. Additionally, an NIH-
modified semiquantitative histologic scoring
systemfor lupus nephritiswith scalesgrading
the inflammatory activity and chronicity of
biopsy lesions has been described and corre-
lated with clinical outcomes.

Investigation by renal biopsy of patients
with less than nephrotic range proteinuria
(0.5 - 2.5 g/day) is not routinely undertaken
in clinical practice. The etiology of such pro-
teinuriais frequently nonspecific. Thisin no
way lessens the importance of a prudent
search to explain the proteinuriaby other, less
invasive clinical methods. On the other hand,
biopsieshave occasionally been undertakenin
such situations and have even led to the de-
scription of new forms of uncommon rena
disease. Clinical judgment is key in deciding
which patients may benefit from this proce-
dure.

Renal biopsy in patients with an acute
nephritic syndromeiscommonplace. Itispar-
ticularly useful when abnormal renal function
is only of short duration, and clinical evalu-
ation does not identify an immediate specific
diagnosis. Patients with rapidly progressing
glomerulonephritis (RPGN) are a distinctive
subset. Inthisclinical setting an activeurinary
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sediment, often with dysmorphic erythrocytes
and occasionaly red cell casts, is noted in
association with variable degrees of prote-
inuriaand hematuria. Thedifferential diagno-
sis of an acute nephritic syndrome is broad
and includes several forms of glomeru-
lonephritis, thrombotic microangiopathies
such as hemolytic uremic syndrome (HUS) or
thrombotic thrombocytopenic purpura(TTP),
and (rarely) unsuspected hypersensitivity in-
terdtitial nephritis or atheroembolization. The
importance of distinguishing these processes
cannot be overstated, as therapies range from
supportive in the case of poststreptococcal
glomerulonephritis (PSGN) to immunosup-
pression with plasmapheresis and cytotoxic
drugsin the case of antiglomerular basement
antibody-mediated renal disease.

Investigation of ARF by biopsy isgeneraly
limited to special clinical situations. In most
circumstances, the clinician can reasonably
assessthe cause of therenal dysfunction with-
out the aid of the biopsy. Prerenal states such
as volume contraction and congestive heart
failure are usualy clinically apparent. Pos-
trenal causes of renal dysfunction are gener-
ally best elucidated with imaging techniques,
particularly renal ultrasound. Persistent renal
failure due to intrarenal processes is most
commonly related to acute tubular necrosis
dueto hypotension or drug toxicity. However,
when ARF is associated with a persistent and
very active urinary sediment, abiopsy may be
invaluable. A rena biopsy may occasionally
be utilized in the absence of an active urinary
sediment when theclinical cause of prolonged
acute renal failure is of obscure etiology. In
this situation, common biopsy findings in-
clude ATN, interstitial nephritis, atheroem-
bolization, or cortical necrosis. These condi-
tions may require different treatment strate-
gies and have varying degrees of possible
recovery of renal function, thereby justifying
the use of this invasive procedure. In this
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setting about 20% of patients will have a
change in treatment plan based on the rend
biopsy findings.

In the setting of rena transplantation, a
biopsy is most commonly undertaken to
evaluaterenal dysfunction. Acuteallograft re-
jection is often difficult to distinguish from
more benign causes of allograft dysfunction,
such as nephrotoxicity due to cyclosporine or
tacrolimus. Biopsies are also very useful in
characterizing the severity and nature of rejec-
tion (cellular vs. vascular) and are of help in
selecting appropriate antirejection therapy. A
standardized classification system, the Banff
classification, is very useful in clinical prac-
tice and al so allows comparisons between pa-
tients treated at separate centers. When per-
forming routine biopsies in renal transplant
recipients as part of an established protocol,
some centers have reported many patients
with histologic evidence of rejection in the
absence of clinical findings, including rena
dysfunction.

The evaluation of hematuria may result in
the use of a rena biopsy, athough in most
circumstances this is not routinely recom-
mended. Patients with hematuria come to the
attention of the nephrologist when other in-
vestigations, usually including structural
studies such as IVP, ultrasound, or CT with
contrast agents, and cystoscopy with retro-
grade studies have not yielded adiagnosis. In
this setting microscopic hematuria and/or re-
current macroscopic hematuriamay reflect an
abnormality of the renal parenchyma. Typi-
cally patients with this presentation have nor-
mal renal function asassessed by serum creat-
inine. Theprincipal clinical diagnosesto con-
sider include IgA nephropathy, hereditary ne-
phritis (Alport syndrome), thin glomerular
basement membrane syndrome, and the loin
pain hematuria syndrome. The prognosis for
long-term stable renal function is excellent
when there s no concomitant proteinuria. Bi-
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opsy isthen undertaken primarily to establish
adefinite etiology of the hematuriaand avoid
repeated structural imaging studies. However,
it should be noted that whilefrequently abnor-
mal, the renal biopsy is entirely normal in as
many as 30% of patients. As more specific
treatments are described and validated, such
asfishoil inthetreatment of IgA nephropathy
or angiotensin-converting enzyme (ACE) in-
hibitorsto diminish the frequency of episodes
of macroscopic hematuriain thin glomerular
basement disease or loin pain hematuria syn-
drome, the renal biopsy may become more
commonplace in patients with isolated recur-
rent or persistent hematuria.

Specific Considerations Prior to
Performance of Renal Biopsy

In counseling anindividual patient with one
of the above indications for biopsy, the clini-
cian must weigh the likelihood of obtaining
information that will changetreatment against
the risk of the procedure itself. Factors to
consider arethe presence or absence of coagu-
lopathy, increased renal echogenicity, chronic
renal dysfunction, uncontrolled hypertension,
asolitary kidney, theinability to comply with
verbal instruction, hydronephrosis, active
pyelonephritis, or amassthat may be neoplas-
tic. Each of these conditionsincreasestherisk
of percutaneous biopsy. The presenceof small
and echodense kidneys by ultrasound and/or
chronic rena dysfunction substantialy di-
minish the diagnostic value of the procedure.

Before percutaneous rena biopsy, patients
need to understand that the procedure is a
diagnostic study and not atreatment. A plate-
let count and prothrombin (PT) and partial
prothrombin times (PPT) should be obtained.
Antiplatelet drugs such as aspirin or other
nonsteroidal anti-inflammatory drugs should

be omitted for aperiod of at least oneweek if
the biopsy is €elective. Systemic anticoagu-
lants should also be stopped before the proce-
dure. Patients receiving heparin should have
the drug discontinued at least 6 hours and
preferably 12 hours before the procedure. A
PPT should be in the normal range before the
biopsy. Warfarin should be stopped long
enough for the PT to normalize. In certain
high-risk patients who must minimize the pe-
riod off warfarin, it may be prudent to admin-
ister heparin as a short-acting agent after war-
farinisstopped and reinstate heparin and war-
farin 12 — 24 hours after the biopsy, continu-
ing the heparin until the PT isin atherapeutic
range. The use of a bleeding time as a pre-
biopsy screening study is common but not
universally accepted. There are no data indi-
cating that use of this test decreases the risk
of hemorrhagic complication after biopsy.
Nonetheless, many clinicians continue to use
this study. It is probably most relevant in
patientswith renal dysfunctionwho may have
associated secondary platelet dysfunction. Ar-
ginine desmopressin (DDAV P) can be useful
in normalizing a prolonged bleeding time in
such patients. The clinician should also deter-
mineif the patient has 2 functioning kidneys
before percutaneous biopsy. An IVP or ra
dionuclide study were previously used for this
purpose. A reasonable alternative is an ultra-
sound evaluation demonstrating 2 kidneys of
similar size, and if available, a concomitant
Doppler study demonstrating normal perfu-
sion to each kidney.

Biopsy Techniques, Patient
Selection, and Tissue Handling

The most widely used biopsy method isthe
percutaneous rena biopsy. Most clinicians
now favor localization of the kidney with
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ultrasound techniques because it provides
more accurate localization than 1VP and ob-
viatesthe need for radiocontrast material. Ad-
ditionaly it isnow possible, and somewould
arguedesirable, to performthe procedurewith
real time ultrasound monitoring. Smaller bore
needles (18-gauge spring-loaded devices in-
stead of 14-gauge needles) are increasingly
popular because of the simplicity of their use
and the perceived safety of the smaller caliber
of the instrument. If there are no anatomic
considerations (for example, alargerenal cyst
at the inferior pole), either kidney may be
biopsied, right-handed operatorsusually sam-
pling the left kidney. The procedure may take
placeineither aradiology suiteor any suitably
equipped hospital room. While nephrologists
havetraditionally performed percutaneous bi-
opsies, radiologists now also frequently per-
form this procedure.

Sedation is commonplace when children
undergo this procedure but isnot necessary in
adults. After informed consent, the patient is
placed in a prone position with a pillow or
wedge under the upper abdomen. Thishasthe
effect of pushing the kidney toward the back
and stabilizing the kidney so that the biopsy
needle does not push the kidney away. The
inferior pole of the kidney is localized by
ultrasound at the time of a held breath in
ingpiration. The distance from the skin to the
capsule of the kidney is noted and a mark is
made on the skin where the biopsy needlewill
enter the skin. The skin is cleansed with an
antiseptic solution and the patient isdraped to
maintain sterile technique throughout the pro-
cedure. Local anesthetic, typicaly 1% lido-
caine, is administered superficialy to raise a
weal in the skin and then carried down to the
renal capsule using a 22-gauge needle. A
small (0.5 cm) incision ismadein the skin to
accommodeate the biopsy instrument. At this
point further localization of the kidney may
be undertaken by passing aneedletowardsthe
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kidney in small increments. When the needle
enters the renal parenchyma, a large respira-
tory excursion of the needle is observed. Ad-
ditiona anesthetic may then be given as the
needleiswithdrawn. Care is taken to remove
the needle in such a fashion as to be able to
measure the depth. Some operators now omit
this step when the procedure is performed
using real time ultrasound guidance. In this
circumstance, the biopsy needle may be
placed in aguide and the needl e brought down
under direct visualization to therenal capsule,
at which point the biopsy is taken while the
patient holds his or her breath in inspiration.
In the absence of real time ultrasound guid-
ance, the operator advancesthe biopsy needle
in short increments (0.5 cm) while the patient
maintains a held inspiration, and then the op-
erator observesneedle swing with respiration.
When the needleisanchoredin thekidney, the
biopsy isperformed with the patient maintain-
ing a held inspiration to minimize the risk of
renal laceration. Sufficient renal tissueis ob-
tained to submit for the desired studies, in-
cluding light microscopy and usualy im-
munofluorescence and electron microscopy.
A pathologist or technician at the bedside can
be helpful in examining the tissue for ade-
quacy with alow power microscope.

After the procedure the patient is placed at
bed rest for aminimum of 8 hours, and vital
signs are monitored frequently. Seria urines
are examined for the presence of macroscopic
hematuria. A hemoglobin or hematocrit meas-
urement is sometimes taken several hours af-
ter the procedure, although many nephrolo-
gistsnow omit thisif obviousclinical compli-
cations are not manifested. The patient may
bedischarged homeon the sameday, although
some physicians still prefer overnight moni-
toring. Full activity may be resumed 24 — 48
hours after the procedure in most instances.
The patient should again be counseled to
avoid aspirin or nonsteroidal anti-inflamma-
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tory drugsfor several daysand toimmediately
report any gross hematuria or unusual flank
pain.

In special circumstances, an alternative ap-
proach to percutaneous biopsy should be con-
sidered. If the need to obtain biopsy material
is great and the risk of percutaneous biopsy
excessive, the standard aternative is an open
procedure using general anesthesiaand direct
visualization of the biopsied area. This proce-
dure is considered in patients with solitary
native kidneys, those with coagul opathies not
amenable to complete correction, or those
who cannot cooperate by holding respira-
tions. Any factor that might increase the risk
of biopsy as listed above is aso considered.
Severa modifications of open procedures
have been described and include an approach
using local anesthesiathrough alimited flank
incision and a novel trangugular approach in
cirrhotic patients with coagul opathies and re-
nal abnormalities. At this time, there are no
absolute indications for the use of such alter-
natives to percutaneous biopsy. For example,
it had long been taught that the presence of a
solitary native kidney was an absol ute contra-
indication to percutaneous biopsy. A careful
analysis of the risks of open biopsy including
death related to anesthesia has resulted in a
reappraisal of this admonition. Percutaneous
renal biopsy hasbeen successfully reportedin
9 such patients without serious complication
in any and with adequate tissuein 8.

The clinician must also consider other spe-
cia situations that influence the risk/benefit
analysis of arena biopsy. The role of renal
biopsy during pregnancy deserves special
mention. Because of the combined risk to the
mother and the fetus, most clinicians avoid
use of this procedure throughout pregnancy
but will undertake the procedure when renal
abnormalities persist beyond a reasonable
postpartum period. However, biopsies have
been performed in women during the first or

second trimester of pregnancy for proteinuria
with or without hematuria, hypertension, re-
nal insufficiency, and nephrotic syndrome.
Adequate tissue was obtained with a percu-
taneous method in all but 3 cases on initia
biopsy attempts. One patient devel oped hem-
orrhage 4 days after biopsy while receiving
therapy with plasma exchange. Otherwise
there were no serious complications. Patients
in the ICU receiving mechanical ventilatory
assistance with pulmonary-renal syndromes
poseaspecia technical challenge. Seven such
patients underwent percutaneous biopsy us-
ing ultrasound guidance. Adeguate tissue was
obtained in al. None had gross hematuria,
although 2 patients did receive blood transfu-
sions, however, both had been previously
transfusion dependent. Some authors have ad-
vocated theuse of CT guidancein particularly
obese patients in whom ultrasound localiza-
tion is difficult because of poor resolution of
the kidneys. Percutaneous biopsy has been
shown to be safe and effective in series of
geriatric patients. These patients have a
greater likelihood of amyloidosis, membra-
nous nephropathy, vasculitis, and diabetes.
Almost one-third of geriatric patients have
tubulointerstitial disease as the primary find-
ing. Infantsand children can usually be safely
subjected to percutaneousrenal biopsy if ade-
quate sedation is provided. Real time visuali-
zation of the kidney is preferred in these pa-
tients. One group hasreported on thefeasibil-
ity of fetal renal biopsy.

Once obtained, the renal tissue must be
appropriately handled to yield maximal infor-
mation. It is imperative that the tissue be
treated gently and if the samples are divided,
that forceps not be used to avoid crush injury.
The sample is placed in a fixative such as
Duboscg-Brazil or alcoholic Bouin's solution
in preparation for light microscopy. The sam-
pleisthen transferred into an embedding me-
dium such as paraffin and cut in sections of 1
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Table 8. Complications of Renal Biopsy

Complications Frequency
Major

Clinically important macroscopic hematuria > 12 hours 0-5%
Ureteral obstruction secondary to clot <0.5%
Bleeding sufficient to require blood transfusion 0-5%
Bleeding sufficient to require surgical exploration <1%
Bleeding leading to nephrectomy 0-0.3%
Symptomatic perinephric hematoma 0-1%
Puncture of viscera (liver, spleen or bowel) 0-1%
Sepsis <0.5%
Death from any cause related to biopsy 0.05-0.12%

Minor
Microscopic hematuria

Macroscopic hematuria self limited, persisting < 12 hours

Asymptomatic perinephric hematoma (any size)
Detectable by CT
Detectable by routine US

Traumatic A-V fistula

25% — 100%
0-10%

Up to 85%
Up to 30%
4-18%

to 2 umin thickness for staining with hema-
toxylin and eosin, periodic acid Schiff (high-
lightsbasement membrane, mesangial matrix,
and brush border of proximal tubular epi-
thelial cells), Masson’'s trichrome (demon-
strates areas of fibrosis), Congo Red (athick
section is used to stain for amyloid), and
methenamine silver (to search for epimem-
branous spikes). Samples submitted for im-
munofluorescence microscopy are promptly
snap frozen and then cut on a cryostat at
temperatures about —25° C. After a brief pe-
riod of fixation in acetone, the slides are cov-
ered with fluorescein-tagged antiserum in a
chamber shielded from light. After several
washes to remove unbound antibody, the
dlides are examined with a fluorescence mi-
croscope and photographs taken. Antisera
routinely used include anti-lgG, anti-I1gA,
anti-lgM, anti-C1q, anti-C3, anti-GBM, anti-
fibrin, and anti-kappa and anti-lambda light
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chains. It is also possible in some circum-
stances to take tissue embedded in paraffin
and process it for immunofluorescence mi-
croscopy. Samples submitted for electron mi-
croscopy are commonly fixed in 3% phos-
phate buffered glutaraldehyde. The tissue is
then post fixed in 1% osmium tetroxide, de-
hydrated and embedded.

Complications of Renal Biopsy

It is useful to divide complications of per-
cutaneous renal biopsy into major and minor,
as detailed in Table 8. Complication rates
must be interpreted both in the context of the
seriessize aswell asthe method of percutane-
ous biopsy. The largest reported seriesin the
literature did not use real time ultrasound
monitoring or smaller (15- or 18-gauge)
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spring-loaded needles. More recent series us-
ing these approaches report significantly
fewer complications.

The most common major complication of
renal biopsy is hemorrhage. Gross hematuria
is described in most large series as occurring
between 2 — 10% of cases. It is generaly
manifest within the first 12 hours after biopsy
but can be delayed up to several days after the
procedure in a small minority. In most cases
it is self limited. In a series of 127 patients
using ultrasound and an automated spring-
loaded biopsy needle, 3.1% of patients re-
quired transfusions after biopsy. One of these
patients required exploratory laparotomy for
definitive care. The risk of serious complica
tion was independent of the number of passes
to obtain tissue. Patients with poorly control-
led hypertension had a higher rate of any
complication (7/15 patients; 41 %) compared
to 21 complicationsamong theremaining 116
patients (18%). Perinephric hematomais an-
other serious complication if blood loss is
sufficient to cause hypotension or the need for
transfusion. Perinephric hematomas are actu-
ally quite common if sought by imaging tech-
nigues on a routine basis. They are easily
detectable by CT in as many as 85% of pa
tients. Clinically significant hematomas with
pain, palpable flank mass, or a dropping he-
moglobin with or without grosshematuriaare
far less frequent, occurring in 2 — 6.5% of
patients. Perinephric hematoma formation
may also be associated with transient renal
insufficiency, presumably by compression of
renal parenchyma and secondary decrease in
blood flow. Inadvertent puncture of intra-ab-
dominal organssuch asliver, spleen, andlarge
or small bowel have been reported and may
result in serious bleeding, hemoperitoneum,
or peritonitis. Fortunately, thisis quite infre-
quent (< 1%) when appropriate measures to
localizethe kidney aretaken. Therisk of fatal
outcome from any complications due to per-

cutaneous renal biopsy varies between 0.08 —
0.12%. Most modern series do not report any
fatalities, but none includes > 1,000 patients
in their reports to date.

Lesser complications of renal biopsy not
necessitating blood transfusion or an invasive
intervention occur in up to 25% of patients.
Most exhibit some degree of microscopic he-
maturia, which most clinicians do not con-
sider a complication. Self-limited gross he-
maturia not requiring any intervention occurs
in 2 — 10% of patients. Traumatic arte-
riovenous fistulae complicate percutaneous
renal biopsiesin 4 — 12% of patients and are
usually clinicaly silent and resolve spontane-
ously. However, they may occasionaly be
associ ated with gross hematuriasoon after the
biopsy and, rarely, high output congestive
heart failure, hypertension, or renal insuffi-
ciency.

The management of patientswith clinically
recognized hemorrhagic complications is
generally one of close observation. An 1V
catheter should be placed and blood sent for
type and screen if not already done. Frequent
monitoring of vital signsiscontinued. If gross
hematuria develops, samples of serial urine
voids are saved to assess its resolution. In
patients with gross hematuria, the post biopsy
observation period should be extended over-
night. At aminimum, the patient must remain
in the recovery unit until repeated voided
urine samples are clear and until stability of
hemodynamic parameters and hemoglobin
concentration are demonstrated. Normal sa-
line should be administered to maintain a
brisk diuresisso asto minimizetherisk of clot
development in the urinary tract. A urinary
bladder catheter need be placed only if pa-
tients develop bladder outlet obstruction due
to clot retention or if the bleeding is sustained
and copious. Bleeding that does not spontane-
ously resolve requires appropriate use of
blood products and further investigation by
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CT or ultrasonography looking for a per-
inephric hematoma or an arteriovenous fis-
tula. Embolization of the bleeding site with
selective angiography may be needed. Surgi-
cal intervention to control bleeding is the
other mgjor alternative. Among all patients
undergoing percutaneous renal biopsy, surgi-
cal intervention is rare, < 0.3% of cases in
modern series.

The observation period after elective rena
biopsy is a matter of protocol. Many experi-
enced nephrologists and radiol ogists monitor
patientsfor 8 — 12 hours post biopsy and then
discharge home if no complications are evi-
dent. Major complications are usually appar-
ent within 12 hours of the procedure.

Interpretation of the Renal Biopsy

The proper interpretation of the rena bi-
opsy by pathologist and clinician requiresthat
several questions be answered:

— What isthe diagnosis?

— How much of thekidney isinvolved with
the pathologic processthat is observedin
the biopsy sample?

— How reproducible isthe biopsy interpre-
tation between different pathol ogists?

— Can the biopsy material help in defining
the prognosis of the patient?

Even one glomerulus can establish a diag-
nosis of membranous nephropathy or amyloi-
dosis. On the other hand, if a disease state is
patchy initsrenal distribution, alarge sample
is required for accuracy. The most common
clinical exampleis making the distinction be-
tween minimal change nephropathy and focal
segmental glomerulosclerosis (FSGS) in chil-
dren with nephrotic syndrome. Patients with
FSGS may have biopsy findings identical to
those of patients with minimal change neph-
ropathy except for afraction of glomeruli with
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diagnostic focal sclerosislesions. If a patient
with FSGS has 10% of glomeruli affected
with focal lesions and 10 glomeruli are avail-
able for examination, there is a 35% chance
that the sample will not contain an abnormal
glomerulus, leading to an incorrect diagnosis
of minimal changedisease. If 20 glomeruli are
avalable, there is a 12% chance that a
glomerulus with the characteristic changes of
FSGSwill not beinthe biopsy sample. There-
fore, thenumber of glomeruli needed to estab-
lish a correct diagnosis is in large measure
related to the nature of the diagnosis being
considered. Most pathologists view 5 or 6
glomeruli asaminimum for suitableinterpre-
tation of a biopsy. When focal lesions are a
consideration, 20 glomeruli are abetter stand-
ard. Similar considerations are applicable
when the clinician must decide how truly rep-
resentative of the whole kidney the biopsy
sampleis. For example, if abiopsy sample of
10 glomeruli shows 3 with crescents, thelike-
lihood that 30% of al glomeruli have such
involvement is only 25%. The chance that the
actual involvement is as high as50% is1in
10, and the probability that only 10% of
glomeruli are so affected is about 5%. This
broad confidence range increases uncertainty
inclinical decision making and underlinesthe
difficulties in stratification of patients by bi-
opsy resultsin clinical trias.

The reproducibility of the pathologist’'sin-
terpretation has been assessed during evalu-
ation of standardized classification schemes
such as the NIH modified semiquantitative
histologic scoring system for lupus nephritis
and the Banff classification system for inter-
pretation of renal transplant biopsies. In one
study 5 pathologists each assessed multiple
samples in a blinded fashion; findings were
only moderately reproducible. It seems that
the more detailed the classification system,
the greater the likelihood of inter-and intra-
pathologist differencesin interpretation.
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It is unclear if a rena biopsy can inde-
pendently predict thepatient’srenal prognosis
any better than other clinical parameters such
as creatinine clearance, measured renal size,
or degreeof proteinuria. Itisknown that tubu-
lointerstitial damage and fibrosis are more
powerful predictors of declining renal func-
tion than the percentage of sclerotic glomeruli
in a biopsy sample. Some researchers have
performed serial rena biopsies to better
evaluate renal prognosis. The clinical role of
serial biopsies is unclear. However, large
amounts of parenchymal damage may be evi-
dent independent of observable changes in
mesasured creatinine clearance. Precise quan-
titative morphometry and assessment of turn-
over ratesof key proteinsresponsiblefor renal
injury using sensitive polymerase chain reac-
tion (PCR) techniques to evaluate gene acti-
vation in biopsy samples may provide new
insights of clinical relevance in the not too
distant future.
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Hypokalemia, Hyperkalemia,
and Metabolic Alkalosis

Kame S. Kamel and Mitchell L. Halperin

The dyskalemias are common €lectrolyte
disorders that may have serious sequelag, no-
tably cardiac arrhythmias. This chapter will
begin with abrief synopsis of the physiology
of potassium (K"), as this information will
provide the backbone for our clinical ap-
proach to the diagnosis and treatment of pa-
tientswith hypokalemiaor hyperkalemia. The
clinical approachto patientswith dyskalemias
and the tools that can be used to determine
“whereisthelesion” in the rena handling of
K" will then be outlined. The approach to
therapy of the patient with hypokaemia and
hyperkalemia will emphasize circumstances
in which these disorders represent a life-
threatening condition that requiresemergency
treatment. Attention will aso be given to cer-
tain disordersin which new insightsinto their
pathophysiology have been revealed by mo-
lecular studies.

Physiology of K*
Homeostasis

K" are the most abundant cations in the
body. Close to 98% of K* (4000 mmol in a
typical adult) exist in the intracellular fluid
(ICF) compartment and close to 60 mmol are

in the extracellular fluid (ECF) compartment.
Theratio of theconcentration, [K ], inthel CF
compartment to that in the ECF compartment
reflects the resting membrane potential
(RMP). TheRMP must remain relatively con-
stant in the face of adaily intake of K™ that is
roughly equal to thetotal content of K™ in the
ECF. Regulation of K* homeostasis has 2
important aspects. While the control of the
transcellular distribution of K™ is vital for
survival asit actsto limit acute changesin the
[K™] in plasma, it is the long-term regulation
of K* excretion by the kidney that maintains
overall K" balance.

Short-term Regulation
of K* Homeostasis

K" are held within cells by an electrical
force (inside negative) created by the net exit
of positive charges as sodiumions (Na") via
the Na-K-ATPase and the passive diffusion of
K" through K" ion-specific channels in the
plasma membrane.

For K" to enter the ICF compartment, the
RMP must have amore negative interior volt-
age. Thiswill occur when Na' are pumped out
of cells by the Na-K-ATPase, which is an
electrogenic ion pump. It exports3Na" while
alowingonly 2K " to enter thecell [1]. There-

Malluche et al. - Clinical Nephrology, Dialysis and Transplantation - 1-2 1

1.2



Chapter | - Clinical Nephrology and Hypertension
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Figure 1. Hormones causing K* to shift into cells. For details, see text. The major hormones involved are

insulin and Bz-adrenergics.

fore, there is the net export of one-third of a
positive charge per Na' ion transported (Fig-
ure1). Furthermore, most of theK * that enters
cells will exit by diffusion through K* ion
channels in the cell membrane [2, 3]. For
every K that exit cellsviaK™ channels, there
isthe net export of one positive charge, creat-
ing the majority of the RMP. Some K™ chan-
nelsin cell membranes are regulated by volt-
age, others by calcium (Ca2+), and yet others
by adenosine triphosphate (ATP) [2, 3]. Aside
from rare conditions such as barium poison-
ing, specific causes of dyskalemia related to
changes in K* channel activity are very un-
common.

To increase the absolute magnitude of the
RMP and allow more K* to shift into cells,
there must be anet export of positive charges
out of these cells. This occurs only when the
Na" exported by the electrogenic Na-K-AT-
Pase are Na' that already existed inside cells
or are Na' that entered the cells in an elec-
troneutral fashion, e.g., inexchangefor H' via
theNa'/H" exchanger (NHE-1) [4] (Figure1).
These considerations provide the background
for understanding the mechanism of action of
the 2 mgjor hormones that affect the transcel -
lular distribution of K.

Hormones

— Catecholamines cause the export of in-
tracellular Na*. Theeffect of B2 agonists
to lower the plasma [K"] by shifting K*
into cellsis probably the result of stimu-
lation of the Na-K-ATPase via a cyclic
AMP-dependent mechanism (Figure 1),
which leads to the export of pre-existing
intracellular Na' [5]. Clinically, hypoka-
lemia due to an acute shift of K™ may be
seenin conditionsassociated withasurge
of catecholamines (e.g. a patient with a
subarachnoid hemorrhage, myocardial
ischemia, or an extreme degree of anxie-
ty) [6]. B2 agonists have been used to
cause a shift of K* into cellsin the treat-
ment of patients with hyperkalemia[7].

— Insulin leads to the electroneutral entry
of Na*. The effect of insulin to shift K*
into cellsisthrough its action to promote
the electroneutral entry of Na' into cells
viaNHE-1 [4, 8, 9] (Figure 1). Thisin-
creased entry of Na' into cells then sti-
mulates the electrogenic Na-K-ATPase.
For thisreason, insulin isgiven to enhan-
ceashift of K™ into cellsin the treatment
of patients with severe hyperkalemia by
rendering the RMP more el ectronegati-
ve.
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H + C

Decreased

. exit of @

+ -
H + Lactate

Figure 2. Buffering of H and the consequent K* shift. The circles represent the cell membrane. In the
left-hand figure, because the acid added is HCI, H* enter cells by the NHE-1 and CI” remain largely in the
ECF. Hence there is a loss of Na* from the ICF in this setting. As a result, there is less Na* to pump out by
the Na*-K*- ATPase and the RMP becomes less electronegative. Therefore there is a tendency for K* to enter
the ECF compartment. In contrast, in the right-hand figure, the acid added is lactic acid, so H" enter cells on
a cotransporter with lactate anions. As a result, there is no change in the amount of Na* to pump out by the
Na*-K*-ATPase and the RMP does not change. Therefore, there is no tendency for K to enter the ECF

compartment.

Acid-base Disorders

When an acid is added to the body, most of
the H" are buffered in the ICF compartment
[10]. A shift of K* out of cells may occur if
the anions that accompany these H* are dis-
tributed primarily in the ECF compartment.
Thisis seen experimentally with the infusion
of hydrochloric acid in dogs [10]. The ex-
tracellular H" exchange for intracellular Na"
viaNHE-1 resultsinlessNa" inthe ICF to be
exported by the electrogenic Na-K-ATPase
(Figure2). In contrast, when H* enter the ICF
compartment accompanied by their conjugate
base, there will be no shift of K* out of cells
(no modification of the electrogenic exit of
Na"). For example, the infusion of L-lactic
acid or ketoacids into nephrectomized dogs
did not cause ashift of K™ out of cells because
the accompanying organic anions entered the
ICF along with their H* [11, 12].

Severa clinical implications follow from
these observations. First, if hyperkalemiais
present in a patient with an organic acidosis,
a cause for the hyperkalemia other than the
acidosis should be sought, e.g. lack of insulin

in patients with diabetic ketoacidosis (DKA),
tissue injury, or a decrease in the RMP in
patients with lactic acidosis [13]. Second, al-
though inorganic acidosis causes the shift of
K" from the | CF, patients with chronic hyper-
chloremic metabolic acidosis, e.g. patients
with diarrheaor renal tubular acidosis (RTA),
usualy have a norma or even low plasma
[K*] because of thelossof K* in the diarrheal
fluid or the urine (reviewed in reference[14]).
Therefore, a defect in K* excretion is to be
suspected if hyperkalemia persists in these
patients.

Two other points are worth mentioning.
First, although hypokalemia is a common
finding in patients with metabolic alkalosis
[15—17], thisreflectsrenal K™ wasting for the
most part due to the underlying disorder (e.g.
vomiting, diuretic use, hyperaldosteronism)
rather than the small effect of alkalemia to
shift K* into cells when H™ exit. Second,
respiratory acid-base disorders cause only
small changesin the plasma [K '], asthereis
littlemovement of Na" acrosscell membranes
in these disorders[18, 19].
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Tissue Anabolism/Catabolism

Intracellular anions do not cross cell mem-
branes for the most part because they are
large molecular organic phosphates. Thus,
they help retain K™ in cells,

When anabolism occurs, K* along with
macromolecular organic phosphates redis-
tribute into cells. Nevertheless, the [K*] does
not rise appreciably in the ICF compartment
because the | CF volume al so increases (more
osmoles but the same osmolality) [20]. Ac-
cordingly hypoka emiamay be seenin condi-
tions associated with rapid cell growth with
the accumulation of intracellular organic
phosphates if not enough K™ is given. Exam-
ples include patients with a catabolic state
who are treated with total parenteral nutrition
(TPN), patients with rapidly growing
leukemias and lymphomas, and during the
course of treatment in patients with DKA or
pernicious anemia. On the other hand, cata-
bolic states are associated with a loss of K*
and phosphate anions from the | CF compart-
ment. For example, severe hyperkalemiamay
be seenin patientswith crush injury or tumor-
lysis syndrome[21]. In these patients, factors
that compromise the kidney’s ability to ex-
crete K* are usually present as well. In pa-
tients with DKA, tissue catabolism with the
loss of organic phosphates from the | CF com-
partment leadsto aparallel lossof K™ and total
body K" depletion [22]. Thereis alarge loss
of K* in the urine because of the high urine
flow rate (osmotic diuresis) and high levels of
aldosterone (low ECF volume) [23]. These
patients usually present with hyperkalemia
because there is a shift of K* from the ICF
compartment to the ECF compartment owing
tothelack of insulin [4]. The corollary isthat
complete replacement of the K deficit in
these patients must await the provision of
cellular congtituents(e.g. phosphates, amino ac-
ids, M gz+) ,and the presence of anabolic signals.

4

L ong-Term Regulation of K*
Homeostasis

The rate of urinary excretion of K* is a
function of 2 factors, the urine flow rate and
the [K'] in the urine. Each must be analyzed
independently.

K* excretion = Urine volume x [K uine (1)

Themajor siteof regulation of K™ excretion
isthecortical collecting duct (CCD) [23]. One
must analyze the 2 factors in equation 1 in
termsof eventsin the CCD to understand how
the excretion of K* might have been altered.

Flow rate in the CCD

The CCD flow rateis directly proportional
to the rate of osmole excretion when arginine
vasopressin (ADH) acts (ADH acts through-
out most of the 24-hour cycle).

Flow rateccp =
(Uosm x Urine flow rate)/Posm 2

where Uosm and Posm represent the osmolal -
ity of the urine and plasma, respectively.
When ADH acts, the major determinant of the
CCD flow rateisthe number of osmolesto be
excreted (equation 2) [24]. Because ADH acts
throughout most of the 24-hour cycle [24], a
minimum estimate of theflow rateinterminal
CCD isobtained by dividing therate of excre-
tion of osmoles by the osmolality at the end
of the CCD (Posm When ADH acts, Figure 3).
Themajor osmoleintheurineisurea Na“ and
chloride (CI") are the other quantitatively im-
portant osmolesintheurine. Thisinformation
isuseful clinically. For example, alow rate of
osmole excretion can lead to an even lower
rateof K" excretion and canworsen thedegree
of hyperkalemia in some patients [25]. Con-
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versely, increasing the rate of Na™ and CI~
excretion with a loop diuretic can help aug-
ment K" excretion by enhancing the flow rate
in the CCD [26].

[K™] inthe CCD Lumen

Net K" secretion is augmented by an elec-
trical driving force (lumen-negative) created
by reabsorbing Na™ faster than CI~ — the
electrogenic reabsorption of Na* in the CCD.

300
mosm/kg H2O

—»-H>0O

600 mosmoles
excreted

Figure 3. Non-invasive estimate of the flow rate in
the CCD. The stylized structure is a nephron. When
ADH acts, the osmolality in the plasma and the
luminal fluid of the CCD are equal (represented as
300 mosm/kg H20 for easy math). If 600 mosm are
excreted in a given time, the flow rate to the CCD is
2 L under these conditions.

Figure 4. “Electrogenic” and
“electroneutral” reabsorption of
Na*. The barrel-shaped struc-
ture is the CCD. When Na* and
CI™ are reabsorbed in equimo-
lar amounts, there is no tran-
sepithelial potential difference
(TEPD) created to favor net se-
cretion of K*; this is termed
electroneutral on the left side.
In contrast, as depicted on the
right side of the figure, reab-
sorption of Na*™ without CI” is
electrogenic and generates a
TEPD (lumen negative) which
drives the net secretion of K*.

Electroneutral ,Q

For K" secretion, onemust also have K™ chan-
nels in an open-configuration in the luminal
membrane of the CCD.

Long-term K" homeostasisis primarily due
to regulation of K™ secretion by principal cells
in the late distal convoluted tubule and the
CCD [23]. The generation of a lumen-nega-
tive voltage in the CCD requires that Na' be
reabsorbed at a faster rate than the accompa-
nying anion, usually ClI, i.e. electrogenic re-
absorption of Na" (Figure 4). K* channelsin
the lumen of the CCD are abundant and have
a high open probability [2, 3] so they might
not be rate-limiting for net secretion of K™ in
most instances.

Sodium: Reabsorption of Na” occursviaits
specific epithelial Na* channel (ENaC) in the
apical membrane of principal cells (Figure 5)
[27]. Under most circumstances, variationsin
the luminal [Na'] in the CCD do not play a
role in the regulation of K* secretion [28].
Aldosterone causesthisENaC to bein amore
open configuration and aso increases the
number of these channelsintheluminal mem-
brane [27]. The steps involved in this action
of aldosterone include entry of the hormone
across the basolateral membrane and its bind-

Na

\6;\
' [cogen]
K

-

lumen of the
cortical col duct

Cl

A
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iNa

—— Aldo

CCD

Figure 5. Mechanism of action of aldosterone in
the CCD. The barrel-shaped structure is the lumen
of the CCD and the rectangle on its right border is
aprincipal cell. Aldosterone (Aldo) enters these cells
through their basolateral membrane, binds with its
cytoplasmic receptor (Rec), and the hormone-re-
ceptor complex enters the nucleus to drive the
synthesis of new proteins. In the early phase, this
leads to activation of the ENaC (point 1); late phase
changes include the synthesis of Na*-K*- ATPase
pump units (point 2), and luminal K* ion channels
(point 3).

TN TS
cp >

Na* Rec
TIPS

ENaC COI‘ﬁS(_)i

\/ Principal cell

‘h Cortiso] <

(excessive)

ing to a cytoplasmic receptor in principal
cells. This is followed by entry of this hor-
mone-receptor complex into the nucleus,
which leads to the synthesis of new proteins
(Figure 5).

Even though the concentration of glucocor-
ticoids is much higher than aldosterone in
blood and both have an equal affinity for the
mineralocorticoid receptor, glucocorticoids
do not usually stimulate K* secretion in the
CCD. The reason for this lack of effect of
glucocorticoids is that principal cells have a
pair of enzymes called 11 B-hydroxysteroid
dehydrogenase (11 B-HSDH) that converts
cortisol to an inactive metabolite (cortisone)
that does not bind the mineralocorticoid re-
ceptor (Figure 6) [29]. This pair of enzymes
actsin concert. First, alow-affinity, high-ca-
pacity enzyme destroys most of the cortisol.
Second, a high-affinity, low-capacity enzyme
removestheremaining cortisol so that thereis
now an insufficient amount of this hormone

SO

ACTH

®

Adrenal

Figure 6. Influence of 113-hydroxysteroid dehydrogenase on “aldosterone-like” actions in the CCD. Cortisol
has a very high affinity to the aldosterone receptor. As cortisol enters principal cells of the CCD, the pair of
enzymes 11B3-HSDH (shown by the larger solid dot in the membrane), inactivates it before it can bind to the
aldosterone receptor (rec, the smaller dot in the cell). There are 3 circumstances in which cortisol will
successfully bind to the aldosterone receptor: when there is a deficiency of 113-HSDH (apparent mineralo-
corticoid excess syndrome), when an inhibitor 113-HSDH is present (e.qg. licorice), and possibly when there
is an excess supply of cortisol relative to the normal activity of 113-HSDH (perhaps ectopic production of

ACTH by a tumor). Abbreviation: PIT = Pituitary gland.
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in these cellsto bind to the mineral ocorticoid
receptor. Glucocorticoids, however, can exert
amineralocorticoid effect if theactivity of this
enzymeis

— decreased, e.g. patientswith apparent mi-
nera ocorticoid excess syndrome (AME);

— inhibited, e.g. by licorice, carbenoxolo-
ne, or aproduct from swallowed chewing
tobacco; or

— overwhelmed by an extreme abundance
of cortisol, e.g. patientswith ACTH-pro-
ducing tumorsor severe Cushing syndro-
me (Figure 6).

The K *-sparing diuretic amiloride [30] and
the antibiotic trimethoprim in its cationic
form [31, 32] block the ENaC and thereby
decrease net secretion of K* in the CCD.

Chloride: The pathway(s) for the reabsorp-
tionof ClI”inthe CCD is(are) not well defined
[33]. Nevertheless, changes in the apparent
permeability for CI™ in the CCD have been
postulated to be responsible for the abnormal
rate of K* excretion in some patients with
dyskalemia [34]. For example, a relative in-
crease in ClI™ reabsorption in the CCD is
thought to diminish the electrogenic, lumen-
negative, driving force for K* secretion (the
so-called ClI™ shunt disorder). As aresult, the
rate of K™ excretion is low, and this could
explain the hyperkalemia in patients with
Gordon’s syndrome [35] and in patients
treated with cyclosporin [36] (Figure 7).

Regulation of the apparent permeability for
Cl™ in the CCD is important in determining
whether aldosterone will be an NaCl-retain-
ing or a K'-excreting hormone when the
ENaC is open (Figure 4) [37]. The presence
of bicarbonate ions (HCOz3") in the lumen of
the CCD seemsto beimportant in thisregard.
HCO3 and/or an akaline pH in luminal fluid
seems to augment net secretion of K* in the
CCD even when luminal [CI7] ishigh, possi-
bly by decreasing the apparent permeability

HYPOKALEMIA
Faster Na* Slower Cl~
T Electro- || T Electro-
negative negative

K* o High TTKG ¢ High TTKG
Na* e Higher ECFV ¢ Low ECFV
e Can have low * Do not have low
[Na*and Cl Jur [Na and Cl Jur
HYPERKALEMIA
Slower Na* Faster Cl -

Na*--

| Electro- ||
negative ||

Cl

| Electro-

negative

K* ¢ Low TTKG e Low TTKG
Na*e Low ECFV * Higher ECFV
* Do not have low e Can have low
[Na and CI Jur [Na and Cl Jur

Figure7. Components of K™ excretion in the CCD.
The barrel-shaped structures represent the CCD.
The normal pathway for Na* and CI™ reabsorption
are shown in the hatched circles in the luminal
membrane. Slower pathways are indicated by
smaller open circles with dashed lines and faster
ones by larger open circles with bold arrows. Repro-
duced with permission [104].

for CI™ in the CCD [34]. Thus, aldosteroneis
alowed to exert its kaliuretic action. On the
other hand, a diminished delivery of HCO3z~
to the CCD allows aldosterone to function as
an NaCl-retaining rather than as a kaliuretic
hormone [37].

Two other points are worthy of mention.
First, anions like sulfate that are not reabsor-
bed in the CCD augment K secretion only in
the presence of a very low luminal [CIT].
Second, in states where there is a magnesium
(Mg?") deficit, the net K* secretion is often
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Table 1. Urine electrolytes in the differential
diagnosis of hypokalemia. Reproduced with per-
mission [104].

Condition Urine Electrolyte
Na* crr

— Vomiting

Recent High* Low™

Remote Low Low
— Diuretics

Recent High High

Remote Low Low
— Diarrhea or

laxative abuse Low High
— Bartter’s or Gitelman’s

syndrome High High

yalues not valid for polyuric states.
High = urine concentration > 15 mM,
Low = urine concentration < 15 mM.

augmented, but the mechanisms responsible
for this effect are not clear [38].

Clinical implications: To evaluate why the
[K™] isnot the expected onefor agiven abnor-
mality in plasma[K '], oneshould try to deter-
mine the basis of this abnormality at the ion
channel level. Inthisanalysis, one attemptsto
derive information about the relative rates of
reabsorption of Na" and CI~ in the CCD. For
example, in a patient with hypokalemia, a
higher-than-expected [K '] in the lumen of the
CCD implies that an unusually high lumen-
negative voltageispresent. Thisvoltageisthe
result of arelatively faster reabsorption of Na"
and/or relatively slower reabsorption of Cl™in
the CCD. The converse is true for hyperka
lemia. Further analysisrequiresan assessment
of the ECF volume and the expected urine
[Na'] and [CIT] when the ECF volume is
contracted (Table 1) [26]. Determining this
underlying pathophysiology hasimplications
for therapy.

8

Reabsorption of K" in the Distal
Nephron

Stimulation of the K* reabsorption is usu-
ally important when its excretion rate should
be low. The transport system involved (H-K-
ATPase) can only reabsorb a small quantity
of K" becausean acceptor for H" inthelumen
is needed.

Reabsorption of K* may occur by a-inter-
calated cells in the CCD and medullary col-
lecting duct (MCD) via a H-K-ATPase [39].
For the H-K-AT Pase to operate, there must be
luminal acceptors for H*. Since there is usu-
ally little NHz and HPO,* available in the
lumen of the MCD [40], thistransport system
can only reabsorb asmall quantity of K.

Clinical Approach to
Assessing a Patient with
Hypokalemia or
Hyperkalemia

Emergency Therapy for the
Dyskalemia

Because hypokalemia and hyperkalemia
can be life threatening, one should recognize
those situationsin which a dyskalemia repre-
sents an emergency, as priority should be
given to therapy rather than diagnosis at this
point.

The major danger is a cardiac arrhythmia.
Thisismore likely to occur with acute and/or
large changesin the plasma[K '], especially if
there is underlying cardiac pathology or the
use of digitalisin a patient who has hypoka-
lemia. Other situations that may represent an
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| HYPERKALEMIA I

EKG changes? (emergency)

Figure 8. Treatment of the
patient with hyperkalemia. If an
emergency is present (usually
cardiac), IV Ca?* must be

YES

3

Effect < 10 min? Use the:

given. This treatment should

act promptly. Once the emer- |URI[NE| | P TIRACTl
gency is dealt with, or if there is

just a severe degree of hy-
perkalemia, efforts are now to «1vCa®*
shift K* into cells with insulin =
NaHCOs. Longer term strate-
gies are to limit intake of K*,
prevent its absorption in the Gl
tract, and promote its excre-
tion. In this latter context, ex-
amine the urine [K'] and flow
rate to decide leverage for ther-
apy. Reproduced with permis-
sion [104].

emergency areif hypokalemiacausesrespira
tory muscle weakness in a patient with respi-
ratory or metabolic acidosis, and hypoka-
lemia in a patient with hepatic ence-
phal opathy.

— Emergency therapy for hypokalemia:
Enough K" should be given to eliminate
the cardiac arrhythmia. Replacement of
the remainder of the K™ deficit should be
done later and at a much slower pace. If
alarge dose and hence a high [K™] need
to be given initialy, this K* should be
administered viaalargecentral vein[41].
Electrocardiographic (ECG) monitoring
is mandatory. The following exampleil-
lustrates how much K™ to give. With a
patient who has a severe degree of hypo-
kalemia(plasma[K '] of 1.5mM) that led
toventricular tachycardia, theaim of the-
rapy isto raisethe plasma[K '] by 2 mM
in 1 min. A typical adult has a blood
volume of 5 L, and if the hematocrit is
40% the plasmavolumeis3 L. Assuming
acardiac output of 5 L/min, then 6 mmol
of K* needs to be given in 1 min to
achieve the goa. Note, however, that the

¢ #2-Adrenergics

e Low K*intake

K * shift to ICFE: * Resin

¢ Insulin . - oral
Examine

* NaHCO3 urine [K'] enema

[ High [K+]urine| Low [K+]urine|
- Lasix + NaCl e Increase [K*Jurine
- Urea - Mineralocorticoid
-NaCl -NaHCO,
- Acetazolamide

risein plasma[K'] in venous blood will
be much < 2 mM because theinfused K*
will bedistributed inthelarger interstitial
volume. Of greater importance, [K ] will
not behighintheinterstitial fluid bathing
cardiac myocytes with this initia the-
rapy. If the arrhythmia persists, the pro-
cedure should be repeated. After thisin-
itial bolus, K* should be infused at 1
mmol/min, and the plasma [K*] should
be measured in 5 min. With such a high
rate of K" infusion, vigilant monitoring
of the ECG and the plasma [K'] is an
absolute requirement. Administration of
glucose or HCOz- should be avoided be-
cause either might lead to the shift of K*
into cells and thus aggravate an aready
severe degree of hypokalemia.

Emergency therapy for hyperkalemia:
Because mild ECG changes may pro-
gress rapidly to a dangerous arrhythmia,
any patient with an ECG abnormality
related to hyperkalemia other than sim-
ply peaked T waves should be considered
as a potential medical emergency. Pati-
ents with a severe degree of hyperkae-
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10

mia (> 6.5 mM) should aso be treated
aggressively, even in the absence of ECG
changes (Figure 8). A note of caution,
however, is needed. A severe degree of
hyperkalemiais well tolerated in certain
settings such as extremesin exercise (the
super-marathon [42]) and in infants, so
not al hyperka emiarequires the measu-
res described below.

Thefirst step in therapy is to antagonize
the cardiac toxicity of hyperkalemia
ca’* is the best agent, and its effects
should be evident within minutes. It is
usually givenas10 mL of a10% calcium
gluconate solution. This dose can be re-
peated in 5 min if ECG changes persist.
Theeffect may last 30— 60 min. Extreme
caution should be exerted using Ca* in
patientstreated with digitalisbecausehy-
percalcemia may precipitate digitalis to-
Xicity.

The next step is to induce a shift of K*
into the ICF. The effect of insulin to shift
K™ into cellsisrapid [43]. Approximately
a0.6—1.0mM fal intheplasma[K '] is
expected within 30 min, usually lasting
for 1 — 2 hours. Usually 6 — 10 units of
regular insulin are given. Glucose (50 g)
isalso given to avoid hypoglycemia, but
careful monitoring of the blood sugar is
required. Obviously, glucose should not
be given if the patient is hyperglycemic.
A second strategy to shift K* into cellsis
to infuse NaHCOs. Recent studies have
questioned the efficacy of NaHCO3 to
lower the plasma [K'] in patients with
end-stagerenal disease (ESRD) ondialy-
sis[44]. Notwithstanding, these patients
had only a mild degree of acidosis. The
K*-lowering effect of NaHCOs may be
more prominent in patients with a more
severe degree of acidosis. Some studies
showed that when combined with gluco-
sefinsulin therapy, NaHCOz3 did cause a
further fall in [K™] [45]. Excessive admi-

nistration of NaHCOg3 should be avoided
because hypernatremia, ECF volume ex-
pansion, CO> retention, and afal in io-
nized Ca®* may occur. In a severely hy-
perkalemic, acidemic patient with heart
failure, phlebotomy may be needed to
permit use of NaHCOs.

A third strategy to shift K* into cellsisto
administer Bz-adrenergic agonists. Albu-
terol or salbutamol (10 —20 mg in 4 mL
of saline by nasal inhalation over 10 min
or 0.5 mg intravenously (1V)) may lower
the plasma [K'] by 0.6 — 1.5 mM. The
peak effect isusually seen within 30 min
when these drugs are given intravenous-
ly, but it may be delayed for up to 90 min
when thenebulized formisused [43, 46].
A significant number of patients with
ESRD did not respond to these agents
with the expected fall in [K™]. In anum-
ber of studies only a modest increase in
heart rate was observed when these drugs
were used; however, thereis till the po-
tential risk of tachyarrhythmiasand myo-
cardial ischemiain patients with corona-
ry artery disease. Considering the incon-
sistent K *-lowering effect and the poten-
tial for side effects in a population with a
high prevaence of heart disease, we do not
recommend the routine use of these agents.
In some patients, therapid removal of K*
from the body by dialysis may be requi-
red. Hemodialysis (HD) ismoreeffective
than peritoneal dialysis (PD) for remo-
ving K*. Removal rates of K" can be
close to 35 mmol/hour with a dialysate
bath [K*] of 1 —2 mM. A glucose-free
diadysateispreferableto avoid the gluco-
se-induced release of insulin and the sub-
sequent shift of K™ into cells, which li-
mits the removal of K*. For the same
reason, one should also consider discon-
tinuing the insulin/glucose infusion once
HD isinitiated.
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Ensure that there is no Laboratory
or Technical Problem

Pseudohyperkalemiamay occur because of
prolonged fist clenching during blood sam-
pling [47]. Muscular contraction leads to de-
polarization of cell membranes and the re-
lease of K™ from cells. The local architecture
in muscle is important because most K* is
released locally into T-tubules that minimize
their escape into the circulation. If this archi-
tecture is disturbed (e.g. in patients who are
cachectic), more K™ is released into venous
blood during blood sampling.

K" may be released from lysed red blood
cells (RBC), but hemolysis is readily de-
tected. K™ may be released from platel ets that
have lysed during coagulation, or if they are
in contact with glass. For thisto cause a sig-
nificant degree of hyperkalemia, platelets
must have a large cytoplasmic volume
(megakaryocytes) [48]. Inrarecircumstances,
K" may be released from “fragile’ white
blood cells (WBC) in apatient with leukemia
during blood sampling.

Assess the Role of the Kidney asa
Cause of the Dyskalemia.

Rate of Excretion of K*

Thereisno normal rate of K* excretion. In
normal subjects K* excretion reflects K* in-
take [49]. To assess the renal response to a
disorder of K" homeostasis, we use the ex-
pected rate of K* excretion when hypoka-
lemia or hyperkalemia is due to nonrenal
causes (Table 2). In subjects who were ren-
dered hypokalemic with dietary K* depriva-
tion, K* excretion fell to 10 — 15 mmol/day
[50]. On the other hand, with chronic K*
loading, the rate of K* excretion can exceed
200 mmol/day [51]. If these expected re-
sponses are not observed in patients with hy-

poka emiaor hyperkalemia, respectively, then
arenal component to the pathophysiology of
their disorder must be present.

Components of K* Excretion

Inappropriate flow rate in the CCD: On its
own, thiswill not be a significant problem to
cause a dyskaemia (unless it is unduly low,
thereby limiting K* excretion); nevertheless,
it may be acontributing factor. Simply count-
ing the osmoles excreted in a given time pe-
riod permits this aspect to be assessed (Fig-
ure 3) [24].

Inappropriate [K'] inthe CCD: We use the
following noninvasive test to help with the
assessment of the net secretion of K™ in the
CCD.

— Thetranstubular [K'] gradient (TTKG):
In the first step to calculate the TTKG,
theaim isto obtain areasonable approxi-
mation of the [K'] in the lumen of the
terminal CCD [52]. Thisis done by cor-
recting the [K'] in the urine for the
amount of water reabsorbed in the MCD
(Figure9). To correct for water reabsorp-
tion in the MCD, the[K™] in the urineis
divided by the ratio of urine osmolality
to plasma osmolality ((U/P)osm) because
the latter isthe same as the osmolality in
the terminal CCD when ADH acts. For
thiscalculationtobevalid, theosmolality
of the urine must be equal to or greater
than that of plasma because one must
deduce the osmolality of the fluid ente-
ring the MCD. In the second step of
TTKG calculation, the [K*] in the termi-
nal CCD isdivided by theplasma[K™] to
obtain a semiquantitative index of the
driving force to raise the [K™] in the ter-
minal CCD (equation 3).

TTKG = [K+] urine/[K+]pIasma/
(Uosm/Posm) (3
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Table 2. Tests to examine K" excretion in patients with hypokalemia or hyperkalemia. Reproduced with

permission [104]

Test

Advantages

Disadvantages

Expected values

24-hour K*
excretion rate
orK':
creatinine
ratio

Fractional
excretion of K*

Spot urine [K']

TTKG

— Indicates overall
renal response in
patients with
hypokalemia or
hyperkalemia

Convenience

— Physiological
relevance

— Separation
of [Klccp
and flow rate

— Little overlap

— Does not indicate the
mechanism responsible
for the defect.

— Takes 24 h or measurement
of creatinine in urine.

— Collections are not always
accurate.

— Results must be compared
with GFR, so it is impractical,
and the GFR must be
measured.

— Influenced by 2
independent factors: K*
secretion and water
reabsorption in the medulla;
thus a wide gray
zone

Indirect test

Must have Uosm > Posm
Reabsorption of solutes in
MCD an uncertainty

— Normal: 60 — 80 mmol/day
or 6 — 8 mmol/mmol
creatinine.

— Hypokalemia: < 10
mmol/day or 1 — 1.5 mmol/
mmol creatinine.

— Hyperkalemia: > 150
mmol/day or 10 — 15 mmol/
mmol creatinine.

— Cannot express a normal
value without knowing
the GFR.

— Hypokalemia: < 20
mmol/day if due to a non-
renal cause and > 20
mmol/day if due to a
renal cause.

— Hyperkalemia: no
expected value reported.

— Hypokalemia < 2
— Hyperkalemia > 10

Several assumptions are made in calculat-
ing the TTKG. Firgt, in using the (U/P)osm to
correct for water reabsorption in the MCD,
one assumes that the majority of osmoles
delivered to the M CD are not absorbed during
transit. If asignificant number of particlesare
absorbed in the MCD, for the same urine
osmolality, onewill underestimatethevolume
of water reabsorbed there, and hence the cal-
culated [K]cep will be higher than what it is
in vivo. The major particles delivered to the
MCD are urea and the electrolytes. In the
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absence of a marked degree of ECF volume
contraction, the amount of urea and electro-
lytes reabsorbed in the MCD should not pose
aproblem [53].

Another assumption in the TTKG calcula-
tion isthat an appreciable amount of K" isnot
secreted or reabsorbedintheMCD. Studiesin
normal rats showed that when samplesof fluid
were obtained from the beginning and theend
of the MCD, there waslittle net changein the
content of K* [54]. Although K reabsorption
has been observed intheMCD in K *-deprived
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+
[K'}= TTKG =
H,0 4 mM -
300 mosm/ (K Jeca/ ]plasma
kgH,O
0.75 L reabsorbed

1200 (up 4X) 40/0.25 L (160 mM)

Figure 9. Effect of medullary water reabsorption on the urine [K*]. The barrel-shaped structures represent
the CCD, and the arrows below them represent the MCD. In the example, there is a high TTKG; i.e. the luminal
[K*] is 40 mM or 10 x the peritubular [K*] of 4 mM. Consider what happens when 1 L of fluid traverses the
MCD. In the example, 75% of the water is reabsorbed, but no K* is reabsorbed or secreted in the MCD.
Therefore, the urine [K'] is 4-fold higher (160 mM) as is the urine osmolality (1200 mOsm/kg H20). To correct
for the rise in the urine [K*] due to the reabsorption of water, we divide the urine [K'] by 4, the ratio of the rise
in urine osmolality between the terminal CCD and the final urine.

rats[55], these observations were made under — Relatively faster reabsorption of Na* in

conditions of profound K * depletion and may
not apply in clinical conditions where the
degree of K* depletion may be less severe.
Similarly, K" secretion was demonstrated in
the MCD in rats, but again under extreme
conditions [56].

Keeping the above assumptionsand pitfalls
in mind, the TTKG can be used clinicaly to
provide useful information about the role of
the activity of the K™ secretory processin the
CCD in the pathogenesis of the disorders of
K" homeostasis. The expected values for the
TTKG under different stimuli are summa-
rized in Table 2.

Possible Lesions to Explain a Higher than
Expected [K ] in the Lumen of the CCD

An unduly high [K™] in the lumen of the
CCD requires that the electrogenic reabsorp-
tion of Na" be augmented to generate a higher
lumen-negative voltage in the CCD. From an
ion channel analysis, this means that either
therewas faster reabsorption of Na" or slower
reabsorption of ClI™ (Figure 7).

the CCD: The clinical characteristics of
a patient with a more open Na" channel
are, ontheNa' side, ECF volume expan-
sion, low renin levels, and atendency to
hypertension in those individuals whose
blood pressure is more sensitive to chan-
ges in volume than to vasoconstrictors
(Figure 7). With ECF volume contracti-
on, theurine could befree of Na" and CI ™.

Relatively slower reabsorption of Cl™ in
the CCD: This may occur for 2 major
reasons. For some patients, thefollowing
arerequired: alarge delivery of Na” and
Cl tothe CCD and astimulusto reabsorb
these ions (ECF volume contraction) to-
gether with a capacity to reabsorb Na'
faster than ClI™ in the CCD. For other
patients, there is a decrease in the appa-
rent permeability of thelumina membra-
ne for CI™. Both of these groups of pati-
ents will have ECF volume contraction
and hyperreninemia. They will not con-
serve Na' and CI~ appropriately despite
ECF volume contraction. Blood pressure
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isnot usually high despite ahigh level of
the vasoconstrictor, angiotensin Il (Ang
I1), because of the associated hypovole-
mia.

Possible Lesions to Explain aLower than
Expected [K"] in the Lumen of the CCD

An unduly low [K] in the lumen of the
CCD may indicate an inability to generate a
favorable electrochemical gradient to pro-
mote secretion of K*. From an ion channel
analysis, this means a less electrogenic reab-
sorption of Na', either due to a more closed
than usual ENaC, or a higher than usua per-
meability for CI~ (or other anions) inthe CCD.
It is aso conceivable that the defect may be
one of alow open probability of theapical K*
channels.

— Relatively slower reabsorption of Na* in
the CCD: A low delivery of Na' to the
CCD could possibly limit the secretion of
K" (e.g. in a patient with a very marked
degree of contraction of ECF volumeand
high rate of urea excretion). A relatively
closed ENaC could diminish the ability
to generate a favorable electrochemical
gradient for the secretion of K" in the
CCD and lead to hyperkalemia with a
low [K] in the CCD. If the patient is
particularly sensitive to vasoconstrictors,
hypertension may develop [57]. Other-
wise, atendency to hypotension could be
present, especially with alow salt diet.
The other characteristics of this syndro-
me are alow ECF volume and renal Na'
wasting. Renin levels will be high and
there should be an inability to achieve an
Na'- and CI™- free urine when on alow
salt diet (Table 1).

— Relatively faster reabsorption of Cl™ in
the CCD: If this lesion were present,
there would be an enhanced electroneu-
tral rather than el ectrogeni ¢ absorption of
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Na" (Figure 4). Therefore, the cardinal
features should be hyperkalemia, lower-
than-expected TTKG that does not rise
with the administration of exogenous mi-
neral ocorticoids, atendency to an expan-
ded ECF volumewithlow levelsof renin,
and possibly hypertension in those sub-
jectswhose blood pressureisparticularly
sengitive to an expanded ECF volume.
These subjects should be able to have
Na"-and Cl™-poor urinesand high plasma
renin levels in response to ECF volume
contraction. The induction of bicarbona
turia, however, can lead to a marked in-
crease in the TTKG (if aldosterone is
present) in these patients and we use this
observation to support the speculation
that thereisa Cl™ shunt in the CCD [14,
26].

— Alow open probability of the luminal K*
channel: Other than ininherited diseases
with alow ROM-K channel activity, the-
re are no reportsthat specifically charac-
terize this hypothetical lesion.

Molecular Studies

Recently the molecul ar basis of anumber of
the genetic disorders of hypokalemiaand hy-
perkalemia has been identified. Therefore,
characterization of the molecular defect can
be carried out in the appropriate patients (Ta-
ble 3, Figure 10).

Assess if Factors that Could Cause a
Shift of K Across Cell Membranes
are Present

Oneshould alwaysask whether ashift of K*
across cell membranes is making the degree
of hypokalemiaor hyperkalemiamore severe.
If present, its basis should be explored.
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Table 3. Hereditary Diseases and Hypokalemia.
All the disease categories present with hypokalemia and excessive excretion of K™ associated with higher
than expected urine [K*]. Reproduced with permission [104].

Gitelman’s Bartter’s Liddle’s GRA’ AME
Molecular Inhibited Inhibited Activated Chimeric gene: Defect in
lesion NaCl NKCC, Na" channel ACTH driven 11 B-HSDH in

cotrans- ROM-K in the CCD mineralocorticoid principal cells

porter channel, or synthesis

in DCT basolateral

CI” channel

Presenting Tetany, Failure to Hypertension, Severe Hypertension
feature unexpected thrive, hypokalemia, hypertension

lab finding lab finding family history
Age of 1st Teenage Children Young if severe  Young adult Children
symptoms
Mimicked Thiazides Loop Amphotericin B Mineralocorticoids Licorice,
by drugs diuretics carbenoxolone
Plasma Mgz+ Low Low Normal Normal Normal
ECF volume Low May be low High High High
Hypertension No No Yes Yes Yes
Key Hypo- Lower than Hypertension Suppression of Urine cortisone
diagnostic calciuria expected aldosterone by to cortisol
feature maximum dexamethasone, ratio

Uosm excess cortisol and

C-18 oxidation
metabolites

‘Some patients with this disorder do not have hypokalemia.

Abbreviations: GRA = glucocorticoid remediable aldosteronism, AME = Apparent mineralocorticoid excess,
11-BHSDH = 11 (3 hydroxysteroid dehydrogenase, TAL = Thick ascending limb of the loop of Henle, NKCC
=Na", K*, 2 CI” cotransporter in the TAL of the LOH.

Assess the Contribution of K” Intake  Specific Causes of

Hypokaemia

The plasma [K"] can be maintained in the
normal range despite wide fluctuationsin K*
intake. Nevertheless, variations in K™ intake
can contribute to the degree of hypokaemia
or hyperkalemiaif there is an underlying ab-
normality in the rate of excretion of K.

A summary of the causes of hypokalemiais
provided in Table 4 and Figure 11. We shall
comment only briefly on some of these disor-
ders, either because they are common or be-
cause new strides have been made in under-
standing their pathophysiology.
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¢ Occult vomiting
¢ Rare disorders

[ SEEK MOLECULAR BASIS FOR HYPOKALEMIA |

Does the urine contain either Na+ or Cl-, but not both?

YES

¢ Laxative abuse

(look for HCMA too)

o]

Persistent excretion of Na*
and Cl” together with a low
ECFV?

YES

¢ Diuretics

¢ Mineralocorticoid
overactivity syndromes| hypomagnesemia?

¢ Hypokalemic
periodic paralysis

GI or drugs cause

YES

* Very low Mg2+ diet * Bartter's

¢ Mg malabsorption syndrome

e Drugs: e.g., cisplatin, ¢ Gitelman's
aminoglycosides syndrome

Figure 10. Differential diagnosis of hereditary causes of hypokalemia. The initial step is to rule out common
causes of hypokalemia which may be denied by the patient. Here the urine electrolytes become very important
(Table 1). A finding of persistent excretion of Na* and CI” despite a contracted ECF volume narrows the
differential diagnosis to causes where there is obvious basis for hypomagnesemia or not. Finding Mg**-poor

urine will suggest a low intake or poor Gl absorption of Mgz+. Failure to find an obvious cause for renal M92

+

wasting suggests that Bartter’s or Gitelman’s syndrome may be present. Reproduced with permission [104].

Disorderswith Hypokalemia and
aLow ECF Volume

Diuretic-induced Hypokalemia

— Underlying pathophysiology: Two fac-

tors contribute to the devel opment of hy-
pokalemiain patientsreceiving diuretics:
ahigh rate of flow in CCD and anincrea-
sed net secretion of K* due to the effect
of aldosterone (released in response to a
low ECF volume).

— Clinical features: Hypokaemiais usual-
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ly modest in degree. A fall in plasma[K "]

to < 3 mM is observed in < 10% of
patients, usually within the first 2 weeks
of therapy [58].

Diagnosis requirement: One must ask if
the patient has been taking diuretics. At
times, abuse of diuretics may be denied,
so screening the urine for diuretics may
be needed (choose aurinewhen diuretics
areacting, i.e. onewhich contains appre-
ciableNa’ and CI").

Differential diagnosis. If diuretic abuse
isfirmly denied by the patient, adiagno-
sis of Bartter's or Gitelman’'s syndrome
may be suspected because the urine will



2 Kamel and Halperin - Hypokalemia, Hyperkalemia, and Metabolic Alkalosis

Table 4. Causes of Hypokalemia

|. Decreased intake of K*

Il. Shift of K* into cells
— Hormones: Insulin, sympathomimetics
— Gain of anions in the intracellular fluid (reco-
very phase of ketoacidosis, refeeding after
cachexia, treatment of pernicious anemia)
— Metabolic alkalosis
— Others: Hypokalemic periodic paralysis.

III. Intestinal loss of K*
— Diarrhea, ileus

IV. Excessive loss of K* in urine

1. High flow CCD, e.g. diuretics, genetic

disorders with inhibition of Na*-trans-

port (Bartter’s syndrome or Gitelman’s

syndrome).

. High [K*]ccp

A) Disorders leading to a relatively “faster

Na' in the CCD

— High aldosterone, high renin: Low effective
circulating volume (diuretics, vomiting, diar-
rhea), malignant hypertension, renal artery
stenosis, renin-secreting tumor

— High aldosterone, low renin: Adrenal ade-
noma or bilateral adrenal hyperplasia, glu-
cocorticoid remediable aldosteronism

— Low aldosterone, low renin: Decreased
11-BHSDH activity (apparent mineralocorti-
coid excess syndrome), inhibition of
11-BHSDH (e.g. licorice, carbenoxolone,
swallowed chewing tobacco), very high
levels of glucocorticoids (e.g. ACTH-pro-
ducing tumor), increased activity of ENaC
(Liddle’s syndrome, drugs: amphotericin B)

B) Disorders leading to a relatively “slower
CI™" in the CCD

— Bicarbonaturia: Vomiting, use of
acetazolamide, distal RTA, patients with
proximal RTA treated with alkali.

— Hypomagnesemia.

N

often contain abundant Na“ and CI~ in
both settings. Diuretic abuse should be
suspected if even one spot urine haslittle
Na" and CI” reflecting the normal renal
response to low ECF volume (Table 1).
This diagnosis can be confirmed by
screening a urine sample with abundant

Na' and CI™ for diuretics. The urine el ec-
trolytesalso provide cluestothedifferen-
tial diagnosisin patients with hypokale-
miadueto diuretic abusefrom thosewith
hypokalemia due to occult vomiting or
the abuse of laxatives. In the occult vo-
miter, the key finding isavery low urine
[CIT] (Table 1). In the laxative abuser
with a contracted ECF volume, the urine
[Na'] will below, but theurine[CIT] may
behighif thereisahigh rate of excretion
of NH4 in response to the hyperchlore-
mic metabolic acidosis (Table 1).

Molecular basis: None.

Therapy: Some of the issues discussed
here under treatment of diuretic-induced
hypokalemia will apply to the treatment
of other settings with hypokaemia. Speci-
fic issues related to therapy of diuretic-in-
duced hypokaemiawill aso be addressed.

Whether a mild degree of hypokalemia
should be treated is debatable. Since pa-
tients with ischemic heart disease, those
with left ventricular hypertrophy, and
those treated with digitalis may be at
increased risk for arrhythmias, even a
mild degree of hypokaemia should be
avoided in these patients. Whileit is ge-
nerally stated that a fall in plasma [K']
from 4 to 3 mM indicates a total body
deficit of 200—400 mmol of K* and may
be as much as 800 mmol if plasma[K"]
fals to 2 mM [59]; this is not a useful
quantitation in any individual patient.
Factorsthat may induce ashift of K* into
the ICF compartment may also be pre-
sent, and it is not possible to determine
the magnitude of the total body deficit of
K" based on the value of plasma [K].
The bottom line is that careful monito-
ring of plasma[K"] isrequired asthe K*
deficit isbeing repleted. Two other issues
bear mentioning. First, with chronic hy-
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HYPOKALEMIA: High K" Excretion

Reason? (can be both)

High flow rate High [K'] .,
Osmoles? ECFV?
[ | |
) . X Not low = Low =
Lytes Organics Faster Na*t Slower C1
¢ High NaCl * Glucose e Primary high aldo  * Bartter's
input e Urea * AME syndrome ¢ Gitelman's
¢ Diuretics . e GRA ¢ Loop or thiazide diuretics
-loop, thiazide ~  Mannitol + Liddle's . Mgg depletion
or CAI types ¢ Amphotericin B ¢ Bicarbonaturia

e Low CI” delivery

Figure 11. Approach to the patient with hypokalemia. The causes for excessive excretion of K* (> 15 — 20
mmol/day) despite hypokalemia are too high a flow rate in the CCD (left limb) and/or too high a [K*] in the
lumen of the CCD (right limb). Both flow rate and [K']ccp should be evaluated in each patient. Final
considerations are shown by the bullet symbols. A slower CI™ reabsorption in the CCD is suggested by high
plasma renin activity and NaCl wasting despite low ECF volume; the converse applies for faster Na*
reabsorption. Reproduced with permission [104]. Abbreviations: CAl = Carbonic anhydrase inhibitor type of

diuretic, AME = Apparent mineralocorticoid excess,

pokalemia, the CCD may become hypo-
responsive to the kaliuretic effect of al-
dosterone and thus there is arisk for the
development of hyperkalemiaduring K*
replacement [60, 61]. Second, patients
who have disorders, or are taking drugs
that may impair their ability to shift K*
into cells or to excrete K* in the urine,
may be particularly at risk of developing
hyperkalemia with therapy.

In the absence of conditions that may limit
the oral intake of K™ or its absorption by the
gut (e.g. vomiting, ileus or the absence of
bowel sounds), the oral route is usualy pre-
ferred. Attimes, however, theurgency of treat-
ment may necessitate using the IV route.
When using a peripheral vein, the [K'] in the
infusate should not exceed 40 mM, as higher
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GRA = Glucocorticoid-remedial aldosteronism.

[K™] may irritatesmall veinsand causepainful
phlebitis. In general, the rate of K™ admini-
stration should not exceed 60 mmol/hour.
Since patients with diuretic-induced hy-
pokalemia have both K™ and CI~ deficits, K*
should be given as its CI™ sat. In general,
tablets are better tolerated than the liquid
form. Most tablets are slow-release prepara-
tions, either microencapsulated or in wax ma-
trix, which have occasionally caused ulcera-
tive or stenotic gastrointestinal lesions. A salt
substitute may be an inexpensive and gener-
aly well-tolerated form of K supplementa-
tion (Co-salt provides 14 mmol of K* per
gram). Contrary to customary belief, increas-
ingintakeof K*-richfood (e.g. bananas) isnot
an effectiveway toreplaceaK ™ deficit. Bananas
providelittle K*, only about 1 mmol per inch.
Some particular issues about hypokalemia
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and diuretic use are worth highlighting. First,
because the risk of development of hypoka-
lemiais dose-dependent and because increas-
ing the dose of hydrochlorothiazide beyond
12.5—25mg does not usually result in further
benefit in terms of blood pressure control, the
lowest effective dose of this drug should be
used. Second, the degree of rena wasting of
K" can be minimized by restricting NaCl in-
take to 100 mmol/day. Third, the use of K*-
sparing diuretics provides an effective way of
reducing the renal loss of K*. The ENaC
blockers (amiloride and triametrene) are gen-
erally better tolerated and lack the gastrointes-
tinal and hormonal side effects (impotence,
decreased libido, amenorrhea, gynecomastia)
that may occur with the al dosterone competi-
tiveinhibitor spironolactone. The availability
of combination tabletsof hydrochlorothiazide
with amiloride or triametrene also makes
compliance less of an issue. These drugs,
however, blunt the rena response to an in-
creasein the plasma[K "] and also havealong
half-life. Therefore they should be used cau-
tiously in patientson (3-blockers, angoitensin-
converting enzyme (ACE) inhibitors, or non-
steroidal anti-inflammatory drugs (NSAID)
and those with an underlying renal disease.

Vomiting-induced Hypokalemia

— Underlying pathophysiology: Because
the [K™] in gastric fluid is usualy < 15
mM, hypokalemia in patients with vo-
miting or nasogastric suction results pri-
marily from the loss of K* in the urine.
Aldosterone is released in response to
Ang Il that is formed because of ECF
volume contraction. Aldosteroneleadsto
a more open ENaC in the CCD (Figure
5). Delivery of HCO3™ to the lumen of
CCD istheresult of atransient riseinits
concentration in plasma due to vomiting

(Figure 12). A higher distal delivery of
HCOz3™ causes a higher net secretion of
K" (Figure 13 and [34, 37]). To a lesser
extent, hypokalemiamay be the result of
a shift of K* into the ICF compartment
due to the alkaemia. Once the degree of
hypokalemia becomes more severe, the
rate of K excretion declines, but not to
the very low rates in otherwise normal
subjects consuming alow-K* diet [50].

— Clinical features: Hallmarks are a signi-
ficant degree of hypokalemia, metabolic
akaosis, andavery low [Cl ] intheurine
(Table 1). In a patient with recent vo-
miting, the urine may contain an abun-
dant Na" despite ECF volume contracti-
on because the excretion of HCOs™ obli-
gates the excretion of Na'.

— Diagnosis requirement: Key elements
are a history of vomiting, a significant
degree of hypokalemia, metabolic aka-
losis, and a very low [CIT] in the urine
(Table 1). The use of urine electrolytes
may help revea the basis for hypokale-
miain a patient with occult vomiting.

— Differential diagnosis: If the patient de-
nies vomiting, other causes of hypokale-
mia with a low ECF volume must be
considered (Table 4).

— Molecular basis: None.

— Therapy: Therapy isdirected towardsthe
underlying cause of vomiting and the
administration of K*. Again, these pati-
ents also have a deficit of CI™. K* should
be administered asits Cl™ salt along with
NaCl as needed.

Hypokaemiain Patients with
Hyperchloremic Metabolic Acidosis

— Pathophysiology: The 2 mgjor entitiesto
consider in these patients are distal RTA
due to a low rate of H" secretion in the
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EVENTS BALANCE Figure 12. H" Secretion in
: stomach and mass balance for
H*. The structure on the left
N represents a parietal cell in the

A" —» Lost stomach. There is an net gain
HCO, 4— Gain of HCO3z™ and aloss of CI” from
the ECF compartment when
HCI is secreted. Reproduced

- <+ CI’ ®

H* > HCO,

0, with permission [104] of the
authors.
ELECTRONEUTRAL ELECTROGENIC
Angiotensin II Hyperkalemia
(No HCO; delivery to CCD) (Yes HCO, delivery to CCD)
ALDOSTERONE ----.______
otensi No HCO,|
Angiotensin II 3y =
. e L to here! | Hyperkalemia | Yes HCO,|
\\\ . _léaﬂcos ‘\\ § .];I)aHCO:,, P e . L ,"\ NaCo, to here!’ . ,"

Oz

Little Na®, Excrete K’ with
ClorK"* Cl and/or HCO,
Urine Urine

Figure 13. Aldosterone and the augmented reabsorption of NaCl. The adrenal gland is depicted by the
triangular structure. The secretagogue on the left for the release of aldosterone is angiotensin Il. Angiotensin
I, by stimulating the reabsorption of HCOz™ in the proximal and distal convoluted tubules, diminishes the
delivery of HCO3™ to the CCD and thereby a kaliuresis is not promoted. The secretagogue on the right for the
release of aldosterone is K*. Hyperkalemia, by inhibiting the reabsorption of HCO3~ in the proximal convoluted
tubule, increases the delivery of HCO3™ to the CCD and thereby a kaliuresis is promoted. Reproduced with
permission [104].

distal nephron and loss of NaHCOs via Inthelatter, lossof K *-rich colonicfluids
the gastrointestina (Gl) tract. For the (especialy from distal colon) can lead
former, the key element in the pathophy- directly to hypokalemia. |n some cases of
siology of their hypokalemiaisthereten- diarrhea, however, the degree of hypoka-
tion of HCO3z™ in the lumen of the CCD. lemia is modest. The reason is that al-
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though the presence of aldosterone (due
to ECF volume contraction) causes the
ENaC in the CCD to be open, limited
delivery of HCO3 tothe CCD (low filte-
red HCOs dueto metabolic acidosisplus
the effects of Ang |l, metabolic acidosis,
and hypokalemia to enhance proximal
reabsorption of HCOs™ [37]) leads to
electroneutral reabsorption of Na' in the
CCD. Therefore, aldosterone acts as an
NaCl-retaining rather than a kaliuretic
hormone (Figure 13).

Clinical picture: Hypokalemia with hy-
perchloremic metabolic acidosis.
Diagnosis requirement: In patients with
distal RTA dueto alow rate of H" secre-
tion in the distal nephron, thereis alow
rate of NH4 excretion and a relatively
high urine pH (about 6.5) (see chapter 1-3
on Acid-base Balance for more details).
In patients with a Gl problem, a history
of a diarrheal illness may be obtained.
Abuse of laxatives, however, may be
firmly denied. If suspected, measurement
of theurine electrolytes may provide hel-
pful clues. Theurine [Na'] will below if
the ECF volume is contracted, but the
[CIT] in the urine is characteristically
high reflecting the high rate of NH4 ex-
cretion in response to metabolic acidosis
(Table 1). At times, one might have to
rely on measurements of stool electroly-
tesand other evidencefor laxativesinthe
stool to confirm the diagnosis.
Differential diagnosis: Other causes of
hypokalemiawith alow ECF volume are
illustrated in Table 4.

Molecular basis. Usualy thisis not an
issue.

Therapy: Becausethese patientshave hy-
pokalemia and metabolic acidosis, K*
can be given with HCOg3™ or other anions
that can be metabolized to HCO3™ (e.g.
citrate). Nevertheless, because the admi-

nistration of HCOz™ may cause the shift
of K" into the ICF compartment, K*
should bereplaced for the most part asits
Cl™ salt early in therapy.

Bartter's and Gitelman’'s Syndromes

Pathophysiology: The pathophysiology
of Bartter’s syndrome can be thought of
ashaving aloop diuretic acting 24 hours
a day. The pathophysiology of Gitel-
man’'s syndrome can be thought of as
having a thiazide diuretic acting 24
hours a day.

The high rate of K* excretion in both
disorders has 2 components. a high flow
ratein CCD and ahigh [K ] inthelumen
of the CCD. The high flow rate in the
CCD is dueto the very large delivery of
Na" and CI~, the result of their inhibited
reabsorption in upstream nephron seg-
ments (Figure 3). The high [K™] in the
lumen of the CCD is due to arelatively
faster rate of resbsorption of Na' relative
to that of CI™. Therate of Na' reabsorpti-
on isstimulated because of the contracti-
on of the ECF volume, one of the hall-
marks of the clinical picture. Hypoma-
gnesemia may contribute to the patho-
physiology of renal K* wasting, especial-
ly in patients with Gitelman’'s syndrome
[62].

Clinical picture: These uncommon di-
sordersare characterized by ECF volume
contraction due to renal salt wasting, hy-
pokalemia, and metabolic akalosis
(Table4). Hypomagnesemiaismore con-
sistently seen in patientswith Gitelman's
syndrome. Whilehypercalciuriaisfound
in many patients with Bartter's syndro-
me, an extreme degree of hypocalciuria

Malluche et al. - Clinical Nephrology, Dialysis and Transplantation - 1-2 21

1.2



Chapter | - Clinical Nephrology and Hypertension

+
Na’,

Mg,

R OX
®2 Cl

_<, Ca2+

®

K* |A A

i O @

cr

Figure 14. Possible lesions for Bartter's syndromes. A stylized nephron is shown on the left with the thick
ascending limb of the loop of Henle (LOH) shown by the dashed oval. The structure to the right represents
an enlargement of the thick ascending limb of the LOH. The possible lesions are the Na*-K*-2 CI” cotransporter
(site 1), the luminal K* channel (site 2), occupation of the basolateral ca?t receptor by a cationic ligand (site

3), or the CI” channel in the basolateral membrane (site 4).

22

is a characteristic finding in amost all
patients with Gitelman’'s syndrome [62].
In contrast to patients with Bartter's syn-
drome, patients with Gitelman’s syndro-
me should have the ability to elaborate a
maximally concentrated urine when
ADH acts, unless there is another lesion
that caused renal medullary damage as
chronic hypokalemia or the chronic use
of drugs that might damage this area of
the kidney such asNSAIDs.

Diagnosis requirement: The presence of
hypokalemia with renal salt wasting and
persistently elevated [Na'] and [CI] in
the urineisthe hallmark of the diagnosis
(Table 1).

Differential diagnosis: The major differ-
ential diagnosis is with patients with di-
uretic abuse, laxative abuse, or occult
vomiting. The use of urine electrolytesin
thisdifferential diagnosisisacritical step
(Table 1).

Molecular basis: Patients with Bartter's
syndrome seem to represent a heteroge-
neous group with regard to the molecular
lesions (Table 3, Figure 14). Mutations
that cause a loss of function have been
identified in the genes encoding for the

bumetonide-sensitive Na'-K*-2 CI~ co-
transporter [63], the luminal K* channel
(ROM-K) [64], and the Cl™ channel inthe
basolateral membrane of the thick ascen-
ding limb of theloop of Henle[65]. Tho-
sepatientswithaROM-K channel defect
may havetheir initial presentation as hy-
perkalemia and NaCl wasting because
ROM-K isthemajor K* channel in prin-
cipal cells of the CCD. The biochemical
findings evolve to the more typical ones
of hypokalemia and metabolic akalosis
with time.

The vast mgjority of patients with Gitel-
man’'s syndrome have mutations in the
geneencoding theNaCl co-transporter in
the early distal convoluted tubule [66].
Nevertheless, some patients have al the
clinical characteristics of Gitelman's
syndrome without arecognized mutation
in this transporter [67].

Therapy: Correction of hypokalemia is
extremely difficult in these patients, even
with large supplements of K*. Hypoma-
gnesemiaseemsto be animportant factor
in the enhanced kaliuresis in some, but
not all patients with Gitelman’s syndro-
me. Correction of hypomagnesemiawith
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oral magnesiumisusually limited by ga-
strointestinal side effects. K *-sparing di-
uretics may help conserve K* but they
may also exacerbate renal salt wasting.
ACE inhibitors have been tried in some
patients with variable success, but hypo-

— Diagnosis requirement: The presence of

the features outlined above in a patient
receiving gentamicin or drugs with a si-
milar effect.

— Differential diagnosis: All the conditions

described above must be considered.

1.2

tension isamajor concern with this the-
rapy. We are concerned about the prolon-
ged use of NSAIDs because of the poten-
tial for chronic renal dysfunction.

— Molecular basis: None.

— Therapy: Discontinue the drug. Wait for
its side effects to wear off, but this may
take aconsiderable amount of time. Sup-
portive therapy with Na*, K*, and Mg
should be given if the patient is sympto-

Hypokalemia Due to Cationic Drugs matic and in danger from these deficits.

Like Gentamicin

— Pathophysiology: Gentamicin is an anti-
biotic that has the capacity to bind to a

Disorderswith Hypokalemia and
aNormal or High ECF Volume

receptor for Ca?* on the basolateral as-
pect of cells of the thick ascending limb
of the loop of Henle (Figure 14) [68].
Thisbinding of gentamicin leadsto inhi-
bition of the luminal K* channel (ROM-
K), and thereby to furosemide-like ef-
fects. Therefore, the pathophysiology of
gentamicin-induced hypokalemia can be
thought of as having a loop diuretic ac-
ting 24 hours a day. The high rate of
excretion of K" has 2 components: ahigh
flow rate in the CCD and a high [K™] in
the lumen of the CCD. The high [K"] in
the lumen of the CCD is due to a faster
rate of Na' reabsorption relative to that
of ClI”. Hypomagnesemiamay contribute
to the pathophysiology of rend K* wa-
sting in these patients. A similar story
might apply for other drugs that bind to
the Ca’* receptor in the loop of Henle
such as cisplatin.

Clinical picture: Thisdisorder is charac-
terized by ECF volume contraction due
torenal salt wasting, polyuria, afall inthe
glomerular filtrationrate (GFR), hypoka-
lemia, hypomagnesemia, hypercalciuria,
and metabolic alkalosis.

Primary Hyperaldosteronism

— Pathophysiology: Hypersecretion of al-

dosterone due to an adrenal adenoma or
bilateral adrenal hyperplasia.

— Clinical Picture: This diagnosis should

be suspected in patients with hyper-
tension and unexplained hypokaemia
with renal K" wasting. Nevertheless, hy-
pokalemia is not a universal finding in
these patients [69].

Diagnosis requirement: The diagnosis
hinges on the finding of an elevated plas-
maal dosterone level and avery low plas-
ma renin activity. A random plasma al-
dosteroneto plasmarenin activity ratiois
a sufficient screening test [70]. The next
step is to differentiate patients with ad-
renal adenoma from those with bilateral
adrenal hyperplasia. This can be usually
achieved with computed tomography
(CT) or magnetic resonance imaging
(MRI). If an adrenal adenomais not de-
tected, adrenal vein sampling or an io-
docholesterol scan can be used to distin-
guish between these 2 possibilities[71].
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HIGH MINERALOCORTICOID ACTION
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Figure 15. Differential diagnosis of the patient with hypokalemia. There are 7 causes for high mineralocor-
ticoid action identified in this figure with the following numbers. Reproduced with permission [104].

A) Those with high mineralocorticoid action: 1. High renin (e.g. renal artery stenosis, renin producing tumors).
2. Cells (e.g. adenoma) in the adrenal cortex produce aldosterone or a compound with mineralocorticoid
bioactivity. 3. ACTH stimulates aldosterone production because there is a genetic lesion in the adrenal gland
in which the ACTH promoter drives the synthesis of a compound with mineralocorticoid bioactivity. Suppress-
ing ACTH with glucocorticoids decreases their production (GRA, a genetic chimera). 4. Exogenous com-
pounds mimicking the actions of aldosterone such as fludrocortisone.

B) Those with low mineralocorticoid action: 5. An epithelial ENaC in the luminal membrane which is
permanently in an open conformation due to a mutation (Liddle’s syndrome). 6. Blocking the destruction of
cortisol in principal cells by creating a relatively low activity of 11 B-HSDH (e.g. licorice). 7. Insertion of an
artificial Na* channel in the luminal membrane of the CCD (e.g. amphotericin B).

— Differential Diagnosis: The finding of (GRA), however, also have elevated plas-
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very low plasma renin activity (PRA)
with high plasma adosterone levels se-
parate patients with primary hyperal-
dosteronism from those with other cau-
ses of hypertension and hypokalemia
(Figure 15, Tables3 and 4). Patientswith
glucocorticoid remediable aldosteronism

ma adosterone levels with suppressed
PRA. These patients typically have the
onset of hypertension in early adulthood
and a strong family history of hyperten-
sion, cardiovascular, and cerebrovascular
events. The hypersecretion of aldostero-
neinthese patientsissuppressed with the
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administration of dexamethasone. Pati-
ents with GRA aso have marked hyper-
secretion of 18-hydroxycortisol and 18-
oxocortisol in their urine.

Therapy: In patientswith an adrenal ade-
noma, unilateral adrenalectomy is usual-
ly the preferred treatment. In patients
with bilateral adrenal hyperplasia and
those with adrenal adenomaswho are not
candidates for surgery, medical therapy
with K*-sparing diuretics is recommen-
ded. Amilorideisgeneraly better tolera-
ted than spironolactone.

Glucocorticoid Remediable
Aldosteronism (GRA)

— Pathophysiology: GRA isarare form of
adrenal hyperplasiainwhich aldosterone
secretion is regulated exclusively by
ACTH [72]. There is aso marked over-
production of C-18 oxidation products of
cortisol, 18-hydroxycortisol, and 18-
oxocortisol.

Clinical picture: The onset of severe hy-
pertension may occur in early adulthood.
There is often a strong family history of
hypertension and early onset of cardiova-
scular and cerebrovascular diseases. In-
terestingly, hypokalemiaisnot presentin
asignificant number of these patients.
Diagnosis requirement: The diagnosis
hinges on demonstrating suppression of
aldosterone with the administration of
glucocorticoids (dexamethasone or pred-
nisone), detection of very high levels of
C-18 oxidation productsof cortisol inthe
urine[73], and ultimately, genetic testing
to detect the chimeric gene.

Differential diagnosis: Onemust rule out
other causes of hypertension and unex-
plained hypokalemia (Figure 15). The
characteristic features for the diagnosis

of GRA were discussed previously.
Molecular basis: This disorder is dueto
a chimeric gene in which the regulatory
region of the gene encoding for the enzy-
me P-450 (the zona fasciculata enzyme
required for the synthesis of cortisol) is
linked to the coding sequence of the gene
for the enzyme P-450, 18-C (the zona
glomerulosa enzyme required for the
synthesisof aldosterone) [72]. Therefore,
secretion of aldosterone is exclusively
regulated by ACTH. Also, because of an
apparent expression of thisenzymein the
zona fasciculata, cortisol (a C-17 hy-
droxylated steroid) also becomes hy-
droxylated at the C-18 position, leading
to the production of cortisol-aldosterone
hybrid compounds.

Therapy: Administration of glucocorti-
coids (dexamethasone or prednisone)
corrects the hypersecretion of aldostero-
ne by suppressing ACTH.

ACTH-Producing Tumor or Severe
Cushing Syndrome

— Pathophysiology: The clinical pictureis

similar to hyperaldosteronism, but the
level of adosterone in plasma is low.
Because of an overabundance of cortisol,
the activity of thetwo 11 B-HSDH enzy-
mes probably fail to inactivate all the
cortisol that entersprincipal cells(Figure
6). Asaresult, cortisol bindsto the mine-
ralocorticoid receptor and exerts minera-
locorticoid activity.

Clinical picture: ACTH overproduction
is commonly seen in patients who have
oat cell carcinomaof thelung. In patients
with ACTH-producing tumors, overt
signsof glucocorticoid excessmay not be
evident at thetimeof diagnosis. Theplas-
ma [K '] is often very low.
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— Diagnosis hinges on: One must demon-

strate very elevated plasma cortisol
levels. Plasma ACTH levels will be high
if thereisan ACTH-producing tumor and
markedly suppressed in patients with
Cushing syndrome.

Differential diagnosis: A similar clinical
picture can be induced with primary al-
dosteronism, GRA, Liddle's syndrome
and chronic ingestion of licorice or lico-
rice-like compounds (such as carbenoxo-
lone or chewing tobacco) [74].
Molecular basis: None.

Therapy: Therapy is directed at the pri-
mary disorder. For treatment of hypoka-
lemia, large supplements of KCl and
drugs that inhibit ENaC are often neces-
sary.

Syndrome of Apparent Mineral
Corticoid Excess (AME)

— Pathophysiology: The clinical pictureis
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of hyperaldosteronism, but the level of
aldosterone in plasmais low. Because of
decreased activity of the enzyme 11 (-
HSDH, cortisol bindsto themineral ocor-
ticoid receptors and exerts mineral ocor-
ticoid activity [75].

Clinical picture: Onefindsan autosomal
recessivedisorder of juvenile hypertensi-
on and hypokalemia.

Diagnosis requirement: The demonstra
tion of suppressed plasma aldosterone
and PRA without excess cortisol secreti-
on (Figure 15). The diagnosis is confir-
med by finding of an elevated urinary
cortisol: cortisone ratio.

Differential diagnosis: A similar clinical
picture can be induced with chronic
ingestion of licorice or licorice-like com-
pounds (such as carbenoxolone or che-
wing tobacco). Theactivemoiety inthese

compoundsis glycyrrhetinic acid, which
inhibitsthe 11 3-HSDH.

Molecular basis. Several mutations in
the gene that encodes for the kidney iso-
form of the enzyme 11 3-HSDH have
been identified [76]. These mutationsre-
sult in decreased enzyme activity and
thus impaired inactivation of cortisol.
Therapy: The administration of dexa-
methasone, which does not bind the mi-
neralocorticoid receptor, helps to correct
the hypertension and hypokalemia by
suppressing endogenous cortisol produc-
tion.

Liddle's Syndrome

— Pathophysiology: The clinical pictureis

of hyperaldosteronism, but the level of
aldosterone islow. The pathophysiology
of this disorder is one of a congtitutively
active ENaC in the CCD [77].

Clinical picture: One finds an autosomal
dominant inherited disorder of early on-
set of severe hypertension and hypokal e-
mia.

Diagnosis requirement: A positive fa-
mily history of early onset hypertension
and hypokalemia, very low plasma al-
dosterone levels and PRA are key ele-
mentsinthediagnosis (Figure 15). There
IS no excess secretion of cortisol, and the
urine cortisol to cortisone ratio is not
elevated. Control of hypertension and
correction of hypokalemiaare morelike-
ly achieved with the administration of
ENaC blockers (amiloride) rather than
with mineral ocorticoids antagonist (spi-
ronolactone).

Differential diagnosis: Other causes of
hypertenson and hypokalemia, the
distinguishing features of Liddle's syn-
drome were mentioned above.
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— Molecular basis: Several mutations in

the gene encoding for ENaC have been
described in patients with this syndrome
[78]. Some of these mutationsresulted in
truncation of the cytoplasmic regions of
the B- or a-subunits of the ENaC com-
plex. Other mutationsinvolved amissen-
se mutation in the proline-rich region of
these subunits; hence these regions seem
to be critical in the interaction between
ENaC and cytoskeletal elements such as
Nedd 4 protein [79]. Asaresult of these
mutations, there seems to be decreased
retrieval of the ENaC from the luminal
membrane.

Therapy: The administration of amilori-
de or triametrene, drugs that directly
block the ENaC, is the best medical the-

rapy.

Hypokaemia Due to Drugs Like
Amphotericin B

— Pathophysiology: The pathophysiology
of amphotericin B-induced hypokalemia
can bethought of ashaving an ENaC-like
channel which is permanently in an open
configuration in the CCD. The high rate
of K" excretionisdueto arelatively high
[K™] in the lumen of the CCD, the result
of afaster rate of Na' reabsorption rela-
tive to that of CI™.

Clinical picture: The clinical picture is
predominantly due to the underlying ill-
ness that necessitates the administration
of amphotericin B. Hypokalemia is
usually associated with a normal or ex-
panded ECF volume (Figure 15).
Diagnosis requirement: The presence of
the features outlined above in a patient
receiving amphotericin B.

— Differential diagnosis: All the conditions

described above must be considered.

— Molecular basis: Thelesionisduetothe

insertion of an artificial, unregulated
ENaC.

— Therapy: Treat the underlying illness,

discontinue the drug if the side-effects
are life threatening, and wait for its side
effects to wear off. Take measures to de-
crease the flow rate in the CCD when
amphotericin B isacting.

Hypokalemic Periodic Paralysis

— Pathophysiology: Episodes of transient

shift of K* from the ECF to the ICF.

— Clinical Picture: Thedominant findingis

recurrent, transient episodes of muscle
weakness that may progress to paralysis
in association with hypokalemia. Hypo-
kalemia may be severe at times (< 2.0
mM). Characteristically, the attacks oc-
cur after a large carbohydrate meal,
strenuous exercise, or the administration
of insulin. A variant of this disorder oc-
cursin Asiansand isassociated with thy-
rotoxicosis. The idiopathic variety isin-
herited as an autosomal dominant disor-
der and usually manifestsin the teenage
years.

Diagnosis requirement: The diagnosis
hinges on finding the characteristic clini-
cal pictureand isconfirmed by molecular
studies.

Molecular basis: In patients with this
disorder, the RMP is 10 — 15 mvoltsless
negative than in normal muscle fibers
even if the plasma [K'] is normal. The
basis of this does not seem to be a prob-
lem with the voltage-gated Na" channel
asin patientswith hyperkalemic periodic
paralysis [80, 81]. Genetic analysis has
suggested that the abnormadity in pati-
entswith hypokalemic periodic paralysis
islinked to the gene that encodes for the
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Table 5. Causes of Hyperkalemia

. Pseudohyperkalemia:
— Tight tourniquet, fist clenching
— Thrombocytosis with megakaryocytes
— High WBC count

Excess intake of K* (in patients with impaired renal excretion of K).

I1I. Shift of K* from the ICF to the ECF:
— Catabolism (rhabdomyolysis, tumor lysis syndrome)
— Metabolic acidosis (acute phase of inorganic acidosis)
— Drugs (digitalis, depolarizing agents)
— Fasting hyperkalemia (dialysis patients)
— Hyperkalemic periodic paralysis

IV. Decreased K™ excretion (renal failure):

A. Decreased flow in the CCD:

— Low rate of excretion of osmoles
(malnutrition)

B) Decreased luminal negativity in the CCD:

i) Disorders leading to relatively “slow Na” in the CCD:
— Chronic renal failure
— Low renin:
— Low aldosterone:

Damage to, or synthetic defect in, JG apparatus

Hyporeninemia, damage to adrenal glands (autoimmune disorder, granulo-
matous disease), defect in aldosterone biosynthesis; congenital or acquired
(heparin, ketoconozole), decreased aldosterone binding to its receptor
(competitive inhibition by spironolactone)

Type | pseudohypoaldosteronism, drugs that block the ENaC

(amiloride, triamterene, trimethoprim, pentamidine).

ENaC defect:

i) Disorders leading to a relatively “fast CI” in the CCD:
— Gordon'’s syndrome
— A subgroup of the patients with hyporeninemic hypoaldosteronism
— Cyclosporin A.

dihydropyridine-sensitive Ca”* channel
in skeletal muscles [82]. It is not clear
how thisleadsto the effectson RMP and
plasma[K].

— Therapy: Therapy for thisdisorder islar-
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gely symptomatic or empirical. Hyper-
thyroidism, if present, is treated in the
usual fashion. Patients are advised to
avoid carbohydrate-rich meals and vigo-
rous exercise. Nonselective (-blockers

may reducethe number of the attacksand
the severity of fall in plasma[K "] during
an attack. Acetazolamide 250 — 750
mg/day has been used successfully in
some patients, although the basis of its
beneficial effect is unclear. An acute at-
tack istreated with the administration of
KCI. Thereis, however, the risk of post-
treatment hyperka emiaasK " moveback
into the ECF.



2 Kamel and Halperin - Hypokalemia, Hyperkalemia, and Metabolic Alkalosis

HYPERKALEMIA: Low K Excretion

Reason? (can be both)

Low flow rate

Osmoles?
'Lytes’ Urea
* Low 'effective’ * Low protein
ECFV intake
e Very low
NaCl intake * Anabolism

l
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ECFV?
I |

Low = Not low =
Slower Na*t Faster C1~

¢ Low aldosterone ¢ Cl™ shunt

* K* sparing drugs * Drugs like
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(Type I pseudohypoaldo)

cyclosporin

Figure 16. Approach to the patient with hyperkalemia. The causes for a low rate of excretion of K* (< 200
mmol/day) despite hyperkalemia are too low a flow rate in the CCD (left limb) and too low a [K'] in the lumen
of the CCD (right limb). Both flow rate and [K*]ccp should be evaluated in each patient. Final considerations
are shown by the bullet symbols. A slower Na* reabsorption is suggested by high renin and NaCl wasting
despite low ECF volume; the converse applies for faster CI” reabsorption. In some cases of renal failure, the
excessive flow rate per nephron limits electrogenic reabsorption of Na* and thereby behaves as if there is
relatively slower reabsorption of Na. Reproduced with permission [104].

Specific Causes of
Hyperkalemia

A list of the causes of hyperkaemiabased on
their possible underlying pathophysiology is
providedin Table 5. Anagorithm of theclinical
approach to these patientsisin Figure 16.

Addison Disease

— Pathophysiology: The lack of aldostero-
neleadsto “closed” ENaC in CCD.

— Clinical picture: The most common
cause of thisdisorder used to be hilateral
adrenal destructionwithtuberculosis, but
now autoimmune adrenalitis accounts
for the majority of cases. Other causes

include other infectious diseases (disse-
minated fungal infection), adrena re-
placement by metastatic cancer or lym-
phoma, adrenal hemorrhage or infarc-
tion, or drugsthat impair the synthesis of
aldosterone (e.g. ketoconazole€) [83].

Patientswith chronic primary adrenal in-
sufficiency may present with chronic ma-
laise, fatigue, generalized weakness,
anorexia, and weight loss. In most pati-
ents, the blood pressureislow and postu-
ral symptoms of dizziness and syncope
are common. Salt craving isadistinctive
feature in certain patients. Some patients
may present with acute adrenal crisisand
shock. Hyperpigmentation is evident in
nearly all patients. Hyperkalemia is
usually of moderate degree unless a si-
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gnificant degree of intravascular volume
depletion that diminishesthe flow ratein
CCD is aso present. Other abnormal la-
boratory findings include hyponatremia,
hyperchloremic metabolic acidosis, hy-
poglycemia, and eosinophilia.
Diagnosis requirement: Once Addison’s
disease is suspected, the diagnosisis es-
tablished by findings of low plasma al-
dosterone and cortisol levels, high PRA,
and a blunted cortisol response to the
administration of ACTH.

Molecular basis: None

Therapy: Adrenal crisis is a life-threa
tening emergency that requires immedi-
ate treatment to restore intravascular vo-
lume with the administration of saline
and to correct the cortisol deficiency with
the immediate administration of dexa-
methasone or hydrocortisone.

Patientswith chronic adrenal insufficien-
cy should receive replacement with both
aglucocorticoid and amineral ocorticoid.
For the former, 25 mg of hydrocortisone
(15 mg in the morning and 10 in the
afternoon) is usually given. For minera-
locorticoid replacement, fludrocortisone
in asingle dose of 50 —200pg isusually
used. Dose adjustments are made based
on patients’ symptoms, ECF volume sta-
tus, blood pressure measurements, and
plasma[K].

Pseudohypoaldosteronism Type |

— Pathophysiology: The underlying patho-

physiology of this disorder is a“closed’
ENaC in the CCD.

— Clinical picture: Patients with this rare

inherited disorder usually present in the
neonatal period with severe ECF volume
contraction and renal salt wasting, hyper-
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kalemia, metabolic acidosis, failure to
thrive, and weight loss.

— Diagnosis requirement: Despite the cli-

nical evidence of low actions of aldoste-
rone, these patients fail to respond to
exogenous mineralocorticoids. Further-
more, their plasmaal dosteronelevelsand
PRA are markedly elevated.

Molecular basis: Mutationsinthea or B
subunits of ENaC that result in diminis-
hed ENaC activity have been identified
[84]. Thisresultsin an autosomal reces-
sive form of the disease with manifesta-
tions persisting into adult life. Other
forms of the disease are autosomal domi-
nant or sporadic ones and these may re-
mit with age. They are believed to result
from mutations in the mineral ocorticoid
receptor gene [85].

Therapy: Treatment includes supple-
mentation with NaCl and the use of cat-
ion-exchange resin to control the hyper-
kalemia. Dialysis may be required for
treatment of life-threatening hyperkale-
mia. An interesting feature is that some
of the affected children may grow out of
the disease.

Syndrome of Hyporeninemic
Hypoal dosteronism

— Pathophysiology: Patients with this syn-

drome represent a heterogeneous group
with regard to the pathophysiology of
their disorder. One group may have de-
struction of, or a biosynthetic defect in,
the juxtaglomerular apparatus that |eads
to hyporeninemia, hypoaldosteronism,
and hyperkalemia due to less lumina
negative voltage in the CCD because of
arelatively slower reabsorption of Na' in
the CCD. In another group of patients,
however, the pathophysiology seems to
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be compatible with a Cl™-shunt disorder
inthe CCD [86]. Thisleadsto expansion
of the ECF volume and hence the hypo-
reninemia and hypoaldosteronism [26,
35, 87]. This relatively faster reabsorp-
tion of CI™ in CCD causes the voltage
acrossthe CCD to beless el ectronegative
and hence the low [K'] in the lumen of
the CCD.

Clinical picture: This syndrome is most
commonly seen in patients with diabetic
nephropathy but also has been associated
with many other renal diseases. The cli-
nical findings differ, based on the patho-
physiology of the disorder. In the first
group of patients one would expect to
find rena salt wasting with a low ECF
volumeand inability to conserveNa" and
CI” maximally in response to the stimu-
lus of a contracted ECF volume. On the
other hand, in the group of patients with
a Cl-shunt disorder, the ECF volume
should be normal or expanded. Hyper-
tension is commonly seen, and these pa-
tients should be able to produce a urine
that is virtually free of Na" and Cl™ in
response to contraction of their ECF vo-
lume.

Diagnosis requirement: Both groups of
patients have hyperkalemia with low
PRA and plasma aldosterone levels that
arelow relative to the stimulus of hyper-
kalemia. The group with hyporeninemic
hypoaldosteronism and a relatively slo-
wer reabsorption of Na" should respond
to the administration of exogenous mine-
ralocorticoids with a significant rise in
their TTKG. On the other hand, patients
with hyporeninemic hypoal dosteronism
due to a Cl™-shunt disorder do not have
an appreciable rise in their TTKG with
the administration of exogenous minera-
locorticoids, but their TTKG may rise
significantly with the induction of bicar-

bonaturia (e.g. the administration of ace-
tazolamide) [34].

— Molecular Basis: None.
— Therapy: Obviously the use of exoge-

nous mineralocorticoids is of no benefit
to the group of patients with a Cl™-shunt
type of disorder. It may even aggravate
their hypertension. In this group of pati-
ents, the administration of aloop or thia-
zide diuretic should enhance the kaliure-
sis by increasing the rate of flow in the
CCD. Thismay aso cause theloss of the
excessNa" and may thereby help control
hypertension. Diuretic therapy poses a
threat to patientswith hyporeninemic hy-
poaldosteronism with a low ECF volu-
me. The administration of 9 a-fludrocor-
tisone to these patients results in both a
kaliuresis and retention of Na'.

Hypertension and Hyperkalemia

— Pathophysiology: These patients repre-

sent a heterogeneous group. In some, the
pathophysiology seemsto beof aCl™-shunt
disorder in CCD [87]; in others the defect
may be one of closed ENaC in CCD [57].
In this latter group, the renal salt wasting
and the resultant ECF volume contraction
lead to activation of the renin-angiotensin-
system and possibly the release of other
vasoactive mediators that could lead to the
development of hypertension in patients
who may be unduly sensitive to the action
of these vasocongtrictors.

Clinical picture: In both groups of pati-
ents there is the association of hyperten-
sion and hyperkalemia. In the group with
apossible Cl™-shunt, the ECF volume is
expected to be normal or expanded. On
the other hand, patients with a possible
closed ENaC are expected to have alow
ECF volume.

Malluche et al. - Clinical Nephrology, Dialysis and Transplantation - -2 31

1.2



Chapter | - Clinical Nephrology and Hypertension

— Diagnosis requirement: In patients with

hypertension and hyperkalemia due to a
Cl™-shunt, the PRA issuppressed, and the
plasma aldosterone level is inappropria-
tely low for the presence of hyperkale-
mia. These patients are expected to be
abletoexcretevirtually Na'- and Cl-free
urinein responseto theinduction of ECF
volume contraction. The group of pati-
entswith hypertension and hyperkalemia
due possibly to arelatively closed ENaC
in the CCD are expected to have high
PRA and high plasmaaldosteronelevels.
Despite the presence of contracted ECF
volume, these patientshaverenal salt wa-
sting.

Molecular basis: Genetic and molecular
studies are needed in patientswith hyper-
tension, hyperkalemia, and possible clo-
sed ENaC to determine if these patients
do indeed have inactivating mutationsin
ENaC.

Therapy: Loop or thiazide diuretics are
helpful in patients with hypertension and
hyperkalemiadueto aCl™-shunt disorder.
These agents, however, are likely to
worsen the renal salt wasting and hyper-
tension in patients with a relatively slo-
wer ENaC. Control of hypertension in
these patients may be helped with salt
supplementation.

Cyclosporin-induced Hyperkalemia

— Pathophysiology: Hyperkalemia deve-

lopsin some patientsreceiving cyclospo-
rin, as for instance, following organ
transplantation. The pathophysiology of
hyperkalemiain these patientsresembles
a Cl™-shunt disorder in the CCD [36].

— Clinical picture: These patients usualy
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have hypertensionin associationwith hy-
perkalemia. The PRA is suppressed, and

the plasma aldosterone level islow rela-
tive to the stimulus of hyperkalemia.

— Diagnosis requirement: The administra-

tion of exogenous mineralocorticoids
does not cause arise in TTKG in these
patients. A significant increase in the
TTKG isobserved following theinducti-
on of bicarbonaturia.

Molecular basis: None.

Therapy: Kaliuresis could be enhanced
with the administration of aloop or thia-
zide diuretic to increase flow in CCD in
these patients. Inducing bicarbonaturia
with the use of acetazolamide could aso
be considered, but supplementation with
bicarbonate may be required.

Trimethoprim-induced
Hyperkalemia

— Pathophysiology: The cationic form of

trimethoprim and pentamidine can cause
hyperkalemia by blocking the ENaC in
the CCD [31, 89, 90, 91].

Clinical picture: Although first reported
in patientswith AIDSwho received high
doses of trimethoprim for the treatment
of Pneumocystiscarinii pneumonia[91],
arisein plasma [K*] may occur in pati-
ents even when these agents are used in
conventional doses [92]. Patients with
AIDS may aso have other conditions
that make them proneto the devel opment
of amore severe degree of hyperkalemia:
shift of K™ from cells, decreased K* ex-
cretion because of alow flow inthe CCD
dueto alow rate of osmoles (urea) excre-
tion [25, 31].

Diagnosis requirement: Thereisahisto-
ry of intake of these drugs. Becausethese
agents induce hyperkalemia by blocking
the ENaC inthe CCD, these patientsal so
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have rena salt wasting with elevated
PRA and plasma aldosterone levels.
Therapy: Because only the protonated
form of these drugs block ENaC, increa-
sing the urine pH should causeless of the
trimethoprim to be in its cationic form,
and itsantikaliuretic effect should be mi-
nimized [31]. Inducing bicarbonaturia
with acetazolamide is a rationa thera-
peutic option in patients with hyperkale-
miainwhom continuation of these drugs
is necessary. However, enough alkali
would need to be given to avoid the de-
velopment of metabolic acidosis. Theuse
of aloop diuretic may also help by lowe-
ring the concentration of these drugsin
theurine. Enough NaCl administrationwill
be required to maintain the ECF volume.

pictureand isconfirmed later by molecu-
lar studies.

— Molecular basis: Thisdisorder isthe re-
sult of amutation in the alpha subunit of
the skeletal muscle Na“™ channel gene
[80, 81]. Thisleadsto failure to comple-
tely close these voltage-gated Na' chan-
nels in skeleta muscle cells when the
[K™] in the ECF is raised, and hence the
electrical inexcitability of the skeletal
muscle.

— Therapy: Treatment isdirected at measu-
resto avoid hyperkalemia. Acetozolami-
de seems to be effective, though its me-
chanism of action isnot clear.

Therapy of Hyperkalemia When

1.2

Hyperkalemic Periodic Paralysis ThereisNo Medical Emergency
(HYPP)
It is important to recognize that lowering
— Pathophysiology: The defect in this di- the plasma [K*] from 7 to 6 mM requires

sorder seems to be in the regulation of a
specific population of Na* channels (te-
trodotoxin-sensitive) in the cell membra-
ne in skeletal muscle. When the muscle
is stimulated to contract, Na' influx de-
polarizes the cell. As the RMP approa-
ches—50 mV, normal Na' channelsclose.
In patients with HYPP, these defective
Na" channels fail to close, causing the
cells to have less negative RMP. Depen-
ding on the absolute voltage, lesser chan-
gesmay result in myotonic seizures, whi-
le larger changes can cause paralysis.
Clinical picture: This syndrome has an
autosomal dominant inheritance. Sym-
ptoms of weakness and ultimately para-
lysis in association with hyperkalemia
usually follow bouts of exercise.

— Diagnosis requirement: The diagnosis
hinges on finding acharacteristic clinical

much lessK " lossthanwhat isneeded to lower
the plasma [K ] from 6 to 5 mM. Therefore,
creating asmall K* loss can bevery important
in severe hyperkalemia.

— Diuretics and/or mineralocorticoids; If
K™ excretion is low because of a low
urine volume with a high [K™], a loop
diuretic may induce kaliuresisby increa-
sing the flow rate in the CCD (Figure 3).
Unwanted ECF volume contraction can
be avoided by replacing the NaCl lost in
the urine. NaCl should be given at the
same tonicity as the urine to avoid a
dysnatremia. If the urine [K™] is unduly
low, giving a mineralocorticoid (100 pg
9a-fludrocortisone) and inducing bicar-
bonaturia with the carbonic anhydrase
inhibitor, acetazolamide may cause sub-
stantial kaliuresis (HCOsz™ lost in the uri-
ne may need to be replaced).
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— Cation-exchange resins. The cation ex-
change resin that is most often used is
Na" polystyrene sulfonate (Kayexalate).
Theresin can be given either orally or as
aretention enema. It has the capacity to
bind 3.5 mmol K*/g of resin, but the
actual amount bound in vivo is closer to
1 mmol K*/g [92]. When used orally, 20
g of the resin is usualy given with 100
mL of 20% sorbitol solution to avoid
congtipation. This can be repeated every
4 —6 hours as needed. When given asan
enema, 50 g of theresinisusually mixed
with 50 mL of a 70% sorbitol solution
and 100 mL of tap water. Thissolutionis
retained in the colon for at least 30 — 60
min, preferably longer. With this, the ne-
gative balance for K* that is usually
achieved is 25 — 50 mmol). Sorbitol-in-
duced colonic necrosisisareported com-
plication of thistherapy in postoperative
patients, perhapsreflecting decreased co-
lonic motility that may increasethe dura-
tion of contact of hypertonic sorbitol
with the colonic mucosa. A cleansing
enema may be needed to prevent the co-
lonic retention of the resin-sorbitol mix-
ture.

Metabolic Alkalosis

The hallmarks of metabolic alkalosisarean
elevated [HCOs] and decreased [H'] in
plasma[16, 94, 95]. Assuch, it is customary
to discuss the topic of metabolic akalosisin
the section on acid-base disorders in most
textbooks. We have chosen to break away
from thistradition and include the discussion
of metabolic akalosis in the section on K.
The reason for that decision is to emphasize
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that in conceptual terms, metabolic alkalosis
due to vomiting is not primarily an acid-base
disorder, but rather adisorder resulting for the
most part from a deficit of KCI. Although
metabolic alkalosis is defined clinically by
changes in the composition of the ECF, pres-
ence of ahigh[HCOz3] in plasma, however, it
isadisorder inwhichthereisusually intracel-
lular acidosis and a deficit of K* [15, 17].

Pathophysiology of Metabolic
Alkalosis

To understand the pathophysiology of me-
tabolic akalosis, one must examine the total
body balance for critical ions, analyzing
eventsin 3 mgjor areas. the ECF, the ICF, and
the urine.

Mass Balance Data

The simplest model of metabolic akalosis
in humans is that produced when the only
initial change in mass balance is to remove
HCI from the stomach. In the most often-
quoted study of thistype of metabolic alkalo-
sis[16], normal human volunteers underwent
this processfor 4 —5 days. All ions and water
losses other than HCI were replaced during
that period. After this, subjects were alowed
to stabilize in a post-drainage period of 5—7
days, during which their deficits of CI™ were
not replaced (Figure 17). Examining the mass
balancedatareveal sthat during theHCI drain-
age period, there was a deficit of Cl™ but not
of Na" or K, and only avery modest decline
in ECF volume. During the post-drainage pe-
riod, however, all subjects devel oped apromi-
nent degree of K* depletion due to renal K*
loss. Whileit is not clear from the data what
anion was excreted with K™ in the urine, it is
obvious that the source of K* was the ICF, as
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Figure 17. Stoichiometry

BALANCE (loss HCO,)

when K* are excreted. When
K" are excreted, there is a need
to have a cation enter the ICF
compartment (H* in this exam-
ple) and an anion enter the

Loss K*

urine with the K* for electroneu-
trality. The anions excreted are K*
not CI™; they are HCO3™ or their

T T
: ) : Coz
K : Charge - :
! Balance !
1 - |
1 HCO, | 1 HCO;,
1 ‘] 1 3
v - ¥ + s +
HCOS Urine = ICF Loss K™ + Gain H

acid-base equivalents.

Table 6. Mass Balance for Na*, K" and CI” in “Selective Depletion of HCI™.
Data were selected from studies in the literature where there was selective loss of HCI (or swap of HCO3.
for CI") together with a post-drainage period in humans [16], dog [105] or rat [17].

Species
Parameter Human Dog Rat
(mmol) (mmol) (umol)

Na* -22 -9 -535
K" -213 -118 -2931
cr -199 -110 -2533
ECF volume -0.5 liters — -10 mL

—% change -3 — -12

thereis not enough K™ in the ECF to account
for the magnitude of its negative balance. The
striking feature is that on mass balance, there
was near-equimolar losses of Cl~and K™ with
little change in the mass balance for Na'.
Similar observations were made in experi-
ments in animals. Mass balance data from
human and animal experiments are summa-
rized in Table 6.

H* Balance During KCI Depletion

Having established that the mass balance
during this selective HCI loss (or so-called
selective Cl™-depletion alkalosis, which is, of
course, a misnomer because one must main-
tain charge balance) is one of equimolar loss
of K* and CI~, then what is the mass balance

for H' (Figure 17)? It is important to recog-
nize that while there is equimolar loss of K*
and CI7, theloss of these 2 ions did not occur
in the same time frame or even by the same
route. During the HCI drainage period, there
wastheloss of CI~with H", which resulted in
a gain of HCOz™ in the ECF (Figure 12).
During the post-drainage period, K" werelost
with anions other than CI™. If these anions
were produced endogenously with H*, their
excretion in the urine with K™ can be equated
with a gain of H* in the body (Figure 17).
BecausetheHCO3s™ contentinthe ECF did not
declinewhen theseH" wereadded to thebody,
they must have been retained in another com-
partment, the ICF. Because on mass balance
data, there was an equimolar loss of K* and
ClI~, the HCOs™ gain in the ECF was equiva
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lent to the H® gain in the ICF, and the mass
balance for H was virtually nil.

To summarize, analysis of mass balance
data during the simplest form of metabolic
alkalosis, selective HCI loss, reveals a large
K Cl deficit. Themassbalancefor H' islargely
nil with a HCOz™ gain in the ECF and an
equivalent gain of H" in the ICF. However, to
recognize how the pathophysiology of meta-
bolic alkalosis evolves, an analysis of events
in 3 major areas, the ECF, the ICF and urine,
isrequired.

Analysis of Eventsin Metabolic
Alkalosis

Eventsin the ECF

With the constraints of electroneutrality,
there are only 2 ways to add a specific anion
to a compartment, either with a cation or an
exchange for the loss of another anion.

In clinical disorders of metabolic alkalosis,
the major way to add HCOs™ to the ECF isto
swap HCOs™ for another anion in the ECF.
Theonly anion present in sufficient quantities
in the ECF is Cl™. Because a loss of H' or
NH4" is equivalent to a gain of HCOs", 2
organsare capable of inducing the swap of CI™
for HCOs: the stomach (HCI loss during
vomiting or gastric drainage, Figure 12) and
the kidney (excretion of NH4Cl) (Figure 18).

Another way to add HCOz™ to the ECF and
yet maintain electroneutrality is the admini-
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Figure 18. Stoichiometry
when NH4Cl is excreted. When
NH4Cl is excreted (solid box in
center), thereisanetloss of CI™
together with the net gain of
HCO3™ in the ECF compart-
ment (dashed boxes).

BODY

stration of HCO3™ (or an anion that could be
metabolized into HCOs', e.g. citrate or ace-
tate) along with a cation (Na"). The normal
diet supplies aload of alkali that is normally
removed by excreting a family of organic
anions [96]. With hypokalemia, the excretion
of anions like citrate declines [97], and this
will yield anet load of alkali to the body.

Rena Events

The early work of Pitts and coworkers has
demonstrated a maximal tubular excretion
(Tm) for HCO3s™ reabsorption by the kidney
[98]. However, these experiments were done
with the infusion of NaHCOs3; that also
caused expansion of the ECF volume. In fact,
in the absence of ECF volume expansion, the
capacity of the proximal tubule for reabsorp-
tion of HCO3™ islarge, with no threshold for
HCOj3 reabsorption even at plasma[HCO3 ]
of closeto 50 mM [99, 100, 101] (see chapter
I-3 on Acid-base Balance for more discus-
sion).

Two major factors seem to enhance the ac-
tivity of theNa'/H" exchanger (NHE-3) inthe
proximal tubule: Ang Il [102] and intracellu-
lar acidosis. Ang |1 isreleased in response to
low effective circulating volume. As the
plasma[HCOs ] risesinitially not all filtered
HCOz3™ isreabsorbed. To the extent that some
HCOs  islost with Na' in the urine, a degree
of contraction of the ECF volume occurs.
Withregardtothefall inintracellular pH, both
hypokalemiaand arisein pCOz raisethe[H]
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| METABOLIC ALKALOSIS |

Is the concentration of
Cl in the urine close to zero?

YES

YES

* Recent vomiting

* Bicarbonate intake

plus loss of ECFV

Figure 19. Diagnostic flow
chart for metabolic alkalosis.
For detalls, see text. Final diag-
noses are shown in the boxes
at the bottom of each limb of
the flow chart. Reproduced
with permission [104].

inthe |CF and hence the activity of NHE-3in
the PCT. These renal mechanisms lead to
HCO3™ retention and protect against bicar-
bonaturiawith the associated lossof Na' (loss
of ECF volume) and K™ (worsening hypoka-
lemia). Moreover, the loss of HCOs™ must be
prevented as the body does not have a total
HCO3™ surplus.

Eventsin the ICF

Asdiscussed previously, mass balance data
reveal alarge deficit of K*. The source of this
K" is from the ICF, and its loss in the urine
occurs with an anion other than CI™. Theloss
of K™ with an endogenous anion is equivalent
to the gain of H* (see Figure 17). To provide
mass balance and electroneutrality for the
ECFand ICF, H" and Na' enter the ICF asK™
exit. Therefore, there is both depletion of K*
and intracellular acidosis.

To summarize, the pathophysiology of the
so-called ClI™ depletion metabolic akalosis

Is the urine alkaline?

NO

Is the patient
on a diuretic?

NO YES

* Remote vomiting .
. . : Does the * Recent diuretics
Remote diuretics patient have if urine [Cl] falls
hypertension?  to zero later
vEs
* High mineralo- * Kidney problem
corticoid activity e.g., Bartter's
- e.g., adrenal problem syndrome

or renin excess

has the following features. a higher content
and concentration of HCOs™ in ECF, an en-
hanced reabsorption of HCO3™ by the kidney,
and K" depletion with intracellular acidosis.

Clinical Aspectsof Metabolic
Alkalosis

A list of the common causes of metabolic
alkalosisis provided in Figure 19. Metabolic
alkalosis is seen most often in patients who
vomit on a chronic basis or those who are
taking diuretics. Less commonly, causes in-
clude patients with disorders of primary ex-
cess of mineralocorticoid actions. The most
helpful aspectsinthedifferential diagnosison
presentation are the history, an assessment of
the ECF volume, the measurements of the
plasma creatinine concentration, and an
analysis of electrolyte excretion in a random
urine.
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History

Often, the diagnosis of metabolic akalosis
is straightforward. However, anumber of pa-
tients are not willing to admit to self-induced
vomiting or the abuse of diuretics. Therefore,
the history cannot berelied upon entirely, and
one must often resort to a series of laboratory
tests to establish the diagnosis (Table 1).

Assessment of the ECF Volume

The major causes of metabolic akalosis,
vomiting or diuretic abuse, areusually accom-
panied by asignificant degree of ECF volume
contraction. On the one hand, patients with
metabolic akalosis due to primary excess of
mineral ocorticoid actions have a norma or
somewhat expanded ECF volume. Hyperten-
sion is also a common finding in these pa-
tients.

Urine Electrolytes

A single spot urine, or perhaps several spot
urine samples, can unravel the pathophysiol-
ogy of metabolic akalosis (Table 1). It must
be stressed at the outset that there are no
normal values for urine electrolytes, just ex-
pected valuesin agiven clinical setting.

In patients with metabolic alkalosis, ECF
volume contraction, and similar low excre-
tions of Na', K™ and CI~ could represent the
presence of remote vomiting or ‘yesterday’s
diuretics', or the prior intake of nonreabsor-
bable anions. Some patients with metabolic
alkalosis have alow rate of Cl™ excretion, yet
the urine contains an abundant quantity of
Na'. The reason for the Na" excretion is the
presence of an anion that was not reabsorbed.

38

If theurine containsalarge quantity of HCO3™
(pH > 7), vomiting or nasogastric suction are
the most likely diagnoses. A low urine pH
suggests the intake of anions that are poorly
reabsorbed by the kidneys.

Excretion of an abundant amount of Na"
and ClI™ in the urine is expected in a patient
with anorma ECF volume. In a patient with
metabolic alkal osisand acontracted ECF vol-
ume, this pattern of electrolyte diuresis sug-
gests a diagnosis of Bartter’'s or Gitelman's
syndrome(s) or the recent use of diuretics.

Plasma Creatinine

Some patients with ECF volume contrac-
tion will have elevated values for plasma
creatinine corrected for their body mass, es-
pecialy if the degree of ECF volume contrac-
tion is marked. Previous values and the clini-
cal setting make this interpretation relatively
simple.

Patients with chronic renal failure (CFR)
usually have a normal or expanded ECF vol-
ume and a markedly elevated level of creat-
ininein plasma. If apatient with renal failure
ingests or is given akali or organic anions,
little HCO3™ will be filtered and HCO3™ will
be retained.

Clinical Approach

Anoutlinetoaclinical approachto apatient
with metabolic alkalosisisprovidedin Figure
19. Thefirst step in the resolution of the basis
of metabolic alkalosisis to rule out the pres-
ence of significant renal function impairment
(GFR <25% of normal). If renal failureexists,
the specific cause of the metabolic alkalosis
should be evident from the history.
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If avery low GFR plus akali input is not
the cause of metabolic akalosis, the ECF
volume statusisthe next critical parameter to
assess. The magjority of patients have a con-
tracted ECF volume and their urine [CI] is
very low (< 20 mM). The differential diagno-
sisin this group of patients with a contracted
ECF volumeisindicated in Figure 19.

Effect of Metabolic Alkalosis on
Ventilation

The[H"] isamajor determinant of ventila-
tion, and therefore one would expect metabo-
lic dkalosis to have a depressant effect on
ventilation. In fact, there is a linear relation-
ship between the increasing plasma [HCOz ]
and progressive increase in the partial pres-
sure of carbon dioxide (pCOy), with a slope
of approximately 0.7, indicating that for every
mM increasein plasma[HCOs ], a0.7 mmHg
increase in pCO2 would be expected. Thus,
when patients present with CO» retention and
metabolic akalosis, the metabolic akalosis
should be corrected before attributing the CO»
retention to lung disease.

Ashypoventilation devel ops, it isaccompa
nied by hypoxia, which offsets the degree of
respiratory suppression achieved. The reduc-
tion of tissue oxygen (O>) delivery in metabo-
lic dkalosisis further aggravated by the fact
that the O2 hemoglobin dissociation curve is
shifted to theleft by alkalemia, increasing the
affinity of hemoglobin for O..

Patients with chronic lung diseases often
take diuretics to cope with their Na' retention
and may develop metabolic akalosis. The
mixed acid-base disturbance may return their
plasma [H'] to the normal range. This re-
movesthe acidemic driveto ventilateand may
worsen the clinical condition [103].

Treatment of Patientswith
M etabolic Alkalosis

Group with aLow ECF or Effective
Circulating Volume

It goes without saying that patients with
ECF volume contraction require Na“ and CI~
replacement. When their ECF volume is re-
stored, the [HCOs'] will fal, owing to dilu-
tion. Eventualy there will be some bicar-
bonaturia. Moreover, the[HCO3z '] inthe ECF
can fall to the norma range when a large
excess of NaCl is given (the ECF volume is
expanded by 4 —5 L), even if the K" deficits
are not completely restored [94]. Up to this
point the large K* deficit in cells and the
intracellular acidosis have been ignored.
Therefore, NaCl administrationisonly partial
therapy in patients with metabolic alkalosis
who have ECF volume contraction, asit does
not address the accompanying intracellular
acidosisand K *-deficit. In fact, some patients
with metabolic alkal osis have only amarginal
depletion in their ECF volume. Clearly inthis
case, NaCl should not be the linchpin of ther-
apy. To treat the ICF acidosis and K* deple-
tion, obviously K* must be given with an
anion that permits retention of this cation in
the ICF. This means KCl in most cases be-
cause as K" enters the ICF, Na’ and H" exit
for the most part. The H™ titrates the excess
HCOsz in the ECF and the extra NaCl is
excreted.

In patientsin whom the metabolic alkalosis
is due to a reduction in effective circulating
volume with ECF volume expansion (e.g.
congestive heart failure (CHF) on diuretics),
the metabolic alkalosis requires therapy with
K Cl, and additional Na" should not be given
(asK” entersthel CF, Na' |eaves, adding some
Na' to the ECF). A loop diuretic will be
needed to excrete the net gain of NaCl in the
ECF compartment.
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If the patient has been abusing diuretics or
inducing vomiting, therapy of the underlying
psychopathology proves to be the greater
problem.

High or Normal ECF Volume Group

Therapy is generally more difficult in pa
tients with ECF volume expansion. If they
haverenal failureand arevery alkalemic ([H']
< 20 nM, pH > 7.70), they should receive
someH" intheform of HCl or NH4Cl. If these
patientsare dialyzed, the bath should havethe
[HCO3] reduced so as to ameliorate rather
than contribute to the alkalemia.

If the patient has hyperadrenalism, agents
blocking the reabsorption of Na' by theENaC
in the CCD (amiloride) or mineralocorticoid
antagonists have an important rolein thether-
apy. Aggressive K" replacement in conjunc-
tion with amiloride or spironolactone must be
used with caution, so asto avoid the devel op-
ment of aserious degree of hyperka emia[60,
61]. In the acute setting, it is safest to order
only oneday of K" therapy at atime, checking
the serum [K*] each day before ordering that
day’s therapy.

Patients with Mg®* deficiency should have
their deficiency corrected, but it isimportant
to follow up on the effectiveness of the ther-
apy, since patients with hyperal dosteronism
also have Mg?* deficiency.

At times, one would like to aleviate the
alkalemiaquickly (e.g. weaning from aventi-
lator). Acetazolamide is sometimes used in
such a setting, but the large load of NaHCOs
delivered to the collecting duct can promote a
substantial additional urinary K™ loss. For this
reason, we prefer an 1V HCI preparation in
such patients. With 1V HCI, oneal so hasbetter
control over thedegreeof fall in[HCO3] than
with acetazolamide.
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If the patient is ventilated and has a fixed
alveolar ventilation, the pCO2 may rise with
H" administration. Therefore, in these pa-
tients, treatment must be very slow.
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Disorders of Acid-base Balance

Mitchell L. Halperin, Shih-Hua Lin, Manjula Gowrishankar and Kamel S. Kamel

Overview of Hydrogen
Ions

Hydrogen ions (H") play a central role in
cellular physiology [1, 2]. Their most impor-
tant function is in the regeneration of
adenosine triphosphate (ATP) that permits
cells to perform biological work. To regener-
ate ATP, H" are first actively pumped out of
mitochondria using energy derived from a re-
dox pump; this creates an electrochemical
driving force for H' to enter mitochondria.
This proton motive force across the inner mi-
tochondrial membrane is largely due to volt-
age (inside negative) and also to a pH differ-
ence (inside alkaline). When H" diffuse into
the mitochondrial compartment, the entry
system has two components, a special H'-
ATP synthetase that is linked to a system to
convert ADP plus inorganic phosphate to
ATP. This system of linking H' transport and
ATP turnover is a fundamental one in
acid-base homeostasis. For example, the re-
verse of this reaction causes H' to be trans-
ported out of cells of the collecting duct with
the driving force being the hydrolysis of ATP
—the H pump is now an H'-ATPase using en-
ergy trapped in ATP to move H' against its
electrochemical gradient [3].

The H' concentration in all body compart-
ments is maintained at a very low level be-
cause H' bind very avidly to histidine resi-
dues in proteins. Binding of H™ to proteins
changes their charge (more positive) — this
might alter their configuration, and possibly

Malluche et al. - Clinical Nephrology, Dialysis and Transplantation -

their function [4]. Since most proteins are en-
zymes, transporters, contractile elements, and
structural compounds, a change in their func-
tion could pose a major threat to survival.
Notwithstanding, not all H" binding to pro-
teins results in a diminished function; for ex-
ample, H' binding to hemoglobin promotes
the release of O at the tissue level and the
converse applies in the alveoli of the lung [5].

Two quantitative aspects illustrate this deli-
cate homeostasis for H'. First, the concentra-
tion of H' in plasma is exceedingly tiny as
compared to the concentrations of ions like
bicarbonate (HCO3") (Pcos), sodium (Na")
(Pna), potassium (K") (Pk), or chloride (CI)
(Pc1). Moreover, the concentration of H' is
maintained within a very narrow range in the
extracellular fluid (ECF) (40 £ 2 nM) or in
cells (close to 80 nM in many cell types) [6].
This is even more impressive because an
enormous number of H™ are produced and re-
moved by metabolism each day [7]. In more
detail, acids are obligatory intermediates of
carbohydrate, fat, and protein metabolism.
For example, since adults typically consume
(and oxidize) 1,500 mmol of glucose per day,
at least 3,000 mmol or 3,000,000,000 nmol of
H' are produced (as pyruvic and/or L-lactic
acids) and removed daily. In an adult eating a
typical Western diet, 70 mmol or 70,000,000
nmol of these H' are added to the body. This
implies that there are very effective control
mechanisms that minimize fluctuations in the
concentration of H', thereby avoiding large
changes in the net valence on body proteins.

1-3 - Update 2 (2005) 1
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Table 1. Major concepts in acid-base balance. For details, see text. Reproduced with permission [187].

Concept

Comment

1. Net H® production is revealed by
finding new anions.

2. Buffering of H* is good if H® are removed
by HCO3™ and not proteins.

3. Kidneys add new HCOs3' to the body
by excreting NH4".

4. Eliminate dietary alkali with
endogenous H* production.

5. Excrete urine at a pH of 6.0.

— The rate of turnover of ATP sets an upper
limit on the rate of ketoacid and L-lactic
acid production and removal.

— Diminished metabolic removal of ketoacids
is critical for ketoacid accumulation.

— Allow tissue PCO3 is needed for the BBS.
— Tissue PCO2 depends on the arterial PCO2,
CO2 production and blood flow rates.

— NH4" production is stimulated by a low PCT
cell pH, and is limited by PCT ATP turnover
and the presence of an alternate fuel.

— Alkali is eliminated by organic acid
production and the excretion of organic
anions in the urine as their Na™ and K* salts.

— Arguably, this is the most important
renal function in acid-base balance because
a urine pH of 6 minimizes the risk of uric acid
and CaHPO4 stone formation.

BBS = Bicarbonate Buffer System.

Overview of Acid-base
Balance

An analysis of acid-base balance must con-
sider not only acid balance but also the bal-
ance for bases or alkali.

Acid-balance

There are 3 major components to consider
in the physiology of acid balance (Figure 1).
First, during the metabolism of certain dietary
constituents, H' are produced. This produc-
tion of H' is recognized by finding of the ap-
pearance of new anions (Table 1) [2, 7]. Sec-

2

ond, H" are ultimately removed from the body
largely because they react with HCO3™, form-
ing CO3 + water; the CO; so-formed is elimi-
nated via the lungs. The net result of these re-
actions is a deficit of HCO3" in the body that is
equal to the net H' load. Third, generate new
HCOs™ (without H") to replace that lost in ti-
trating these H™ [8]. This is accomplished by
excreting ammonium ions (NH4") in the
urine.

Base-balance

The diet also provides alkaline salts [9]; the
best example is the ingestion of fruits that
contain K" citrate salts. Metabolism of these
citrate anions occurs rapidly in the liver and
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Methionine

Figure 1. Acid balance. The
portion of new H* produced in
metabolism that requires renal
actions for its elimination come
from the oxidation of sulfur-
containing amino acids de-
picted as methionine oxidation
in the liver. This process re-
moves HCO3™ from the body
and adds S04 anions. The
kidney excretes these extra
S04% anions while adding an
equal quantity of HCO3" to the
body. This is achieved as equiv-
alent amounts of NH4* + S04
are excreted in the urine. Repro-
duced with permission [187].

Fimits, vegerables

Figure2. Disposal of an alkali
load. The alkali load of the diet
is derived from ingested K*
salts of organic anions for the
most part. This spectrum of or-
ganic anions is converted to
HCOg3" in the liver. Organic ac-
ids (citric acid in this example)

Intcstinal bract

are then produced by hepa- -

tocytes and its conjugate base ]
(citrate anion) will be excreted B
in the urine as a K* salt. Repro- 0
duced with permission [187].

the net result in acid-base terms is the produc-
tion of HCO3™ [7]. Removal of this HCO;3
load is achieved via production of new en-
dogenous organic acids including citric acid
[9]. The H' of these acids titrate HCO3™ and
base balance is maintained by excreting the
conjugate base of these acids (e.g., citrate™)
in the urine as their Na", K', and/or calcium
(Ca®") salts [2, 9 — 12] (Figure 2). This dis-
posal of alkali with the excretion of organic
anions minimizes the risk for kidney stone
formation. It avoids the excretion of HCO;3
which, by alkalinizing the urine, could lead to
calcium phosphate precipitation [13]. Fur-
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ther, in response to a load of alkali, renal reab-
sorption of citrate declines [14], citrate che-
lates Ca”" in the urine and therapy reduces the
risk of stone formation.

H' Production

CONCEPT 1: H' production is revealed by
finding of new anions.

Metabolic analysis of net production of
acids: Ametabolic process can span more than
one organ (Figure 3). In general, the starting
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points are dietary or stored fuels (glycogen or
triglycerides) and the final products are ATP
or storage forms of fuels [2]. From an
acid-base perspective, one can determine if
H" are produced or consumed in a metabolic
process by a quantitative examination of the
net charge or valence of its substrates and end
products [7]. H' are formed if the net charge of
the compounds produced is more anionic
than that of substrates; the converse is also
true. In this analysis, the net charge on ade-
nine nucleotides (ADP, AMP, ATP) or
NAD(P) does not need to be considered as the
conversion of ATP to ADP to do biological
work initiates the regeneration of ATP and
NAD(P).

Acid balance is maintained if the new an-
ions are metabolized to neutral end products,
or if they are excreted in the urine along with
H" or NH4". On the other hand, there is a net
gain of H' in the body if these anions are re-
tained in the body or are excreted as their Na"
or K" salts. Therefore every new anionic va-
lence retained in the body or excreted with

4

-
-

Tavew met ackioms

af inculin

§ ATE

Lay, pre s
in reqmired, Figure 3. The metabolic pro-
::uﬂm cess involved in ketoacid me-
tabolism. The metabolic pro-
cess of ketoacid metabolism
begins with activation of hor-
0 mmelidsy mone sensitive lipase (HSL) in
e adipose tissue. After a lack of
Kidney insulin for several days, the pro-
duction of ketoacids in the liver
ﬁ}' ,."' &) rises to about 1500 mmol/day.

"..

ketoacids are the brain (750
mmol/day) and the kidneys
(400 mmol/day). Reproduced
with permission [187].

l\ The main sites of removal of

Na' or K', one new H' was added (Figure 4).
Using the above analysis, the net addition of
H' to the body can be classified into 2 cate-
gories:

TCa

H* £-Hp"

{
J__ \‘@
f
Body
COy k/ @\ Na" orK* + 8-HF

{urine}

Figure 4. Metabolic analysis of net production of
acids. The partial oxidation of storage triglyceride
(TG) yields H™ plus p-hydroxybutyrate anions (B--
HB"). The H" are titrated in the body by HCO3", gener-
ating water and CO> — the latter is exhaled and the
body has a deficit of HCO3™ and a gain of 3-HB". If
the B-HB" are retained in the body (point 1) or are ex-
creted as Na™ (or K¥) salts (point 2), there is a deficit
of HCO3™ that is equivalent to a net gain of H*. Re-
produced with permission [187].
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Figure 5. Physiology of NH4"
excretion. There are 2 major
steps. First, NHs" and HCO3
are produced when glutamine
is metabolized in cells of the
PCT. Second, NH4" is trans-
ferred via the medullary inter-
stitial compartment to the lu-
men of the MCD because of a
high medullary interstitial con-
centration of NHz and NH4".

— H' production during normal metabo-
lism: In effect, this means the production
of sulfuricacid (SO42' anion+2 H") from
the oxidation of sulfur-containing amino
acids and the production of phosphoric
acid from the oxidation of monovalent
phosphate diesters. These latter H' are
removed when they are excreted bound
to phosphate in the urine as HoPO4™ (ti-
tratable acid excretion). On the other
hand, H" that are produced with sulfate
(SO4%) anions during metabolism of
sulfur-containing amino acids cannot be
removed via metabolism or by excreting
SO, in the urine because the affinity of
SO4* for H' is too low at typical urine
pH values. In this case, maintenance of
acid balance requires a mechanism for the
generation of new HCO3™ without adding
H' to the body. This is accomplished by
metabolizing a neutral amino acid, gluta-
mine, to a cation (NH4") and an organic
anion (a-ketoglutarate). This anion is me-
tabolized in the kidney to a neutral end
product (CO; and/or glucose), yielding
new HCOs' thatare added to the body. For
a net gain of HCO3', NH," must be made
into an end product of metabolism by be-
ing excreted in the urine (Figure 5) [15].

— H' production during incomplete or ab-

normal metabolism: We cite 3 major ex-
amples here. First, the fastest rate of pro-
duction of H' is from carbohydrate me-
tabolism when the supply of oxygen is
inadequate to meet demands. Now L-lac-
tic acid is generated by anaerobic gly-
colysis (Table 2). Although metabolism
of the L-lactate” anion to a neutral end
product (e.g., glucose, glycogen or CO3)
removes H+, this occurs at a much slower
rate. Second, H™ production occurs dur-
ing fat metabolism if there is a relative
lack of insulin. In this case, ketoacids
(B-hydroxybutyric acid and acetoacetic
acid) are formed [16]. The degree of
ketoacidosis depends on how quickly the
brain and the kidneys remove these ac-
ids. Third, at times, compounds are in-
gested (usually alcohols or precursors of
alcohols) that can be metabolized to an-
ions at a much faster rate than these an-
ions can be converted to neutral end
products to remove these H'.

Endogenous net production of acids, a
physiological analysis: We can identify 2 ma-
jor categories of endogenous acid production.
One type of H' production requires renal net
acid excretion to eliminate these H' (e.g.,
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Table 2. Rates of production of H" and its removal. The rate of L-lactic
acid production listed in this table is that occur during anaerobic metabo-
lism, assuming an Oz consumption rate of 12 mmol/min and that the rate
of turnover of ATP is unchanged. This rate is much greater than in all
other causes of net H* addition. H* removal by metabolism of L-lactate
anions is depicted for gluconeogenesis and oxidation in the liver and kid-

neys.

Rate (mmol/min)

Production of H*

— L-lactic acid during anoxia

— ketoacids during a lack of insulin
— methanol/ethylene glycol

Removal of H*

— renal generation of new HCO3
— normal
— chronic acidosis

— metabolism (maximum in vivo rates in mmol/min)

— L-lactic acid
— ketoacids in brain and kidneys

72

(up to) 1.5
(up to) 1.0

0.03
0.15

4-8
1.0

monovalent diester phosphates and sulfur-
containing amino acids described above). H"
produced in metabolism of sulfur-containing
amino acids are eliminated by the excretion of
an equivalent amount of NH;" in the urine.
The second type of dietary-driven H" produc-
tion is part of the physiological response to
eliminate the dietary alkali (part of base bal-
ance, Figure 2, [9, 11]). This process yields
H" plus organic anions — H" titrate HCO5’,
while the organic anions are made into end
products of metabolism by being excreted in
the urine as their Na" and/or K" salts. Hence
although both types represent endogenous
H' production, they have very different
functions.

Basis for metabolic acidosis: There are 3
ways to raise the concentration of H™ in the
body — the addition of acids that yield H" (one
form of metabolic acidosis), failure to elimi-
nate CO» normally (called respiratory acido-
sis), and failure to add new HCO3" to the body
by excreting enough NHy™ (another form of

6

metabolic acidosis). In yet another condition,
H' may redistribute from the ECF to the intra-
cellular fluid (ICF) compartments without re-
quiring an overall change in the total number
of H' in the body. An example of such a shift
of H' into cells occurs in patients with a large
deficit of K'. In this case one develops an
intracellular gain of H' together with a gain of
HCO3™ in the ECF compartment [17, 18];
from the perspective of the ECF, this is called
metabolic alkalosis, but from the perspective
of the ICF compartment, it would be called
metabolic acidosis and a deficit of K (see
Chapter on K" where metabolic alkalosis is
considered in more detail).

Tools to Helpldentify Net
Production of Acids

Metabolic acidosis that is due to an over-
production of acids can be recognized by
finding the “footprints” of the added acids,
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Figure 6. Plasma anion gap. The anion gap is a calculation for “diagnostic convenience”; it reveals the “foot-
prints” of added acids. One measures only the major cation Na* and subtracts the major anions ClI"and HCO3".
The usual value is 12 mEqg/I (140 — 103 — 25); the anion that is not measured as such is primarily albumin.
When acids are added and their anions are retained in the ECF compartment, the PHco3 falls and the extra an-
ions are revealed by the larger value for the plasma anion gap. When NaHCOs is lost, the PHcos falls and there

are no extra anions; rather, the P¢) rises.

their conjugate bases (or new anions) in the
body (Figure 6) or in excreted fluids (usually
the urine). At times one can gain a helpful hint
about the nature of the added acids from ex-
amining the renal handling of their anions.

New anions in the body: New anions in the
body are detected by calculating the anion
gap in plasma (Figure 6). The concentration
of unmeasured anions in plasma (the plasma
anion gap) is the difference between the con-
centrations of the measured cation (Na") and
the measured anions (CI" and HCO3") in plas-
ma (Equation 1). K' is not commonly in-
cluded in this anion gap calculation because
its concentration is low relative to that of Na.
The usual normal range for the plasma anion
gap is 12 £ 2 mEq/I and this reflects for the
most part, the net anionic valence of albumin
in plasma. In some laboratories, this value
may be closer to 6 or 8§ mEq/l due to higher re-
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ported values for Cl” because of different ana-
lytical techniques for measurement of CI'.

Plasma anion gap = Pna— (Pc1 + Prcos) =
12+2mEq/l (1)

If the value for the plasma anion gap is
higher than expected for the anionic valence
on albumin, this suggests that acids have ac-
cumulated (Figure 6, middle panel). There
are, however, some potential pitfalls to con-
sider when evaluating the plasma anion gap.
The net anionic charge on albumin accounts
for most of this “gap”. Ata plasma pH of 7.4
and a concentration of albumin is 40 g/l or
4 g/dl, its valence is close to 12 mEq/l (when
the valence on K is ignored) [19]. Therefore
alow concentration of albumin in plasma will
cause the “baseline” value for the anion gap in
plasma to be lower; as a clinical short cut, for
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every 10 g/l decline in albumin concentration,
one should anticipate a 3 —4 mEq/1 fall in the
“baseline” value for the plasma anion gap.

Another cause for a low anion gap in plasma
is the presence of unusual cations in plasma
such as myeloma proteins. Although hyper-
calcemia or hypermagnesemia will in theory
lower the value for the plasma anion gap, the
change in their concentrations is rarely high
enough to make a significant change in the
plasma anion gap; the same is true for other
cations such as lithium. A low plasma anion
gap can be due to overestimation of ClI” (e.g.,
bromism).

Renal handling of new anions: The renal
handling of anions produced in association
with H™ has an important effect on the magni-
tude of the rise in the plasma anion gap as
compared to the decrease in the Pucos [20].
One can utilize the renal handling of these an-
ions to help recognize which acid was pro-
duced. For example, if the new anions are re-
tained in plasma, this implies that there was
little excretion of these anions in the urine.
For the most part, this means either a low rate
of filtration (low GFR), protein binding,
and/or avid reabsorption of these new anions
by the kidney (L-lactate anions, ketoacid an-
ions, and to a lesser extent, D-lactate anions).
On the other hand, metabolic acidosis due to a
high rate of production of acids can be associ-
ated with a near-normal anion gap in plasma if
the accompanying anion is largely excreted in
the urine; an example is the production of
hippuric acid and excretion of the anion, hip-
purate as its Na' or K salt (e.g., in glue sniff-
ers [21]).

Plasma osmolal gap: This tool is used pri-
marily to detect uncharged, low molecular
weight precursors of acids. In practice, the
calculation of the plasma osmolal gap is used
to detect toxic alcohols (methanol and ethyl-
ene glycol). The plasma osmolal gap is de-
fined as the difference between the measured

8

and the calculated plasma osmolality (Posm).
The calculated Posm is the sum of twice the
plasma P, plus the concentration of glucose
(Pciu) and of urea (Purea) in plasma, all in mM
terms (Equation 2). To convert to mM terms,
divide the BUN in mg/dl by 2.8 and the Pgyy in
mg/dl by 18.

Plasma osmolal gap =
Measured Posm— ((2 X PNa) + Purea+ PGiu) (2)

To use this calculation, one must presume
that there is no error in measurement of Pna
(e.g., due to hyperlipidemia). Ethanol will
also be detected by the calculation of the plas-
ma osmolal gap. Therefore one should not
think that methanol or ethylene glycol is ab-
sent simply because there is a history of con-
sumption of ethanol. At times, compounds
such as mannitol, or very high concentrations
of ions such as Mg”" may cause a high value
for the plasma osmolal gap. When there is
methanol or ethylene glycol toxicity, the val-
ue for the plasma osmolal gap is usually con-
siderably greater than 25 mOsm/kg H»O.

Buffering of H'

CONCEPT 2: In physiological buffering, H"
are to be removed by the bicarbonate buffer
system and not by proteins.

In the traditional view, the role of buffering
is to minimize the change in the concentration
of H" when an acid or alkali is added to a solu-
tion. From a physiological perspective, how-
ever, the main role of buffering is to force H"
to bind to HCO3™ rather than to proteins [4].
Binding of H' to intracellular proteins could
be detrimental to cellular function because
this changes the charge on these proteins
which could alter their tertiary structure and
may thereby affect their function. Therefore,
while it is customary to rely on measurements
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Figure 7. Role of the tissue
PCOz in the selection of ICF
buffers. As shown in the top
portion of the figure, when the
tissue PCO falls, the H* con-
centration in cells will decrease
and these H* will be removed
by HCO3". This will reduce the
quantity of H" bound to intra-
cellular proteins (H®PTN™). As
shown in the bottom portion of
the figure, there will be a rise in
the cell and venous PCO;
when the blood flow rate is
slower (2.5 vs 5 I/min), as may
be the case in a patient with a
contracted ECF volume. This
higher cell PCO2 forces H to
bind to proteins. The converse
occurs when the ECF volume
is re-expanded.

in plasma (pH, PCOa, Prco3’) to assess the
acid-base disturbance, it is also important to
recognize that events in the ECF, and espe-
cially in arterial blood, may not reflect the
acid-base status in the ICF compartment.

Several factors determine the degree of
binding of H to intracellular proteins (Figure
7). The first step for buffering of H' in cells is
that they must cross cell membranes. Buffer-
ing by intracellular HCO3™ can only occur if
the tissue PCO; falls (Equation 3).

H'+HCO; &> H,CO3>H,0+CO,  (3)

Distribution of H" Between the
ECF and ICF

This issue will be considered in some detail
because it also provides the basis to under-
stand why hyperkalemia develops in patients
with certain types of metabolic acidosis [22].
To shift K" out of cells, the mechanism of entry
of H' into cells should cause a less negative
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voltage in cells. H™ move across cell mem-
branes by passive entry of electroneutral free
acids or by carrier-mediated transporters for
monocarboxylate acids. With regard to the for-
mer, diffusion must be very slow because the
concentration of free acids with pK values in
the 2 — 4 range are very low at the pH of body
fluids. Hence specific transport systems that
permit H' to cross cell membranes are the
most important pathways to understand (Fig-
ure 8).

H" do not appear to enter cells by ion chan-
nels because if H™ or HCO;3™ ion channels
were present and open in cell membranes, the
ratio of the concentration of H' in the ICF and
ECF compartments would be similar to that of
K. Therefore the concentration of H' in the
ICF compartment would be 30 — 40 times
higher than that in the ECF compartment —
i.e., the pH of the ICF compartment would be
close to 1.5 pH units lower than the ECF
while measured values are close to 0.3 pH
unit [6]. Three pathways are available for
electroneutral H movement.
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(i) The monocarboxylic acid transporter
(MCT): The MCT catalyzes, for example,
the cotransport of L-lactate” or B-HB™ anions
plus H' across cell membranes [23]. Because
flux through this cotransporter is electroneu-
tral, it does not cause a change in the resting
membrane potential. Therefore this form of
transport of H' does not lead directly to a shift
of K" across cell membranes.

(ii)) The Na'/H" exchanger (NHE): A sim-
ple examination of existing concentrations of
Na'and H' in the ECF and ICF compartments
indicates that the NHE must be largely inac-
tive in vivo because it is appreciably dis-
placed from its electrochemical equilibrium
(Na" concentration in the ECF compartment
is higher (140 vs ~ 14 mM) and lower H' con-
centration is lower (40 vs 80 nM) in the ECF
compartment). When NHE does become ac-
tive, the only direction for net movement of
H' is from the ICF to the ECF compartment
[24]. Hence NHE is not directly involved in
buffering of an ECF H' load.

(iii) The chloride (CI')/HCQO3™ anion ex-
changer (AE): This AE catalyzes an elec-
troneutral exchange of anions [25]. Exit of
HCOj leads to the accumulation of CI in the
ICF compartment. Since all cells have CI’
channels in their membrane [26], the rise in
the ICF CI” concentration in conjunction with

10

Figure 8. Pathways for net
H* transport across cell mem-
branes. The circle represents a
cell. Given the large net ICF
negative voltage across cell
membranes and the 2-fold H*
concentration difference, H* or
HCOj3" ion channels could not be
in an open configuration (open
ovals above the dashed line).
Rather, there are 3 possible
transport systems, as shown by
the shaded ovals, which could
lead to the net transport of H*.
Abbreviations: NHE = Na'/H*
exchanger; MCT = monocar-
boxylic acid transporter; AE =
CI'/HCOg3 anion exchanger.
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the usual negative voltage forces CI to exit
from cells (Figure 9). This export of negative
voltage when CI ions exit causes a less nega-
tive voltage in cells. As a result, K" will exit
from cells if K channels are open. The net ef-
fect of this flux through the AE is the export of
K" and HCO;3" from cells. Thus a shift of K*
out of cells would occur in response to an in-
organic acid load or a non-monocarboxylic
organic acid load such as citric acid [27].

Buffering of H' by Intracellular
Proteins

Pucos: When the Pucos is very low, there is
little HCO3" in the ECF compartment to buf-
fer newly added H'™ so most of these H" will
now be bound to intracellular proteins. Hence
when the Prcos is very low and if there is a
possibility that it may decline even further,
this may be an indication to administer
NaHCOs. In this regard, it is also important to
note the impact of very small absolute
changes in the Pucos when this concentration
is very low to begin with. For instance, if the
fall in the Pyco3 is only 2 mM, but it fell from
4 mM to 2 mM, there is a doubling (100%
rise) of the plasma H' concentration and a fall
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Figure 9. NHE and NE adjust the cell voltage and the Pk. The circles represent cells with their usual net neg-
ative ICF voltage. Because of the higher Na* concentration outside cells and the higher H" concentration in
cells, the NHE catalyzes H* exit and Na" ion entry into cells in an electroneutral fashion (left portion). This
transport requires activation by insulin or intracellular acidosis. When Na* ions are exported by the
Na-K-ATPase, the voltage in cells becomes more negative. The net effect is to shift K¥ ions into cells. As
shown on the right, because of the much higher CI" ion concentration outside cells, the AE catalyzes HCO3"
exitand CI ion entry into cells in an electroneutral fashion. The combination of flux through the AE and the CI
ion channel tends to decrease the negative ICF voltage and cause intracellular acidification and ECF
alkalinization. This transporter required activation but the mechanism is not clear. The net effect is to shift K*

ions into cells.

in plasma pH of 0.3 units if the arterial PCO>
remains unchanged (which is likely to be the
case as hyperventilation is probably already
maximal). In contrast, a fall in the Prcos of 2
mM from 25 mM to 23 mM will cause only a
10% rise in the plasma H" concentration.

Arterial PCO3: A high value for the arte-
rial PCO; can have profound effects on the
ICF pH in a patient with metabolic acidosis.
For CO; to diffuse out of cells, intracellular
PCO» will have to be somewhat higher than in
the capillaries. The arterial PCO; depends on
the balance between CO» production and its
removal from the body by ventilation (Figure
7). Thus the arterial PCO, will be higher in a
patient who cannot increase ventilation ap-
propriately. In this case, mechanical ventila-
tion is the most effective means to lower the
intracellular pH and thereby minimize the
binding of H" to intracellular proteins. There
are several ways to assess this ventilatory re-
sponse to the presence of metabolic acidosis
(Table 4). Use the approximately 1 : 1 ratio
between the fall in Pycos from the normal
value of 25 mM and the fall in arterial PCO»
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from 40 mmHg [28]. We emphasize that these
are not meant to be exact values.

CO; production: As an isolated event, a
rise in CO; production rate will increase the
capillary PCO,. Similarly, a low arterial PCO»
may also reflect a lower rate of production of
CO; in patients who have a fixed degree of
ventilation [29].

Venous PCO;: The impact of a higher ve-
nous PCO; on the degree of buffering of H'
by intracellular proteins is illustrated in Fig-
ure 7. If the venous PCO is high, the intra-
cellular PCO, will be even higher, which
shifts the equilibrium of Equation 3 to the left,
raising the H' concentration in the ICF so that
more H™ will bind to proteins. Three factors
could lead to an elevated venous PCOy; first,
a high PCO; of arterial blood; second, a
higher rate of metabolic production of CO»;
third, the quantity and the concentration of
CO; that each liter of blood must carry will
rise if there is a reduced rate of blood flow to
an organ. It follows that in the setting of meta-
bolic acidosis associated with reduction in
ECF volume (Table 3), a very important mea-
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Table 3. Metabolic acidosis classified according to extracellular fluid volume status.

Metabolic acidosis with a reduced “effective” circulating volume
— type A L-lactic acidosis (venous volume may not be reduced)
— diabetic or alcoholic ketoacidosis
— gastrointestinal loss of NaHCO3
— metabolic acidosis and excessive loss of Na* in the urine
— e.g. overproduction of hippuric acid in glue-sniffers

Metabolic acidosis with a near-normal or expanded ECF volume
Increased anion gap

— ketoacidosis of fasting or due to hypoglycemia

— toxic alcohol ingestions (methanol, ethylene glycol)

— overproduction of D-lactic acid

— renal failure

Normal anion gap
— low NH4" excretion (e.g. distal RTA)
— proximal RTA

Table 4. Expected responses to primary acid-base disorders.

Disorder Response

Metabolic acidosis — For every mM fall in Prcos from 25 mM, the arterial PCO2
should fall by 1 mmHg from 40 mmHg.

Metabolic alkalosis — For every mM rise in PHcos from 25 mM, the arterial PCO>2

should rise by 0.7 mmHg from 40 mmHg.

Respiratory acidosis

Acute — For every mmHag rise in arterial PCO2 from 40 mmHg, the
plasma H* concentration should rise by 0.77 nM from 40 nM.

— Alternatively, for every 2-fold increase in arterial PCOo,

the PHcos should increase by 2.5 mM.

Chronic — For every mmHg rise in arterial PCO> from 40 mmHg, the
plasma H* concentration should rise by 0.32 nM, or the Pxcos
should rise by 0.3 mM from 25 mM.

Respiratory alkalosis

Acute — For every mmHg fall in the arterial PCO2 from 40 mmHg, the
plasma H* concentration should fall by 0.74 nM from 40 nM.
Chronic — For every mmHg fall in arterial PCO2 from 40 mmHg, the

plasma H* concentration should fall by 0.17 mM, or the Prxcos
should fall by 0.4 mM from 25 mM.

12



3 Halperin et al. - Disorders of Acid-base Balance

sure to correct the intracellular acidosis may
in fact be the aggressive restoration of the ef-
fective circulating volume.

Hypokalemia: Hypokalemia may be pres-
ent in some patients with metabolic acidosis
(e.g., patients with distal renal tubular acido-
sis (RTA) or those with diarrhea or glue sniff-
ing). As K shift from the ICF into the ECF
compartment, electroneutrality must be main-
tained. This could be achieved if the K are lost
from the ICF along with intracellular anions
(phosphate), or if K™ enter and extracellular
cations (Na" and/or H") exit. To the extent
that there is a net exit of K™ and entry of H',
the degree of intracellular acidosis will be-
come more severe and now more H' should
be titrated by intracellular proteins. Hypo-
kalemia may also affect the intracellular H"
concentration by causing respiratory muscle
weakness; the hypoventilation could cause a
rise in arterial and thereby the tissue PCOa,.

Excretion of NH4+

CONCEPT 3: Generation of new HCO3
without H™ occurs when NH, " is excreted.

To generate new HCO3", glutamine, must
be metabolized in the cells of the proximal
convoluted tubule (PCT) to yield NH4" and
the a-ketoglutarate (a-KG) anion [15]. Me-
tabolism of a-KG to neutral end products
(CO» or glucose) yields HCOj that are added
to the body. Nevertheless, for a net gain of
HCO»3', NH,;" must be made into an end
product of metabolism by being excreted in
the urine (Figure 5). The rate of excretion of
NH;" can be influenced by 2 major factors, its
rate of production in the PCT and its rate of
transfer to the final urine.

Production of NH4": Several factors influ-
ence the rate of production of NH4". It is im-
portant to recognize that there is a 1- to 2-day
lag period before acidosis augments renal
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ammoniagenesis. In response to chronic met-
abolic acidosis, the rate of excretion of NH4"
can increase to more than 200 mmol/day [30,
31]. Hypokalemia also stimulates ammonia-
genesis as it causes intracellular acidosis [32].
The converse is true for hyperkalemia. There
is an upper limit on the rate of NH4" produc-
tion in cells of the PCT set by the rate of re-
generation of ATP in these cells [33]. ATP is
utilized in PCT cells primarily to provide the
energy for the reabsorption of filtered Na"
[34]. Hence patients with a low GFR filter
less Na" and they have a lower rate of reab-
sorption of Na' in the PCT. This lessens the
need to regenerate as much ATP so the rate of
production of NH4 " is lower in these patients.
Rarer causes of a low rate of production of
NH,;" are low levels of glutamine in plasma
(malnutrition) [35] or if another fuel is oxi-
dized by the cells of the PCT for regeneration
of ATP (e.g., an excessive supply of ketoacids
or fatty acids as in patients receiving total
parenteral nutrition) [36]. Patients with iso-
lated proximal RTA may have a lower rate of
NH4" production due to an alkalinized PCT
cell pH, the underlying pathophysiology in
this condition [37].

Transfer of NH3 into the urine: NH4" pro-
duced in cells of the PCT is secreted into its
lumen, at least in part, by replacing H' on the
Na'/H'" exchanger (NHE-3), making it a
Na'/NH4" exchanger [38]. Reabsorption of
NH4" in the medullary thick ascending limb
(mTAL) of the loop of Henle (LOH) occurs
when NHy" replaces K* on the Na*, K, 2
Cl cotransporter [39]. This provides the “sin-
gle effect” for the medullary recycling of
NH4 " required for the establishment of a high
concentration of NHs" and NH; in the
medullary interstitium (Figure 5). The func-
tion of this medullary interstitial NH4/NH;
system in our opinion is to prevent the excre-
tion of urine with too low a pH [40]. An im-
portant factor that influences the transfer of

1-3 - Update 2 (2005) 13

1.3



Chapter | - Clinical Nephrology and Hypertension

NHjy4 from the medullary interstitial compart-
ment to the urine is the secretion of H' in the
distal nephron. This H' secretion provides the
luminal substrate for an NHs/H™ ion ex-
changer [41]. This NHs/H" exchanger re-
sults in the net addition of NH3 into the lumen.

H' secretion in the distal nephron is medi-
ated primarily by an H'-ATPase, but it may
also occur by an H'/K "-ATPase. Distal H' se-
cretion by the H'-ATPase is an electrogenic
process that tends to create a lumen positive
voltage [42]. Because the lumen of the MCD
can only maintain a small positive voltage
[43], for H' secretion to continue, either an
anion (like CI') must be secreted along with
H' or a cation like Na’ or K must be reab-
sorbed.

H" secretion also occurs by an H/K'-
ATPase, but only if H" acceptors are available
in the lumen of the distal nephron. These
luminal H" acceptors are HCO3;™ and NHs.
Luminal HCO3 can be high if its reabsorption
by upstream nephron segments was dimin-
ished or if HCO3” was secreted into the lumen
of the MCD by a CI/HCO3" anion exchanger
[25]. In this latter circumstance, there is a net

R i

" - Stones 5

of citrate

Driven
by high
excretion

reabsorption of K™ and CI'; hence this combi-
nation of ion exchangers may be important
for K™ homeostasis under conditions of K
depletion [44]. If both the H'/K "-ATPase and
the CI/HCO3™ anion exchanger were active
simultaneously, the urine PCO, should be
very high. When NHj3 is available to accept
H' secreted by the H'/K -ATPase, its overall
function could be to reabsorb K and/or ex-
crete NHy4 .

Importance of the Urine pH to
Avoid Kidney Stone Formation

All the water-soluble waste products and all
the ions and water ingested in excess of needs
must be excreted in the urine without forming
precipitates. One of the most important renal
physiological functions is to excrete urine
with a composition that makes ions and or-
ganic materials sufficiently soluble to avoid
kidney stone formation. Key to this aim is to
have independent regulation of the urine pH —
select a value that is close to 6.0 to achieve
this aim [45] (Figure 10). Excreting urine at

Ca-phosphate

Figure 10. Urine pH and kid-
ney stones. The safest urine
pH to avoid kidney stones is
close to 6. Below this value,
uric acid stones are most likely
to form. Ca-phosphate stones
precipitate in alkaline urine. By
driving NH4" excretion with a
high distal H" secretion, a con-
siderable quantity of H* can be
eliminated at a urine pH close
t0 6.0. By excreting organic an-
ions rather than HCO3', a con-

Incidence of Kidney Stones

Urine pH

siderable quantity of HCO3
can also be eliminated at a
urine pH close to 6.0 (see Fig-
ure 2).
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this pH must not sacrifice acid-base balance.
This in turn means that with a large, chronic
acid load, the excretion of NH," should be
maximally high ataurine pH of close to 6 (see
reference Kamel et al. 1998 [46] for more dis-
cussion). Similarly, when an alkali load is in-
gested, it must be excreted without obligating
a large excretion of HCO3™ and thereby a high
urine pH [9, 11] — this latter topic will be dis-
cussed in more detail when CaHPOj4 stones
are considered below.

Avoiding uric acid kidney stones: Uric
acid is the waste product of purine metabo-
lism [47]. The free acid form, uric acid, rather
than total urates is the critical component for
kidney stone formation because uric acid is
sparingly soluble in water (Equation 4). Be-
cause the pK of uric acid in the urine at 37°C is
close to 5.3 [47], precipitation of uric acid can
be avoided without increasing the urine vol-
ume by raising the urine pH to 6 at the same
total urate excretion rate [48].

Urate’+H' <> Uricacid (pK 5.3) 4)

Avoiding CaHPO; kidney stones: All the
ionized Ca®" absorbed from the GI tract of an
adult is excreted in the urine in steady state
[49]. The chemistry of Ca>* and HPO4” in the
urine is the same as in the body [50], but with
one exception. A metabolic equivalent of
HCOs' in acid-base terms, citrate [14], can
chelate ionized Ca®’ in the urine, forming a
soluble ion complex and thereby minimize
the risk of CaHPO4 kidney stone formation.
This excretion of citrate rises with an alkali
load [14], a time when urine H,POj4” is con-
verted to HPO4*™ — i.e., when the urine pH
rises towards the pK of the phosphate buffer
system (pH 6.8). In this context, the body dis-
poses of the usual alkali load of the diet by
forming an organic acid such as citric acid [9,
11]. The H' of citric acid titrate HCO3". The
citrate anions rather than an appreciable

amount of HCOj3 are excreted in the urine so
that the urine pH remains close to 6.0 without
sacrificing acid-base balance [48] (Figure
10). Excreting citrate rather than HCO3; when
there is a dietary alkali load chelates Ca’" in
the urine, lessening the risk of Ca-containing
kidney stones in alkaline urine [51].

Tests Used at the Bedside to
Estimate NH4+ in the Urine

The first step to evaluate the renal response
to chronic metabolic acidosis in a patient is to
examine the rate of excretion of NH4 . Since
most routine biochemical laboratories do not
provide a direct assay for the concentration of
NH," in the urine (Unna), clinicians usually
employ the following indirect tests to esti-
mate Unna. To convert the Unns to an excre-
tion rate, one needs to know the urine flow
rate or divide the Unpy by the urine creatinine
concentration. Normal adults excrete close to
20 mg of 200 umol of creatinine per kg body
weight [52].

The urine net charge: The sum of the con-
centrations of urinary cations and anions must
be equal. The major urine cations are Na", K,
and NH4", and the major urine anion is CI” (al-
though there are also modest concentrations
of S04, phosphate, HCO3™ and organic an-
ions). The urine net charge provides a qualita-
tive estimate of the Unna providing that the
major anion excreted with NH; " is CI” (Equa-
tion 5, Figure 11). Hence if the Unna is appro-
priately high, the Uc; should be appreciably
greater than the sum of the Una + Uk, and the
urine net charge is said to be negative. On the
other hand, with a low Unps, the Ugy is less
than the sum of the Un, + Uxk. In this case, the
urine net charge is said to be positive, suggest-
ing that a defect in NH4 " excretion is at least
contributing to the pathogenesis of metabolic
acidosis. Be careful. This will not be true if an
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Urine Net Charge : Urine Osmolal Gap
! Figure 11. Use of the urine
' Measured  Urea + 2(Na"+K')  net charge and urine osmolal
> L gap to reflect the concentration
A ) Urea of NH4" in the urine. The urine
NHY net charge is shown in the left
4 MH_:‘;r + A7 portion of the figure and the
1z Crsm - urine osmolal gap is shown in
Kt Cl Kt + A the right portion of the figure.
The components needed to
Na+ Nat + A calculate the Unn4 are depicted
by the clear areas. Repro-

anion other than CI accompanied Unns. Some
examples of these non-CI” urine anions are
hippurate, 3-HB, salicylate, organic anions,
and anions of drugs such as penicillin-type
antibiotics given in high dosage. In such cases,
one must use the urine osmolal gap to esti-
mate Unua.

Urine net charge =Una + Uk —Uq (5

The urine osmolal gap: The urine osmolal
gap is the best indirect test to estimate the
Unmns. The rationale for the urine osmolal gap
is also depicted in Figure 11. The major
osmoles in the urine are urea and electrolytes;
occasionally, glucose may be present in the
urine in high concentrations. The contribu-
tion of electrolytes is approximately equal to
twice the sum of the concentrations of the ma-
jor cations, Na', K" (since each cation is ac-
companied by an anion). Therefore, the total
urine osmolality (Uosm) can be approximated
as shown in Equation 6 in which the concen-
tration of all the substances in the urine is
given in mM terms as described earlier. A sig-
nificant difference between the measured and
calculated Uysm indicates the presence of an
NH," salt in the urine. The Ungg is half the
urine osmolal gap. The rate of excretion of
NH," is then obtained by multiplying this ap-
proximate concentration by the urine flow
rate or estimated from the urine creatinine
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duced with permission [187].

concentration and its excretion rate [52]. If
this is substantially less than 3 mmol
NH, /kg/day, then the kidneys are at least a
contributing factor to the degree of metabolic
acidosis because there is a lower than ex-
pected rate of excretion of NHy".

Calculated Uosm = Utrea+ UG +2 Una +2 Ux
c. Unpg = 0.5 x
(measured Uosm — calculated Ugsm) (6)

Tests to Detect the Basis for thg
Low Rate of Excretion of NHy

Use of the urine pH: In patients with
chronic metabolic acidosis, a low rate of ex-
cretion of NH4" could be due to decreased
availability of NH3 in the medullary inter-
stitium or decreased H' secretion in the distal
nephron (Figure 12). The basis for low NH4"
excretion can be deduced from the urine pH
(Figure 13). A low value for the urine pH
(< 5.3) suggests a defect in NHy /NH3 avail-
ability in the renal medullary interstitium
whereas a high urine pH (> 7) suggests that
the limiting step is H' secretion in the distal
nephron (Equation 7) [53 — 57].

H'+NH;3<>NH;" (7)



3 Halperin et al. - Disorders of Acid-base Balance

Acnte i dnsie Chmarnie avidosis

= =
e S 3

E: E:

E S

= =

5 ]

= =

g 2

# w-‘c

il i
+ m + rh

s u = 1K

- 50 [ z 50 all

Uil pTl Uiy pH

H++ MH, = ]"«l['[‘;l 11"+ NH — NHI

Figure 12. Use of the urine pH to detect UnH4. As shown on the left, dur-
ing acute metabolic acidosis, the rate of excretion of NH4" is only modestly
higher while the urine pH is low. This is because there is enhanced distal
H* secretion, but a time lag before the rate of renal production of NH4" is
augmented. In contrast, during chronic metabolic acidosis shown on the
right, the rate of renal production of NH4" is so high that the availability of
NHj3 in the medullary interstitial compartment provides more NH3 in the lu-
men of the MCD than H" secretion in this nephron segment. Therefore
note the much higher NH4* excretion rate at a urine pH of 6. Reproduced
with permission [187].

HY + NH, — NH}
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Figure 13. The urine pH reveals the basis for the low UnH4. Adecreased
availability of NH4*/NHj3 in the medullary interstitial compartment is the de-
fect shown on the left side of the figure by the dashed arrow. Its main fea-
tures are a low excretion of NH4* and a high urine H* concentration (low
urine pH). A defect in distal H" secretion is shown by the dashed arrow in
the right side of the figure. Its main features are a low excretion of NH4" and
alow urine H* concentration (high urine pH). Reproduced with permission
[187].

Test for the Capacity to
Synthesize NH4 " in the PCT

Once one knows that the rate of excretion
of NH4" is low in a patient who has a low
urine pH, one can assess the rate of produc-
tion of NH4 " in vivo by measuring the rate of
excretion of NH4" following the administra-
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tion of a loop diuretic [58]. At peak diuresis,
the rate of NH4 " excretion in a normal adult is
close to 60 pmol/min and this reflects the ca-
pacity for renal ammoniagenesis. A lower
peak rate of NH4" excretion would imply a
low rate of production of NH;" in PCT cells
[37, 59].
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Tests to Evaluate H' Secretion

A low rate of excretion of NH4 " in a patient
with metabolic acidosis could be due to a de-
fectin H' secretion in the PCT and/or the dis-
tal nephron.

Tests to Evaluate the Secretion of H'
in the PCT

Some patients have metabolic acidosis as-
sociated with a lower than normal capacity to
reabsorb filtered HCO3™ [60]. Usually the site
of the defect in renal H' secretion is in the
PCT, but at times, it may also involve the dis-
tal nephron. Notwithstanding, these patients
also have a reduced rate of excretion of NH4 "
and this is a very important cause of their met-
abolic acidosis. To detect a defect in H' secre-
tion in the PCT, one generally measures the
rate of excretion of HCOj3™ and/or its reab-
sorption after an infusion of NaHCO3. An-
other test that helps in this assessment is the
rate of excretion of citrate at a given pH of
plasma.

Fractional excretion of HCO3; (FEnco3):
The bulk of filtered HCO3" is reclaimed (reab-
sorbed indirectly) in the PCT [61], but an ap-
preciable portion (close to 15%) is normally
reclaimed by H' secretion downstream in
the nephron. To perform this test, enough
NaHCOs is infused to raise the Phcos to 25
mM. At this point, if the FEncos exceeds
15%, there is a defect in H' secretion [61, 62].
A high FEncos could be expected if there is a
very large defect in H secretion in the PCT or
asmaller defectin PCT H' secretion plus a re-
duced distal capacity for H' secretion.

Citrate excretion: The rate of excretion of
citrate seems to reflect the pH in PCT cells
with a higher rate of citrate excretion if these
cells have a more alkaline pH in PCT cells.
The rate of excretion of citrate is very low
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during all forms of metabolic acidosis except
in patients with the isolated form of proximal
RTA where there is an appreciable degree of
citraturia despite metabolic acidosis [63].
This led to the speculation that an alkaline
PCT cell is the underlying lesion causing low
HCO5™ reabsorption, low NH4" production,
and citraturia in these patients [37]. The rate
of excretion of citrate in children and adults
consuming their usual diet is close to 400
mg/g creatinine [14, 64]. To ensure that
citraturia reflects an alkaline PCT cell rather
than a component of a more generalized PCT
dysfunction (Fanconi syndrome), citraturia
should disappear following a small additional
acid load [65].

Tests to Evaluate the Secretion of H'
in the Distal Tubule

Ifthe PCO> in alkaline urine is 70 mmHg or
higher, a major defect in distal H" secretion is
unlikely [66] (Figure 14). Nevertheless, there

HCO,

URINE PCO,

Figure 14. The urine PCO2. When NaHCO3 is
given, there is a large delivery of HCO3" to the distal
nephron so this HCO3" is virtually the only H* accep-
tor in its lumen. Because there is no luminal car-
bonic anhydrase (CA), the HoCO3 formed will be de-
livered downstream and form CO3 plus water. Thus
if the Upcoz is appreciably higher than the plasma
PCO, this provides evidence for distal H* secre-
tion. Reproduced with permission [187].
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are other factors such as a poor renal concen-
trating ability (low medullary interstitial
PCO») that may cause the urine PCO; to be
lower despite an intact distal H" secretion [67].

Detecting Mixed Acid-base
Disorders

More than one acid-base disturbance can be
present at one time. We shall illustrate how to
identify the simultaneous presence of several
acid-base disturbances from the history,
physical examination, and laboratory results
(Figure 15).

Clinical example: A 24-year-old person
had severe diarrhea that resulted in a deficit of
NaHCOs (Figure 15B). Because of the con-
tinuing loss of Na', his ECF volume became
markedly contracted. As a result of the very
low circulating volume, there was not enough
oxygen delivery to tissues to meet their de-
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mand so anaerobic production of ATP was
stimulated. This results in a net production of
L-lactic acid. This accumulation of 10 mmol
of L-lactate anion per liter of plasma should
raise the plasma anion gap by 10 mEq/1 (Table
4, Figure 15C). Simultaneously, the 10 mmol
of H" added per liter will lower the Prcos by
10 mmol/l (Equation 8).

10 L-lactate’ + 10 H" + 15 HCO3 <> 10CO, T
+10H,0+ 10 L-lactate” + 5 HCO3 (®)

Continuing with this scenario, the release
of aldosterone (due to a contracted ECF vol-
ume) stimulates the excretion of K' [68]. Asa
result, a deficit of K™ occurs and this could
lead to muscular weakness. If the respiratory
muscles are involved, there may be an inabil-
ity to lower the arterial PCO; to the expected
degree. In summary, by working backwards
beginning at the far right of Table 5, each of
the 3 acid-base disorders can be identified.

— Respiratory acidosis: The PCO; in blood

should be as low as possible (less than 20
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Table 5. Identification of a mixed acid-base disorder. For details, see text. The value for albumin in plasma
is 4 g/dl (40 g/l), a normal level which does not change throughout the course of iliness in this patient. Hypo-
ventilation in this case is due to a deficit of K*. H®L = L-lactic acid.

Plasma Normal Loss NaHCO3 Gain HeL Effect of
(10 mM) (10 mM) hypoventilation

pH 7.40 7.30 713 6.83

HCO3" mM 25 15 5 5

Anion gap mEq/l 12 12 22 22

PCO2 mmHg 40 30 15 30

mmHg) with such a low value for the
Pucos (5 mM). Hence the arterial PCO;
is too high for this clinical setting.

— Metabolic acidosis due to a gain of acid:
The elevated value for the anion gap of
10 mEqg/1 with a normal concentration of
albumin in plasma suggests that 10 of the
20 mM fall in Prco3 was due to the added
L-lactic acid.

— Metabolic acidosis due to loss of NaHCOs:
The fact that the fall in the Prcos is much
greater than the rise in the plasma anion
gap suggests a deficit of NaHCOs3. This
deficit of NaHCO3 is even larger than what
is apparent from this calculation because
of the significant ECF volume contraction
(HCOs3" concentration vs HCO3™ content,
Table 10).

Clinical Disorders

Metabolic Acidosis

Definition: In metabolic acidosis, there is a
fall in the plasma pH and Pucos. Because
other primary acid-base abnormalities may
coexist, the plasma pH and/or Pucos may not
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be low. For example, if respiratory alkalosis is
also present, the pH will be higher; if meta-
bolic alkalosis is also present, the Pucos and
plasma pH may not be low. Therefore clues
from the history and physical examination to-
gether with additional laboratory data (plas-
ma anion gap) must be integrated to know
whether metabolic acidosis is present.

Clinical Classification

We divide the causes of metabolic acidosis
into two subgroups, those with overproduc-
tion of acids and/or those in which there is a
loss of NaHCO3 (Table 6).

Overproduction of acids: When an acid
(HA) is added to the body, the vast majority of
H' are buffered by the bicarbonate buffer sys-
tem (BBS) [4] and this leads to the loss of
HCOs™ together with a gain of new anions
(A") (Figure 4). Quantitatively, for every mEq
of HCOj3' lost, there will be an equivalent net
gain of A". Factors such as the volume of dis-
tribution of anions versus H', a change in the
ECF volume, and the renal handling of these
anions will affect the 1 : 1 ratio between the
fall in the Pucos and the rise in plasma anion
gap (Table 7). With a decrease in the ECF vol-
ume, the concentration of both new anions
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Table 6. Mechanisms responsible for the development of metabolic acidosis.

A) Acid gain

(i) With retention of anions in plasma:
— L-lactic acidosis (hypoxia, problems with pyruvate metabolism)
— Ketoacidosis (relative insulin lack and low GFR or CNS function)
— Toxic alcohol ingestion (e.g., methanol, ethylene glycol)
— D-lactic acidosis (and other organic acids produced by gastrointestinal bacteria)
— Ingested acids
— Pyroglutamic acidosis

(ii) With a high rate of excretion of anions in urine:
— Glue-sniffing (hippuric acid overproduction)
— Diabetic ketoacidosis with excessive ketonuria

B) NaHCO3 loss
(i) Direct
— Loss via the Gl tract (e.g., diarrhea, ileus, fistula)
— Loss in the urine (proximal RTA or low carbonic anhydrase Il or IV activity)*
(ii) Low urinary excretion of NH4" (look at urine pH to categorize further)
(a) Low urine NH3 (urine pH ~ 5) = Problem with PCT ammoniagenesis:
— Decreased GFR, hyperkalemia, alkaline pH in PCT cells, decreased glutamine
availability, fuel competition (e.g., TPN)
(b) Defect in net distal H® secretion (urine pH often ~ 7):
— H* ATPase defect or alkaline a-intercalated cells (e.g., carbonic anhydrase Il deficiency)
— H" back-leak (e.g., amphotericin B)
— T HCO;3  secretion in the collecting ducts (anion exchanger trafficking disorder)
(c) Problem with both distal H* secretion and NH3 availability (urine pH ~ 6):
— Diseases involving the renal interstitial compartment

*These patients also have a low rate of excretion of NH4".

Table 7. Content vs concentration of HCO3™ in the ECF compartment. An 8-year-old 20 kg female
presented with an extremely high Pgjy (2,000 mg/dl, 110 mM), a venous plasma pH of 7.19, a PHco3s of 25
mM, and a severely contracted ECF volume (2 vs her normal 4 1) [69]. Metabolic acidosis is present because
of the reduced content of HCO3™ in her ECF compartment (H" + B-HB™+ HCO3™ — T anion gap + CO2 + H20).
Reproduced with permission [187].

ECF PHcos ECF HCO3™ content Plasma anion gap
()] (mM) (mmol) (mEg/l)

Normal state 4 25 100 12
Hyperglycemia 2 25 50 24

and HCOj3” will rise. Thus there will be a larger In most cases where metabolic acidosis is
increase in the unmeasured anion gap and a associated with an increased value for the an-
smaller fall in the Puco3 [69], disturbing the ion gap in plasma, there is an overproduction
expected 1 : 1 ratio in these parameters. of acids where many of the anions produced
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along with H' are retained in the ECF. The
major exception to this rule is renal failure be-
cause in this setting, metabolic acidosis is
present with an increase in the plasma anion
gap, but there is no excess production of ac-
ids. On the other hand, metabolic acidosis
caused by an excessive production of acids
need not be accompanied by a significant rise
in the anion gap in plasma if the accompany-
ing anion is rapidly excreted in the urine (e.g.,
hippurate anion in glue sniffing [21]).

There are many different causes for the de-
velopment of metabolic acidosis, each having
a specific implication for therapy. In most
cases, the rise in the concentration of H' per
se is not the major threat to survival; those
causes associated with acute potentially life-
threatening consequences are listed in Table
8. Many of the causes of metabolic acidosis
and an increased plasma anion gap are associ-
ated with a reduced “effective” ECF volume
(diabetic ketoacidosis (DKA), alcoholic keto-
acidosis, and most cases of type A L-lactic aci-
dosis, Table 3). Should one find a relatively
normal ECF volume, the basis for the meta-
bolic acidosis is usually renal failure, toxic al-
cohol ingestion (methanol or ethylene gly-
col), or possibly excessive production of ac-
ids such as D-lactic acid by bacteria in the
gastrointestinal (GI) tract.

Loss of NaHCO3

In this type of metabolic acidosis, almost no
new anions are present in plasma. There are 2
major groups for this type of metabolic acido-
sis, one is the direct loss of NaHCO3 and the
other is an indirect loss of NaHCO3 due to a
low rate of excretion of NH; " (Figure 4).

Loss of NaHCO3 via the GI tract: The
most common site for the loss of NaHCOs is
via the GI tract. While NaHCO3 may be lost in
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diarrhea fluid, for an appreciable degree of
chronic metabolic acidosis to be sustained,
there is usually a simultaneous defect in NHy "
excretion by the kidney. In more detail, ina 70
kg adult with chronic metabolic acidosis and
normal kidneys, the rate of excretion of NHy "
would be close to 200 mmol per day. If 1 liter
of diarrhea solution contains 50 mmol of
HCOj5', this GI loss would have to be about
4 liters per day to cause a continuing fall in the
Prcos. The deficit of Na” would be enormous
and life-threatening without a large input of
NaCl. Hence it follows that chronic acidosis
in this setting implies either a very large or an
acute GI losses, a renal problem with NH4"
excretion (e.g., due to low GFR), and/or over-
production of organic acids via the GI tract
(Equation 9) [70, 71].

Na® + HCOs + H' + D-lactate” — Na™ +
D-lactate”+ CO, + H>O 9

Indirectloss of NaHCOj3: A low rate of ex-
cretion of NHy " is the key finding in patients
with distal RTA [56]; it is also a prominent
feature in certain patients with proximal RTA
[37]. In a patient with metabolic acidosis,
with no increase in the plasma anion gap, and
a low rate of excretion of NH4™ (Figure 15,
left-hand side), the basis for low NH;" excre-
tion can be deduced from the urine pH. If the
urine pH is greater than 7, one should suspect
a defect in H' secretion. The PCO; in alkaline
urine can be used to assess distal H' secretion
(Figure 14) [66] and the FEnco3 can be used
to assess proximal H' secretion. A high rate of
excretion of citrate in a patient with metabolic
acidosis suggests that an alkaline PCT cell
could be the cause of diminished PCT H' se-
cretion [37]. In contrast, if a patient had simi-
lar findings to the above, but had a low value
for the urine pH (e.g., < 5.3), this would sug-
gest that there is a defect in NH3 availability in
the renal medullary interstitial compartment
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Table 8. Threats to life in association with metabolic acidosis.

Setting of acidosis

Threat to life

Clinical clues

L-lactic acidosis due to

low cardiac output (shock) H* load

Renal failure Hyperkalemia
Distal RTA, Hypokalemia
diarrhea,

treatment of DKA

Methanol or Toxic products

ethylene glycol intake

DKA or,
alcoholic ketoacidosis

“Energy crisis”,

Low ECF volume,
rarely acidosis per se

Low plasma pH, high plasma
anion gap, high PLactate

Low GFR,
high plasma anion gap

Normal plasma anion gap,
arrhythmias,
muscle weakness

History,
high plasma anion gap,
high plasma osmolal gap

Type 1 diabetes mellitus,
ethanol, Py,
ketoacid screen

(Figure 13). The usual causes for the low
NH;/NH3 are a low GFR and/or hyper-
kalemia. In their absence, we would look for
low levels of glutamine in blood and/or a high
level of fat-derived fuels (e.g., patients on to-
tal parental nutrition) because these fuels
compete with glutamine as the source for re-
generation of ATP in the cells of the PCT. If
none of these is present, we would suspect an
alkaline proximal cell pH. This entity of an al-
kaline proximal ICF pH remains speculative
because there are no hard data in humans and
suitable experimental models in animals are
lacking.

Loss of “Potential” HCO3"

In some patients, there is excessive loss of
the conjugate base of the acid in the urine (or
in stool). While overproduction of acids is the
major basis for the acidosis in these patients,
yet the loss of these anions in the urine repre-

Malluche et al. - Clinical Nephrology, Dialysis and Transplantation -

sents the loss of potential HCO3" as their me-
tabolism could have resulted in the removal
of H" (Figure 4, [72]).

Likelihood of a Major Threat to
Life

Disorders that cause metabolic acidosis can
harm patients through a variety of mecha-
nisms (Table 8). We shall consider 4 major
categories:

Very Fast Rate of Production of H"

In essence, the only condition associated
with extremely rapid net production of acid is
L-lactic acidosis due to hypoxia (Table 2).
The threat here is that ATP may not be regen-
erated quickly enough. Quantitatively, the
rate of acid addition can be approximated by
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Table 9. Causes of metabolic acidosis associated with hyperkalemia. Specific disorders causing hyper-
kalemia in patients with metabolic acidosis are described. In addition, if tissue necrosis has occurred in a pa-
tient with metabolic acidosis, hyperkalemia may also be present.

Cause Pathophysiology Total K* content
Renal failure Low renal excretion of K* (and NH4™) High

Low aldosterone Low renal excretion of K™ (and NH4") High

bioactivity

DKA Insulin deficiency leads to shift Low

of K out of the ICF

noting the rate of increase in the plasma anion
gap and the rate of excretion of anions in the
urine.

H' Binding to Intracellular Proteins

The important factors here are not only the
magnitude of H™ load, but also the tissue
PCO; as this determines the distribution of
buffering of H' load between the BBS and
intracellular proteins. A high venous PCO»
implies that the tissue PCO; is also high and
that more H' are buffered by intracellular pro-
teins. Hence it follows that in the setting of
metabolic acidosis associated with a low car-
diac output, a very important measure to cor-
rect the intracellular acidosis is aggressive
restoration of the cardiac output (Figure 7). In
addition, if the arterial PCO; is not low
enough, mechanical ventilation is essential.

Coexisting Problems of K" Balance

Many of the risks associated with metabolic
acidosis may come about through associated
disturbances of K balance. Both hyperkale-
mia and hypokalemia may occur (Table 9).
We shall be succinct here because issues con-
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cerning K" are discussed in the accompany-
ing Chapter on K.

Hyperkalemia may be involved in the etiol-
ogy of metabolic acidosis, because hyper-
kalemia impairs NH, " excretion [32]. In con-
trast, if metabolic acidosis is seen in the set-
ting of renal failure, a low excretion of K and
hyperkalemia may be present. Hyperkalemia
is commonly seen in the setting of DKA de-
spite the total body K" deficit, because K"
tend to shift out of cells during insulin defi-
ciency [73]. Finally, tissue necrosis or
ischemia can lead to both L-lactic acidosis
andrelease of K" from cells. Regardless of the
pathophysiology, hyperkalemia can be life-
threatening due to cardiac arrhythmias, and
must be aggressively treated. Fortunately, one
of the measures employed in the therapy of
DKA, insulin, enhances K~ entry into cells,
and therefore reduces the degree of hyper-
kalemia.

Hypokalemia may occur either in associa-
tion with the chronic metabolic acidosis of
distal RTA, diarrhea, or metabolic acidosis
caused by toluene (e.g., glue sniffing). Hypo-
kalemia may also occur as a complication of
insulin therapy in patients with DKA. Be-
cause insulin causes K to enter cells (Figure
9), it may unmask the total body K" deficit
and lead to the life-threatening complications
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Table 10. Factors to consider in the use of NaHCOs3.

A. Factors favoring the use of NaHCO3
Hyperkalemia.
— PHcos less than 5 mM.

into brain cells and to favor its urinary excretion).

Absence of an anion that can be metabolized into HCO3" (longer term consideration).
Low likelihood that kidneys will be able to excrete NH4" at a high rate (longer term issue).
Independent benefit likely to arise (e.g., in salicylate overdose to limit entry of salicylate

— High net rate of H™ production (e.g., inability to rapidly reverse hypoxic L-lactic acidosis).
B. Factors that suggest a danger for the use of NaHCO3

— Hypokalemia.

— Coincident use of insulin in a patient with a large K* deficit.

Elevated ECF volume.
Hypernatremia (minor).

of acute hypokalemia, particularly cardiac
arrhythmias.

Specific problems related to the cause of
the acidosis: In fact, in some of the causes of
metabolic acidosis, the acidosis serves as a
marker or a “symptom” of a serious underly-
ing disease (e.g., methanol or ethylene glycol
toxicity, Table 8). Clearly, these underlying
processes must be addressed with specific
therapy to avoid the adverse consequences
that are independent of the acidosis.

Management

The management of a patient with meta-
bolic acidosis requires a consideration of both
general measures that are applicable to most
patients as well as attention to specific issues
relative to the cause of the disorder. We shall
focus initially on the use of alkali because the
use of mechanical ventilation was considered
earlier, and treatments to deal with hyper-
kalemia or hypokalemia will be considered in
the Chapter on K.

One cannot draw a definitive conclusion as
to whether NaHCO3 should or should not be
used to treat a patient with metabolic acidosis
because there are no firm data upon which to
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base this conclusion. Suggestions for and
against the use of NaHCOj3 are summarized in
Table 10.

Arguments Favoring the Use of
NaHCO3

It seems intuitively obvious that at some
point, too many H' may become bound to
proteins and compromise cellular functions.
For example, myocardial contractility in vitro
[74] and binding of adrenaline to its receptors
are decreased when the fall in pH is large [ 75];
these effects may be reversed by lowering the
concentration of H'. Notwithstanding, the ad-
ministration of NaHCO3 does not seem to en-
hance the contractility of the ischemic myo-
cardium in vivo [76].

There are data in experimental animals that
mighthelp. The administration of a large dose
of NaHCO3 appeared to be beneficial in the
setting of hypoxic L-lactic acidosis in rats in-
duced by ventilation with a hypoxic gas mix-
ture. The survival period in these rats was ex-
tended even though NaHCO3 led to an en-
hanced rate of production of L-lactic acid
[77]. If these data apply to humans with
hypoxia-induced L-lactic acidosis, the admin-
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istration of NaHCO3 might be viewed as a
temporary measure that “buys time” to allow
for more direct interventions to deal with the
underlying cause(s) for the metabolic acido-
sis to be employed. Nevertheless, one must
not administer too much NaHCOj3 because it
may lead to the development of pulmonary
edema unless very high rates of Na' removal
could be achieved.

In a patient who has metabolic acidosis due
to a low rate of excretion of NH4 ", metabolic
acidosis will persist unless NaHCOs is given.
In this case, one must give enough NaHCO3
to titrate H' that have accumulated, then
maintain that person on enough alkali to
match the net positive H' balance (usually 20
— 40 mmol/day in an adult).

Arguments Against the Use of
NaHCO3

Increased production of CO;

When NaHCO3 is administered, HCO3 re-
acts with H and CO, is produced. Some have
argued that this represents an important dele-
terious effect of HCO; therapy because this
CO; can enter cells and cause a paradoxical
acidification of the ICF. This is a circular ar-
gument because if the source of the H that ti-
trate the administered HCO53” is H™ bound to
intracellular proteins (Figure 7), the ICF
should have been alkalinized and not acidi-
fied. In contrast, if the source of these H' was
due to the production of ATP in the process of
anaerobic glycolysis, stimulation of L-lactic
acid production by alkali could also be bene-
ficial because it was accompanied by the con-
version of ADP to ATP [77]. A possible acute
danger in this latter case could occur if some
of the CO; produced was retained because
pulmonary function was not adequate or
mechanical ventilation was not appropriately
adjusted.
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Concern about the possible adverse effects
of enhanced production of CO, following
therapy with NaHCOj in the acidotic patient
prompted the development of carb-bicarb
(Na2CO;@2(NaHCO3)). The titration of
4 mmol of H' by NaHCOj3 leads to the pro-
duction of 4 mmol of CO,, whereas similar
buffering with carb-bicarb leads to the pro-
duction of 3 mmol of CO». Since metabolic
production of CO; is normally close to 10
mmol/min, and the rate of alkali administration
might be close to 4 mmol/min during very ag-
gressive alkali therapy, the difference in CO»
production rate in fact will only be from 14 to
13 mmol/min with NaHCO; versus
carb-bicarb, a trivial difference. There has
been only limited clinical experience with
this agent in patients with a severe degree of
metabolic acidosis, the only setting in which
it is rational to test it.

Failure to Detect Back-titration of
Non-bicarbonate Buffers

Another argument against the use of
NaHCOs or carb-bicarb to treat patients with
a severe degree of metabolic acidosis comes
from experiments in rats. The administered
alkali to rats pretreated with HCI failed to
yield an acute and significant back-titration of
non-bicarbonate buffers [78]. This, however,
could have been because of a rise in tissue
PCOs.

Fall in Concentration of Ionized Ca>"

This occurs because addition of HCOj3
leads to very rapid production of carbonate
and precipitation of CaCOs. It has been sug-
gested that a fall in concentration of ionized
Ca*" in the interstitial fluid compartment might
depress myocardial contractility [79]. Never-
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theless, this might be more apparent than real
if the HCO3™ administered does not raise the
Phucos markedly. If this were to be a problem,
itshould have been very obvious in situations
where carb-bicarb was used because with
carb-bicarb, carbonate is added directly.

Hypokalemia

Hypokalemia could be a problem when
NaHCO:s is given, especially if there is total
body K" depletion as seen in patients with
DKA [80 — 82], glue sniffers [21], or certain
patients with distal RTA. The presence of a
low Pk should prompt one to avoid the use of
NaHCOg3, at least until the Pk has returned to-
ward the normal range, or only to use it along
with an appropriate amount of K to avoid a
cardiac arrhythmia (see accompanying Chap-
ter on K").

ECF Volume Overload and
Hypernatremia

This is only a problem in patients with met-
abolic acidosis who have an expanded ECF
volume (patients with renal failure), in patients
with a compromised circulation (cardiogenic
shock), or those where enormous amounts of
alkali might be used (e.g., hypoxic lactic aci-
dosis). Hypernatremia may be produced
and/or exacerbated if hypertonic NaHCO3 is
given.

Enhanced Production of L-lactic
Acid

When NaHCOs is given to patients with
L-lactic acidosis, the rate of production of
L-lactic acid increases. This however may be
considered beneficial if it reflects an in-

Malluche et al. - Clinical Nephrology, Dialysis and Transplantation -

creased rate of regeneration of ATP in vital or-
gans [77], and if the H" so-produced are ti-
trated by the BBS and not by intracellular
proteins.

Rebound Metabolic Alkalosis

In metabolic acidosis due to overproduc-
tion of H" and anions (L- or D-lactate, or
B-hydroxybutyrate and acetoacetate), the aci-
dosis will be improved when these anions are
metabolized to HCOs3". If all the anions are
converted to HCO3™ and the patient also re-
ceived NaHCOs3, the final plasma Prcos
could be higher than normal if renal excretion
of HCOs3 did not occur [83]. The main clini-
cal significance of rebound metabolic
alkalosis is primarily when patients are being
weaned from a mechanical ventilator, and the
impact of HCO3” on the renal excretion of K,
which can further exacerbate hypokalemia
[84].

Recommendations

One must individualize the decision for
each patient, balancing potential benefits ver-
sus adverse effects. None of these factors is an
absolute indication or contraindication, but
by examining each of them, it should be pos-
sible to make a reasonable decision. If the de-
cision is made to administer NaHCOs, an
equally difficult issue is how much to give
and how fast it should be given. It is important
to recognize that as the baseline Pucos falls, a
progressively greater amount of added H' are
buffered on intracellular proteins. Therefore,
when NaHCO:s is given, the hope is that much
of it will titrate these intracellular H', and will
effectively disappear as CO; and water, and
therefore the increment in the Pucos will be
small. Moreover, CO; removal by the lungs
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Table 11. Ketoacid turnover during chronic fasting. Values are presented as mmol/day.

Ketoacid metabolism Organ Turnover
— Net production Liver 1500
— Oxidation Brain 750
Kidney 250
Muscle, etc. 200
— Conversion to acetone ? 150
— Excretion Kidney 150

Table 12. Causes of ketoacidosis.

1. Diabetic ketoacidosis

— usually Type 1 or IDDM; rarely Type 2 or NIDDM

— damage to B-cells of the pancreas
— pancreatic destruction as in hemochromatosis

2. Alcoholic ketoacidosis

— low insulin due to low ECF volume (a-adrenergic effect)

— metabolism of ethanol to ketoacids

— lower oxidation of ketoacids in brain (sedative effect of ethanol), and kidneys (low GFR)

3. Low stimulus to pancreatic p-cells because of hypoglycemia

— starvation

— low production of glucose in the liver (e.g. glycogen storage disease or inhibition of

gluconeogenesis)

4. High production of acetic and butyric acid by Gl bacteria together with inhibition of

hepatic acetyl-CoA carboxylase.

must keep up with the increment in CO2
production.

A decision needs to be made on the initial
target Prcos when a patient has an extremely
low baseline Pycos. A reasonable target is ei-
ther to double the Pycos or to aim for an abso-
lute value of 5 — 6 mM. Ifthe Pucos rises from
2 to 4 mM and the PCO> remains unchanged,
the pH will rise by 0.3 units. Nevertheless,
one cannot make an accurate assessment of
the amount of NaHCOj3 to give because the
volume of distribution HCO3" is unknown.
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Specific Causes for Metabolic
Acidosis

The list of causes of metabolic acidosis is
provided in Table 6.

Ketoacidosis

Ketoacids are a fat-derived fuel destined
for oxidation in the brain. The main signal for
their formation is a relative lack of insulin
(Figure 3). There are 3 major causes of keto-
acidosis (Table 12). In biochemical terms,
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Figure 16. Metabolism of
acetyl-CoA in the liver. There
are two major sources of acetic
acid and thereby hepatic ace-
tyl-CoA, ethanol and acetic ac-
id produced during the bacte-
rial fermentation of poorly
absorbed carbohydrates. Pro-
duction of acetyl-CoA from
these precursors bypasses the
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one must appreciate why there was a relative
lack of insulin to favor ketoacid production
and why the rate of removal of ketoacids was
diminished. Production occurs in the liver
whereas removal is largely the result of oxi-
dation in the brain and kidneys (Table 11).
The time course of events in patients with dia-
betic ketoacidosis (DKA) has an interesting
feature. Towards the end-stage, the degree of
ketoacidosis becomes more severe, and very
quickly. Because there is little leverage to in-
crease the rate of ketogenesis appreciably due
to the control exerted by the limited rate of
turnover of ATP in hepatocytes [85, 86], for
ketoacidosis to worsen rapidly, there must be
a major decline in the rate of utilization of
ketoacids.

Brain: A decrease in the rate of turnover of
ATP in the brain will lead to a decreased rate
of oxidation of ketoacids. Should general an-
esthetics or sedatives be administered, or if
coma be present, the degree of ketoacidosis
will be more severe.

Kidney: If the GFR is very low, less Na"
will be of filtered and this will decrease the re-
absorption of Na' and thereby the renal need
for regeneration of ATP. In quantitative terms,
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a low GFR can lead to the failure to remove
several hundred mmoles of ketoacids per day.

Summary: One can appreciate why the
natural history of DKA has a steep deteriora-
tion late in its course because of coma and
prerenal failure.

Diabetic Ketoacidosis

DKA is the metabolic consequence of a
lack of actions of insulin and it is character-
ized by the accumulation of glucose and
ketoacids in the body [16]. The precipitating
illness and the complications of this meta-
bolic disturbance can be life-threatening. The
changes in the hepatic metabolism that lead to
overproduction of ketoacids are depicted in
Figures 3 and 16.

Clinical Presentation

DKA may be the first indication of
undiagnosed type 1 diabetes mellitus in chil-
dren. The precipitating causes include an
intercurrent illness (gastroenteritis, pancre-
atitis, infections), and situations where coun-
ter-regulatory hormones may be present in
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excess (e.g., thyrotoxicosis, surgery, stress,
pregnancy, and hyperadrenocorticism). With
repeat episodes of DKA, failure to take insu-
lin can be an important etiologic factor.
Rarely, DKA occurs in older patients with
type 2 diabetes mellitus when there is an un-
usually large decrease in the rate of oxidation
of ketoacids due to impaired level of con-
sciousness and a very low GFR.

The clinical manifestations are the ex-
pected consequences of the major biochemi-
cal changes, hyperglycemia, glucosuria, and
ketoacidosis.

Hyperglycemia: Early signs and symp-
toms represent exacerbations of the classic
features of diabetes mellitus in poor control —
thirst, polydipsia, polyuria, weakness, leth-
argy, and malaise.

Glucosuria: Hyperglycemia causes an os-
motic diuresis with loss of Na' and water, re-
sulting in ECF volume contraction, low blood
pressure, postural hypotension, and tachycar-
dia.

Ketoacidosis: Metabolic acidosis results in
an increased rate and depth of breathing (air
hunger, Kussmaul respiration). The conver-
sion of acetoacetic acid to acetone imparts the
characteristic fruity odor to the breath.

Other findings: Not all the clinical find-
ings, however, are completely explained in
terms of biochemical aberrations. The state of
consciousness does not correlate well with
the concentration of ketoacids in blood. A
much better correlation was found between
the level of stupor and coma and the Posm that
in turn reflect the low circulating volume (and
possibly, the higher PCO; in cells of the brain,
Figure 7).

Another feature of DK A that remains unex-
plained is hypothermia, even in the presence
of infection. This together with the fact that
leukocytosis is a common finding in these pa-
tients may at times obscure an underlying
infection.
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Anorexia, nausea, vomiting, and abdomi-
nal pain are frequent nonspecific gastrointes-
tinal complaints, especially in children. These
symptoms, together with abdominal tender-
ness, decreased bowel sounds, guarding, and
leukocytosis, may be severe, mimicking an
acute abdominal emergency. Rebound ten-
derness is usually (but not universally) absent
— the presence of hyperglycemia and keto-
nemia should signal the correct diagnosis.
The cause for the abdominal pain is not en-
tirely clear, but in some cases it may be related
to hypertriglyceridemia and pancreatitis.

Signs and symptoms of the disorder that
precipitated DKA should be appreciated — in
fact, these may dominate the clinical picture.

Laboratory Evaluation

Hyperglycemia, ketonemia, glucosuria,
and ketonuria are the 4 hallmarks of the labo-
ratory diagnosis of DKA.

Hyperglycemia: The degree of hypergly-
cemia varies markedly — the Pgi, usually ex-
ceeds 250 mg/dl (14 mM). Higher Pgyy, values
are seen if there is a marked reduction in the
GFR (usually with oliguria) or if the patient
has consumed a large quantity of carbohy-
drate, for example, in the form of sweetened
soft drinks to quench thirst (usually with
polyuria) [87]. If the ECF volume is markedly
contracted, not only will there be an exagger-
ated degree of hyperglycemia, but glucosuria
may be reduced considerably because the fil-
tered load of glucose may not exceed the tu-
bular capacity for its reabsorption. In rare
cases, hyperglycemia may be less marked for
other reasons (e.g., a reduced rate of gluco-
neogenesis secondary to the intake of ethanol
or biguanides or exaggerated renal glucos-
uria).

Ketoacids: In DKA, serum ketones are
usually strongly positive in a dilution of 1 in
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Table 13. Typical deficits in a patient with DKA.
Quantity Comment Danger
Na* 3 — 9 mmol/kg Restore Na deficit, Cerebral edema if early
but not too quickly and too rapid
K* 4 — 6 mmol/kg Must await insulin Initial hyperkalemia
action to shift K* > 1.5 h, hypokalemia
into cells
Examine Pk
Water Usually many Half ICF, half ECF Do not repair water
liters deficit too early

Can be > 500 mmol
of H* buffered

Bicarbonate

If increased anion
gap, need not give
NaHCO3 unless

Strong opinions
held, but not backed
up with clean data

very severe acidosis

8. However, only acetoacetate and acetone
yield a positive reaction with the nitroprus-
side test (Acetest) used for clinical screening
for ketoacids. If there is an increase in the
NADH" : NAD ratio, as occurs with hypoxia
or ethanol oxidation, ketoacids will be pre-
dominantly in the form of B-hydroxybutyric
acid which is not detected by these clinical
tests; a specific enzymatic analysis will be
necessary to measure f3-hydroxybutyric acid.
If the urinary excretion of ketoacid anions is
larger than expected, as may occur with the
intake of acetylsalicylic acid, or if there is a
defect in reabsorption of ketoacid anions by
the PCT, a hyperchloremic type of metabolic
acidosis will be present [88].

Sodium: In patients with DKA, there is a
large deficit of Na™ (3 — 9 mmol/kg body
weight, Table 13). This is the result of the os-
motic diuresis.

Plasma Na" concentration: Much atten-
tion is given to the possibility that glucose
will draw water out of cells and thereby, lower
the Pna. This occurs only when the addition of
glucose is hyperosmolar to plasma. In con-
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trast, when glucose is added as a solution that
has an osmolality similar to or lower than the
Posm, there is no shift of water from cells. In
this circumstance, the Px, will be lower than
seen with hypertonic glucose addition for an
identical rise in Pgyy [89]. Therefore calcula-
tions based on the expected shift of water and
thereby an expected fall in P, for a given Pgyy
should not be done because the assumptions
made are not valid [90 — 92]. Therefore we
calculate the effective Posm (Equation 10) to
help clinical decision-making with regard to
the appropriate tonicity of fluid therapy [93].
Corrections should be made for major
changes in the Px.

Effective Posm = 2 X Pna + PGiu
(inmM terms) (10)

Potassium: In patients with DK A and good
renal function, there is always a decrease in
the total body content of K, usually in the
range of 4 — 6 mmol/kg body weight (Table
13). Despite this deficit of K, the Px is usu-
ally increased to the mid-5 range [94] because
K" has shifted from the ICF to the ECF
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Table 14. Content of HCo3™ in the ECF compartment in a patient with DKA. The example given is a 70-kg
person who has an ECF volume of 15 L when normal (top line) and 12 L while in DKA (bottom line). The con-
tent of HCOg3' is decreased by 75 mmol in DKA. Despite this loss, there is a 1:1 relationship between the fall
in PHcos and rise in Pg-Hg because of an equivalent loss of 8-HB with Na* and/or K* in the urine. This repre-

sents the indirect loss of NaHCO3.

Plasma ECF volume ECF content
PHcos Pp-HB HCO3™ Ketoacids HCO3™ + Ketoacids
mmol/I mmol/I liters mmol mmol mmol
normal 25 0 15 375 0 BiS
DKA 10 15 12 120 180 300

compartment due to the lack of insulin (Fig-
ure 9) [73].

Prcos: In patients with DKA, the Pucos is
low because H" were added to the ECF along
with B-hydroxybutyrate and acetoacetate an-
ions. Nevertheless, there is also an indirect
loss of Na" and HCO3 — this loss occurs early
in the course of DKA because there is a lag
period before there is a large increase in the
rate of excretion of NH4" [15]. As a result,
ketoacid anions are excreted in the urine with
Na" or K” and hence the indirect loss of
NaHCOs (Figure 4). This component of the
metabolic acidosis may not be appreciated
because there is often a 1 : 1 relationship be-
tween the fall in Pycos and the rise in the
plasma anion gap. This quantitative relation-
ship occurs because concentrations rather
than the content of HCO3™ in the ECF com-
partment are considered (Table 14). This
component of the HCO3” deficit becomes evi-
dent during therapy as the ECF volume is ex-
panded [69, 95, 96].

PCO;: There should also be a predictable
degree of hypocapnia depending on the de-
gree of metabolic acidosis (Table 4). Since
hypothermia may occur in patients with
DKA, one must take this into consideration
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when interpreting the PCO, and PO, values
reported by the laboratory because the mea-
surements are made at 37°C.

GFR: Since patients with DKA often have
avery low ECF volume, their GFR will be re-
duced whereas the concentrations of urea
(Purea) and creatinine (Pcreat) Will be elevated
in plasma. The Pyrea (BUN) is less reliable as
an index of the GFR because it is also influ-
enced by protein intake, tissue catabolism,
rate of gluconeogenesis, catabolic drugs, and
urine flow rate. Notwithstanding, there may
also be errors in the measurement of creati-
nine depending on the method used. Higher
Pereat values are reported with the picric acid
method if the level of AcAc is elevated [97]
whereas lower Perear values are reported with
severe hyperglycemia if the enzymatic assay
for creatinine is performed on the Kodak
analyzer [98].

Treatment of the Patient with DKA

DKA is a medical emergency that demands
urgent treatment. Mortality is influenced by a
number of factors that include its precipitat-
ing cause, the age of the patient, the level of
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consciousness, and the severity of the bio-
chemical abnormalities. In children, the lead-
ing cause of morbidity and mortality is the de-
velopment of cerebral edema (discussed
later) [99, 100]. Other causes of death are in-
fection, vascular thrombosis, and shock.
Early diagnosis, a better design of therapy,
and dealing with the underlying causes of
DKA may reduce the mortality rate. Our em-
phasis will be on the threats to the patient’s
life during therapy of DKA (Table 15). Treat-
ment will be discussed under the following
headings: body fluid compartments, insulin,
bicarbonate, predisposing factors and how to
avoid complications of therapy.

Body Fluid Compartments

Focus on the ECF volume: The ECF vol-
ume should be re-expanded quickly only if
there is a hemodynamic emergency. It is very
difficult to assess the degree of ECF volume
contraction on clinical grounds [101 — 103].
The following laboratory findings can help to
provide a quantitative assessment of the pa-
tients’ ECF volume [69]. The hematocrit (ra-
tio of red blood cells (RBC) volume/blood
volume) is particularly useful if the patient is
not anemic. For example, if the initial hema-
tocrit were 60%, this would suggest that the
plasma volume is contracted by more than
50% (Equation 11). Moreover, the ECF vol-
ume is contracted to a greater degree than the
plasma volume because the volume of RBC
should remain constant (in the absence of a
severely abnormal Pn,) and Starling forces
should expand the plasma volume at the
expense of the interstitial volume [69].

Normal: 0.40 =2 1RBC volume/5 1blood vol-
ume (3 1 plasma + 2 1 RBC)

Patient: 0.60 =2 1 RBC volume/3.3 1 blood vol-
ume (1.3 Iplasma+21RBC) (11)
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Table 15. Complications to avoid during therapy.

On admission
— Shock
— Aspiration pneumonitis
— Thrombotic episodes
— Hyperkalemia with cardiac arrhythmias

From 1.5 h onwards
— Hypokalemia with cardiac arrhythmias

From 6 h onwards
— Neuroglucopenia

From5-15h
— Cerebral edema

Anytime
— Complications of the underlying illness
— Lack of insulin actions

We also find 2 other indices helpful to mon-
itor changes in the effective vascular volume
[69]. First, if the venous PCO; is appreciably
higher than the arterial PCO, (> 10 mmHg), it
suggests a slower blood flow rate past cells
drained by that venous system (same CO;
production, but CO is carried away in fewer
liters of blood, Figure 7). Second, a rise in
urine output usually signals an increase in the
GFR and thereby a higher filtered load of glu-
cose and a larger osmotic diuresis. With the
initial urine output rise, the rate of intrave-
nous infusion should be increased by a similar
volume to maintain the slow and steady re-ex-
pansion of the ECF volume.

The next decision concerns the composi-
tion of the infusate. There is still some dispute
about which is the most appropriate intrave-
nous solution to use. We strongly favor the
initial administration of 0.9% saline (154 mM
NaCl) to avoid a large fall in the effective Posm
(Equation 10). When the Pgyy falls below 250
mg/dl (15 mM), glucose should be added to
the infusate. Further fluid therapy is deter-
mined by the clinical assessment, biochemi-
cal measurements, and calculated and/or
expected losses.
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Focus on the ICF volume: The deficit of
ICF water should be replaced much more
slowly. Once the hemodynamic emergency is
dealt with, one can now safely switch to half
isotonic saline in adults with DKA because
cerebral edema is not common in these pa-
tients. The goals for ICF therapy differ in chil-
dren with DKA as discussed later in the sec-
tion on complications of therapy.

Insulin: Insulin plays a central role in ar-
resting ketogenesis, but this is rarely an ur-
gent aspect of therapy because the maximum
possible rate of ketogenesis is only ~ 1
mmol/min [86]. In our view, the only emer-
gency action of insulin needed is its effect to
decrease the Pk by accelerating a shift of K
into cells in a patient with a significantly ab-
normal EKG due to hyperkalemia. While in-
sulin will help lower the Pgyy, its hypo-
glycemic effects are minimal early in therapy.
Rather, the P, will fall initially as a result of
re-expansion of the ECF volume (dilution)
and glucosuria (decrease the glucose pool
size) [104]. 6 — 8 hours after therapy began,
insulin will increase the rate of oxidation of
glucose (because competing fat fuels are no
longer available) and by promoting the
synthesis of glycogen [87].

Low-dose, short-acting insulin regimens
are now commonly used. Given the uncer-
tainty of absorption by other routes, the
intravenous route is advisable. A typical dose
in adults is 0.1 Units/kg as an intravenous
bolus, followed by a constant infusion of 0.1
Units/kg/h. A bolus of insulin should not be
used in children because it may lead to brain
cell swelling [93]. The putative mechanism
involves activation of the Na'/H" exchanger
in brain cell membrane with a resultant gain
of ICF solutes (Na") [105].

Insulin therapy has potentially detrimental
effects that should be anticipated and avoided.
The major ones are hypokalemia (at 1 — 3 h)
and hypoglycemia (at 6 — 10 h). The former
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risk is discussed below and the latter one is
minimized by infusing glucose when the Pgyy
falls to 250 mg/dl (~ 15 mM).

Potassium: Typically, the Px on presenta-
tion in patients with DKA is in the mid-5
range [94]. A lower Pk indicates that a rather
severe K" deficit exists and patients are at
higher risk for cardiac arrhythmias, paralytic
ileus, and muscle weakness that may also in-
volve respiratory muscles after insulin is
given. Once therapy has commenced, the Px
falls rapidly, often within the first hour. This
is due primarily to the uptake of K" into the
ICF (replacing Na” and H"). Minor contribut-
ing factors are the loss of K" in the urine, cor-
rection of the acidosis, and dilution from re-
expansion of the ECF volume.

The initial aim of therapy is to ensure a nor-
mal Pk during the acute stages of therapy. Re-
plenishing the total deficit of K' in the body
will take time because it requires the re-accu-
mulation of intracellular anions (primarily or-
ganic phosphates). K should be given as in-
travenous KCI, but only when the Px is <5.0
mM. Typical regimens are: give 20 mmol
K '/hour if the Pk is 4 — 5 mM; give 40 mmol
K /hour if the Pk is 3.0 — 4.0 mM, and 40 — 60
mmol K'/hour if the P is < 3.0 mM. The
EKG as well as the Px can be used to monitor
the rate of replacement of K.

While itis prudent to consider the urine out-
put, patients with oliguria may still need a
supplement of K if their Py is distinctly low.
When DKA has been corrected, oral sup-
plementation of K (and phosphate, usually
from diet) should be continued over several
days to replenish the deficits in the intra-
cellular compartments.

Because hypokalemia is also a complica-
tion of therapy with NaHCO;3, if a patient
presents with a low Pk and acidosis that is
severe enough to require treatment with
NaHCO:s, one could make a case for with-
holding insulin for an hour or so until suffi-
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cient K™ and HCOj3™ have been administered.
Since the rate of net ketoacid production is ~ 1
mmol/min [86], withholding insulin for that
hour will not have a major impact on the de-
gree of acidosis because more HCO3™ than
this can be given.

NaHCO3

Early therapy: NaHCOj3 is rarely needed.
Nevertheless, it is difficult to resist giving
NaHCOs3 when the Pucos is < 5 mM espe-
cially if there is a source of loss of NaHCO3".
Asevere degree of hyperkalemia is also a pos-
sible indication for the use of NaHCO:s.

Later therapy: After the ketoacidosis has
been largely reversed, some patients may
have a lingering hyperchloremic type of met-
abolic acidosis due in part to a low rate of ex-
cretion of NH;". These patients may need to
ingest NaHCOs to raise their Prcos.

Phosphate

The usual deficit of phosphate is 1.5 — 2.5
mmol/kg body weight (Table 13). While only
close to 10% of patients have hypophos-
phatemia at presentation, once therapy is in-
stituted virtually every patient becomes pro-
foundly hypophosphatemic. There are no
controlled studies documenting the absolute
benefits of the acute replacement of phos-
phate. A number of theoretical consider-
ations, however, suggest that it may be bene-
ficial to replace some of the deficit of phos-
phate early in therapy. The rate of infusion of
phosphate should not exceed 50 mmol/8 h.

Malluche et al. - Clinical Nephrology, Dialysis and Transplantation -

Complications Observed During
Therapy

While hypokalemia, hypoglycemia, re-
lapse of ketoacidosis, and thrombotic events
may occur, we shall focus on cerebral edema
in this section.

Cerebral edema: Typically, DKA is first
diagnosed in childhood. Cerebral edema is
more common during therapy in the first epi-
sode of DKA, possibly because there was a
delay in suspecting that this may be the diag-
nosis by family members. Cerebral edema oc-
curs in ~ 1% of cases and it is the major cause
of mortality in this setting [99, 100]. Even
though most children with cerebral edema
survive, many are left with significant neuro-
logical deficits. Even those who seem to be
neurologically intact may have subtle cogni-
tive and behavioral deficits.

Cerebral edema is the result of a rise in
brain water and hence intracranial pressure
because of the fixed volume of the skull. At
the clinical level, typically, the child who de-
velops cerebral edema appears to be recover-
ing normally from DKA, but takes a rapid
turn for the worse close to 5 — 15 h after the
onset of therapy. Nevertheless, 1/20 children
developed cerebral edema prior to receiving
therapy — a possible reason for this was dis-
cussed in reference [89]. The warning signs
of impending cerebral edema are often subtle,
including new onset of drowsiness and/or ir-
ritability that can progress rapidly to a disor-
dered state of consciousness that may
terminate with respiratory arrest and death.

While CT or MRI imaging will confirm this
diagnosis, we are very reluctant to send pa-
tients suspected of having cerebral edema for
these studies because they need extremely ur-
gent medical treatment that cannot wait for
even a few minutes. Moreover, they need to
be observed very carefully and the imaging
department does not have the facilities to do
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Table 16. Anticipated results of therapy of DKA.

— Will fall 5.5 mmol/I (100 mg/dl) over each of the first 6 hours. Reasons for

Glucose:

fall are dilution (early), glucosuria (mid-time) and metabolism (late).
Sodium: — Rise in the Pna of 1.6 mmol/l per 100 mg/dl (5.5 mmol/l) decline

in Pgiu owing to a shift of water into the ECF.
Potassium:

— Sudden fall over 1 — 2 hours owing to shift of K into cells when insulin acts.

— This is the best early indicator of the biological actions of insulin.

Bicarbonate:

— Will not rise for several hours.

— The PHco3s will be close to 16 — 18 mmol/l once
ketoacidosis largely disappears (6 — 8 hours later).

— The Quick test may actually become more positive, despite less ketoacidosis

Ketoacids: — Slow steady decline over 8 hours to 1 mmol/l range.
— Serum quick test for ketones will be positive much longer.
owing to conversion of H®B-HB to H®AcAc.
Anion gap: — Fall in parallel with ketoacids, will return to normal in 8 — 12 hours.

Complications: - See Table 15.
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Figure 17. Risk factors for cerebral edema. The
solid rectangle represents the skull. The 2 risk fac-
tors for swelling of brain cells are shown on the left
and include a higher concentration of glucose
and/or its metabolites in the brain due to rapid lower-
ing of the Payy (site 1) and activation of the Na* : H*
exchanger (NHE) by insulin (site 2). The factors
causing expansion of the ECF volume are shown on
the right and could be the result of a less restrictive
blood brain barrier (site A), a fall in the colloid os-
motic pressure (COP) in plasma (site B), and/or the
excessive administration of saline (site C). Repro-
duced with permission [187].
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this. Even when one has the results of the im-
aging studies, changes in the clinical state can
occur so rapidly that this result may not mirror
the current status in a timely fashion.

Pathophysiology of Cerebral Edema

A more detailed view of the pathophysiol-
ogy of cerebral edema will be considered un-
der the following headings (Figure 17).

Factors related to an expansion of the
ECF compartment of the brain: One can
think of these as early or later events. The
early factors might include a less restrictive
blood brain barrier (BBB), the use of an initial
bolus of saline, especially if there is not a
hemodynamic reason to give it, and an initial
decline in the colloid osmotic pressure of
plasma. In more detail, although somewhat
controversial, there is evidence of subclinical
cerebral edema before therapy is instituted
when CT scans of the brain were examined
[106— 108]. This may be the result of'a less re-
strictive BBB that permits the intracranial
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ECF volume to increase, effectively bypass-
ing the protective mechanisms that normally
exist to prevent a rise in intracranial pressure.
The initial bolus of saline will be distributed
on first pass in the blood volume and cause a
sudden rise in hydrostatic pressure and a fall
in the colloid osmotic pressure of arterial
blood. In addition to the fall in albumin con-
centration, the colloid osmotic pressure could
decrease due to a fall in the Donnan force in
plasma, possibly the result of a less anionic
charge on albumin associated with rapid
re-expansion of the ECF volume [109].
Hence Starling forces together with a less re-
strictive BBB could act in concert to expand
the volume of the intracerebral ECF compart-
ment further. The message we derive from
these analyses is: a large bolus of saline
should not be given unless there is frank
hemodynamic collapse in children with
DKA.

Factors associated with a rise in brain
cell volume: There are two factors to con-
sider, a fall in the effective Posm and a rise in
intracellular osmoles. Firts treatment regi-
mens that have been associated with cerebral
edema usually cause a significant fall in the
effective Posm (Equation 10). A rapid fall in
the Pgiy, may predispose to cerebral edema by
allowing the shift of water into brain cells (a
compartment with an osmolality that de-
creases less rapidly than the effective Pogm).
As partial compensation for the high effective
Posm in a patient with DK A, the brain seems to
accumulate osmoles such as sorbitol, fruc-
tose, taurine and glutamine that minimize the
degree of water shift out of brain cells. Once
the Posm falls, however, these organic osmoles
cannot be removed rapidly from brain cells
and they will attract water, contributing to the
development of cerebral edema [110]. Sec-
ond, one should avoid an initial bolus of insu-
lin because it may cause an increase in the
number of particles in cells of the brain [105].
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In more detail, insulin activates the Na'-H"
exchanger in the cell membrane (Figure 9).
By causing an increase in the entry of Na " into
brain cells along with the exit of H' that were
bound to intracellular proteins, there will be a
net increase in the number of particles in the
ICF, and this will draw water into these cells.

The Pnais typically much higher in children
for a given degree of hyperglycemia (i.c.,
with a Pgyy of 50 mM (900 mg/dl), the Pxa is
usually in the 125 — 130 mM range in adults
[81, 104] but closer to 140 mM in children
[93, 111]. We speculate that this could reflect
the higher GFR early in type 1 diabetes mel-
litus leading to a higher rate of glucosuria for
the same degree of hyperglycemia. Moreover,
the Una + Uk in this urine is close to '/3— '/
isotonic saline (plus glucosuria). Hence there
would be a larger excretion of electrolyte-free
water in children.

Issues for Therapy

The best strategy is to prevent cerebral
edema from developing. This can probably be
achieved by avoiding therapies that will
over-expand the ICF and ECF volumes of the
brain. We would not administer a bolus of in-
sulin to treat DKA in children. The initial sa-
line infusion should be targeted to avoid cir-
culatory collapse — we would not otherwise
give a bolus of saline. Once the patient is
hemodynamically stable, the Na' deficit
should be replaced slowly, with an upper limit
of 6 —9 mmol/kg depending on the initial im-
pression of the degree of ECF volume con-
traction (use the hematocrit if possible) [69].

In children, we use isotonic saline to avoid
a fall in the effective Posm (Equation 10). The
target value for the Py, in the first 5— 15 hours
is that which keeps a constant effective Posm.
Adding KCIl, to isotonic saline is a good
choice when the patient is undergoing a rapid
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Figure 18. Fall in the effective plasma osmolality
and the development of cerebral edema. For details,
see text. Arise in the Pna is needed to prevent a fall in
the effective Posm when there is a fall in the Pgiu. The
Pna must rise by '/, the fall in the Pgyy to maintain a
constant Posm of 330 mOsm/kg H20.

glucose-induced osmotic diuresis because
this will defend the effective Posm when the
Pgu falls. There is evidence to suggest that
maintaining a constant “effective” Posm at the
expense of hypernatremia may protect against
cerebral edema [93]. This can be accom-
plished by permitting the Py to rise by half the
fall in Pgp in mM terms (Equation 10),
thereby keeping the effective Posm constant
(Figure 18). As mentioned earlier, the Pn, in
children with DKA who have a Pgp, of 50 mM
(900 mg/dl) is usually close to 140 mM [93,
111]. When this Pg, falls by 30 mM (540
mg/dl), the Pna would have to rise by 15 mM
to 155 mM to keep the effective Posm constant
(Equation 10). To achieve this aim, the intra-
venous solutions must have the same effec-
tive osmolality as the Posm in an oliguric pa-
tient or as the urine when the patient has a
large urine output.

If signs of cerebral edema did develop,
hypertonic saline or mannitol should be in-
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fused rapidly to reverse cerebral edema by
drawing water out of the brain [112]. Our aim
would be to give enough hypertonic solutes to
see a prompt clinical response. Usually, this
would require an increase in the effective Posm
of 10 mOsm/kg H,O (administer 10 mmol of
mannitol or 5 mmol of hypertonic NaCl/l
body water using the clinical response as your
guide).

Precipitating Events

During therapy for DKA, it is also neces-
sary to treat any precipitating event or accom-
panying illness. Although clinical rhabdo-
myolysis is uncommon, enzymes of muscle
origin (CPK, AST, and LDH) are often ele-
vated in plasma. Thrombotic events in veins
due to a slow blood flow rate should also be
anticipated.

Alcoholic Ketoacidosis

Alcoholic ketoacidosis is seen following
binge drinking of large amounts of ethanol
complicated by poor food intake and vomit-
ing (usually due to alcohol-induced gastritis)
[113, 114]. The lack of food intake and the
ECF volume depletion lead to suppression of
insulin secretion via an a-adrenergic effect
[115]. This combination of hormonal changes
both increases lipolysis in adipose tissue
(stimulation of hormone-sensitive lipase) and
diminishes hepatic lipogenesis (inhibition
of hepatic acetyl-CoA carboxylase (ACC))
(Figure 16).

Ethanol, the principal carbon source for the
formation of ketoacids, is metabolized in the
liver to produce acetyl-CoA. Constraints set
by the rate of turnover of ATP in hepatocytes
limits the rate of oxidation of acetyl-CoA to
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produce ATP [85, 86]. This, together with the
inhibition of the synthesis of fatty acids in
liver (inhibition of ACC by the low insulin
and high circulating counter-insulin hor-
mones such as adrenaline and glucagon),
leads to the rapid formation of ketoacids. The
acidosis may be quite severe and have a rela-
tively rapid onset, with ketoacid anion levels
of up to 20 mM; it is associated with an in-
crease in the anion gap in plasma. Establish-
ing the diagnosis of alcoholic ketoacidosis
may not be straightforward. One reason is
that there are frequently coexisting acid-base
disturbances that result in the blood pH being
normal or even alkalemic in up to 50% of pa-
tients. Metabolic alkalosis commonly occurs
as a result of the vomiting, and respiratory
alkalosis may occur due to stimulation of
ventilation by alcohol withdrawal or aspira-
tion pneumonia.

The second difficulty in diagnosis is that
there is occasionally a falsely low or perhaps
negative screening test for ketones [116]. The
nitroprusside reagent reacts with acetoacetate
and acetone. Acetoacetate is in equilibrium
with B-HB in a reaction catalyzed by the
enzyme [-hydroxybutyrate dehydrogenase
(Equation 12). This isan NAD -NADH linked
reaction and the ratio of end products depends
on the NAD/NADH ratio which in turn re-
flects the redox state in liver cells. In alco-
holic ketoacidosis, the NAD/NADH ratio in
the liver is often more reduced than usual due
in part to the metabolism of ethanol (which
generates NADH) or to tissue hypoperfusion
as a result of the marked degree of ECF vol-
ume contraction. In this setting, the more re-
duced NAD'/NADH ratio increases the
amount of B-hydroxybutyrate relative to that
of acetoacetate so that the screening test for
ketones may be falsely low.

AcAc +NADH+H" <> B-HB +NAD" (12)
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The diagnosis of alcoholic ketoacidosis is
therefore suspected in light of the clinical sit-
uation and laboratory abnormalities noted
above. A key finding is that the Pgi, is not
very elevated as it would be in DKA. Attimes
it is difficult to distinguish alcoholic
ketoacidosis from methanol or ethylene gly-
col poisoning as the primary cause of acido-
sis. This diagnosis is very important to make
because therapy differs. Both can cause meta-
bolic acidosis, a high anion gap in plasma, an
elevated value for the plasma osmolal gap,
and a near-normal Pgy,. Nevertheless, there is
one clinical clue that can help — if the ECF
volume is not very contracted, one would sus-
pect methanol or ethylene glycol overdose. A
direct assay for methanol and ethylene glycol
is needed to establish the diagnosis.

Treatment of Alcoholic Ketoacidosis

The treatment of alcoholic ketoacidosis is
usually straightforward. Isotonic saline is re-
quired to correct the marked degree of ECF
volume depletion [113]; if the Pgyy, is defi-
nitely low, a small quantity of glucose should
be added to raise the Pgiy to the high-normal
range. The higher Pgi, should now stimulate
insulin secretion and thereby, diminish the
rate of ketoacid production. Attention must
be paid both to K and phosphate depletion,
which are common in this disorder. Treatment
with NaHCOs is rarely required because the
degree of acidemia is usually mild and the net
production of ketoacids can be reversed
quickly with appropriate intravenous fluid
therapy. One must bear in mind that a defi-
ciency of thiamin might be present in a patient
who is malnourished so this vitamin must be
given with the initial therapy in this setting.

The prognosis is usually excellent; in one
case series only about 50% of the patients re-
quired hospital admission, and the mortality
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Table 17. Causes of L-lactic acidosis.

Type A (hypoxic)

— circulatory failure (cardiogenic shock or
secondary to sepsis)

— severe hypoxemia (lung problem or high
altitude)

— severe anemia

— excessive demand for oxygen (e.g.
generalized seizure, vigorous exercise)

Type B (compromised metabolism of L-lactate)
— a variety of diseases that severely affect the
liver

inhibition of gluconeogenesis (e.g. by ethanol)
inborn error of metabolism affecting pyruvate
dehydrogenase, the tricarboxylic acid

cycle, or the electron transport system
thiamine deficiency

riboflavin deficiency or low bioactivity
isoniazide (vitamin Bg deficiency)

rate was only 1% including problems related
to underlying lesions such as pneumonia and
pancreatitis [114].

Ketoacidosis of Prolonged Fasting

Ketoacidosis of fasting is usually a mild
disorder with a Pucos that is characteristically
close to 18 mM and an anion gap that is less
than 19 mEq/1 (suggesting that the accumula-
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tion of ketoacid anions is not more than 7
mM). The rate of production of ketoacids is
close to that in DKA, but the rate of produc-
tion is matched by the removal of ketoacids
by oxidation in the brain and kidneys plus
their excretion with NH4" in the urine [46].
The Pgyy is usually close to 60 mg/dl (3 mM).
Specific treatment for this form of ketoaci-
dosis other than re-feeding is not required be-
cause it is rapidly cured by intake of carbo-
hydrate.

L-lactic Acidosis

L-Lactic acidosis may be classified into
two major categories depending on whether
or not the supply of oxygen is matched to tis-
sue demands for energy metabolism. In type
A L-lactic acidosis, the production of L-lactic
acid is increased and its removal impaired be-
cause of tissue hypoxia (Figure 19). In con-
trast, in type B L-lactic acidosis, hepatic re-
moval of L-lactate is impaired for reasons
other than hypoxia [117] (Table 17).

Type A Lactic Acidosis

Type A L-lactic acidosis is particularly frus-
trating to treat because its underlying cause

Figure 19. Biochemistry of
L-lactic acidosis. The major

No ATP production of L-lactic acid oc-
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support metabolic and physical
work and/or uncoupling of oxi-
dative phosphorylation due to
open H* channels (UCP). Vita-
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in the reaction catalyzed by pyr-
uvate dehydrogenase (PDH).
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L-lactic acid can also accumu-
late when the ability to metabo-
lize L-lactate is compromised.
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may be extremely difficult to reverse. Exam-
ples include cardiogenic shock, septic shock,
and multiple organ failure. It is also important
to recognize that the rate of net L-lactate pro-
duction may be extremely rapid, resulting in
severe acidosis very quickly. It is widely be-
lieved that the accumulation of the L-lactate
anion per se is not harmful and is important
only as a sign of serious metabolic dys-
functions. Nevertheless, the L-lactate anion
can chelate ionized Ca®" [118 — 120], an ion
that is critical for myocardial contraction
[121]. In addition, Veech and Fowler [122]
have suggested that a higher NADH/NAD " ra-
tio can impair metabolism. Therefore there are
theoretical reasons to suspect a primary role
for the L-lactate anion in the poor outcome.

Hypovolemic shock: L-lactic acidosis
caused by hemorrhage or extensive loss of
Na-rich fluid (diarrhea, etc.) is the easiest of
the causes to treat. Infusion of isotonic saline
is the most appropriate initial therapy for
most patients. In patients with severe hypo-
albuminemia, colloids, such as albumin or
plasma, may also be given. Whether one
should add NaHCOs to the initial intravenous
fluid depends on the factors discussed earlier
— the severity of the acidosis, the respiratory
compensation, the Pk, and probably most im-
portant, the likelihood of rapid reversal of the
underlying cause of the hypovolemia. Usually,
correction of hypovolemia will correct tissue
hypoxia and rapid reversal of the L-lactic aci-
dosis due to metabolic conversion of the ac-
cumulated L-lactate anions to HCO3" should
be anticipated (~ 4 — 8 mmol of L-lactate may
be removed per minute via oxidation or
gluconeogenesis [2]).

Cardiogenic shock: This is much more
difficult to manage, because the underlying
cause of the tissue hypoxia — low cardiac out-
put — is often difficult to reverse rapidly. Key
issues to consider in patients with this diagno-
sis are ensuring that left ventricular filling
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pressure is adequate (which usually requires
pulmonary capillary wedge pressure mea-
surement) and that readily treatable causes of
cardiogenic shock such as pericardial tam-
ponade are not overlooked. The use of ino-
tropes, afterload reducing agents, and/or an
intraaortic balloon pump may be required.
The administration of NaHCOs3 is often of
limited use because of constraints imposed
by ECF volume expansion and pulmonary
edema.

Septic shock: L-lactic acidosis in a patient
with sepsis is a grave prognostic finding.
Treatment of the underlying infection with
appropriate antibiotics, surgical drainage of
an abscess if present, optimization of intra-
vascular volume, and the use of inotropic
agents are all essential, but often futile once
multiple organ failure is present.

Use of dichloroacetate: One approach to
treatment of patients with L-lactic acidosis is
to use dichloroacetate (DCA) [123]. DCA ac-
tivates the pyruvate PDH and thereby facili-
tates pyruvate (and therefore L-lactate) re-
moval via metabolic conversion to acetyl-
CoA and then to CO» and water. This may al-
low for more regeneration of ATP per molec-
ular of Oz consumed because now glucose or
L-lactate rather than fatty acids are selected as
the fuel to be oxidized [124]. DCA may have
beneficial effects on myocardial function via
a similar mechanism.

Early reports on the use of DCA in critically
ill patients with L-lactic acidosis were some-
what encouraging. Notwithstanding, a pro-
spective, randomized controlled trial of 252
patients with L-lactic acidosis, the majority of
whom had sepsis and multi-organ failure,
failed to show clinically significant benefit of
DCA [125]. The results are not surprising
considering that 18 mmol of H' are produced
when 18 mmol of ATP are regenerated by an-
aerobic glycolysis, but only 1 mmol of H is
removed when the same amount of ATP is re-
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generated by the aerobic oxidation of L-
lactate [2]. Therefore one cannot overcome a
rapid rate of production of L-lactic acid by en-
hancing its rate of removal unless anaerobic
glycolysis is inhibited. Furthermore, as
pointed out before, L-lactic acidosis per se
maybe an epiphenomenon that reflects the
presence of serious metabolic dysfunctions.

Type B L-lactic Acidosis

Hepatic disease: L-lactic acidosis is fre-
quently seen in patients with acute hepatic ne-
crosis with liver failure, such as that caused
by viral hepatitis. It may also be seen as a
more stable, chronic L-lactic acidosis where
L-lactate removal is impaired in patients, for
example, with malignancy that have liver
metastases or infiltration with or without a
large tumor burden outside the liver. The
mechanisms that contribute to the L-lactic ac-
idosis in these patients include replacement of
a sufficient number of liver cells with tumor
cells to impair L-lactate removal, production
of metabolites by tumor cells such as the
amino acid tryptophan that may lead to inhi-
bition of hepatic gluconeogenesis, and/or the
fact that tumor cells produce a quantity of
L-lactic acid that exceeds the hepatic capacity
to remove it in this setting.

Administration of NaHCOj to patients with
type B L-lactic acidosis due to liver disease
may have negative effects. First, the NaHCO3
may increase L-lactate production (from glu-
cose) by de-inhibiting phosphofructokinase-
1 in malignant cells. Thus if the source of this
glucose is ultimately from gluconeogenesis, a
considerable amount of lean body mass may
be lost [126]. Second, if for instance 150
mmol of NaHCOj3; were given along with 1 1
of DsW, the 276 mmol of glucose provided
could be converted to 552 mmol of H' (2
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L-lactate- and 2 H' per glucose), a quantity
that exceeds the 150 mmol of HCO3" given.

Thiamin deficiency: Thiamin (vitamin By)
deficiency is a specific example of type B
L-lactic acidosis that merits emphasis. Thia-
min is an essential cofactor of the PDH com-
plex, an enzyme required for the regeneration
of ATP from glucose [2, 127]. A special cir-
cumstance where the effect of thiamin defi-
ciency can be very acute occurs when keto-
acids were the main brain fuel (alcoholic
ketoacidosis), but ketoacids disappeared
when insulin levels rise (restoration of ECF
volume, especially if hyperglycemia is also
present). The target organ for a deficit of thia-
min is the brain for two reasons: first, the
brain is dependent on glucose as its energy
fuel, and therefore flux through the PDH must
occur in order to have ATP regeneration (un-
less ketoacids are present); second, there are
very high rates of ATP turnover in certain ar-
eas of the brain. Hence, one can anticipate
two hazards from a deficiency of thiamin, a
local deficit of ATP, and a consequent local
H" accumulation in an organ with limited
buffer capacity. This may help explain why
Wernicke-Korsakoff syndrome develops in
these patients. Treatment is obviously thia-
min replacement before the ketoacid concen-
tration in plasma falls to very low levels.

Thiamin deficiency is most often seen in al-
coholics who are poorly nourished, but it has
also been described in patients receiving total
parenteral nutrition when thiamin was not
supplemented. The clinical manifestations of
the L-lactic acidosis due to thiamin defi-
ciency are confusion, hypotension, tachycar-
dia, tachypnea and signs of congestive heart
failure.

Ethanol: The acidosis observed in patients
who have consumed large quantities of etha-
nol is frequently multifactorial. One compo-
nent that may be observed in addition to
ketoacidosis is L-lactic acidosis. The degree
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of L-lactic acidosis is usually mild (< 5 mM)
because it reflects the more reduced
NADH/NAD" ratio due to ethanol metabo-
lism that is largely restricted to the liver. A
more severe degree of L-lactic acidosis sug-
gests that there is L-lactic acid overproduc-
tion caused by hypoxia (resulting from shock
due to gastrointestinal bleeding, for exam-
ple), thiamin deficiency, seizures (alcohol
withdrawal, delirium tremens, and/or a CNS
lesion), or L-lactic acid underutilization due
to severe liver disease. The management of
this situation is mainly supportive, including
normalization of the ECF volume and provi-
sion of thiamin. Once ethanol is completely
metabolized, NADH levels will fall, L-lactate
will be converted to pyruvate, and thereby to
either glucose and/or CO, and water. This
will lead to the regeneration of HCO3", and
the resolution of the L-lactic acidosis.

Biguanides: Biguanides are frequently
used for patients with type 2 diabetes to lower
the Pgiu. Initially, phenformin was the drug
that was used, but because it led to the devel-
opment of L-lactic acidosis [128], its use was
curtailed. Currently, metformin is the drug of
choice in this class — it does not seem to be a
single cause of L-lactic acidosis [128b].
Biguanides, are lipophylic weak acids that
can cross the mitochondrial membranes and
cause uncoupling of oxidative phosphory-
lation in a fashion similar to dinitrophenol.
The reason for the higher likelihood of L-lac-
tic acidosis with phenformin than metformin
is that phenformin has a larger hydrophobic
end. Certain conditions lead to higher blood
levels of these drugs, including renal insuffi-
ciency, reduced liver function or alcohol
abuse, and heart failure and therefore, pa-
tients with these conditions are more predis-
posed to serious L-lactic acidosis with this
class of drugs.

Antiretroviral drugs: L-lactic acidosis
has been reported in patients with HIV infec-

tion treated with various antiretroviral agents.
The agent most frequently associated with
L-lactic acidosis is zidovudine [129], but
didanosine, stavudine, lamivudine, and indi-
navir have also been implicated. Antiretro-
viral drug therapy is associated with mito-
chondrial myopathy as well as hepatic stea-
tosis. Either muscle or liver involvement
could, in theory, explain the L-lactic acidosis.
Initially, mitochondrial myopathy, as mani-
fested by ragged-red fibers and mitochondrial
DNA depletion, was thought to be the main
mechanism of L-lactic acidosis. Because the
L-lactic acidosis did not become much more
severe with exercise [129], we suspect that a
more likely mechanism of the lactic acidosis
might be the massive hepatomegaly and
steatosis (Figure 20). This view was sup-
ported by the fact that a small dose of ethanol
markedly increased the degree of L-lactic
acidosis [129].

Riboflavin deficiency and/or tricyclic
antidepressants: The active metabolites
formed from vitamin B, (riboflavin), flavin
mononucleotide (FMN) and flavin adenine
dinucleotide (FAD), are components of the
mitochondrial electron transport system, the
principal pathway to regenerate ATP, and for
the enzyme, glutathione reductance. Ribofla-
vin must be activated via an ATP-dependent
kinase to produce FMN and FAD (Figure 21).
This kinase is inhibited by tricyclic antide-
pressant drugs, such as amitriptyline and
imipramine [130]. The activity of the kinase
is decreased in hypothyroidism. Decreased
activity of this kinase in a patient with myx-
edema crisis was associated with pyro-
glutamic acidosis [131]. Patients who con-
sume a diet that is poor in B vitamins and take
this class of antidepressants, can develop a
chronic form of L-lactic acidosis. The reason
that this is a chronic steady state L-lactic acido-
sis is still not clear.
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Figure 20. L-lactic acidosis and anti-retroviral drugs. The major basis for
L-lactic acidosis is due to a problemwith L-lactic metabolism in the liver.
While alower activity of the mitochondrial electron transport systemis pos-
sible, we favor the hypothesis that a large replacement of liver paren-
chyma by triglyderides (hepatic steatosis, depicted by the gray ovals)
could explain why there is a reduced rate of L-lactic acid removal and a

sensitivity to ethanol-induced L-lacitc acidosis.

The diagnosis is suspected by the history,
and riboflavin deficiency is supported by
finding a low activity of glutathione reductase
in erythrocytes (a flavoprotein-dependent en-
zyme). Riboflavin supplementation leads to a
prompt reversal of the metabolic acidosis in
these patients suggesting that the defect is via
competitive inhibition that is overcome by
high riboflavin levels [132, 133].

RIBOFLAVIN
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ADP 4-/

k 2

FMN + FAD

Kinase

Figure 21. L-lactic acidosis and riboflavin defi-
ciency. Riboflavin (vitamin B2) must be activated to
FMN or FAD to become an active component in the
electron transport system, the mitochondrial path-
way to regenerate ATP. Either a deficiency of ribofla-
vin or inhibition of its kinase by tricyclic antidepres-
sant drugs can lead to low levels of FMN and/or
FAD.
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Isoniazide: Prolonged convulsive seizure,
regardless of cause, can lead to L-lactic acido-
sis. The seizure disorder induced by isonia-
zide is interesting because of its mechanism
and clinical importance (Figure 22). Of note,
the incidence of tuberculosis is rising world-
wide and isoniazide is frequently used for its
therapy.

The mechanism of the seizure and L-lactic
acidosis may be the result of the formation of
an isoniazide-vitamin Bs complex, pyridoxal-
-isonicotinoyl-hydrazone, via a non-enzyma-
tic reaction. This results in a rapid develop-
ment of vitamin B (pyridoxine) deficiency
state [134]. Pyridoxal phosphate is a cofactor
for the enzymatic reaction of glutamic acid
decarboxylase in which glutamate is con-
verted to gamma amino butyric acid (GABA).
GABA is an inhibitory neurotransmitter.
Therefore a deficiency of GABA could result
in increased excitability and thereby lead to a
seizure [135].

Patients on chronic hemodialysis are at in-
creased risk of isoniazide-induced toxicity
because they tend to be deficient in vitamin
Bg due to the efficient removal of this vitamin
by hemodialysis. Vitamin Bg deficiency can
be suspected by finding a low activity of
alanine aminotransferase in erythrocytes.
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Figure 22. L-lactic acidosis
due to the metabolism of isoni-
azide. For details, see text. The
major cause of L-lactic acido-
sis is a seizure due to vitamin
Be deficiency (site 1). A minor
contributor to the development
of lactic acidosis could be
the chelation of iron (site 2) that
diminishes the L-lactic acid re-
moval rate, ETS electron
transport system.

There are two factors that contribute to the
degree of L-lactic acidosis (Figure 22). First,
the deficiency of vitamin Be is responsible for
isoniazide-associated seizure and thereby
L-lactic acidosis. This is supported by the fact
that there is a rapid and almost invariable ces-
sation of seizure and recovery from L-lactic
acidosis in response to a large dose of intrave-
nous vitamin Bg [136 — 138]. The recom-
mended dose of vitamin Bg for treatment of
isoniazide toxicity is the same gram amount
as the isoniazide dose ingested. If the amount
of isoniazide is unknown, the recommended
approach is to give 5 g of pyridoxine in 500
ml of fluid over 2 hours [138]. The second
factor that could contribute to the degree of
L-lactic acidosis is iron deficiency caused by
chelation of iron by the isoniazide-vitamin Be
complex. This could result in an electron
transport defect and hence higher production
of L-lactic and also a slower rate of its re-
moval via gluconeogenesis because of the
need for iron as a cofactor in both processes.

Methanol Poisoning

Methanol is metabolized by hepatic alcohol
dehydrogenase. It is, however, a poor sub-
strate for this enzyme and therefore high lev-
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els of methanol are needed for an appreciable
rate of methanol metabolism. The molecular
weight of methanol is only 32, so subjects do
not need to ingest a large number of grams of
methanol to produce an appreciable quantity
of toxic metabolites. One can suspect that
methanol is present from the history and the
laboratory findings of a large plasma osmolal
gap or metabolic acidosis accompanied by a
large increase in the anion gap in plasma
[139]. Note that the osmolal gap in plasma is
due to methanol whereas the anion gap in
plasma is due to formate anions. Therefore,
later in the disorder when methanol has been
largely oxidized, the plasma osmolal gap will
not be elevated, but a high anion gap type of
metabolic acidosis may be present.

The consequences of methanol ingestion
may be classified as those arising from the ef-
fects of methanol itselfand those of its metab-
olites. Methanol causes inebriation like etha-
nol. The serious toxicity of methanol arises
from its metabolism to yield formaldehyde.
Further metabolism of formaldehyde yields
formic acid; however, acidosis is not usually
the major concern. Formaldehyde is highly
toxic to the central nervous system resulting
in progressive coma and thalamic hemor-
rhage. The enzyme retinol dehydrogenase is
located in the retina and it can catalyze the
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conversion of methanol to formaldehyde and
this leads to optic neuritis and blindness.

There may be difficulties in diagnosing
methanol poisoning. In many cases, the origin
of the ingested methanol is not recognized
(e.g., substitution of methanol for ethanol in a
recreational setting), so that clinical suspicion
of the diagnosis may be lacking. Because
methanol has such a low affinity for alcohol
dehydrogenase, methanol toxicity can be de-
layed if ethanol is also ingested. Conse-
quently, if one relies on finding metabolic aci-
dosis, the diagnosis may be missed early on,
even though plasma methanol levels are high.
Accordingly, if there is the slightest suspicion
that methanol may have been consumed and
the plasma osmolal gap is significantly ele-
vated, specific assays in blood for methanol
should be undertaken. Another clue is that
metabolic acidosis is present when the ECF
volume is not appreciably contracted.

Treatment of Methanol Poisoning

First and foremost, the rate of metabolism
of methanol to toxic end products should be
slowed by giving ethanol or an inhibitor of
alcohol dehydrogenase, 4-methylpyrazole
(fomepizole, Antizol). The methods for ad-
ministering Antizol and ethanol are described
in the section on ethylene glycol.

Prognosis: The prognosis in methanol poi-
soning is closely related to the pH at presenta-
tion, with almost 100% mortality seen when
the pH is less than 6.80. It is likely that the
mortality is not caused directly by acidemia
itself, but that the severity of acidosis reflects
the generation of formaldehyde that causes
the central nervous system toxicity. There-
fore, although acidosis should be aggres-
sively treated, the removal of methanol and its
metabolites is the key to successful treatment.
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Ethylene Glycol Poisoning

Ethylene glycol (automobile antifreeze,
molecular weight 62) is readily available and
is highly toxic. Like methanol, ethylene gly-
col is metabolized by the liver alcohol dehy-
drogenase to a variety of toxic end products.
Patients with ethylene glycol poisoning have
similar findings to those with methanol poi-
soning — CNS depression, increased anion
gap metabolic acidosis and increased plasma
osmolar gap. They differ in that they will of-
ten develop acute renal failure and pulmonary
edema. The diagnosis may be suspected with
the above findings plus abundant oxalate crys-
tals in the urine, and confirmed by an assay that
quantitates ethylene glycol in blood.

Treatment of Methanol and Ethylene Glycol
Poisoning

The principles of treatment of ethylene gly-
col poisoning are virtually identical to that for
methanol. They include administration of
ethanol to achieve blood concentrations of
about 20 mM (100 mg/dl) in order to reduce
ethylene glycol metabolism, and removal of
ethylene glycol and its metabolites by hemo-
dialysis. One could administer fomepizole, an
inhibitor of hepatic alcohol dehydrogenase,
instead of ethanol. The major difference in
treating ethylene glycol poisoning is that
when acute oliguric renal failure is present,
ECF volume overload or pulmonary edema
may limit the amount of NaHCOj3 that can be
administered so early dialysis is critically
important.

Ethanol administration: Maintenance of
a plasma ethanol level of about 20 mM (100
mg/dl) nearly completely inhibits methanol
and ethylene glycol metabolism. Since etha-
nol distributes throughout total body water,
administer a bolus 0of 0.6 g of ethanol per kg of
body weight to increase its plasma level by 1
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mg/ml (100 mg/dl). The maintenance dose
should be equal to the expected metabolic re-
moval rate for ethanol; at a plasma level in ex-
cess of 3 mM (14 mg/dl) — the hourly amount
of ethanol removal is about0.11 g per kg body
weight [140]. In an alcoholic patient, the
amount of ethanol metabolized is expected to
be about 50% higher, and hence about 0.16 g
of ethanol per kg body weight should be in-
fused hourly. In a patient on hemodialysis,
one can increase the rate of infusion of etha-
nol or add ethanol to the dialysis bath to
achieve a concentration of 20 mM. The only
way to ensure an optimal ethanol plasma level
is to measure ethanol levels frequently and
adjust its rate of infusion.

Administration of fomepizole (4-methyl-
pyrazole): The target level of fomepizole in
humans is 100 — 300 pwmol/1 (8.6 —24.6 mg/1)
to assure near-complete inhibition of hepatic
alcohol dehydrogenase. Its plasma half-life
varies with the dose, even in patients with
normal renal function. Fomepizole distrib-
utes rapidly in total body water. With multiple
doses, fomepizole augments its own metabo-
lism by inducing the cytochrome P450 mixed-
function oxidase system; this effect increases
the elimination rate by about 50% after about
30 —40 hours. The side effects of fomepizole
include headache, nausea, dizziness, and al-
lergic reactions (rash and eosinophilia). Ve-
nous irritation and phlebosclerosis occur if
the drug given is undiluted; therefore it
should be diluted with at least 100 ml 0f0.9%
sodium chloride or DsW.

The loading dose is 15 mg/kg, followed by
10 mg/kg q2h for four doses, then 15 mg/kg
ql2h (because of the P-450 enzyme induc-
tion) thereafter until the toxic alcohol level is
less than 20 mg/dl. All doses should be ad-
ministered as a slow intravenous infusion
over 30 minutes. Fomepizole is dialyzable
and the frequency of dosing should be in-
creased to q4h during hemodialysis.
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Salicylate Intoxication

The most common acid-base disturbance
associated with salicylate intoxication is re-
spiratory alkalosis due to central respiratory
stimulation [141]. Metabolic acidosis may
complicate the picture, however, especially in
children. Because toxic levels of salicylate
are considerably less than 10 mM (140 mg/dl),
the elevation of the plasma anion gap in salic-
ylate-associated metabolic acidosis is caused
by the accumulation B-HB, sometimes L-
lactate anions, and other unidentified organic
anions in addition to a small contribution by
salicylates. Acidemia is uncommon because
of coexisting respiratory alkalosis.

Treatment of Salicylate Intoxication

Treatment of salicylate intoxication is aimed
at increasing urine salicylate excretion and
preventing the accumulation of salicylates in
brain cells. Salicylate is a weak organic acid
that is transported across cells and renal epi-
thelia, in its undissociated form. Alkalinizing
the urine reduces salicylate reabsorption by
the kidney and this may enhance its excretion;
similarly, alkalinizing the ECF tends to pre-
vent salicylate accumulation in cells, so
acidemia should be avoided.

Alkalinizing the urine can be achieved with
NaHCO; administration. The major risk of this
therapy is excessive elevation of blood pH
because of coexistent respiratory alkalosis
and the risk of worsening pulmonary or cere-
bral edema. If the blood pH exceeds 7.55 as a
result of this therapy, one dose of acetazola-
mide (250 mg) should be given to induce bi-
carbonaturia. Although acetazolamide causes
an acid disequilibrium pH in the lumen of the
PCT, it still promotes salicylate excretion
[142]. One must avoid larger doses of aceta-
zolamide as this may induce significant meta-
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bolic acidosis. Of more importance, aceta-
zolamide will bind to albumin and displace
bound salicylates thereby increasing its toxic-
ity [143]. Acetazolamide also causes exces-
sive losses of K" in the urine due to inducing
bicarbonaturia.

In severe intoxications complicated by the
adult respiratory distress syndrome, cardio-
vascular instability, evidence of cerebral
edema, and possibly with severe elevations in
salicylate level per se (greater than 6 mM),
hemodialysis is the treatment of choice; if
hemodialysis is not available, peritoneal di-
alsis may be used.

Metabolic Acidosis due to
Glue-sniffing

Patients who sniff glue for its intoxicating
properties absorb a significant quantity of
toluene (methylbenzene). Toluene is metabo-
lized via a series of reactions in the liver to
hippuric acid that provides the load of H"
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Figure 23. Metabolic acido-
sis due to the metabolism of
toluene. The metabolism of tol-
uene occurs in the liver. Itis ini-
tiated by cytochrome P450,
and then benzoic acid is pro-
duced via alcohol and aldehyde
dehydrogenases. Hippuric acid
is produced due to conjugation
with glycine (all represented as
site 1 for simplicity). The H are
titrated by HCO3" for the most
part (site 2). The hippurate an-
ion is secreted by the PCT and
excreted in the urine, initially
with NH4" (site 4) and then with
Na® and K* when the capacity
to excrete NH4" is exceeded
(site 5). The excretion of hip-
purate anions with Na* and/or
K* (and not NH4") is the main
reason for the metabolic acido-
sis.

(Figure 23). Despite the production of the
hippurate anion, the plasma anion gap is gen-
erally not significantly elevated because the
kidney, both via filtration and more impor-
tantly by tubular secretion, very efficiently
excretes hippurate. As aresult, there is the de-
velopment of a hyperchloremic type of meta-
bolic acidosis. Together with the anion excre-
tion, variable amounts of urinary excretion of
Na' and K" may be seen, leading to a degree
of ECF volume contraction and hypokalemia,
both of which aggravate the degree of intra-
cellular acidosis (Figure 7). Even though
there is an enhanced rate of excretion of
NH,', this does not result in a negative urine
net charge (i.e., Una+k > Ucy, Figure 11) be-
cause of the very high rate of excretion of the
hippurate anion. The presence of NH4" and
hippurate in the urine could be detected by the
presence of a significant urine osmolal gap
(Figure 11). Thus the clinical features of tolu-
ene intoxication include metabolic acidosis,
near-normal plasma anion gap, normal plas-
ma osmolal gap, ECF volume contraction,
hypokalemia, lower than expected BUN and
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ahighurine osmolal gap. It had formerly been
thought that glue-sniffing was a cause of dis-
tal RTA [144], but the high rate of excretion of
NH," in response to the metabolic acidosis in
many of these patients means that they do not
have distal RTA. Some patients may have an-
other reason for a low rate of excretion of
NH4' (e.g., alow GFR) so they have two rea-
sons for the metabolic acidosis, excessive
overproduction of hippuric acid and a low
rate of NH;" excretion. If the GFR is low
enough, there may now be a high anion gap in
plasma [21].

Treatment of Metabolic Acidosis
due to Glue-sniffing

The treatment of toluene inhalation re-
quires that each of these clinical features be
addressed. When the inhalation of toluene
stops, ultimately the production of hippuric
acid will be diminished, but there can be a lag
of 1 —3 days before there is little hippuric acid
generation because of the large volume of dis-
tribution of toluene [21]. Hypokalemia and
ECF volume contraction need to be corrected
with the administration of KCI and saline, ac-
cording to their severity. If metabolic acidosis
is particularly severe, consideration should be
given to the use of NaHCOj3 because there is
no anion present in the body that can be me-
tabolized to HCOj3". The major caveat to the
use of NaHCO3 in this setting is that coexist-
ing K" depletion could be severe. Given the
risk of a cardiac arrhythmia, the Px must be
raised first to the low 3 range before NaHCO3
is administered because of the concern that
NaHCO3 may exacerbate hypokalemia.
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Organic Acid Load from the GI
Tract (D-lactic Acidosis)

Certain bacteria in the gastrointestinal (GI)
tract may convert carbohydrate (cellulose and
fructose) into organic acids. The three factors
that make this possible are slow GI transit
(blind loops, obstruction), change of the nor-
mal flora (usually with antibiotic therapy),
and the supply of carbohydrate substrate to
these bacteria (foods containing fructose or
sorbitol [145] (Figure 24, [70]). The most
prevalent organic acid is D-lactic acid [71].
Humans metabolize this D-isomer somewhat
more slowly than L-lactate, but acidosis per
se rarely is life-threatening. Although hu-
mans lack the enzyme D-lactate dehydro-
genase, metabolism of D-lactate occurs via the
enzyme D-2-hydroxy acid dehydrogenase.

There are three additional points that should
be noted with respect to D-lactic acidosis.
First, the usual clinical laboratory test for lac-
tate is specific for the L-lactate isomer. Hence
the usual laboratory measurement for lactate
will not be elevated. Second, GI bacteria pro-
duce amines, mercaptans, and other com-
pounds that may cause the clinical symptoms
related to CNS dysfunction (personality
changes, gait changes, confusion, etc.).
Third, some of the D-lactate will be lost in the
GI tract or in the urine (if the GFR is not too
low) [146, 147]. Hence the degree of rise in
the plasma anion gap may not be as high as
expected for the fall in the Phcos.

Treatment should be directed at the GI
problem. The oral intake of fructose and
complex carbohydrates should be decreased.
Antacids should be avoided to decrease the
rate of fermentation. Insulin may be helpful
by lowering the rate of oxidation of fatty acids
and hence permit a higher rate of oxidation of
organic acids (Figure 25). Antibiotics could
be considered to change the bacterial flora.
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Figure 24. Organic acid production in the Gl tract. Bacteria are normally
segregated from dietary sugar by Gl “geography”. For overproduction of
D-lactic acid, bacteria in the lower Gl tract must mix with sugars. The sup-
ply of sugar is critical for organic acid production. Bacteria migrate up to
and proliferate in the small intestine. When provided with sugar in this
“friendly environment”, fermentation produces a variety of organic acids
and noxious alcohols, aldehydes and amines; more are produced if more
alkali is supplied. There must also be enough mucosal surface area to
transport these acids into the body and cause the high plasma anion gap;
otherwise the H* produced might simply destroy luminal HCO3™ from the
secreted NaHCO3 and lead to the loss of Na* plus D-lactate in the stool (a
normal anion gap type of metabolic acidosis). The degree of the acidosis
also depends on the rate that these organic acids can be oxidized and/or

converted to glucose or fat (primarily in the liver).

Pyroglutamic Acidosis

The list of causes of metabolic acidosis
with a high anion gap in plasma does not usu-
ally include pyroglutamic acidosis (PGA) be-
cause it was thought to represent primarily
rare inborn errors of metabolism in the gluta-
thione synthesis pathway (defects in 5-oxo-
prolinase or in glutathione synthetase, Figure
26) [148, 149]. Notwithstanding, there have
been an increasing number of case reports
where PGA accumulated and caused meta-
bolic acidosis with an increase in the anion
gapinplasma[131, 150 —152]. When plasma
levels of PGArose to the 5— 10 mM range, the
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24-h urine contained 50 — 150 mmol of PGA
[131, 150, 151]. The question raised by these
observations is, what is responsible for the
accumulation of PGA?

Key to the understanding of the accumula-
tion of PGA is the fact that the reduced form
of glutathione (GSH) feeds back to inhibit the
enzyme (y-glutamylcysteine synthetase) that
catalyzes the first step in the cycle that leads
to the synthesis of glutathione, the conversion
of glutamate to y-glutamylcysteine (Figure
26) [153].

A major function of reduced glutathione is
to detoxify reactive oxygen species (ROS). In
this process, the reduced form of GSH is con-
verted to its oxidized form (GS-SG) (Equa-



Figure 25. Strategies for ther-
apy in D-lactic acidosis. There
are two families of organic acids
depending on whether they yield
pyruvate or acetyl-CoA, bypass-
ing pyruvate as a metabolic pro-
duct. Organic anions that cannot
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Figure 26. Production of pyroglutamic acid. The pathway begins with glutamate, a key intermediate in
transamination reactions. When there are low levels of reduced glutathione (e.g., due to combination with a
metabolite of acetaminophen), the production of y-glutamylcysteine is stimulated. If the y-glutamylcysteine
so-formed accumulates, pyroglutamic acid will be formed. In addition, if 5-oxyprolinase is inhibited,
pyroglutamic acid will also accumulate. As described in the text, a diminished ability to detoxify ROS is likely to
be more important than the acidosis in this setting. Reproduced with permission [187].
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tion 13). Hence when ROS accumulate, the
concentration of GSH declines and this leads
to an accelerated formation of y-glutamyl-
cysteine (y-GC). This y-GC will be converted
to PGA by the enzyme y-glutamylcysteine
cyclotransferase when its concentration rises
(Figure 26). Components of the glutathione
cycle reside in different compartments of the
cell [1]. This adds to the complexity of under-
standing the regulation of this feedback sys-
tem.

2 GSH+ROS — GS-SG +Inactive ROS  (13)

PGA can be synthesized from glutamate
when an internal peptide bond forms between
its y-carboxyl group and the free a-amino
group (i.e., if glutamate is free or the N-termi-
nal amino acid is a peptide or protein) as long
as the latter’s y-carboxyl group is in an acti-
vated state. A number of drugs have been
identified as potential causes of PGA acidosis.
Some like acetaminophen, after conversion to
a metabolite N-acetyl-p-benzoquinonimide
(NAPBQI), decrease the concentration of
GSH, thereby driving the synthesis of y-glu-
tamylcysteine, and thereby PGA (Figure 26).
Other drugs (e.g., the antibiotic flucloxacillin
[150] and the anticonvulsant, vigabatrin
[154]) may inhibit 5-oxoprolinase. A third
mode of action could be with drugs or inborn
errors of metabolism (e.g., G6PDH defi-
ciency) that result in a diminished concentra-
tion of NADPH, the cofactor that reduces
GS-SG to GSH [1] (Equation 13).

Acid-base aspects: Applying concept 1 to
this pathway, H™ will only accumulate when
the precursor of pyroglutamic acid is gluta-
mine providing that the NH4" so-formed is
metabolized to urea in the liver (Equation 14).

Glutamine — Glutamate® + NHy —
Pyroglutamate + NHs " — Urea+H'™  (14)
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Renal Acidosis

As described in Table 6, renal disorders
may cause metabolic acidosis with either a
normal or an increased anion gap in plasma.
Most causes have in common a reduced rate
of NH;" excretion [56]; in contrast, with a re-
cent onset of proximal RTA, the excretion of
HCO3™ may also contribute to the degree of
metabolic acidosis. Whether the plasma an-
ion gap will be elevated or not depends pri-
marily on the GFR. For example, ifthe GFR is
very low, anions such as phosphate and SO4*
need to have higher concentrations in plasma
to be excreted at their usual rate. This in turn
leads to arise in the plasma anion gap (Figure
6), but it does not usually exceed 22 mEq/1 or
about 10 mEq/l above normal. In this semi-
quantitative interpretation, it is important to
examine the concentration of albumin in plas-
ma because this is the most important constit-
uent of the normal plasma anion gap and
hypoalbuminemia is not an uncommon find-
ing in this group of patients. The possible mo-
lecular basis for a low rate of excretion of
NH,4" (Figure 5) or a high rate of excretion of
HCO3" is shown in Figure 27.

Clinical Approach to a Patient with HCMA

Patients who have HCMA can be divided
into three broad categories based on the rate
of excretion of components of net acid (Table
18). Our approach to patients with HCMA
starts with an assessment of the rate of excre-
tion of NH4" (Figure 28). A low rate of excre-
tion of NHy4 " is the key finding in patients with
distal RTA; it is also expected in patients with
proximal RTA and an alkalinized PCT ICF
pH. In the latter group, the low rate of excre-
tion of NH4" is usually due to a diminished
rate of production of NH4" because of exces-
sive distal delivery of HCO3™ from the PCT. If
an assay of urine NH4" is not available, the
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Figure 27. Molecular components for H* and HCO3" transport in the nephron. The events in the PCT are
shown in the left portion of the figure and the events in the collecting duct (CD) are shown in the right portion
of the figure. Carbonic anhydrase (CA) is depicted by the small solid circles. Abbreviations: NHE = Na*/H*
exchanger in the PCT; NBC = Na(H003)32" exit step in the PCT; AE = CI'/HCO3" anion exchanger.

urine osmolal gap should be used to reflect
this excretion rate (Figure 11).

If the rate of excretion of NH4" is high in a
patient with HCMA (e.g., overproduction of
B-hydroxybutyric acid) (Figure 28), a renal
component to the acidosis could be present if
there is a large loss of the metabolizable j3-
hydroxybutyrate anions in the urine [155]. It
should be clear that the main cause of the met-
abolic acidosis in this patient is overproduc-
tion of organic acids; nevertheless, the sever-
ity of the acidosis may be aggravated by the
presence of a renal lesion that leads to the loss

Metabaolic Acidosis with
low NH ; excretion

of organic anions (potential HCO3") in the
urine. An excessive rate of excretion of or-
ganic anions in the urine is suspected if the
sum of Na" + K" + NH4" in the urine greatly
exceeds that of CI” (Figure 11).

In a patient with HCMA and a low rate of
excretion of NHy4 ", the basis for low NH4 ' ex-
cretion can be deduced from the urine pH. If
the urine pH is greater than 7, one should ex-
amine the secretion of H' in the PCT (reab-
sorption of HCO3") and in the distal nephron
(Figure 28). We recommend examining the
PCO; in alkaline urine to detect whether there

Whad 5= uirire pH"

L ]

Figure 28. Approach to pa-
tients with HCMA. If there is a

. H}-pcrlul-a-nn'-.:

v L Gkl
low rate of excretion of NHa™, pial: fud fuels
the urine pH is helpful to deter- ' Proximal RTA

mine whether a low distal
and/or proximal H* secretion or
a low NH3 availability was the
cause for the low rate of NH4"
excretion.
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is a defect in distal H' secretion. If urine
PCO; is < 70 mm Hg, a primary H ATPase
pump defect or an alkaline a-intercalated col-
lecting duct cell pH (e.g., CA11 deficiency)
should be suspected. This latter lesion also in-
volves the PCT, causing proximal RTA. If
urine PCO; > 70 mm Hg, suspect a back leak
of H' from the collecting duct or a defect
causing distal HCOj3  secretion (e.g., a
mis-targeted CI/HCO3™ anion exchange.

HCMA with a low rate of excretion of NHs "™
and a low value for the urine pH (the actual
value is difficult to define precisely, but we
consider a low value to be less than 5.3) sug-
gests that there is a reduced availability of
NH,"/NHj3 in the renal medullary interstitial
compartment (Figure 12). The usual causes
for the low NH4"/NH; subgroup are a low
GFR or hyperkalemia (Table 18). In their ab-
sence, we would look for low levels of
glutamine [158], the substrate in plasma for
renal ammoniagenesis, and/or a high level of
fat-derived fuels (e.g., patients on TPN), be-
cause these fuels may compete with
glutamine as the source for regeneration of
ATP in cells of the PCT [159], and hence lead
to a lower rate of production of NH4". Patients
with proximal RTA also have a low rate of ex-
cretion of NHy . This could be due to an alka-
line PCT cell or it could be part of a general-
ized PCT cell dysfunction (the Panconi syn-
drome [156, 157]). Both of these groups of
patients will have hypercitraturia despite the
presence of metabolic acidosis. In the former
group, the hypercitraturia is due to an alkaline
PCT cell and may disappear if an acid load
were administered. In the latter group, the
hypercitraturia is part of the generalized PCT
cell transport defects.

54

Loss of NaHCO3 in the Urine

The initial mechanism for the acidosis in
patients with proximal RTA is the loss of
HCO3" in the urine. In contrast, once a steady
state supervenes, chronic metabolic acidosis
is sustained because the rate of NH, " excre-
tion is much lower than expected in this set-
ting [30, 31]. As mentioned above, these pa-
tients will have hypercitraturia despite having
metabolic acidosis. The defect in proximal
HCO3" reabsorption can be demonstrated by
finding a FEnco3 that exceeds 10 — 15% dur-
ing NaHCO3 loading. This, however, need
not be performed because the diagnosis is
usually evident when large doses of NaHCO3
fail to the Pucos the normal range. Proximal
RTA can occur as an isolated defect [160] or
as part of a generalized proximal tubular cell
dysfunction (Fanconi’s syndrome with a
glucosuria, phosphaturia, aminoacidosis,
uricosuria and citraturia among others) [ 156].
The major causes of proximal RTA in adults
include increased blood levels of monoclonal
immunoglobulins found in patients with mul-
tiple myeloma and patients who use the car-
bonic anhydrase inhibitor, acetazolamide. In
contrast, cystinosis [161] and the use of
ifosfamide [ 162] are the most common causes
of proximal RTA in children. The hereditary
isolated proximal RTA is a rare autosomal re-
cessive disease that can present with ocular
abnormalities such as band keratopathy, cata-
racts and glaucoma [163]. Mutations in the
gene encoding for the Na(HCO3)32' co-
transporter (NBC1) has been identified in
these families. The autosomal dominant form
may be caused by mutations in the gene for
NHE [164].

Recently, the use of Chinese herbs was de-
scribed as a cause of the Fanconi’s syndrome
[165]. Typical Chinese herb nephropathy is
associated with acellular interstitial fibrosis
and tubular atrophy. Some of these patients
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have a profound degree of hypokalemia with
muscle paralysis as the presenting feature
[166]. Hypokalemia in other causes of the
Fanconi’s syndrome is usually absent or mild
in degree.

The pathological mechanisms of Fanconi’s
syndrome due to Chinese herb remain un-
clear. Aristolochic acid found in the Chinese
herb has an inhibitory effect on calcium-
dependent phospholipase A>. This may in
turn lead to a defect in energy-producing
or energy-linked transporting mechanisms
and/or have a direct toxic effect on the
brush-border membrane of the tubular cells
that may cause renal tubule injury with the
resultant Fanconi’s syndrome.

From a therapeutic standpoint, the acidosis
in these patients is usually mild and complica-
tions due to the acidosis are minor. These
facts alone argue against alkali therapy in
adults. In addition, if exogenous NaHCO3 is
given, as the Pycos rises temporarily, but its
excretion will also rise markedly. A large in-
crease in delivery of Na" and HCOj  to the
CCD may augment the secretion of K [84],
resulting in hypokalemia and possibly nephro-
calcinosis. In contrast, alkali therapy is useful
in children to prevent growth retardation
[167].

Cause of a Low Rate of Excretion of NH, ™

Renal failure: As the GFR falls, the syn-
thesis of NHy4 " declines in the PCT due to ATP
turnover constraints [33]. Metabolic acidosis
is therefore a common finding with advanced
renal insufficiency, although the degree of ac-
idosis is variable. It is rarely severe enough to
require urgent therapy with NaHCO3. On the
other hand, chronic metabolic acidosis may
contribute to fatigue and anorexia, and also
skeletal muscle wasting [168] and bone dis-
ease [169]. Therefore it is reasonable to give
oral NaHCO:s to these patients to maintain the
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Phcos close to 20 — 25 mM making certain
that the Na" load does not lead to hyperten-
sion or congestive heart failure. With the on-
set of dialysis therapy, acid-base balance is
maintained by the addition of NaHCO3 or a
metabolic precursor of HCO3 (e.g., acetate,
L-lactate) added to the dialysis fluid.

Distal RTA (classical RTA): The hallmark
of distal RTA is a low rate of excretion of
NH;" in a patient with chronic metabolic aci-
dosis, a normal value for the anion gap in
plasma, and a GFR that is not markedly re-
duced [56]. Having defined these compo-
nents, the next step is to find out why the rate
of excretion of NHy " is lower than expected in
this setting. We rely on the urine pH at this
pointto separate the patients into 3 categories,
those with a primary problem with NH3 avail-
ability (urine pH less than 5.3), those where
there is a structural lesion in the renal medulla
that compromises both medullary NH3 avail-
ability and distal H' secretion (urine pH close
to 6), and those with a defect in net distal H'
secretion (urine pH close to 7). In this latter
group, the low rate of excretion of NHy" is
due primarily to reduced distal H" secretion
per se and/or to an excessive amount of
HCOj3™ delivered to or secreted in the distal
nephron (Figure 29). Generalized medullary
damage with a urine pH that s close to 6 is the
most common clinical subgroup [53]. Auto-
immune disorders (such as Sjogren’s syn-
drome and rheumatoid arthritis, hyper-
gammaglobulinemia) are the most common
causes of distal RTA with a very high urine pH
in adults [56]. RTA in patients with Sjogren’s
syndrome seems to be due to a defectin H' se-
cretion in the distal nephron. In some of these
patients, there was an absence of the
H'-ATPase pump in intercalated cells of the
collecting tubule as revealed by an
immunocytochemical analysis of tissue ob-
tained by renal biopsy [170]. It is not known
how the immune injury leads to the loss of
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H'-ATPase activity. It has also been sug-
gested that the defect may be due to
autoantibodies against carbonic anhydrase II,
as high levels of these antibodies were de-
tected in some patients. If these antibodies
could enter cells, one would also expect to
find a defect in H' secretion in the PCT.
Ifosfamide, an analog of cyclophosphamide,
is also a cause of proximal and distal RTA in
both children and adults [162].

Hereditary RTA is most common cause in
children [171]. Familial distal RTA is inher-
ited in both dominant and recessive patterns.
The autosomal dominant form is associated
with mutations in the gene encoding for the
AE [172]. Red blood cells of these individu-
als display normal AE polypeptide abun-
dance. These mutant forms show only a mod-
est reduction in function and do not have a
dominant negative effect when expressed in
heterologous systems. It is not clear how
these mutations lead to the phenotype of dis-
tal RTA. In vivo defects in stability, traffick-
ing or sorting of these mutant anion ex-
changers are possible mechanisms. In Cauca-
sians, AE1 has not been associated with the
recessive form of distal RTA; however, AE1
mutations are the major cause of recessive
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NaHCOg3 in upstream nephron
segments (site 1) or via secre-
tion in the MCD via AE (site 2),
exceeds the usual H* secretion
by the H'-ATPase in the CCD
and MCD (site 2). Second, as
shown to the right of the
dashed line, those where there
is a high medullary NH3 con-
centration (due to enhanced
PCT production of NH4", site 5)
exceeds the secretion of H™ by
the H'/K* ATPase in the MCD
(site 4).

distal RTA in Thailand, Malaysia and Papua
New Guinea [173]. In those Southeast Asian
patients in whom distal RTA is associated
with ovalocytosis, compound heterozygotes
of AEI1 plus distal RTA mutations with the
in-frame deletion ovalocytosis mutation were
found [174]. Altered targeting of the mutant
AE1 was suggested in one patient with distal
RTA and Southeast Asian ovalocytosis be-
cause of a high U-B PCO, in alkaline urine
[175].

Mutations in the gene encoding for the Vi
subunit B1 of the apical membrane vascular
H'-ATPase have been described to cause
autosomal recessive distal RTA and bilateral
sensorineural hearing loss [176]. Recessive
distal RTA without deafness due to mutations
in the a Vo subunit of the H'-ATPase have
also been reported [ 177]. Mutations in the cy-
toplasmic carbonic anhydrase II are inherited
in autosomal recessive fashion [178]. Patients
with this disorder exhibit osteopetrosis, cere-
bral calcification and defect in H' secretion in
both the PCT and the distal nephron.

While nephrocalcinosis may be a conse-
quence of distal RTA, hypercalciuria and
nephrocalcinosis seem to be the primary
events leading to distal RTA in patients with
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Dent’s disease [179]. Dent’s disease is char-
acterized by low molecular weight protein-
uria, hyperphosphaturia, hypercalciuria. The
CIC-5 chloride channel has been identified as
the mutated gene in patients with Dent’s
disease [180].

RTA with hypokalemia: Distal RTA is of-
ten complicated by hypokalemia [181] (the
high luminal concentration of HCO3 stimu-
lates net secretion of K in the CCD [84], see
Chapter on K for more discussion). If distal
RTA is present with a severe degree of hypo-
kalemia (Px <2 mM), symptoms of muscle
weakness or even paralysis might be present
[182]. Of greater importance, there is a dan-
ger of a cardiac arrhythmia, especially if the
EKG is significantly abnormal. Even if the
degree of metabolic acidosis is severe, the ad-
ministration of alkali alone could cause
movement of K" into cells, worsening the de-
gree of hypokalemia with resultant cardiac ef-
fects and/or acute respiratory acidosis. In this
circumstance, there is a better strategy for
therapy. KCI should be given first; larger
amounts can be given safely by the oral or by
a nasogastric tube than intravenously provid-
ing that the patient can absorb this K" load —
i.e., that bowel sounds are present. Glu-
cose-containing solutions should be avoided,
since they may stimulate insulin release,
which may cause an acute shift of K" into the
cells. Although the addition of K -sparing di-
uretics such as amiloride will reduce the on-
going urine K loss, their quantitative effect is
very small and they may provoke hyper-
kalemia later on; hence we do not recommend
their use in this setting. Administration or
larger amounts of NaHCOj3 should be delayed
until the Pk is above 3.0 mM. In the absence
of serious hypokalemia, one then asks, how
much alkali is required? The answer is not
easy to deduce. One must ultimately give
enough NaHCOs to bring the Pyco3 to the nor-
mal range. Thereafter, the dose of NaHCO3

needed can be deduced. Since the daily normal
acid load from the diet is usually about 70
mmol/day [7]. Since urine net acid excretion
is usually reduced but not absent, consider-
ably less NaHCOj is usually required. Sup-
plemental K" is often needed as well.

Distal RTA with hyperkalemia: In some
classifications, this is called type IV RTA. We
do not think that this nomenclature is particu-
larly helpful and prefer a classification that is
based on pathophysiology (see reference
Kamel et al. 1997 [56] for more discussion).
Reduced excretion of NH4" is commonly as-
sociated with hyperkalemia [32]. Hyper-
kalemia leads to reduced excretion of NHs"
primarily because it inhibits ammoniag-
enesis. This subtype of low excretion of NH4"
is recognized by finding a low urine pH (usu-
ally < 5.3) (Figure 30). A more detailed dis-
cussion of hyperkalemia can be found in the
Chapter on Potassium in this book.

Therapy depends on the pathogenesis of the
hyperkalemia and on the patients’ ECF vol-
ume status. In patients with hypoaldosteron-
ism due to adrenal disease, ECF volume and
blood pressure are usually reduced and al-

H'+NH, ————» NH}
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Figure 30. Types of incomplete renal tubular acido-
sis. The top line depicts the normal state. There are
two major causes of a high urine pH. First, there is oc-
cult distal RTA due to low distal H" secretion in con-
junction with the ingestion of a net alkali load (line 2).
Second, there is an over-production of NH4" in the
PCT due to an acidified PCT cell, the result of a
lower activity of the Na(HC03)32' exit step (see Fig-
ure 27).
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dosterone replacement with 0.05 — 0.1 mg
9a-fludrocortisone per day plus saline ad-
ministration is the treatment of choice. Gluco-
corticoid deficiency, if present, should be cor-
rected. Patients with hyperkalemia due to a
faster reabsorption of CI” in the CCD are fre-
quently ECF volume expanded and hyperten-
sive (see section on K for more details) [183,
184]. In these patients, 9o-fludrocortisone is
of no benefit for the treatment of the
hyperkalemia and it may aggravate the degree
of Na' retention. Additional therapeutic alter-
natives would include diuretics such as furo-
semide to increase the excretion of K and
Na'. Correction of hyperkalemia by either
mechanism should increase the excretion of
NH4" sufficiently to correct the metabolic
acidosis.

Incomplete RTA: The cardinal features
here are a high urine pH and the absence of
acidemia. This persistently alkaline urine pH
leads to a high urinary concentration of diva-
lent phosphate and precipitation of Ca phos-
phate stones (brushite (CaHPOj4) stones).
There are 3 possible subgroups included in
this definition. In the first, a high dietary al-
kali load is responsible for the high urine pH.
The rate of excretion of NHy" is low and cit-
rate excretion is high. The second subgroup
of patients may have a high alkali intake plus
reduced distal H' secretion. This group will
have the unique finding of a low urine PCO»
in alkaline urine. The third subgroup seem to
have an acidified PCT pH despite the absence
of systemic acidemia [185]. These patients
have a high rate of excretion of NHy4 " relative
to their urine pH. Their intracellular acidosis
in the PCT should stimulate the production of
NH;" and this will lead to a high concentra-
tion of NH3 in the medullary interstitium
(Figure 28). Accordingly, this higher delivery
of NH3 as compared the rate of H' secretion in
the distal nephron will result in a urine pH that
is high. Because of an acidified PCT cell pH,
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these patients have a very low rate of excre-
tion of citrate, which also increases their risk
of renal calcium-containing stones.

Respiratory Acid-base Disorders

Control of PCO; is important in acid-base
physiology. Changes in the arterial PCO; re-
sult in alterations in the plasma H' concentra-
tion; far more important, however, is that a
change in the venous PCO», which reflects
the PCO; in cells, results in more or less bind-
ing of H' to intracellular proteins which could
change their configuration, and thereby their
function (Figure 7). The value for the arterial
PCO; reflects the concentration of CO; in al-
veolar air required for balance between CO»
production (metabolism) and CO, removal
(alveolar ventilation).

CO; production: There is a very large pro-
duction of CO; relative to the concentration
of COz in the plasma (i.e., 10 mmol of CO; are
produced per minute, yet the arterial PCO,
and H,COs3 are only 1.2 mmol of CO; per liter
ofblood). The rate of production of CO> is de-
termined by the amount of metabolic and me-
chanical work, and to a lesser extent, the fuels
being utilized (oxidation of carbohydrates
yields more CO; relative to ATP production
than does the oxidation of fat-derived fuels
[2D).

CO; removal (alveolar ventilation): Nor-
mal ventilation is mediated by interaction be-
tween the central respiratory centers, periph-
eral chemoreceptors, respiratory muscles,
and lung parenchyma. A major clinical task is
to consider why ventilation is abnormal; this
requires a detailed clinical analysis, but for
brevity, it will not be provided here.

Effect of an abnormal PCO;: With CO»
accumulation, H' + HCO3™ are produced in
equimolar amounts (Equation 3) even though
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the Prcos normally exceeds the concentration
of H" by close to 10°-fold. Failure to remove
CO; at a low enough concentration leads to
respiratory acidosis because of the generation
of H' by displacement of the BBS equilib-
rium to the left. Excessive ventilation causes a
low PCO; and this results in respiratory
alkalosis via displacement of the equilibrium
to the right. In chronic respiratory acidosis,
there is an increase in the rate of reabsorption
of HCO3 by the PCT which results in an ele-
vation in the Pyco3 which minimizes the fall
in the plasma pH due to the respiratory acido-
sis; the converse changes occur in chronic re-
spiratory alkalosis. Since these expected val-
ues differ in acute and chronic respiratory
acid-base disturbances, it is important for the
clinician to determine, on clinical grounds,
whether the acid-base disturbance is acute or
chronic in origin.

Although respiratory acid-base disorders
are defined by changes in the arterial PCO»,
important clinical information can also be de-
rived by interpreting the arterial PO,. The ar-
terial PO, is a function of the PO, of alveolar
air, the diffusion of O, across the alveolar
capillary membrane, and the degree of
unsaturation of venous blood. The alveolar
POz is calculated as the inspired PO>—1.25 X
the arterial PCO». The A-a difference can also
clarify whether hypoxemia is due to lung dis-
ease or central suppression of ventilation; in
the latter case, the A-a difference should be
normal. The normal value for the A-a differ-
ence depends on age and is up to 15 mmHg,
but larger values are seen when more O3 is
extracted from each liter of blood in the
capillary.

There are two major types of pulmonary le-
sions that cause the arterial PO, to be substan-
tially lower than that of alveolar air:

— Blood could pass from the pulmonary ar-

tery to the pulmonary vein without per-
fusing alveoli that have ahigh POz (i.e., a
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shunt that prevents a good exchange of
air). Most lung diseases that cause hy-
poxemia are numerous small areas of
shunting as well as areas of non-venti-
lated, non-perfused lung; together, these
lesions lead to ventilation-perfusion mis-
match.

— There might be a barrier to diffusion of
O, from alveolar air to the capillaries in
lungs. The magnitude of the A-a differ-
ence is a parameter to be evaluated when
trying to decide if a pulmonary condition
is improving or worsening.

While the A-a difference is widely used
clinically, there are several pitfalls that must
be kept in mind:

— For the calculation of the A-a difference,

one utilizes the arterial PO, that provides
a poorer reflection of the content of O,
than does the O; saturation. Thus, the
same reduction in O, content will have a
different impact on the PO, at different
sites on the oxygen-hemoglobin dissoci-
ation curve because this function is sig-
moid rather than linear.

— If a fixed volume of venous blood is
shunted into arterial blood, the lower its
O content, the greater the ultimate fall in
arterial PO».

— If the cardiac output is lower, but the
same volume of blood is shunted from
the venous to the arterial side of the cir-
culation as in normal subjects, the de-
cline in arterial PO, will now be greater
because more Oy is lost on a per liter of
arterial blood basis.

— The PO; of inspired air must be known.
When patients are receiving O» by mask
or nasal prongs, the inspired PO, may not
be known with sufficient accuracy. There-
fore, the A-a difference is most useful
when patients are breathing room air or
are on ventilators with a measured con-
tent of inspired PO».
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— In the calculation of the alveolar PO,,
one must estimate the amount of O; re-
moved and replaced by CO». To do so,
one uses the arterial PCO, and assumes
an RQ of 0.8. The RQ could be 1 if carbo-
hydrate is the only type of fuel being me-
tabolized and 0.7 with fat as the sole fuel.

Respiratory acidosis, clinical approach:
Patients who hypoventilate can be divided into
two groups: those who will not breathe appro-
priately (defective stimulus) and those who
cannot breathe appropriately (defective respi-
ratory “equipment”). In addition, patients
with a fixed alveolar ventilation (i.e., those on
ventilators) develop increased arterial PCO»
if they have an increased rate of production of
CO; oran increase in dead space (e.g., pulmo-
nary embolus).

Diagnostic approach: The first step is to
decide if the patient has chronic lung disease
by the history, physical exam, and available
past records. Next, one compares the acid-
base status with that expected for that
acid-base disorder (Table 4). If a discrepancy
exists, a mixed disorder is present. In acute
and chronic respiratory acidosis in patients
who were previously normal, an empirical
linear relationship has been found between
the concentration of H" and the arterial PCO,.
In essence, there is close to a 3 — 3.5 mM
change in the Prco3 for every 10 mmHg par-
allel change in the arterial PCO; and close to a
1 mM change in the Pucos3 in acute disorders.

Patients with chronic obstructive pulmo-
nary disease are often on diuretics and may
have a coexistent metabolic alkalosis. Be-
cause H stimulate ventilation, a lower con-
centration of H can make the hypoventila-
tion more severe. Interestingly, correction of
the metabolic alkalosis in these patients does
not result in a large change in their concentra-
tion of H'; instead, there is a significant fall in
both the Pucos and the arterial PCO», coupled
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with an increase in the arterial PO,. These
changes may be associated with a dramatic
clinical improvement [186]. It is tempting to
speculate that the clinical improvement is
due, in part, to the reduction in H" buffering
on the ICF proteins [4].

Respiratory alkalosis, clinical approach:
Respiratory alkalosis is a common abnormal-
ity that is often ignored. The mortality rate as-
sociated with it in the hospital, which may
well be greater than that for respiratory acido-
sis, reflects the importance of the underlying
disease process. One can only be sure that the
arterial PCO; is low by determining arterial
blood gases in most patients. Respiratory
alkalosis occurs when the ventilatory removal
of CO» transiently exceeds its rate of produc-
tion: thus, both the alveolar and arterial PCO;
fall. At this lower level of arterial PCO», the
daily production of CO> is then removed by
the increased ventilation, which leads to a
new steady state. A fall in tissue PCO> has an
important impact on the concentration of H"
in the ICF. A decrease in the concentration of
H' results in back-titration of the protonated
ICF proteins which may make these
intracellular proteins less positively charged
than normal, a change that could lead to al-
tered function. Respiratory alkalosis may re-
sult from stimulation of the peripheral
chemoreceptors (hypoxia or hypotension),
the afferent pulmonary reflexes (intrinsic pul-
monary disease), or central stimulation by a
host of stimuli. In chronic respiratory
alkalosis, there is a temporary small suppres-
sion of renal NH4 "™ production and excretion,
and the Prcos falls (H' of dietary origin con-
tinue to consume HCO3™ without equivalent
renal formation of new HCO3") until the
plasma H' concentration approaches normal.
Chronic respiratory alkalosis is the only
acid-base disorder in which a normal plasma
concentration of pH might be expected.
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