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Foreword

It is becoming ever more apparent with the aging of adult populations and the increasing
overlay of illnesses such as diabetes, hypertension, atherosclerosis, heart failure, and chronic
kidney disease that the heart and the kidneys are at the center of most case discussions
involving critically ill patients. The heart and the kidneys have vital, lifelong relationships in
both health and disease. In this edition of Cardio-Nephrology, Drs. Ronco, Lerma, and
Rangaswami have assembled the world’s most preeminent experts on the full spectrum of
topics that cover cardiorenal interactions. Importantly, the epidemiology, pathophysiology,
prognosis, and implications for management are woven into a comprehensive and tractable
text that will be essential for students, residents, and attending physicians as they further their
knowledge and expertise in this complicated area of medicine. The reader is encouraged to
find the time to unpack the key conceptual frameworks upon which to build understanding,
conduct future investigation, and translate progress to the bedside. Greater interest in this field
with a lead to an ever-increasing critical mass of intellectual effort that will bring great
advances to patients and their families impacted by cardiorenal syndromes. On behalf of all the
beneficiaries of this work, I offer my thanks to the venerable and iconic leaders in this field—
Claudio Ronco, MD, Edgar Lerma, MD, and Janani Rangaswami, MD, for the conception and
creation of this wonderful text for libraries and offices across the globe.

Peter A. McCullough, MD, MPH, FACC, FACP, FCCP, FAHA, FNKF, FNLA
Baylor University Medical Center, Baylor Heart

and Vascular Institute, Baylor Jack and Jane Hamilton Heart
and Vascular Hospital, Dallas, TX, USA

The Heart Hospital Baylor Plano, Plano, TX, USA
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Preface

The increasing prevalence of vascular risk factors such as diabetes, obesity, and hypertension
coupled with increased longevity has resulted in a worldwide epidemic of cardiovascular and
kidney disease. Never has the implication of one organ system on the other been so profound,
as in the current context of the cardio-nephrology symbiosis: complex interventional strategies
for vascular disease, identification of novel biomarkers of renal and cardiac injury, the
ever-increasing transplantation potential of patients with complex cardiac and renal disease,
and the mutually significant prognostic implications between these organ systems. Despite the
expanded understanding of the nuances of both these organ systems, there still remains a
“vacuum” in the interface between cardiology and nephrology in key overlap areas. Ironically,
these decisions involve day to day management in patients with complex disease burden
involving both systems.

This textbook brings together a diverse group of extraordinary clinicians and scientists in
cardiology, nephrology, hypertension, and lipidology and summarizes their collective experi-
ence and contributions in this field. The scope of this textbook extends from the outpatient
management of cardiovascular and kidney disease, to hospital-based decision-making in
patients with cardio-renal disease and complex interfaces such as hemodialysis in patients with
ventricular assist device support. This book is intended to serve as a “one stop shop” for
cardiology and nephrology clinicians and researchers dealing with the significant overlap areas
between these two specialties. It should also be relevant to medical students, trainee physicians,
and general internists. More importantly, the emphasis on the confluence of these specialties
should translate into increased cardio-nephrology clinical and research cross-communication,
which is the ultimate goal of such an endeavor.

We wish to acknowledge the invaluable contributions of each author and group that has
contributed their time and writing effort to embellish this textbook. Springer International has
supported the concept of cardio-nephrology immensely by bringing out this textbook, and we
thank their leadership, specifically Gregory Sutorius, for all their support through this process.
This textbook would not be possible without the diligence and hard work of the developmental
editorial team headed by Sarah Simeziane and Barbara Lopez-Lucio, and we appreciate all
their efforts in giving this textbook its current form. We truly hope this textbook will foster
increased awareness, interest, and applicability of key concepts in cardio-nephrology to patient
care in everyday practice.

The editors would like to acknowledge the following for their specialty editorial input in
cardiology, for select sections of this textbook:

• Igor Palacios, MD (Massachusetts General Hospital)
• Christian Witzke, MD (Einstein Medical Center)

Philadelphia, USA Janani Rangaswami, MD
Chicago, USA Edgar V. Lerma, MD
Vicenza, Italy Claudio Ronco, MD
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Part I

Cardiovascular Disease Spectrum
in Chronic Kidney Disease



1Endothelial Dysfunction and Nitric Oxide:
Albuminuria as a Central Marker

Jolanta Malyszko, Hanna Bachorzewska-Gajewska, and Jacek Malyszko

Endothelial Function

Human endothelial cells were first propagated in culture in the
early 1970s [1]. To date, there have been major subsequent
advances in our understanding of endothelial cell (EC) biol-
ogy based upon this critically important technology. How-
ever, it is still apparent that ECs tend to dedifferentiate and
lose their specialized characteristics in culture. Endothelial
cells (ECs) form the lining of all blood and lymphatic vessels
within the vascular tree. In the last two decades, one of the
major achievements in medicine has been defining the biol-
ogy of vascular endothelium. The endothelium is not a simple,
inert semipermeable structure, which merely served to line
blood vessels. Strategically located between the wall of blood
vessels and the blood stream, it forms an active organ with
endocrine and paracrine functions. The human body contains
approximately 1013 endothelial cells weighing approximately
1 kg, covering a surface area of 4000–7000 m2 equivalent to a
football playground. The endothelial cell monolayer forming
the inner lining of all blood vessels within the vascular tree,
covering glycocalyx, and underlying basement membrane
constitutes the endothelium. Due to the complex nature of the
endothelium, studies on its function transcend all existing
organ-specific disciplines (Fig. 1.1). The endothelium first
functions as a physical barrier, defining the components of the
vessel wall and the contents of the vessel lumen. Second, this
barrier affords movement of small solutes in preference to

large molecules, therefore it is involved in regulating cellular
and nutrient trafficking. The endothelium also mediates
vasoactivity, maintains blood fluidity, and contributes to the
local balance between pro- and anti-inflammatory mediators
as well as pro- and anticoagulant activity (Fig. 1.1). Finally,
the endothelium takes part in angiogenesis, and mediates
adherence of platelets and leukocytes to the vessel wall during
injury and inflammation. Each of these activities is differen-
tially regulated both in location and time, a phenomenon that
has been variably termed endothelial cell heterogeneity or
vascular diversity. Phenotypic heterogeneity is a central fea-
ture of the endothelium, and includes variations in morphol-
ogy, biosynthetic repertoire, and behavior. Specialized
functions of the endothelium can be anatomically specific,
i.e., in the glomeruli. In cardiovascular medicine, endothelial
biology is critical in the pathophysiology of coronary artery
disease (CAD) as well as fundamental to the mechanisms of
thrombolysis.

Over 30 years ago, Furchgott and Zawadzki [1] found
that acetylcholine requires the presence of endothelial cells
to elicit vasodilatation. Since then, there have been enor-
mous advances in our understanding of endothelial cell
biology in different settings. It appears that vasodilation is
largely a function of vasodilatory endothelium-derived nitric
oxide (EDNO) and to a lesser extent, prostacyclin, C-type
natriuretic peptide, and several endothelium-derived hyper-
polarizing factors. Vasoconstriction is mediated by several
peptides including thromboxane A2, endothelins, and
angiotensin II. Inflammatory modulators elaborated by the
endothelium include adhesion molecules like ICAM-1
(intercellular adhesion molecule-1), VCAM-1 (vascular
adhesion molecule-1), E-selectin, nitric oxide (NO) and
nuclear factor j[kappa]B (NF-j[kappa]B) Plasminogen
activator (t-PA), its inhibitor (PAI-1). Von Willebrand factor
(vWF), prostacyclin, thromboxane A2, tissue factor pathway
inhibitor (TFPI), and fibrinogen are some of the factors
through which the endothelium regulates hemostasis [2].
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The principal physiologic stimulus for endothelial nitric
oxide (NO) synthesis is blood-flow-induced shear stress, a
process termed “flow-mediated vasodilation”. In the quies-
cent state, nitric oxide and prostacyclin directly inhibit pla-
telet aggregation, and thrombomodulin inactivates thrombin.
Nitric oxide also reduces endotoxin- and cytokine-induced
expression of tissue factor, thus reducing the prothrombotic
potential of the endothelial cell. While the endothelium
maintains the vessel in a relatively dilated state in the basal
conditions, it also possesses the capacity to respond to var-
ious physiological stimuli such as shear stress. In the
response to the latter stimulus and other stressors, on one
hand the endothelium becomes prothrombotic, secreting
platelet-activating factor and expressing thromboplastin on
cell membranes, but on the other hand, blood vessels dilate,
in the process called flow-mediated dilation (FMD) [3]. In
the clinical practice, assessment of FMD is a measure of
endothelial function. However, despite its important role in a
wide range of homeostatic processes and its potential as a
therapeutic target, the assessment of endothelial function
continues to be underutilized in clinical practice. This bench
to bedside gap is mainly due to the fact that endothelial
function is difficult to assess optimally due to several clini-
cal confounders such as food, temperature, drugs, sympa-
thetic stimuli and intra- and interobserver variance. In
addition, endothelial dysfunction occurs in the absence of
reliable circulating markers, while with concurrent tar-
get organ damage, endothelial dysfunction is generally
associated with changes in either blood chemistry and/or
imaging.

Endothelial Activation and Endothelial
Dysfunction

“Endothelial cell activation” was described on the basis of
increased leukocyte adhesion following exposure to inflam-
matory mediators in cultured endothelial cells (ECs). Later, a
wider spectrum of phenotypic changes, including decreased
thromboresistance, altered vasomotor tone, and loss of barrier
function were demonstrated. According to this paradigm,
quiescent ECs display a thromboresistant, anti-adhesive and
vasodilatory phenotype, whereas activated ECs have proco-
agulant, pro-adhesive, and vasoconstricting properties. Acti-
vation of endothelial cells may occur both in pathological and
in physiological conditions, and neither is an all-or-none
response. Endothelial cell dysfunction was observed early in
the course of structural vascular changes, particularly in
atherosclerosis. Later, it was indicated that the intact
endothelium might actively contribute to disease initiation
and/or progression [4].

EC dysfunction referred to structural changes, loss of
integrity, or hyper-adhesiveness of the vascular lining
toward platelets, as might be seen in atherosclerosis. It was
also initially defined also as an impaired vasodilation to
specific stimuli such as acetylcholine or bradykinin. Para-
doxical vasoconstriction of coronary arteries induced by
acetylcholine was described in early and advanced human
atherosclerosis, suggesting that an abnormal vascular
response to acetylcholine may represent a defect in
endothelium vasodilatory function, due to, at least in part, a
reduced endothelial cell production of nitric oxide.

Control of blood fluidity 
and coagulation

(antithrombotic,  anticoagulant, 
profibrynolitic)

Regulation 
of vascular tone

Regulation 
of inflammatory

processes

Antihyperthrophic

Endothelial
functions

Physical barrier between 
vessel wall and contents 

of vessel lumen

Angiogenesis

Fig. 1.1 Biological spectrum of
endothelial function
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Besides shear stress, a variety of agonists such as acetyl-
choline, histamine, thrombin, serotonin, adenosine diphos-
phate (ADP), bradykinin, and norepinephrine could stimulate
endothelial nitric oxide synthesis. These stimuli lead to
vasorelaxation when the endothelium is intact, and vaso-
constriction if the endothelium is injured or dysfunctional [5].
The endothelium responds to stress in ways that differ
according to the nature of the pathogen in a case of sepsis/
infection, host genetics (in the case of sepsis/inflammation),
underlying comorbidity, age, gender, and the location of the
vascular bed. These responses may include structural chan-
ges, such as nuclear vacuolization, cytoplasmic swelling,
cytoplasmic fragmentation, denudation, and/or detachment.
However, functional changes in the endothelium are even
more common and include shifts in hemostatic balance,
increased leukocyte adhesion and trafficking, altered vaso-
motor tone, loss of barrier function, and programmed cell
death.

Inducible endothelial–leukocyte adhesion molecules in
atherosclerosis (so-called athero-ELAMs) are identified by
inducible endothelial cell-specific antigens that binds pre-
dominantly to monocytes. Human vascular cell adhesion
molecule (VCAM)-1, previously cloned as a cytokine-
inducible protein in endothelial cells, is one of the ELAMs.
Moreover, other substances such as VCAM-1, ICAM-1,
P-selectin, E-selectin, are expressed on the endothelial cell
surface in specific vascular beds in response to inflammatory
mediators. VCAM-1 was localized to the endothelium over-
lying atherosclerotic lesions in a hyperlipidemic rabbit model
and was shown to be a risk factor for venous thrombosis in a
kindred with protein C deficiency, highlighting the role of
endothelial dysfunction as a primary determinant of
atherosclerosis, and stresses the inflammatory nature of the
atherosclerotic process [5].

Vascular endothelial growth factor (VEGF), produced by
a number of different cell types, acts selectively on vascular
endothelial cells. VEGF is a well-known promoter of
angiogenesis and an endogenous regulator of endothelial
integrity. Moreover, VEGF acts on the endothelium by
stimulation of endothelial mitogenesis, promotion of
endothelial survival, and control of vascular permeability.
VEGF is 50,000 times more potent in inducing vascular
leakage in comparison with histamine. VEGF receptor 1,
also known as soluble Flt-1 (sFlt-1), is a potent antagonist of
VEGF. The major sources of sFlt-1 are endothelial cells,
monocytes, and the placenta. Soluble Flt-1 has been found to
cause endothelial dysfunction, decrease angiogenesis, impair
capillary repair, and increase proteinuria, and correlate with
the severity of the clinical pre-eclampsia phenotype (see
Chap. 37). Moreover, it has been suggested that increased
VEGF might be evidence of the early stages of atheroscle-
rosis [6].

Endothelial cells express a range of complement receptors
and complement regulatory proteins, and are subject to
injury by the complement cascade. The C5b-9 membrane
attack complex (MAC) can induce endothelial cell lysis,
while sub-lytic amounts of MAC activate these cells to
release pro-inflammatory P-selectin and procoagulant von
Willebrand factor, and disturb the normal endothelial cell
barrier function [7]. Complement-mediated thrombotic
microangiopathy (TMA), also called complement-mediated
hemolytic uremic syndrome (HUS), is associated with
mutations or autoantibodies that lead to excessive comple-
ment activation. Renal endothelial cells appear to be espe-
cially sensitive to complement-mediated injury, thus
providing a possible rationale for the efficacy of complement
inhibition in this setting. Additionally, in antibody-mediated
transplant rejection, antibodies directed against endothelial
cell antigens, most often HLA-A, B, C and DR, may kill or
disable endothelial cells by excessive activation of
complement.

In the past, the main focus of endothelial biology research
was on the measurement of endothelium-derived vasoactive
substances, inflammatory markers, or adhesion molecules.
Biomarkers represent only the net result of activity from
multiple vascular beds, wherein localized “hot spots” in
specific sites of the vasculature could be overlooked. The
current focus is now on bone-marrow-derived progenitor
cells (EPCs) participating in repairing the endothelium, cir-
culating endothelial cells and endothelial microparticles as
markers of endothelial cell activation/injury [8]. However,
we should bear in mind that endothelial dysfunction usually
results from maladaptive responses, which became exces-
sive, sustained, or misplaced (temporally or spatially).
Accordingly, the transition between endothelial cell function
and dysfunction is not always clear.

Evaluation of Endothelial Dysfunction

The assessment of endothelial cell function/injury in vivo is
complex due to multifunctional nature of these cells. Studies
in vivo on endothelial cell function/dysfunction involve the
use of strategically placed catheters that allow the examiner
to sample blood from a specific vascular bed. In clinical
practice, coronary endothelial function in humans can be
assessed by selective infusion of acetylcholine into the epi-
cardial coronary arteries, followed by measurement of vessel
diameter and doppler-derived velocities to calculate coro-
nary blood flow. Based on this approach, coronary
endothelial dysfunction was demonstrated to be common in
patients with coronary artery disease [9]. Many imaging
techniques, such as doppler measurements of blood flow,
magnetic resonance angiography, and CT scanning are likely
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to be employed in the study of endothelial cell (dys)function.
It appears that molecular imaging and linking the power of
proteomics with advanced labeling techniques are likely to
revolutionize the diagnosis of endothelial-based disorders
[10].

Circulating endothelial cells (CEC) and their progenitors
may yield insight into their function or their bed of origin
[11]. It has been suggested that imbalance between circu-
lating endothelial cells (indicative of endothelial injury) and
bone-marrow-derived progenitor cells (which can potentially
repair injured endothelium) might be more indicative of
overall vascular endothelial health. Bone-marrow-derived
endothelial progenitor cells (EPC) constitute an endogenous
vascular repair system protecting against atherosclerosis. In
1997, Asahara et al. [8] in their landmark study demon-
strated for the first time, the existence of cells in the circu-
lation that could differentiate into endothelial cells. They
expressed endothelial cell surface markers, VEGF receptor
and, endothelial nitric oxide synthase mRNA, and produced
nitric oxide upon stimulation [8]. A prior history of cardio-
vascular disease and increased endothelial dysfunction
markers were related to lower EPC levels in patients with
hypertension or diabetes.

Nitric Oxide and Endothelium

Nitric oxide (NO) produced by endothelial cells through the
endothelial nitric oxide synthase (eNOS) pathway plays a
major role in maintenance of endothelial function, and that
decreased NO production and bioavailability largely con-
tribute to endothelial dysfunction in diabetes [12]. Experi-
mental studies have suggested that development and/or
progression of diabetic kidney disease is associated with
alterations in eNOS expression and activity. eNOS was
shown to be the major NOS enzyme in the renal vasculature,
and eNOS expression was shown to be upregulated in early
(1–6 weeks) diabetic kidneys, especially in the afferent
arteriolar and glomerular endothelium. Studies assessing NO
production or responses in renal vasculature and glomerulus
demonstrated decreased eNOS and NO activity in DN, even
when eNOS expression is upregulated. The eNOS uncou-
pling caused by reactive oxygen species has been suggested
to be a mechanism underlying this paradox. In humans,
upregulated eNOS expression in glomerular endothelium
was demonstrated in nephropathy patients with type 2 dia-
betes. In their elegant study, Taahashi and Harris [12]
showed that eNOS-deficient diabetic mice exhibited
advanced nephropathic changes with distinct features of
progressive diabetic kidney disease, including pronounced
albuminuria, nodular glomerulosclerosis, mesangiolysis, and
arteriolar hyalinosis. These studies clearly defined a critical
role of eNOS in diabetic kidney disease.

Albuminuria and Endothelium

Albuminuria is measured using a specific assay for albumin,
as the urine dipstick is a relatively insensitive marker for
albuminuria, not reflecting albumin excretion � s
300 mg/day. The normal rate of albumin excretion is
<30 mg/day); persistent albumin excretion between 30 and
300 mg/day is called microalbuminuria) [13]. Albumin
excretion above 300 mg/day is considered to represent overt
albuminuria. Chronic kidney disease is considered by many
to be a coronary artery disease (CAD) equivalent that should
be managed according to secondary prevention goals [13, 14].

Albuminuria in kidney disease is thought to be mediated
by complex and manifold pathophysiological mechanisms
[15]. It is also thought to be a reflection of generalized
increase in endothelial permeability or dysfunction [16].
Microalbuminuria and a fall in eGFR are independently
associated with cardiovascular disease [17]. Decrease in
albuminuria by renin–angiotensin system blockade results in
a diminished cardiovascular mortality.

The gold standard for the detecting albuminuria is a 24-h
hour urine collection [18]. For simplicity and to avoid the
confounding effect of variations in urine volume on the
urine, albumin concentrations of the albumin-to-creatinine
ratio in an untimed spot urine specimen are used. A value
30–300 mg/g of the albumin/creatinine ratio suggests that
albumin excretion is between 30 and 300 mg/day and
therefore is diagnostic of microalbuminuria. Values above
300 mg/g are indicative of overt albuminuria.

Confounders that may affect the reliability of a spot
microalbumin-to-creatinine ratio must be kept in mind when
interpreting this data: (1) vigorous exercise causes a transient
increase in albuminuria. Thus urine albumin excretion
should be performed at least 24 h after strenuous exercise.
(2) The optimal time to measure the urine albumin-to-
creatinine ratio is not established yet. Both first morning
void and before bedtime as well as first morning void and
collections at other times [19] correlated with a 24-h urine
collection. (3) In a case when creatinine excretion is sub-
stantially different from the expected value, the accuracy of
the urine albumin-to-creatinine ratio will be diminished. This
is in particular in patients with borderline values. In addition,
muscle mass should also be taken into account as albumin
excretion will be underestimated in a muscular man with a
high rate of creatinine excretion and overestimated in a
cachectic female in whom muscle mass and creatinine
excretion are markedly reduced. Despite these limitations,
urine albumin-to-creatinine ratio in an untimed urinary
sample is the preferred approach to screen for albuminuria as
it does not require early morning or timed collections, it
gives a quantitative result that correlates with the 24-h urine
values over a wide range of protein excretion, it is simple to
perform and reproducible [20].
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Albuminuria and Cardiovascular Disease

Albuminuria is an important risk factor for cardiovascular
disease and early cardiovascular mortality in patients with
and without diabetes and/or hypertension [21–23]. Albu-
minuria reflects the generalized increase in endothelial per-
meability or dysfunction, which drives progression of kidney
disease and cardiovascular disease. A key mechanism that
contributes to this process is the loss of the glycocalyx—a
polysaccharide gel that lines the luminal endothelial surface
and that normally acts as a barrier against albumin filtration.
Degradation of the glycocalyx in response to endothelial
activation can lead to albuminuria, and subsequent renal and
vascular inflammation, thus providing a pathophysiological
framework for the clinical association of albuminuria with
renal and cardiovascular disease progression [24].

There is increasing evidence that glomerular endothelial
cell injury plays a major role in the development and pro-
gression of diabetic kidney disease [25]. Alteration of the
glomerular endothelial cell surface layer, including its major
component, glycocalyx, is a leading cause of albuminuria
observed in early diabetic kidney disease. The glomerular
endothelium is also likely to indirectly influence glomerular
albumin handling by modifying podocyte behavior. The
importance of the glomerular endothelium and endothelial
surface layer in albumin handling also sheds light on the
relationship between albuminuria and vascular disease [26].
Many studies suggest a presence of cross talk between
glomerular cells, such as between glomerular endothelial cell
and mesangial cells or glomerular endothelial cell and
podocytes. These superficially discordant paradigms can be
assimilated by the emerging concept of endothelial–podo-
cyte cross talk across the glomerular filtration barrier,
whereby the actions of one type of cell may profoundly
influence the function of the other. Platelet-derived growth
factor B-(PDGF-B), and its receptor PDGFR-b[beta] are
major mediators in glomerular endothelial cell and mesan-
gial cell cross talk, while vascular endothelial growth factor
(VEGF), angiopoietins, and endothelin-1 are the major
mediators for glomerular endothelial cell and podocyte
communication. The bidirectional nature of this paracrine
network is illustrated by the actions of the vascular
endothelial growth factor-A (VEGF-A)/VEGF receptor-2
and activated protein C systems, among others [27]
(Fig. 1.2). On the other hand, in diabetic kidney disease,
glomerular endothelial cell injury may lead to podocyte
damage, while podocyte loss further exacerbates glomerular
endothelial cell injury, forming a vicious cycle [25].
Therefore, glomerular endothelial cell injury may predispose
to albuminuria in diabetes either directly or indirectly by
communication with neighboring podocytes and mesangial
cells via secreted mediators [25].

In essential, hypertension abnormalities in kidney include
the development of a medium- and small-size arteriolopathy
characterized by intimal hyperplasia, hyalinosis, and smooth
muscle cell hypertrophy (nephroangiosclerosis). The latter
one could be an expression of a systemic dysfunction of
vascular endothelium. It seems to be the basic anatomic
disturbance that may eventually lead to disastrous vascular
events in the heart, brain, and the kidney. Moreover, the
small and medium size vessels respond inappropriately to
vasodilatory stimuli such as acetylcholine mediated by nitric
oxide. Similarly, in clinically healthy subjects with moder-
ately increased albuminuria, vasodilation in response to
certain stimuli is relatively reduced relative to those with
lower levels of albumin excretion. In addition, nondiabetic
hypertensive patients with increased albuminuria had higher
plasma levels of von Willebrand factor (vWF) antigen, a
marker of endothelial dysfunction, than patients with normal
albumin excretion [28]. Endothelial dysfunction is fre-
quently found in diabetic patients, and the degree of coro-
nary endothelial dysfunction appears to be correlate with
albuminuria [29]. In diabetes, endothelial function can be
modulated by several factors including the degree of
hyperglycemia, duration of disease, accumulation of
advance glycation end products, and albuminuria [29]. In
addition, hyperglycemia stimulates increased VEGF
expression, known to be a mediator of endothelial injury in
human diabetes. VEGF blockade improved albuminuria in
an experimental model of diabetic nephropathy supporting a
potentially pathogenic role for VEGF in diabetic
nephropathy.

The Heart and Soul Study evaluated circulating soluble
endothelial cell-selective adhesion molecule (sESAM), a
marker of endothelial dysfunction, as a risk factor for kidney
function decline and albuminuria. Park et al. [30] reported
that elevated levels of sESAM were strongly and indepen-
dently associated with baseline reduced eGFR <60 mL/min
per 1.73 m2 and urine albumin to creatinine ratio � 30 mg/g
(P < 0.0001). They concluded that as sESAM was associated
with albuminuria and reduced kidney function in both
cross-sectional and longitudinal analyses, implicating
endothelial dysfunction as a potential contributor to the ele-
vated kidney disease risk in persons with cardiovascular
disease. The HOPE trial demonstrated that moderately
increased albuminuria was associated with an increased
relative risk of the primary aggregate end point (myocardial
infarction (MI), stroke, or cardiovascular death) indepen-
dently of presence of diabetes. Similarly in the LIFE trial,
the albumin-to-creatinine ratio was associated with the risk
of the composite end point of cardiovascular death,
myocardial infarction, or stroke in both nondiabetics and
diabetics. In PREVEND, a population-based study on
40,548 participants followed for a median of 2.6 years [20],
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there was a graded increase in the relative risk of cardio-
vascular mortality of 1.35 for each doubling of urinary
albumin excretion, when adjusted for age and sex. Roest
et al. [23] in a cohort of 12,239 postmenopausal women
observed a higher cardiovascular mortality in those in the
highest quintile of urinary albumin excretion [>21 mg/g
creatinine (>2.41 mg/mmol)], independently of presence of
diabetes and hypertension.

Summary

Albuminuria of any degree is associated with cardiovascular
disease that is additive to conventional risk factors in both
nondiabetic and diabetic patients. The mechanism by which
albuminuria is associated with cardiovascular disease is not
fully explained. Endothelial dysfunction together with
abnormalities in endothelial–podocyte cross talk across the
glomerular filtration barrier may play an important role in
pathogenesis of albuminuria. Regardless of whether albu-
minuria is present in isolation or co-exists with a decline in
GFR, it is clearly associated with an increase in cardiovas-
cular risk. Albuminuria should be treated aggressively with
renin–angiotension–aldosterone axis blocking agents and
adjunct therapy, and pursued as an independent modifiable
risk factor to favorably alter cardiovascular risk profiles.
This is critical to improving cardiovascular outcomes and
optimizing endothelial function, as a whole.
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2Vascular and Valvular Calcification in Chronic
Kidney Disease: Pathogenesis and Clinical
Outcomes

Hope Caughron, Jose F. Condado, and Vasilis Babaliaros

Introduction

Patients with chronic kidney disease (CKD) are two to four
times as likely to have cardiovascular disease (CVD) com-
pared to the general population, when adjusted for traditional
CVD risk factors [1]. CVD is the leading cause of death in
these patients, with vascular and valvular calcification being
an integral part of its pathophysiology. Calcium phosphate
crystals are deposited through a multifactorial dynamic
process that leads to the development of atherosclerosis,
arteriosclerosis, and valvular calcification. This chapter will
discuss the pathogenesis of vascular and valvular calcifica-
tion, focusing on the unique risk factors associated with the
milieu of chronic kidney disease. Utilizing this knowledge,
this chapter will delve into the clinical manifestations,
complications, treatments, and outcomes associated with
vascular and valvular calcification in CKD and end-stage
kidney disease (ESKD).

Vascular Calcification

Vascular calcification can be classified into intimal calcifi-
cation and medial calcification according to the location of
calcium deposition within the arterial wall. Intimal calcifi-
cation is commonly associated with atherosclerotic plaques

that partially occlude the arterial lumen, reducing blood flow
and resulting in peripheral ischemia, myocardial infarction,
stroke, and sudden death [2, 3]. Alternatively, medial cal-
cification is deposited circumferentially along the elastic
lamellae, which damages the elastic collagen resulting in an
increase in wall stiffness and a decrease in vascular com-
pliance [4, 5]. Clinically, medial calcification is more com-
monly seen in patients who are older, diabetic, and those
with CKD [6].

Valvular Calcification

Valvular calcification is an independent predictor of CVD,
heart failure, and death [7, 8], and is often responsible for
leaflet and annular thickening with resulting valve dys-
function (i.e., stenosis). Calcification is more common in the
aortic and mitral valves due to the higher pressures, turbu-
lence, and mechanical stress seen on the left side of the heart
compared to the right side. In the aortic valve, the increased
calcium deposition often causes aortic stenosis (AS).
Though symptoms of AS (angina, syncope, and dyspnea) are
identical in patients regardless of baseline kidney function,
the natural course of the disease is accelerated in patients
with CKD and as a result these rapid progressors have
severe, symptomatic AS at a younger age than the non-CKD
population [9, 10].

In the mitral valve, mitral annular calcification (MAC)
arises early in the course of renal insufficiency and often has
clinical consequences prior to the onset of ESKD [11]. In
most patients, MAC is initially isolated to the ventricular
base under the posterior mitral leaflet, and can spread to
involve the entire posterior annulus [12, 13]. Advanced
posterior MAC can cause mitral regurgitation (MR) due to
restriction of the posterior leaflet movement, while the
anterior leaflet remains mobile (Fig. 2.1). In patients with
ESKD, MAC can progress further to involve the anterior
annular ring. This circumferential calcific ring restricts the
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movement of both the anterior and posterior leaflets resulting
in mitral stenosis [12, 13] (Fig. 2.1).

Pathogenesis of Vascular Calcification

Extraskeletal calcification was previously believed to be an
inert process that resulted from an increase in serum levels of
calcium and phosphate. It is now understood that both inti-
mal and medial calcification share a common downstream
pathway involving the de-differentiation of vascular smooth
muscle cells (VSMCs) into cells with osteogenic capability
[14, 15]. Despite similar risk factors, medial and intimal
calcification are likely initiated through different primary
mechanisms.

Intimal calcification, seen in atherosclerosis, has a patchy
morphology composed of calcium crystal aggregates within
atherosclerotic plaques [16]. The primary event in
atherosclerosis is endothelial dysfunction due to physical or
chemical stressors. The breakdown of the endothelial barrier
allows lipids to become trapped and oxidized within the
sub-endothelial space, inducing an inflammatory response
that results in the production of a fatty streak. A fatty streak
is composed of foam cells or fat-laden macrophages, lipids,
and necrotic tissue surrounded by leukocytes. Necrotic tissue
and the formation of matrix vesicles likely serve as nucle-
ation sites for intimal calcification [16].

In contrast, medial calcification consists of a focal, cir-
cumferential sheet of calcium crystals surrounded by
VSMCs in the absence of lipid aggregation or inflammatory
mediators [16]. Evidence suggests that elastin degradation
by matrix metalloproteinases (MMP) may be the initial step
facilitating medial calcification [17]. Elevated MMP is cor-
related with increased arterial stiffness and severity of medial
calcification [18].

Once the aforementioned initial stimulus has occurred, the
mechanism of calcium deposition downstream is the same
regardless of the location (intimal vs. medial). In normal
human development, mesenchymal stem cells differentiate
into osteoblasts, chondrocytes, adipocytes, and VSMCs.
Chemical stressors such as diabetes, dyslipidemia, inflam-
mation, and other cytotoxins promote de-differentiation of
VSMCs into cells with an osteochondrogenic phenotype.
Bone associated-proteins such as osteocalcin, osteopontin,
matrix c-carboxyglutamic acid protein, bone morphogenic
protein, and osteoprotegerin have been found in atheroscle-
rotic plaques and mineralized heart valves [15, 19–21].
Transcription factors essential to osteoblastic differentiation
such as runt related transcription factor (Cbfa1/RUNX2) and
muscle segment homeobox (MSX-2) are upregulated in cells

surrounding calcified arterial walls and are indicative of
phenotypic de-differentiation [14, 19, 21]. VSMCs express-
ing these osteogenic indicators deposit collagen and
non-collagenous proteins in a mechanism similar to
osteoblastic bone formation. VSMCs then form matrix
vesicles similar to exosomes that contain calcium, phosphate,
alkaline phosphatase, and annexin to initiate calcification [2,
5, 19]. Calcium and phosphorus are further mineralized into
hydroxyapatite in the vesicles.

Pathogenesis of Valvular Calcification

Valvular calcification results from the deposition of
calcium-phosphate crystals on the annulus and the leaflets of
the valves, at sites of inflammation or mechanical stress [22].
Similar to vascular calcification, valvular calcification is also
an active process that involves de-differentiation of matrix
cells into cells with osteoblastic potential. Although the
pathogenesis of valvular calcification is not fully understood,
it is believed to be similar to that of atherosclerosis,
explaining the shared risk factors between these two con-
ditions [23]. Cardiac valves, particularly on the left side of
the heart, are subject to cyclic mechanical stress from high
pressure gradients and turbulent flow related to high peak
velocities and rapid acceleration [10]. The mechanical stress
on the valve with each cardiac cycle leads to endothelial
microfractures that cause rearrangement of elastin and
breakdown of the collagen structure [10, 22]. Over time, the
repetitive damage to the valve will result in fibrosis and
calcification via mechanisms similar to those described in
vascular calcification.

Pathogenesis of Vascular and Valvular
Calcification in CKD and ESKD

In CKD, the contributions of traditional risk factors such as
hypertension, dyslipidemia, smoking, diabetes, gender, and
older age do not fully account for the high incidence of cal-
cification associated CVD, suggesting that there is a unique
set of calcification promoting risk factors in the CKD milieu
[6, 24]. In the early stages of renal impairment, the complex
balance between promoters and inhibitors of osteogenesis
begins to breakdown, resulting in the deposition of calcium in
extraskeletal organs. In CKD, calcium deposition is partially
attributed to a disturbance in mineral metabolism, an alter-
ation in inhibitory regulation, an increase in MMP concen-
tration, the presence of chronic inflammation, and the effect
of mechanical stress (Fig. 2.2).
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Fig. 2.1 Transthoracic echocardiogram (TTE) revealing posterior mitral annular calcification (MAC, white arrows a, b) causing restriction of the
posterior mitral leaflet with the resulting severe mitral regurgitation on Doppler (b, black arrow)
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Fig. 2.2 Pathophysiology of vascular/valvular calcification in patients with chronic kidney disease
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Disturbance in Mineral Metabolism

Early in CKD, disturbances in mineral metabolism result in a
positive calcium and phosphate balance. Increases in
fibroblast growth factor-23 (FGF-23) cause inhibition of 1-a
hydroxylase, decreasing 1,25-dihydroxyvitamin D3 (cal-
citriol) synthesis. Calcitriol, which is produced by the
proximal tubular cells of the nephron, normally inhibits the
renin–angiotensin system (RAS) and has anti-inflammatory
effects. The decrease in calcitrol also decreases calcium
absorption in the stomach resulting in a decrease in total
body calcium. This triggers secondary hyperparathyroidism
caused by hyperplasia of the parathyroid gland, which pro-
motes osteoclast resorption of bone to release calcium and
phosphate. PTH directly stimulates the renin–angiotensin
system causing a hypertensive state that may further promote
endothelial damage and calcification [25]. Increases in PTH
and FGF-23 also promote increased phosphate excretion
from the kidney; therefore, hyperphosphotemia is only a
clinical finding in late CKD when GFR is significantly
reduced. Elevated levels of calcium, phosphate, FGF-23, and
PTH are all associated with increased vascular and valvular
calcification in patients with CKD and are almost ubiquitous
in advanced CKD [3, 26]. Some patients with CKD may
develop a relative resistance to PTH and resultant adynamic
bone disease. Despite elevated levels of PTH compared to
the normal population, these patients have decreased osteo-
blast and osteoclast activity, which can cause skeletal
abnormalities and increased CVD [27, 28].

The presence of hyperphosphotemia in ESKD is associ-
ated with increased mortality rates, particularly when the
serum phosphorous levels are higher than 6.5 mg/dl [26, 29].
Elevated phosphate promotes VSMC de-differentiation to
osteogenic cells and induces mineralization of VSMC.

The increase in total body calcium and phosphate in
patients with CKD have independent and additive effects
promoting extraskeletal calcification. Serum calcium con-
centrations however, can be misleading because patients on
dialysis can have an increase in total calcium balance despite
a normal serum calcium [3]. Calcium is deposited within and
on the surface of matrix vesicles, which enables calcium-
phosphate nucleation via matrix proteins. The increase in
cytoplasmic calcium induces VSMC apoptosis, releasing the
hydroxyapatite matrix vesicles and forming a nidus for
vascular calcification [30].

Alteration in Inhibitory Regulation

Proteins that are responsible for inhibiting calcification such
as Fetuin-A, matrix Gla protein (MGP), and inorganic
pyrophosphate are often reduced in patients with CKD.
Fetuin-A is a circulatory defense mechanism, working to

prevent systemic inflammation and vascular calcification
without affecting bone mineralization. Fetuin-A binds to
both calcium and phosphorus in the serum to promote
removal through the reticuloendothelial system. This pre-
vents matrix vesicle formation and increases phagocytosis of
matrix vesicles by VSMCs [31]. In ESKD patients, serum
Fetuin-A levels are inversely associated with carotid artery
plaques, coronary artery calcification, valvular calcification,
and death [19].

MGP is a vitamin K dependent regulator of vascular
calcification that is normally expressed in arteries and bone.
The role of MGP is not well understood, but it is generally
accepted that MGP inhibits arterial calcification [15]. High
calcium levels are associated with CKD overwhelm
endogenous MGP activity, thereby reducing inhibition of
calcification in matrix vesicles. Warfarin, a vitamin K
antagonist, is believed to promote calcification in the aorta
and in the arterial elastic lamina due to its effect on MGP
[15, 32]. This hypothesis has been further corroborated by
studies showing that supplementation with vitamin K in
patients on hemodialysis can increase carboxylated MGP
levels and to reduce vascular calcification [33].

Pyrophosphate is another calcification inhibitor, which
prevents VSMC formation of hydroxyapatite. Increased
levels of alkaline phosphatase, which hydrolyzes
pyrophosphate, may be responsible for the decrease in
pyrophosphate in patients with renal insufficiency and are
negatively associated with arterial calcification in these
patients [34].

Increase in Matrix Metalloproteinases (MMP)

Elevated MMP may cause an increase in medial elastic fiber
fragmentation, which promotes medial calcification by pre-
venting excess elastin degradation. In patients on
hemodialysis, there is an increase in MMP-2 and an asso-
ciated increase in elastin fragmentation [35]. MMP-2 is also
elevated in patients with advanced CKD and is correlated
with increased arterial stiffness and increased calcification
[18, 35]. The role of MMP in elastin degradation may
explain why medial calcification is more prevalent in
patients with renal insufficiency and may be a target for
future therapy [6, 24].

Chronic Inflammation

In ESKD, protein–energy malnutrition (PEM) and inflam-
mation often occur concomitantly as malnutrition–inflam-
mation complex syndrome (MICS) or malnutrition
atherosclerosis. Chronic inflammation is thought to con-
tribute to the decrease in total body protein and reduced
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functional capacity seen in PEM [36]. The chronic inflam-
matory state is also responsible for osteochondrogenic dif-
ferentiation of matrix elements and increased VSMC
apoptosis, which results in vascular and valvular calcifica-
tion [9, 23].

Mechanical Stress

In patients with impaired renal function, valvular endothelial
microfractures from mechanical stress initiate valvular cal-
cification. Valvular microfractures are more prevalent in
patients with renal insufficiency and are particularly apparent
in patients on hemodialysis because of the high output state
associated with anemia, AV fistulas, hypertension, and
volume overload [9, 10]. This increases the mechanical
stress on the valves and promotes valvular calcification.

Clinical Impact of Vascular Calcification

Vascular calcification begins in the early stages of CKD and
rapidly progresses as renal function decreases. Patients with
CKD stage 3 or above are considered to be the highest risk
population for subsequent cardiovascular events associated
with worsening vascul1ar/valvular calcification [37]. The
most prevalent clinical complications of vascular calcifica-
tion include coronary artery disease (CAD) and peripheral
artery disease (PAD).

In patients with CKD, diagnosis of CAD can be chal-
lenging due to atypical clinical presentations. Many com-
monly used diagnostic tests for CAD, such as single-photon
emission computed tomography (SPECT), have a decreased
sensitivity and specificity in ESRD patients [38, 39]. In these
patients, the determination of coronary artery calcification
using electron-beam CT (EBCT) can be a useful, noninva-
sive tool for the evaluation and diagnosis of CAD. Ulti-
mately, invasive coronary angiography continues to be the
gold standard for diagnosis of anatomic CAD burden [40].
However, contrast-induced nephropathy (CIN) during
coronary angiography and percutaneous intervention
remains a concern in patients with CKD. New research
suggests that fluid administration based on LVEDP can
reduce the risk of CIN in patients with CKD [41]. Addi-
tionally, increased operator experience and improved imag-
ing technology have enabled physicians to reduce the use of
contrast in patients with CKD.

The most feared complication of CAD is myocardial
infarction (MI). CKD patients presenting with an MI have 3
times higher mortality rates than the general population and
ESKD patients with MI have an astounding 15 times higher
mortality than the general population [42]. The observed

worse outcomes in CKD patients, can in part be explained
by a greater frequency of triple vessel or left main disease,
increased calcific severity of culprit coronary lesions [43],
and uncertainty regarding the optimal treatment strategies for
this patient population. Coronary reperfusion with either
CABG or PCI is associated with higher rates of operative
and long-term mortality in patients with CKD compared to
non-CKD patients [44, 45]. In CKD patients undergoing
PCI, the widespread vascular calcification can complicate
stent implantation due to the presence of complex coronary
lesions. In general, the increased calcification of the myo-
cardium and microvasculature of the heart contributes to
depressed cardiac function and reserve capacity. This man-
ifests clinically as an increased risk of both surgical and
percutaneous procedural complications [45]. The complexity
of cardiovascular management in patients with CAD and
CKD supports the utilization of a team approach with input
from cardiac surgeons, interventional cardiologists, and
nephrologists.

Peripheral artery disease is also a common cause for
percutaneous intervention or surgical treatment in the CKD
population. There is an incremental increase in mortality and
morbidity associated with peripheral vascular intervention
(PVI) as CKD progresses from mild to severe. CKD is an
independent predictor for perioperative re-intervention with
no change in perioperative mortality when adjusted for age,
CAD, critical limb ischemia (CLI), and diabetes [46]. Sev-
ere CKD (stage 4 or 5) has been associated with a decrease
in short and long-term survival and an increase in amputa-
tion rates. This is possibly due to the presence of small
vessel disease and increased multilevel PVI in CKD patients
[46].

Medical Strategies to Prevent Calcification

There is currently no medical treatment that can reverse
calcification in patients with CKD. Therefore, controlling
traditional risk factors such as hypertension, dyslipidemia,
smoking, and diabetes is crucial to prevent vascular calcifi-
cation and associated CVD [47]. Treatment modalities that
focus on reducing the calcium phosphorus product (CaXP)
to recommended targets (<55, K DIGO) help reduce extra
skeletal calcification burden [48].

Treatment options for secondary hyperparathyroidism
such as activated vitamin D supplementation and cal-
cimimetics reduce the need for surgical parathyroidectomy
and reduce the progression of calcification in patients on
dialysis [49]. The application of bisphosphonates, vitamin K
supplementation, and sodium thiosulfate in reducing in
vascular calcification and mortality are still undetermined
and warrant further study [15].
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Clinical Impact of Valvular Calcification

In CKD (with or without dialysis), the prevalence of aortic
and mitral calcification is significantly higher than in the
general population. In CKD, there is a graded relationship
between the progressive decrease in GFR and the prevalence
of calcification, hospitalizations, cardiovascular events, and
death [50]. Complications often associated with valvular
calcification include thromboembolism, cardiac arrhythmias,
and valvular stenosis.

Thrombotic lesions and ulcers are found on calcified
valves and can potentially dispense bursts of calcium-
phosphate crystals into the lumen of the heart [11]. Addi-
tionally, vegetations that may be present in MAC and aortic
valvular calcification (AVC) can embolize and travel
through the blood stream to cause ischemia in other organs,
most commonly stroke. In patients with MAC, emboli are
typically larger and are more likely to cause cerebral
ischemia, whereas in patients with AVC, emboli are often
smaller and more prone to land in the retinal artery causing
monocular blindness [9–11]. In MAC and AVC, calcium can
also invade the conduction system of the heart, causing
conduction abnormalities such as atrial fibrillation, atri-
oventricular block, and intraventricular block [10]. Once the
calcification begins to impinge on the valvular lumen or
restrict the valve leaflets it can cause valvular stenosis.

Aortic Valve

Valvular stenosis is more common in the aortic valve and can
lead to severe hemodynamic complications. The progression
from asymptomatic aortic disease with calcification to severe
symptomatic AS is rapid in patients with renal insufficiency.
In patients with CKD, annual reduction in aortic valve area
was 0.23 cm2 as compared to 0.05–0.10 cm2 in patients
without kidney disease [51]. This is a dramatic and rapid
decrease in valvular area, given that the aortic valve area is
on average 3–4 cm2. After the onset of symptomatic AS,
mean survival in CKD patients is approximately
23 ± 9 months [52].

Valve replacement is the only therapy with survival
benefit for severe AS, regardless of whether the patient has
CKD. The two main treatment options for AVR are surgical
(SAVR) and transcatheter aortic valve replacement (TAVR).
In SAVR, CKD is a risk factor for increased 30-day and
long-term mortality, with a more than 50% increase in
median postsurgical mortality over a span of 15 years [53].
Patients with renal insufficiency have increased complica-
tions from SAVR, in part because the technical challenges
associated with severe vascular and valvular calcification
lead to increased in-hospital mortality, increased hospital
length of stay, and increased ICU duration [54].

The less invasive TAVR may be an alternative for valve
replacement in patients with advanced CKD, due to the
inherent higher surgical risk and the potential to avoid some
of the complications observed with SAVR [54]. In patients
undergoing TAVR with CKD, femoral access may be lim-
ited due to excess vascular calcification (Fig. 2.3), requiring
the use of alternative accesses with potentially higher risk of
complication such as transapical, transaortic, transcarotid, or
transcaval access [55]. The enhancement of technology,
technique, and experience has decreased the use of IV
contrast and the incidence of complications, suggesting that
in the future, TAVR can become the preferred therapeutic
choice in patients with advanced CKD (Fig. 2.3)

Despite advances in surgical and percutaneous techniques,
valvular calcification is still associated with complications
after SAVR and TAVR. Preexisting damage to the heart’s
conduction system increases the risk of pacemaker require-
ment after surgical or transcatheter intervention [56]. Porcelain
aorta is another risk factor associated with worse outcomes
after SAVR and is often considered a nontraditional risk factor
for surgical death. This is probably due to the requirement for
extensive aortic replacement. Additionally, the degree of
annular and left ventricular outflow track calcification is linked
to a higher degree of paravalvular regurgitation post-TAVR.
Calcification can prevent adequate sealing between the native
and bioprosthetic valve after deployment. Evaluation with a
preprocedural multidetector computed tomography (MDCT)
characterizes the location and severity of calcification and
provides critical information necessary to decide the best
treatment strategy (TAVR vs. SAVR, Fig. 2.4) [57].

Mitral Valve

Mitral stenosis and/or regurgitation can occur secondary to
MAC and may require either surgical or transcatheter
intervention. The extensive mitral calcification associated
with CKD increases surgical complications such as hemor-
rhage, atrioventricular disruption, left ventricular rupture,
and peri-prosthetic leakage [58]. Ironically, the presence of
severe mitral valve disease (MS or MR) associated with
severe MAC makes these high-risk patients potential can-
didates for percutaneous interventions, specifically tran-
scatheter mitral valve replacement. A circumferentially
calcified annulus can provide the necessary support and
anchoring for a stented transcatheter heart valve deployment
and can reduce the risk of embolization [59]. As discussed
with TAVR, preprocedural planning for percutaneous
intervention with MDCT can help evaluate the MAC dis-
tribution in detail (Fig. 2.5). Evidence of transcatheter mitral
valve replacement in these situations is limited to case
reports and case series [60], with multicenter registries cur-
rently being created to better study this treatment strategy.
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Fig. 2.3 Evaluation of vascular calcification during preprocedural
planning for transcatheter aortic valve replacement. Coronal view
(a) and 3D-reconstruction (b) of the abdominal aorta (black arrows)
and iliac arteries (white arrows) allows for visual determination of

calcification. The size of the vessels can then be determined from the
transverse plane (c, d transverse plane of locations with severe vessel
calcification)

Fig. 2.4 Multidetector cardiac
computed tomography revealing
severe focal calcification (arrows)
of the aortic annulus (a) and left
ventricular outflow track (LVOT,
b). These calcifications can be
related to worse outcomes after
surgical or transcatheter aortic
valve replacement

Fig. 2.5 Multidetector cardiac
computed tomography for the
planning of percutaneous mitral
valve intervention, reveals
posterior mitral annular
calcification (MAC, white arrows
a, b) and descending aorta
calcification (gray arrow, b)
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Conclusion
Vascular and valvular calcification in CKD is associated
with increase CVD burden, and worse outcomes after
coronary reperfusion or valve replacement, respectively.
Though calcification in these patients is multifactorial,
aggressive control of traditional and nontraditional risk
factors can help prevent and slow the progression of
disease. However, in those patients requiring intervention
for CAD or valvopathy, a multidisciplinary team evalu-
ation is critical to improve outcomes.
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3Sudden Cardiac Death in CKD and ESKD:
Risk Factors, Mechanisms, and Therapeutic
Strategies

Darren Green, Diana Y.Y. Chiu, and Philip A. Kalra

Introduction

Sudden cardiac death (SCD) is thought to be the leading
cause of death in end-stage kidney disease (ESKD),
accounting for as much as one in four deaths in this popu-
lation. A comparison of the event rate for leading causes of
death in ESKD is found in Fig. 3.1. Evidence is emerging
that SCD in ESKD is not predominantly due to atheroscle-
rotic coronary artery disease (CAD), unlike the case in the
general population. This chapter details non-atherosclerotic
risk factors for SCD in ESKD, and discusses the limitations
of this evidence base which derives from differences in how
SCD is defined in ESKD compared to the general popula-
tion. The chapter also outlines mechanistic theories based on
these risk factors, and discusses possible therapeutic strate-
gies for population-specific SCD risk reduction in ESKD.

Defining Sudden Cardiac Death
and Establishing Risk Factors

Although it is generally agreed that SCD is common in
dialysis patients [1, 2] there is less clarity regarding the event
rate and associated factors, and thereby also mechanism.
Although these vary between studies because of variation in
population characteristics and methodology, the terms and
definitions used in describing the phenomenon of SCD differ
significantly between studies investigating the problem,
limiting epidemiological accuracy. Titles of published works
have included the terms “sudden death” [3], “sudden cardiac

death” [4], “sudden cardiac arrest” [5], “sudden and
cardiac death” [6], “cardiac arrest” [7], or “cardiac arrest and
sudden death” [8]. Although addressing similar questions,
the differences in definition prevent direct comparison.
Compounding this is lack of consistency in the definitions of
both “sudden” and “cardiac”. “Sudden” may refer to death
within one or 24 h of onset of symptoms [9, 10], or simply
indicate that someone suffered cardiac arrest [11]. “Cardiac”
is not always included in the defining term.

As a result, there is uncertainty regarding the true size,
nature, and causation of the problem in ESKD. For example,
the reported proportion of dialysis patient deaths due to SCD
ranges from 19 to 39% [6, 9], with an incredibly wide event
rate range of 4–58 deaths per 1000 patient years [12, 13].
There are also differences in the clinical parameters associ-
ated with SCD. Whilst some studies concur with the general
population finding that CAD and heart failure are associated
with SCD, others do not. Left ventricular hypertrophy,
inflammation, vitamin D deficiency, hyper- and hypotension
have also been found in association with SCD in ESKD.
These variations are summarised in Table 3.1, and the
mechanistics of the more prominent risk factors are dis-
cussed below. Of note, of the 12 studies in Table 3.1, only
two specify that SCD needed be due to a cardiac cause,
underlining the point about lack of clarity of definition.

Historically, varying definitions of SCD were also used in
studies of the general population [14–16]. As epidemiolog-
ical and pathophysiological understanding improved there
was convergence towards a more homogenous definition.
SCD is now generally agreed to refer to death or survived
cardiac arrest which is due to a cardiac cause, and either
occurs within an hour of onset of symptoms, or is unwit-
nessed in a previously well patient [17].

This definition is based on the findings of Hinkle and
Thaler, who, in their landmark paper, compared the duration
of terminal acute illnesses in arrhythmic death versus death
due to circulatory collapse. Here, 93% of terminal illnesses
of <1 h duration resulted in arrhythmic deaths, and 74% that
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lasted >1 day led to death from circulatory failure. 88% of
out of hospital deaths were arrhythmic compared with 29%
of in-patient deaths. 90% of deaths due to heart disease were
arrhythmic, compared with 14% in deaths due to causes
other than heart disease. Using the Hinkle and Thaler clas-
sification, 11–13% of people in the Western world will die
suddenly [15]. SCD, when defined in this way by the speed
of onset of terminal illness, is all but synonymous with
arrhythmic death and development of interventional strategy
can then focus singularly on arrhythmia prevention and
management. For example, we know that 80% of SCD in the
general population is due to a ventricular tachyarrhythmia.
This has led to a proven benefit of implantable
cardioverter-defibrillator devices (ICDs) [18–20].

However, although cardiac disease accounts for approx-
imately 80% of SCD, other less common causes include
conditions which precipitate death via respiratory arrest such
as epilepsy [21], and asthma [22]. This highlights two hur-
dles faced by nephrologists when investigating SCD in
ESKD. Primarily, not specifying that sudden death must be
of cardiac origin (Table 3.1) will produce a heterogeneous
mix of causes of death and prevent effective single strategy
investigation and management. Second, although Hinkle and
Thaler used time as a means to differentiate between
arrhythmic death and circulatory collapse, using such a
definition in ESKD patients may not be able to do this. This
is because circulatory collapse in ESKD may be profound
and sudden and due to other causes. Any combination of

dialysis ultrafiltration, fluid restriction, increased arterial
vascular stiffness, loss of autonomic tone, non-ischemic
cardiomyopathy, the use of anti-hypertensive agents, ane-
mia, and greater risk of infection and haemorrhage may
combine to produce catastrophic circulatory collapse and
sudden death which is not of arrhythmic origin. For exam-
ple, in an analysis of dialysis patient postmortems, 35 of 93
deaths were sudden and the only cause of death more
common in those deaths that were sudden compared to those
that were not was a ruptured aortic aneurysm [10]. There-
fore, to include all ESKD sudden deaths in a single epi-
demiological model will include a variety of pathological
processes which are unlikely to fit into the same risk strati-
fication and management model.

SCD Event Rate in ESKD

The SCD rate in the general population is 1 per 1000 patient
years [17]. In post-MI patients with left ventricular ejection
fraction <35% the rate is 90–200 per 1000 patient years
[15, 17]. Data from the United States Renal Data System
(USRDS) place the SCD event rate at 7 per 1000 patient
years in pre-dialysis chronic kidney disease (CKD) [23, 24],
and 50–200 per 1000 patient years in dialysis patients
depending, on comorbidities and duration of dialysis history
[12]. A comparison of SCD event rate in ESKD, pre-dialysis
CKD, transplantation, and other non-CKD populations is
found in Fig. 3.2. Historically, the USRDS defined SCD as
death due to either cardiac arrest or primary arrhythmia. The
source data is based on diagnosis coding returns from the
United States Department of Health and Human Services
form 2746: ESRD death notification.

Because of the different definitions, direct comparison
between CKD and general populations is difficult. USRDS
data suggest that the risk of arrhythmic death in dialysis
patients is equivalent to that of a post-MI patient with severe
left ventricular dysfunction, but that the risk in CKD patients
who are not on dialysis is close to that in the general pop-
ulation. In the general population, SCD accounts for half of
all deaths due to coronary artery disease (CAD), and is
highest in the 2 years after suffering a myocardial infarction
[25].

More recently, the USRDS has revised its definition to
specify that SCDs should be due to a primary cardiac cause.
However, the newer definition uses the same coding data to
determine event rate [26], and this is devoid of independent
adjudication. A study that compared the old and new
USRDS definitions identified verified, witnessed sudden
cardiac deaths. It described sensitivities in correctly identi-
fying any death as being SCD using coding data of 71 versus
84% respectively for the old and new definitions. However,
the study did not describe the false positive rate associated

Fig. 3.1 SCD event rate in ESKD compared to other causes of death
[12]
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Table 3.1 A comparison of the terms and definition used in different studies of sudden deaths in dialysis patients, and the associated variation in
event rate and predictive factors

Terminology Definition Population Percentage
of deaths

Incidence
per 1000
pt years

Factors
associated with
SCD

Sudden Cardiac

Takeda,
1997 [10]

Sudden death <24 h Not specified “Dialysis” 37 N/a Aortic aneurysm
rupture more
common in
sudden death

Paoletti,
2004 [36]

SCD Not specified Not specified HD > 6 months 19 13% of pp
over
10 years

Increasing left
ventricular mass
index

Bleyer,
2006 [3]

Sudden death <1 h Unexpected,
non-traumatic

HD 39 N/a Heart failure or
coronary artery
disease

Parekh,
2008 [83]

SCD Not specified Out of hospital
death due to
ICD-10 cardiac
diseases.

“Dialysis” 22 37 CRP, IL-6, low
albumin

USRDS,
2009+
[12]

Cardiac
arrest, SCD

Not specified “Cardiac arrest” or
“arrhythmia”

HD 26 58 –

Genovesi,
2009 [9]

Sudden death <1 h Unexpected
natural death

HD 19 7% over
mean
3 years

Atrial fibrillation,
diabetes,
hyperkalaemia,
CRP

Wang,
2010 [84]

SCD <1 h Not specified,
discounted if
aetiology
established before
death

PD 24 24% of pp
over
5 years

Poor LVEF,
systolic
hypertension,
diastolic
hypotension

De Lima,
2010 [13]

Unexplained
sudden death

<1 h “Unexplained” HD on Tx
waiting list

20 4 “Any
cardiovascular
disease” only
independent
predictor

Dreschler,
2010 [85]
& 2011 [4]

SCD <1 h or
“unexpected”

Confirmed
arrhythmia or
death after onset of
cardiac symptoms.

Diabetic HD 27 45 Vitamin D
deficiency and
low
homoarginine

Matsue,
2011 [62]

SCD <1 h “Unexpected” or
autopsy findings
consistent with
SCD

HD > 3 months 27 9.5% over
mean
4.9 years

BB use
associated with
lower rate of
SCD

Shastri,
2012 [86]

SCD <24 h or
since last HD
session if
unwitnessed

Arrhythmia, CAD,
or other cardiac
disease

HD 22 10.4%
over
median
2.5 years

Age, diabetes,
CAD, PVD,
creatinine,
alkaline
phosphatase

Key SCD sudden cardiac death, HD haemodialysis, PD peritoneal dialysis, ICD international classification of diseases, USRDS United States Renal
Data System, LVMI left ventricular mass index, CAD coronary artery disease, CRP C-reactive protein, BB beta-blocker, PVD peripheral vascular
disease, LVEF left ventricular ejection fraction, Tx transplant, IL interleukin, pp prevalent population
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with either definition. Thus, there is still uncertainty as to
whether the rate of true SCD is as high as reports suggest.

Associated Factors and Mechanistic
Hypotheses

Age

Older age is an independent risk factor for SCD in all pop-
ulations. In the general population as a whole, the event rate
is 1–2 per 1000 patient years, whereas in people aged
>85 years it is 40 per 1000 patient years [17]. According to
the USRDS, when using arrhythmia + cardiac arrest as a
definition of SCD, the event rate rises from 21 per 1000
patient years in ESKD patients aged 20–44 years to 82 per
1000 patient years in patients aged >75 years (Fig. 3.3) [12].
In a multivariate model of risk prediction for SCD in a
haemodialysis population of 1745 (mean age 62 ± 11 years)
there was an increase in risk of SCD of 1.31 (1.08–1.59) for
every standard deviation increase in age (which was
11 years) [27].

Coronary Artery Disease

SCD in the general population is most often due to CAD, but
CAD is not often implicated in ESKD. This is despite up to

38% of the prevalent dialysis population having evidence of
CAD [28]. One study noted that CAD was present in 56.3%
of hemodialysis patients who died suddenly, but this greater
prevalence did not reach statistical significance [29].
Another study of 93 postmortems performed on dialysis
patients found that cerebrovascular disease was more com-
mon than CAD in sudden death victims (sudden defined as
within 24 h of onset) with figures of 26 versus 14%
respectively [10]. In that analysis, only four sudden deaths
(12%) were deemed to be due to CAD.

Diabetes Mellitus

Diabetes is associated with sudden death independent of its
causative association with CAD and CKD. This is often
referred to as the “dead in bed” syndrome [30]. It is thought
to be arrhythmic in origin, caused by nocturnal hypogly-
caemia with consequent prolongation of the QTc [30].
However, in an analysis of postmortems undertaken in dia-
betic patients who died suddenly, all cases had evidence of
CAD. Perhaps of no surprise, diabetic nephropathy has also
been shown to be an independent risk factor for SCD in a
diabetic population [31].

The mechanism of SCD in diabetics, particularly those
with CKD, may extend beyond CAD and hypoglycaemia.
Cardiac autonomic neuropathy is proposed to expose
patients to an increased risk of SCD, evidenced indirectly by
loss of heart rate variability (HRV) on ECG. Autonomic
neuropathy is associated with both diabetes and uremia, and
in the former case at least, is a microvascular phenomenon
[32]. In a study of 196 haemodialysis patients with left

Fig. 3.2 SCD event rate in ESKD compared to other CKD and
high-risk population [17]

Fig. 3.3 Age and dialysis modality differences in SCD event rate [12]
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ventricular hypertrophy, SCD-free survival in patients with
abnormal HRV was 29%, compared with 98% in those
without, over a mean follow up of 4.5 ± 1.9 years [33].

Left Ventricular Hypertrophy

Left ventricular hypertrophy (LVH) is an established risk
factor for SCD in the general population [34]. However,
treatment algorithms have yet to incorporate this finding
other than for inherited hypertrophic cardiomyopathy. The
association of LVH with SCD in ESKD is less clear. Indeed,
many studies which use multivariate models to determine
independent risk factors have failed to show LVH as being
one. LVH is associated with greater risk of intra-dialytic
ectopy [35], but this phenomenon again does not necessarily
indicate increased risk of SCD. The mechanism by which
LVH leads to ectopy, arrhythmia, and SCD is likely to be via
the abnormal fibrotic myocardial remodelling found in
pathological LVH.

In one study of 123 dialysis patients, longitudinal
increase in echocardiographic LV mass index was a better
predictor of SCD than CAD, but the absolute value of
indexed LV mass LVH was not [36]. Conversely, an ECG
sub-study of the 4D trial demonstrated that electrocardio-
graphic evidence of LVH does predispose to a greater risk of
SCD. This latter study was better powered (1253 patients)
and this may go some way to explain the different findings,
although the patients in 4D were all diabetic [37].

Factors associated with LVH in ESKD include hyper-
tension, volume overload, and chronic inflammation, i.e.
other clinical factors which themselves predispose to
increased cardiovascular risk. It is not clear whether it is the
pathology of LVH or a specific underlying condition that
results in LVH which is causative of SCD, and so it is not
certain that any future therapies which may directly inhibit
hypertrophic remodelling would benefit ESKD patients.

A demonstration of the broad and overlapping pathological
contributors to SCD in ESKD is found in Fig. 3.4. Fur-
thermore, as many as 74% of haemodialysis patients have
LVH at the initiation of chronic dialysis [38], indicating that
any effort geared towards primary prevention of SCD by
addressing LVH would actually require much earlier inter-
vention during pre-dialysis CKD or even earlier in the CKD
continuum.

Dialysis and Dialysis Modality

Figure 3.3 demonstrates the greater risk of SCD faced by
haemodialysis patients compared to peritoneal dialysis
patients. For patients aged 45–64 years, the haemodialysis
SCD event rate is 40 per 1000 patient years compared to 31
events per 1000 years in peritoneal dialysis [12]. This indi-
cates that there are both common uremic factors which lead
to a high risk for both groups, but also that there are
haemodialysis specific SCD risk factors.

Cardiac arrest is more common on a dialysis day than a
day after dialysis [39]. Echocardiographic and magnetic
resonance studies have demonstrated that the process of
dialysis itself can induce myocardial ischemia in patients
with structural cardiac abnormalities. Dialysis-induced
ischemia can contribute to long-term worsening of left
ventricular systolic function, and worse prognosis [40].
Intradialytic myocardial ischemia may also manifest as
ST-segment depression <1 mm. This has been shown to
occur in up to 46% of haemodialysis patients, and arrhyth-
mia are more common in patients who show ST depression
during dialysis [41, 42]. There is debate as to whether this is
a direct manifestation of underlying CAD and whether
intradialytic ST-segment changes translate into greater car-
diovascular morbidity [41, 43, 44].

Haemodialysis is also associated with increased fre-
quency of Lown graded ventricular arrhythmia (grades 1–4a)

Fig. 3.4 Mechanistic
contributions to SCD in ESK
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[35]. These grades range from <30 ventricular ectopics per
hour to ventricular couplets. However, these grades of
arrhythmia are not proven precursors to fatal arrhythmic
events.

Although the risk of SCD is high during or immediately
after a haemodialysis session, for haemodialysis patients,
cardiac arrest, and indeed all-cause mortality, is actually
most common at the end of the long weekend inter-dialytic
break, i.e. after a prolonged period without dialysis. For
example, patients who dialyse on a Monday, Wednesday,
Friday regime have an approximately 30% higher risk of
cardiac arrest on Sunday compared to all other days [39]. It
is likely that greater electrolyte and extracellular fluid
accumulation during this time accounts for some of this
greater risk.

Hyper- and Hypokalemia

Patients with CKD are at increased risk of hyperkalaemia. In
a study of SCD in 476 haemodialysis patients, pre-dialytic
hyperkalaemia was associated with a 2.7-fold increased risk
(95% CI 1.3–5.9) of sudden death [9]. Haemodialysis
patients are also at particular risk of post-dialysis hypoka-
laemia. Potassium is a key component of cardiac conduction
given the role of potassium channels in establishing resting
membrane potential. It is long established that both hypo-
and hyperkalaemia predispose to arrhythmia, with typical
ECG appearances for each that begin with changes to the
repolarisation wave. The classical tented T-wave of hyper-
kalaemia is shorter and more peaked than a normal T-wave.
This is because high extracellular potassium creates a less
negative resting membrane potential and subsequently more
rapid repolarisation than when there is a normal, more
negative resting potential. Aberrancy of repolarisation is
well established as a key period of high risk for onset of
ventricular tachyarrhythmia (e.g. R on T phenomenon). The
effect of hyperkalaemia on the repolarisation wave is shown
in Fig. 3.5. Known hyperkalaemia is responsible for 1–2%
of dialysis patient deaths, and undiagnosed hyperkalaemia
may be responsible for some of the “cardiac arrest, cause
unknown” events that contribute epidemiologically to the
high SCD event rate in ESKD.

Importantly, the rate of change of potassium can predis-
pose to arrhythmia, irrespective of the absolute value. This is
the paradoxical Zwaardemaker–Libbrecht phenomenon, in
which the rapid infusion of potassium to normalise circu-
lating levels in a hypokalaemic animal model leads to ven-
tricular arrhythmia [45, 46]. This is the rationale for limiting
the rate of intravenous infusion of potassium in clinical
practice. A high dietary intake of potassium without the
ability to correctly handle this, as seen in ESKD, may
explain why patients with apparently similar measured

potassium can have markedly different ECG response.
Alternatively, different patients may exhibit differences in
vulnerability to the effects of potassium on arrhythmia risk.
In one study of 145 ESKD patients, the threshold for
developing T-wave abnormalities in hyperkalaemia varied
between patients and was shown to be associated with an
increased long-term risk of SCD [47].

Hypomagnesemia

Magnesium is necessary for function of the Na+, K+-ATPase
in cardiac myocytes, and the classical arrhythmic effect of
hypomagnesemia is torsades de pointes [48]. Preclinical ECG
changes may manifest as QTc prolongation, and tachycardia.
Hypomagnesemia also inhibits effective action of K+ chan-
nels elsewhere, such as in the kidneys, and this may exac-
erbate the arrhythmic potential of hypomagnesemia by
worsening hypokalemia and preventing its treatment.
Hypomagnesemia is more common in CKD and ESKD than
the general population, and in hemodialysis patients is
associated with a hazard ratio for all-cause mortality of 2.06
for each 1 mg/dL fall in serum magnesium [49]. In the
hemodialysis setting, observational studies have shown that
hypomagnesemia may worsen hyperparathyroidism, and is
associated with vascular calcification and atheroma forma-
tion. This is underpinned by mechanistic demonstration of an
effect of magnesium on calcium homeostasis, particularly by
inhibition of calcium from the sarcoplasmic reticulum [50].
Early, open label interventional studies of <100 patients
indicate the potential for magnesium supplementation as a

Fig. 3.5 Schematic representation of hyperkalaemia creating arrhyth-
mic vulnerability by potentially destabilising repolarisation by creating
a less negative membrane potential
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therapeutic option in ESKD. For example, oral magnesium
supplements given to hemodialysis patients may reduce
calcification measured by surrogate endpoints such as carotid
intimal medial thickening [51].

The mechanistic role of hypomagnesemia in sudden death
is further confounded by how its effect on calcium handling
may manifest as neurological as well as cardiac pathologies.
In a rat model of magnesium deficient versus control ani-
mals, sudden death was not only provoked by rapid cardiac
pacing and polymorphic VT, but also by auditory startle
stimulus and consequent seizure activity [52].

In summary, hypomagnesemia may therefore be associ-
ated with sudden death by way of primary arrhythmia via an
effect on myocyte electrolyte handling, ischaemia by pro-
voking vascular calcification and atheroma, or even seizure
activity by aberrant calcium homeostasis.

Therapeutic Strategies for SCD Prevention
in ESKD

Implantable Cardioverter-Defibrillators (ICD)

First line therapy for both primary and secondary prevention
of SCD in the general population is the use of implantable
cardioverter-defibrillators (ICD) devices [53]. The indica-
tions for ICD target specific high-risk groups, most of whom
will have ischemic cardiomyopathy but also including those
with inherited or congenital conditions (see Fig. 3.6). In one
study, 6.3% of the prevalent haemodialysis population ful-
filled these criteria for ICD implantation but none had a
device in situ. It is widely acknowledged that dialysis
patients have a lower uptake of ICD than other patients
groups. This is likely to be because the absolute risk
reduction in life years after ICD in ESKD is lower than for
other patients. In a meta-analysis of seven studies of ICD
therapy in CKD (89 ESKD patients versus 2417 CKD stage
3 and 4 patients) the relative risk of all-cause death in
dialysis patients with ICD was 1.62 (0.84–3.14, p = 0.15)
compared to the CKD group [54].

However, this actually reflects the overall worse survival
in ESKD anyway. The relative risk reduction for mortality
after ICD in ESKD compared to life expectancy without
treatment is 35–42%. Importantly, this is comparable to the
relative risk reduction seen in the general population. It is for
this reason that current guidelines specify that ESKD
patients should not be excluded from consideration of ICD
therapy.

The low uptake of ICD in this patient group is likely to be
rationalised on the basis of higher complication rates and a
reduced cost-effectiveness based on the lower absolute risk
reduction discussed above. Haematoma, infection, throm-
bosis, lead dislodgement, and the need for explantation are

higher in ESKD patients with pacing devices compared to
the general population [55]. Furthermore, pacing devices
require central venous access and in extreme cases will limit
dialysis access options, or they will be precluded by occlu-
sion of venous access incurred due to previous catheter use.

As well as worse survival, a different defibrillation
threshold is thought to be a further reason for the lower
absolute risk reduction after ICD implantation in ESKD
[56, 57]. The most common cause of death in patients with
ESKD who have an ICD in situ is still arrhythmia [58], and
the proportion of arrhythmic deaths is higher than in
non-ESKD ICD recipients. In one analysis, arrhythmia
accounted for 38.2% of deaths in ESKD ICD patients,
compared with 16% in non-dialysis ICD recipients
(n = 822). It is hypothesised that this difference in defibril-
lation threshold may relate to the nature of the fibrotic car-
diac remodelling in ESKD, or metabolic/electrolyte
derangement associated with ESKD, most obviously hyper-
and hypokalaemia, which is less often seen outside of this
patient group [57].

Indeed, this latter comment highlights the key issue sur-
rounding SCD in ESKD. Namely that the precipitants to
arrhythmic death are often likely to be different in ESKD to
the general population. We have noted that 6.3% of dialysis
patients fulfil criteria for ICD based on conventional
guidelines. However, as many as 28% of deaths in dialysis
patient with preserved systolic function are due to SCD [59]
and so SCD appears as common in dialysis patients who do
not fulfil criteria for ICD as those that do. There are two
contributory explanations. First, even in the general popu-
lation, most SCD occurs in low-risk patients, i.e. it is the first
presentation of coronary artery disease. Although SCD is
relatively more likely in high-risk groups (90–200 events per
1000 patient years in post-MI severe systolic heart failure
versus 1 per 1000 patients years in the general population),
because so many more people are at low compared to high
risk, these patients make for numerically relatively few SCD
events. For example, of the approximate 450,000 SCD
events per year (depending on exact definition) in the United
States, <150,000 (33%) occur in patients who fulfil the cri-
teria for ICD [17].

Second, as discussed above, the mechanism of arrhythmic
risk in dialysis patients appears to be different. High-risk
patients in the general population are most often those with
severe left ventricular systolic function whereas dialysis
patients with preserved systolic function have a five-year
risk of SCD of up to 28% [59]. The notion that a dialysis
patient specific set of criteria for ICD has led to RCT of ICD
specifically in these patients outside of general population
criteria. However, as yet none have reported their findings
[60]. Furthermore, the inclusion criteria for trials such as
ICD2 are largely inclusive despite the fact that it appears that
the SCD event rate does not justify the global use of ICD
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devices in dialysis patients. After all, these are not used
routinely in all post-MI patients despite their comparable
risk. Hence, the identification of the higher risk dialysis
patients to develop an accurate risk stratification tool is still
very much warranted.

Revascularisation for Coronary Atheroma

Coronary artery disease (CAD) is highly prevalent (38–40%)
in ESKD but CAD revascularization, much as is the case for
ICD therapy, is used less often as a therapeutic strategy in
dialysis patients compared to the general population. In one
study of 23,262 patients who had suffered non-ST elevation
MI, 15% of ESKD patients (n = 278) were treated with
PCI/CABG compared to 62% of patients with
eGFR � 90 mL/min/1.73 m2 (n = 6064) [61]. In fact, 76%
of ESKD patients did not even receive coronary angiography
(compared to 18% of those with normal renal function). This
is despite CAD having been shown to be the most significant
predictor of SCD (HR 1.99, 95% CI 1.43–2.78, p < 0.001)
in one study [62]. However, this more conservative approach

in ESKD has a clinical rationale as there is no proven
reduction in early mortality for revascularisation compared
to medical management in ESKD (n = 268, HR 1.61, 95%
CI 0.84–3.09, p = 0.15) [63]. Whether coronary artery
bypass grafting (CABG) carries any SCD benefit is less
apparent. It has been shown in a survival analysis of 5830
haemodialysis patients who underwent CABG that arrhyth-
mia account for 14% of deaths in the first 2 years
post-procedure. The unadjusted event free survival for
arrhythmia or cardiac arrests in the first three years after
CABG was 0.91, 0.86, and 0.81 for each year, respectively
[64].

These data support the view that the mode of arrhythmic
risk in ESKD carries components which are unrelated to
coronary artery disease, the archetypal cause of SCD in the
general population. Furthermore, even coronary artery dis-
ease may behave differently and has a different pathogenesis
in ESKD compared to the general population with a likely
non-atheromatous aetiology relating to factors such as arte-
rial vascular calcification. Outside the limitations of benefit
from coronary intervention discussed here, a further effect is
noted in the limited benefit of lipid lowering therapy in

Fig. 3.6 Current guidelines for primary prevention of SCD using ICD in the general population
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ESKD compared to non-dialysis CKD. In a meta-analysis of
LLT versus placebo in ESKD, the number needed to treat to
prevent 1 atherosclerotic cardiovascular event was 103 [65].

Beta-Blockade

The use of beta-blockers for SCD risk reduction in dialysis
patients is underpinned by a small observational study
showing a statistically significant reduction in event rate, and
also supported by one randomised trial of 114 patients which
showed a numerical reduction in SCD and statistical benefit
in terms of cardiovascular endpoints [66]. All patients had
New York Heart Association class II–III systolic heart fail-
ure (LVEF < 35%) for more than 1 year. Patients were
randomised to carvedilol or placebo and followed up for
2 years [66]. There were fewer cardiovascular deaths in the
carvedilol arm compared to placebo (29.3 vs. 67.9%, relative
risk reduction 43.7%). The study was not powered to show a
statistical difference in SCD event rate, and SCD events were
few. However, there was a numerical benefit to beta-blocker
therapy, with 2 versus 6 SCD events in the treatment and
placebo arms, respectively (p = 0.12). In a retrospective
analysis of 316 haemodialysis patients, those prescribed
beta-blockers suffered fewer SCD events over a mean of
4.9 ± 1.9 years follow up (4 [n = 80] vs. 11% in patients
not on beta-blockers [n = 236], p = 0.047) [67].

The apparent SCD related benefits of beta-blockers in
ESKD may actually be by virtue of their effect as an
anti-hypertensive agent and in slowing the progression of
heart failure rather than due to a direct anti-arrhythmic effect.
Nonetheless, beta-blockade would appear to be a sensible
first line anti-hypertensive therapy in dialysis patients in the
absence of high quality, well powered RCT data.

Despite this potential benefit, beta-blockers are perhaps
underused in dialysis patients. In a cross-sectional study,
only 40 of 89 (45%) haemodialysis patients with established
CAD were prescribed beta-blockade [68]. This is despite the
absence of significant evidence that relevant potential side
effects of beta-blockers (bradycardia, hyperkalaemia,
hypotension) are sufficiently common in haemodialysis
patients to preclude their routine use [69].

A noteworthy exception which must be considered is
sotalol. Sotalol is a non-selective beta-blocker which also
has class III actions and which is primarily used in sec-
ondary prevention of ventricular arrhythmia. Sotalol is
excreted via the kidneys and is dialysed. It carries a signif-
icant risk of causing torsades de pointes in cases of toxicity,
in the presence of hypokalaemia, and where QTc prolonga-
tion exists. It is generally advised that sotalol should be
avoided in patients with eGFR <15 mL/min/1.73 m2,
although guidelines do specify that it can be considered if
dosed at 25% of the dose recommended in cases of normal

renal function. Given the risk of fluxes in potassium
concentration and hypokalaemia associated with haemo-
dialysis sessions, and of QTc prolongation with many drugs
prescribed in CKD and dialysis patients (macrolide antibi-
otics, quinines, benzodiazepines, co-trimoxazole, SSRIs,
anti-histamines, calcineurin inhibitors), sotalol should per-
haps be avoided in this setting.

Other Pharmacotherapeutic Options

In a retrospective study of 729 cardiac arrests suffered by
haemodialysis patients, beta-blockers were associated with
an adjusted survival benefit with an odds ratio of 0.32 (95%
CI 0.17–0.61, p = 0.0006) for death at 6 months [7]. The
same study showed a similar survival benefit for patients
using calcium channel blockers (OR 0.42, 0.23–0.76,
p = 0.004). Calcium channel blockers are known to be
cardioprotective by way of preventing coronary artery spasm
after cardiac arrest, potentially reducing ischaemic injury,
and by normalising intracellular calcium concentration,
potentially preventing life threatening arrhythmia [70].
Renin–angiotensin system blockade was also beneficial (OR
0.51, 0.28–0.95, p = 0.03).

A higher circulating aldosterone level is found in CKD
[71] and is an independent risk factor for SCD in patients
with eGFR <60 mL/min/1.73 m2 (HR for SCD = 1.32 for
each 50 qg/mL increase in aldosterone, 95% CI 1.15–1.52,
p < 0.001) [72]. In the general population, RAS blockade is
associated with reduced risk of SCD in both primary and
secondary prevention for CAD [73]. There are no compa-
rable findings in ESKD, and a clinical trial has not shown
any reduction in cardiovascular events and death in dialysis
patients with use of ACE inhibitors. The Fosinopril in
Dialysis Trial (FOSIDIAL) randomised 397 haemodialysis
patients to fosinopril or placebo. After a 2-year follow-up
period, the relative risk of cardiovascular events in the
treatment arm was 0.93 (0.68–1.26), a non-significant find-
ing [74]. An open label RCT of ARB therapy (candesartan)
in 80 haemodialysis patients did show a significant reduction
in cardiovascular events and improved survival in the
treatment arm [75] after 19.4 ± 1.2 months follow-up
[cardiovascular events in treatment arm 16% vs. placebo
arm 46% (p < 0.01), mortality 0 vs. 19% (p = 0.01)]. Only 3
of the end points in this trial were SCD, but all occurred in
the placebo arm. Whether the difference in trial findings
between ARB and ACE inhibitors is due to a difference in
drug class effect or trial design is not evident.

Similar to the effect of RAS blockade in the general
population, the aldosterone receptor blocker spironolactone
has been shown to reduce SCD. The Randomised Aldactone
Evaluation Study (RALES Study) was a randomised trial of
1663 patients with moderate to severe systolic heart failure
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(LVEF < 35%) comparing spironolactone with placebo.
48% of participants had CKD stage 3–5, although none were
on dialysis. Treatment with spironolactone was associated
with a relative risk of sudden death of 0.71 (0.54–0.95,
p = 0.02) [76]. No comparable trial data exist for ESKD.
This is perhaps because of the expectation of high risk for
hyperkalaemia. However, a meta-analysis of six studies
(7051 patients) of spironolactone use in ESKD showed that
mean serum potassium was 4.9 mmol/L and that there were
apparently no hyperkalaemic adverse events [77]. An RCT
of mineralocorticoid blockade in haemodialysis patients is
likely in the future [78], and mineralocorticoid therapy in
ESKD may yet have a major beneficial role, provided close
monitoring is place.

There is very limited evidence addressing SCD event rate
in ESKD when using amiodarone, statins, aspirin, or digoxin
and so these agents have not been specifically commented
on.

Dialysis Prescription

After the long inter-dialytic weekend break, the next highest
risk time point for death in haemodialysis patients is during
the 12 h beginning at the start of a dialysis session. Hae-
modialysis is associated with rapid shifts in electrolytes and
fluid, all of which offer a pathway to arrhythmia as discussed
above. Amelioration of these dialysis-related changes
thereby offers potential pathways to risk reduction.

In an observational study of 81,013 haemodialysis
patients which compared mortality between patients based
on pre-dialysis serum potassium concentration, the optimal
range was found to be 4.6–5.3 mmol/L [79]. There was a
J-shaped distribution of the mortality outcome with both
hypo- and hyperkalaemia associated with worse cardiovas-
cular survival, more so in hyperkalaemia. However, the
approach to reducing risk in hyperkalaemic patients is likely
to prove to be more complicated than simply using low
potassium dialysate. This is because, in a review of 400
cardiac arrests on haemodialysis units, patients who were
dialysed using a low potassium dialysate (0 or 1.0 mmol/L)
were more likely to have had a cardiac arrest (17.1 vs. 8.8%
for higher potassium dialysate) [8].

Cardiac conduction is also dependent on extracellular
calcium. Low calcium dialysate (1.25 mmol/L) has been
shown to associate with ECG abnormalities such as pro-
longed QTc and increased QT dispersion [80, 81]. This has,
however, not yet translated into objective evidence of
increased SCD risk. A further theoretical benefit of higher
dialysate calcium is that higher serum calcium confers a
degree of cardio-protection in cases of hyperkalaemia by
stabilising the resting membrane potential (hence the

established use of intravenous calcium bolus as a therapy in
hyperkalaemia). Patients with hyperkalaemia who demon-
strate T-wave tenting have been shown to have a numeri-
cally lower serum calcium than patients who do not manifest
ECG changes (2.20 ± 0.16 vs. 2.27 ± 0.16 mmol/L,
p = 0.147). It is perhaps therefore of value to avoid low
serum calcium and low calcium dialysate for dialysis
patients prone to hyperkalaemia.

In a comparison of 502 haemodialysis SCD victims
versus age and dialysis duration matched controls, the SCD
group were more likely to have high ultrafiltration volumes
on dialysis (odds ratio 1.11, 95% CI 1.02–1.33, p = 0.02)
[82]. Large volume ultrafiltration has been associated with
intra-dialytic myocardial ischaemia, hypotension, and
RWMA, all of which may reflect the evolving risk of
myocardial injury that predisposes to arrhythmic death. In
practical terms, severe fluid overload or acute pulmonary
oedema may necessitate high volume fluid removal to pre-
vent acute risk of morbidity associated with these. Where
this occurs, it may be necessary to move away from the
usual 4 h three times a week dialysis regime. Daily dialysis
will reduce the daily ultrafiltration requirement, and exten-
ded nocturnal haemodialysis can reduce the rate of ultrafil-
tration. These therapies may reduce the risk of intra-dialytic
myocardial injury or circulatory collapse, although the sup-
porting evidence for this rationale is not from randomised
interventional trials. Similarly, whether patient support
through counselling can avoid excessive intra-dialytic
weight gain and salt intake as a means to negate the need
for high ultrafiltration volumes has a sound rationale but is
objectively unproven.

Summary

ESKD patients face a high risk of SCD. Although the most
likely mode of death is arrhythmic, the mechanism under-
pinning this appears to typically differ from the predominant
atherosclerotic pathology seen in the general population.
Furthermore, not all sudden deaths in ESKD will be
arrhythmic in origin. There persists some uncertainty as to
how best to define and categorise sudden deaths in ESKD.
These factors necessitate the requirement of a
population-specific approach to investigation and manage-
ment. That said, ESKD patients should not be excluded from
preexisting strategies, such as ICD therapy, if they meet
criteria for such intervention.

Suggested current strategies for SCD risk reduction in
ESKD are summarised in Table 3.2. Unfortunately, these are
not based on solid clinical trial evidence and it is unlikely
that such evidence will be forthcoming soon. A summary of
key points from this chapter is found in Table 3.3.
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4Coronary Artery Disease in CKD: Traditional
and Nontraditional Risk Factors, Diagnosis
and Management

Christian Witzke, Igor Palacios, and Andre Macedo Dias

Epidemiology of CAD in CKD Patients

The prevalence of chronic kidney disease (CKD) is
increasing worldwide and is considered an independent risk
factor for the development of coronary artery disease
(CAD) [1–5]. Overall, patients with CKD are at significantly
higher risk of developing of CAD than those in the general
population without CKD [6–8]. The reported 1-year mor-
tality rate of patients with ESKD was approximately 20% in
US dialysis population, and the single most important con-
tributor to this high mortality was cardiovascular disease,
accounting for over 50% of all mortality [3].

According to data from the National Cardiovascular Data
Registry–Acute Coronary Treatment and Intervention Out-
comes Network (NCDR-ACTION), the prevalence of CKD
among patients presenting with ST segment–elevation
myocardial infarction was 30.5% (STEMI) and among
patients presenting with non-ST segment–elevation
myocardial infarction was 42.9% (NSTEMI) [9].

In addition, the Atherosclerosis Risk in Communities
(ARIC) study [10] and Valsartan in Acute Myocardial
Infarction Trial (VALIANT) trial [11] demonstrate a strong
correlation between the estimated GFR (eGFR) and the rate
of cardiovascular mortality in patients with eGFR of
� 80 cc/min/1.73 m2, and increased event rates even with
early CKD. Considering the high prevalence of renal disease
in the US with approximate 500,000 patients on renal
replacement therapy and the even larger number of patients

with early CKD, the population at risk for cardiovascular
disease may be significantly larger than initially thought.

The relationship between CKD and severity of coronary
atherosclerosis has also been assessed in population-based
autopsy samples. A significant association between CKD
and the presence of diffuse multivessel involvement, vessel
calcification, and coronary atherosclerosis has been found in
histopathological studies [12]. The degree of renal impair-
ment is also an important predictor of worse clinical out-
comes and survival among CAD patients undergoing
revascularization, in particular coronary artery bypass graft
(CABG) [13]. Higher re-infarction rates and 1- and 2-year
mortality was also reported among patients with abnormal
renal function in data from acute coronary syndrome trials
[14].

Pathophysiology

CKD patients frequently have significant cardiovascular
pathology. Two different mechanisms may be responsible
for worse survival and clinical outcomes in patients with
CKD: atherosclerosis and arteriosclerosis. Atherosclerosis
consists of intimal disease characterized by fibroatheroma-
tous plaques, with different level of calcification and
intimal/medial thickness [15, 16]. These changes are most
commonly seen in small distal coronary arteries, predis-
posing to chronic myocardial ischemia, that ultimate leads to
local inflammation, fibrosis and left ventricular remodeling.
It is believed that over time, chronic small vessel ischemia
may be responsible of the high incidence of sudden cardiac
death seen in patients with CKD (particularly in patients on
dialysis) in the absence of macroscopic acute plaque rupture
[17].

Arteriosclerosis of moderate size vessels is also an
important vascular pathology commonly present in CKD
patients. It is characterized by the thickening and calcifica-
tion of the medial arterial bed, and hyperplasia and
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hypertrophy of the vascular smooth muscle cells, leading to
increased vessel stiffness and increased collagen deposition
in the vessel wall [15].

This vessel stiffening contributes to the hemodynamic
alterations frequently observed in these patients such as
arterial dampening function, increased left ventricular
afterload, increased systolic and pulse pressures, increased
myocardial oxygen demand and sub-endocardial blood flow
impairment [15, 16].

Epicardial coronary atherosclerosis in CKD patients also
has distinctive coronary plaque features than differ them
from patients with normal kidney function. In a study from
the Massachusetts General Hospital OCT registry, patients
with CKD had a larger lipid index with a higher prevalence
of calcium, cholesterol crystals, and plaque disruption [18].

Traditional and Nontraditional Risk Factors

Several epidemiological studies have revealed a correlation
between the severity of renal impairment and the traditional
risk factors in the pathogenesis of atherosclerosis. Age, male
gender, hypertension, diabetes mellitus, hyperlipidemia,
smoking, and a family history of premature CVD are the
most widely studied risk factors for cardiovascular events.
Some of these factors can be modified to decrease morbidity
and mortality even in patients with overt cardiovascular
disease [19].

Even though traditional risks factors are highly prevalent
in CKD patients, it is believed that it cannot fully explain the
disproportionately increased cardiovascular morbidity and
mortality observed in this population. There are several
nontraditional risk factors, unique to CKD: uremic toxins,
anemia, elevated levels of specific inflammatory cytokines,
abnormalities in bone mineral metabolism, endothelial cell
dysfunction, hyperhomocysteinemia, and poor nutritional
status [20, 21]. The chronic inflammatory state unique to
CKD (malnutrition inflammation complex) is associated with
increased oxidative stress and has been linked with increased
atheromatous burden in patients with CKD [22, 23].

Increased levels of C-reactive protein (CRP) and asym-
metric dimethylarginine are commonly detected in the CKD
population. Both markers were found to be independently
associated with an increased risk of cardiovascular mortality
in the Modification of Diet in Renal Disease (MDRD) study
[24, 25]. Having said that, this correlation was not confirmed
in the Irbesartan for Diabetic Nephropathy trial, making
these findings questionable [26].

Post hoc analyses from different studies suggested that
moderate increases in albuminuria over time may be also be

a significant predictor of cardiovascular risk as it correlates
with endothelial dysfunction [27–29]. Other pathways,
including activation of the renin-angiotensin-aldosterone and
the sympathetic nervous systems have been implicated in the
pathogenesis of CVD in CKD patients [30]. Finally, aberrant
mineralocorticoid release is becoming increasingly recog-
nized in the development of CVD as it may cause tissue
inflammation, remodeling, and fibrosis [30].

Recent studies have also shown vitamin D supplemen-
tation with calcitriol appears to be associated with signifi-
cantly greater cardiovascular survival in patients with CKD
[31, 32].

The existence of traditional and nontraditional risk factors
has therapeutic implications. Indeed, while it is crucial to
treat and control the well-known traditional risk factors in
patients with CKD, there is data showing that several of
these therapies typically highly effective in the general
population, when used in CKD patients, particularly those
who are already on renal replacement therapy, are less or
minimally effective [22].

Clinical Presentation

Not uncommonly, CKD patients with acute coronary syn-
drome (ACS) may present differently to patients without
CKD. The prevalence of chest pain among patient presenting
with ACS appears to be inversely related to the stage of
CKD—the lower the eGFR, the less likely to present with
chest pain [33–35].

According to the United States Renal Data System
(USRDS) and the National Registry of Myocardial Infarc-
tion (NRMI) patients with advanced CKD and on dialysis
were less prone to present with chest pain upon admission
than those without CKD. Patients with severe renal dys-
function were more likely to have heart failure upon pre-
sentation. The type of ACS presentation also differed
between CKD patients when compared to the general pop-
ulation. Acute plaque rupture with transmural ischemia and
ST segment elevation MI are less likely in patients with renal
impairment [33–35].

Reduction of CAD Risk in CKD Patients

In the past, the vast majority of clinical trials of patients with
coronary artery disease excluded patients with CKD.
Meta-analysis of CAD trials published between 2006 and
2010 noted that between 56 and 75% of those studies had
excluded CKD patients [36].
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More recently, few randomized trials have been con-
ducted specifically in CKD patients, especially regarding
statin therapy. The ongoing ISCHEMIA-CKD study, com-
paring the effectiveness of optimal medical therapy versus
invasive therapy in patients with stable ischemic heart dis-
ease with GFR < 30 cc/min, including patients on dialysis,
is an example of the efforts in the direction of increasing
interest in specifically studying optimal CAD management
in this high-risk population.

Medical Therapy

Medical therapy consists of statin therapy, antiplatelet ther-
apy, blood pressure management and aggressive lifestyle
modification measures such as smoking cessation, weight
loss, glycemic control, and physical activity.

Statins

Lipid metabolism abnormalities are frequently present in
patients with CKD. The most common abnormalities are an
impaired lipid removal from the circulation. The presence of
high cholesterol concentration in the blood stream, with an
associated with high cholesterol oxidation are the ultimate
pathway for the development of atherosclerosis.

The reduction of circulating LDL with statin therapy in
patients with CKD not requiring dialysis has shown a sig-
nificant reduction in cardiovascular events. The Study of
Heart and Renal Protection (SHARP) [37] trial specifically
evaluated cholesterol lowering with a statin to prevent major
vascular events in patients with CKD and concluded that
simvastatin plus ezetimibe prevented atherosclerotic events
in CKD patients not requiring dialysis.

It is important to mention that the majority of these trials
enrolled older patients with several traditional risk factors
such as diabetes and hypertension and therefore the extrap-
olation of statin therapy in younger population with CKD
due to a primary kidney disorder is unclear.

Interestingly, recent studies indicate that the benefits of
using a statin in CKD patients may be related to both “c-
holesterol dependent” and, the so called, “pleiotropic” (c-
holesterol independent) effects. The latter effect involves the
improvement of endothelial dysfunction with atherosclerotic
plaques stabilization, decreasing inflammation, and pre-
venting thrombogenesis.

Regarding lipid management there are as yet no robust
clinical trials comparing cardiovascular outcomes among
CKD patients who were assigned to a specific target LDL

level, as well as no good evidence on titrating statin therapy.
The Kidney Disease Improving Global Outcomes (KDIGO)
guidelines on management of dyslipidemia in CKD recom-
mend standard statin dose based upon cardiovascular risk
and level of estimated GFR.

In CKD patients requiring renal replacement therapy,
there are two large clinical trials worth mentioning: Die
Deutsche Diabetes Dialyse (4-D) and A Study to Evaluate
the Use of Rosuvastatin in Subjects on Regular Hemodial-
ysis: An Assessment of Survival and Cardiovascular Events
(AURORA) [38, 39]. Both studies assessed the effect of
statin therapy in dialysis patients and respective outcomes:
death from cardiovascular causes, nonfatal myocardial
infarction (MI), and stroke. In spite of a significant decrease
detected in serum low-density lipoprotein (LDL)-cholesterol
levels of CKD patients taking statins, both trials found that
the initiation of statin therapy had no cardiovascular benefit
[38, 39] except for a possible benefit of statins in reducing
cardiovascular events among diabetic CKD patients who
were on dialysis (subgroup analysis).

Based on these results the 2013 Kidney Disease:
Improving Global Outcomes (KDIGO) guidelines stated that
statin therapy should not be routinely initiated in dialysis
patients [40]; however they also suggest that statin therapy
could be continued in patients who were already on statins or
a statin/ezetimibe combination prior or at the time of initi-
ation of dialysis particularly those patients with significantly
high LDL levels [40].

Blood Pressure Management

Multiple trials on outcomes with hypertension management
have shown that adequate blood pressure control improves
cardiovascular outcomes. There are as yet no consistent data
on targeting of exact BP and this is still a topic of debate.
More recently the SPRINT trial shed some light into this
topic. Among patients at higher risk for cardiovascular
events but without diabetes, targeting a systolic blood
pressure of less than 120 mmHg, as compared with less than
140 mmHg, resulted in lower rates of fatal and nonfatal
major cardiovascular events and death from any cause, at the
expense of higher rates of some adverse events, including
acute kidney injury observed in the intensive-treatment
group. [41]. At this time, data from SPRINT cannot fully be
extrapolated into the CKD population, especially advanced
CKD, and further recommendations of optimal targets in this
population are awaited (also refer to Chap. 39).

Several post hoc analyses of CKD subgroups in cardio-
vascular trials have shown that antihypertensive therapy
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reduces the risk of cardiovascular events. These observations
do not favor any specific antihypertensive drug, particularly
in non-proteinuric CKD patients [42–44].

In proteinuric CKD patients there is evidence supporting
the use of specific antihypertensive drugs such as ACE
inhibitors since it may reduce the progression of renal dis-
ease [42–44]. Attention to optimal blood pressure manage-
ment and avoidance of hypotensive episodes is crucial in
CKD patients on dialysis, as intradialytic hypotension may
cause subendocardial ischemia with transient myocardial
dysfunction and stunning. The effect of repetitive subendo-
cardial ischemic events has been look at in different obser-
vational studies. We should also consider ischemic events
due to transient hypotension in patients with established
epicardial coronary artery disease, as they can also be the
source of ischemic events that may ultimate increase the risk
for peridialysis MI and sudden cardiac death. Hemodialysis
has been associated with repetitive myocardial ischemia,
which, in the absence of CAD, may be due to coronary
microvascular dysfunction. Functional post stress recovery is
consistent with myocardial stunning induced by hemodial-
ysis. This process may be important in the development of
heart failure in long-term hemodialysis patients [45].

Antiplatelet Therapy

In the general population, long-term use of aspirin decreases
the risk of myocardial infarction (MI), stroke, and improves
cardiovascular mortality among those with prior manifesta-
tions of CVD. Nevertheless, there is a paucity of data
regarding the benefit and efficacy of aspirin in CKD patients,
particularly those already on dialysis [46, 47].

As an example, data from the Dialysis Outcomes and
Practice Patterns Study (DOPPS) which included 28,320
hemodialysis patients, aspirin was found to be associated
with an increased risk of MI whereas the risk of stroke was
decreased with aspirin [48].

Similarly, results were reported by an observational study
of 41,425 hemodialysis patients where aspirin was associ-
ated with an increased risk of mortality [49].

In a more recent Cochrane meta-analysis that included 50
studies and a total of 27,139 CKD patients (non-dialysis and
dialysis patients) primary antiplatelet therapy significantly
reduced the incidence of myocardial infarction with a sig-
nificant increased risk of major bleeding [46].

Based on current available data, the decision to start
antiplatelet therapy to prevent cardiovascular disease in
patients with CKD should be individualized and always
taking into account other aspects such as the presence of
traditional CVD risk factors and patient’s bleeding risk.

Revascularization in CKD Patients

Stable Angina

Data from the COURAGE (Clinical Outcomes Utilizing
Revascularization and Aggressive Drug Evaluation) trial has
shown that optimal medical therapy (OMT) employed in
CKD patients is effective and associated with the same blood
pressure and lipid levels as in patients without CKD. In the
same trial, PCI plus OMT in CKD patients did not reduce
the risk of death or myocardial infarction and was also not
associated with worse outcomes in this high-risk group [50].

This supports that medical therapy is well tolerated and
highly efficient in the management of patients with CAD and
stable angina. In the COURAGE trial, the number of
antianginal medication, rate of cross over to PCI to treat
ischemic chest pain, impaired quality of life were all higher
in the medical arm group, especially in patients with
high-risk nuclear stress test (myocardial at risk >8%) [51].

Interesting, the presence of CKD was found to be an
independent predictor of death or nonfatal myocardial, while
PCI had no effect on these outcomes [51].

STEMI and NSTEMI

There are no randomized clinical trials assessing the benefits
of antiplatelet therapy, specifically in CKD patients. Intu-
itively, patients with CKD require careful drug dose
adjustments, and appear to have higher likelihood of
drug-related adverse effects given the altered metabolism
and clearance of these drugs in the setting of renal impair-
ment. CKD patients are more likely to develop major
bleeding episodes in the setting of glycoprotein IIb/IIIa
inhibitors or clopidogrel administration [52].

Several studies have reported significant differences
between non-CKD and CKD patients with respect to the use
of “standard of care” medical therapy: angiotensin-
converting enzyme inhibitors, beta-blockers and a GP
IIb/IIIa inhibitors are all less likely to be used in CKD
patients. As expected, diagnostic angiography and percuta-
neous coronary intervention (PCI) are underutilized in
patients with CKD, most likely due to the potential risk of
contrast-induced nephropathy [53–58].

Compared to patients with normal renal function, where
there are several randomized controlled trials showing better
outcomes with PCI over fibrinolytic therapy in the treatment
of STEMI patients [59], however this data is lacking in
patients with CKD. The best data addressing the role of PCI
in CKD patients arises from the GRACE (Global Registry of
Acute Coronary Events) study. In this Registry, reperfusion
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therapy was used (PCI versus fibrinolysis) in 12,532 patients
with renal dysfunction. The overall outcome was poor in
CKD patients, mainly due to a low reperfusion success rates
and ST segment elevation/left bundle branch block (LBBB).
Both STE and LBBB were associated with high mortality,
low reperfusion rates, and overall outcomes were poor in
CKD patients regardless the type of reperfusion therapy
[60, 61].

Revascularization with primary PCI in STEMI patients is
associated with an increased risk of CNS bleeding and the
risk is even higher when thrombolysis is used in CKD
patients [60, 61].

Despite above-mentioned limitations, current guidelines
support that fibrinolytic therapy should only be considered
first line therapy for CKD patients presenting with STEMI,
whenever primary PCI is not available.

Among patients with non-ST elevation ACS the crucial
decision frequently oscillates between immediate coronary
angiography and medical therapy. In a meta-analysis of
seven randomized trials which included more than 8000
NSTEMI patients, early invasive therapy decreased mortal-
ity by 25% at a mean of 2 years of follow-up, compared with
a more conservative approach. Early invasive therapy was
also associated with lower incidence of recurrent unstable
angina requiring re-hospitalization [62].

A recent retrospective analysis of all NSTEMI patients in
Sweden—SWEDEHEART found that an early invasive
strategy was associated with greater 1-year survival in
patients with NSTEMI and mild-to-moderate CKD, however
the benefit declined with worsening renal function, and could
be even harmful for end-stage kidney disease patients [63].

Overall, the survival of patients with CKD who undergo
coronary revascularization with PCI or fibrinolytic therapy is
worse than those with coronary artery disease without CKD.

CABG Versus PCI in CKD Patients

The ARTS (Arterial Revascularization Therapies Study) trial
assigned 1205 participants with and without CKD to CABG

or multivessel PCI with bare metal stenting. Among them,
290 participants (25%) had CKD at entry into ARTS [64].
One hundred fifty-one patients received PCI, and 139
received CABG. In patients with multivessel CAD and
CKD, treatment with CABG or PCI with multivessel stent-
ing led to similar outcomes of death, MI, or stroke, but
CABG was associated with decreased repeat revasculariza-
tions. When compared with ARTS participants with normal
renal function, those with CKD had substantially higher risk
of adverse clinical outcomes after coronary
revascularization.

However, the applicability of ARTS findings in clinical
practice became unclear with the recent widespread use
drug-eluting stents (DES) especially because there is data
demonstrating that PCI with sirolimus DES is superior to
bare metal stent (BMS) in dialysis patients [65].

Data is still scarce on long-term survival of dialysis
patients undergoing CABG versus PCI in the era of DES.

In a retrospective study [66] of 23,033 US dialysis
patients who underwent coronary revascularizations (6178
CABG, 5011 BMS, 11,844 DES) from 2004 to 2009, the
authors concluded that in-hospital mortality was higher after
CABG in comparison to PCI, but long-term survival was
superior if internal mammary grafting (IMG) was performed.
In-hospital mortality was lower for DES patients, but the
probability of repeat revascularization was higher.

More recently [67], in CKD patients, CABG was asso-
ciated with higher short-term risk of death, stroke, and repeat
revascularization, whereas PCI with DES everolimus was
associated with a higher long-term risk of repeat revascu-
larization, favoring CABG over PCI in dialysis patients.

In conclusion, revascularization decisions for dialysis
patients should always be individualized. CABG should be
attempted in dialysis patients if IMG is feasible (Table 4.1)
and PCI may be an alternative therapeutic modality if cal-
culated perioperative mortality and morbidity are high or if
IMG cannot be performed. Observational data has consis-
tently shown that among CKD patients undergoing CABG,
preoperative GFR is an important predictor of operative
mortality and morbidities [13].
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5CKD Associated Cardiomyopathy: Molecular
Mechanisms, Imaging Modalities, Disease
Evolution and Interventions

Nicola C. Edwards, Manvir Kaur Hayer, Charles J. Ferro,
Jonathan N. Townend, and Richard P. Steeds

Introduction

In patients with end-stage kidney disease (ESKD), cardio-
vascular deaths account for about half of all mortality. Most
are due to sudden cardiac death, heart failure and arrhyth-
mias rather than the atherosclerotic coronary occlusive
events commonly seen in the general population [1]. This
may be attributable to the near universal prevalence of
structural left ventricular (LV) disease, originally termed
uremic cardiomyopathy (UC). First described in echocar-
diographic studies, the characteristic structural and func-
tional features of UC include LV hypertrophy (LVH), LV
dilatation, and infrequently, reduced LV ejection fraction.
The development of cardiac magnetic resonance
(CMR) imaging in the 1990s allowed more accurate and
reproducible assessment of UC, with the additional advan-
tage of tissue characterization, allowing the identification of
myocardial fibrosis in ESKD [2]. There is now strong evi-
dence that abnormalities of LV structure, function and
fibrosis are present much earlier than hitherto expected and
are not restricted to advanced ‘uremic’ states; thus the term
CKD-associated cardiomyopathy is a preferred terminology.

Although increased LV mass is the principle structural
abnormality seen in CKD-associated cardiomyopathy,
myocardial interstitial fibrosis may be the key intermediate
phenotype (Fig. 5.1). Animal and human myocardial biopsy
studies demonstrate not only cellular hypertrophy but also
severe myocyte disarray and extensive, diffuse interstitial
fibrosis (DIF), similar to the appearances in hypertrophic
cardiomyopathy [3]. The increase of fibrotic tissue impairs
LV contractility in two ways: first, increases in the collagen
type I: III ratio enhance stiffness; second, changes in colla-
gen alignment relative to cardiomyocytes impairs transmis-
sion of force to the LV. As a result, diastolic relaxation is
impaired, leading to exercise intolerance, and ultimately to
heart failure and ventricular arrhythmias.

Molecular Mechanisms

Numerous possible stimuli to LV hypertrophy and fibrosis
are present from the earliest stages of CKD but there are
limited data to indicate whether these are causative
(Fig. 5.2).

Renin-Angiotensin-Aldosterone System (RAAS)

There is strong evidence from both animal and human
studies that activation of the RAAS is important in the
development of LVH and fibrosis (Fig. 5.3). Historically,
angiotensin II (Ang II) has been viewed as the primary
mediator of end-organ fibrosis through its activation of
cellular proliferation, inflammatory cytokines and increased
production of metalloproteinases and collagen synthesis.
The efficacy of angiotensin-converting enzyme (ACE) in-
hibitors and angiotensin receptor blockers (ARBs) in
reducing CV mortality, reproducible in CKD subjects, is
testament to the deleterious actions of Ang II [4]. Aldos-
terone however, is also a key modulator of inflammation and
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fibrosis through both paracrine and autocrine effects, not
only by cytokine production and inflammatory cell recruit-
ment but also by increased synthesis of transforming growth
factor-1 and plasminogen activator-1 [5]. It is of interest that
primary hyperaldosteronism is characterized by DIF and
diastolic dysfunction. The cardiac and vascular inflammatory
effects of aldosterone are exacerbated and may be dependent
on the presence of sodium excess. In sodium retention states
such as CKD and heart failure, aldosterone levels are inap-
propriately elevated (aldosterone escape) due to loss of the
normal negative feedback mechanisms relative to sodium
and fluid balance and this combination plays a central role in
sensitizing the CV system to the deleterious effects of
aldosterone. In animal models, 8 weeks of exogenous

aldosterone administration and high salt diet resulted in LVH
and accumulation of collagen within the interstitial space
without myocyte necrosis. Fibrillar collagen was increased
in both right and left ventricle, irrespective of hypertrophy
and was prevented with the MR antagonist spironolactone
without a reduction in blood pressure [6].

Abnormal Calcium and Phosphate Metabolism

Abnormal calcium and phosphate metabolism is a common
consequence of CKD and manifests with altered circulating
levels of calcium, phosphate, parathyroid hormone (PTH),
vitamin D and phosphatonins such as fibroblast growth
factor (FGF)-23. The close interplay of these factors is
shown in Fig. 5.4a, b.

Phosphate
The ability of the kidneys to excrete phosphate is reduced at
a GFR < 60 ml/min/1.73m2 but serum phosphate remains
within the normal range until the GFR < 30 ml/min/1.73m2

because of increased production of PTH and FGF-23, which
promote urinary phosphate excretion. Observational data
have demonstrated an association between serum phosphate
and CV mortality in patients with CKD, ESKD and after
renal transplantation even when serum phosphate levels are
within the reference range [7]. Elevated phosphate results in
increased vascular calcification but whether it exerts a direct
toxic effect on cardiomyocytes is unknown. In animal
models of CKD, both high dietary phosphate and hyper-
phosphatemia induce arterial wall thickening and interstitial
cardiac fibrosis.

Fibroblast Growth Factor 23 (FGF-23)
Produced by osteocytes, FGF-23 increases urinary phos-
phate excretion and reduces gastrointestinal calcium and
phosphate absorption by suppressing 1,25 dihydroxyvitamin
D synthesis. FGF-23 acts through the membrane-bound FGF
receptor (FGFR) and its obligate co-receptor transmembra-
nous Klotho. Levels of FGF-23 rise as early as stage 2 CKD,
(before a rise in serum phosphate, PTH and decline in 1,25
dihydroxyvitamin D) and increase logarithmically as GFR
falls, reaching levels two- to fivefold normal in early stage
disease and more than a 1000-fold normal in ESKD.
Expression of Klotho declines in CKD as FGF-23 increases.
In observational data from both CKD and ESRD, increases
in FGF-23 are associated with greater CV morbidity while
reduced levels of circulating soluble Klotho are associated
with cardiac hypertrophy and dysfunction [8]. In mouse
models of CKD, there is evidence that FGF-23 plays a direct
role in the causation of CKD-associated cardiomyopathy via
FGFR dependent activation of the calcineurin-NFAT (nu-
clear factor of activated T cells) signalling pathway (an

Fig. 5.1 Histopathology images of CKD-associated cardiomyopathy.
a A dilated left ventricle. The walls of the ventricle get thinner due to
the stretching. b Cross section through a heart showing mild concentric
left ventricular hypertrophy with a normal chamber size. There are no
discrete areas of fibrosis within the myocardium. c Haematoxylin and
eosin stained sections both taken at the same magnification (�20
objective lens). The section on the left shows myocyte hypertrophy as
evidenced by the marked enlargement of purple myocyte nuclei within
the pink cytoplasm. The section on the right is from a recent cardiac
transplant biopsy showing more normal-sized myocytes as demon-
strated by comparing the size of the purple nuclei to the hypertrophied
ones. d Elastic Van Gieson (EHVG) stained section showing diffuse
interstitial fibrosis (bright pink), myocytes stain brown
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important and established pathway in LVH), but does not
appear to require Klotho. Furthermore, treatment with an
FGF–receptor blocker in both animal and cultured car-
diomyocyte models caused attenuation of FGF-23 induced
myocyte hypertrophy [9]. Consistent with these animal data,
a small human autopsy study reported that in patients with
ESKD, cardiac levels of FGF-23 were elevated and were
associated with LVH. There was also upregulation of FGFR
and reduced levels of soluble (circulation derived) Klotho
[10]. Further evidence that FGF-23 may act to cause LVH
via the calcineurin-NFAT pathway came from the finding
that expression of calcineurin and NFAT mRNA were
increased in patients with LVH but not in those without.

Myocardial FGF-23 rapidly decreases after renal transplan-
tation mirrored by a reduction in calcineurin–NFAT sig-
nalling, providing further support for a role in this cascade in
up-regulating FGF-23/FGFR.

Parathyroid Hormone
In animal models, PTH increases entry of calcium into
myocytes and promotes hypertrophy through stimulation of
protein kinase C while parathyroidectomy attenuates these
changes. FGFR receptors are present on the parathyroid
gland and FGF-23 can directly increase PTH production. In
both primary and secondary hyperparathyroidism, there is a
graded relationship between the level of serum PTH and LV

Fig. 5.2 An overview of the various mechanisms contributing towards
heart disease in CKD. While there are many pathways resulting in heart
disease in CKD, the largest disease burden arises from structural
changes to the myocardium including hypertrophy and fibrosis. AOPP
advanced oxidation protein products, FGF-23 fibroblast growth factor
23, LV left ventricular, MPO myeloperoxidase, oxLDL oxidised
low-density lipoprotein, PP pulse pressure, PTH parathyroid hormone,

RAAS renin-angiotensin-aldosterone system, ROS reactive oxygen
species, SNS sympathetic nervous system, Vitamin D 1,25 dihydrox-
yvitamin, IS indoxyl sulphate, p-CS p-cresyl sulphate. Reprinted with
permission from BMJ Publishing Group Ltd: Heart. William E Moody,
Nicola C Edwards, Colin D Chue, Charles J Ferro, and Jonathan N
Townend. Arterial disease in chronic kidney disease, copyright 2013
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mass [11]. The level of PTH has also been independently
associated with LV mass in community-based populations
and excess PTH has been associated with heart failure. In
animal models, PTH accelerates LVH and also increases
expression of collagen type 1. PTH may also act via FGF-23
by increasing osteocyte FGF-23 secretion [8].

Vitamin D
Several epidemiological observational studies have shown
an important association between vitamin D deficiency and
cardiovascular mortality but mechanistic data is limited [12].
In animal models of vitamin D receptor knockout mice,
hypertension and LVH were observed and postulated to
reflect an increase in renin consequent to loss of normal
suppression of the renin-angiotensin system by vitamin D. In
rats, treatment with vitamin D analogues ameliorated LVH
and improved LV diastolic function. The effects of Vita-
min D on cardiovascular mortality in CKD are summarized
in detail in a separate chapter.

Hyperuricemia

Hyperuricemia is a frequent finding in CKD and may be a
risk factor or biomarker for CV outcomes. In heart failure
patients, hyperuricaemia is associated with more symptoms,
worse exercise capacity and reduced survival. It has been
suggested that hyperuricaemia may promote
CKD-associated cardiomyopathy via oxidative stress. Uric

acid is produced with superoxide by activation of xanthine
oxidase, one of the main intracellular sources of reactive
oxygen species (ROS), including NAD(P)H oxidase, and
uncoupled nitric oxide synthase. Chronic increases in the
production of ROS result in a combination of mitochondrial
DNA damage, cellular injury and impaired contractile
function by modifying proteins central to
excitation-contraction coupling. Moreover, ROS activate a
broad variety of hypertrophy signalling kinases and tran-
scription factors and mediate apoptosis. They can also
stimulate cardiac fibroblast proliferation and activate the
matrix metalloproteinases, leading to extracellular matrix
remodelling and DIF [13].

Protein Bound Uremic Toxins

The progressive loss of kidney function in CKD leads to the
accumulation of protein bound “uremic toxins” (PBUTs).
These PBUTs are cardiotoxic and are associated with
increased CV mortality. Attention has been focused on
indoxyl sulphate (IS) and p-Cresyl sulphate. In health, these
molecules are cleared from the systemic circulation by renal
tubular secretion but levels rise in early stage CKD [2, 3] and
increase up to 100 times in ESKD. Studies in vitro and in vivo
have implicated both molecules in direct cardiac injury
through potent inflammatory and fibrogenic effects [14–16].
In vitro, IS stimulation of rat cardiomyocytes and fibroblasts
induces pro-inflammatory and fibrotic changes. In a

Fig. 5.3 The role of aldosterone in CKD-associated cardiomyopathy. IL-6, interleukin 6; TNF a [alpha], tumour necrosis factor a [alpha]; TGF b
[beta], transforming growth factor b [beta]
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5/6-subtotal nephrectomy rat model of CKD, serum IS levels
increased in association with reduced GFR and detectable
diastolic dysfunction on Doppler echocardiography.

Treatment to reduce IS levels improved renal function and
reduced cardiac fibrosis by 68% independent of blood pres-
sure and renal dysfunction [17]. Furthermore, PBUTs may

Fig. 5.4 a The association between phosphate, parathyroid hormone,
vitamin D and FGF-23 and the co-receptor Klotho. Both PTH and
FGF-23 are released in response to a high phosphate, and act by
reducing renal phosphate re-absorption from urine. PTH increases the
production of 1,25 dihydroxyvitamin D, while FGF-23 suppresses
synthesis of 1,25 dihydroxyvitamin D, thereby reducing phosphate and
calcium absorption from the intestine. FGF-23 acts by binding to the
FGF-23 receptor and its obligate co-receptor transmembranous Klotho.
Expression of Klotho declines in CKD while FGF-23 expression
increases, resulting in cardiac remodelling and dysfunction, and
increased cardiovascular morbidity. PTH, Parathyroid hormone;
FGF-23, Fibroblast Growth Factor 23; 1,25(OH)2D, 1,25 dihydrox-
yvitamin D; PO4, Phosphate. Reprinted with permission from Elsevier:
American Journal of Kidney Diseases. Ranjani N. Moorthi and
Sharon M. Moe. CKD–Mineral and Bone Disorder: Core Curriculum

2011, copyright 2011. b The role of soluble Klotho. Stresses (such as
those encountered in CKD) cause abnormal intracellular Ca2 + sig-
nalling, thereby activating the calcineurin-NFAT signalling cascade.
This results in cardiac remodelling and hypertrophy, as well as TRCP6
gene expression. IGF1 activates PI3K to promote exocytosis of TRPC6.
Soluble Klotho (sKlotho) inhibits IGF1 activation of PI3K, resulting in
downregulation of the TRCP6 receptor, and thus sKlotho protects the
heart from stress-induced cardiac hypertrophy. Without stress signal to
upregulate TRPC6 expression, soluble Klotho has no effect on the heart
at baseline. Reprinted with permission from Nature Publishing Group:
Nature Communications. Jian Xie, Seung-Kuy Cha, Sung-Wan An,
Makoto Kuro-o, Lutz Birnbaumer et al. Cardioprotection by Klotho
through downregulation of TRPC6 channels in the mouse heart,
copyright 2012
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also cause post-translational protein modifications. Car-
bamylation promotes structural and functional changes in
type I collagen. In addition, altered glycation leads to an
accumulation of advanced glycation end-products precursors
which have been shown to alter collagen in the vascular and
myocardial matrices leading to disordered and defective
collagen. This is believed to contribute to the increase in
arterial and myocardial stiffening in CKD.

Cardiotonic Steroids

Circulating levels of cardiotonic steroids such as marinob-
ufagenin (MBG) are increased in CKD. In vitro studies have
demonstrated their role in initiating an intracellular signal
cascade with a resultant increase in oxidant stress activity,
genomic modulation and induction of state cardiac hyper-
trophy. In experimental rat models, infusion of MBG
induced comparable levels of cardiac fibrosis with associated
structural and functional cardiac abnormalities in sham
operated rats as seen with the established model of CKD
using partial (5/6) nephrectomy. Immunization against MBG
attenuated cardiac hypertrophy and cardiac fibrosis without a
significant reduction in blood pressure [18].

Insulin Resistance

Experimental rodent models have shown insulin resistance
to be present at very early stages of CKD. Consequent
alterations of intracellular signalling pathways, specifically
the serine/threonine protein kinase B or Akt pathway lead to
changes in pleiotropic and metabolic actions of insulin
which play a key role in regulating the development of LVH
and in cardiac fibrosis, cellular apoptosis, calcium cycling
and metabolic dysfunction [19].

Imaging Modalities in CKD-Associated
Cardiomyopathy

The structural and functional changes that typify
CKD-associated cardiomyopathy were first documented
using transthoracic echocardiography and this remains the
first line clinical cardiovascular imaging modality in CKD.
Echocardiography is inexpensive, portable and widely
available, and ultrasound carries no risk, while delivering
much incremental information beyond clinical and electro-
cardiographic assessment. For a number of reasons however,
echocardiography is increasingly being supplanted by CMR
in the assessment of CKD-associated cardiomyopathy [2]
(See Table 5.1).

Left Ventricular Mass

Echocardiography is a skilled technique and is inherently
subject to operator variability. In addition, there are specific
limitations to its accuracy in CKD that are exemplified by
variability in LV mass measurement. All algorithms for LV
mass, whether by M-mode, 2D or 3D echocardiography, are
based on the subtraction of the LV cavity volume from the
volume enclosed by the LV epicardium to obtain the volume
occupied by the LV myocardium. This volume is then con-
verted to mass by multiplying wall volume by the specific
gravity of myocardium. Both M-mode and 2D methods make
geometric assumptions about LV shape to generate this
'myocardial volume' but these assumptions can be inaccurate
in CKD. First, the shape of the LV changes in response to
different stimuli—for example, concentric remodelling in
hypertension and eccentric remodelling with increased
pre-load in chronic anaemia (Fig. 5.5). Second, all methods
for calculation of LV mass by echocardiography, including
3D, are dependent on measurement of the LV volume, which
exhibits high day-to-day variability in CKD. Echocardiog-
raphy consistently overestimates LV mass compared to
CMR; almost half of those diagnosed with LVH on M-mode
echocardiography do not have hypertrophy on CMR [20].
Three-dimensional echocardiography generates a shell vol-
ume without using geometric assumptions and so overcomes
some of these issues and measures LV mass and volumes
with comparable accuracy to CMR. This modality however,
is even more susceptible to limitations of acoustic window,
image quality, and observer expertise than M-mode and 2D
echo as the ultrasound probes tend to be larger and operate at
a lower frame rate in 3D. Measurements of LV mass may
differ by 8 + 5% between 3D scans and the limits of agree-
ment can be up to 33g using the latest software compared to
CMR in non-ischemic cardiomyopathy.

In contrast, CMR measures LV mass without using
geometric assumptions, by performing a stack of cine
acquisitions from the atrioventricular ring to the apex of the
heart, followed by planimetry of the endocardial and epi-
cardial borders to generate volume and mass parameters with
greater accuracy (Fig. 5.6). Image quality is usually much
better than echocardiography, as the stack is acquired from
any angle without requirement for a specific ‘window’ and
can be done equally well in obese subjects and those with
lung disease.

Myocardial Fibrosis

Two distinct patterns of collagen accumulation can be dis-
tinguished in myocardial fibrosis: focal, to replace dead
cardiomyocytes and form scar (replacement fibrosis, seen

50 N.C. Edwards et al.



Table 5.1 A comparison of imaging modalities in CKD-associated cardiomyopathy

Imaging techniques strengths and limitations

Imaging
features

2D
echocardiography
/ultrasonography

Comment Cardiac
Magnetic
Resonance

Comment Multidetector
Computed
Tomography

Comment

LV mass M-mode or 2D Increased
interstudy and
operator
variability.
LV geometric
assumptions.
Volume
dependent
image quality.

Short-axis
LV
contouring.

Reference standard.
High reproducibility.
No geometric assumptions.
Load independent.

Not
applicable.

Myocardial
fibrosis

Integrated
backscatter

Validation
against
histological
collagen
content.
Assessment of
interstitial
fibrosis.
Wide
availability.
Low
reproducibility.

Late
gadolinium
enhancement
T1 mapping.

Reference standard.
Histological validation.
Limited to detection of
coarse scarring.
Use precluded if
eGFR < 30 ml/min/1.73 m2.
Detection of diffuse fibrosis.
New non-contrast
techniques.

Measured
dynamic
equilibrium of
iodinated
contrast.

As good as
CMR at
calculating
extracellular
volume.
Risks of
iodinated
contrast.
Exposure to
radiation.

Adapted from Edwards et al. [2]
2D 2-dimensional, LV left ventricular, ESRD end stage renal disease, CMR cardiac magnetic resonance imaging

Fig. 5.5 Concentric versus eccentric hypertrophy. In both types of
hypertrophy the left ventricular mass is increased. However, the relative
wall thickness is preserved in eccentric hypertrophy but it is increased
in concentric hypertrophy. Reprinted with permission from Nature

Publishing Group: Nature Reviews Cardiology. Ola Gjesdal, David A.
Bluemke, and Joao A. Lima. Cardiac remodelling at the population
level-risk factors, screening, and outcomes, copyright 2011
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following myocardial infarction), and diffuse, which occurs
in the interstitial and perivascular spaces without notable cell
loss (reactive fibrosis, as in most hypertrophic cardiomy-
opathies). CMR is an effective tool for the identification of
focal (replacement) fibrosis using late enhancement and for
diagnosis and quantification of DIF using either native T1
mapping or contrast-based extracellular volume
quantification.

Late Enhancement Imaging
Gadolinium-DTPA (Gd-DTPA) is a paramagnetic metal that
diffuses rapidly from the vasculature into the extravascular
tissue fluid but not into cells. When taken up into the
extracellular space, Gd-DTPA potently shortens T1 time;
making areas with contrast appear bright on inversion
recovery imaging compared to areas without contrast. The
volume of bright, 'late enhancement' correlates closely to the

Fig. 5.6 Images from a short-axis stack on cardiac magnetic resonance
imaging. A short-axis stack showing slices of the heart from the
atrioventricular junction (slice 1) down to the apex (slice 9). These

images were taken in diastole. In the diastolic phase, circles are drawn
around the endocardium (red) and epicardium (green) of the left
ventricle in order to calculate the LV mass
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size of sub-endocardial scar following myocardial infarction
but also distinguishes regions of myocyte disarray and
replacement fibrosis in conditions such as CKD-associated
cardiomyopathy. In a cross-sectional study of 134 patients
with ESKD, sub-endocardial 'late enhancement' consistent
with myocardial infarction was found in 14% but an equal
number were found to have mid-wall 'late enhancement'
consistent with non-ischaemic replacement fibrosis [21].

T1 Mapping
After excitation by a radiofrequency pulse, the time (T1
relaxation) taken for protons to ‘relax’ to their normal state
(re-equilibrate) within the local tissue environment is
specific to that environment. ‘Native’ (non-contrast) T1
relaxation time of myocardium also varies with water con-
tent and increases with interstitial fibrosis. Using T1 map-
ping, increased DIF was demonstrated in a case-control
study of 129 age and gender-matched subjects with stage
II-IV CKD compared to hypertensive and healthy control
subjects (Fig. 5.7) [22]. While T1 mapping seems ideal in
CKD, since no contrast is required to detect DIF, some
issues remain. First, ‘native’ T1 relaxation values include

signals from cells and interstitium. In ESKD, it is not known
how variable T1 values may be in the myocardium when
there may be variation in water content. Second, native
mapping has been most successful where there is a large
pathophysiological change, such as with infiltrative accu-
mulation seen in amyloid and Fabry disease. In CKD, the
‘native’ T1 relaxation times overlap between cases and
controls, and it is not yet established whether the difference
in the ‘signal’ from DIF will be large enough to track in
individuals over time or in response to treatment. One option
that overcomes the issue of signal from cells and interstitium
is to measure T1 values before and after Gd-DTPA contrast,
which when combined with haematocrit can then be used to
derive both an extracellular volume fraction and an intra-
cellular volume fraction for the myocardium.

Gadolinium-Based Contrast Agents in CKD
In patients with advanced kidney disease (and with renal
dysfunction due to hepato-renal syndrome, or in the
peri-operative period after liver transplantation), the use of
Gd-DTPA contrast has been associated with the develop-
ment of a rare but untreatable and potentially lethal condition

Fig. 5.7 An example of T1
images and late gadolinium
enhancement (LGE). a Increased
T1 time (red) within the
infero-lateral myocardial
segment. Normal myocardium
(green). b Evidence of LGE
(coarse fibrosis) correlating with
increased T1 times at an
equivilent level. c Increased T1
time (red) indicative of diffuse
interstitial fibrosis not seen with
standard LGE imaging. d No
evidence of LGE. Thus,
calculating T1 times can identify
both coarse scarring that can also
be seen using late gadolinium
enhancement (LGE), and it can
identify diffuse fibrosis that
cannot be detected using LGE
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called nephrogenic systemic fibrosis (NSF). Characterized
by fibrosis of the skin and connective tissue, onset can occur
anytime within the first 3 months following contrast
administration. Early symptoms include pain, pruritus, ery-
thema and swelling in the legs, followed by thickening of the
skin and subcutaneous tissues and fibrosis of the internal
organs [23]. Cases of NSF have mainly been described in
patients with chronic severe kidney disease (stage 5 or
ESKD), or in individuals with acute kidney injury. A few
cases (<5) were initially reported in individuals with CKD
stage 4 but on clarification, subjects had been exposed to
gadolinium several times or had acute kidney injury. The
risk of NSF occurrence depends on the type of gadolinium
contrast agent and the dose of contrast used. Most cases of
NSF have occurred with nonionic linear chelates of Gado-
linuim, as compared to macrocyclic preparations which are
more stable and therefore safer. The incidence of NSF is
near zero at 0.1 mmol/kg Gd-DTPA regardless of renal
function. The most recent FDA advice recommends caution
in patients with eGFR < 30 ml/min/1.73m2, use of a mar-
cocylic preparation of Gd-DTPA at the lowest dose possible
and obligatory assessment of renal function. Despite a lack
of evidence, the FDA considers a role for “prompt” (not
defined) haemodialysis in patients on established dialysis
treatment after gadolinium and then for the next 2 consec-
utive days, based on the assumption that >95% of the
gadolinium contrast can be cleared by 12–15 h of dialysis
[24]. In contrast, peritoneal dialysis clears Gd contrast
poorly and the risk of NSF may be higher than haemodial-
ysis [23, 24]. Similarly, data for rates of Gd associated
nephrotoxicity are low in CKD if doses are minimized and
intra-arterial injections avoided [23].

Computed Tomography

Multidetector computed tomography (MDCT) offers similar
capabilities to CMR in the detection and quantification of
microvascular obstruction and calculation of extracellular
volume by measuring dynamic equilibrium of iodinated
contrast within tissues. At the moment, the negative conse-
quences of MDCT, with the risks of iodinated contrast and
radiation exposure, probably outweigh the incremental
information gained in CKD-associated cardiomyopathy.

Cardiac Magnetic Resonance as the Proposed
Imaging Modality of Choice in CKD

As outlined above, CMR provides a comprehensive assess-
ment of cardiac structure, function and characterization of
the myocardial tissue, making it ideally suited to be the
principal imaging modality for cardiac assessment in all

stages of CKD and work up for renal transplantation.
Undoubtedly, improved availability and expertise of CMR
over the past 20 years have allowed a better understanding
of the cardiac phenotype in CKD, the high prevalence of
CKD-cardiomyopathy and an explanation as to why heart
failure and sudden death are the primary mode of death in
ESKD. Other advantages include safety and high repro-
ducibility for serial studies/response to treatment, assessment
of patterns of ventricular wall thickness, right ventricular
morphology/function, aortic stiffness and myocardial perfu-
sion. CMR is not limited by “trade offs” seen with other
imaging modalities; in CT and nuclear imaging ionizing
radiation exposure limits use for serial studies, while
echocardiography can be precluded by poor acoustic win-
dows and reliability of serial quantitative assessment.

Evolution of CKD-Associated Cardiomyopathy

Heart failure of any cause is a progressive condition, from
often initial asymptomatic structural and functional changes
to reduced symptomatic status and ultimately death. Longi-
tudinal data however, specifically relating to the evolution of
CKD-associated cardiomyopathy are sparse and the avail-
able evidence is mostly limited to cross-sectional studies.
The data available suggests however, that there is a probable
progression of myocardial disease from the earliest stages of
CKD. In a cross-sectional echocardiographic study of 3,487
patients, LVH prevalence rates of 32, 48, 57 and 75% for
eGFR categories >60, 45 to 59, 30 to 44, and
<30 ml/min/1.73 m2, respectively were reported [25].
A similar graded relationship was demonstrated using CMR
in 2548 participants in the Dallas Heart study, with a close
association between increasing level of cystatin C and LV
mass, wall thickness and concentric remodelling. While
these data demonstrate the increase in frequency of LVH
with each stage of CKD, there are obvious confounders to
the graded relationship such as the control of hypertension.
The time course of these structural changes is also unknown.
A recent prospective CMR study of uninephrectomy in
kidney donors with a fall in eGFR of 30 mL/min/1.73 m2

showed an increase in LV mass of 7 + 10 g at 12 months
without a change in BP, suggesting that LVH is not simply a
result of increased blood pressure and that structural changes
may be more rapid than previously considered [26].

Although LVH is a cause of systolic dysfunction, limiting
symptoms and CV death in CKD, heart failure with a
reduced LV ejection fraction (LVEF) is uncommon and
occurs in less than 8% of those with ESKD. Moreover, there
is no clear graded association between LVEF and severity of
CKD. Measurement of LVEF however, is a load- and
geometry-dependent method of assessing LV contractility
which lacks sensitivity in the assessment of CKD-associated
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cardiomyopathy. Other imaging measures of LV contractil-
ity suggest that systolic dysfunction in CKD-associated
cardiomyopathy is not only common but also manifests early
in the course of the disease. The assessment of systolic
deformation (strain/strain rate), which may be studied using
tissue Doppler echocardiography, speckle tracking echocar-
diography or CMR methods is a more sensitive, less
load-dependent method of measuring LV function. Using
these techniques, a reduction in strain (the fractional change
in length of a myocardial segment) has been consistently
documented in stage II and III CKD. Moreover, there is a
graded association between CKD and reduction in global
longitudinal strain, which is an independent predictor of
all-cause mortality [27]. Using CMR, it has been possible to
show that in stage 2 and 3 CKD there is a reduction in strain
and strain rate affecting not only longitudinal myocardial
shortening but also circumferential contraction, specifically
affecting the mid-wall and endocardium. This preferential
adverse effect on the endocardium is thought to be the
functional consequence of DIF.

It is well known that the strongest predictor of exercise
capacity in the general population without myocardial
ischaemia is diastolic and not systolic function. Exercise
capacity is limited in many patients with CKD and diastolic
function is impaired early on in CKD-associated cardiomy-
opathy and then deteriorates over time. Assessment of
diastolic function using blood pool Doppler has not always
demonstrated a change in prevalence or incidence of dias-
tolic dysfunction with higher stages of CKD [25]. More
recent data however, using multiple methods that included
tissue-based measures, including early myocardial relaxation
velocity, mitral valve early filling velocity/early myocardial
relaxation velocity (E/e′) and left atrial volume have
demonstrated not only the highest prevalence of diastolic
dysfunction in CKD IV and V but also that there was
deterioration over 1-year follow-up. Increased left atrial
volume, which is considered a reliable barometer of diastolic
dysfunction and increased LV filling pressure, has been
confirmed in both early CKD and ESKD as an adverse
predictor of CV mortality.

Studies of the interaction between CKD and right ven-
tricular (RV) structure and function are limited to patients
with ESRD, in whom reduction in RV contractility has been
identified using tissue velocity imaging and tricuspid annular
plane systolic excursion on TTE. The difficulty in using
these data in CKD is that such measures are load dependent,
and the prevalence of pulmonary hypertension in ESKD may
be as high as 60%. Assessment of right ventricular structure
and function is a unique strength of CMR, and studies are
awaited that investigate both cross-sectional change
according to severity of CKD and longitudinal outcome. It is
not therefore currently clear whether CKD-associated car-
diomyopathy affects only the LV.

Interventions for CKD-Associated
Cardiomyopathy

While there may be a graded inverse relationship between
renal function and the evolution of CKD-associated car-
diomyopathy, the reciprocal interaction between cardiac
structural and functional improvement following renal
transplantation is not so clear. Although CV risk is reduced
after successful renal transplantation, morbidity and mortality
still remain higher than in the general population. LVH
persists in over 50% of renal transplant patients with abnor-
mal LV geometry at 5 years follow-up [28]. Use of
anti-hypertensive medication was not a factor in LVH
regression, and those with the highest pre-transplant LV mass
index were least likely to normalize (<115 g/m2 in men).
This has led to the suggestion that better prevention of CV
disease in the earliest phases of CKD might be the best
treatment strategy. At present however, treatment of
CKD-associated cardiomyopathy relies on use of standard
blood pressure and heart failure therapies such as beta
blockers, angiotensin-converting enzyme inhibitors and
angiotensin receptor antagonists despite the systematic
exclusion of patients with moderate-severe CKD from the
landmark trials demonstrating the efficacy of these inter-
ventions in the general population. The current evidence base
in CKD is therefore based on small prospective studies or
retrospective analyses of controlled trials and registry data.

Continuous Haemodialysis Regimes

In the ESKD population, patients on CAPD have been found
to have a lower prevalence of LVH and LV mass index
compared with patients on haemodialysis. It is also now
recognized that prolonged and slow haemodialysis regimens,
such as short daily dialysis or nocturnal hemodialysis reduce
left ventricular mass index. Frequent dialysis also has salu-
tary effects on blood pressure and survival rates [29.] The
Frequent Haemodialysis Network Trials was the first
prospective randomized control trial to compare cardiovas-
cular outcome in patients undergoing continuous daily
haemodiaysis (1.5–2.75 h 6 days in a week) and daily
nocturnal haemodialysis (� 6 h 6 days in a week) with
patients on conventional haemodialysis three times a week.
They showed that LV mass index as measured with CMR
was significantly reduced with continuous haemodialysis
when compared with conventional haemodialysis. The effect
of continuous haemodialysis on LV mass was especially
pronounced in those patients that had LVH at baseline. Daily
nocturnal haemodialysis also reduces LVH and LV mass
index compared with conventional haemodialysis, although
these results did not reach statistical significance [30].
Similar evidence exists from observational studies of
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prolonged haemodialysis regimens [29]; initial favourable
reductions in LV mass that are obtained during the first year
of prolonged haemodialysis regimens persist in the mid- and
long term as well, thereby reflecting the more physiologic
nature of this dialytic approach. Myocardial stunning refers
to the recurrent haemodialysis-induced ischaemic cardiac
injury patients experience as a result of high ultrafiltration
requirements and intradialytic hypotension. Echocardio-
graphic images acquired during various dialysis regimens
have shown that frequent haemodialysis regimens associated
with lower ultrafiltration volumes and rates are associated
with less dialysis-induced myocardial stunning, which may
thus contribute to the improved outcomes associated with
these frequent haemodialysis therapies [31].

Aldosterone

Mineralocorticoid receptor antagonists (MRAs) such as
spironolactone and eplerenone are highly effective in LV
remodelling and reducing CV mortality in patients with
heart failure and reduced ejection fraction. Evidence that this
may be due to antagonism of aldosterone mediated
pro-fibrotic and pro-inflammatory LV remodelling has been
gained from studies showing reductions in serological
markers of collagen turnover and an association of effects on
these markers with outcome. In early stage CKD, treatment
with spironolactone 25 mg daily for 40 weeks reduced LV
mass and improved LV systolic and diastolic function
compared to placebo [32]. These data were matched by
reductions in B natriuretic peptide and attenuation of serum
collagen turnover markers. In a single centre study of
spironolactone in haemodialysis patients, there was a 6%
reduction in the primary endpoint of death and hospitaliza-
tion from cardiovascular and cerebrovascular disease after
3 years compared to controls. Concerns regarding the seri-
ous risks of hyperkalaemia with MRAs in CKD continue.
There is however, emerging evidence that non-steroidal
MRAs appear to have an improved safety and tolerability
profile compared with other clinically available steroidal
MRAs (spironolactone and eplerenone) in patients with
CKD and impaired LVEF [33].

Phosphate

To date, treatment to counteract hyperphosphatemia using
non-calcium containing oral phosphate binders in early stage
CKD has not been shown to reduce LV mass or improve
cardiac function on CMR [34]. In ESKD, clinical studies
have been more focused on the effects of coronary and
vascular calcification than the direct actions promoting
cardiomyopathy.

Parathyroid Hormone (PTH)

An oral calcimimetic agent which lowers PTH, calcium and
phosphate was examined in The Evaluation of Cinacalet
Hydrochloride Therapy to Lower Cardiovascular Events
(EVOVLE) study. This multi-centre, prospective random-
ized control trial of 3883 patients with ESKD on dialysis
over a median follow up of 21 months showed no reduction
in the composite primary endpoint of death, MI, hospital-
ization with angina, heart failure, or vascular events [35].

Vitamin D

In the multi-centre, double-blind, randomized
placebo-controlled trial (PRIMO Study) of 227 patients with
stage III-IV CKD, treatment with the oral active vitamin D
analogue, paricalcitol did not alter LV mass or indices of
diastolic function after 48 weeks of therapy despite con-
firmed PTH suppression and well controlled blood pressure
[36].

Hyperuricemia and Oxidative Stress

Recent, randomized studies attempting to modify ROS
activation with the xanthine oxidase inhibitor allopurinol
have not proven effective in the treatment of patients with
heart failure, and specifically in sub-group analysis of those
with advanced CKD [37].

Novel Targets and Treatments

FGF Inhibitors
In a 5/6 nephrectomised rats model of CKD, an inhibitor of
all FGF isoforms (PD173074) attenuated LVH. Recent
extension of this work has shown reductions in LV mass,
myocardial fibrosis and cardiac expression of genes associ-
ated with LVH independent of changes in blood pressure
and renal function with an FGF inhibitor started early after
the renal insult [38]. At present there are no commercially
available oral FGF inhibitors although this is an area of
intense research given the importance of FGF and FGF
signalling in over 40 human diseases.

Klotho
In Klotho-deficient CKD mice intravenous delivery of a
transgene encoding soluble Klotho ameliorated cardiac
hypertrophy. In vitro, Klotho inhibited TGF-b[beta]1-,
angiotensin II-, or high phosphate-induced fibrosis and
abolished TGF-b[beta]1- or angiotensin II-induced hyper-
trophy of cardiomyocytes. These data provide mechanistic
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insights into the recent human myocardial autopsy data
showing reduced levels of soluble klotho in myocardium of
subjects with CKD [39].

Indoxyl Sulphate
A sixfold increase in IS levels is observed early (2 weeks) in
CKD 5/6 nephrectomized rat models. Treatment with the
oral gut absorbent AST-120 which reduces gastrointestinal
uptake of indole and hence reduced IS synthesis was asso-
ciated with reductions in cardiac fibrosis, TGF-b[beta] and
phosphorylated NF-j[kappa]B protein expression. Reduc-
tions in cardiac fibrosis were evident before a change in
LVH or cardiac function and were independent of blood
pressure and renal function [17]. AST-120 is available
in Asia as an agent to prolong the time to initiation
of hemodialysis. However, two double-blind, placebo-
controlled trials have failed to demonstrate a benefit of
adding AST-120 to prevent the progression of CKD.

Summary

CKD-associated cardiomyopathy is common and is asso-
ciated with heart failure, arrhythmia and sudden cardiac
death. Changes in LV structure and function are present
from the earliest stages of CKD and multiple molecular
mechanisms are likely to be responsible. Echocardiogra-
phy may be adequate for diagnosis in the large popula-
tions at risk but there are major advantages in serial
assessment of volume, mass and tissue characterization
with CMR. Evidence of effective treatment is limited to
date but there are new options in development with
exciting prospects.
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Part II

Chronic Kidney Disease and CAD: Two Sides
of the Same Coin



6CKD as CAD Equivalent: Inflammatory Milieu
and Vascular Oxidative Stress

Shien Wen Sheryl Gan and Christopher T. Chan

Inflammation and Chronic Kidney Disease

Chronic kidney disease (CKD) is recognized as an inde-
pendent risk factor for cardiovascular disease (CVD). Car-
diovascular disease related morbidity and mortality account
for a huge part of the disease burden of CKD. Higher than
expected CVD related mortality rates are seen in the CKD
population compared to that of the general population [1, 2].
Manifestations of CVD in CKD can be broadly divided as
those affecting the myocardium and those affecting the blood
vessels. These processes are not mutually exclusive. Tradi-
tional risk factors for atherosclerotic CVD are insufficient to
explain this vastly increased risk. Hence, the contribution of
CKD specific cardiac risk factors have been postulated
including anemia, proteinuria, abnormal bone mineral
metabolism, and chronic inflammation. Raised inflamma-
tory, oxidative stress, and pro-coagulant biomarkers, such as
C-reactive protein (CRP) and interleukin-6 (IL-6), have been
shown to be strong predictors of all-cause mortality and
cardiovascular outcomes in patients with end stage renal
disease (ESKD).

Overview of Inflammation in CKD

The etiology of chronic inflammation in CKD is not entirely
elucidated and is likely multifactorial including elevated
levels of uremic toxins, circulating pro-inflammatory
cytokines, oxidative stress, carbonyl stress, protein-energy
wasting, and increased incidence of infections (Fig. 6.1).

Chronic Kidney Disease
Decline in renal function may increase inflammation by
reduction in renal clearance of inflammatory factors. Levels
of tumor necrosis factor-alpha (TNF-a[alpha]) and IL-1, for
example, are higher in animals with impaired renal function,
compared to controls with normal renal function [4, 5]. In
humans, CRP, IL-6 and hyaluronan levels increase with
worsening renal function. There is no consensus with
regards to optimal levels of inflammatory markers in CKD
patients. Interestingly, patients with CKD also have abnor-
mal cellular and humoral immunity. Impaired T-cell prolif-
eration and function, poor antibody response and defective
antigen presentation by monocytes contributes to increased
infections and malignancies in dialysis patients [6].

Volume overload is another possible cause of inflammation
in CKD. Vascular congestion of the gastrointestinal tract
may alter its permeability causing, endotoxins such as
lipopolysaccharides and bacteria to accumulate. This in turn
stimulates monocytes and the release of proinflammatory
cytokines. The progression of CKD in itself is associated with
metabolic alterations of the bacterial flora in the lumen of the
intestinal tract. In healthy individuals, the phyla Bacteriodetes
and Firmicutes contribute to more than 90% of all species that
colonize the gastrointestinal tract (Bacteroides spp., Alistipes
spp.,Prevotella spp.Faecalibacterium spp. and Lactobacillus
spp. are examples of these). In uremic patients, certain species
of the normal gut microbacterial flora, with pathogenic
potential, are increasedsuch as Helicobacter, Bacteriodes and
Prevotella spp. In addition, there is a loss of mucosal barrier
integrity and increased bacterial translocation in uraemic
patients, resulting in gastrointestinal malabsorption,
protein-energy wasting and systemic inflammation [7].

Periodontal disease is a contributor to local and chronic
systemic inflammation in CKD. Gram-negative bacteria
causing periodontitis interact with toll-like receptors
expressed on surface of neutrophils and monocytes. These
complexes activate signal transduction pathways, leading to
the production of cytokines and acute phase proteins [8].
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Multiple comorbid illnesses in CKD also contribute
towards a hypercatabolic state and the development of
inflammation. Systemic autoimmune diseases, which may be
the etiology of CKD, genetic factors, recurrent or unrecog-
nized persistent infections may also drive the inflammation
seen in CKD patients.

Hemodialysis
The hemodialysis (HD) process itself may enhance inflam-
mation by exposure of patients to dialysis tubing and dialysis
membranes (especially less biocompatible membranes such
as cuprophane). This cellular response may lead to acute
symptoms such as fever or hypotension, or chronic symptoms
such as anemia, malnutrition, immunological dysfunction,
and dialysis-related amyloidosis [9]. There are two potential
mechanisms by which hemodialysis-induced inflammation
may occur: (1) the generation of complement fragments due
to plasma protein-membrane contact and (2) via contact of
immunocompetent cells with dialysis system material.

Poor-quality dialysis water and back-filtration of con-
taminants may also lead to exposure to endotoxins. The

widespread use of ultrapure dialysate fluid has resulted in
improved nutritional status, decrease in levels of inflamma-
tory markers and slower decline in residual renal function.

Finally, the HD patient may have foreign materials
in situ, such as vascular grafts and intravenous dialysis
catheters, which may act as another source of chronic
inflammation.

Peritoneal Dialysis
Peritoneal dialysis (PD) patients are constantly exposed to a
milieu of chronic inflammation. Causative factors include
episodes of peritonitis or PD catheter related infections and
chronic exposure to less biocompatible PD solutions [10].

Cytokines and Markers of Inflammation in CKD

Inflammation is a complex chain of events that involve
numerous mediators and cells. While there is currently no
single gold standard test to assess for inflammation in CKD,
several biomarkers of inflammation are elevated even in

Fig. 6.1 Causes of inflammation in CKD. Adapted from Filiopoulos et al. [3]
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early CKD, such as TNFa[alpha], IL1b[beta], IL-6, IL-10
and C reactive protein (CRP).

High CRP levels are a strong predictor for cardiovascular
events and mortality. CRP in itself may contribute directly to
the pathogenesis of atherosclerosis. It does so via three
mechanisms. First, CRP binds to damage cells and activates
the complement system. Second, it also displays calcium-
dependent in vitro binding and aggregation of low density
lipoprotein (LDL) and very-low-density lipoprotein (VLDL).
Finally, it is a potent stimulator of tissue factor production by
monocytes, and the effect is augmented in the presence of
other inflammatory mediators [11].

Uremic Toxins

Uremic toxins consist of heterogeneous substances with
proinflammatory effects that induce cytokine release,
including several organic compounds and peptides. The
European Uremic Toxin Work group have identified multi-
ple compounds in their classification of these toxins [12].
They can be divided into three major groups—small
water-soluble compounds, middle molecules, and
protein-bound compounds.

Small water-soluble compounds have a molecular weight
(MW) of <500 Da. Examples include urea and phosphorous.
They are generally removed readily by conventional dialysis.

Middle molecules have a MW > 500 Da. B2-
microglobulin and advanced glycosylation end products
are such examples. Their clearance is limited in conventional
HD, but more effective in PD. Higher permeability HD
membranes and hemofiltration improve their clearance as
well. A reduction in their accumulation is associated with
reduced mortality risk [13].

Protein-bound compounds account for approximately
27% of the uremic compounds [12]. Removal of these
molecules by conventional dialysis is limited. Dialysis with
protein-leaking membranes may offer better clearance of
these molecules. However, albumin loss and hypoalbu-
minemia tend to occur with high cut-off dialysis membranes.
There is an emerging body of the literature which suggests
that protein-bound uremic solutes are associated with detri-
mental cardiac effects [14]. Specifically, p-cresyl sulfate
increases collagen synthesis in cardiac fibroblasts and pro-
tein synthesis in cardiac myocytes. Another compound,
phenylacetic acid increases protein synthesis in cardiac
myocytes. Phenol also suppresses contractility of cardiac
muscle [15].

Of interest, Indoxyl sulfate is a protein-bound uremic
solute which is currently under active investigation [16]. It is
produced in the liver from indole, a tryptophan derivative
generated by bacteria in the large intestines. It has poor
urinary clearance and has a high affinity to albumin and is

poorly cleared by conventional hemodialysis. Indoxyl sul-
fate is reported to stimulate vascular smooth muscle cell
proliferation and vascular calcification [17].

Oxidative Stress in CKD

Oxidative stress occurs when there is excessive free-radical
production often in the context of low antioxidant levels.
Reactive oxygen species (ROS) are constantly produced in
physiological conditions, as a part of the host defense
mechanism against infectious organisms and malignant cells.
An improper maladaptive activation of the oxidative process,
such as in uremia, contributes to cell and tissue injury [18].

Exaggerated 02- Generation
High homocysteine (HC) level is a risk factor for CVD via
enhancement of atherosclerosis and other thrombotic events.
Levels of HC increases with declining glomerular filtration
rate (GFR), possibly due to reduced HC clearance by the
kidneys. In vitro/vivo studies suggest that high HC levels
lead to an increased production of ROS and decreased
endothelial nitric oxide (NO). Thus, increasing the oxidative
damage at the vascular interface. High HC level may also
cause proliferation of smooth muscle cells, leading to
increased oxidation of low-density lipoproteins [19].

During oxidative stress, there is an imbalance between
NO and ROS. Numerous studies have demonstrated that
lower levels of NO leads to endothelial cell injury and
dysfunction, platelet aggregation and potentiate atheroscle-
rosis. Endogenous NO synthase (NOS) inhibitor—asym-
metric dimethylarginine (ADMA) is associated with
oxidative stress process via its inhibition of NO. ADMA is a
strong and independent predictor of death and incident CVD
complications in CKD and non-CKD patients [20]. The
renin angiotensin aldosterone system also activates nicoti-
namide adenine dinucleotide phosphate oxidase, which lead
to increase ROS production. This is associated with uremic
cardiomyopathy, intramyocardial capillary loss, endothelial
damage and atherosclerosis

Deficient 02- Scavenging Capacity
Protection against reactive species can be achieved by pre-
vention of free radical formation or by repairing damaged
molecules. Intracellular enzymatic antioxidants convert
substrates to less reactive forms. Superoxidase dismutase
(SOD), catalase, and glutathione peroxidase are examples.
The main non-enzymatic cellular antioxidant is reduced
glutathione (GSH). Oxidized glutathione (GSSG) and glu-
tathione redox status (GSSG/GSH) are markers of severe
cellular oxidative stress. Patients with CKD have a higher
level of conjugated dienes and lipid hydroperoxides,
increased levels of GSSG, increased redox status GSSG/GSH
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and decreased resistance to oxidation of LDL. In addition,
serum urea and creatinine correlate with the amount of GSSG
and redox ratio GSSG/GSH. suggesting that CKD patients
may have reduced antioxidant potency [21].

Dyslipidemia

Patients with CKD have a secondary form of dyslipidemia
consisting of both quantitative and qualitative abnormalities
in serum lipoproteins resulting from alterations in lipopro-
tein metabolism and composition. Generally, uremic patients
have an increase in serum triglyceride levels due to elevated
VLDL remnants and intermediate-density lipoprotein, and
low high-density lipoprotein (HDL) cholesterol. LDL
cholesterol is often normal, but abnormal deposition of
cholesterol may arise from the atherogenic small and dense
LDL subclasses [22].

The release of lipoprotein lipase from extrahepatic vas-
cular surfaces during heparin administration is another pos-
sible mechanism whereby triglyceride levels increase and
VLDL levels decrease. Heparin may also modify the prop-
erties of LDL, which lead to aggregation and fusion of LDL
and eventual atherogenesis [23].

Uremic patients also have increased levels of oxidized
LDL (ox–LDL). These modifications occur at the level of
apolipoprotein B (apoB)-100, surface phospholipids or
within the core region. The ox-LDL in turn triggers a cas-
cade of cytokine and growth factor expression and release,
increase endothelial cell activation and dysfunction and
alterations in mediators such as NO.

Malnutrition

In patients with advanced CKD, reduced total cholesterol is
a biomarker of malnutrition and inflammation. The preva-
lence of malnutrition and inflammation in the CKD popu-
lation ranges from 30 to 70% [24]. Inflammatory cytokines
disrupt cholesterol-mediated LDL receptor feedback regu-
lation, leading to intracellular accumulation of unmodified
LDL, foam cell formation and eventual atherosclerosis. This
may explain in part the U-shaped relationship between
cholesterol levels and cardiovascular events and mortality in
the CKD population.

The malnutrition-inflammation-atherosclerosis (MIA)
syndrome describes the high correlation of these three sig-
nificant separate clinical entities that coexist in dialysis
patients. Several cytokines have been identified to be involved
in this process Such as TNFa[alpha], IL-1 and IL-6. Their
effects lead to enhanced resistance to insulin, increased pro-
tein catabolism, endothelial dysfunction, and anorexia [25].

The Effects of Inflammation and Oxidative
Stress

In this section, we will focus on the effects on inflammation
and oxidative stress on CVD (Fig. 6.2). However, it is
worth noting that inflammation and oxidative stress
simultaneously promotes renal injury and worsening of
CKD [26].

Blood Vessels

Both atherosclerosis and arteriosclerosis are common in
CKD and are associated with endothelial dysfunction [27].
Atherosclerosis is a disease of the intima characterized by
calcified fibro-atheromatous plaques, which ultimately rup-
ture causing vaso-occlusive events. Arteriosclerosis affects
the media of large and middle size arteries with an increased
collagen:elastin ratio with concurrent calcification, hyper-
plasia, and hypertrophy of vascular smooth muscle cells.
The resultant decrease in vessel wall elasticity and compli-
ance, leads to increased afterload, left ventricular hypertro-
phy and fibrosis.

A normal healthy endothelium balances appropriate
anti-clotting, anti-adhesion and vasodilatory mediators.
Normal dynamic changes within the endothelium are
mediated by oxidized lipoproteins, shear stress, endothelial
cell production of cytokines, and inhibitors that interfere
with NO production.

Under the exposure to modified LDL, endothelial cells
undergo complex interaction generating the release of
cytokines, inflammatory mediators, growth factors and
reactive oxygen species. In contrast, under exposure to
oxidized-LDL, vascular smooth muscle cells and
monocyte-macrophages proliferate. This is largely postu-
lated to be due to lysophosphatidylcholine (lysoPC), and
other bioactive lipid products. These compounds induce
expression and release of growth factors and apoptotic fac-
tors, which in turn lead to variable responses from different
vascular cells. Nuclear factor-ĸ[kappa]B (NF-ĸ[kappa]B),
the ox-LDL receptor LOX-1, NADPH oxidase and vascular
endothelial growth factor (VEGF) all play a role in this
complex pathway.

Inhibitors of NOS may also accelerate the pathogenesis of
CVD in CKD. Asymmetric dimethylarginine (ADMA) is one
such example of the many proposed inhibitors. Urea itself can
inhibit inducible NOS, which lead to the accumulation of
macrophages, enhancedNF-ĸ[kappa]B-dependent expression
of vascular cell adhesion molecule-1 (VACM-1),
macrophage-colony stimulating factor (MCSCP) and mono-
cyte chemoattractant protein-1 expression. Oxidized-LDL can
reduce NO production by a few possible mechanisms—the
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LOX receptor, and depletion of caveolae of cholesterol that
displaces endothelial NOS (eNOS) [28].

Scavenger receptors recognize modified forms of LDL.
This in turn leads to an excessive update of cholesterol and
lipids and the eventual formation of foam cells. These
receptors may also play a role in adhesion, differentiation,
host defence and phagocytosis of damaged cells. Apart from
modified LDL, uremia dose-dependently enhances these
receptors activities.

ROS is increased in hypertension, which is highly
prevalent in patients with CKD. Oxidative stress induces
blood pressure elevation and the raised blood pressure in
itself increases ROS generation. This vicious cycle leads to
increased peripheral resistance and blood pressure elevation.
NADPH oxidase and angiotensin II (Ang II) have been
identified to play a part in this pathway.

Finally, the tissue factor (TF) pathway may also increase
atherosclerosis risk. TF is a regulator of blood coagulation
which exists latently on cell surfaces, and it can be activated
by oxidized lipids. Activated TF in turn leads enhanced

platelet activation, which is encountered frequently in ure-
mic patients [29].

Heart

Structural alterations of the myocardium in CKD include
ventricular remodeling that may lead to eccentric or concen-
tric left ventricular hypertrophy (LVH), systolic and diastolic
dysfunction and eventual clinical symptoms of heart failure.
In various studies [30], the prevalence of LVH varies
according to the stage of CKD: 30% in stages 3 and 4 [31], 5–
21% in stage 3 to 4 [32] and 55% in stages 3 to 5 [33]. It is
widely recognized that increased oxidative stress in the heart
leads to oxidation and damage of macromolecules, mem-
branes, DNA and enzymes involved in energy production.
Ultimately, sustained elevation of oxidative stress is associ-
atedwith cellular damage, energetic deficit and cell death [34].

NADPH oxidases, which are a major source of ROS,
contribute to the pathogenesis of cardiac remodeling,

Fig. 6.2 Effects of inflammation and oxidative stress on the cardiovascular system
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hypertrophy, and fibrosis [35]. Its expression and activity are
increased in the myocardium of patients with ischemic and
non-ischemic cardiomyopathy.

Other processes that may lead to LVH and cardiac fibrosis
are activation of the mammalian target of rapamycin pathway
(mTOR), parathyroid hormone-vitamin D-phosphate axis
and activation of the intracardiac renin-angiotensin system
(RAAS). Clinically, these lead to systolic and diastolic dys-
function, dilated cardiomyopathy and congestive heart fail-
ure. Cytokines such as TNFa[alpha], TNF-related weak
inducer of apoptosis (TWEAK), IL-6, cardiotrophin 1 and
transforming growth factor b[beta]1 have been identified to
play a role in this process. TNFa[alpha] and TWEAK in
particular increases cardiac apoptosis, extracellular matrix
degradation and loss of fibrillar collagen [35].

It is suggested that CRP amplifies the inflammatory
response leading to adverse ventricular remodeling. There is
upregulation of Ang II receptors in cardiac fibroblasts,
myocytes and vascular cells. Ang II receptors may trigger
further production of other inflammatory molecules—such
as TNFa[alpha] and IL-6.

Finally, fluid overload and high ventricular filling pres-
sures can lead to stimulations of the melusin-PI3-Kinase/Ak
and muscle LIM protein (MLP)-calcineurin pathways. These
in turn promote ventricular hypertrophy and eventual con-
tractile dysfunction and CHF [36].

Epigenetics

Epigenetics refers to the modification of gene expression
which is not explained by changes in DNA sequence [37].
In CKD, several factors such as uremia, hyperhomocys-
teinemia and inflammation contribute to changes in the
epigenetic gene regulation. This in turn leads to alternations
in DNA methylation, histone modification, and RNA inter-
ference. Abnormal epigenetic modification has been asso-
ciated with premature immunological aging [38], increase in
CVD prevalence, and cardiovascular mortality. Some studies
in this field, looking at these effects [39, 40] and searching
for epigenetic biomarkers [41] have been promising. We
wait for more data in this field to emerge in the future.

Therapeutic Interventions

Physical Activity and Lifestyle Modification

Exercise training in CKD patients shows favorable although
inconsistent effect on the catabolic state in uremic muscles
and on inflammatory markers [42]. Most studies confirm that
dialysis patients have poor physical activity and high
CRP levels. In addition, there is a downregulation in

T-lymphocytes and monocyte activation, reduction in
IL-6/IL-10 ratio when randomized to regular walking exer-
cise (30 min a day, 5 times a week) compared to usual daily
activity [43, 44].

Depression is strongly related to inflammation and mal-
nutrition. Patients with symptoms of depression were more
likely to high levels of serum IL-6 and lower serum albumin
levels. The treatment of the depression may improve the
inflammatory state. In HD patients, sertraline [45] cognitive
behavior therapy [46] and omega-3 fatty acids [47] were
found to have an anti-inflammatory effect.

As previously mentioned, periodontal disease is associ-
ated with local and systemic inflammation. Thus, treatment
of periodontal disease may improve systemic inflammation,
nutritional status and erythropoietin responsiveness in dial-
ysis patients [48].

Dietary and Microbiota Modification

Diet is a source of anti-inflammatory and proinflammatory
constituents. Low fructose diet was associated with a
decrease in inflammatory markers in a cohort of CKD stage
2–3 patients [49]. In HD patients, omega-3 fatty acids are
reported to reduce the production of inflammatory eicosa-
noids, cytokines and reactive oxygen species and the
expression of adhesion molecules [50]. Lowering saturated
fat intake and increased polyunsaturated fat intake—like
long-chain n-3 polyunsaturated fatty acids (PUFA) may also
have beneficial effect on inflammation [51].

Decrease in inflammatory biomarkers in HD patients has
been demonstrated with the consumption of decaffeinated
green tea [52], pomegranate juice [53] and soy-derived
isoflavones [54]. Measures to alter the intestinal microbiota
may alsoreduce systemic inflammation [55].

Increasing Hemodialysis Frequency

Prevention of chronic micro-inflammation in HD should
incorporate a comprehensive strategy such as biocompatible
dialytic membranes, ultrapure water, adjustments of vitamin
deficiencies and optimizing nutrition, anemia correction,
optimal fluid balance, and efficient removal of uremic toxins.

Daily nocturnal HD (DNHD) has also demonstrated
improvement in ejection fraction and peripheral arterial
blood flow, despite no change in extracellular fluid volume
[56, 57]. Thus, suggesting other mechanisms such as
inflammation reduction may be involved.

Endothelial progenitor cells (EPC) play a role in angio-
genesis and repair of the ischemic myocardium [58].
Reduced number of EPC has been associated with an ele-
vated cardiovascular risk. CKD patients have a reduced
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number and function of EPCs. In a matched cohort of
DNHD patients, EPC number and function [59] approximate
those of normal controls, making this an attractive option in
optimizing CVD risk in these patients.

Antioxidants

The role of anti oxidant supplementation with the goal of
improving CVD outcomes, especially in CKD remains
controversial. Several antioxidants have been explored to
reduce the cardiovascular impact of inflammation. L-argi-
nine, a precursor of NO, has been shown to improve
endothelial function in coronary vessels and lowers
endothelin levels [60–62]. N-acetylcysteine (600 mg twice
daily) has been studied in PD and HD patients. It has been
shown to decrease IL-6 levels [63] and reduce primary
composite cardiovascular end points respectively [64].
Vitamin E supplementation [65] reduced composite CVD
endpoints and myocardial infarction in a secondary pre-
vention trial in patients with ESKD.

In contrast, tocopherol—a thiol-containing antioxidant,
did not show a significant reduction in inflammatory and
oxidative stress biomarkers or surrogate outcomes (erythro-
poietin responsiveness) [66]. Other large clinical trials, such
as CHAOS [67] and the GISSI prevention trial [68], did not
demonstrate a reduction in CVD or atherosclerosis with
antioxidant supplementation. It is postulated that the reasons
for the negative results is that is a lack of bioavailability at
specific locations where the oxidative stress occurs, and
antioxidant supplementation is unlikely to provide a signif-
icant increase in oxidant defence in well-nourished patients.
In addition, these two trials were conducted in the non-CKD
population. Further studies are needed to confirm the role of
antioxidants in the CKD-CVD spectrum.

Lowering Homocysteine Level

Two studies have explored the effects of lowering homo-
cysteine levels—the Homocysteine study (HOST) [69] and
Heart Outcomes Prevention Evaluation-2 (HOPE-2) [70].
Unfortunately, neither trial demonstrated any significant
benefit on CVD risk or all-cause mortality with HC lowering
interventions with folic acid, vitamin B6, and vitamin B12.

Statins

Hydroxymethylgluaryl-coenzyme A inhibitors (Statins) are
commonly used to lower blood cholesterol level and possess

anti-inflammatory effects. Some investigators suggest that
Statins may reduce inflammatory cell adhesion via inhibition
of b[beta] integrin lymphocyte function-associated antigen
(LFA)-1. Indeed, observational studies using statins were
associated with a decreased in CRP levels in PD [71] and
CKD patients [72].

Although statins may exert an anti-inflammatory effect in
patients with CKD or ESRD, large-scale trials confer
conflicting results. The Study of Heart and Renal Protection
(SHARP) demonstrated the use of simvastatin with ezetim-
ibe lowers the annual incidence of major vascular events
(defined as non-fatal myocardial infarction or any cardiac
death, any stroke, or any arterial revascularisation, excluding
dialysis access procedures) in CKD patients [73]. However,
other studies specifically in HD patients on statin, failed to
demonstrate a reduction in cardiovascular events compared
to placebo [74, 75].

AST-120

AST-120 is an oral charcoal adsorbent that reduces the levels
of circulating uremic toxins. It prevents progression of LVH,
vascular calcification and atherosclerosis, possibly via the
reduction of oxidative stress by removing uremic toxins such
as indoxyl sulfate. So far most studies have been conducted
on animal models, with short-term, promising human studies
recently confirming this effect [76–78].

Other Medical Therapies that Influence
Vascular Inflammation

Megestrol acetate is a synthetic derivate of progesterone that
is mainly used as an appetite stimulant, which was found to
improve appetite, energy, protein intake, quality of life and
increase body weight. In addition, it was found to inhibit the
activity of proinflammatory cytokines such as IL-1, IL-6 and
TNF-a.

Pentoxifylline is a nonspecific phosphodiesterase inhi-
bitor that inhibits the production of TNF, IL-6 and IL-10.
A recent trial demonstrated reduction in TNF, IL-6 and CRP
in HD patients [79].

Sevelamer hydrochloride and bicarbonate are used as
phosphate binders in CKD patients. Sevelamer hydrochloride
reduced CRP levels [80] and improved endothelial dys-
function [81]. It is proposed that reduction in calcium phos-
phate microcrystal deposition in vessel walls may decrease
macrophage activation and cytokine production. Alterna-
tively, changes in gastrointestinal milieu may stabilize inti-
mal plaques or ameliorate atherosclerotic plaque size [82].
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Conclusion
CKD patients are at high risk of premature cardiovascular
complications. Conventional CVS risk factors do no fully
account for the CVD burden in CKD. Nontraditional risk
factors such as uremia and chronic inflammation impact
the unique cardiovascular risk burden of patients with
chronic kidney disease. Novel strategies directly
addressing these CKD specific risks, may mitigate the
inappropriate cardiovascular risk burden of this patient
population.
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7Phosphorus and Mortality: Do We Have
the Panacea?

Tatsuo Shimosawa and Rika Jimbo

Introduction

Normal kidney function is central to maintaining calcium–

phosphorus homeostasis. As glomerular filtration rate
(GFR) declines, the ability to maintain tight regulation of
these minerals, by the renal tubular epithelium is impaired.
The calcium–phosphorus product (CaP) is regulated by the
interplay of baseline GFR, vitamin D levels and PTH. This
chapter focuses on altered phosphate metabolism and the
cascade of events triggered by declining GFR, and its impact
on cardiovascular outcomes.

Dietary phosphorus intake is around 1–1.5 g/day with
typical Western diets, and 60–80% of this is absorbed in the
small intestine. The rate limiting step for phosphorus
absorption is mediated by the sodium–phosphorus cotrans-
porter type II(NaPi-II)b [1]. NaPi-III (PIT-1) is another
phosphate cotransporter that plays a key role in absorption of
dietary phosphorus phosphorous into the bone [2–4]. PTH,
vitamin D and acidosis independently regulate phosphorus
release and deposition from and into the bone. The proximal
tubule of the kidney reabsorbs 60–70% of filtered phos-
phorus, and the rest is reabsorbed in the distal tubules.
NaPi-IIa, c and PIT-2 located in the proximal tubule tightly
regulate phosphorus resorption, as illustrated (Fig. 7.1).

In CKD, early and progressive increases in PTH levels
lead to suppression of phosphate reabsorption, with resultant
phosphaturia. Moreover, intestinal absorption of phosphorus

is decreased due to reduced levels of vitamin D, which are
reversible with vitamin D replacement [5, 6]. Recently in
addition to role of the vitamin D and PTH axis, the role of
fibroblast growth factor 23 (FGF23) in regulating vitamin D,
PTH, calcium and phosphorus was clarified. Since then, the
relationship between FGF23 and cardiovascular events has
been widely studied and both basic and clinical research
implicates this axis as an evolving target to reduce cardio-
vascular morbidity and mortality in patients with CKD.

FGF23 and Its Effect on Phosphorus Metabolism

FGF23 is a 251-amino-acid protein (26 kDa) composed of a
24 amino-terminal signal peptide, an FGF-like sequence
(residues 25–180) and a unique carboxyl-terminal sequence
(residues 181–251) [7]. FGF23 is synthesized and secreted
by osteoblasts and osteocytes [8, 9], and its production and
actions are stimulated by vitamin D, high phosphate levels,
calcium intake, and PTH [10, 11]. FGF23 reduces NaPi-II a
and c in the proximal tubular epithelial cells to increase
phosphorus excretion as well as inhibiting NaPi-IIb and
25-hydroxyvitamin D-1ɑ[alpha]-hydroxylase (1ɑ[alpha]-
hydroxylase) activity to reduce phosphorus absorption in the
gut [12–16]. In addition to 1ɑ[alpha]-hydroxylase deactiva-
tion, FGF23 increases the activity of 25-hydroxyvitamin
D-24 hydroxylase and promote degradation of vitamin D
[16]. NaPi-IIa and c are also controlled by PTH which
acutely reduce those activity of these transporters, when
compared to FGF-23 [17]. These above-mentioned effect of
FGF23 are mediated through its receptor and its co-receptor
Klotho [18, 19] (Fig. 7.1). Klotho is a 130-kDa transmem-
brane b[beta]-glucuronidase [20]. That is predominantly
expressed in the distal tubule. In addition to affecting the
process of aging, it appears to have some modulatory effects
on insulin sensitivity. The name of the gene comes from
Klotho, one of the Fates in Greek mythology. When Klotho
is deleted specifically in distal tubule, the metabolic effects
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of FGF23 on phosphorus and vitamin D are disrupted [21,
22].

In Klotho deficient mice, decrease in Klotho expression
and activity induces early senescence and high inflammation
[23] and accelerates CKD progression. There is also evi-
dence of accelerated atherosclerosis, impaired endothelium
dependent vasodilation and angiogenesis suggesting that
Klotho may be cardioprotective through endothelium
derived NO production [23].

The mechanism of action of Klotho is not fully under-
stood, but it changes cellular calcium homeostasis, by both
increasing the expression and activity of TRPV5 and
decreasing that of TRPC6. Additionally, klotho increases
membrane expression of the inward rectifier channel ROMK
[23]. In CKD, Klotho expression decreases with declining
GFR, and is being strongly considered key the pathogenesis
of accelerated atherosclerosis in the context of declining
GFR [10].

Fig. 7.1 Dietary phosphorus is absorbed in the small intestine by
NaPi-IIb and NaPi-III (Pit-1) plays minor role. Pit-1 plays key role in
storing phosphorus in the bone. PTH and vitamin D regulate release of
phosphorus from the bone stores. In the kidney, NaPi-IIa, c, and PIT-2
locate in the proximal tubules and reabsorb filtered phosphorus. FGF23
is major phosphorus regulating hormone that synthesized mainly in the

bone. FGF23 suppresses NaPi-IIa, b, c and vitamin D activation to
reduce serum phosphorus. These physiological activities are through its
receptor complex (FGFR-Klotho). On the other hand, high in FGF23
promotes vascular calcification and cardiac hypertrophy. These effects
may via FGFR-Klotho complex or possibly independent pathway
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Phosphorus Level and CVD

Epidemiological observations has shown that higher serum
phosphorus is an independent risk factor for cardiovascular
disease (CVD) [24]. CKD is also a risk for cardiovascular
event, partially due to vascular calcification. In addition to
vitamin D deficiency in CKD [25], hyperphosphatemia in
CKD leads to calcification in the intima and media of vas-
culature thereby contributing to atherosclerosis and vascular
stiffness [26]. Besides ectopic calcification, phosphorus
promote phonotypical transformation of vascular smooth
muscle cells (VSMC) into osteoblast-like cells [27].

FGF23 and CVD: A New Window into Vascular
Calcification

In every stages of CKD, high levels of serum FGF23 have
been associated with cardiac hypertrophy [28, 29], vascular
calcification [30], arterial stiffness, plaque formation [31]
stroke [32] and all-cause CVD mortality [33]. Although
Klotho is not expressed in the heart, FGF23 stimulate
PLC-c[gamma] independent from Klotho to induce car-
diomyocyte hypertrophy [29]. There is controversial dis-
cussion if Klotho exists in the VSMCs [34]. We showed that
Klotho is expressed in the aorta in vivo [35], and in ex vivo
experiments, showed that explanted aortic tissue from a
uremic rat model in which Klotho was detectable, FGF 23
aggravated vascular calcification. Moreover, when Klotho is
induced into cultured cells, high phosphorus levels with high
FGF23 activity promote osteoblastic transformation of
VSMC via ERK1/2 pathway [35].

In targeting CVD risk, maintaining endothelial function is
critical. Both alternative splicing and ectodomain shedding
by ADAM 10 and 17 produce soluble Klotho [36]. This
soluble Klotho has sialidase activity and modulates several
channels on cell surface. For example, NaPi-IIa is modified
by soluble Klotho to increase it endocytosis and inactivate it
[37]. On the other hand, endocytosis of transient receptor
potential cation channel, subfamily V member 5(TRPV5) is
reduced and results in an increase in calcium currents [38].
In addition, Soluble Klotho, FGF23 and phosphorus deteri-
orate NO production and increase oxidative stress in
endothelial cells [39, 40].

In addition to these observational studies, recent data
illustrates that FGF23 can be a new target for therapy to
reduce CVD in CKD patients [41]. The EVOLVE trial was
done in patients undergo hemodialysis who were on con-
ventional therapy with phosphate binders and vitamin D.
2985 samples were randomized either placebo or the cal-
cimimetic, cinacalcet. Although cinacalcet failed to reduce
mortality in end-stage kidney disease (ESKD) [42], in the
EVOLVE trial, cinacalcet reduced FGF23 more than 30%

than placebo by indirectly modifying the calcium-phosphate
PTH axis. Besides cinacalcet, recent data shows that b[beta]-
blockers can directly reduce FGF23 levels [43]. b[beta]-
blockers are widely used for stable congestive heart failure
patients, and reduce cardiovascular mortality. Direct inhibi-
tion of FGF23 or its signaling may be on the mechanisms
through which this effect is realized, although larger data are
needed to confirm this.

Non-Pharmacologic Reduction of Serum Phosphate
Observational data suggests that serum phosphate con-

centration >3.5 mg/dL is independently associated with
mortality [44, 45]. Even in patients with eGFR > (60
mL/min)/(1.73 m2), elevated phosphate concentration is a
risk for mortality [46, 47]. For non-pharmacologic preven-
tion of CVD, it is critical to reduce dietary intake of phos-
phorus to reduce FGF-23 levels. Reduction of protein intake
and subsequent decrease in dietary phosphorus intake which
is abundant in highly processed foods, have been associated
with reduced mortality [48, 49]. After dietary sodium, sugar
and overall calorie reduction efforts, phosphorus is the next
target to reduce mortality on a large population basis.

Conclusion
Phosphorus is an independent risk factor for cardiovas-
cular mortality in healthy people as well as in CKD.
Modulating the FGF-Klotho complex through dietary
phosphorus restriction is a promising approach to reduce
the strong link with CV mortality, for the future.
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8Inhibition of the Renin–Angiotensin System:
How Far Have We Come?

Jay Ian Lakkis and Matthew R. Weir

The Renin–Angiotensin–Aldosterone System
in Health

The renin–angiotensin–aldosterone system (RAAS) plays a
vital role in both health and disease states, most importantly
in the cardiovascular system and in the kidneys. This system
is best viewed as the sum total of its complementary and
coordinated branches: a systemic branch and a multitude of
local tissue-specific paracrine and autocrine branches. The
systemic RAAS plays a key role in maintaining blood
pressure homeostasis and vascular tone, while each local
RAAS serves functions more customized to the tissue in
which it is present. For example, the kidney RAAS is
responsible for maintaining fluid as well as sodium and
potassium balance in the distal nephron, while prevention of
aberrant and excessive activation of cardiac RAAS halts its
vital pathological role in the genesis of cardiac hypertrophy
and myocardial fibrosis, and brain RAAS influences the
central control of blood pressure [1].

To understand the full complexity of the RAAS, it is
essential to be familiar with its individual components
(Table 8.1; Fig. 8.1). The circulating hepatic 14-amino acid
glycopeptide angiotensinogen is converted by renin to
angiotensin I (decapeptide, AngI), which in turn is converted
predominantly by pulmonary vascular endothelial angio-
tensin converting enzyme (ACE) to angiotensin II (AngII).
AngII binds the transmembrane angiotensin II type 1 (AT1)
and angiotensin II type 2 (AT2) receptors; in the zona
glomerulosa of the adrenal cortex. Such binding stimulates

the secretion of aldosterone, an end product of cholesterol
metabolism. Aldosterone binds the cytosolic mineralocorti-
coid receptor (MR), a ligand-dependent transcription factor
that has been localized to epithelial and non-epithelial tis-
sues; epithelial sites include the principal cells and the
alpha-intercalated cells in the cortical collecting duct of the
nephron, and non-epithelial sites include the myocardial
cells, vascular endothelial, and smooth muscle cells. Under
physiologic conditions, the effects of systemic and local
RAASs converge to maintain a steady state of fluid balance
and normal blood pressure as well as a healthy steady state
in specific tissues. Multiple agents that interrupt the afore-
mentioned series of reactions are clinically available.

Not all AngII is produced via the ACE-dependent path-
way; other ACE-independent pathways have been described.
Of significance is a local RAAS serine protease chymase,
which catalyzes production of the bulk of AngII in the heart
and the blood vessels and this same chymase has been noted
to be upregulated in the kidneys in some forms of CKD [2].
No pharmacological interventions that interrupt the actions
of chymase are available to this date.

Angiotensin III (AngIII) and Angiotensin IV (AngIV) are
end products of AngII metabolism; AngIII exerts effects
similar to AngII and binds the same AT1 and AT2 receptor
albeit with a lower affinity for AT1 and a higher affinity for
AT2. AngIV binds angiotensin receptor 4 (AT4), an
insulin-regulated aminopeptidase, in renal proximal and
convoluted tubular cells as well as endothelial cells but its
clinical relevance is not certain [3].

Vascular endothelial angiotensin-converting enzyme 2
(ACE2) converts AngI into Angiotensin 1–9; it also converts
AngII into Angiotensin 1–7. Angiotensin 1–9 simulates the
vasoconstrictive effects of AngII and promotes the actions of
bradykinin. Angiotensin 1–9 is then converted by ACE to
Angiotensin 1–7, a heptapeptide with counter-regulatory
effects to AngII in the cardiovascular system. Angiotensin 1–7
binds to its Mas receptor, and this active complex binds the
AT1 receptor thereby blocking its availability to AngII,
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Table 8.1 Elements of the
renin–angiotensin–aldosterone
system

Substrate Characteristics

Renin Structure: 337 amino acid monomeric aspartyl protease enzyme
Molecular weight: 38,000 g/mol
Human renin gene has been localized to chromosome 1q42
Precursors: preprorenin and prorenin (inactive)
Sites of production: juxtaglomerular cells of cortical nephrons in the
kidney in response to reduced NaCl distal delivery to the macula densa,
heart
Sites of action: substrate angiotensinogen
Functions: catalyzes the enzymatic hydrolysis of an N-terminal peptide
bond of angiotensinogen 1–14 to produce the Angiotensin I decapeptide

Angiotensin-converting
enzyme (ACE)

Structure: a kinase
Molecular weight: 480,000 g/mol
Precursors: none
Sites of production: vascular endothelium in the lungs, kidneys, blood
vessels
Sites of action: substrate angiotensin I
Functions: (1) catalyzes the conversion of angiotensin I decapeptide to an
angiotensin II octapeptide by the cleavage of two amino acids from its
carboxy terminal. (2) Converts angiotensin 1–9 to angiotensin 1–7.
(3) Inactivates the vasodilator peptide bradykinin

Angiotensin-converting
enzyme 2 (ACE2)

Structure: carboxypeptidase
Sites of production: vascular endothelial cells, heart, kidneys
Sites of action: binds angiotensin receptor 4 (AT4) in the renal proximal
and convoluted tubular cells as well as endothelial cells
Functions: (a) converts angiotensin I to angiotensin 1–9. (b) Hydrolysis
of AngII and its conversion to angiotensin 1–7

Angiotensinogen Structure: about 453-amino acid circulating hepatic glycopeptide which
contains the sequence for the alpha-globulin angiotensinogen 1–14
(C85H123N21020)
Molecular weight: 56,800 g/mol; angiotensinogen 1–14:
1759.01482 g/mol
Precursors: none.
Sites of production: liver, kidneys
Sites of action: inactive
Functions: inactive

Angiotensin I Structure: 10-amino acid decapeptide (C62H89N17014)
Molecular weight: 1296.47556 g/mol
Precursors: angiotensinogen 1–14
Sites of production: systemic
Sites of action: mostly inactive
Functions: mostly inactive

Angiotensin II Structure: 8-amino acid octapeptide Asp-Arg-Val-Tyr-Ile-His-Pro-Phe
(C50H71N13012) that is produced after the cleavage of two amino acids
-His-Leu from the C-terminal of angiotensin I by ACE
Molecular weight: 1046.17864 g/mol
Precursors: angiotensin I
Sites of production: lungs
Sites of action: binds the angiotensin II type 1 (AT1) and angiotensin II
type 2 (AT2) receptors in the zone glomerulosa of the adrenal cortex
Functions: (a) AT1R binding: (a1) stimulates the adrenal cortex zona
glomerulosa to release aldosterone. (a2) Increases BP via its short term
actions as a potent but labile arteriolar (and less so venous)
vasoconstrictor. (a3) Increases BP and extracellular fluid volume (ECFV)
in the longterm via decreasing renal salt and water excretion both directly
and via aldosterone secretion. (a4) Stimulates angiogenesis. (a5)
Prothrombotic effect. (a6) Profibrotic effect. (a7) Promotes production of
reactive oxygen species (ROS) and enhances vascular remodeling.
(b) Role of AT2 receptor is less clear: (b1) enhances NO production,
produces vasodilatation and decreases BP. (b2) inhibits growth and
induces differentiation (b3) plays a role in apoptosis

(continued)
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and promoting vasodilatory, anti-inflammatory, anti-
angiogenic, anti-proliferative, and anti-fibrotic effects [2].

In summary, our understanding of the RAAS and its
clinical relevance continues to evolve. In the following
section we will discuss the role of RAAS, mainly AngII and

Aldosterone, in cardiovascular and kidney disease and the
interruption of such effects with RAAS inhibition; however,
it is worth emphasizing that Angiotensin 1–7 and ACE2
seem to play a counter-regulatory protective role in both
organ systems.

Table 8.1 (continued)

Substrate Characteristics

Angiotensin 1–9 Structure: 9-amino acid nanopeptide
Precursors: angiotensin I
Sites of production: ACE 2 converts AngI to angiotensin 1–9
Sites of action: cardiovascular system
Functions: (a) vasoconstrictor (b) prothrombotic effect (c) Enhances
effects of bradykinin

Angiotensin 1–7 Structure: 7-amino acid heptapeptide
Precursors: angiotensin 1–9
Sites of production: ACE converts angiotensin 1–9 to angiotensin 1–7.
ACE2 converts AngII to angiotensin 1–7
Sites of action: cardiovascular system
Functions: (a) counter-regulatory to AngII, (b) vasodilator,
(c) anti-inflammatory effects, (d) anti-fibrotic effects, (e) enhances
platelet recovery after myelosuppression

Angiotensin III Structure: 7-amino acid heptapeptide. C46H66N1209
Molecular weight: 931.09124 g/mol
Precursors: angiotensin II
Sites of action: cardiovascular system
Functions: similar effects to angiotensin II via AT1 and AT2 receptor
albeit with lower affinity with AT1 and higher affinity with AT2

Angiotensin IV Structure: 6-amino-acid hexapeptide. C40H54N808, angiotensin 3–8
Molecular weight: 774.90556 g/mol
Precursors: angiotensin III
Sites of action: binds angiotensin receptor 4 (AT4) in the renal proximal
and convoluted tubular cells as well as endothelial cells, brain, heart,
bladder, spleen, prostate, adrenals, colon
Functions: unknown

Aldosterone Structure: C12H2805 is the principal physiologic mineralocorticoid, a
steroid hormone formed as one of the end products of cholesterol
metabolism via the enzymatic actions of aldosterone synthase
(corticosterone methyloxidase) on 18-hydroxycorticosterone
Molecular weight: 360.44402 g/mol
Precursors: 18-hydroxycorticosterone
Sites of production: adrenal cortex zona glomerulosa, blood vessels,
mycoardium, brain
Sites of action: binds the cytosolic mineralocorticoid receptor (MR), a
ligand-dependent transcription factor, that has been localized to epithelial
and non-epithelial tissues. Epithelial sites include the principal
cells + alpha-intercalated cells in the cortical collecting duct of the
nephron, colon, salivary glands, sweat glands, retina and its pigment
epithelium, urinary bladder, and rectal mucosa. Non-epithelial sites
include the myocardial cells in the heart, vascular endothelial and smooth
muscle cells, and the brain
Functions: (a) increases ECFV and BP and (b) determines the final
concentration of potassium in the urine: this is achieved by enhancing
electrogenic sodium reabsorptive transport via the apical epithelial
sodium channel (ENaC) and by increasing the density of the Na–K
ATPase in the basolateral membrane of the principal cells; to maintain
luminal electroneutrality sodium reabsorption is coupled with potassium
secretion via ROMK1, the expression of which is also increased by
aldosteone. (c) Augments activity of apical membrane H+-ATPase in the
alpha-intercalated cells thus enhancing hydrogen ion secretion
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The RAAS in Kidney and Heart Disease

RAAS in Kidney Disease

The major etiologies of chronic kidney disease
(CKD) worldwide are diabetes mellitus (DM) and systemic
arterial hypertension (HTN); furthermore, cardiovascular
disease has been associated with increased risk of CKD
[United States Renal Data System (USRDS) 2015 Annual
Data Report]. CKD and abnormal urinary albumin excretion
are risk factors for end-stage kidney disease (ESKD) and
mortality [4, 5]. Albuminuria has been validated as a sur-
rogate end point for the progression of CKD and it is esti-
mated that a 30% reduction in the urinary albumin excretion
results in a 23.7% reduction in the risk of progression to
ESKD [6].

There is a growing body of evidence that blockade of the
RAAS in the CKD patient population reduces the rate of
albumin excretion, decelerates the progression of CKD, and

thus the development of ESKD; and while observational
studies also report a resultant reduction in all-cause and
cardiovascular mortality rate, a systematic review detected
such a trend but the benefits did not meet statistical signif-
icance [7]. Some of the mechanisms by which RAAS inhi-
bition protects against kidney disease are hereby described.

AngII promotes oxidative stress, inflammation, prolifer-
ative effects, fibrosis, and atrophy in the tubulointerstitum,
and thus accelerates progression of CKD; it also impairs
endothelial structure as well as function and suppresses nitric
oxide (NO) bioactivity, stimulates vascular endothelial
growth factor (VEGF) and vascular smooth muscle cell as
well as endothelial proliferation, triggers synthesis of
extracellular matrix proteins, impairs the integrity of the
glomerular basement membrane, promotes podocyte apop-
tosis and augments urinary protein excretion. AngII aug-
ments albumin proximal tubular reabsorption and
endocytosis, a process which stimulates proximal tubular
RAAS and a self-perpetuating vicious cycle in which the

Fig. 8.1 Prorenin can be activated proteolytically in the kidneys (by
neuroendocrine convertase 1 or cathepsin B) or nonproteolitically by
the renin receptor in many tissues. Circulating renin can also bind to the
renin receptor, which increases its enzymatic activity. Renin converts
angiotensinogen to Ang I, which can then enter three main pathways.
These three axes, ACE–Ang II–AT1–aldosterone, ACE2–Ang 1–7–
MAS1 and Ang IV–IRAP, are highlighted. Activation of the AT1
receptor in the adrenal gland results in production of aldosterone, which
can then bind to the mineralocorticoid receptor. Abbreviations: ACE

angiotensin-converting enzyme, ACE2 angiotensin-converting enzyme
2, Ang angiotensin, ARB angiotensin receptor blocker, ARN angiotensin
receptor–neprilysin, AT1 type-1 Ang II receptor, AT2 type-2 Ang II
receptor, IRAP leucyl–cystinyl aminopeptidase (also known as
insulin-regulated membrane aminopeptidase or insulin-responsive
aminopeptidase), MAS1 proto-oncogene Mas, rh recombinant human.
Reprinted with authorization from: Romero et al. Nat Rev Endocrinol.
2015 Apr;11(4):242–52
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albumin uptake further enhances inflammation and fibrosis
[2]. Aldosterone has similar deleterious effects, which may
amplify those of AngII [8].

CKD, irrespective of the specific underlying etiology, is
invariably associated with a reduction in renal mass.
Hemodynamically, this decrease in nephron mass triggers a
series of adaptive mechanisms to restore kidney function
(glomerular filtration rate GFR), the major mechanism being
glomerular hyperfiltration. However, such persistent hyper-
filtration and increased intraglomerular capillary pressure
promotes immune activation and an inflammatory state,
eventually leading to injury and damage in all the kidney
compartments, namely glomerular, vascular endothelial, and
tubulointerstitial. Similarly, glomerular podocyte injury, and
the resultant micro- and macroalbuminuria, results in a
proinflammatory state and tubulointerstitial disease [9, 10].

AngII is a potent vasoconstrictor with preferential vaso-
constrictive effects on the glomerular efferent arteriole; this
effect plays a physiologic role in maintaining normal hydro-
static and glomerularfiltration pressures. RAAS inhibitionwith
an ACE inhibitor (ACEi) or an AngII AT1 receptor antagonist
(AIIT1RA, angiotensin receptor blocker ARB), results in a
more marked glomerular efferent arteriolar dilatation, which in
turn, reversibly reduces the hydrostatic and glomerular filtra-
tion pressures. Thus, it is quite expected, as well as desirable,
that such RAAS inhibition may result in a reversible rise in the
serum creatinine and subsequently a decline in the GFR; it is
widely acceptable that such a change is not to exceed 30% from
baseline within the first 2–4 weeks after initiation of therapy,
especially when optimal BP goals are achieved. Themagnitude
of such a change in GFR and serum creatinine becomes more
prominent clinically in patients with [1] decreased effective
arterial blood volume due to conditions such as excessive
diuresis, or low forward cardiac output due reduced left ven-
tricular ejection fraction (LVEF), valvular disease, or heart
failure (HF), and [2] adaptive glomerular hyperfiltration due to
CKDor diabetic nephropathywhere this compensatory effect is
blunted by glomerular afferent arteriolar vasodilatation [11].
Clinically, significant renal artery stenosis is another condition
which may be associated with more substantial reductions in
GFR with RAAS inhibition and associated blood pressure
reduction.

In summary, RAAS inhibition is kidney protective through
its effects on lowering intraglomerular capillary pressure, and
decreasing production of AngII and Aldosterone, thereby
mitigating their role in the progression of CKD
(pro-fibrogenic, pro-proliferative, pro-inflammatory, etc.).

RAAS in Cardiovascular Risk and Disease

Cardiovascular disease is the major cause of mortality in the
United States of America (USA) [12], but its risk gains an

alarming momentum in patients with CKD and ESKD.
CKD, like DM, is a coronary artery disease (CAD) risk
equivalent, which implies shared underlying risk factors as
well as accelerated pathophysiologic atherogenic pathways
in the two disease clusters [13].

In patients with EKSD on renal replacement therapy
(RRT), cardiovascular disease accounts for 53.1% of mor-
tality and is attributed to sudden cardiac death (cardiac
arrest, arrhythmia) in 37%, acute myocardial infarction
(AMI) and atherosclerotic heart disease (AHD) in 6.7%,
congestive HF in 5.8%, cerebrovascular accident (CVA) in
3.1%, and other cardiac causes in 0.5% (USRDS 2015
Annual Data Report). It is worth noting that a unique and
atypical cardiovascular risk profile (e.g., intermittent and/or
chronic volume overload, aberrant mineral metabolism,
cardiovascular including valvular and coronary calcifica-
tions, chronic inflammation and malnutrition) in patients
with ESKD on RRT with dialysis outcompetes the tradi-
tional cardiovascular risk factors responsible for cardiovas-
cular disease in non-dialysis CKD and non-CKD patients; in
other words, the pretest probability of cardiovascular risk
one routinely quantitates based on, or associates with, risk
factors such as tobacco use, systemic arterial hypertension,
dyslipidemia is no longer a reliable tool in this patient
population.

Aberrations in the systemic or local RAAS accelerate
AHD, HTN, inflammation, and promote the development of
metabolic syndrome at the center of which are insulin
resistance and obesity [14].

AngII has numerous cardiovascular effects, some of
which are hereby described. AngII is a potent physiologic
vascoconstrictor; local tissue AngII has been associated with
vascular endothelial dysfunction due to promoting
endothelial nitric oxide synthase (eNOS) uncoupling, and
enhancing NAD(P)H oxidase (NOX) and xanthine oxi-
doreductase activity, all of which create a state of oxidative
stress with the production of reactive oxygen species
(ROS) and superoxide free radicals which degrade nitric
oxide, prevent endothelial regeneration, arrest growth, pro-
mote apoptosis and eventually result in vascular remodeling.
Furthermore, AngII has proliferative and proangiogenic
properties; it stimulates certain growth factors (e.g., VEGF),
which in turn trigger vascular smooth muscle cell as well as
endothelial proliferation. AngII has prothrombotic effects,
which clinically manifests as an accelerated atherogenic
effect. AngII has profibrogenic effects [2, 15]. In patients
with endothelial dysfunction, ACEi or AIIT1RA
monotherapy has been shown to improve markers of
endothelial function [16].

Angiotensin 1–7 has antagonistic cardiovascular effects to
AngII and plays a physiologic counter-regulatory role to
reverse the aforementioned effects of AngII. Parenteral
Angiotensin 1–7 is currently undergoing trials for its
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anti-proliferative and anti-angiogenic effects in cancer
patients [17, 18].

ACE2 infusions have been shown to decrease SBP in
animal models thought to be due to enhanced AngII
degradation and subsequent decreasing in AngII levels [19].

Aldosterone shares many of the pathogenic properties of
AngII in animal and human models. Local tissue as well as
adrenal aldosterone promote tissue fibrosis after ischemia,
impair endothelial cell function, inhibit NO synthesis,
increase oxidative stress, and decrease the number of
endothelial progenitor cells [15].

Finally, reduced insulin sensitivity or Insulin resistance, is a
precursor to DM, a major risk factor for both cardiovascular
and kidney diseases, and is promoted by a series of effects
mediated byAngII andAldosterone in autocrine and paracrine
RAAS. Examples of such effects include the previously
mentioned increased oxidative stress, accelerated pancreatic
beta cell apoptosis, aberrant insulin signaling and diminished
glucose transport [20]. Hypothetically, RAAS blockade
should restore insulin sensitivity and reduce the incidence of
type 2 DM (T2DM) through various mechanisms, such as
enhanced skeletalmuscle perfusionwith subsequent improved
tissue insulin signaling and uptake and glucose transport as
well as pancreatic beta cell insulin production [21]. However,
the clinical evidence to prove or disprove the aforementioned
hypothesis is conflicting and is discussed later.

In summary, this vital role of local and systemic RAAS in
the pathogenies of atherosclerosis and cardiovascular disease
in animal and human models has paved the way to the
clinically established role of RAAS inhibition as an essential
therapy for secondary prevention of cardiovascular disease
and possibly its BP-independent benefits.

RAAS in Cardiorenal Diseases

Injury in one organ triggers a chain of events that rever-
berates in distant organs; as mentioned earlier, there is
accumulating evidence that kidney disease is a risk factor for
cardiovascular disease and vice versa [22]. This bidirectional
organ cross talk is essential to maintain homeostasis in
health, and its disruption is best represented by the car-
diorenal syndromes (CRS). CRS has been classified into five
subtypes [23]:

• Type 1 CRS or acute CRS refers to acute kidney injury
(AKI) as a result of acute rapidly worsening heart
disease.

• Type 2 or chronic CRS refers to progressive CKD as a
result of chronic heart disease.

• Type 3 CRS or acute renocardiac syndrome refers to
acute heart disease due to AKI.

• Type 4 CRS or chronic renocardiac syndrome refers to
heart disease (functional as well as structural) as a result
of CKD.

• Type 5 or secondary CRS refers to heart and kidney
disease as a result of a systemic illness.

Inhibitors of the Renin Angiotensin
Aldosterone System

• Four main classes of drugs inhibit the RAAS (Table 8.2).

Direct Renin Inhibitors (DRI)

The only DRI available to this date in the United States
(US) is Aliskiren and it was approved by the US Food and
Drug Administration (FDA) in 2007 for the treatment of
hypertension. This approval is rooted in many trials in dif-
ferent patient populations.

The beneficial effects of direct renin inhibition seem to
mirror those of ACEi and AIIT1RA, namely:

• blood pressure control.
• reduction in albuminuria in patients with hypertension

[24].
• renoprotective effects as reflected by reduction in albu-

minuria in patients with diabetic nephropathy [25].

Angiotensin Converting Enzyme Inhibitors (ACEi)

ACEi were introduced into clinical practice with the FDA
approval of captopril in 1981. Currently, there are ten ACI
approved for clinical use in the USA by the FDA
(Table 8.2). Their clinical effects are similar to other forms
of RAAS inhibitors, mainly as BP lowering agents, reno-
protective and anti-proteinuric agents, treatment of HF and
secondary prevention of cardiovascular disease.

Angiotensin II AT1 Receptor Blockers (AIIT1RA)

Losartan was the first AIIT1RA to be approved by the FDA
in 1995 and since then nine more AIIT1RA have been in
clinical use (Table 8.2). Their renoprotective and cardio-
protective effects are almost identical to ACEi and the two
classes are used interchangeably in clinical practice. Their
safety profile is more favorable than that of ACEi.
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Aldosterone Receptor Antagonists

The two FDA approved aldosterone receptor antagonists are
eplerenone (approved in 2002), a selective aldosterone
receptor antagonist (SARA), and spironolactone (approved in
1985), a nonselective aldosterone receptor antagonist and a
potassium sparing diuretic. Both agents are indicated as
adjunctive therapy in patients with treatment-resistant
hypertension and/or primary hyperaldosteronism and like
other RAAS inhibitors, reduce urinary protein excretion. Both
agents decrease mortality rates in patients with symptomatic
HF and reduced LVEF when added to standard therapy.

Clinical Relevance of RAAS Inhibition
in Kidney and Heart Disease

Perturbations in systemic or paracrine RAAS contribute to
elevations in blood pressure, heart and kidney disease, and
thus interruption of this system at different levels has been
the subject of heavy research for more than three decades
and has proved to be protective in different ways. However,
such benefits may be forestalled by other factors, such as
non-ACE dependent AngII production, such as through

chymase, as well as aldosterone synthesis escape, which
continue to be a challenge even when using multilevel
RAAS blockade [1].

Stage 1–5 Chronic Kidney Disease

One of the cornerstones of slowing down the progression of
kidney disease, whether diabetic or non-diabetic in etiology,
is achieving goal BP, which in itself is a more important and
renoprotective end point than the choice of the BP lowering
class or agent. Non-pharmacological lifestyle modifications
and pharmacological interventions should target a BP less
than 140/90 mmHg in patients with stage 1–5 CKD or DM
according to JNC8 (Eighth Joint National Committee 2014
evidence-based guideline for the management of high blood
pressure) [26] and to levels less than 130/80 mmHg in the
presence of micro- or macroalbuminuria as per the 2012
Kidney Disease: Improving Global Outcomes (KDIGO)
Clinical Practice Guideline for the Management of Blood
Pressure in Chronic Kidney Disease [27]. A 2014 European
Renal Best Practice (ERBP) position statement endorsed the
KDIGO guidelines for the management of BP in CKD
patients [28].

Table 8.2 Inhibitors of the renin
angiotensin aldosterone system
approved by the United States
food and drug administration

Class Drug Indications for use

Direct renin
inhibitors

Aliskiren Lowers blood pressure
No reduction in renal or cardiorenal
endpoints when added to AIIT1RA or
ACE-i in patients with type 2 DM and
CKD. Statistically significant higher rates
of hyperkalemia were noted in the
Aliskiren group

Angiotensin
converting
enzyme
inhibitors

Benazepril, captopril,
enalapril/enalaprilat, fosinopril,
lisinopril, moexipril, perindopril,
quinapril, ramipril, trandolapril

Lower blood pressure
Micro- and macroalbuminuria/proteinuria
HF and reduced left ventricular ejection
fraction
Acute coronary syndrome
Diabetes mellitus induced CKD
ESKD on PD with residual kidney function

Angiotensin II
T1 (AT1)
Receptor
Blockers

Azilsartan, candesartan, eprosartan,
irbesartan, losartan, olmesartan,
telmisartan, valsartan

Lower blood pressure.
Micro- and macroalbuminuria/proteinuria.
Acute coronary syndrome.
ESKD on PD with residual Kidney
Function

Selective
Aldosterone
receptor
antagonists

Eplerenone, spironolactone Lower blood pressure
Micro- and macroalbuminuria/proteinuria
Reduced left ventricular ejection fraction
<35% and NYHA class II–IV CHF
Acute myocardial infarction complicated
by left ventricular dysfunction and heart
failure:
STEMI + LVEF � 40% + (symptomatic
CHF or DM)
Block the local effects of RAAS and
Aldosterone in the myocardium such as
hypertrophy and fibrosis

8 Inhibition of the Renin–Angiotensin System: How Far Have We … 83



This focus on BP control is highly relevant in the stage 1–
5 CKD patient population, in whom the prevalence of sys-
temic arterial hypertension exceeds 70–80% and varies
proportionately with the degree of kidney disease with as
many as 84.1% of patients with stages 4–5 CKD having
systemic arterial hypertension [29]. While, the optimal level
of blood pressure control in different patient populations
continues to evolve, it is widely acceptable that controlling
blood pressure (BP) to levels <140/90 mmHg has kidney as
well as cardiovascular protective effects; lower target BP
levels have been recommended for patients with CKD,
microalbuminuria, proteinuria >1 g/day, and cardiovascular
disease. With the recent publication of the SPRINT trial
results, many guidelines will likely adopt lower SBP goals
for optimal reduction of cardiovascular events [30]. How-
ever, this trial did not have enough power to examine the
influence of BP goals on renal disease progression. More
discussion about optimal BP goals would occur in another
chapter in this book.

Direct renin inhibition with Aliskiren in patients with
albuminuric stage 1–3 CKD (diabetic and non-diabetic) and
HTN over a period of 24 weeks successfully reduced SBP
and DBP, significantly decreased albuminuria and preserved
GFR [31].

RAAS inhibition with an ACEi or an AIIT1RA is rec-
ommended by the JNC 8 [26], KDIGO [27], National Kid-
ney Foundation (NKF) K/DOQI [32], American College of
Physicians (ACP) [33], and ERBP [28] guidelines for
treatment of systemic arterial hypertension in CKD. Such
inhibition reduces albuminuria and slows down progression
of CKD, with a BP-independent effect which offers more
protection than can be accounted for by BP lowering alone.
However, the bulk of clinical evidence at the core of these
guidelines applies to patients with Stages 1–3 CKD or with
micro- or macroalbuminuria; evidence is scarce regarding its
role in stages 4–5 CKD or patients with normal urinary
albumin excretion rate [34].

A meta-analysis of eleven randomized trials (RCTs)
identified the slowest rate of CKD progression over a period
over 2.2 years in patients whose systolic blood pressure
(SBP) was 110–129 mmHg and whose daily urine protein
excretion was <2.0 g; therapy with an ACEi provided an
additional 33% risk reduction even after accounting for the
beneficial effects of the blood pressure control and reduction
in urinary protein excretion. Higher SBP was associated with
a worse progression of CKD when the daily urinary protein
excretion rate exceeded 1 g [35].

A meta-analysis of twelve RCTs evaluated the effect of
ACEi therapy in patients with pre-existing CKD (diabetic
and non-diabetic) over a mean duration of 3 years, and
reported a 55–75% risk reduction in the progression of CKD
when compared to patients with normal baseline kidney
function treated with an ACEi; furthermore, the magnitude

of the acute reduction in GFR after initiation of therapy is a
prognostic factor for the protection to be expected, provided
it does not exceed the 30% ceiling [11].

Proteinuria and its magnitude are independent risk factors
for progression of CKD, and for cardiovascular morbidity
and mortality [36]. Reduction in proteinuria with RAAS
inhibition slows down the progression of CKD independent
of blood pressure reductions.

In a meta-analysis (2000) of 119 RCTs, which included
64,768 patients with CKD, treatment with an ACEi
improved the odds of kidney failure to 0.61 and of a major
cardiovascular event to 0.82 when compared to placebo;
these respective odds were consistently better than those
offered by AIIT1RA, calculated at 0.70 and 0.76 [37].

A Cochrane systematic review identified four RCTs,
which evaluated 2177 non-diabetic adult patients with stage
1–3 CKD; treatment with either an ACEi or an AIIT1RA
offered no benefit over placebo when the primary end point
was all-cause mortality, cardiovascular death and cardio-
vascular events, or progression to ESKD. Based on one
single-study data included in the review, only patients with
underlying glomerular disease, as opposed to other renal
pathologies, who were treated with ACEi had a lower risk of
doubling their serum creatinine at 36 months when com-
pared to placebo. The same study reported a 29% reduction
in proteinuria and a 4.5–8.0 mmHg reduction in SBP at
36 months in patients treated with an ACEi compared to a
9% and a 1.0–3.7 mmHg increase in the same measures in
the placebo group [38].

In summary, RAAS inhibition plays an essential role in
slowing down the progression of CKD and reducing urinary
protein excretion, with the evidence being scarce in stages
4–5 or advanced CKD due to exclusion of these patients in
most major clinical trials. This renoprotective effect is both
BP dependent and BP-independent.

Microalbuminuria and Proteinuria
A Cochrane Database Systematic Review of 27 RCTs
(2014) evaluated the impact of aldosterone receptor antag-
onists (ARA, spironolactone and eplerenone) with or with-
out further RAAS inhibition on cardiovascular and renal
outcomes in patients with proteinuric stage 1–3 CKD (dia-
betic and non-diabetic, proteinuria 0.5–3.6 g/day) over a
period of 2–20 months. When compared to an ACEi or an
AIIT1RA or both, the addition of spironolactone signifi-
cantly reduced the degree of proteinuria and SBP but had no
effect on cardiovascular outcomes or on the rate of pro-
gression to ESKD; it had a less well-defined effect on
glomerular filtration rate but it increased the risk of hyper-
kalemia and gynecomastia. The authors could not obtain
adequate data regarding the effect of adding eplerenone to an
ACEi or an AIIT1RA on the magnitude of proteinuria, SBP,
GFR but individual trials reported effects similar those of
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spironolactone; addition of eplerenone, too, increased risk of
hyperkalemia but there was no risk of gynecomastia [39].
Another meta-analyses from 2009 yielded similar results
[40].

In summary, ACEi as well as AIIT1RA, DRI and
aldosterone receptor antagonists reduce levels of prtoeinuria.
Combination RAAS blockade has the benefit of additional
reduction in urinary protein excretion but is associated with
increased risks of hyperkalemia, AKI, and hypotension
depending on the agents chosen.

Diabetic Kidney Disease
Kidney disease complicates DM in 25–40% after a course of
20–25 years, and around one third of those patients develop
ESKD requiring RRT but the majority will die of cardio-
vascular causes before progression to ESKD [41]. Microal-
buminuria in diabetic patients is a predictor of early
cardiovascular mortality [42] with a two to fourfold increase
in such risk with microalbuminuria, and an even higher risk
in patients who have HTN and macroalbuminuria [43].

A Cochrane Database Systemic review of 50 RCTs
highlighted the important concept that neither ACEi nor
AIIT1RA had a significant effect on all-cause mortality in
patients with diabetic CKD unless full-dose or maximum-
tolerable dose was used with ACEi; three RCT compared
ACEi to AIIT1RA and found no difference in all-cause
mortality between the two forms of therapy in diabetic kidney
disease. Both forms of therapy resulted in a statistically sig-
nificant reduction in the risk of ESKD and of progression
from micro- to macroalbuminuria with a significant increase
in regression from micro- to norma-albuminuria [43].

In summary, full-dose RAAS blockade decelerates the
progression of diabetic CKD and attenuates the degree of
albuminuria.

Insulin Sensitivity and Diabetic Kidney Disease
The clinical evidence to prove or disprove the effect of RAAS
inhibition on insulin sensitivity in nondiabetic subjects is
conflicting. On the one hand, restoring tissue insulin sensi-
tivity, at least partially, with ACEi has been reported in vari-
ous clinical trials such as the HOPE trial (Heart Outcomes
Prevention Evaluation) where ramipril, compared to placebo,
reduced the incidence of T2DM (RR 0.66 and p < 0.001) after
a mean followup of 5 years. On the other hand, the DREAM
Trial Investigators (Effect of Ramipril on the Incidence of
Diabetes) reported no change in the incidence of T2DM after
3 years of therapy with ramipril in patients with impaired
fasting glucose compared to placebo, despite a significant
restoration of normoglycemia in the Ramipril group [44].

Similar benefits were published with AIIT1RA trials such
as the NAVIGATOR Study Group (Effect of valsartan
on the incidence of diabetes and cardiovascular events)
reported that non-pharmacological lifestyle modifications

and pharmacological therapy with AIIT1RA valsartan
resulted in a 14% relative reduction in the incidence of
T2DM among patients with pre-DM and established car-
diovascular disease or risk factors [45].

To address this question, several meta-analyses have been
conducted over the past several years:

• in a meta-analysis (2004) of ten RCTs whose secondary
end point was the incidence of T2DM in patients with
HTN or HF, RAAS inhibition with either an ACEi or an
AIIT1RA offered a 22% relative risk reduction of inci-
dent T2DM after a mean follow-up of 1–6 years; the
number needed to treat (NNT) to prevent one incident
case of T2DM was 45 patients over 4–5 years [21];

• a meta-analysis (2005) of 12 RCTs, showed a 27%
reduction in incident T2DM with ACEi and 23% with
AIIT1RA [46];

• a meta-analysis (2007) of 13 RCTs showed a 26% rela-
tive risk reduction of incident T2DM with RAAS inhi-
bition, 28% with ACEi and 27% with AIIT1RA [47]; a
meta-analysis (2010) of 18 RCTs showed that therapy
with an ACEi or an AIIT1RA decreased the incidence of
new-onset T2DM by 22% (RR 0.78, p = 0.003) and by
20% (RR 0.8, p < 0.0001) respectively [48];

• a meta-analysis (2011) of 11 RCTs similarly revealed
that both ACEi [OR 0.8, (0.7–1.0), p = 0.07] and AII-
T1RA [OR 0.8, (0.8–0.9), p < 0.01], reduced the inci-
dence of new-onset T2DM [49]; a meta-analysis (2012)
of eleven RCTs show that AIIT1RA therapy reduced the
incidence of new-onset T2DM [OR 0.79, (0.74–0.84)]
[50]; a meta-analysis (2013) of nine RCTs showed that
therapy with an ACEi reduced the risk of new onset
T2DM [OR 0.80, (0.71–0.91)] in patients with HTN or
CAD or HF [51];

• a meta-analysis (2015) of four RCTs showed that ACEi
were more effective at improving insulin sensitivity than
AIIT1RA in hypertensive patients (standard mean dif-
ference SMD 0.45, 95% CI 0.17–0.73) [52].

In summary, all the above meta-analyses reproduced the
same results, namely that RAAS inhibition with an ACEi or
an AIIT1RA in nondiabetic patients with HTN or HF
reduces the risk of incident T2DM.

Autosomal Dominant Polycystic Kidney Disease
(ADPKD)
The management of ADPKD, the most common hereditary
kidney disease, focuses largely on supportive measures
including BP control. A Cochrane Database Systematic
Review analyzed the efficacy of 11 interventions at pre-
venting the progression of ADPKD and reported mixed
effects on kidney function (no significant effect of ACEi or
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AIIT1RA on serum creatinine or GFR when they were
compared to each other or to no treatment; however, GFR
was significantly better with calcium channel blocker CCB
compared to ACEi) and total kidney volume (no significant
difference with ACEi versus no treatment; AIIT1RA alone,
but not ACEi, was associated with a significant increase in
total kidney volume (TKV) when compared to an AIIT1RA
combined with mTOR inhibitor); however, both forms of
therapy significantly decreased urinary protein excretion but
only when compared to CCBs (no significant difference with
ACEi vs. no treatment). Effects of RAAS inhibition on BP
were similarly non-convulsive and there was no significant
difference in SBP with ACEi versus no treatment or ACEi
versus AIIT1RA; however, ACEi, was associated with sig-
nificantly reduced diastolic blood pressure (DBP) and mean
arterial pressure (MAP) when compared to no treatment but
there were no differences when compared to AIIT1RA. In
the RCTs pooled into the systematic review, none of the
interventions which evaluated cardiovascular events or
all-cause mortality showed any benefit [53].

Stage 5D CKD Renal Replacement Therapy
(RRT) with Dialysis

There is a scarcity of evidence-based medical literature to
guide the management of patients with ESKD; the majority
of RCTs exclude patients with advanced stage 4–5 CKD and
patients with ESKD on dialysis (stage 5D CKD), be it
hemodialysis (HD) or peritoneal dialysis (PD). As men-
tioned earlier, cardiovascular mortality accounts for 53.1%
of deaths in this patient population; yet the role of RAAS
inhibition in this subgroup is the least studied in the CKD
population.

RAAS inhibition, with either an ACEi or an AIIT1RA,
results in a progressive regression in left ventricular hyper-
trophy (LVH), as assessed by left ventricular mass index
(LVMI), in patients with ESKD receiving RRT with dialy-
sis; dual therapy with ACEi and AIIT1RA had no added
benefit when compared to each agent alone [54, 55].

In patients with ESKD on HD, HTN and LVH,
atenolol-based antihypertensive therapy was associated with
a lower rate of serious cardiovascular events (AMI, stroke,
hospitalization for HF, cardiovascular death) and all-cause
hospitalization when compared to lisinopril-based antihy-
pertensive therapy [56].

In a cohort of 1800 adult Taiwanese patients with ESKD
receiving RRT with HD or PD and with no history of a major
cardiovascular event or AIIT1RA therapy for 6 months prior
to enrollment, and followed over a period over 5 years,
long-term use of AIIT1RA (>365 days) significantly reduced
the incidence of major cardiovascular events (including AMI,

CAD requiring coronary stenting or percutaneous translu-
minal coronary angioplasty (PTCA), peripheral arterial dis-
ease (PAD) requiring percutaneous transluminal coronary
angioplasty (PTCA), and acute CVA/stroke)) and their pro-
tective effect was directly proportional to the cumulative
prescription days of AIIT1RA [57].

A Cochrane Database Systematic Review of six RCTs
evaluated the impact of ACEi or AIIT1RA on residual
kidney function in ESKD patients receiving RRT with
continuous ambulatory PD (CAPD), and reported a signifi-
cant and similar benefit on preserving residual kidney
function with long-term therapy (� 12 months) with an
AIIT1RA or ACEi; however, one RCT pooled in this
meta-analysis evaluated the effect of ACEi therapy on car-
diovascular events and mortality when compared with other
antihypertensive agents and reported no significant differ-
ences [58]. The results of this meta-analysis are concordant
with prior published literature [59].

Erythropoietin deficiency and anemia in CKD are com-
mon findings in patients with ESKD on dialysis. AngII may
play a minor physiological role in stimulating erythropoietin
production in humans [60–62]. ACEi may reduce the
response to recombinant human erythropoietin therapy and
contribute to erythropoietin hyporesponsiveness or resis-
tance [63, 64].

In conclusion, in patients with ESKD on HD and who
have HTN and LVH, beta blockers may be first line agents
for antihypertensive therapy. In addition to beta-blocker
therapy and when needed, we recommend the initiation of
RAAS inhibition with an ACEi or an AIIT1RA in patients
with ESKD receiving HD or PD for antihypertensive ther-
apy, prevention of major cardiovascular events, and preser-
vation of residual kidney function. An aldosterone receptor
antagonist may also be added for patients with
treatment-resistant hypertension (TRH) or with symptomatic
HF and reduced LVEF (<35%).

Stage 5T CKD Kidney Transplantation

The use of RAAS inhibition is usually preserved for the
intermediate (1–4 months) and late (� 4 months) post-
transplant period and avoided in the early post-transplant
period (first month) due to the increased risk of hyper-
kalemia and worsening kidney allograft function [29, 65,
66]. A systematic review of 21 trials reported that therapy
with an ACEi or an AIIT1RA over a period of 27 months
was associated with significant reductions in GFR, hemat-
ocrit and urinary protein excretion [66] but there was a
paucity of evidence evaluating the long-term effect of RAAS
inhibition on allograft survival, cardiovascular events or
all-cause mortality.
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Therapy with AIIT1RA in patients with Interstitial
fibrosis/tubular atrophy (IF/TA), a major cause of kidney
transplant allograft loss, resulted in a significant decrease in
the volume of the cortical interstitium when compared to
placebo, but this pathological benefit failed to translate into
any clinical endpoints on secondary analysis, namely time to
a composite endpoint of doubling of serum creatinine,
ESKD or death. However, there was a trend towards
decreased incidence of all-cause ESKD with AIIT1RA
therapy [67].

In conclusion, we suggest the use of RAAS inhibition
with an ACEi or an AIIT1RA in kidney transplant recipients
in the late post-transplant period, and in the intermediate
post-transplant period if a compelling indication arises, for
antihypertensive therapy, prevention of major cardiovascular
events, slowing down progression of CKD, and proteiuria.
ARA may be added for patients with TRH or with symp-
tomatic HF and reduced LVEF (<35%).

Post-kidney Transplantation Erythrocytosis
Post-transplant erythrocytosis complicates around 10–15%
of kidney transplants and occurs 8–24 months post-
transplantation with a spontaneous remission rate of 25% at
2 years. This is clinically relevant because 10–30% develop
arterial or venous thrombotic complications (including CVA
and pulmonary embolism) with a 1–2% mortality rate.
Treatment with an ACEi or an AIIT1RA is the mainstay of
treatment [68].

Systemic Arterial Hypertension

A comparative analysis showed that Aliskiren has similar BP
lowering effects to hydrochlorothiazide and AIIT1RA, was
equal to ACEi for lowering SBP but was superior in low-
ering DBP [30].

Both ACEi and AIIT1RA are considered first line therapy
for HTN in patients with CKD, micro- or macroalbuminuria,
and secondary prevention of cardiovascular disease such as
HF and CAD. A Cochrane systematic review pooled nine
RCTs to evaluate the impact of ACEi and AIIT1RA therapy
in patients with primary HTN on all-cause and cardiovas-
cular mortality and found no difference between either form
of RAAS inhibition on all-cause mortality or cardiovascular
mortality [69].

The ideal BP goal that maximizes cardiovascular and
kidney protection and minimizes mortality and morbidity
remains elusive and not well defined, and has been the
subject of heavy scrutiny over the past few years. To address
this question, the SPRINT research group evaluated the
impact of two different systolic BP (SBP) goals on 9361
high cardiovascular risk non-diabetic patients over a period
of 3.26 years and reported that the group with more

intensive SBP control (121.4 vs. 136.2 mmHg) had a sig-
nificantly lower all-cause mortality and a lower rate of the
primary composite end point of AMI, other acute coronary
syndromes, CVA, HF and death from cardiovascular dis-
ease. However, there was a significantly higher rate of
hypotension, syncope, AKI, electrolyte abnormalities in the
intensive treatment group [70].

In summary, RAAS inhibition, especially with an ACEi
or an AIIT1RA, is recommended by most best practice
guidelines as first line antihypertensive therapy.

Cardiac Disease

Coronary Artery Disease and Acute Coronary
Syndromes
The role of direct renin inhibition in the prevention and
treatment of atherosclerotic heart disease has not been
evaluated in randomized controlled trials in humans,
although there is evidence to that effect in animal models
[71, 72].

The use of an ACEi (Captopril) within 3–16 days after an
AMI in patients whose LVEF was � 40% and whose serum
creatinine was <2.5 mg/dL reduced risk of future cardio-
vascular events [73].

The European Renal Best Practice (ERBP) clinical
practice guidelines for managing patients with diabetic CKD
and a GFR >45 mL/min/1.73 m2 BSA provide the following
recommendations for primary and secondary prevention and
treatment of cardiovascular disease:

• A clinically indicated coronary angiogram should not be
delayed for concerns over contrast-induced nephropathy.

• Medical therapy for stable CAD should be optimized and
is the preferred choice of therapy unless there is significant
myocardial ischemia, proximal left anterior descending
(LAD), or left main coronary disease is present.

• In patients with multi-vessel CAD or complex lesions,
coronary artery bypass graft is preferred over percuta-
neous coronary interventions for revasularization.

• Neither the presence of DM nor that of CKD should
impact the therapy of acute coronary syndrome.

• Maximal dose ACEi, and not an AIIT1RA, is the treat-
ment of choice for secondary prevention of cardiovas-
cular disease in patients with HF or CAD; combination
RAAS inhibition should be avoided.

• Goal BP is <140/90 mmHg and in the absence of
microalbuminuria all antihypertensive agents are equal to
lower BP [74].

In summary, ACEi are essential for secondary prevention
and decrease mortality in patients with post-myocardial
infarction left ventricular dysfunction.
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Reduced Left Ventricular Systolic Function
and or Heart Failure (HF)
Lower LVEF is an independent predictor of cardiovascular
death and all-cause mortality in patients with heart failure
(HF) [75].

In patients with HF due to decreased LVEF or valvular
disease, there is a state of chronic renal hypoperfusion in the
setting of an increased overall extracellular fluid volume;
counter-regulatory adaptive mechanisms to restore perfusion
result in neurohormonal activation of the RAAS, sympa-
thetic nervous system and anti-diuretic hormone, the end
result being more sodium and water retention and further
volume expansion.

In patients with HF, kidney dysfunction portends a worse
long-term prognosis with higher hospitalization rate [75] and
a higher cardiovascular as well as all-cause mortality and the
risk rises with the severity of the kidney disease [76, 77],
with a 7% increase in mortality for every eGFR decrement of
10 mL/min/1.73 m2 of body surface area [78]. The renal
impairment is a more powerful predictor of mortality in
patients with advanced HF than the LVEF or New York
Heart Association (NYHA) class [79] and its validity as a
prognosticator does not change whether the HF is due to
systolic or diastolic dysfunction [80]. Similarly, renal
impairment predicts a higher all-cause mortality and car-
diovascular mortality as well as recurrent myocardial
infarction in patients who had an AMI [73, 81] especially
with an eGFR <45/1.73 m2 of body surface area [73].

In adult patients with cardiorenal syndrome, defined by a
left ventricular ejection fraction � 45% and NYHA class II–
IV chronic heart failure and an estimated GFR 30–
75 mL/min/1.73 m2 of body surface area, the addition of
Aliskiren therapy for 26 weeks, on top of standard therapy
consisting of ACEi (or AIIT1RA) and b-blocker, did not
change renal blood flow but significantly decreased GFR and
filtration fraction when compared to placebo [82].

In patients with clinically diagnosed HF and angiographic
evidence of coronary artery disease (CAD), ACEi reduced
mortality at 12 months in patients with creatinine
clearance � 60 mL/min/1.73 m2 of body surface area but not
in those whose creatinine clearance was <60 mL/min/1.73 m2

of body surface area [83]. However, other trials have shown a
survival benefit with ACEi in patients with HF across all
strata of creatinine clearance [80].

In summary, ACEi are essential for secondary cardio-
vascular prevention in patients with HF and/or reduced
LVEF; they help optimize cardiac function, decrease mor-
tality as well as hospitalization rate. Furthermore, evidence
from the RALES trials supports adjunctive aldosterone
receptor antagonist therapy with spironolactone to decrease
mortality and morbidity in patients with severe HF and a
LVEF <35% [84]; similarly, the EMPHASIS-HF Study
Group reported that adjunctive eplerenone therapy decreased

mortality and morbidity in patients with NYHA class II HF
and LVEF <35% [85].

Sudden Cardiac Death
As mentioned earlier, sudden cardiac death accounts for
37% of mortality seen in patients with ESKD on HD.

A meta-analysis of seven RCTs (2867 patients) evaluated
the benefits of primary prevention implantable
cardioverter-defibrillator (ICD) in CKD and found that the
survival benefit attributed to ICDs is GFR dependent and
retained its statistical significance for a GFR
� 60 mL/min/1.73 m2 but not lower [86].

Although RAAS inhibition plays an important role in
reducing cardiovascular mortality, we are not aware of any
trials that evaluate its direct role in the prevention of sudden
cardiac death.

Coronary Angiogram and Contrast-Induced
Nephropathy (CIN)
CIN is the end result of contrast-induced tubular toxicity,
intense vasoconstriction and tubular as well as medullary
ischemia, and oxidative stress [87].

ERBP clinical practice guidelines for managing patients
with diabetic CKD and a GFR >45 mL/min/1.73 m2 BSA
recommend that a clinically indicated coronary angiogram
should not be delayed for concerns over contrast-induced
nephropathy.

Risk factors for CIN include pre-existing CKD, DM, effec-
tive arterial volume depletion especially in patients on diuretics,
HF and reduced LVEF, hypotension, and age. Prevention of
contrast nephropathy after a coronary angiogram is a constant
cause for nephrology consultations. Thus, several prediction
models have been devised and validated but none reported their
impact on clinical decision making or patient outcomes [88].
Strategies to prevent contrast-induced nephropathy include
isotonic fluid resuscitation to maintain optimal effective arterial
volume and avoid volumedepletionwith sodiumbicarbonate or
normal saline, using iso-osmolal contrast agents, minimizing
the volume of contrast used and avoiding repetitive adminis-
tration over a short time-frame, oral N-acetylcysteine, and oral
statin [89]. Furthermore, it may be advisable to stop RAAS
inhibition 1–3 days before the administration of the contrast.
A pilot study (CAPTAIN trial) in patients with moderate CKD
(serum creatinine � 1.7 mg/dL within 3 months or crea-
tinine � 1.5 mg/dL within 1 week prior to angiogram)
demonstrated a nonsignificant reduction in CIN and a signifi-
cantly lower rise in serum creatinine after the angiogram [90].

Cardiorenal Syndromes

The main challenge in types 1 and 2 cardiorenal syndromes
is to achieve the optimal balance between successive diuresis
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and the maximal benefit of RAAS inhibition to avoid the
fluctuation from one extreme and another, namely between
acuter decompensated heart failure on the one hand and AKI
due to excessive diuresis and effective arterial volume
depletion on the other. Furthermore, worsening kidney
function may predispose to hyperkalemia and deprive
patients with symptomatic HF and reduced LVEF from the
survival benefits associated with dual aldosterone receptor
antagonist therapy and ACEi or AIIT1RA therapy.

A meta-analysis evaluated the impact of worsening kid-
ney function (WRF) after initiation of RAAS inhibition in
patients with HF and left ventricular systolic dysfunction,
and included five clinical trials (SOLVD—Studies of Left
Ventricular Dysfunction, SAVE Survival and Ventricular
Enlargement Trial, RALES—the Randomized Aldactone
Evaluation Study, Val-HeFT—Valsartan Heart Failure Trial,
and EPHESUS—Eplerenone Post-Acute Myocardial
Infarction Heart Failure Efficacy and Survival Study) and
showed a survival benefit with RAAS inhibition irrespective
of whether the patients experienced WRF (Relative Risk RR
0.72, p < 0.001) or not (RR 0.91, p = 0.04). More patients
in the RAAS treatment group developed WRF and WRF
was a predictor of increased mortality (RR 1.22, p = 0.0003)
when compared to the RAAS treatment group with no WRF.
However, when the mortality rates in the RAAS treatment
group with WRF were compared to the placebo group with
WRF, RAAS inhibition was associated with a reduction in
mortality; the magnitude of this protective effect was greatest
in patients in the treatment subgroup with WRF [81].

Combination Therapy Using Different Classes
of RAAS Inhibitors

Dual Blockade

Direct Renin Inhibitor Plus ACEi or AIIT1RA
Dual RAAS blockade with a regimen including DRI has
been evaluated with mixed results.

In adult patients with hypertension, type 2 diabetes mel-
litus, diabetic nephropathy with macroalbuminuria and a
GFR � 30 mL/min/1.73 m2 of body surface area, the
addition of Aliskiren to maximal dose Losartan had reno-
protective effects independent of its blood pressure lowering
effects, and was reflected by 20% reduction in the magnitude
of albuminuria at 6-months of follow-up; there was also a
statistically non-significant trend to a slower decline in GFR
(p = 0.07) [25].

A meta-analysis of ten RCTs evaluated the safety of dual
RAAS blockade with Aliskiren and an AIIT1RA or an ACEi
versus monotherapy with any of the three agents for at least
4 weeks, demonstrated that dual therapy was associated with

a significantly increased risk of hyperkalemia but not of AKI
[91].

The ALTITUDE investigators (Cardiorenal end points in
a trial of Aliskiren for type 2 diabetes) evaluated the impact
of adjunctive Aliskiren therapy added to ACEi or AIIT1RA
on cardiovascular and renal outcomes in patients with sys-
temic arterial hypertension, DMT2 and with diabetic
nephropathy (micro- or macroalbuminuria) or cardiovascular
disease or both, GFR � 30 < 60 mL/min/1.73 m2 of body
surface area, aged 35 years or older, and reported that
addition of Aliskiren resulted in a (statistically
non-significant) trend with an increase in adverse primary
composite outcome of cardiorenal events, secondary com-
posite outcome of cardiovascular and renal events, and
all-cause mortality; more patients in the treatment group
experienced an adverse event and subsequently discontinued
the DRI (p < 0.001) with the most encountered complica-
tions being hyperkalemia, acute kidney injury, and
hypotension. Dual therapy was associated with lower BP
and urinary protein excretion rate [92].

ACEi Plus AIIT1RA
The ONTARGET investigators (Renal outcomes with
telmisartan, ramipril, or both, in people at high vascular risk)
showed a significant increase in the primary renal outcome
(dialysis, doubling of serum creatinine, death) and secondary
renal outcomes (dialysis, doubling of serum creatinine) and a
significant decline in GFR (−6.11 mL/min, p < 0.0001)
[93, 94].

In patients with HF or acute myocardial infarction and
symptomatic left ventricular dysfunction, dual therapy with
ACEi and AIIT1RA was associated with high rate of with-
drawal due to a significant rise in the rates of AKI and
symptomatic hypotension as well as an increase in hyper-
kalemia [95].

A meta-analysis of 33 RCTs evaluated the impact of
long-term (>1 year) dual RAAS blockade versus
monotherapy on all-cause as well as cardiovascular mortal-
ity, and concluded that there was no benefit of dual blockade
over monotherapy for either endpoint. Dual therapy resulted
in a significant decrease in HF hospitalization rate (18%
reduction), but there was a significantly higher risk of
hyperkalemia (55% increase), hypotension (66% increase),
AKI (41%) and adverse events leading to withdrawal of
therapy (27% increase). Subgroup analysis showed a sig-
nificantly higher risk of AKI with dual therapy in patients
with HF as compared to those without HF, and a higher
all-cause mortality in patients without HF when compared to
those with HF [96].

Similarly, the risk–benefit of dual versus single RAAS
blockade in patients with albuminuria or stage 3–5 CKD was
evaluated in a meta-analysis of 59 RCTs, and reported a
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statistically significant reduction in urinary albumin excre-
tion rate with dual blockade, as well as a higher success rate
at achievement of blood pressure goal; however, dual
blockade was associated with a statistically significant
reduction in GFR and a higher rate of hypotension and
hyperkalemia and had no effect on mortality rates [97].

Aldosterone Receptor Antagonist Plus ACEi
or AIIT1RA
The addition of spironolactone to an ACEi or an AIIT1RA,
in patients with proteinuric stage 1–3 CKD, over a period of
2–20 months, reduced the degree of proteinuria and SBP but
had no effect on cardiovascular outcomes or on the rate of
progression to ESKD; it had a less well-defined effect on
GFR but it increased the risk of hyperkalemia and gyneco-
mastia. Individual trials report similar results with epler-
enone; addition of eplerenone, too, increased risk of
hyperkalemia but there was no risk of gynecomastia [39].

The addition of a DRI or an AIIT1RA or and aldosterone
receptor antagonist to ACEi-based conventional therapy in
patients with HF and its impact on mortality and cardio-
vascular event rate was evaluated in a meta-analyses of 16
RCTs (31,429 patients) over a period of 3 months. Only
additional aldosterone receptor antagonists, and not DRI or
an AIIT1RA, significantly reduced the risk of all-cause
mortality, cardiovascular mortality, HF hospitalization but
there was an increase in the rate of hyperkalemia. The
addition of an AIIT1RA increased the rate of hyperkalemia,
AKI and hypotension; additional DRI increased risk of
hypotension [98].

Beyond Dual Blockade

The ASTRONAUT investigators evaluated the effect of
adjunctive Aliskiren therapy versus placebo in patients
hospitalized with HF (LVEF < 40%) and fluid overload
when added to standard therapy on cardiovascular death and
hospitalizations over a median follow-up period of
11.3 months and reported no benefit on either endpoint.
With standard therapy, 84.2% patients were receiving ACEi
or AIIT1RA and 57% were receiving mineralocorticoid
receptor antagonist. Patients who received Aliskiren had a
higher rate of hyperkalemia, hypotension and AKI [99].

In summary, while most trials report reduction in BP and
urinary excretion rates, and in view of the increased risks of
AKI, hyperkalemia, and hypotension associated with mul-
tilevel RAAS blockade, dual RAAS blockade should be
preserved for clinical use where evidence rather than theory
exists. Its major use is in patents with HF and reduced LVEF

where aldosterone receptor antagonists offer a survival
benefit [100].

RAAS Inhibition and Variability by Race

Systemic arterial hypertension is more prevalent and more
severe in blacks than in whites; furthermore, it is associated
with higher rates of morbidity and mortality from cardio-
vascular and cerebrovascular as well as ESKD. Blacks with
primary hypertension, compared to whites, may have low
renin and salt-sensitive hypertension and achieve the best
blood pressure lowering with diuretics and CCBs [101].
These observations may have disfavored RAAS inhibition as
a first line mono therapy in blacks with systemic arterial
hypertension but no microalbuminuria or heart disease, but
their use in combination with diuretics and CCBs exerts a
synergistic effect and is highly recommended if BP goals are
not met (<140/90 mmHg) [102, 103]. In the AASK inves-
tigators reported that ramipril therapy decreased the pro-
gression of CKD in patients with systemic arterial
hypertension and non-diabetic proteinuric CKD [104].
RAAS inhibition remains first line therapy whenever a
compelling indication arises such as, micro- or macroalbu-
minuria, HF or reduced LVEF.

RAAS and Genetics

The search for and identification of RAAS related single
nucleotide polymorphisms (SNPs) that may alter the disease
risk or responsiveness to RAAS inhibition has yielded
inconsistent results. For example, analysis of insertion/
deletion (I/D) SNPs of the ACE gene, which determines
the concentrations of ACE, and by proxy of AngII and
response to ACEi therapy, identified genotypes that have
been associated with pathogenesis and progression of CKD,
as well as cardiovascular disease. The DD genotype promotes
a wide array of deleterious effects in the cardiovascular sys-
tem in certain patients [105]. In contrast, the DD genotype
has also been associated with a favorable response to AII-
T1RA in patients with more advanced diabetic nephropathy.
The II genotype has been associated with a milder course of
diabetic nephropathy as well as non-diabetic proteinuric
CKD and with the best effective response to ACEi therapy in
the early stages of diabetic CKD [106].

In summary, the role of RAAS SNPs in identifying car-
diovascular and renal risk and predicting therapy with best
outcomes is still in a development phase and its clinical
impact remains quite limited.
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Adverse Events and Safety

Aliskiren (prescribed at doses of once daily 150 mg, 300 mg
or 600 mg) has a safety profile similar to placebo and to
Irbesartan 150 mg; the most frequent side effects reported
were headache, dizziness, and diarrhea [107].

Cough is a common cause of withdrawal of ACEi therapy
and is thought to be bradykinin mediated; therapy with
ACEi, but not AIIT1RA, is associated with an increased risk
of cough as high as 5–35% [43, 94, 108]. In a Cochrane
meta-analysis, AIIT1RA were associated with a lower rate of
withdrawal due to adverse events than ACEi after a mean
followup of 4.1 years with 43% of the ACEi withdrawal
being due to cough as opposed to a mere 4% with AIIT1RA
[69].

ACEi therapy is the leading cause of drug-induced
angioedema, also associated with high levels of bradykinin.
While the angioedema usually occurs within days after ini-
tiating therapy, it may occur at any time during therapy.
Therapy is based on discontinuation of the ACEi and use of
a selective bradykinin beta-2 receptor antagonist [109, 110].
Patients who develop angioedema with ACEi have a 10%
chance of developing angioedema with an AIIT1RA, this
counseling the patient is essential when a compelling indi-
cation for use arises. DRI have similar rates of angioedema
as ACEi.

The ONTARGET investigators reported a significantly
higher risk of angioedema with ACEi when compared to an
AIIT1RA (0.3 vs. 0.1%) as well as cough (4.2 vs. 1.1%) but
less hypotension (1.7 vs. 2.6%) and no difference in the rate
of syncope [94].

Spironolactone disturbs the balance of androgens and
estrogens in favor of the latter with enhanced peripheral
conversion of testosterone to estradiol, and at higher doses
may result in male gynemomastia [111]. Eplerenone is less
likely to cause gynecomastia.

All forms of RAAS inhibition are contraindicated in
pregnancy.

RAAS Inhibition and Hyperkalemia

Increase in serum potassium on 0.4–0.5 meq/L are common
with RAAS inhibition. This change in serum potassium can
be more substantial in patients with CKD and/or CHF. The
presence of hyperkalemia often limits the dose or even the
use of RAAS inhibitors. As a consequence, patients with
CKD and/or CHF may not derive the clinical benefits from
their appropriate use. The only available chronic therapies for
hyperkalemia were until recently loop diuretics and poorly
tolerated sodium polystyrene sulfonate (kayexalate). Patir-
omer is a non-absorbed polymer which was designed to
exchange potassium for calcium. This action predominately

occurs in the distal colon where the free concentration of
potassium is the highest [112, 113]. The net result is an
increase in secretion and reduction of serum potassium levels
of about meq/L [70]. It has been well studied in clinical trials
up to 1 year in duration [114]. It is well tolerated and safe
with only minor gastrointestinal side effects. It was recently
approved by the FDA. The FDA has recommended separat-
ing patiromer and kayexalate dosing from other medicines by
6 h until more clinical testing is done to be sure there are no
drug binding interactions. Another new medication in
development for hyperkalemia is sodium zirconium
cyclosilicate [115, 116], known as ZS-9. This is a highly
selective inorganic cation exchange that entraps potassium in
the intestinal tract in exchange for sodium and hydrogen. It
has been demonstrated to be efficacious, with an approximate
1 meq/L reduction in serum potassium [115, 116]. Like
patiromer, it is an insoluble compound which needs to be
dissolved in a small amount of water before consumption. It
is well tolerated with only minor gastrointestinal complaints,
and some pedal edema if used in higher doses €. Thus, both
patiromer and ZS-9 appear to be important new,
well-tolerated, and predictable medication to consistently and
safely reduce potassium levels. They will likely permit
greater use and appropriate dosing of RAAS inhibitors.

Summary and Conclusions
RAAS inhibition has provided an important opportunity
to slow the progression of cardiovascular and renal
disease progression in patients with established disease.
This benefit is consistent and reproducible. The future
will focus on strategies to improve upon this benefit
with novel therapies, and ensure greater opportunity for
safety and efficacy through better control of hyper-
kalemia, and other potential adverse effects. We have
come a long way in our understanding about this
important catalytic pathway, and have much more to
learn about how best to modulate its effects on the cir-
culation and target organs.
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9Vitamin D and Its Role in CKD and CAD:
A Novel Therapeutic Target

Kenneth Lim, Thomas F Hiemstra, and Ravi Thadhani

Introduction

Vitamin D deficiency is potentially a significant global
public health problem. It is estimated that over 1 billion
people worldwide are vitamin D deficient. Vitamin D is
indispensible for skeletal health, and its deficiency results in
rickets in children and osteomalacia in adults. Effective
treatment of rickets in children by sunlight was first descri-
bed by Sniadeki in 1822, and later by diet through the use of
cod liver oil by Trousseau in 1868. However, vitamin D was
only isolated and its structure identified in the 1930s, after
Askew and colleagues described vitamin D2 (ergocalciferol).

Through a series of experiments, Nobel Laureaute Adolf
Windaus identified the chemical structure of vitamin D
produced in the skin as cholecalciferol (vitamin D3) as well
as its parent molecule, 7-dehydrocholesterol. It was at this
time in the 1930s that the fortification of milk with 100 IU
vitamin D2 per 8 oz began, effectively eradicating rickets in
the United States and Europe. However, this over fortifica-
tion was thought to be the cause of an outbreak of hyper-
calcemia, leading to the forbidding of fortification of dairy
products with vitamin D in Europe.

Over recent decades, it has become evident that vitamin
D is not important only for calcium homeostasis and skeletal
health. The vitamin D endocrine system is ubiquitously
expressed, and vitamin D deficiency has been linked to a
variety of health problems including cardiovascular disease,
cancers, autoimmune diseases, and infectious diseases. The

importance of vitamin D in health is reflected by the forti-
fication of vitamin D in a variety of staple foods. Today,
almost all the milk supply in the United States is fortified
with 100 IU vitamin D/cup and in Canada, milk is fortified
by law with 35–40 IU/100 ml. Both the United States and
Canada mandate the fortification of infant formulas with
vitamin D.

Production and Metabolism of Vitamin D

The major source of vitamin D in humans is exposure to
sunlight, while most natural food sources contain little
inactive vitamin D. Vitamin D3 is the natural derivative of
vitamin D formed by irradiation of 7-dehydrocholesterol in
the skin, but can also be derived from dietary sources. Few
naturally occurring foods contain vitamin D, including oily
fish such as wild salmon, mackerel, herring, and oils from
fish such as cod liver oil, egg yolk (raw), cheddar cheese and
mushrooms. Vitamin D2 is the artificial form of vitamin D
derived from irradiation of ergosterol, a sterol found in cell
membranes of fungi and protozoa, and is often used in food
fortification and in high-potency pharmaceutical prepara-
tions. Nutritional deficit in addition to the safe sun lobby
leading to reduced exposure to sunlight and the use of
sunscreens, may paradoxically have led to the persisting
vitamin D insufficiency globally, extending across the
western civilization today.

7-dehydrocholesterol is converted by ultraviolet B radi-
ation (295–310 nm wavelength) into cholecalciferol (vita-
min D3). Cholecalciferol is biologically inert and is
hepatically 25-hydroxylated in a substrate-dependent
manner to yield 25-hydroxyvitamin D (calcidiol).
25-hydroxyvitamin D is also largely biologically inactive,
and its blood concentration has historically been used as a
measure of vitamin D status. 25-hydroxyvitamin D is 1a
[alpha]-hydroxylated by CYP2R1 (a cytochrome P450
enzyme) to the highly calcitropic active steroid hormone
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1,25-dihydroxyvitamin D (calcitriol). 1a[alpha]-hydroxylase
was initially identified in proximal tubular cells of the kid-
ney, however, the enzyme is also found in other parts of the
nephron including the distal tube and collecting duct. Renal
1a[alpha]-hydroxylase appears to account for the majority of
circulating 1,25-dihydroxyvitamin D.

The false belief that 1,25-dihydroxyvitamin D synthesis
occurs only in the kidneys has led to the widespread use of
1,25-dihydroxyvitamin D or analogs such as paricalcitol in
patients with kidney disease, primarily for the treatment of
secondary hyperparathyroidism [these 1a[alpha]-hydro-
xylated compounds are hereafter referred to as Vitamin D
Receptor Activators (VDRAs)]. However, following the
discovery of ubiquitous expression of the 1a[alpha]-hydro-
xylase in extrarenal tissue, it is now recognized that extra-
renal synthesis of 1,25-dihydroxyvitamin D occurs outside
the kidney and contributes to its circulating concentration.
Further, similar to other steroid hormone receptors, the
vitamin D receptor (VDR) is ubiquitously expressed.
Therefore, autocrine and paracrine synthesis of
1,25-dihydroxyvitamin D occurs in target organs, and in
health, the activation of the VDR in these tissues depends on
VDR expression and adequate vitamin D concentrations.

Extrarenal production of 1,25-dihydroxyvitamin D was
originally identified in studies investigating the pathogenesis
of hypercalcemia in sarcoidosis. Cloning of the 1a[alpha]-
hydroxylase gene revealed identical cDNA sequences in a
variety of extrarenal tissues. 1a[alpha]-hydroxylase expres-
sion has been found in skin (basal keratinocytes, hair folli-
cles), lymph nodes (granulomata), colon (epithelial cells and
parasympathetic ganglia), brain (cerebellum and cerebral
cortex), prostate, breast, testes, and placenta (decidual and
trophoblastic cells), pancreas (islets), adrenal medulla, myo-
cardium and in vasculature (endothelial and vascular smooth
muscle cells). The extent to which extrarenal 1a[alpha]-
hydroxylase activity contributes to circulating vitamin D
levels is unclear. However, in reports of anephric individuals
who had been given large doses of inactive vitamin D3, these
patients exhibited measurable blood levels of a metabolite(s)
that displaced 1,25-dihydroxyvitamin D in receptor binding
assays [1]. These findings suggest the existence of significant
extrarenal 1a[alpha]-hydroxylase activity.

1,25-dihydroxyvitamin D is a steroid hormone, and exerts
its actions through the vitaminD receptor (VDR), amember of
the steroid hormone superfamily of nuclear receptors.
The VDR has been found to regulate approximately 3% of
human genes via its endocrine effects. Binding of calcitriol to
VDR causes heterodimerization with retinoid X receptor
(RXR) and allows the binding of the heterodimer to vitamin D
response elements (VDREs). VDREs are located in the pro-
moter regions of calcitriol responsive genes. Ligand binding
triggers recruitment of transcription factors to the pre-initation
complex to regulate the rate of gene transcription.

The enzyme 24-hydroxylase (CYP24A1) is responsible for
the catabolic inactivation of 1,25-dihydroxyvitamin D and
catabolizes both 25-hydroxyvitamin D and 1,25-dihydro-
xyvitamin D into inactive 24,25-hydroxyvitamin D.

Regulation of Vitamin D Synthesis

1,25-dihydroxyvitamin D is potently calcitropic, and its
production is tightly regulated by parathyroid hormone
(PTH), serum calcium, phosphorus and the bone-derived
hormone, fibroblast growth factor (FGF)-23 (Fig. 9.1).
Dietary calcium can regulate the 1a[alpha]-hydroxylase
enzyme both directly through changes in serum calcium
concentrations or indirectly by altering levels of PTH pro-
duced by the parathyroid gland. In vitro studies have shown
that calcium can directly suppress 1a[alpha]-hydroxylase
activity and mRNA production. Additionally, the stimulation
of 1a[alpha]-hydroxylase by low calcium is significantly
blunted by parathyroidectomy. In proximal tubular cells,
PTH has been shown to directly stimulate 1a[alpha]-
hydroxylase gene transcription via changes in cAMP [2].

Restriction of dietary phosphate also increases 1a[alpha]-
hydroxylase activity and mRNA production, indirectly by
changes in PTH and calcium. Interestingly, phosphate does
not appear to directly regulate 1a[alpha]-hydroxylase activ-
ity in cell culture and its effects may be mediated by a
systemic hormone. Phosphatonins including fibroblast
growth factor (FGF-23), frizzled-related protein 4 (FRP-4)
and matrix extracellular phosphoglycoprotein (MEPE) are
involved in the regulation of phosphate homeostasis. Of
these, both FGF-23 and MEPE play an important role in
regulating 1a[alpha]-hydroxylase activity of which FGF-23
has been the most studied.

FGF-23 is a 30 kDa hormone produced by bone and func-
tions as an important regulator of mineral balance. FGF-23
directly suppresses 1a[alpha]-hydroxylase activity at the
kidney, leading to decreased synthesis of active
1,25-dihydroxyvitamin D (Fig. 9.2). FGF-23 function is
dependent on an anti-aging protein called a[alpha]-Klotho,
named after the Greek Goddess Klotho,who spins the thread of
life. a[alpha]-Klotho has two known human isoforms, a
full-length 130 kDa transmembrane form and a secreted soluble
form that arises from alternative splicing. In proximal and distal
tubular cells of the kidney, Klotho functions as a co-receptor
with fibroblast growth factor receptor (FGFR)-1 for FGF-23. It
was Yo-ichi Nabeshima and colleagues who in 1997 first
identified Klotho expression predominantly at the kidney.
a[alpha]-Klotho is widely expressed in extrarenal tissues in
humans, including arterial, epithelial, endocrine, reproductive
and neuronal tissues. This suggests that FGF23 may act on a
variety of Klotho expressing extra renal tissues and potentially
regulate extrarenal 1,25-dihydroxyvitamin D synthesis.
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Feedback regulation by 1,25-dihydroxyvitamin D limits
the development of vitamin D intoxication. Experimental
studies have shown that 1,25-dihydroxyvitamin D

treatment suppresess 1a[alpha]-hydroxylase activity and
mRNA production. However, this effect is not mediated
through a direct effect of 1,25-dihydroxyvitamin D and its
receptor on 1a[alpha]-hydroxylase, rather via the inhibition
of PTH production. Furthermore, 24-hydroxylase activity
(catabolic pathway) is increased by 1,25-dihydroxyvitamin
D and is decreased by PTH.

Functions of Vitamin D

Vitamin D effects can be largely divided into endocrine or
“classical” actions mediated by circulating vitamin D pro-
duced by the kidney, and autocrine/paracrine “nonclassical”
functions by locally produced extrarenal vitamin D
(Fig. 9.3). Endocrine functions of vitamin D mediate a
complex interplay between the kidney, bone, parathyroid
gland and intestine to regulate mineral metabolism.

Endocrine actions of 1,25-dihydroxyvitamin D play an
important role in the regulation of calcium and phosphate
homeostasis; the overall effect is to increase calcium and
phosphate plasma concentrations. This is achieved by
exerting effects on several organs: In the small intestine,
1,25-dihydroxyvitamin D stimulates calcium and phosphate

Fig. 9.1 Synthesis and regulation of Vitamin D Synthesis: Cholecal-
ciferol (vitamin D3) is synthesized in the skin from
7-dehydrocholesterol via the action of ultraviolet B (UVB) light.
Ergocalciferol (vitamin D2) is the form of vitamin D commonly found
in food products. Both cholecalciferol and ergocalciferol are inactive
forms that require activation by 1a[alpha]-hydroxylase. Activity of 1a

[alpha]-hydroxylase at the kidney is stimulated by low calcium and
phosphate levels, and high PTH while its activity is suppressed by
FGF-23 produced from bone. Catabolic inactivation of
1,25-dihydroxyvitamin D into inactive 24,25-hydroxyvitamin D is
mediated by 24-hydroxylase

Fig. 9.2 Regulation of vitamin D synthesis: PTH functions to
stimulate 1a[alpha]-hydroxylase activity at the kidney, increasing
circulating 1,25-dihydroxyvitamin D levels. FGF-23, a phosphaturic
hormone released from bone inhibits 1a[alpha]-hydroxylase activity
and stimulates phosphate wasting at the kidney. As CKD progresses,
FGF-23 levels increase thereby lowering circulating
1,25-dihydroxyvitamin D levels
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absorption. Active cellular calcium uptake is stimulated by
1,25-dihydroxyvitamin D by inducing expression of TRPV5
and TRPV6 calcium channels. 1,25-dihydroxyvitamin D
also increases active phosphate transport by inducing
expression of the NaPi-IIb co-transporter. There is evidence
that changes in the composition of the enterocyte plasma
membrane induced by vitamin D results in increased fluidity
and phosphate uptake.

In concert with PTH, vitamin D stimulates bone resorp-
tion to release calcium and phosphate into extracellular fluid.
1,25-dihydroxyvitamin D interacts directly with the VDR in
osteoblasts to increase the plasma membrane expression of
RANKL (Receptor Activator for Nuclear Factor kB Ligand).
RANK on preosteoblasts binds to RANKL on osteoblasts
stimulating the conversion of preosteoclasts to osteoclasts.
This results in the release of chemicals such as hydrochloric
acid to metabolize calcium stores from the bone into the
circulation.

While 1,25-dihydroxyvitamin D functions to reduce cal-
cium and phosphate loss at the kidney, PTH exerts a phos-
phate wasting effect in renal tubular cells. PTH therefore
primarily functions to raise plasma calcium levels. As
mentioned earlier, 1,25-dihydroxyvitamin D functions to
raise both calcium and phosphate plasma concentrations

while exerting a negative feedback response at the
parathyroid gland by inhibiting production of PTH.

Outside of its role in regulating mineral physiology, the
nonclassical actions of vitamin D, including those at the
bone marrow, immune system, muscle and skin are
increasingly being recognized [3]. Given the widespread
expression of 1a[alpha]-hydroxylase and the VDR across
many organ systems, vitamin D has been found to exert
pleiotropic effects in the regulation of both normal organ
physiology and influence disease processes. VDR knockout
mice exhibit a range of traits resembling premature aging,
including growth retardation, cutaneous changes such as
alopecia, abnormal blood mineral levels, hyperparathy-
roidism, cardiac changes such as left ventricular hypertro-
phy, and defective T cell and macrophage function. These
multisystem changes highlight the pleiotropic effects of
vitamin D as summarized in Fig. 9.3.

The beneficial effects of nonclassical functions of vitamin
D replacement therapy may not be as easily measurable with
outcomes such as changes in mineral levels and mortality.
Observational studies indicate an increased risk of colon,
breast and prostate cancer with reduced 25-hydroxyvitamin
D levels, and randomized trial evidence suggests reduced
risk of colon cancer with supplementation. A number of

Fig. 9.3 Vitamin D Endocrine and Autocrine/Paracrine Hormonal
Systems: The effects of vitamin D can be broadly divided into either
endocrine (or “classical”) effects that are mediated by circulating

vitamin D, and autocrine/paracrine (or “nonclassical”) effects mediated
by locally produced extrarenal vitamin D
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translational studies have shown benefits of vitamin D in
regulation of immune and inflammatory pathways as dis-
cussed in further detail below. In addition, correcting min-
eral disturbances with agents that modulate the parathyroid
gland axis, such as calcimimetics in the absence of vitamin
D replacement therapy negate nonclassical benefits of vita-
min D and could mask other consequences of vitamin D
deficiency.

Vitamin D Deficiency in CKD

Vitamin D Deficiency is a Prevalent Condition
in CKD

Vitamin D deficiency is a highly prevalent condition in CKD
patients, with estimates as high as 70–80% in some studies.
Despite the introduction of international and European
guidelines to supplement vitamin D in the dialysis population,
reports over the past decade consistently show vitamin D
deficiency in this population. Both active 1,25-dihydroxy-
vitamin D and inactive 25-hydroxyvitamin D are deficient in
the majority of patients with CKD. Vitamin D concentrations
decrease early in CKD before PTH levels start to increase.
Plasma 25-hydroxyvitamin D declines when the glomerular
filtration rate (GFR) falls below 45 ml/min/1.73 m2. Active
1,25-dihydroxyvitamin D levels decline to the lower limits of
normal when patients reach the advanced stages of CKD stage
2, with evidently low levels by CKD stage 4.

Many clinicians define vitamin D deficiency as
<20 ng/ml, vitamin D insufficiency as 20–29.9 ng/ml and
� 30 ng/ml as sufficient. In a 2011 report by the Institute of
Medicine (IOM), recommendations for dietary allowances
for healthy adults and children were made based on health
outcomes suggesting the serum 25-hydroxyvitamin D
threshold for health is >20 ng/ml. However, the UK
Department of Health and Scientific Advisory Committee on
Nutrition (SACN) define vitamin D deficiency as
<25 nmol/1 (10 ng/ml), consistent with the observation that
lower levels were associated with rickets and osteomalacia.
Additionally, controversy exists regarding the upper limit of
normal and different cutoffs have been proposed ranging
from 50 to 150 ng/ml. Although the thresholds for defining
sufficiency have historically been based on skeletal, health,
there is increasing recognition that nonskeletal disease out-
comes should also be taken into account. For example, while
levels >10 ng/ml are optimal to prevent rickets and osteo-
malacia, levels >30 ng/ml may be needed to prevent both
secondary hyperparathyroidism and osteoporosis.

Various mechanisms have been implicated in the devel-
opment of vitamin D deficiency in CKD, including loss of
renal mass, hyperparathyroidism, hyperphosphatemia,
metabolic acidosis, and accumulation of uremic toxins. Not

surprisingly, low substrate levels of 25-hydroxyvitamin D
are associated with low active 1,25-dihydroxyvitamin D
levels, independent of stage of CKD progression. In fact,
substrate availability is an important determinant of circu-
lating 1,25-dihydroxyvitamin D levels. Studies have shown
that as GFR declines, low substrate levels may limit the
delivery of 25-hydroxyvitamin D to the 1a[alpha]-hydro-
xylase enzyme and therefore impede the generation of
1,25-dihydroxyvtiamin D at the kidney.

In the circulation, 99% of 25-hydroxyvitamin D is bound
to Vitamin D Binding Protein (DBP). In the kidney, DBP
and its cargo is filtered by the glomerulus, and is reabsorbed
in the proximal tubule via megalin-mediated endocytosis.
Megalin is a multi-ligand receptor that mediates the active
process of vitamin D-DBP endocytosis. As CKD progresses,
expression of megalin is reduced and this likely results in
reduced reuptake of filtered 25-hydroxyvitamin D, and hence
reduced substrate for active 1,25-dihydroxyvitamin D syn-
thesis. 25-hydroxylase production in the liver may also be
reduced in uremic environments and may contribute to
decreased available 25-hydroxyvitamin D substrate. Addi-
tionally, development of proteinuria may be accompanied by
high urinary losses of DBP resulting in increased losses of
vitamin D metabolites; this is evidenced by the association
between nephrotic range proteinuria with vitamin D defi-
ciency. In addition to reduced substrate for
1,25-dihydroxyvitamin D synthesis, several findings indicate
that the uremic environment results in reduced affinity of the
1a[alpha]-hydroxylase enzyme for 25-hidroxyvitamin D:
Porcine hepatic 1a[alpha]-hydroxylase has reduced affinity
for 25-hydroxyvitamin D in uremia, and in a study investi-
gating 1,25-dihydroxyvitamin D deficiency in hemodialysis
patients, impaired uptake of 25-hydroxyvitamin D and low
affinity of the 1a[alpha]-hydroxylase enzyme to its substrate
all determined the need for higher 25-hydroxyvitamin D
levels to normalize serum 1,25-dihydroxyvitamin D levels
[4]. Further, acidemic and hyperuricemic milieus also reduce
1a[alpha]-hydroxylase enzyme activity.

Over the past 10 years, emerging evidence has implicated
FGF-23 as a significant contributing factor behind vitamin D
deficiency in CKD. FGF-23 levels begin to rise in the early
stages of CKD and directly suppress 1a[alpha]-hydroxylase
activity leading to reduced 1,25-dihydroxyvitamin D syn-
thesis at the kidney. FGF-23 also induces 24-hydroxylase
which degrades both 1,25-dihydrovitamin D and
25-hidroxyvitamin D. As mentioned earlier, Klotho is
widely expressed in extrarenal tissues with an expression
profile resembling 1a[alpha]-hydroxylase. It is possible that
FGF-23 may suppresses extrarenal vitamin D synthesis
through a similar mechanism at the kidney, although this
remains unknown.

In addition to increasing vitamin D deficiency with
advancing CKD, progressive loss of VDR expression with
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declining GFR has been demonstrated, leading to vitamin D
resistance. Furthermore, the use of therapies such as plasma
exchange, a commonly used therapy for the treatment of
diseases mediated by circulating pathogenic proteins and in
renal transplant patients, induces an acute reversible
decrease in 1,25-dihydroxyvitamin D, DBP, calcium, and a
sustained decrease in 25-hydroxyvitamin D levels [5].

Targeting Proteinuria with Vitamin D

Proteinuria is a well-known risk factor for adverse car-
diorenal outcomes in patients with CKD. Proteinuria is
associated with GFR independently of baseline renal func-
tion in the general population. In patients with established
CKD, the presence of proteinuria is associated with
increased risk for the development of ESRD, independently
of diabetes and hypertension. Additionally, proteinuria is
strongly associated with both cardiovascular and
non-cardiovascular mortality in the general population [6].
Conversely, reduction of proteinuria has been shown to have
beneficial effects in both renal and cardiovascular end points.
An increasing body of evidence indicates that VDRAs
ameliorate proteinuria and partially restore nephrin and
podocin expression in a rat model of nephrotic syndrome,
downregulate renin expression and slow progression in a
5/6th nephrectomy model of CKD, as well as reduce renal
fibrosis and scarring in animal models [7].

Several randomized clinical trials have evaluated the
effects of active vitamin D therapy on albuminuria. In a
small single-center study involving 61 patients, paricalcitol
was shown to lower urine protein to creatinine ratios and
lower PTH levels compared to placebo [8]. A smaller
single-center study that recruited 24 patients showed lower
high-sensitivity C-reactive protein concentrations and lower
rates of 24-hour albumin excretion in the paricalcitol group
compared to placebo [9]. The Vitamin D and Omega-3
(VITAL) trial, published in 2010, was a double-blind mul-
ticenter study that enrolled 281 type 2-diabetic patients who
were receiving a renin–angiotensin–aldosterone (RAAS)
inhibitor [10]. Patients were assigned to receive either 1-µ
[mu]g or 2-µ[mu]g paricalcitol or placebo. The results
showed a significant reduction in the urinary
albumin/creatinine ratio in participants taking the 2-µ[mu]g
dose compared with placebo. This was also associated with a
reduction of estimated GFR (eGFR), as estimated from
serum creatinine of 2 or 4 ml/min per 1.73 m2, in patients
taking 1-µ[mu]g or 2-µ[mu]g paricalcitol respectively
twelve weeks after randomization. This latter finding
reversed following discontinuation of the intervention,
while others have shown that directly measured GFR does
not change with paricalcitol therapy. Lastly, in a recent
meta-analysis that included six studies representing 688

patients, active vitamin D analogs, which in most cases were
given on top of RAAS blockade, resulted in an additional
proteinuria reduction of 16% [11].

Regulation of Immunity by Vitamin D

A large body of evidence supports a role for vitamin D in
immune modulation. Active vitamin D plays a role in reg-
ulating both the innate and adaptive immune system. VDR is
expressed widely on many immune cells, including macro-
phages, T cells, B cells, and dendritic cells. Additionally,
monocytes and macrophages carry their own inducible 1a
[alpha]-hydroxylase suggesting both an endocrine and
autocrine/paracrine vitamin D regulatory system within
immune cells. The role of vitamin D in host defense was
recently confirmed in a seminal paper by Liu et al.,
demonstrating that the production of the antimicrobial pep-
tide cathelicidin in macrophages was vitamin D-dependent,
and that vitamin D augmented antimicrobial killing in vitro
[12]. Indeed, individuals who carry polymorphisms in the
VDR gene, or in the gene encoding the vitamin D binding
protein (DBP), have increased susceptibility to tuberculosis.
Low levels of cathelicidin have been shown to predict
increased infectious disease mortality in patients undergoing
hemodialysis [13]. In a small study involving 60 patients,
vitamin D supplementation was shown to increase catheli-
cidin levels in patients without kidney disease [14]. In
another study involving 95 patients receiving antimicrobial
therapy for pulmonary tuberculosis who were randomized to
receive adjunctive high-dose vitamin D or placebo, vitamin
D supplementation was found to accelerate sputum clearance
and enhanced treatment-induced resolution of lymphopenia,
monocytosis, hypercytokinemia, and hyperchemokinemia.
In a small randomized, double-blinded placebo-controlled
trial conducted in India, 247 participants with pulmonary
tuberculosis were randomized to receive standard active
tuberculosis treatment with either high-dose vitamin D3 or
placebo. The study however, found that vitamin D supple-
mentation did not reduce time to sputum culture conversion.

Viral respiratory tract infections have long been under-
stood to follow a seasonal course, with peak incidences
during the winter months and a nadir during the summer
months. Many studies have suggested an association between
vitamin D deficiency and the incidence and duration of viral
respiratory tract infections. Vitamin D deficiency is also
associated with the severity of community acquired pneu-
monia, bacterial infections in patients with chronic liver
disease, opportunistic viral infections after renal transplan-
tation, risk of Clostridium difficile infections, and orthopedic
prosthetic infections. However, the recent Dialysis Infection
and Vitamin D In New England (DIVINE) trial was a
placebo-controlled, parallel-group multicenter trial that
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compared two doses of ergocalciferol with placebo. The
study enrolled 105 participants who were randomly assigned
to either ergocalciferol 50,000 IU weekly or monthly, or
placebo for a 12-week treatment period. The study did not
find any difference to changes in 25-hydroxyvitamin D
levels, hospitalizations, or infectious events [15].

Vitamin D Therapy in Cardiovascular Disease

Cardiovascular disease is the leading cause of death in patients
with CKD. Dialysis patients have a 10- to 30-fold higher
cardiovascular mortality rate than the general population
despite stratification for sex, gender, and race. The 5-year
survival for patients on dialysis remains only 31%, and the
mortality rate for patients on dialysis for longer than 5 years
exceeds 250 per 1000 patient years. Cardiovascular causes are
attributed to 40% of deaths in patients receiving dialysis.

The pattern of cardiovascular disease in CKD patients
differs substantially from general patient populations,
involving complex disease processes driven synergistically
by both traditional and novel or CKD-related risk factors,
such as uremia, mineral disorders and volume overload

Robust epidemiologic, clinical, and experimental evi-
dence implicates vitamin D deficiency as an important pro-
ponent in the pathogenesis of cardiovascular disease. The
Framingham Offspring Study that included 1739 Caucasian
subjects showed that vitamin D deficiency was associated
with incident cardiovascular disease. In participants who had
a 25-hydroxyvitamin D level below 15 ng/ml, the study
showed a multivariable-adjusted hazard ratio of 1.62 (95%
CI 1.11–2.36) for incident Cardiovascular events (including
myocardial infarction, coronary insufficiency, angina, stroke,
transient ischemic attacks, peripheral claudication or heart
failure) compared with participants whose 25-hydroxy-
vitamin D levels were � 15 ng/ml. In fact, each 10 ng/ml
increment in serum 25-hydroxyvitamin D has been shown to
be associated with a 14% reduction in mortality (relative
risk, 0.86; 95% CI 0.82–0.91).

Signaling components of the vitamin D hormonal system
are widely expressed across the various cell types of the
cardiovascular system, including myocardial cells,
endothelial cells, vascular smooth muscle, fibroblasts, and
pericytes. VDR knockout mice exhibit upregulation of the
renin–angiotensin–aldosterone (RAAS) system, hyperten-
sion, left ventricular hypertrophy, and heart failure. Con-
versely, supplementation with vitamin D has been shown to
abrogate these effects [16]. In vitro, 1,25-dihydroxyvitamin
D directly suppresses renin expression, and regulates the
proliferation of vascular smooth muscle cells (VSMC) and
cardiac myocytes. In addition to decreasing vascular tone,
activated vitamin D therapy has been shown to decrease
cyclooxygenase-1 expression and production of reactive

oxygen species radicals in spontaneously hypertensive rats
[17].

Vitamin D and Arterial Calcification

CKD patients exhibit development of progressive vascular
calcification, a major contributor to arterial hardening, car-
diac strain, and sudden cardiac death. Observational human
studies have demonstrated that serum calcitriol levels are
inversely correlated with coronary artery calcification in the
general population. However, both basic and clinical studies
have demonstrated conflicting results as to whether vitamin
D is protective or harmful against vascular calcification. In
rodents, administration of pharmacological doses of cal-
citriol or doxercalciferol resulted in increased aortic calcifi-
cation, while paricalcitol had no effect. Interestingly,
calciphylaxis, a severe form of vascular calcification asso-
ciated with significant morbidity, was found to be more
prevalent in patients treated with calcitriol, but not with
selective vitamin D analogs including paricalcitol and dox-
ercalciferol. These results suggest that various analogs of
vitamin D may exert different properties on the arterial wall.

In another study that conducted dose-dependent experi-
ments in rodents, both active vitamin D analogs calcitriol and
paricalcitol were found to be protective against vascular cal-
cification at dosages sufficient to correct secondary hyper-
parathyroidism [18]. However, higher dosages of both these
analogs were however found to induce aortic calcification.
These results point to a dose–response relationship with a
vasculoprotective role of vitamin D at a currently undefined
therapeutic dose, while higher dosages can be vasculotoxic.

Active vitamin D has been shown to directly stimulate the
expression of endogenous calcification inhibitors, including
Klotho [19] and osteopontin in the vascular wall. Addition-
ally, there is evidence that vitamin D can render arteries sus-
ceptible to anti-calcific effects of FGF-23 by reversing arterial
Klotho deficiency [19]. However, these beneficial local
molecular effects in the vessel wall are likely to at least partly
offset pro-calcific systemic increases in calcium and phos-
phate concentrations.

Vitamin D and Hypertension

Since the 1980s, a large number of observational studies
have shown an association between low 25-hydroxyvitamin
D levels and hypertension. One systematic review that
included 14 cross-sectional and 4 prospective studies rep-
resenting 78,028 participants reported an inverse relationship
between 25-hydroxyvitamin D levels and hypertension. In a
large mendelian randomisation study (n = 49,363), a
genetically determined increment of 10 nmol/1 in circulating

9 Vitamin D and Its Role in CKD and CAD: A Novel Therapeutic … 103



25-hydroxyvitamin D was associated with a small but sta-
tistically significant reduction in systolic BP of 0.37 mmHg
[20]. Randomized clinical trials so far have shown dis-
crepant results, but adequately powered trials utilizing
meaningful doses of vitamin D are lacking.

Several small interventional studies have specifically
assessed the effects of vitamin D on blood pressure, while a
number of larger studies have looked at other primary out-
comes, but have reported results on blood pressure. In a small
clinical trial that included 18 patients, ultraviolet B
(UVB) light therapy in untreated hypertensive patients
increased 25-hydroxyvitamin D level by 162% and signifi-
cantly decreased SBP (−6 mmHg, 95% CI −14 to −1 mmHg)
and DBP (−6 mmHg, 95% CI −12 to −2) compared to
ultraviolet A (UVA) therapy with SBP (0 mmHg, 95% CI −1
to −10 mmHg) and DBP (2 mmHg, 95% CI −1 to −3). In the
VITAL trial previously discussed above, the study showed a
dose-dependent decrease in SBP in the paricalcitol arm
compared to placebo as a secondary outcome [10]. In this
study, almost 100% of participants had hypertension at
baseline.

Conversely, in the Women’s Health Initiative trial,
36,282 post-menopausal women were randomly assigned to
received 100 mg of calcium and 400 IU of cholecalciferol
daily or placebo with a median follow-up of 7 years [21].
The study showed no significant SBP change (0.22 mmHg,
95% CI −0.05 to 0.49) or DBP change (0.11 mmHg, 95%
CI −0.04 to 0.27) after 7 years of therapy with a low dose of
vitamin D. These results did not change after adjusting for
nonadherence. The study however was confounded by sev-
eral factors: firstly, the low dose of 400 IU provided of
which 75% of patients had a 25-hydroxyvitamin D level
below 25 ng/ml at baseline; more than half of the patients in
the placebo arm took similar over-the-counter vitamin D
doses; and only women were included in this study given
observational data of a stronger association between
25-hydroxyvitamin D level and blood pressure in men. In
the Paricalcitol Capsule Benefits in Renal Failure-Induced
Cardiac Morbidity (PRIMO) trial (discussed below), the
study randomized 227 patients to 2µ[mu]g of paricalcitol
daily or matching placebo and did not show any difference in
blood pressure between the two groups [22].

Vitamin D Therapy for the Treatment of Heart
Failure

A strong association exists between vitamin D deficiency
and pathogenic processes underlying the development of
cardiac failure, including impaired coronary flow,

endothelial dysfunction and subclinical atherosclerosis in
patients with normal, or near-normal coronary arteries.
Vitamin D deficiency is associated with overt coronary heart
disease and myocardial infarction, and is a negative prog-
nostic marker for major post-infarction adverse events
including, heart failure hospitalizations, recurrent acute
myocardial infarction and death. Observational studies have
shown a relationship between low vitamin D levels and
impaired left ventricular function in a cross-sectional study
of patients referred for coronary angiography.

The PRIMO trial revealed significant insights into the
effects of VDRA administration on cardiac structure and
function [22]. The PRIMO study was a multinational
double-blinded placebo-controlled trial that included 227
patients designed to examine the effects of paricalcitol on left
ventricular mass index (LVMI) over a period of 48 weeks in
stage 3 and 4 CKD patients with mild-to-moderate left
ventricular hypertrophy (LVH) at baseline. Cardiac magnetic
resonance (CMR) imaging was used to determine changes in
LVMI while echocardiography was used to determine left
ventricular diastolic function. The study showed that pari-
calcitol did not alter LVMI, prespecified measures of dias-
tolic function, or SBP compared to placebo. However, an
attenuated B-type natriuretic peptide (BNP) and a lower
number of cardiovascular hospitalizations in the paricalcitol
group was found. In a post hoc analysis of data from the
PRIMO study, paricalcitol treatment in all subgroups was
found to reduce left atrial volume index, a marker for dias-
tolic dysfunction that is associated with significant cardio-
vascular risk [23].

Animal studies support beneficial cardiovascular effects
of paricalcitol, despite CKD status. Although the failure of
PRIMO to demonstrate a significant effect of paricalcitol on
LVMI may be due to the absence of an effect in humans,
there are several other possible explanations. First, LVH
may have been too advanced, blood pressure too well con-
trolled, or treatment duration too short to detect a difference.
Another possibility is that the beneficial effects of parical-
citol are overridden by elevated FGF-23 concentrations in
CKD, since studies in both animals and humans have shown
that FGF-23 can induce LVH.

Clinical trials to-date assessing the role of vitamin D have
mainly focused on morphological endpoints such as LVH,
and such single surrogate markers may be poorly reflective
of cardiovascular performance. In the recent Paricalcitol and
Endothelial Function in Chronic Kidney Disease (PENNY)
study, the investigators examined vascular endothelial
function as measured in the brachial artery by nitric oxide
(NO)-dependent flow-mediated dilation (FMD) response to
increased shear stress by forearm ischemia, a recognized
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surrogate endpoint that predicts incident risk for cardiovas-
cular events in patients with CKD. In this double-blinded
randomized controlled trial including 88 patients with stage
3 and 4 CKD randomized to receive paricalcitol 2µ[mu]
g/day or placebo, flow-mediated dilation increased in the
paricalcitol group (mean proportional change of 61%) but
not in the placebo group after 12 weeks. These effects were
abolished 2 weeks after stopping the treatment.

Emerging evidence suggest that impaired functional car-
diovascular reserve as assessed by cardiopulmonary exercise
testing (CPET) is a robust, reproducible and sensitive mea-
sure of cardiovascular performance. CPET provides a sig-
nificantly more robust marker for assessment of
cardiovascular function compared to conventional static
imaging by echocardiography or CMR, which focuses
mainly on morphological alterations such as LVH as men-
tioned above. In a study that recruited 200 healthy adults
subjected to CPET, serum vitamin D levels were found to
predict maximal aerobic exercise capacity (VO2Max) which
is a CPET index of cardiac functional reserve.

Taken together, the above findings support the need for
further clinical trials that will test the effects of vitamin D
and its analogs on cardiovascular health across different
stages of CKD.

Vitamin D Therapy in the Prevention
of Arrhythmia

Large observational studies have shown that the incidence of
atrial fibrillation (AF) is higher in the winter than in the
summer correlating with seasonal variations in
25-hydroxyvitamin D levels. Patients with nonvalvular AF
have been found to have significantly lower

25-hydroxyvitamin D levels. In fact, patients with
25-hydroxyvitamin D levels <50 ng/ml have a twofold
higher incidence of nonvalvular AF compared with patients
with levels >75 ng/ml. One observational study showed that
vitamin D deficiency is associated with new onset AF in
hypertensive patients [24]. However, these observational
studies do not imply causality. On the contrary, no associ-
ation between 25-hydroxyvitamin D levels and AF of any
type were found in the Framingham Heart Study.

Interestingly, vitamin D treatment of hemodialysis
patients was associated with a reduction of QTc dispersion,
which is a risk factor for sudden cardiac death (SCD). In a
large cross-sectional study that included 3299 Caucasian
patients who were routinely referred to coronary angiogra-
phy, investigators found that low 25-hydroxyvitamin D and
1,25-dihydroxyvitamin D levels were associated with sud-
den cardiac death. Vitamin D deficiency is also associated
with sudden cardiac death in hemodialysis patients [25].
Interventional trials are needed to determine the utility of
vitamin D therapy for the management and prevention of
arrhythmia.

Vitamin D Replacement and Vitamin D
Receptor Activator (VDRAs) Therapy

Vitamin D compounds have been commercially available for
many years and include calcitriol (1,25-dihydroxyvitamin
D3), its prodrug alfacalcidol (1a[alpha]-hydroxyvitamin D3)
and calcidiol (25-hydroxyvitamin D3). The group of newer
vitamin D analogs already in use remains quite small,
including paricalcitol, 22-oxacalcitriol or maxacalcitriol and
doxercalciferol (Fig. 9.4). Paricalcitol and 22-oxacalcitriol
are active vitamin D analogs that bind directly to the VDR.

Fig. 9.4 Active and inactive formulations in clinical use: Pharmacological treatment with VDR-activating compounds can be broadly divided into
two main groups: inactive vitamin D analogs that are prodrugs requiring hydroxylation after intake and already active vitamin D analogs
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Doxercalciferol is analogous to alfacalcidol, a prodrug for
1,25-hydroxyvitamin D that requires enzymatic activation
by 25-hydroxyation in the liver.

The National Kidney Foundation (NKF) Kidney Disease
Outcomes and Quality Initiative (KDOQI) guidelines pub-
lished in 2003 facilitated the development of clinical practice
guidelines for the management of complications associated
with kidney disease for stages earlier than ESRD. In this
publication, guideline 7 described the prevention and treat-
ment of vitamin D insufficiency and deficiency in patients
with CKD. The guidelines suggested measurement of
25-hydroxyvitamin D levels in patients with CKD stages 3–
4 in the setting of secondary hyperparathyroidism in order to
identify patients who would benefit from supplementation.
These guidelines were opinion based, given the absence of
clinical trial data to support inactive vitamin D
supplementation.

More recently, the Kidney Disease: Improving Global
Outcomes (KDIGO) guidelines published in 2009 also
provided opinion-based recommendations for the manage-
ment of vitamin D supplementation in CKD patients, those
receiving dialysis and in kidney transplant recipients.
The KDIGO guidelines recommends monitoring serum
levels of calcium, phosphorus, PTH, and bone-specific
alkaline phosphatase activity beginning in CKD stage 3,
similar to the NKF KDOQI guidelines. However, the
KDIGO guidelines recommend commencing treatment with
calcitriol or vitamin D analogs in patients with CKD stages
3–5 not on dialysis, in whom serum PTH is progressively
rising and remains persistently above the upper limit of
normal despite correction of modifiable factors (hyperphos-
phatemia, hypocalcemia and vitamin D deficiency).
The KDIGO guidelines did not provide any specific
25-hydroxyvitamin D level for initiating vitamin D supple-
mentation, but discussed the lack of consensus for the def-
inition of 25-hydroxyvitamin D adequacy.

The European Renal Best Practice Group (ERBG)
endorsed the KDIGO guideline for 25-hydroxyvitamin D
testing and supplementation, however, stated that targets for
25-hydroxyvitamin D supplementation and long-term treat-
ment would be clinically beneficial. The ERBG recom-
mended that 25-hydroxyvitamin D <12.5 ng/ml should
indicate supplementation with either vitamin D2 and vitamin
D3 and that 25-hydroxyvitamin D be remeasured after
6 months of therapy.

In a study that treated patients with CKD stage 3 and 4
according to NKF KDOQI guidelines, both
25-hydroxyvitamin D and 1,25-hydroxyvitamin D levels
were increased to the lower end of normal and PTH con-
centrations decreased by 20% in patients with CKD stage 3.
Although PTH levels decreased, they remained significantly
elevated above normal limits [26].

Studies using calcitriol in patients with CKD stage 3 and
4 demonstrated a significant decrease in PTH levels. The
effectiveness of calcitriol was limited by the development of
hypercalcemia and hypercalciuria. Alfacalcidiol and doxer-
calciferol, vitamin D prohormones also decrease PTH levels
in CKD stage 3 and 4 with some degree of hypercalcemia
and hypercalciuria. Paricalcitol is a VDR-specific agonist
that significantly decreases PTH levels in CKD with minimal
effects on serum calcium and phosphate levels, and does not
increase urinary calcium. Of note, in a recent randomized
crossover trial in hemodialysis patients, no difference
between alfacaldiol or paricalcitol was found in the devel-
opment of hypercalcemia or hyperphosphatemia [27].
Interestingly, there is convincing evidence that vitamin D
therapy of any type is correlated with lower mortality in
CKD patients [28].

A number of studies have provided evidence that vitamin
D2 is several fold less effective than vitamin D3 in raising
and/or maintaining 25-hydroxyvitamin D levels while other
studies have shown no difference. In a recent meta-analysis
that included 10 randomized controlled trials, the results
showed that vitamin D3 was more efficacious at raising
25-hydroxyvitamin D concentrations compared to vitamin
D2 [29].

Future Directions

Many controversial issues surrounding active vitamin D
therapy in CKD and CAD are apparent and subject to debate
within the Nephrology, Cardiology, and Vascular commu-
nities. Observational studies involving vitamin D therapy in
CKD are currently limited through confounding by indica-
tion and selection bias. In addition, our current knowledge
from clinical trials with vitamin D in CKD is limited by the
absence of placebo-controlled mortality trials.

A wealth of information on vitamin D has emerged over
the past 20 years, although a number of important questions
remain unanswered. Contemporary treatment guidelines now
recommend measuring and supplementing vitamin D to
achieve a circulating concentration of 75 ng/ml, on the basis
that vitamin D deficiency is strongly associated with adverse
outcomes in the general population. However, no current
evidence exists to support or refute this recommendation.
Additionally, traditional measures of vitamin D status do not
take into account levels of vitamin D binding protein
(VDBP) and albumin, both of which can bind to vitamin D.
This is important given evidence that bioavailable
25-hydroxyvitamin D appear to be associated with endpoints
such as bone density in healthy individuals, and calcium and
PTH levels in dialysis patients as opposed to total
25-hydroxyvitami D levels. With the emerging role of
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nonclassical effects of vitamin D, involving novel actions of
vitamin D metabolites on cardiomyocytes and vascular cells,
immune modulation and cytoprotection

Several clinical trials are currently ongoing and summa-
rized in Table 9.1. These trials are critical given the biological
significance of vitamin D and the many unanswered questions
that remain. We will also need these clinical trials to accu-
rately define the precise therapeutic agent, timing, dosage, and
indications of vitamin D therapy. Given the important non-
classical actions of vitamin D, it appears that simple supple-
mentation with native vitamin D in the interim is justified.
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10Association of Catalytic (Labile) Iron
with Cardiovascular Morbidity and Mortality

Mohan Rajapurkar, Suhas S. Lele, Nasim Khan, and Sudhir V. Shah

Introduction

Definition of Catalytic (Labile) Iron and Its
Importance in Tissue Injury

Iron is the most abundant transitional metal in the body. The
term “labile iron pool” was first used to denote a transient
pool of weakly chelated iron of low molecular weight that
passes through the cell [1]. Critical to iron’s importance in
biological processes is its ability to cycle reversibly between
its ferrous and ferric oxidation states. This precise property,
which is essential for its functions, also makes it very dan-
gerous, because free iron can catalyze the formation of free
radicals that can damage the cell. Thus, from a pathophys-
iological standpoint, the broadest definition of a labile iron
pool is that it consists of chemical forms that can participate
in redox cycling, and is therefore often referred to as cat-
alytic iron [2].

The catalytic iron pool [2, 3] is estimated to be less than
100 mg compared to the total iron in the body, which is
approximately 4 g. In most cells iron homeostasis consists of
iron uptake, utilization, and storage. The process of iron
uptake is carried out by a transferrin receptor (TFR) and a
divalent metal transporter 1 (DMT1, also called DCT1 or

NRAMP2), whereas ferritin is an intracellular,
iron-sequestering protein. Studies are beginning to yield
information on the pathways of iron transport, its export from
the cell via the divalent iron ion exporter ferroportin-1 [4] and
its regulatory mechanisms including hepcidin. Since uptake
and storage of iron is carried out by different proteins, the pool
of accessible iron ions constitutes a crossroad of metabolic
pathways of iron-containing compounds.

Studies using a variety of methods have begun to define
intracellular distribution of labile iron (for reviews see
Kruszewski) [1]. Using several techniques including laser
scanning microscopy, the concentration and distribution of
chelatable iron has been estimated to be about 5.0 to 15 µ
[mu]M in the cytoplasm and subcellular organelles including
mitochondria and nuclei [1]. In vivo, most of the iron is
bound to heme or nonheme protein and does not directly
catalyze the generation of hydroxyl radicals or a similar
oxidant [2]. The bleomycin-detectable iron assay measures
catalytic iron and is based on the observation that the
anti-tumor antibiotic bleomycin, in the presence of catalytic
iron, binds to and degrades DNA with the formation of a
product that reacts with thiobarbituric acid to form a chro-
mogen. Thus the assay detects iron complexes capable of
catalyzing free radical reactions in biological samples [5].
The binding of the bleomycin-iron complex to DNA makes
the reaction site-specific and antioxidants rarely interfere.
The bleomycin assay detects only “free” iron and not iron
bound to specific transport proteins or to enzymes. In several
studies the labile iron pool is measured and described as
non-transferrin-bound iron (NTBI) [6, 7].

The ability of iron to participate in redox cycling makes it
potentially hazardous by enabling it to participate in the
generation of powerful oxidant species such as hydroxyl
radical (metal-catalyzed Haber-Weiss reaction, below)
and/or reactive iron-oxygen complexes such as ferryl or
perferryl ion [2]. In several systems, the amount of free
radical generation is related to the amount of labile iron
present [8].
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Iron also has a major role in lipid peroxidation, either
directly or indirectly (through hydroxyl radicals or forming a
perferryl ion) in which there is oxidative reaction of
polyunsaturated lipids by removing hydrogen atoms from
polyunsaturated fatty acids [2].

A major advancement in understanding the important role
of iron in the pathophysiology of tissue injury is the
recognition that iron plays a role even in the absence of
systemic iron overload. It is now known that specific defects
in cellular iron metabolism and/or an increase in catalytic
iron may be important in several disease processes not
associated with iron overload [4, 9]. In Friedreich’s ataxia,
there is an improper processing of iron because of the
deficiency of the iron-chaperone protein frataxin, resulting in
accumulation of iron in the mitochondria. Deficiencies in
pantothenate kinase, a key enzyme in coenzyme A synthesis,
leads to iron depositions and brain damage [9]. In addition to
these specific defects in cellular iron, there is now over-
whelming evidence that increased catalytic iron from sub-
cellular or other sources participates in tissue injury in a
wide variety of common disease states. This has been
demonstrated in many disease states including acute and
chronic kidney disease [10], neurodegenerative disorders
[11], and systemic inflammatory diseases such as rheuma-
toid arthritis [12, 13]. In large part, the evidence consists of
demonstrating an increase in catalytic iron and the ability of
iron chelators to provide a protective effect, thus establishing
a cause–effect relationship.

Catalytic Iron in Acute Coronary Syndrome

There have been a number of animal studies evaluating the
changes in catalytic iron and the effect of an iron chelator on
myocardial injury. In addition, there have been several
recent human studies that have examined the utility of cat-
alytic iron in the diagnosis and prognosis of acute coronary
syndrome.

Catalytic Iron in Ischemia-Reperfusion Injury
in Animals

Chevion et al. measured metals capable of free radical
reactions in an animal model of cardiac ischemia and
reperfusion injury. They reported that, in the first fraction of

reperfusion after 35 min of ischemia, the level of copper and
iron was eight- to ninefold higher than the pre-ischemic
value [14]. In another study there was a 30-fold increase in
catalytic iron during experimental cardiac ischemic injury
[15]. This increase in the cellular catalytic iron pool is
associated with severe oxidative stress [15].

There are limited studies on the effect of an iron chelator
in myocardial ischemia/reperfusion injury. In a randomized
study of ischemia/reperfusion in dogs, Reddy et al. [16]
demonstrated that administration of a potent iron chelator,
deferoxamine, reduced the extent of myocyte necrosis, pre-
sumably due to the lesser availability of Fenton reaction
catalysts. Two iron chelators, deferiprone and deferoxamine,
have been demonstrated to protect against experimental
cardiac ischemia-reperfusion injury [17–19], and iron load-
ing has been demonstrated to further increase cardiac
ischemia-reperfusion injury [17].

Catalytic Iron in the Diagnosis and Prognosis
of Acute Coronary Syndrome in Humans

Lele et al. [20] measured catalytic iron in patients with
suspected acute coronary syndrome (ACS) and healthy
volunteers to evaluate its utility in early detection of patients
with acute myocardial infarction (MI) and predicting major
adverse cardiac events (MACE). Catalytic iron was mea-
sured on admission and 24 h later in 127 patients with acute
MI, 51 patients with suspected ACS without MI, and 250
healthy volunteers. Catalytic iron levels at presentation were
1.5 + 2.0, 0.2 + 0.16, and 0.1 + 0.06 µ[mu]mol/L for acute
MI, suspected ACS without MI, and normals, respectively
(P < 0.0001). Catalytic iron was elevated in all patients with
MI at presentation. At a cutpoint of 0.30 µ[mu]mol/L, the
sensitivity, specificity, and diagnostic accuracy for identi-
fying MI was 84, 95, and 92%, respectively. Increase in
catalytic iron at 24 h compared to baseline was associated
with MACE at 30 days. Serial evaluation of catalytic iron
was independently associated with MACE. This study sug-
gests that, in patients who present with chest pain, increased
catalytic iron indicates a high probability that the patient has
acute coronary syndrome, whereas normal catalytic iron
would make it unlikely that the patient has an acute
myocardial infarction (Table 10.1).

In a more recent study, Roghi et al. measured NTBI in 15
patients with ST-segment elevation MI (STEMI) immedi-
ately before percutaneous coronary intervention and at 3, 6,
9, 12, and 24 h post-procedure. NTBI was detected in 13/15
patients, with the highest values in 4 patients with evidence
of microvascular obstruction and hemorrhage on cardiac
magnetic resonance imaging. NTBI levels were significantly
related to CK-MB and troponin T values [21].
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Steen et al. assessed catalytic iron from samples obtained
from the Thrombosis in Myocardial Infarction (TIMI) Trial
[22]. In this study, they evaluated the association of catalytic
iron with clinical outcomes in 1701 patients with unstable
angina, non-STEMI, or STEMI [23]. These patients were
followed for a median of 10 months. High catalytic iron
(median value) was significantly associated with mortality
(0.45 µ[mu]mol/L) compared with survivors (0.37µ[mu]
mol/L; P = 0.016). The highest quartile had an almost
fourfold risk compared to baseline (hazard ratio: 3.94,
P = 0.035), which persisted after adjustment for age, dia-
betes, prior MI, prior congestive heart failure, ST-segment
deviation, creatinine clearance, B-type natriuretic peptide,
smoking, and Killip class (adjusted hazard ratio: 3.97,
P = 0.036) (Fig. 10.1). No association was found between
catalytic iron and risk of MI, recurrent ischemia, heart fail-
ure, or bleeding. Increased catalytic iron levels were asso-
ciated with increased all-cause mortality, which suggests the

possibility that the therapeutic strategies aimed at reducing
catalytic iron may be useful.

Lele et al. measured catalytic iron in patients with acute
coronary syndrome undergoing a contrast study [24]. In the
study population of 803 patients, the mortality was 1.6% at
30 days. Catalytic iron was significantly higher in patients
who died (0.45 l[mu]mol/L) compared with survivors (0.31
l[mu]mol/L; P = 0.004), with an approximately eightfold
increase in patients in the highest quartile compared with the
lower three quartiles (P = 0.001) after adjustment for age,
diabetes, Killip class, ejection fraction, baseline creatinine,
hemoglobin level, and troponin (Table 10.2; Fig. 10.2).
Interestingly, patients who developed contrast nephropathy
had about a one-third increase in median catalytic iron at
48 h compared to virtually no increase in those without
contrast nephropathy, and had significantly higher mortality
compared with those without contrast nephropathy (9.1 vs.
1.1%, P = 0.001) (Fig. 10.3).

Diabetes is associated with a two- to threefold increase in
mortality following AMI that cannot be entirely explained
by differences in infarct size or recurrent ischemia. Sulieman
et al. measured catalytic iron in diabetic and nondiabetic
patients who presented to the coronary care unit with acute
myocardial infarction [25]. In participants without diabetes
(n = 322), about 15% showed significant labile plasma iron
(LPI) levels. In contrast, about one-third (116 of 329) of the
diabetic individuals had significant LPI (P < 0.0001). The
mean (±SD) LPI level in diabetic subjects was significantly
greater than in nondiabetic subjects (0.43 ± 0.7 vs.
0.14 ± 0.23 l[mu]mol/L, P < 0.001). Approximately 10%
of the patients died within a 30-day period, with the unad-
justed mortality rate 2.5-fold higher in diabetic patients
compared to nondiabetic patients (i.e., 13.9 vs. 5.5%,
respectively, P < 0.001). In diabetic patients but not non-
diabetic patients, LPI was associated with an increase in
mortality (24.1 vs. 8.5%, odds ratio [OR] 3.4 [95% CI 1.8–
6.6], P < 0.001 in diabetic patients, as opposed to 4.7 vs.
5.7%, P = 0.7 in nondiabetic patients). After adjustment for
all covariates found to be significant predictors of 30-day
mortality in univariate analysis, elevated LPI was found to
be an independent determinant of mortality at 30 days in the

Table 10.1 Utility of catalytic
iron in diagnosis of acute
coronary syndrome

Catalytic
iron (units)

Sensitivity Specificity Positive
predictive
value

Negative predictive
value

Accuracy

0.10 100 (100–100) 44 (39–48 53 (48–58) 100 (100–100) 66 (61–70)

0.20 93 (90–95) 88 (85–91) 77 (73–81) 97 (95–98) 90 (87–93)

0.30 84 (81–88) 95 (93–97) 87 (84–90) 93 (91–96) 92 (89–94)

0.40 75 (71–79) 98 (98–100) 93 (91–96) 90 87–93) 91 (88–94)

0.50 67 (62–71) 99 (98–100) 97 (95–98) 88 (85–91) 89 (87–92)

0.60 61 (57–66) 99 (99–100) 98 (96–99) 86 (83–89) 88 (85–91)

Fig. 10.1 Prognostic evaluation of catalytic iron in patients with acute
coronary syndrome. Reprinted with permission from Steen DL et al.
Catalytic iron in ACS patients. Clin Cardiol 36, 3, p. 143, 2013, Wiley
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diabetic cohort (2.7 [1.2–6.2], P = 0.02). This study
demonstrates that LPI is elevated in over one-third of all
diabetic individuals presenting with AMI and that it is an
independent and powerful predictor of mortality in diabetic
individuals presenting with AMI.

There is very limited information on the therapeutic value
of iron chelators in patients with acute MI. Deferoxamine
(DFO) has been shown to improve outcomes in humans
following coronary artery bypass graft surgery [26]. Chan
et al. [27] randomly assigned 60 patients with STEMI to
receive an intravenous bolus of DFO (500 mg) immediately
before primary percutaneous coronary intervention followed
by a 12-hour infusion (50 mg/kg of body weight) (n = 28)
or normal saline bolus and infusion (placebo group, n = 32).
In DFO-treated patients, there was a significant reduction in
plasma F2-isoprostane levels immediately after primary
percutaneous coronary intervention (PPCI) (2878 ± 1461
versus 2213 ± 579 pmol/L, P = 0.04). However, there was

no difference in contrast-enhanced cardiac MRI-determined
infarct size (DFO, 17.4 ± 10.8%, versus placebo,
18.6 ± 10.2%; P = 0.73), myocardial salvage index at
3 days or at 3 months, or the area-under-the-curve for cre-
atine kinase or troponin I. This study does not show that iron
chelation limits infarct size. However, it should be noted that
therapy initiated after there is clear evidence of infarct may
not be as effective. DFO is poorly cell-permeated and may
limit the success of intracellular iron chelation and reduction
in intracellular reactive oxygen metabolites, production, and
cytotoxicity. In addition, this study is too small to have a
meaningful interpretation on the effect of iron chelation on
mortality. It should be noted that, in the previous large
studies described above, the most consistent association was
between catalytic iron and mortality. Additionally, two
recent studies by Leaf et al. have also shown an association
between catalytic iron and death. Of 250 patients undergoing
cardiac surgery, patients in the highest quartile of catalytic

Table 10.2 Adverse cardiac
events in the first three quartiles
together compared to the fourth
quartile of baseline CI (CI levels
expressed as medians with
interquartile ranges)

Event Quartile 1 to 3
(n = 605)
(0.32, 0.08) (%)

Quartile 4
(n = 201)
(0.51, 0.18) (%)

P value

Mortality 4 (0.66) 9 (4.47) <0.001

Reinfarction 10 (1.65) 6 (2.98) 0.241

Stent thrombosis 0 (0) 2 (0.99) 0.014

Heart failure 33 (5.45) 14 (6.96) 0.428

Stroke 1 (0.16) 1 (0.49) 0.412

Composite 47 (7.76) 26 (12.9) 0.027

Reprinted from American Heart Journal, 165, Suhas S. Lele et al., Impact of catalytic iron on mortality in
patients with acute coronary syndrome exposed to iodinated radiocontrast—The Iscom Study, 744–51,
Copyright 2013, with permission from Elsevier

Fig. 10.2 Relationship between baseline CI levels and mortality in the
806 patient with ACS divided into the lower 3 quartiles (Q) + 2n + n3)
and the fourth quartile (Q4) and the relationship between mortality and
presence or absence of CIN (D [delta] CI = change in CI from baseline

up to 48 h.) Reprinted from American Heart Journal, 165, Suhas S.
Lele et al., Impact of catalytic iron on mortality in patients with acute
coronary syndrome exposed to iodinated radiocontrast—The Iscom
Study, 744-51, Copyright 2013, with permission from Elsevier
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iron had greater odds of experiencing hospital mortality,
post-operative myocardial injury, and acute kidney injury
(AKI) [28]. In a single-center prospective study of 121
critically ill patients admitted to ICU, plasma catalytic iron
levels were higher among patients who reached the primary
end point of in-hospital mortality or AKI requiring renal
replacement therapy [29].

Association of Catalytic Iron with Cardiovascular
Diseases

The iron-heart hypothesis was first postulated by Sullivan in
the early 1980s [30]. He suggested that the lower incidence
of coronary heart disease in premenopausal women when
compared with men of the same age is attributable to lower
body-iron stores caused by regular blood loss. Several ani-
mal studies support a role for iron in atherosclerosis [31, 32].
In contrast, human observational studies evaluating CVD
associations with measures of iron stores [33–36], dietary
intake [37], and blood donation [38, 39] provide inconsistent
results. A study of Finnish men found that serum ferritin of
200 l[mu]g/L or higher was associated with a 2.2-fold risk
of myocardial infarction compared to men with lower levels
[40]. de Valk and Marx concluded that there is strong evi-
dence in observational studies that iron is important in

atherosclerosis [34]. However, Sempos reported in 2002 that
only 3 of 22 observational studies of the association between
ferritin and heart disease had statistically significant associ-
ations [33]. Data from cross-sectional, case-control, and
prospective studies that have used serum ferritin to assess
iron stores are also conflicting, with some reporting a posi-
tive association with cardiovascular disease [36, 41] and
others no association with cardiovascular disease [42]. The
discrepancies in findings relating iron stores to cardiovas-
cular disease may be due to the use of varying outcomes
[43]. Importantly, ferritin is increased by inflammation,
making it difficult to distinguish the effects of iron stores
from inflammatory effects. Thus, a potential confounder in
studies using ferritin as an indicator of total iron stores is that
the majority of the studies did not account for inflammation
in their design and analysis [40–42]. Total body iron is not
consistently related to the level of biologically active iron
[44] and thus it is important to measure catalytic iron rather
than total body iron to understand the pathophysiological
impact of iron in cardiovascular disease.

Rajapurkar et al. examined the association between cat-
alytic (labile) iron and cardiovascular disease (CVD) in a
cross-sectional study of 496 participants [45]. Serum cat-
alytic iron was measured using the bleomycin-detectable
iron assay that detects biologically active iron. Eighty-five
subjects had CVD. The odds of existing CVD for subjects in

Fig. 10.3 Panel A: Box plots showing catalytic iron (Mean ± SEM)
levels in normal control population, n = 250 (catalytic iron—
0.1 ± 0.06 l[mu]mol/L) as compared to hemodialysis (maintenance
hemodialysis) patients, n = 59 (catalytic iron—4.18 ± 1.61 l[mu]
mol/L). Panel B: Box plots showing catalytic iron (mean ± SEM)

levels in all he ± 4.12 l[mu]mol/L). Boxes show interquartile ranges
and hemodialysis patients (4.18 ± 1.61 l[mu]mol/L), without coronary
artery disease (CAD−) (1.35 ± 0.338 l[mu]mol/L) and with CAD +
(8.92 the bar represents highest and lowest values
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the upper third of catalytic iron were 10 times that of sub-
jects with lower catalytic iron in unadjusted analyses
(Table 10.3). This association persisted even after adjust-
ment for age and the Framingham Risk Score (odds ratio 3.8,
95% confidence interval 1.4–10.1). This study provides
evidence for a strong detrimental association between high
serum catalytic iron and CVD even after adjusting for sev-
eral co-morbid conditions.

Cardiovascular disease is the leading cause of morbidity
and mortality in maintenance hemodialysis (MHD) patients.
Rajapurkar et al. evaluated serum catalytic iron (SCI) as a
potential biomarker for underlying coronary artery disease
(CAD) in patients on maintenance hemodialysis [46].
Fifty-nine asymptomatic stable hemodialysis patients
underwent coronary angiography. Significant CAD (defined
as >70% narrowing) was detected in 22 (37.3%) patients,
with one-vessel disease in 14 (63.63%) and multi-vessel
disease in eight (36.36%) patients. Levels of catalytic iron in
these patients were compared with a group of healthy con-
trols. The hemodialysis patients had very elevated levels of
catalytic iron (4.70 ± 1.79 l[mu]mol/L) compared with
normal controls (0.11 ± 0.01 l[mu]mol/L) (P < 0.0001)
(Fig. 10.3). Most importantly, hemodialysis patients with no
CAD had SCI levels of 1.36 ± 0.34 l[mu]mol/L compared
with those having significant CAD (8.92 ± 4.12 l[mu]
mol/L) (P < 0.0001) (Figs. 10.3 and 10.4). Patients on
hemodialysis with diabetes had a stronger correlation
between SCI and prevalence of CAD compared with non-
diabetics. In multivariate analysis, SCI and diabetes mellitus
were independently associated with significant CAD. Ele-
vated catalytic iron levels are associated with presence of
significant coronary disease in such patients. Thus, the
measurement of catalytic iron may be a useful test to detect
coronary artery in otherwise asymptomatic patients. In
addition, reducing catalytic iron by using an iron chelator
may be an important therapeutic modality to prevent and
treat coronary artery disease in hemodialysis patients.

Lee et al. reported NTBI levels (measured by
high-performance liquid chromatography) were increased in
92% of patients with at least 5 years’ duration of diabetes
and 59% of the patients with newly diagnosed diabetes
compared to controls, with mean values of 0.62 ± 0.43
versus 0.24 ± 0.29 versus 0.04 ± 0.13 µ[mu]mol/L Fe,
respectively [47].

Providing evidence for the role of catalytic iron in car-
diovascular disease requires not only demonstrating an
association but, more importantly, demonstrating that
removing catalytic iron results in clinical benefit. It should
be noted that the first randomized, multicenter Iron and
Atherosclerosis trial (FeAST) reported no significant benefit
in all-cause mortality or nonfatal myocardial infarction in
patients who underwent reduction in iron stores by phle-
botomy [38]. Sullivan has argued that, among other reasons,
the FeAST trial may have failed because the study design
did not achieve full iron depletion. Regardless, in our
opinion, the study results were not surprising because iron

Table 10.3 Odds ratios and
95% confidence intervals
indicating association for upper
one-third versus lower two-thirds
of serum catalytic iron and
existing cardiovascular disease

Model (n = 496) Level of catalytic iron OR (95% CI) P value

Unadjusted Upper 1/3 10.1 (5.8–17.5) <0.0001

Lower 2/3 1

Adjusted for age, gender Upper 1/3 4.9 (2.6–9.5) <0.0001

Lower 2/3 1

Full model† [45] Upper 1/3 3.8 (1.4–10.1) <0.0072

Lower 2/3 1

Reprinted from The American Journal of Cardiology, 109, Rajapurkar M et al., Association of catalytic iron
with cardiovascular disease, 438–442, 2012, with permission from Elsevier
CI confidence interval
* Wald Chi-square test for upper 1/3 versus lower 2/3 for serum catalytic iron from logistic regression
models
†Adjusted for age, Framingham 10-year coronary heart disease risk score, estimated glomerular filtration rate,
high-density lipoprotein cholesterol, systolic blood pressure, and hypertension

Fig. 10.4 Histogram showing catalytic iron levels in l[mu]mol/L
(Mean ± SEM) in diabetic and nondiabetic patients, with respect to
those having coronary artery disease (CAD+) and those without (CAD-)
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status does not reflect the iron available to catalyze free
radical reactions, as we reported in animal studies a few
years ago. In two models of glomerular disease, an
iron-deficient diet that was accompanied by a reduction in
catalytic iron provided protection [48]. Conversely, an
iron-deficient diet was not protective in ischemia-reperfusion
injury. In this model, animals that had been fed an
iron-deficient diet had identical amounts of catalytic iron in
the kidney cortex [44]. Thus, iron status per se may not
dictate susceptibility to injury but, rather, iron that is cat-
alytically available to participate in free-radical reactions.
Additionally, there is emerging data that measurement of
iron in vessel walls and plaques may correlate with
atherosclerosis [49, 50].

No clinical trials have examined the effect of an iron
chelator on cardiovascular events, either in a normal popu-
lation or in a population with high levels of catalytic iron such
as patients with diabetes or patients on hemodialysis. How-
ever, there is some information related to EDTA chelation
therapy, which chelates not only calcium but also metals such
as iron and copper. The Trial to Assess Chelation Therapy
(TACT) was developed in response to a Request for Proposals
by the National Center for Complementary and Alternative
Medicine and the National Heart Lung and Blood Institute.
TACT was a randomized, double-blind placebo-controlled
trial that enrolled patients � 50 years of age and with a
history of prior myocardial infarction. TACT studied the
effect of EDTA infusions and high-dose vitamins on cardio-
vascular outcomes compared to placebo using a 2 � 2 fac-
torial design. EDTA provided a modest but significant
reduction in the primary composite cardiovascular endpoint
(HR 0.82, 95% CI 0.69–0.99, P = 0.035) [51–53]. Further-
more, a more robust benefit of chelation therapy was apparent
among two prespecified subgroups of ‘high-risk patients’
with diabetes (HR 0.61, 95% CI 0.45–0.83, P = 0.02) or
anterior MI (HR 0.63, 95% CI 0.47–0.86, P = 0.03).

Concluding Remarks

The data presented indicate that high catalytic iron is associ-
ated with higher mortality in patients with acute MI, particu-
larly those with diabetes. High catalytic iron is associated with
prevalent cardiovascular disease in the general population and
particularly in patients with diabetes and patients on
hemodialysis. There have been no clinical trials examining the
effect of iron chelators in patients with suspected acute
myocardial infarction or in patients at high risk for cardio-
vascular events (e.g., hemodialysis patients and patient with
diabetes). Several iron chelators have been approved for use in

iron overload states. Desferroxamine (deferoxamine or DFO)
is parenteral and therefore less suitable for chronic use. Of the
two oral iron chelators currently approved for human use in
iron overload states, deferasirox (DFRA) may potentially be
beneficial for treating or preventing cardiovascular events,
particularly as a short-term therapy such as in patients with
suspected acute coronary syndrome, and has an advantage of
once-daily administration. However, the recent recognition of
side effects must be considered in choosing an appropriate oral
iron chelator. Deferiprone (1,2-dimethyl-3-hydroxypyridin-
4–1 or L1) has been approved for treatment of iron overload
states in Europe, India, and recently in 2011 in NorthAmerica.
In addition to its suitability for long-term treatment (because
of oral administration), the high-membrane permeability of
deferiprone is well documented, as shown by its capacity to
access and deplete intracellular iron pools and ability to
remove labile iron from nuclei, endosomes, and mitochondria
[9]. The major adverse effect reported so far in several thou-
sand patients receiving deferiprone for periods of up to
14 years is transient agranulocytosis in less than 1% of
patients. There is evidence of potentially differential efficacy
among available iron chelators. For example, in beta-
thalassemia major, well-conducted randomized controlled
trials show that cardiovascular function is better preserved
with use of deferiprone versus deferoxamine alone, while
deferasirox and deferoxamine show equivalence [54]. This
suggests that, as a monotherapy, deferiprone is likely the most
efficacious iron-chelating agent. Furthermore, in contrast to
the other available iron chelators, deferiprone fulfills some of
the requirements of being a reversed siderophore which aims
to bind labile iron and transfer it to other acceptors or other
intra/extracellular compartments [55]. An additional potential
beneficial mechanism for these agents may be their ability to
reduce oxidative damage caused by other metals such as
copper, aluminum, and zinc [56]. Based on the collective
evidence to date, randomized, controlled, double-blind trials
may be warranted to evaluate the efficacy and safety of iron
chelators [57] to prevent or treat cardiovascular disease.
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11Erythropoietin and Its Cardiovascular Effects

Nupur Gupta and Jay B. Wish

Introduction

Erythropoietin (EPO) is a cytokine involved in red cell pro-
duction. EPO was approved for the treatment of anemia in the
US in 1989 by the Food and Drug Administration as the first
human recombinant biomedicine produced in heterologous
mammalian cells [1]. Although it has been known since the
19th century that erythrocyte production is controlled by
oxygen tension, it was not until 1948 that the word “ery-
thropoietins” was first used to describe “unidentified plasma
factors that [are] produced in anoxic conditions” to stimulate
erythrocyte production [2]. In 1906, Carnot andMademoiselle
suggested that hypoxia generates a humoral factor capable of
stimulating red blood cell (RBC) production [3]. Erslev
demonstrated that injection of a large volume of plasma from
donor rats after a bleeding stimulus into normal recipient rats
produced a marked reticulocytosis [4]. Eschbach and Adam-
son demonstrated that daily infusions of EPO-rich plasma into
sheep with subtotal nephrectomy corrected the anemia in all
subject sheep. The purification of sufficient EPO to sequence
using gas phase protein sequencing allowed for the design of
effective DNA probes for isolating the EPO gene from a
human genome bank. The gene was subsequently cloned and
expressed in Chinese hamster ovary cells, resulting in the
production of recombinant human EPO (rHuEPO). Publica-
tion of phase 3 studies demonstrating the safety and effec-
tiveness rHuEPO in 333 anemic dialysis patients in 9 centers
occurred in December 1989, six months after rHuEPO
received approval by the FDA for the treatment of anemia in
patients with ESKD. Increased blood pressure was noted
in 35% of the study participants receiving rHuEPO [5].

The development of rHuEPO was aimed at replacing the
insufficient endogenous EPO production related to chronic
kidney disease (CKD) progression. It still remains unclear
whether the main cause of anemia in CKD is a loss of kidney
EPO production capacity or a derangement in oxygen sensing.

Physiology of Erythropoietin

Structure

Human EPO is a glycoprotein characterized by its large
carbohydrate chains, which occupy close to 40% of its total
mass. Sixty percent of the molecular weight of the recom-
binant protein is contributed by amino acids. The sugar
moieties were thought to be important for the biological
activity of EPO, but detailed studies were not performed
until the structures were elucidated [1]. EPO exhibits several
isoforms that differ in biological activity [6].

Site of Production

Initial studies in mice had shown that the kidney was the site
of production of EPO. This awakened more interest in the
exact location [7]. In situ hybridization studies demonstrated
that the cells containing EPO mRNA are in a peritubular
(interstitial or endothelial) location in anemic mouse kidneys
[8]. Hepatic production is contributed primarily by hepato-
cytes but is a much less important source than is the kidney.
During fetal life, however, hepatic EPO production is of
major importance for RBC production [9].

Receptor

Erythropoietin is secreted as needed; it is not stored. Cir-
culating rHuEPO and presumably native EPO have a
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half-life of 4–12 h [8]. EPO is degraded once it binds to the
EPO receptor (EPOR). EPO binds to an erythroid progenitor
cell surface receptor to regulate bone marrow erythroid cell
proliferation, differentiation, and survival. EPOR is expres-
sed primarily on erythroid cells between the colony forming
unit-erythrocyte (CFU-E) and the pronormoblast stage of
erythroid cell development [10]. EPOR is a preformed
homodimer that undergoes a structural change upon binding
with EPO. The cytoplasmic portion of EPOR contains a
positive regulatory domain that interacts with Janus kinase 2
(JAK2) [11]. Immediately after EPO binding, JAK2
cross-phosphorylates the EPOR itself and other proteins that
initiate a cascade of erythroid-specific signaling.

Regulation of Erythropoietin Production

The advent of reliable bioassays for EPO led to evidence
supporting the concept that oxygen delivery to the tissues
regulates circulating levels of EPO. EPO levels were shown
to be elevated in patients with acute or chronic anemia and
acute or chronic hypoxemia [6]. The main functions of EPO
are to maintain hemoglobin and to hasten RBC recovery
after hemorrhage. The basal plasma concentration of EPO
ranges from 4 to 24 IU/mL. In the basal state, a small
number of fibroblasts at the corticomedullary junction of the
kidney express EPO mRNA. When stimulated, recruitment
spreads outwards, with some evidence that individual cells
are recruited in an all-none form.

Hypoxia is the principal regulator of erythropoiesis.
Adaptive physiologic responses to hypoxia help to (1) in-
crease O2 delivery to cells, (2) allow cells to survive under
reduced O2 by activating glycolysis, and (3) reduce the
formation of reactive oxygen species. The response to
hypoxia is controlled by transcriptional factors termed
hypoxia-inducible factors (HIFs) [12]. HIFs are hetero-
dimeric transcription factors composed of a highly-regulated
02-labile a[alpha] subunit and a constitutively expressed
b[beta] sub-unit [13]. HIF-2 has been identified as the pri-
mary transcription factor inducing EPO expression. The
half-life of HIF-1a[alpha] in the cell is minutes under nor-
moxic conditions. The targeting and subsequent polyubiq-
uitination of HIF a[alpha] subunits requires vonHippel
Lindau protein (pVHL), iron, O2, and proline hydroxylase
activity, and this complex constitutes the oxygen sensor.
When hydroxylated, HIF then couples with the pVHL, and
the resultant complex is targeted for proteasomal degrada-
tion. Thus, inhibiting prolyl hydroxylase results in stabi-
lization of HIF and consequently transcription of the EPO
gene. When oxygen delivery decreases, the pVHL complex
no longer executes proteolysis of HIF and EPO production is
increased.

Non-hematologic Effects of Erythropoietin
on the Cardiovascular System

The structure of surface cell receptor that mediates biological
effect of EPO and its derivatives in non-hematopoietic tis-
sues remain to be characterized. These receptors are located
on various non-hematopoietic organs (Table 11.1).

Angiogenesis

EPO is an angiogenic and vascular-protectant cytokine. EPO
signaling modulates the regulation of angiogenesis. It plays
an important role in regulation of angiogenesis in embryo,
female reproductive organ, and wound healing. EPOR
expression in various types of vascular endothelial cells has
been associated with the ability of EPO to promote the
migration and proliferation of endothelial cells in in vitro
models [14]. This property of angiogenesis has been pos-
tulated as an etiology of diabetic retinopathy [15]. The
neovascularization effect has been associated with a car-
dioprotective effect of EPO in the setting of myocardial
infarction. The mechanism for neovascularization is medi-
cated by migration of bone marrow derived endothelial
progenitors cells (EPCs) into circulation [16]. These cells
have main role in angiogenesis. Taken together, EPO
upregulation and blockade both have effects in vascular
repair and tone.

Cardiac Effects of EPO

EPOR expression in the heart and in isolated primary cardiac
myocytes is associated with EPO-mediated activation of
specific signal transduction pathways [17]. The induction of

Table 11.1 Summary of non-hematological effects of erythropoietin
on the cardiovascular system

Possible mechanism Clinical implication

Angiogenesis Migration of bone
marrow derived
endothelial progenitor
cells

Neovascularization
may be of benefit in
myocardial infarction

Cardiac
muscles

Reduction of ischemia
induced apoptosis

Recovery of LV
function*

Hypertension Increased endothelin,
angiotensin, altered
calcium homeostasis

Increased
cardiovascular
mortality

Thrombosis Increased blood
viscosity

Increased
thromboembolic
events

*Controvertial as some studies have shown harmful effects on LV
remodelling
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these pathways leads to reduction of ischemia-induced car-
diac myocyte apoptosis and improved recovery of LV
function in the ex vivo perfused heart. EPO is cardiopro-
tective when administered at the time of ischemia or even at
reperfusion in different experimental models leading to sig-
nificant reduction in infarct size and attenuation of LV
dysfunction [18]. In contrast, the chronic and repeated
non-biologic stimulation of cardiac EPO receptors during
erythropoiesis stimulating agent (ESA) treatment for anemia
could have untoward effects, particularly on remodeling of
the myocardium through prevention of apoptosis. Some
studies have hypothesized repetitive stimulation and reset-
ting of cardiac growth signals could disorder cardiac mod-
eling, increasing vulnerability to stress [19]. The long-term
effects of EPO on the heart remain uncertain but are of
critical importance as cardiovascular disease is the most
common cause of mortality in patients with CKD.

Hypertension

Initial reports showing the efficacy of rHuEPO found
hypertension to be the most common side effect. It was
thought initially that higher hemoglobin (Hb) levels were
responsible for the hypertension. Administration of rHuEPO
has been reported to increase systemic vascular resistance
and decrease cardiac output [20], perhaps a result of
increased endothelin [21], angiotensin [22], impaired
endothelium dependent relaxation [23] and altered calcium
homeostasis in vascular smooth muscle cells. Hypertension
is established as an independent risk factor for cardiovas-
cular mortality.

Thrombosis

After the introduction of rHuEPO, nephrologists observed an
increase in thromboembolic events among dialysis patients.
It has been known that EPO increases platelet aggregability
and may decrease proteins C and S [24, 25]. The increased
platelet aggregation appears to be mediated through tyrosine
phosphorylation [24], but can be easily reversed by aspirin
[26]. Hemodialysis vascular access thrombosis is not pre-
vented by aspirin, and there are no published studies to
examine whether cardiovascular outcomes in patients
receiving ESAs are improved with aspirin therapy. The exact
mechanism by which rHuEPO increases the risk of vascular
access thrombosis is unclear, but it is thought to be
secondary to increased blood viscosity as seen in
polycythemia.

Target Hemoglobin for Anemia of Chronic
Kidney Disease

When rHuEPO was approved by the FDA in 1989 for
treatment of anemia in dialysis patients, the goal was to
improve quality of life, decrease transfusion requirements,
and prevent the iron overload that resulted from multiple
transfusions. The initial post-approval Hb target was 9–
10 g/dL although pre-approval studies had a Hb goal
>11 g/dl [27]. When first NKF-DOQI guidelines were
released in 1997, the Hb goal was increased to 11–12 g/dl.
This was followed by increased rHuEPO usage and the
Centers for Medicare and Medicaid Services instituted a
clinical performance quality measure to target 80% of dial-
ysis patients with Hb � 11 g/dl [28].

In the 1990s, as experience with rHuPEO grew, questions
arose whether complete normalization of the Hb to 14 g/dL
or the hematocrit (Hct) to 42% could provide additional
clinical benefit. The Normal Hematocrit Cardiovascular Trial
(NHCT) enrolled 1233 patients with clinical evidence of
congestive heart failure or ischemic heart disease that were
undergoing dialysis and receiving maintenance rHuEPO
therapy [29]. Patients were randomly assigned to receive
increasing doses of epoetin alfa to reach and maintain a
“normal” Hct value of 42 ± 3% or to continue to receive
epoetin alfa therapy to maintain a Hct value of 30 ± 3%.
The trial was halted after an interim analysis showing at a
median follow-up time of 14 months, 33% of patients in the
“normal” Hct group had died or had a nonfatal myocardial
infarction, as compared with 27% of those in the low Hct
group (risk ratio 1.3; 95% confidence interval [CI] 0.9–1.9).
The patients with higher target Hct also had a higher inci-
dence of vascular access thrombosis. After NHCT, there
were many smaller randomized control trials in dialysis and
CKD patients; these did not show increased mortality with
higher target Hb levels. A major ground-breaking change
came in 1996 with the publication of two clinical trials:
Cardiovascular Risk Reduction by Early Anemia Treatment
with Epoetin (CREATE) [30] and Correction of Hemoglobin
and Outcomes in Renal Insufficiency (CHOIR) [31].

The CREATE study randomly assigned 603 patients with
estimated glomerular filtration rate (GFR) 15–
35 ml/min/1.73 m2 and baseline Hb 11–12.5 g/dL to one
of the two groups. Group 1 patients were immediately
treated with rHuEPO to target Hb of 13–15 g/dl. Group 2
patients were treated only when Hb fell to <10.5 g/dl with
target of 10.5–11.5 g/dl. There was no difference in primary
cardiovascular end points between the groups. Although rate
of decline of GFR was similar in both groups, a greater
percentage of patients required dialysis in group 1 [30].
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The Correction of Hemoglobin and Outcomes in Renal
Insufficiency (CHOIR) study included 1432 patients with
CKD stages 3–4 and Hb < 11 g/dL [31]. Patients were
randomized to target Hb of 11.3 versus 13.5 g/dl.
The CHOIR trial was also terminated after an interim anal-
ysis. After a median follow-up period of 16 months, the
composite end point including death, myocardial infarction,
hospitalization for congestive heart failure, or stroke had
occurred in 17.5% of patients in the high Hb target group
and in 13.5% of patients in the low Hb target group (hazard
ratio 1.34; 95% CI 1.03–1.74; P = 0.03) [31].

Based on the results of CHOIR and CREATE, FDA
changed package insert for epoetin alfa and darbepoetin alfa
adding a warning regarding the risk of death and serious
cardiovascular events when an ESA is administered to
achieve a target Hb of 13.5–14.5 versus 10–11.3 g/dl.
The FDA product information for these agents also recom-
mended individualizing the therapy to achieve and maintain
Hb target of 10–12 g/dl.

The Trial to Reduce Cardiovascular Events with Aranesp
Therapy (TREAT), published in 2009 [32], enrolled 4038
patients with CKD stages 3–4, type 2 diabetes, and baseline
Hb < 11 g/dL; 2012 received darbepoetin alfa, and 2026
received placebo with darbepoetin rescue if Hb fell below
9 g/dL. The median achieved Hb levels were 12.5 g/dL in the
darbepoetin alfa group and 10.6 g/dL the placebo group. The
median follow-up time was 29 months; there was no evi-
dence of benefit and a trend toward overall harm with dar-
bepoetin alfa. Death or a nonfatal cardiovascular event
occurred in 31.4% of patients receiving darbepoetin alfa and
29.7% of patients receiving placebo. There was higher rate of
thromboembolic events in the darbepoetin alfa group. Based

on the results of TREAT, the FDA changed product infor-
mation on epoetin and darbepoetin in 2011, eliminating the
target Hb range of 10–12 g/dl and adding a black box
warning regarding the risk of death, myocardial infarction,
stroke, venous thromboembolism, thrombosis of vascular
access and tumor progression and recurrence. The findings of
the NHCT, CHOIR, CREATE and TREAT studies are
summarized in Table 11.2. The timeline of clinical and reg-
ulatory changes impacting on ESA use among CKD/ESKD
patients in the US is summarized in Table 11.3. The 2013
Kidney Disease Improving Global Outcomes (KDIGO) rec-
ommendations regarding ESA use in patients with anemia
associated with CKD are summarized in Table 11.4.

Potential Mechanism of Increased
Cardiovascular Risk with High Hb Targets
in Studies

It is not possible from the data published in the above
mentioned studies to determine the relative quantitative
importance of increased Hb itself versus the amount of ESA
used and/or iron treatment as playing a causative role in the
risk of adverse cardiovascular outcomes from higher target
Hb levels. Since the intention to treat (ITT) analyses are
based on target Hb level, it can be concluded that the
association between higher target (not achieved) Hb levels is
cause and effect. However, secondary analyses of both
NHCT and CHOIR noted that patients randomized to the
higher target Hb arms that required the highest ESA doses
and failed to achieve the target Hb level had worse cardio-
vascular outcomes than those patients who succeeded in

Table 11.2 Large randomized
controlled trails of
erythropoiesis-stimulating agents
in anemia of chronic kidney
disease

NHCT [29] CREATE
[30]

CHOIR [31] TREAT [32]

Published 1998 2006 2006 2009

Centers USA Europe USA International

Agent Epoetin alfa Epoetin
alfa

Epoetin alfa Darbepoetin alfa

Dialysis Yes No No No

CKD No yes Yes Yes

Number of
patients

1223 603 1432 4038

High Hb
target (g/dl)

14 13–15 13.5 13

Low Hb
target (g/dl)

10 10.5–11.5 11.3 9

CV endpoints RR +1.3 in high
Hct group

No
difference

Higher in high
Hb group

No difference except stroke in
high Hb group

CKD chronic kidney disease, CV cardiovascular, RR relative risk, Hb hemoglobin
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achieving the higher target Hb levels with the lowest Hb
doses. An FDA analysis of NHCT and CHOIR found the
ITT association between Hct/Hb target and adverse out-
comes to be misleading. There was actually an inverse
relationship between achieved Hb level and adverse out-
comes in both studies. There was a significant association
between outcome and the rate of rise of Hb in both arms of
both studies, with the “sweet spot” of fewest adverse events
occurring in patients with a Hb rise of 0.25 g/dL per week or
around 1 g/dL per month. Patients whose Hb rose or fell
>0.5 g/dl per week had the worse outcomes in every group
[33]. Szczech et al. revealed in a secondary analysis of
CHOIR that when the data are adjusted for EPO dose and
patients not achieving the Hb target, the differences in out-
comes between the patients in the high and low target Hb
arms becomes insignificant. The use of a high dose of ESA
becomes the major predictor of adverse events in both

groups [34]. These analyses suggest an association (but not
cause and effect since they were not part of the ITT analysis)
between higher ESA doses and adverse cardiovascular out-
comes. The numerous factors which may play a role in
increasing cardiovascular risk among patients treated with
ESAs are summarized in Fig. 11.1. These factors interact
amongst each other, and there is no certainty as to any one
single mechanism of increased risk.

Role of Higher Hb Level

Reduction in oxygen-carrying capacity with the develop-
ment of anemia induces compensatory mechanisms,
including systemic vasodilation and increased cardiac out-
put. Both left ventricular mass and end-diastolic volume
increase in response to anemia. With the correction of

Table 11.3 Timeline of clinical
and regulatory changes for the use
of ESAS in patients with
CKD/ESRD in the US

1989 rHuEPO approved by the FDA
rHuEPO reimbursed at $40 (USD) per treatment for dialysis patients, irrespective of dose

1991 rHuEPO reimbursed at $11 (USD) per 1000 U for dialysis patients

1997 Original NKF/DOQI anemia guidelines published with target Hct 33–36% for patients receiving
rHuPEO
Medicare denies payment for rHuEPO if 3 month avg. Hct > 36%

1998 Medicare denies rHuEPO payment if 3 month avg. Hct > 36.5%

2001 Revised NKF/KDOQI anemia guidelines published with target Hb 11–12 g/dL for patients
receiving rHuEPO

2006 Newly revised NKF/KDOQI anemia guidelines published with target Hb 11–13 g/dL for patients
receiving ESAs
Medicare denies ESA payment if Hct > 39% without modifier
CHOIR and CREATE studies published
Congress holds hearings on ESA use in ESRD

2007 FDA issues “black box” warning on ESAs
NKF/KDOQI revises guideline regarding target Hb range to 10–12 g/dL
Medicare reduces ESA payment by 50% if Hb > 13 g/dL �3 month

2008 New clinical performance measures for anemia management in ESRD patents with Hb target of
10–12 g/dL for patients receiving ESAs

2009 TREAT study published

2011 Bundled composite rate payment for dialysis including ESAs
Payment for performance for anemia management with penalty for Hb < 10 or >12 g/dL for
payment year 2012 for ESRD patients
FDA changes ESA warning to decrease or discontinue drug when Hb approaches 11 g/dL and to
use lowest dose needed to avoid transfusion
Payment for performance for anemia management eliminates penalty for Hb < 10 g/dL for
payment year 2013 and beyond for ESRD patients

2013 KDIGO anemia guidelines recommend initiating ESA when Hb 9–10 g/dL and target Hb level
no greater than 11.5 g/dL

2015 Payment for performance for anemia management eliminates penalty for Hb > 12 g/dL for
payment year 2017 and beyond for ESRD patients

CKD chronic kidney disease, ESRD end stage renal disease, rHuEPO recombinant human erythropoietin,
FDA Food and Drug Administration, NKF National Kidney Foundation, DOQI Dialysis Outcomes Quality
Initiative, KDOQI Kidney Disease Outcomes Quality Initiative, Hct hematocrit, Hb hemoglobin, ESA
erythropoiesis stimulating agent, CHOIR Correction of Hemoglobin and Outcomes in Renal Insufficiency,
CREATE Cardiovascular Risk Reduction by Early Anemia Treatment with Epoetin Beta, TREAT Trial to
Reduce Cardiovascular Events with Aranesp Therapy, KDIGO Kidney Disease Improving Global Outcomes
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anemia in patients with advanced CKD, there is increased
blood volume; this can have negative effect on LVEF and
function [35]. For cardiac function to improve with anemia
correction, blood volume needs to be managed. Relative
hypervolemia may be one of the mechanisms for increased
blood pressure (BP) with ESA use.

As anemia is corrected with ESA treatment, the rise in Hb
is associated with increased blood viscosity. The relationship
between viscosity and Hb level is not linear; viscosity
increases slowly until Hct increases to 40–50%, at which
point it inflects sharply higher. At very high Hb levels, as
seen in states of primary or secondary erythrocytosis, shear
stress produces endothelial injury that may result in
increased risk for vascular thrombosis [31, 36]. Patients with
kidney disease and atherosclerosis may have multiple areas
of unstable atherosclerotic plaque and/or ulcerations that are
vulnerable to increased viscosity-associated sheer stress.

With correction of anemia, dialysis induced hemocon-
centration poses risk for thrombosis. The Hb levels on the
non-dialysis day results in a spuriously low measured Hb

concentration but the pre-dialysis Hb value is used to adjust
ESA dosage. Because Hb targets tend to be the same in
patients on hemodialysis (HD) and those with nondialysis
CKD, actual time-averaged Hb levels are actually raised to a
greater extent in HD patients. Hemoconcentration will be
greater in patients with higher Hb resulting in vascular stress
on the blood vessels. This is more relevant in patients with
increased interdialytic weight gain.

Another effect of increasing Hb and correcting anemia is
to improve platelet function and number; this comes with a
consequence. Up to 11% of patients experience clotting of
dialyzers or blood lines after ESA therapy and, depending on
the type of membranes used, the heparin requirements at
final target Hb of 10–12.5 g/dL have to be increased by 50%
[37]. At higher Hb targets in CKD, the increased platelet
function could increase platelet exposure and activation at
areas of vascular plaque and injury, thereby increasing risk
for thrombosis. It should be noted there is no increase in
mortality among HD patients with “natural” Hb levels
>12 g/dL not requiring ESA therapy [38].

Role of ESA Dose in Increased Cardiovascular
Mortality

A second hypothesis is that some aspect of anemia therapy
itself, the amount of ESA used and/or iron treatment, may
play a causative role in increased mortality risk. Most of the
Hb target studies in HD used epoetin alfa, which is very

Table 11.4 Highlights of 2013 KDIGO anemia guidelines with
regards to ESA use

• Address all correctable causes of anemia before initiation of ESA therapy

• Balance the potential benefits of reducing blood transfusions and
anemia-related symptoms against the risks of harm

– Stroke

– Vascular access loss

– Hypertension

• Use ESAs with great caution in patients with active malignancy when
cure is the anticipated outcome

• To avoid having the Hb level fall below 9.0 g/dL, start ESA therapy
when the Hb level is 9–10 g/dL

• Individualization of therapy is reasonable as some patients may have
improvement in QOL at higher Hb levels and their ESA therapy may be
started at Hgb levels above 10 g/dL

• In general, ESAs should not be used to maintain Hb levels of >11.5 g/dL

• Individualization of therapy will be necessary as some patients may have
improvements in QOL at Hb levels >11.5 g/dL

• ESAs should not be used to intentionally increase the Hb level to
>13 g/dL

• Determine the initial ESA dose based on patient’s Hb level, body weight
and clinical status

• ESA dose adjustments should be made based on:

– Hb level

– Rate of change of Hb level

– Current ESA dose

– Clinical circumstances

• Decrease ESA dose in preference to withholding dose

• Reevaluate ESA dose if patient has an ESA-related event or has an
illness that may cause ESA hyporesponsiveness

KDIGO Kidney Disease Outcomes Quality Initiative, ESA erythropoiesis
stimulating agent, ESA erythropoiesis stimulating agent, Hb hemoglobin

Fig. 11.1 Possible mechanism of increased cardiovascular risk with
higher hemoglobin targets. CV cardiovascular, ESA erythropoiesis
stimulating agent
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similar in structure and function to native EPO. EPO is
continuously secreted under normal physiological condi-
tions. In the anemic state, EPO levels remain chronically
elevated. Treatment with ESA results in serum EPO kinetics
that are different from normal physiology. With ESA
treatment there is very rapid rise in serum levels after
injection, a high peak serum concentration, and rapid
decline in level which in some patients is to very low serum
concentrations [39]. The potential risks are mediated by
protective effects of EPO on non-erythroid receptors, par-
ticularly in the central nervous system, spinal cord, retina,
vasculature, and heart, where EPO acts in a paracrine
manner [40]. As the dose required for this effect is much
more than used in treatment of anemia, sufficient levels are
not achieved. Using US Renal Data System administrative
claims data, a retrospective cohort study of 94,569 prevalent
HD patients in 2000 and 2001 showed that epoetin alfa
dosage requirement was an independent predictor of total
mortality in HD patients after adjustment for Hct and other
variables [41]. Patients who were administered higher
dosages of epoetin had significantly lower Hct values and
greater mortality rates. Bradbury et al. retrospectively
examined 22,995 patients in a large dialysis organization
and found increased mortality risk of 1.31 per log unit
increase in EPO dose in an unadjusted model and 1.21 per
long unit increase in EPO dose in case-mix adjusted model,
both statistically significant. However, in lagged
time-dependent analyses, the increase in mortality risk was
no longer statistically significant. The authors caution
against drawing any conclusions regarding the relationship
between EPO dose, Hb level and mortality in nonexperi-
mental studies [42]. Because of the effect of confounding by
indication, namely that patients requiring higher ESA doses
could be ESA resistant due to an underling inflammatory
state which may in itself increase the risk of cardiovascular
disease, it remains uncertain whether the ESA dose
has effects on cardiovascular mortality. Indeed, using a
marginal structural model which attempts to eliminate
time-dependent confounding by indication, Wang and al
demonstrated that higher EPO dose is not associated with
increased mortality [43].

Using a metaregression analysis, Koulouridis et al.
examined 33 trials of ESA treatment of anemia in patients
with CKD regardless of dialysis status [44]. Higher
total-study-period mean ESA dose was associated with
increased rate of hypertension, stroke, and thrombotic
events, including dialysis vascular access-related thrombotic
events, independent of Hb level. All-cause mortality was
associated with higher first 3-month mean ESA dose and
higher total-study period mean ESA dose; both remained
significant after adjusting for target Hb level.

A natural experiment regarding the relationship between
ESA dose and clinical outcomes examined 62,710 HD

patients treated with either subcutaneously (SC) or intra-
venously (IV) administered EPO between 1997 and 2005 per
facility protocol [45]. The patients receiving IV EPO
required a 25% higher average EPO dose to achieve an
equivalent Hb response as the SC group. Relative risk for
significant adverse event composite outcomes was 1.11 in
the IV group (CI 1.04–1.08), suggesting an association
between higher EPO dose and adverse outcomes. These data
raise the hypothesis that the adverse cardiovascular effects of
ESAs may be related to their pharmacokinetics (e.g. peak
plasma concentration, which is higher when the drug is
administered IV) as well as to the total dose administered.

Role of Hypertension

One of the modifiable factors for cardiovascular risk
reduction is the control of BP. This particularly relevant in
CKD patients as they have high prevalence of cardiovascular
disease and increased incidence of sudden cardiac death.
The reporting of BP from the major trials has been sparse.
The initial CHOIR study report did not contain information
on BP. However in a secondary analysis of CHOIR partic-
ipants, higher Hb targets, increases in ESA dose and in
achieved Hb levels were associated both with increases in
diastolic BP and with higher event rates; however, increas-
ing diastolic BP was not associated with adverse outcomes
[46]. The CREATE study demonstrated an approximate 52%
increase in risk for increased BP in the 13- to 15-g/dL target
group. The initial report of the NHCT did not indicate an
increase in BP in the normal Hct target group.

Role of Iron and Thrombocytosis

Streja et al. conducted a logistic regression and survival
analysis in a retrospective cohort of long-term HD patients to
examine their hypothesis that the induced iron depletion
with reactive thrombocytosis may be a possible contributor
to the association between high ESA dose-associated Hb
level of >13 g/dL and mortality. They found that a pre-
scribed EPO dose of >20,000 U/week was associated with a
greater risk of iron depletion (transferrin saturation [TSAT]
<20%, case-mix adjusted odds ratio 2.53; 95% CI 2.37–
2.69), relative thrombocytosis (platelet count >300,000,
case-mix adjusted odds ratio 1.37, 95% CI 1.30–1.42) and
increased 3 year mortality (death rate ratio 1.59, 95% CI
1.54–1.65); all p < 0.001 [47]. In an accompanying editorial
Littlewood [48] pointed out that reports have demonstrated
similar findings in anemic patients undergoing cancer
chemotherapy receiving ESAs; patients not receiving sup-
plemental iron were more likely to develop thrombocytosis
(platelet count >350,000) which was associated with a
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fourfold increase in thrombotic events. The editorial cited
observational data demonstrating a link between low TSAT
and decreased survival in patients with CKD, but appropri-
ately noted that this may be a reflection of underling
inflammatory illness resulting in impaired iron mobilization.
Littlewood’s conclusion is that the mechanism for the
increased mortality among CKD patients receiving ESAs
with target Hb > 13 g/dL remains uncertain, but reactive
thrombosis from iron deficiency could be a contributing
factor in some patients.

Future of the Anemia Treatment in Patients
with Chronic Kidney Disease

Studies have demonstrated that treating anemia related to
kidney disease with EPO increases Hb levels, reduces
transfusion requirements, and improves the quality of life
(QOL) [49]. However, clinical events related to higher Hb
targets in some trials have included higher vascular access
thrombosis, cerebrovascular events, cardiovascular events,
earlier need for renal replacement therapy and higher mor-
tality [30, 31]. As a result of these studies, the FDA rec-
ommends in its product information for ESAs that treatment
be initiated only when the Hb level is <10 g/dL, the rate of
Hb decline indicates the likelihood of the patient requiring a
red blood cell (RBC) transfusion, and lowering the risk of
alloimmunization and/or RBC transfusion risk is a goal.
The FDA further recommends that if the Hb level exceeds
10 g/dL the ESA dose should be reduced or interrupted and
the lowest dose used sufficient to reduce the need for RBC
transfusions. These recommendations, as well as those by
the Kidney Disease Outcomes Quality Initiative (KDOQI) in
the United States and the Kidney Disease Improving Global
Outcomes (KDIGO) international initiative have signifi-
cantly curtailed ESA use and led to lower Hb targets among
patients with CKD-related anemia since 2011. In its com-
mentary on the 2012 KDIGO clinical practice guideline for
anemia in CKD, KDOQI workgroup members found a
paucity of evidence that Hb targets between 11 and
11.5 g/dL are associated with a safety risk [50].

Nonetheless, ESA use among anemic patients with
non-dialysis CKD has significantly decreased due to safety
concerns from the clinical trials and the imposition of lower
Hb targets by prescription drug plans; the ESA use among
dialysis patients has significantly decreased since 2011 due
to safety concerns from the clinical trials, FDA warnings,
inclusion of ESAs into a bundled payment system to dialysis
facilities and, for payment years 2012–2016, a financial
penalty to dialysis providers for having an excessive per-
centage of patients with Hb > 12 g/dL who are receiving
ESAs. Between the onset of a bundled payment system for
dialysis in the US in January 2011 and June 2015, mean

monthly EPO doses received (90 day average) for dialysis
patients decreased from 16,036 to 9618 U and mean Hb
levels decreased from 11.48 to 10.82 g/dL. This has been
accompanied by a modest increase in SC ESA administra-
tion (1.5–4.5%) and a modest decrease in mean monthly
(90 day average) IV iron dose (292–247 mg) [51]. In a
retrospective analysis of anemia management of ESRD
patients in the US before and after the aforementioned reg-
ulatory and payment changes, Chertow et al. [49] examined
outcomes between patients treated 2005–2010 and 2011–
2012. During 2012 observed rates of stroke, venous
thromboembolic disease and heart failure were lower than
expected (accounting for secular trends and case-mix), but
there was no change from expected in the observed rates of
all-cause mortality, cardiovascular mortality, and myocardial
infarction as the result of efforts taken to mitigate risks
associated with ESA use and changes in payment policy.

A novel approach to the treatment of EPO deficiency in
anemic patients with CKD is the use of agents which stim-
ulate endogenous EPO production in renal and non-renal
tissues. Such a strategy might decrease adverse outcomes by
allowing for a more continuous physiologic level of EPO to
stimulate RBC production rather than the high intermittent
blood levels of ESA that result from pharmacological
administration of an exogenous ESA. One such class of
agents is those that stabilize hypoxia inducible factor
(HIF) by inhibiting the prolyl hydroxylase (PH) enzyme
which leads to the rapid degradation of HIF in absence of
tissue hypoxia. HIF directly stimulates EPO gene tran-
scription and indirectly decreases hepcidin levels. Hepcidin
is thought to be responsible for impaired iron mobilization in
the setting of inflammation, so its suppression by HIF-PH
inhibitors allows for more effective erythropoiesis. Several
versions of HIF-PH inhibitors are currently under investi-
gation. Results of phase 2 studies of these oral agents have
demonstrated a dose-dependent increase in Hb levels among
CKD patients with anemia, decreased hepcidin levels, and
evidence of improved iron mobilization [38, 52]. Mean peak
serum EPO levels were 600 mIU/mL in screened patients
receiving EPO to achieve target Hb level compared to 100
mIU/mL in patients receiving the HIF-PH inhibitor to the
same target Hb level. Phase 3 studies of these agents are
expected to last 3 years to ascertain whether there are any
safety signals and whether cardiovascular outcomes are
improved by the lower peak serum EPO levels.

In conclusion, although ESAs remain a godsend to dial-
ysis patients and very few nephrologists would wish to
return to the pre-1989 era of transfusion-dependence, the
illusion that these agents would be devoid of adverse effects
was naive and ignored the history of all other therapeutic
agents. The lesson learned is that every pharmacologic
agent, even one that is close to identical to a naturally
occurring protein, has a therapeutic window above which
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untoward events can occur. The 40% decrease in mean ESA
dosing between 2011 and 2015 among dialysis patients in
the US with only a 0.7 g/dL decrease in mean Hb level is a
demonstration that more effective anemia management
strategies can be achieved that may put patients at less risk
for adverse cardiovascular outcomes. Although a number of
mechanisms link ESA doses, higher Hb targets and adverse
cardiovascular outcomes based on physiology and the results
of clinical trials, the confounding of these factors in clinical
practice makes it impossible to be certain how to change
practice to improve outcomes. The common denominator in
all studies, both prospective and retrospective, is that the
patients who are the most ESA resistant (highest ESA doses
and lowest achieved Hb levels) are at the greatest risk for
adverse outcomes, so it seems prudent to consider less
aggressive ESA doses in such patients even if that increases
the likelihood of transfusion.
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Background

According to the recent definition proposed by the Con-
sensus conference on Acute Dialysis Quality Initiative
Group [1], the term cardiorenal syndrome (CRS) has been
used to define different clinical conditions in which heart and
kidney dysfunction overlap. The aim of this chapter is to
provide a detailed outline of the pathophysiology of the
subtypes of CRS, to help the cardiologist and nephrologist to
be able to identify the clinical phenotypes of CRS, and to
initiate appropriate therapy. The classification of CRS pro-
posed in the Consensus Conference by the Acute Dialysis
Quality Group essentially divides CRS into two main
groups, cardiorenal and renocardiac CRS, on the basis of the
primum movens of disease (cardiac or renal). Both car-
diorenal and renocardiac CRS are then divided into acute
and chronic, according to disease’s acuity of onset. Type 5
of CRS integrates simultaneous cardiorenal involvement
induced by systemic disease (Table 12.1).

Type 1 Cardiorenal Syndrome

Type 1 CRS occurs in about 25% of patients hospitalized for
acute decompensated heart failure (ADHF) [2, 3]. Among
these patients, underlying chronic kidney disease (CKD) is
quite common and contributes to acute kidney injury

(AKI) in 60% of all cases studied. AKI is an independent
mortality risk factor in acute decompensated heart failure
patients, including those with acute myocardial infarction
(AMI) and/or reduced left ventricular ejection fraction [1].

Pathophysiology

Type 1 CRS (acute cardiorenal syndrome) is characterized
by acute worsening of cardiac function leading to AKI [4, 5]
in the setting of active cardiac disease such as ADHF. Pre-
liminary observations highlight the importance of timing in
the development of AKI and its early diagnosis (Fig. 12.1).

Hemodynamic mechanisms play a major role in type 1
CRS in presence of ADHF leading to decreased renal arterial
flow and a consequent fall in glomerular filtration rate
(GFR). Once hemodynamics have been restored, renal and
cardiac parameters come back to normal [6]. Different
hemodynamic profiles have been proposed [2]: In “cold”
pattern patients, reduction in effective circulation fluid vol-
ume (ECFV) represents the main hemodynamic change,
while there is a marked increase in central venous pressure
(CVP) in “wet” pattern patients.

“Cold” patients also present with decrease in renal blood
flow related to the renin–angiotensin–aldosterone system
(RAAS) and systemic nervous system activation causing
afferent vasoconstriction, decreased renal blood flow, and
decreased effective glomerular perfusion pressure. Patients
who present with a “wet” hemodynamic profile display
increased pulmonary and/or systemic congestion. In these
patients, high CVP directly affects renal vein and kidney
perfusion pressure [3, 7]; CVP increase also results in
increased interstitial pressure with tubular’ collapse and
progressive decline in GFR [8].

“Warm and wet” patients represent the most frequent
profile in acute and chronic advanced heart failure [9, 10].
Mechanisms of increased CVP are quite similar to “cold”
profile patients, but renal perfusion pressure is less affected
because of higher arterial blood pressures [3].
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Non-hemodynamic mechanisms were also proposed as
involved in type 1 CRS including sympathetic nervous
system (SNS) and RAAS activation, chronic inflammation,
and imbalance in the proportion of reactive oxygen species
(ROS)/nitric oxide (NO) production (Fig. 12.2). Patients
with ADHF show more frequently defective regulation of
monocyte apoptosis and activation of inflammatory path-
ways compared with healthy subjects [11, 12].

Several pathophysiological processes contribute to per-
petuating AKI, including endothelial and epithelial cell
death, and a primary role for apoptotic mechanisms due to
renal ischemia, toxic injury, radiation, and tubular obstruc-
tion has been suggested in experimental models [13].

Renal tubular epithelium is particularly vulnerable to
ischemic injury resulting in cell death by apoptosis and
necrosis with consequent loss of r epithelial cell structure and
function [14]. Renal tubular cells represent major site of cell
damage during AKI with strong associations between
intrarenal inflammatory activity and renal cell apoptosis [15].

Sera from type 1 CRS patients’ show high levels of
proinflammatory cytokines and proapoptotic factors [16].
There are two main intracellular pathways for apoptosis
(intrinsic and extrinsic), characterized by activation of dif-
ferent activator caspases [16] and linked by caspase-3 [16].
Cleavage of caspase-3 and its activation causes DNA frag-
mentation, demolition of cellular cytoskeletal, and nuclear
proteins and consequent formation of apoptotic bodies [16,
17]. Fragmentation of renal tubular cells genomic DNA
represents a biochemical hallmark of apoptosis, an irre-
versible process leading to cell’s death [17]. The final
pathway of apoptotic process is characterized by phagocy-
tosis of apoptotic bodies [17].

Oxidative stress is a hallmark of type 1 CRS, as evi-
denced by a significant increase in circulating reactive
oxygen species (ROS) and reactive nitrogen species (RNS),
coupled with increased expression of interleukin-6 (IL-6).
Increased levels of NADPH oxidase and myeloperoxidase
(MPO), with upregulation of proinflammatory mediators via

Table 12.1 Classification of
cardiorenal syndrome

Type Denomination Description Example

1 Acute
cardiorenal

Heart failure leading to AKI Acute coronary syndrome leading to
acute heart and kidney failure

2 Chronic
cardiorenal

Chronic heart failure leading to
CKD

Chronic heart failure

3 Acute
nephrocardiac

AKD leading to acute heart
failure

AKI-related uremic

4 Chronic
nephrocardiac

CKD leading to heart failure Left ventricular hypertrophy and diastolic
heart failure due to CKD

5 Secondary Systemic disease leading to
heart and kidney failure

Sepsis, vasculitis, diabetes mellitus,
amyloidosis

Fig. 12.1 Timing of acute
kidney injury in the setting of
acute decompensated heart failure
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powerful oxidants such as peroxynitrite, have also been
recently demonstrated [18].

MPO acts as primary enzyme in ROS generation by
promoting hydrogen peroxide (H2O2) conversion into
nitrogen dioxide (NO2) and other species involved in
oxidative damage of several critical compounds (lipids,
lipoproteins) implicated in the pathogenesis of atheroscle-
rosis, cancer, diabetic vasculopathy, and CKD [18, 19]. Gut
under-perfusion and endotoxin release in patients with
ADHF have also been proposed as pathophysiologic
mechanisms accelerating progression of HF and CRS [20].

Type 2 Cardiorenal Syndrome

Type 2 cardiorenal syndrome is characterized by chronic
abnormalities in cardiac function leading to kidney injury or
dysfunction. Chronic heart and kidney disease often coexist,
but large cohort studies assessing the onset of one disease
(e.g., chronic heart failure [HF]) subsequently describe the
prevalence of the other (chronic kidney disease [CKD]) [21,
22]. CKD has been observed in 45–63% of CHF patients
[21–23], but it is unclear how to classify these patients often

including those ones shifting from a clinical condition of
Type 1 CRS to distinguish these patients from Type 4 CRS
(chronic renocardiac syndrome) [24].

Pathophysiology

Intrinsic to its definition, type 2 CRS is characterized by the
development of CKD in HF patients, but two fundamental
features are proposed: CHF and CKD are to be simultane-
ously present and CHF causally underlies CKD occurrence
or progression [25]. Examples of type 2 CRS can be pro-
vided by “cyanotic nephropathy” occurring in patients with
congenital heart disease, when heart disease clearly precedes
kidney involvement or acute coronary syndrome leading to
left ventricular dysfunction and onset/progression of
co-existing CKD. Neuro-hormonal activation, renal hypop-
erfusion and venous congestion, inflammation, atheroscle-
rosis, and oxidative stress represent most important
pathophysiological mechanisms of type 2 CRS. These
mechanisms are operative in recurrent episodes of acute
heart and/or kidney decompensation, which are associated
with HF and CKD progression [26].

Fig. 12.2 Non-hemodynamic network of pathophysiological interactions in CRS type 1. Note the emerging potential role of
macrophages/monocytes as mediator of sodium and fluid retention. Reproduced with permission from ADQI
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In experimental studies, a reduction in glomerular plasma
flow together with elevated intra-glomerular filtration pres-
sure (efferent arteriolar constriction) is observed; if these
changes persist (up to six months in experimental models)
podocytes injury, focal and segmental glomerulosclerosis
can occur, often related to local renal increase in sympathetic
nervous system and RAAS activation [27].

Kidneys of HF patients seem to release large amounts of
circulating renin with consequent abnormal angiotensin II
production, resulting in efferent arteriolar constriction and
increase in oncotic pressure of peritubular capillaries [28].
High venous pressure is described as a key factor in wors-
ening GFR in HF patients, especially in those with preserved
ejection fraction. Patients with decompensated heart failure
and venous congestion often have t with significant RAAS
activation without decreased circulating volume as stimulus
[29]. Persistent RAAS and SNS activation could contribute
to CKD progression in type 2 cardiorenal syndrome.

Angiotensin II production and aldosterone release lead to
distal nephron-augmented sodium reabsorption and subse-
quent systemic pressure and volume overload. Increased
aldosterone levels can also contribute to glomerular fibrosis
due to upregulation of transforming growth factor-b[beta]
(TGF-b[beta]) and increased secretion offibronectin [30, 31].

Persistent inflammation triggered by ongoing cardiac
decompensation is also responsible for CKD progression in
ADHF [32].

Type 3 Cardiorenal Syndrome

Type 3 cardiorenal syndrome, also defined as acute reno-
cardiac syndrome, occurs when acute kidney injury
(AKI) contributes and/or precipitates development of acute
cardiac injury. AKI may directly or indirectly produce an
acute cardiac event; triggered by the inflammatory surge,
oxidative stress, and secretion of neurohormones following
AKI [33, 34]. Other triggers for cardiac injury and dys-
function include AKI-related volume overload, metabolic
acidosis, and electrolytes disorders such as hyperkalemia
and hypocalcemia. Acute, left ventricular dysfunction, and
accelerated fibrosis have been also described in patients with
AKI [35]. Finally, AKI can affect cardiac function con-
tributing to alterations in drug pharmacokinetics and
dynamics (such as excretion of digoxin).

Pathophysiology

Direct Effects of AKI on Cardiac Function
Pathophysiological interactions between the kidney and
heart in AKI have been referred to “cardiorenal connectors”

[36], which include immune modulation (pro- and
anti-inflammatory cytokines and chemokines release), sym-
pathetic nervous system and RAAS hyperactivity, and acti-
vation of the coagulation cascade.

Circulating levels of tumor necrosis factor-alpha (TNFa
[alpha]), interleukin-1 (IL-1), and interleukin-6 (IL-6) seem
to increase immediately after renal experimental ischemia
and, together with other cytokines as well as and
interferon-alfa (IFN-a[alpha]), have direct cardio-depressant
effects, such as reduction in left ventricular ejection fraction
and elevation of left ventricular end-diastolic and
end-systolic volumes and areas [37, 38]. Cytokines release
can affect myocardial cells directly on their contractility or
by close interactions with extracellular matrix leading to
negative inotropic effects. Cellular mechanisms involve
secondary mediators such as sphingolipids, arachidonic acid.
and intracellular Ca2+ alterations [30].

In animal models, infusion of TNF-a[alpha] results in
decrease of left ventricular diastolic pressure with secondary
coronary vasoconstriction. Infusions cause time-dependent
dysfunction (regional contractility alterations) of left ven-
tricle and its dilation lasting up to 10 days [30]. Several
diastolic abnormalities are also observed, including slow
relaxation of left ventricle and raised left atrium filling
pressure to indicate an increase in left ventricle diastolic
stiffness [39]. In the presence of renal ischemia, rat hearts
show increased expression of adhesion molecules such as
ICAM-1 together with myocardial apoptosis (this is not true
in case of bilateral nephrectomy) to prove that systemic
inflammation, and not AKI, plays an immediate role in
myocardial damage and dysfunction [40]. In animal exper-
iments, it has been shown that left ventricular dilation,
increased left ventricular end-diastolic and end-systolic
diameters, increased relaxation time, and decreased frac-
tional shortening can occur 48 h after renal injury [37].

Hyperactivity of the SNS with abnormal secretion of
norepinephrine impairs myocardial activity in several ways:
direct norepinephrine effect, impairment in Ca2+ metabo-
lism, increase in myocardial oxygen demand with potential
evolution to myocardial ischemia, myocardial cells b[beta]
1-adrenergic-mediated apoptosis, stimulation of a[alpha]1
receptors, and, finally, activation of RAAS. Abnormal and
uncontrolled RAAS activation leads to angiotensin II release
with consequent systemic vasoconstriction and elevation of
vascular resistance. In addition, angiotensin II itself directly
promotes cellular hypertrophy and apoptosis [41].
Increased RAAS activity could be accountable for dimin-
ished coronary response to adenosine, bradykinin, and
L-arginine [42]. Other animal models exemplify how the
inflammatory cascade of AKI can contribute to altered per-
meability of lung vessels, with resultant interstitial edema
and micro-hemorrhage mediated by inflammatory mediators
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and altered expression of epithelial sodium channel and
aquaporin-5 [43].

Myocardial cells apoptosis and neutrophil activation
greatly contribute to the pathophysiologic pathways of cardiac
injury followingAKI, leading to lethal major cardiac events as
can be seen in rat transgenic models [44]. Cardiac myocyte
apoptosis and neutrophil infiltration represent two of the most
important contributors to the pathophysiology of myocardial
infarction during AKI [38]. The cardiorenal link between AKI
and cardiac fibrosis is shown with the upregulation of
beta-galactoside-binding lectin galectin-3, mRNA expression
renal ischemia. It is also implicated in the development of
myocardial fibrosis and heart failure in AKI, and its inhibition
can delay progression of myocardial fibrosis [45].

Indirect Effects of AKI on Heart Function
As renal function declines, it can result in significant
pathophysiological derangement, leading to cardiac injury.
Oliguria can lead to sodium and water retention with con-
sequent fluid overload and development of volume overload,
hypertension, pulmonary edema, and myocardial injury.
Electrolytes imbalances (primarily hyperkalemia) can con-
tribute to raised risk of fatal arrhythmias and sudden death.
Acidemia also can worsen pulmonary vasoconstriction,
increased right ventricular afterload, and contribute to a
negative cardiac inotropic effect. Finally, uremia itself can
directly affect myocardial cells contractility through
myocardial depressant factors and promote pericardial effu-
sions and pericarditis [46, 47].

In response to systemic and renal hemodynamic changes,
baroceptor and intrarenal chemoreceptors lead to SNS and
RAAS activation. As described previously, SNS activation
directly affects intrarenal hemodynamics and stimulates
renin incretion, and also causes cardiomyocyte apoptosis.
Neuropeptide Y, a vascular growth factor accountable for
neointimal formation and following vasoconstriction, is also
stimulated by RAAS activation [48, 49].

Electrophysiological Effects
Classical ECG changes in hyperkalemic patients are repre-
sented by tenting of T wave due to rapid and consistent
elevation in extracellular potassium levels, leading to
increased activity of potassium channel (and inactivation of
sodium channel) with faster repolarization and predisposi-
tion to arrhythmias [50]. Hyperkalemia reduces resting
membrane potentials (both atrial and ventricular) and indu-
ces ST-T segment abnormalities (i.e., elevations in V1 and
V2) simulating an ischemic pattern. In some patients,
hyperkalemia can simulate a Brugada-like pattern, charac-
terized by right bundle branch block and persistent ST-T
segment elevation [50].

Type 4 Cardiorenal Syndrome

Type 4 CRS, also defined as chronic renocardiac disease, is
characterized by cardiovascular involvement in patients
affected by chronic kidney disease at any stage according to
National Kidney Foundation (NKF) classification. It is well
established that renal dysfunction is an independent risk
factor for cardiovascular disease with higher mortality risk
for myocardial infection and sudden death in CKD [51].

Pathophysiology

Figures 12.3 and 12.4 show close interactions between
chronic kidney disease (CKD) and cardiovascular involve-
ment. Chronic kidney disease independently accelerates
ischemic heart disease and contributes to pressure and vol-
ume overload, leading to left ventricular hypertrophy [52].

Left ventricular hypertrophy (LVH) is highly prevalent in
patients starting hemodialysis. Pressure overload leading to
LVH results from hypertension and calcific valvular disease
as early as CKD-2, but is particularly prevalent in
hemodialysis and pre-dialysis patients [53, 54]. Hyper-
phosphatemia and secondary hyperparathyroidism can pro-
duce ossification of cardiac vessels and valves because of
“osteoblastic” transformation of vascular smooth muscle
cells [55]. Congestive heart failure is exacerbated by volume
overload central to CKD with underlying anemia of chronic
disease and the presence of hemodialysis arteriovenous fis-
tulae being common contributing factors [56, 57].

Chronic inflammation, insulin resistance, hyperhomo-
cysteinemia, and malnutrition–inflammation-associated
dyslipidemia can also contribute to accelerated cardiovas-
cular disease in CKD. As GFR declines, gradual accumu-
lation of a spectrum of toxins (b[beta]2 microglobulin,
guanidines, phenols, indoles, aliphatic amines, furans,
polyols, nucleosides, leptin, serum amyloid A protein,
asymmetric dimethylarginine, parathyroid hormone, and
erythropoiesis inhibitors) can occur [58–60], which con-
tribute to the inflammatory milieu of progressive CKD.
B-type natriuretic peptide (BNP) and related N-terminal
proBNP (NT-proBNP) are both elevated in CKD patients
compared to age- and sex-matched cohorts with preserved
renal function, reflecting myocardial cells injury due to
hypertension, volume overload, LVH, cardiac remodeling,
and fibrosis [61, 62].

Congestive Heart Failure and Left Ventricular
Hypertrophy
Echocardiographic abnormalities (impairment of ejection
fraction, increased end-systolic, and end-diastolic left
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ventricular diameter and volume) are frequently reported
since early stages of CKD to ESKD. Incident dialysis
patients show higher rates of systolic dysfunction (15%),
LVH (74%), and left ventricular dilation (36%) [63, 64].
Pathophysiological mechanisms proposed include pressure
and volume overload in parallel with progressive GFR
decline. Pressure overload is also exacerbated by co-existing
hypertension, valvular heart disease (accelerated by sec-
ondary hyperparathyroidism), and impaired vascular com-
pliance. Consequent increase in cardiac workload leads to
compensatory hypertrophy and excessive myocardial cells
stress relative to increased oxygen demand resulting in
myocyte fibrosis and death, cardiac chamber dilation, and
systolic dysfunction [64].

Fibroblast growth factor-23 (FGF-23), a member of
fibroblast growth factor family (implicated in regulation,
growth, and differentiation of cardiac myocytes), has para-
crine functions in kidneys because of its phosphaturic
properties blocking vitamin D3 synthesis [65]. During CKD

progression, accumulation of phosphate leads to increase in
FGF-23 secretion that promotes LVH and cardiac remodel-
ing. Echocardiographic assays demonstrated a 5% LVMI
(left ventricular mass index) rise for every log increase in
plasma FGF-23 levels [66].

Cardiac Arrhythmias and Sudden Cardiac Death
CKD patients, especially those on hemodialysis, are more
prone to develop arrhythmias, especially atrial fibrillation
and ventricular tachyarrhythmias. Significant shifts of elec-
trolytes and blood pressures/volumes levels are common in
intra- and inter-dialytic periods leading to myocardial cells
mechanical (regional wall motion abnormalities) and
arrhythmogenic potential [67]. Almost half of cardiovascular
deaths in the end-stage kidney disease population are related
to cardiac arrhythmia or sudden death [67]. Increased risk for
sudden death seems to be particularly related to longer
inter-dialytic intervals in subjects undergoing thrice weekly
hemodialysis treatment, because of extreme shifts of

Fig. 12.3 Pathophysiological pathways of type 4 cardiorenal syndrome
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electrolytes and fluids [68]. In the non-dialysis CKD popu-
lation, a 1.11 hazard ratio for sudden cardiac death exists for
every 10 ml/min/1.73 m2 fall in GFR [69].

Atrial fibrillation is a common arrhythmia in the
CKD/ESKD population. In the Chronic Renal Insufficiency
Cohort (CRIC) study, an 18% prevalence of atrial fibrillation
was found [70]. The incidence of atrial fibrillation
(ECG-detected) correlates with the degree of CKD with a 4–
5% prevalence in stage 4–5 CKD patients. After multivariate
analysis, the odds ratios for ECG-defined atrial fibrillation
were 2.20 in CKD stage 1–2 patients, 1.51 in CKD 3, and
2.86 in CKD 4–5 patients, respectively, compared to control
subjects with normal renal function [70]. The burden of
atrial fibrillation is complicated by the increased hemor-
rhagic risk in this population from anticoagulation [70].

Coronary Atherosclerotic Heart Disease
CKD patients present higher prevalence of coronary artery
disease at angiographic evaluation with multivessel disease
and ECG evidence of previous ischemia [71].

Conchol et al. assessed CAD prevalence in early stages of
CKDwith coronary catheterization procedures in 261 patients
with GFR between 30 and 90 ml/min. More than half the
patients with GFR < 90 mls/min/1.73 m2 had a 70% stenosis
in at least one coronary artery, and more than 84% patients
with GFR < 30 ml/min/1.73 m2 showed significant CAD
mainly involving the left coronary arterial territory [72].

Uremia and Cardiac Fibrosis
End-stage CKD patients develop cardiac fibrosis similar to
hypertensive and chronic ischemic heart disease patients in
which endocardial and epicardial fibrosis predominate [73].
Uremic toxins such as indoxyl sulfate and p-cresol can
contribute to cardiac fibrosis in CKD patients. Indoxyl sulfate
concentrations are 300-fold higher than control population
and it directly contributes to cardiac fibrosis by synthesis of
TGF-b[beta], tissue inhibitor of metalloproteinase-1
(TIMP-1), and alpha-1 collagen [74, 75].

Recent evidence shows upregulation of galectin-3, a
member of the b[beta]-galactoside-binding lectin family

Fig. 12.4 Clinical correlation between kidney and heart disease
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synthesized by macrophages, which interacts with extracel-
lular matrix protein like laminin, synexin, and integrins.
Galectin-3 can bind to cardiac fibroblasts increasing collagen
production in the myocardium. Lok et al. [75] enrolled
232-stage 3–4 CKD patients and demonstrated that
galectin-3 levels were independent predictors of cardiovas-
cular mortality.

Type 5 Cardiorenal Syndrome

Type 5 CRS is a recently defined clinical syndrome and
complete epidemiological data on this entity are still
incomplete. Type 5 CRS occurs when cardiac and renal
injuries occur simultaneously, encompassing many clinical
syndromes such as sepsis, and drug toxicity where heart and
kidney are involved secondary to a common underlying
pathological trigger [1].

Pathophysiology

The pathophysiology of CRS-5 depends on the underlying
disease. Acute CRS-5 results from systemic processes, e.g.,
sepsis, infections, drugs, toxins, and connective tissue dis-
orders such as lupus, Wegener’s granulomatosis, and sar-
coidosis. The temporal course of the development of CRS 5
is variable. For example, in sepsis-induced acute CRS-5,
there is a fulminant disease process with an acute impact on
both the kidney and the heart, with obvious clinical mani-
festations. On the other hand in cirrhosis, CRS-5 has a more
insidious onset and the kidney and cardiac dysfunction may

develop slowly, until a crucial point is reached and full
decompensation occurs.

Acute CRS-5 develops into four following steps and it
can be hyper-acute (0–72 h after diagnosis), acute (3–
7 days), sub-acute (7–30 days), and chronic (over 30 days)
(Table 12.2).

Chronic CRS-5 (i.e., CRS in cirrhotic patients) presents
time sequence quite variable because in most cases of CRS-5
there is an underlying condition and related precipitating
event leading to attention. For instance, cirrhotic patients are
subject to infections and an acute CRS-5 can overlap a
chronic process. The mechanisms invoked in acute and
chronic forms of CRS-5 are described in Figs. 12.5 and 12.6.

Pathophysiological changes in sepsis-related CRS 5
depend on systemic effects of the sepsis itself, and also, from
direct cross-talk between the damaged heart and kidney. In
early stages of sepsis, microcirculation is often initially
involved despite normal systemic hemodynamics [38, 44]
and strongly correlates with morbidity and mortality rates.

Sepsis-associated cardiomyopathy represents one of main
predictors of mortality in septic patients [76]. Both the left
and right ventricles can be injured with dilation and
decreased ejection fraction, often unresponsive to fluid and
catecholamine therapy [77]. Septic cardiomyopathy, when
severe, can mimic cardiogenic shock but it is usually rever-
sible [78]. Myocardial blood flow and oxygen consumption
do not seem to be involved in pathophysiology of septic
cardiomyopathy [79]. Proinflammatory mediators and com-
plement factors have been proposed as crucial actors in the
development of cardiac involvement during sepsis [80, 81].

In sepsis-associated AKI, there are clear changes in
intra-parenchymal blood flow independent of systemic

Table 12.2 Temporal
considerations in
pathophysiology of CRS-5

Attribute CRS5 acute (sepsis) (Fig. 12.1) CRS5 chronic (cirrhosis) (Fig. 12.2)

Time for organ
dysfunction

Short: hours to days Long: weeks to months

Underlying
organ function

May be superimposed on
underlying cardiac and kidney
disease

Heart and kidney have adaptive responses that
fail over time

Sequence of
organ
involvement

Generally simultaneous or in
close proximity to each other

One organ precedes the other, e.g., cardiac
dysfunction precedes renal in cirrhosis

Underlying
disease

Systemic event contributes to
CRS5

Precipitating events can transition to an acute
deterioration in CRS5, e.g., GI bleed can
precipitate hepatorenal syndrome

Pathophysiology Direct effects on organs Failure of adaptive responses over time

Mechanisms Determined by underlying
disease

Determined by adaptive changes

Reversibility Possible with control of sepsis
and organ support

Limited unless there is replacement of diseased
organ, e.g., liver transplant
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hemodynamic changes linked to the septic process [82, 83].
Recent experimental data have compared two different sep-
sis models in pigs in which, irrespective of systemic
hemodynamics, only pigs developing septic AKI demon-
strated increased renal vascular resistance and early rises in
proinflammatory cytokines (IL-6) and oxidative stress
markers [83].

Sepsis is able to affect the autonomic nervous system
(ANS), RAAS, and hypothalamus–pituitary gland–adrenal
gland axis (HPA) independently which can impact, in sev-
eral and distinctive steps, cardiac and/or renal function.
Severity of ANS dysfunction correlates with morbidity and
mortality [84, 85]; autonomic dysfunction can be assessed
by observing decreased heart rate variability (HRV), often
associated with release of inflammatory biomarkers such as
IL-6, IL-10, and C-reactive protein (CRP) [68]. It is clear
that during combined heart and kidney dysfunction, as in

sepsis, several cellular and molecular changes occur in both
tissues. Activation and induction of cytokines
(TNF-a[alpha] and IL-6) and leukocytes (macrophages,
neutrophils, and lymphocytes) is well documented both in
heart and kidney during [86, 87]. Myocardial contractility is
significantly affected and muscle protein expression (actin
and myosin) is abnormal in sepsis as well as membrane-
associated proteins, as dystrophin, normally regulating cell
shape, mechanical strength, and myocardial cells contrac-
tility. Mean amount of dystrophin and other similar glyco-
proteins are reduced in septic myocardium [88]. Sepsis
induces tubular damage in kidneys affected by increased
secretion of lipopolysaccharide that alters HC03 transport
leading to abnormalities in urine acidification [89].
Lipopolysaccharide also modifies megalin, a glomerular
protein involved in increasing albuminuria, and conse-
quently intrarenal inflammation [90].

Fig. 12.5 Pathophysiology of sepsis-induced organ dysfunction
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Summary

The pathophysiology and clinical impact of the various
subtypes of cardiorenal syndrome exemplify the intricate
cross-talk between the heart and the kidney. Given the huge
morbidity and mortality of the dual burden of these organ
system afflictions, early recognition of the clinical phenotype
of cardiorenal syndrome and interventions to slow down
end-organ damage is crucial in positively influencing the
burden of this pathological symbiosis.

References

1. Ronco C. The cardiorenal syndrome: basis and common ground
for a multidisciplinary patient-oriented therapy. Cardiorenal Med.
2011;1:3–4.

2. Ronco C. Cardiorenal syndromes: definition and classification.
Contrib Nephrol. 2010;164:33–8.

3. Eren Z, Ozveren O, Buvukoner E, Kaspar E, Degertekin M,
Kantarci G. A Single-centre study of acute cardiorenal syndrome:
incidence, risk factors and consequences. Cardiorenal Med.
2012;2:168–76.

4. Bargshaw SM, Cruz DM, Aspromonte N, for the Acute Dialysis
Quality Initiative (ADQI) Consensus Group, et al. Epidemiology of
cardio-renal syndromes: workgroup statements from the 7th ADQI
consensus conference. Nephrol Dial Transplant. 2010;25:1406–16.

5. Damman K, Navis G, Voors AA, et al. Worsening renal function
and prognosis in heart failure: systematic review and
meta-analysis. J Card Fail. 2007;13:599–608.

6. McCullough PA. Cardiorenal syndromes: pathophysiology to
prevention. Int J Nephrol. 2010;2010:762590.

7. Hanada S, Takewa Y, Mizuno T, Tsukiyan T, Taenaka Y,
Tatsumi E. Effect of the technique for assisting renal blood
circulation on ischemic kidney in acute cardiorenal syndrome.
J Artif Organs. 2012;15:140–5.

8. Stevenson LW, Perloff JK. The limited reliability of physical signs
for estimating hemodynamics in chronic heart failure. JAMA.
1989;261:884–8.

9. Mullens W, Abrahams Z, Francis GS, Sokos G, Taylor DO,
Starling RC, Young JB, Tang WH. Importance of venous
congestion for worsening of renal function in advanced decom-
pensated heart failure. J Am Coll Cardiol. 2009;53:589–96.

10. Uthoff H, Breidthardt T, Klima T, Aschwanden M, Arenja N,
Socrates T, Heinisch C, Noveanu M, Frischknecht B, Baumann U,
Jaeger KA, Mueller C. Central venous pressure and impaired renal
function in patients with acute heart failure. Eur J Heart Fail.
2011;13:432–9.

11. Braam B, Cupples WA, Joles JA, Gaillard C. Systemic arterial and
venous determinants of renal hemodynamics in congestive heart
failure. Heart Fail Rev. 2012;17:161–75.

12. De Silva R, Loh H, Rigby AS, Nikitin NP, Witte KK, Goode K,
Bhandari S, Nicholson A, Clark AL, Cleland JG. Epidemiology,
associated factors, and prognostic outcomes of renal artery stenosis
in chronic heart failure assessed by magnetic resonance angiog-
raphy. Am J Cardiol. 2007;100:273–9.

13. Nohria A, Tsang SW, Fang JC, Lewis EF, Jarcho JA, Mudge GH,
Stevenson LW. Clinical assessment identifies hemodynamic

Fig. 12.6 Pathophysiology of cirrhosis-induced CRS-5

140 L. Di Lullo et al.



profiles that predict outcomes in patients admitted with heart
failure. J Am Coll Cardiol. 2003;41:1797–804.

14. Machnik A, Neuhofer W, Jantsch J, Dahlmann A, Tammela T,
Machura K, Park JK, Beck FX, Müller DN, Derer W, Goss J,
Ziomber A, Dietsch P, Wagner H, van Rooijen N, Kurtz A,
Hilgers KF, Alitalo K, Eckardt KU, Luft FC, Kerjaschki D,
Titze J. Macrophages regulate salt-dependent volume and blood
pressure by a vascular endothelial growth factor-C-dependent
buffering mechanism. Nat Med. 2009;15:545–52.

15. Virzì GM, Torregrossa R, Cruz DN, Chionh CY, de Cal M,
Soni SS, Dominici M, Vescovo G, Rosner MH, Ronco C.
Cardiorenal syndrome type 1 may be immunologically mediated: a
pilot evaluation of monocyte apoptosis. Cardiorenal Med.
2012;2:33–42.

16. Havasi A, Borkan SC. Apoptosis and acute kidney injury. Kidney
Int. 2011;80:29–40.

17. Bonventre JV. Dedifferentiation and proliferation of surviving
epithelial cells in acute renal failure. J Am Soc Nephrol. 2003;14
(suppl 1):S55–61.

18. Akcay A, Nguyen Q, Edelstein CL. Mediators of inflammation in
acute kidney injury. Mediators Inflamm. 2009;2009:137072.

19. Elmore S. Apoptosis: a review of programmed cell death. Toxicol
Pathol. 2007;35:495–516.

20. Pastori S, Virzì GM, Brocca A, De Cal M, Cantaluppi V,
Castellani C, Fedrigo M, Thiene G, Valente ML, Angelini A,
Vescovo G, Ronco C. Cardiorenal syndrome type-1: activation of
dual apoptotic pathways. Cardiorenal Med. 2015;5:306–15.

21. Virzì GM, Clementi A, De Cal M, Brocca A, Day S, Pastori S,
Bolin C, Vescovo G, Ronco C. Oxydative stress: dual pathway
induction in cardiorenal syndrome type 1 pathogenesis. Oxid Med
Cell Longev. 2015;Article ID 391790.

22. Maruyama Y, Lindholm B, Stenvinkel P. Inflammation and
oxidative stress in ESRD—the role of myeloperoxydase.
J Nephrolgy. 2004;17(Suppl 8):S72–6.

23. Kraut EJ, Chen S, Hubbard NE, Erickson KI, Wisner DH. Tumor
necrosis factor depresses myocardial contractility in endotoxemic
swine. J Trauma. 1999;46:900–6.

24. Heywood JT, Fonarow GC, Costanzo MR, Mathur VS,
Wigneswaran JR, Wynne J. High prevalence of renal dysfunction
and its impact on outcome in 118,465 patients hospitalized with
acute decompensated heart failure: a report from the ADHERE
database. J Card Fail. 2007;13(6):422–30.

25. Hebert K, Dias A, Delgado MC, Franco E, Tamariz L, Steen D,
Trahan P, Major B, Arcement LM. Epidemiology and survival of
the five stages of chronic kidney disease in a systolic heart failure
population. Eur J Heart Fail. 2010;12(8):861–5.

26. Cruz DN, Bagshaw SM. Heart-kidney interaction: epidemiology of
cardiorenal syndromes. Int J Nephrol. 2010;2011:351291.

27. Bagshaw SM, Cruz DN, Aspromonte N, Daliento L, Ronco F,
Sheinfeld G, Anker SD, Anand I, Bellomo R, Berl T, et al.
Epidemiology of cardiorenal syndromes: workgroup statements
from the 7th ADQI Consensus Conference. Nephrol Dial Trans-
plant. 2010;25(5):1406–16.

28. Cruz DN, Schmidt-Ott KM, Vescovo G, House AA, Kellum JA,
Ronco C, McCullough PA. Pathophysiology of cardiorenal syn-
drome type 2 in stable chronic heart failure: workgroup statements
from the eleventh consensus conference of the Acute Dialysis
Quality Initiative (ADQI). Contrib Nephrol. 2013;182:117–36.

29. Setoguchi S, Stevenson LW, Schneeweiss S. Repeated hospital-
izations predict mortality in the community population with heart
failure. Am Heart J. 2007;154(2):260–6.

30. Bongartz LG, Cramer MJ, Doevendans PA, Joles JA, Braam B.
The severe cardiorenal syndrome: ‘Guyton revisited’. Eur
Heart J. 2005;26(1):11–7.

31. Merrill AJ, Morrison JL, Branno ES. Concentration of renin in
renal venous blood in patients with chronic heart failure. Am J
Med. 1946;1(5):468.

32. Kishimoto T, Maekawa M, Abe Y, Yamamoto K. Intrarenal
distribution of blood flow and renin release during renal venous
pressure elevation. Kidney Int. 1973;4(4):259–66.

33. Remuzzi G, Cattaneo D, Perico N. The aggravating mechanisms of
aldosterone on kidney fibrosis. J Am Soc Nephrol. 2008;19
(8):1459–62.

34. Onozato ML, Tojo A, Kobayashi N, Goto A, Matsuoka H,
Fujita T. Dual blockade of aldosterone and angiotensin II
additively suppresses TGF-beta and NADPH. Nephrol Dial
Transplant. 2007 May;22(5):1314–22.

35. Colombo PC, Ganda A, Lin J, Onat D, Harxhi A, Iyasere JE,
Uriel N, Cotter G. Inflammatory activation: cardiac, renal, and
cardio-renal interactions in patients with the cardiorenal syndrome.
Heart Fail Rev. 2012;17(2):177–90.

36. Yap SC, Lee HT. Acute kidney injury and extrarenal organ
dysfunction: new concepts and experimental evidence. Anesthe-
siology. 2012;116(5):1139–48.

37. Prabhu SD. Cytokine-induced modulation of cardiac function. Circ
Res. 2004;95(12):1140–53.

38. Kingma JG Jr, Vincent C, Rouleau JR, Kingma I. Influence of
acute renal failure on coronary vasoregulation in dogs. J Am Soc
Nephrol. 2006;17(5):1316–24.

39. Ma XL, Lefer DJ, Lefer AM, Rothlein R. Coronary endothelial
and cardiac protective effects of a monoclonal antibody to
intercellular adhesion molecule-1 in myocardial ischemia and
reperfusion. Circulation. 1992;86(3):937–46.

40. Blake P, Hasegawa Y, Khosla MC, Fouad-Tarazi F, Sakura N,
Paganini EP. Isolation of “myocardial depressant factor(s)” from
the ultrafiltrate of heart failure patients with acute renal failure.
ASAIO J. 1996;42(5):M911–5.

41. Edmunds NJ, Lal H, Woodward B. Effects of tumour necrosis
factor-alpha on left ventricular function in the rat isolated perfused
heart: possible mechanisms for a decline in cardiac function. Br J
Pharmacol. 1999;126(1):189–96.

42. Rauchhaus M, Doehner W, Francis DP, et al. Plasma cytokine
parameters and mortality in patients with chronic heart failure.
Circulation. 2000;102(25):3060–7.

43. Chuasuwan A, Kellum JA. Cardio-renal syndrome type 3:
epidemiology, pathophysiology, and treatment. Semin Nephrol.
2012;32(1):31–9.

44. Kajstura J, Cigola E, Malhotra A, et al. Angiotensin II induces
apoptosis of adult ventricular myocytes in vitro. J Mol Cell
Cardiol. 1997;29(3):859–70.

45. Nath KA, Grande JP, Croatt AJ, et al. Transgenic sickle mice are
markedly sensitive to renal ischemia-reperfusion injury. Am J
Pathol. 2005;166(4):963–72.

46. Kelly KJ. Distant effects of experimental renal
ischemia/reperfusion injury. J Am Soc Nephrol. 2003;14
(6):1549–58.

47. Bryant D, Becker L, Richardson J, et al. Cardiac failure in
transgenic mice with myocardial expression of tumor necrosis
factor-alpha. Circulation. 1998;97:1375–81.

48. Liu YH, D’Ambrosio M, Liao TD, et al. N-
acetyl-seryl-aspartyl-lysyl-proline prevents cardiac remodeling
and dysfunction induced by galectin-3, a mammalian

12 Pathophysiology of the Cardiorenal Syndromes Types 1–5 … 141



adhesion/growth-regulatory lectin. Am J Physiol Heart Circ
Physiol. 2009;296(2):H404–12.

49. De Deyn PP, Vanholder R, D’Hooge R. Nitric oxide in uremia:
effects of several potentially toxic guanidino compounds. Kidney
Int. 2003;84(Suppl):S25–8.

50. Scheuer J, Stezoski W. The effects of uremic compounds on
cardiac function and metabolism. J Mol Cell Cardiol. 1973;5:287–
300.

51. Jackson G, Gibbs CR, Davies MK, Lip GY. ABC of heart failure.
Pathophysiology. Br Med J. 2000;320:167–70.

52. Li L, Lee EW, Ji H, Zukowska Z. Neuropeptide Y-induced
acceleration of postangioplasty occlusion of rat carotid artery.
Arterioscler Thromb Vasc Biol. 2003;23:1204–10.

53. Karnik JA, Young BS, Lew NL, Herget M, Dubinsky C,
Lazarus JM, Chertow GM. Cardiac arrest and sudden cardiac
death in dialysis units. Kidney Int. 2001;60:350–7.

54. Redón J, Cea-Calvob L, Lozanoc JV, Fernández-Pérez C,
Navarroe J, Bonete A, Gonzalo-Esteban J. Kidney function and
cardiovascular disease in the hypertensive population: the
ERIC-HTA study. Journal of Hypertension. 2006;24:663–9.

55. Levin A, Singer J, Thompson CR, Ross H, Lewis M. Prevalent left
ventricular hypertrophy in the predialysis population: Identifying
opportunities for intervention. Am J Kidney Dis. 1996;27(3):347–
54.

56. Lezaic V, Tirmenstajn-Jankovic B, Bukvic D, Vujisic B,
Perovic M, Novakovic N, Dopsaj V, Maric I, Djukanovic L.
Efficacy of hyperphosphatemia control in the progression of
chronic renal failure and the prevalence of cardiovascular calci-
fication. Clin Nephrol. 2009;71(1):21–9.

57. Di Lullo L, Floccari F, Santoboni A, Barbera V, Rivera RF,
Granata A, Morrone L, Russo D. Progression of cardiac valve
calcification and decline of renal function in CKD patients.
J Nephrol. 2013;26(4):739–44.

58. Olgaard K, Lewin E, Silver J. Calcimimetics, vitamin D and
ADVANCE in the management of CKD-MBD. Nephrol Dial
Transplant. 2011 Apr;26(4):1117–9.

59. MacRae JM, Pandeya S, Humen DP, Krivitski N, Lindsay RM.
Arteriovenous fistula-associated high-output cardiac failure: a
review of mechanisms. Am J Kidney Dis. 2004;43(5):e17–22.

60. Di Lullo L, Floccari F, Polito P. Right ventricular diastolic
function in dialysis patients could be affected by vascular access.
Nephron Clin Pract. 2011;118:c258–62.

61. Fort J. Chronic renal failure: a cardiovascular risk factor. Kidney
Int. 2005;99(Suppl):S25–9.

62. Schiffrin EL, Lipman ML, Mann JF. Chronic kidney disease:
effects on the cardiovascular system. Circulation. 2007;116(1):85–
97.

63. Bologa RM, Levine DM, Parker TS, et al. Interleukin-6 predicts
hypoalbuminemia, hypocholesterolemia, and mortality in
hemodialysis patients. Am J Kidney Dis. 1998;32(1):107–14.

64. Maisel AS, Katz N, Hillege HL, et al. Biomarkers in kidney and
heart disease. Nephrol Dial Transplant. 2011;26(1):62–74.

65. Foley RN, Parfrey PS, Sarnak MJ. Clinical epidemiology of
cardiovascular disease in chronic renal disease. Am J Kidney Dis.
1998;32(5 Suppl 3):S112–9.

66. Harnett JD, Foley RN, Kent GM, et al. Congestive heart failure in
dialysis patients: prevalence, incidence, prognosis and risk factors.
Kidney Int. 1995;47(3):884–90.

67. Foley RN, Parfrey PS, Harnett JD, et al. The prognostic
importance of left ventricular geometry in uremic cardiomyopathy.
J Am Soc Nephrol. 1995;5(12):2024–31.

68. Bougle A, Duranteau J. Pathophysiology of sepsis-induced acute
kidney injury: the role of global renal blood flow and renal
vascular resistance. Contrib Nephrol. 2011;174:89–97.

69. Jovanovich A, Ix JH, Gottdiener J, McFann K, Katz R, Kesten-
baum B, de Boer IH, Sarnak M, Shlipak MG, Mukamal KJ,
Siscovick D, Chonchol M. Fibroblast growth factor 23, left
ventricular mass, and left ventricular hypertrophy in
community-dwelling older adults. Atherosclerosis. 2013;231
(1):114–9.

70. Shamseddin MK, Parfrey PS. Medscape: sudden cardiac death in
chronic kidney disease: epidemiology and prevention. Nat Rev
Nephrol. 2011.

71. Chan CT, Levin NW, Chertow GM, et al. Determinants of cardiac
autonomic dysfunction in ESRD. Clin J Am Soc Nephrol. 2010;5
(10):1821–7.

72. Winkelmayer WC, Patrick AR, Liu J, et al. The increasing
prevalence of atrial fibrillation among hemodialysis patients. J Am
Soc Nephrol. 2011;22(2):349–57.

73. Boerrigter G, Costello-Boerrigter LC, Abraham WT, Sutton MG,
Heublein DM, Kruger KM, Hill MR, McCullough PA, Burnett JC
Jr. Cardiac resynchronization therapy improves renal function in
human heart failure with reduced glomerular filtration rate. J Card
Fail. 2008;14(7):539–46.

74. Cai Q, Mukku VK, Ahmad M. Coronary artery disease in patients
with chronic kidney disease: a clinical update. Curr Cardiol Rev.
2013;9(4):331–9.

75. Chonchol M, Whittle J, Desbien A, Orner MB, Petersen LA,
Kressin NR. Chronic kidney disease is associated with angio-
graphic coronary artery disease. Am J Nephrol. 2008;28(2):354–
60.

76. Lok DJ, Lok SI, Bruggink-André de la Porte PW, Badings E,
Lipsic E, van Wijngaarden J, de Boer RA, van Veldhuisen DJ, van
der Meer P. Galectin-3 is an independent marker for ventricular
remodeling and mortality in patients with chronic heart failure.
Clin Res Cardiol. 2013;102(2):103–10.

77. Lundy DJ, Trzeciak S. Microcirculatory dysfunction in sepsis. Crit
Care Clin. 2009;25(4):721–31.

78. Trzeciak S, et al. Early microcirculatory perfusion derangements in
patients with severe sepsis and septic shock: relationship to
hemodynamics, oxygen transport, and survival. Ann Emerg Med.
2007;49(1):88–98, 98e1–2.

79. Jardin F, et al. Sepsis-related cardiogenic shock. Crit Care Med.
1990;18(10):1055–60.

80. Lambermont B, et al. Effects of endotoxic shock on right
ventricular systolic function and mechanical efficiency. Cardiovasc
Res. 2003;59(2):412–8.

81. Parker MM, et al. Profound but reversible myocardial depression in
patients with septic shock. Ann Intern Med. 1984;100(4):483–90.

82. Dhainaut JF, et al. Coronary hemodynamics and myocardial
metabolism of lactate, free fatty acids, glucose, and ketones in
patients with septic shock. Circulation. 1987;75(3):533–41.

83. Kumar A, et al. Tumor necrosis factor alpha and interleukin 1beta
are responsible for in vitro myocardial cell depression induced by
human septic shock serum. J Exp Med. 1996;183(3):949–58.

84. Torre-Amione G, et al. Proinflammatory cytokine levels in patients
with depressed left ventricular ejection fraction: a report from the
Studies of Left Ventricular Dysfunction (SOLVD). J Am Coll
Cardiol. 1996;27(5):1201–6.

85. Benes J, et al. Searching for mechanisms that matter in early septic
acute kidney injury: an experimental study. Crit Care. 2011;15(5):
R256.

142 L. Di Lullo et al.



86. Schmidt H, et al. Autonomic dysfunction predicts both 1- and
2-month mortality in middle-aged patients with multiple organ
dysfunction syndrome. Crit Care Med. 2008;36(3):967–70.

87. Tateishi Y, et al. Depressed heart rate variability is associated with
high IL-6 blood level and decline in the blood pressure in septic
patients. Shock. 2007;28(5):549–53.

88. Mortensen EM, et al. Impact of previous statin and angiotensin II
receptor blocker use on mortality in patients hospitalized with
sepsis. Pharmacotherapy. 2007;27(12):1619–26.

89. Chopra M, et al. Modulation of myocardial mitochondrial
mechanisms during severe polymicrobial sepsis in the rat.
PLoS ONE. 2011;6(6):e21285.

90. Liu M, et al. Transcription factor Nrf2 is protective during
ischemic and nephrotoxic acute kidney injury in mice. Kidney Int.
2009;76(3):277–85.

12 Pathophysiology of the Cardiorenal Syndromes Types 1–5 … 143



13Hemodynamic Cross-Talk in Cardiorenal
Syndrome: Era of Biomarkers

Faeq Husain-Syed, Salvador Lopez-Giacoman, and Horst-Walter Birk

The Quest for Biomarkers in Cardiorenal
Syndrome—On the Right Track

The sequence of cardiorenal involvement can vary depend-
ing on the acuteness of disease onset, nature of the under-
lying disorder, and organ reserve [1]. Cardiorenal syndrome
may represent a lifelong course that begins with the evolu-
tion of risk factors contributing to the development of sub-
clinical disease, or it may arise due to a major event (e.g.,
myocardial infarction), and culminate in overt cardiac and/or
renal failure. The onset of the involvement of either organ
portends a poor outcome with a greater risk of incomplete
recovery, recurrent events, morbidity, and mortality. For
example, cardiac remodeling with increased apoptosis and
fibrosis occurs in response to both cardiac and renal stimuli.
With an improved understanding of the complex interactions
in disease states, it is increasingly clear that complementary
tools are needed to aid clinical assessment and enhance
clinicians’ ability to identify the “vulnerable” patient at risk
for acute injury or progression to chronic disease.

Biomarkers are by definition objective, quantifiable
characteristics of biological processes at the cellular or
molecular level—even in the absence of clinical symptoms
—and can serve as indicators of disease trait (risk marker),
disease state (subclinical or clinical), or disease rate (pro-
gression) [2]. The measurement of biomarkers must be

applied in relation to the clinical context and must never be
used in isolation, as expertise is required for a meaningful
interpretation. Regardless of the purpose for its use, a bio-
marker will be of clinical value if it is accurate, is repro-
ducibly obtained in a standardized fashion, and has high
sensitivity and high specificity. To alter patient care, a
cardiac/renal biomarker (for example, in heart failure [HF])
should either aid in the timely diagnosis of the underlying
disease (HF) and/or injury of the organ not directly involved
in the primary disease (the kidney in the case of HF) or
provide additional information not obtainable by conven-
tional methods. In the cardiovascular field, biomarker
research has greatly improved clinicians’ decision-making
ability in the last decade and enabled the detection of
myocardial stretch (b-type natriuretic peptide) and injury
(troponin). In the field of nephrology, however, early diag-
nostic biomarkers for acute kidney injury (AKI) remain
research tools, but it is expected that further validation will
define their clinical role.

According to the current definition of AKI, an acute
deterioration of renal function is linked to increased crea-
tinine and/or reduced urinary output, while chronic kidney
disease (CKD) is defined using the estimated glomerular
filtration rate (GFR) and albuminuria. Due to creatinine
kinetics, however, AKI is diagnosed 24–48 h after it has
occurred, and factors such as hydration, nutrition, and lean
tissue status further confound the diagnosis. Importantly,
renal dysfunction is not a single disease entity, and consists
of more than impaired glomerular filtration alone, including
for instance, tubulointerstitial damage, proteinuria, sodium
and water retention, and dysregulation of calcium and
phosphate metabolism—all of which are altered in HF [3, 4].
Thus, new markers are needed to diagnose AKI at a much
earlier stage, even in patients who do not fulfill the current
consensus criteria but are still expected to have poor renal,
cardiac, or overall outcomes (biomarker-positive,
creatinine-negative—the so-called “subclinical”—AKI) [5].
It should be noted that patients undergo all types of different
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exposures during their hospital stay, which differ in terms of
pathophysiology and timelines; for example, a patient may
be exposed to a nephrotoxic drug, and then 6 h later,
undergo an examination with intravenous contrast media,
and 12 h later, develop cardiogenic shock. No biomarker can
forecast these developments, and thus biomarkers may only
be useful within a definable time window.

Given the different time frames and the heterogeneous
nature of cardiorenal syndrome, it is unlikely that a
single-marker strategy can meet all criteria. Instead, a com-
bination of selected biomarkers is required to detect disease,
assist therapy, and predict recovery or progression to chronic
disease (Table 13.1). The use of biomarkers as a panel is a
relatively new development, but may soon become available
to clinicians. It should be noted that limited data are available
on the performance of biomarkers in predicting recovery or
progression to chronic disease, in particular, in concomitant
cardiac and renal failure. Below, we review a selected group
of currently established and promising future biomarkers, and
the evidence linking them to cardiorenal syndrome. We also
discuss our current pathobiological understanding of the
biomarkers beyond being a diagnostic tool.

Biomarkers in Heart Disease

High-Sensitivity Cardiac Troponin

Cardiac troponins are components of the contraction appa-
ratus of cardiac myocytes, and are established diagnostic and
prognostic tools for acute myocardial infarction (Fig. 13.1).
High-sensitivity cardiac troponin (cTn) I and T assays that
measure cTn in the single-digit range of nanograms per liter
have been introduced in clinical practice. With these assays,
acute myocardial infarction can be detected at a much earlier
stage, and a diagnosis can often be made based on laboratory
results alone within 1–3 h of a patient’s arrival in the
emergency department [6]. However, the cTn level may be
above the 99th percentile in a number of clinical conditions,
and elevated levels can persist until 10 (cTn I) to 14 days
(cTn T) after the onset of myocardial injury. Thus, the
interpretation of cTn assays depends on serial testing and the
clinical context. Chronic conditions causing sustained cTn
elevation include non-coronary conditions (hypoxemia,
global hyperperfusion) and coronary conditions resulting
from ischemic imbalance (e.g., increased demand in the
setting of known and putatively stable coronary artery dis-
ease lesions), classified as type II myocardial infarction.
Furthermore, a significant overlap can be seen with kidney
disease, where levels of cTn are frequently elevated in the
absence of acute coronary syndrome, and the prevalence of
elevated cTn increases with the severity of CKD [7]. To
diagnose acute myocardial infarction in these patients, a

dynamic change in cTn is useful. There is compelling evi-
dence that in asymptomatic patients, a sustained cTn
increase indicates kidney disease-related microvascular heart
disease rather than a reduced clearance rate, and this may
help to stratify CKD patients at high risk for structural heart
damage and subsequent all-cause mortality. The Kidney
Disease Outcomes Quality Initiative recommends the use of
cardiac troponins for prognostication. In hemodialysis
patients, measurements should be obtained before dialysis,
as the modality alters the serum concentration of troponins.

B-Type Natriuretic Peptide and N-Terminal
Pro-B-Type Natriuretic Peptide

B-type natriuretic peptide (BNP) and its inactive cleavage
protein N-terminal pro-B-type natriuretic peptide
(NT-proBNP) are markers of cardiac stretch from increased
wall tension, and are established diagnostic, prognostic, and
management tools for acutely decompensated HF, chronic
HF, and acute coronary syndrome [8]. The two markers
significantly differ in their half-life (BNP: 20 min,
NT-proBNP: 120 min). BNP levels correlate with ventricu-
lar filling pressures and increase in proportion to the severity
of systolic and diastolic dysfunction. As a vasoactive pro-
tein, BNP counterbalances the neurohormonal activation that
is a fundamental aspect of the pathophysiology of HF and
regulates blood pressure and volume through direct effects
on the kidney and systemic vasculature. However, there is a
lack of robust evidence that recombinant BNP can be used to
improve cardiac, renal, and overall outcomes. As AKI is a
heterogeneous disease, the utilization of BNP in addition to
other renal biomarkers may further distinguish cardiorenal
syndrome from other forms of AKI in HF. Elevations in
BNP in the setting of acute HF and ACS are associated with
an increased risk of AKI [8, 9]. Patients with CKD have
higher levels of BNP than age- and gender-matched patients
with normal renal function, probably because of increased
cardiac production of BNP due to subclinical pressure
overload, volume overload, and uremic cardiomyopathy as
well as decreased renal clearance, which is more notable
with NT-proBNP than BNP.

Soluble Suppressor of Tumorigenicity 2

Suppressor of tumorigenicity 2 (ST2), which exists both as a
transmembrane ligand and in a soluble form (sST2), is a
member of the interleukin (IL)-1 receptor family and has
been identified as a marker integrating inflammation, myo-
cyte hypertrophy, and tissue fibrosis. The circulating isoform
sST2 is of particular interest, as it abrogates the anti-fibrotic
effects of IL-33/ST2L signaling. Since sST2 lacks organ
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specificity, it cannot serve as a diagnostic tool. However, the
2013 American College of Cardiology Foundation (ACCF)/
American Heart Association (AHA) guidelines included
sST2 for additive risk stratification of acute and chronic HF,
as its concentration gives relevant information beyond that
which can be obtained using other prognosticators, such as
cTn and BNP [10]. sST2 is not adversely influenced by age
and impaired renal function, and current data suggest that its
level correlates with CKD severity [11]. Its prognostic value
in cardiorenal syndrome has not been tested.

Galectin-3 and Urinary Angiotensinogen

Galectin-3 is a non-organ-specific b[beta]-galactoside-
binding lectin with putative roles in immunomodulation,

cell transformation, and fibrogenesis. Galectin-3 has gar-
nered much attention in the fields of heart and kidney
research, as it is implicated in the shared common patho-
genesis of aldosterone-induced fibrosis via the transforming
growth factor-b[beta]/Smad3-mediated activation of fibrob-
lasts. Galectin-3 levels are influenced by age and renal
function in progressive fashion, and it remains a matter of
debate if an increase in galectin-3 is associated with cardiac
functional and structural abnormalities in the absence of
renal impairment [12]. Galectin-3 has been included in the
2013 ACCF/AHA guidelines for additive risk stratification
of acute and chronic HF, and has additional prognostic value
over cTn and BNP. In patients with kidney disease,
galectin-3 is associated with a rapid decline in GFR, with
incident CKD, as well as with adverse cardiovascular events
and all-cause mortality [13].

Table 13.1 Current utility of
biomarkers in diagnosis, targeted
treatment, and prognosis of
cardiorenal syndromes

Biomarkers Diagnosis Targeted
treatment

Prognosis

Markers in heart disease

High-sensitivity cTn +++ (myocardial
ischemia)

+ +

BNP ++ ++ +++

sST2 None None +

Galectin-3 None None +

Markers in renal disease

Biomarkers of glomerular integrity

Serum creatinine + + +++

Cystatin C +++ (CKD) None +++

Albuminuria + + +++

Biomarkers of renal tubular injury

Urine sediment ++ (AKI) (+) ++(+) (Renal
recovery)

a[Alpha]
1-Microglobulin

+(+) (AKI) (+) (+)

TIMP-2*IGFBP7 ++(+) (AKI) None ++(+) (Renal
recovery)

Serum NGAL + None +

Urinary NGAL + None +

L-FABP + None +

H-FABP +(+) None +

KIM-1 ++ + None

IL-18 + None +

Urinary
angiotensinogen

++ None ++

The pluses indicate the level of the evidence available; +++: strong, ++: moderate, +: weak, (+): expected
future evidence or absence of characteristics. None: no evidence
AKI acute kidney injury, BNP b-type natriuretic peptide, CKD chronic kidney disease, H-LABP heart-type
fatty acid-binding protein, cTn cardiac troponin, IGFBP7 insulin-like growth factor-binding protein 7, IL
interleukin, KIM-1 kidney injury molecule-1, L-FABP liver-type fatty acid-binding protein, NGAL neutrophil
gelatinase-associated lipocalin, sST2 soluble suppressor of tumorigenicity 2, TIMP-2 tissue inhibitor of
metalloproteinase-2
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Urinary angiotensinogen reflects intrarenal renin–an-
giotensin system activation and is currently being investi-
gated as a biomarker of renal hemodynamic alterations as
well as hypertension and CKD progression. In type 1 car-
diorenal syndrome, urinary angiotensinogen level peaks on
the first day (on admission) and appears to be a strong
prognosticator for AKI (area under the curve [AUC], 0.84),
hospital readmission, and 1-year mortality [14]. Comple-
mentary prospective studies are needed to assess the value of
galectin-3- and urinary angiotensinogen-guided therapy with
anti-renin–angiotensin–aldosterone agents in terms of
cardiac/renal remodeling and fibrosis.

Biomarkers in Renal Disease

Markers of Glomerular Integrity

Albuminuria
Albuminuria is recognized as the best biomarker of
glomerular dysfunction, but can also develop after proximal
tubular damage (Fig. 13.2). At the time microalbuminuria
becomes manifest, the phase of glomerular hyperfiltration is
shifting to that of progressive renal function loss. Therefore,
albuminuria is generally used as a biomarker for monitoring
AKI progression to CKD and hypertension in non-HF
patients. It is an established and inexpensive tool to screen
and classify individuals in all CKD stages, and the National
Kidney Foundation and AHA include microalbuminuria

(30–300 mg/day albumin or 30–300 mg albumin/g crea-
tinine) as a puissant risk factor for renal and cardiovascular
diseases.

However, data on the performance of albuminuria in AKI
are limited. After cardiac surgery [15], albuminuria predicts
AKI with an AUC of 0.81 and correlates with future renal
development. Current data support that its combination with
tubular damage biomarkers can improve AKI prediction
models. Microalbuminuria is present in one-third of acute
[16] and chronic HF patients [17], and has been linked to
endothelial dysfunction, venous congestion, and fluid over-
load. The reduction of albuminuria in acute HF correlates
with improvement in BNP level and in the clinical symp-
toms of congestion, regardless of changes in renal function.
In chronic HF, albuminuria has independent prognostic
value in addition to that of GFR, but no evidence exists that
it can be used to indicate therapeutic efficacy.

Markers of Renal Tubular Injury

Urine Sediment
Urine sediment is the oldest established diagnostic and
prognostic biomarker for the evaluation of kidney disease. It
is inexpensive and indicates the site of nephron injury—
either glomerular or tubulointerstitial. Unfortunately, its use
is hampered as urine microscopy is time-consuming and
requires experience and clinical correlation. Urine sediment
scores based on composites of granular casts and renal

Fig. 13.1 Biomarkers in heart
disease. Strategically selected
biomarkers can be useful to
identify the sequence of acute
injury and risk of progression to
chronic disease. Figure illustrates
established and promising future
biomarkers in heart disease. BNP,
b-type natriuretic peptide;
H-LABP, heart-type fatty
acid-binding protein; hs-cTn,
high-sensitivity cardiac troponin;
IL, interleukin; sST2, soluble
suppressor of tumorigenicity 2
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tubular epithelial cells have been evaluated in the acute
setting, and show a strong association with AKI stage, with
an AUC for worsening AKI of 0.66–0.85 [18]. Although
highly specific in discriminating AKI from non-AKI, it lacks
sensitivity, which might be improved by the use of novel
tubular damage biomarkers. Beyond providing valuable
information about the course of AKI, urine sediment scores
can predict non-renal recovery with an AUC of 0.79 [19].
Urine sediment microscopy has not been described in car-
diorenal syndrome.

a[Alpha]1-Microglobulin
a[Alpha]1-Microglobulin is a low-molecular-weight protein
(33 kDa) synthesized in the liver, and its unbound form is
freely filtered through the glomerular capillaries and reab-
sorbed by the proximal tubular cells via endocytotic uptake.
Therefore, its increased urinary excretion (indicating tubular

proteinuria) can serve as a sensitive marker for proximal
tubular damage. In clinical practice, a[alpha]1-microglobulin
is generally used as an inexpensive biomarker for screening
and monitoring acquired tubular disorders (e.g., those caused
by nephrotoxins) and inherited tubulopathies (e.g., Fanconi
syndrome). Its role in AKI and concomitant heart disease is,
however, not well explored and remains inconclusive.

In a heterogeneous population of patients with
non-oliguric AKI, a[alpha]1-microglobulin was found to be
an early indicator of the requirement for renal replacement
therapy (AUC: 0.86) [20], albeit its performance in pre-
dicting early AKI (AUC: 0.62) [21] and renal recovery
(AUC: 0.69) [22] was moderate. However, its lack of sen-
sitivity can be improved using it in combination with novel
tubular damage biomarkers. In the chronic setting, the
assessment of urinary a[alpha]1-microglobulin may allow an
early diagnosis of hypertensive nephropathy in non-HF

Fig. 13.2 Biomarkers in renal
disease. Strategically selected
biomarkers can be useful to
identify the sequence of acute
injury and risk of progression to
chronic failure. Figure illustrates
established and promising future
biomarkers in renal disease,
categorized by specific regions of
the nephron. CKD, chronic
kidney disease; GST, glutathione
S-transferase; IGFBP7,
insulin-like growth factor-binding
protein 7; IL, interleukin; KIM-1,
kidney injury molecule-1; L-/
H-FABP, liver-type/heart-type
fatty acid-binding protein; NAG,
N-acetyl-b[beta]-D-
glucosaminidase; NGAL,
neutrophil gelatinase-associated
lipocalin; TIMP-2, tissue inhibitor
of metalloproteinase-2
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patients and is analogous to the appearance of microalbu-
minuria [23]. It should be noted that a[alpha]
1-microglobulin is not associated with incident HF and
cardiovascular disease-related mortality but is associated
with other causes of death (e.g., due to CKD) [24]. Liver
dysfunction can alter serum levels of a[alpha]
1-microglobulin, and therefore, this marker may not have
sufficient specificity and sensitivity for AKI in patients with
concomitant liver disease.

Tissue Inhibitor of Metalloproteinase-2
and Insulin-Like Growth Factor-Binding Protein 7
Matrix metalloproteinases and insulin-like growth
factor-binding proteins have been well documented to play
an important role in endothelial cell proliferation and
angiogenesis in cancer. During cellular injury, one of the
earliest processes to be affected is the cell cycle, which is
downregulated to preserve cellular energetics and metabolic
functions, and prevent the division of cells with damaged
DNA until the DNA damage is repaired. Tissue inhibitor of
metalloproteinase-2 (TIMP-2) and insulin-like growth
factor-binding protein 7 (IGFBP7) are both involved in G1
cell cycle arrest during the early phase of cell injury, and
current data suggest that their release may stimulate renal
epithelium in an autocrine and paracrine fashion and sensi-
tize it for upcoming insults (“renal alert”). Through repeated
episodes of self-limited sublethal cellular insults, the kidney
may precondition and increase its capability to recover after
alterations in cellular processes [25]. Both the proximal and
distal renal tubular cells release TIMP-2 and IGFBP7, which
can be detected in urine. Recently, commercialized in-vitro
diagnostic tests have become available for both markers.

The performance of TIMP-2 and IGFBP7 has been val-
idated in different settings of AKI, and seems to be consis-
tent. In critically ill patients (with evidence of respiratory or
cardiovascular failure) [26], and cardiac [27] and
non-cardiac [28] surgery patients, each cell cycle arrest
marker showed an AUC value of more than 0.76 to predict
the development of AKI (Acute Kidney Injury Network
stage 2 or 3) within 4–12 h, while the combination of the
two markers [TIMP-2*IGFBP7] resulted in an AUC above
0.8. This result was significantly superior to those of other
available biomarkers (urine: KIM-1, NGAL, L-FABP,
IL-18, pi-GST; serum: NGAL, cystatin C), which might be
due in part to the varying kinetics of the two markers. When
added to clinical scoring systems, [TIMP-2*IGFBP7] sig-
nificantly improved risk prediction of AKI. To ensure high
sensitivity/high negative predictive value and high
specificity/high positive predictive value, cutoffs of 0.3 and
2.0 (ng/ml)2/1000, respectively, have been validated [26].
Additionally, current data indicate that the decline in

[TIMP-2*IGFBP7] urinary concentrations in the first 24 h
after cardiac surgery can predict renal recovery (defined by
serum creatinine value at hospital discharge < the baseline
value) with an AUC of 0.79 [27]. The relationship of cell
cycle arrest markers in cardiorenal syndrome has not yet
been described.

Neutrophil Gelatinase-Associated Lipocalin
Neutrophil gelatinase-associated lipocalin (NGAL) is a
25-kDa protein originally found in neutrophil granules, and
is secreted by the myocardium, renal tubules (loop of Henle
and collecting ducts), activated immune cells, lung, hepa-
tocytes, and colon. NGAL is freely filtered in the glomeru-
lus, but is nearly completely reabsorbed in the proximal
convoluted tubule unless tubular damage exists. Therefore,
urinary NGAL reflects primarily intrarenal damage, whereas
systemic NGAL reflects injury to the kidneys and other
organs. Both plasma and urine NGAL can be tested using
commercially available assays. Among the new biomarkers
for cardiorenal syndrome detection, NGAL is the most
extensively and carefully studied, with a focus on its ability
to serve as a diagnostic tool for AKI and its prognostic value
in patients with acute and chronic HF.

NGAL is activated and released after myocardial ischemia
and inflammation, and seems to be an early marker of renal
injury that can be detected with high sensitivity and high
specificity in the blood and urine, increasing 24–48 h before
creatinine [29]. In acute HF, serum NGAL level >140 ng/ml
on hospital admission or on the third day after admission has
been associated with a 7.4-fold increase in AKI (86% sen-
sitivity and 54% specificity) [30]. Recently, a meta-analysis
demonstrated the very early utility of urinary NGAL (intra-
operative measurement) and plasma NGAL (postoperative
measurement) to predict cardiac surgery-associated AKI to
be moderate (AUC < 0.7) [31]. Serial measurements of
serum NGAL in acute HF appear to strengthen its ability to
predict AKI; the degree of change in NGAL from the base-
line to its peak produced an AUC for AKI of 0.91 compared
to an AUC of only 0.69 for NGAL at admission [32].
However, the results reported to date are not entirely con-
clusive, possibly because of the lack of cutoff values for
cardiorenal syndrome and the variations in NGAL level due
to disease activity and several clinical factors (e.g., age,
gender, sepsis). Breidthardt et al. showed that creatinine
outperforms plasma NGAL, and is a more independent pre-
dictor of AKI in acute HF [33]. Plasma but not urinary NGAL
increases markedly with GFR reduction, and can possibly
generate a high number of false-positive diagnoses of AKI in
stable CKD patients. Thus, acute rather than chronic car-
diorenal syndromes may be a more suitable setting for the
clinical implementation of NGAL (GISSI-HF study) [34].
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L-Type Fatty Acid-Binding Protein and H-Type
Fatty Acid-Binding Protein
Liver-type fatty acid-binding protein (L-FABP) binds
unsaturated fatty acids and lipid peroxidation products in
hypoxic tissue, and thus plays a putative antioxidant and
renoprotective role predominantly in the renal proximal
tubular cells, which use fatty acids as their major source of
energy. The heart-type fatty acid-binding protein (H-FABP)
can be found in cardiomyocytes and distal tubules. Both
biomarkers are diagnostic and prognostic tools for AKI, HF,
and myocardial ischemia.

The 14-kDa heavy cytosolic L-FABP has been shown to
be an early urinary marker of AKI, and a commercialized test
is available for this molecule. In the setting of cardiac surgery,
urinary L-FABP peaks after 6 h and shows an overall AUC of
0.72 in predicting AKI; its utility can be increased within a
biomarker panel [31]. Serum H-FABP has been tested as a
diagnostic marker of HF, where it might improve the diag-
nostic accuracy of NT-proBNP and predict HF-related
rehospitalization. It also predicts the occurrence of AKI
with an AUC of 0.79, outperforming L-FABP, and urinary
NGAL [35]. In the setting of acute myocardial ischemia
without elevated high-sensitivity cTn, H-FABP might iden-
tify patients at high risk for adverse cardiac events [36].

Kidney Injury Molecule-1
Kidney injury molecule-1 (KIM-1) is a 38.7-kDa trans-
membrane tubular protein solely expressed in response to
ischemic or nephrotoxic insults in the proximal renal tubular
cells. In the setting of AKI, KIM-1 is upregulated and sheds
its ectodomain, which can be measured as a diagnostic
marker in urine. Experimental studies and the late timing of
its peak changes (>48 h) indicate that KIM-1 may also be
involved in the repair response to injury, as well as the
transition from AKI to CKD; therefore, KIM-1 might serve
as a prognostic tool as well [4]. KIM-1 levels are associated
with ejection fraction, functional status, and incident HF risk
[37]. KIM-1 levels also predict an increased risk of AKI in
chronic HF [35] and show an overall AUC of 0.72 to
develop AKI after cardiac surgery [31].

Interleukin-18
The 22-kD cytokine IL-18 mediates inflammation and acute
injury through the nuclear factor-j[kappa]B pathway, and
induces the upregulation of other proinflammatory markers,
such as tumor necrosis factor- a[alpha], inducible nitric
oxide synthase, and chemokines, which lead to cell infil-
tration in multiple organs. In the kidney, IL-18 is of par-
ticular interest given its possible role in promoting and
exacerbating ischemic renal injury. IL-18 is released from
the proximal convoluted tubules and can be measured in
urine within the first 6 h of renal injury and peaks after 12–
18 h. In post-cardiac surgery patients, IL-18 shows a

moderate overall predictive AUC value of 0.68 for AKI [31].
In addition, there is evidence that IL-18 is upregulated in HF
[38], and may translocate into the systemic circulation and
cause end-organ dysfunction, including renal dysfunction.
IL-18 may be important as a long-term prognostic marker of
persistent renal impairment after acute HF, implicating the
ongoing inflammatory process in the kidney [39].

Time-Dependent Release of Biomarkers
and Their Clinical Implications

Cardiorenal biomarkers give valuable information regarding
the pathobiology and timeline of molecular events impli-
cated in the initiation and progression of this complex
heterogeneous disease [4]. For instance, myocardial infarc-
tion is accompanied by progressive mechanical obstruction,
plaque inflammation and rupture, reduced coronary vasore-
activity, and superimposed thrombosis. Myocardial ischemia
and necrosis are the consequences, followed by cardiac
remodeling. Thus, the activation of selected markers during
different phases of the process can be detected. Plaque
inflammation is associated with release of IL-18. The
development of myocardial necrosis is accompanied by the
time-dependent release of troponin, myoglobin, and creatine
kinase-MB. The hemodynamic consequences of myocardial
infarction are reflected by an increase in BNP. Galectin-3
and sST2 are implicated in the pathogenesis of myocardial
fibrosis.

Analogous to myocardial infarction, different phases can
be drawn throughout the continuum of AKI, though these
may not necessarily be applicable to all forms of AKI [4,
40]. Several studies have investigated blood and urinary
biomarker kinetics in cardiac surgery-associated AKI simply
because the timing of injury is known and the dominant
mechanism of AKI is thought to be intraoperative ischemia–
reperfusion injury [41]. The initial insult causes alterations in
vasoreactivity and renal perfusion, which is followed by
vascular obstruction/coagulation and epithelial inflamma-
tion. Apoptosis and necrosis of tubular epithelial cells are the
sequelae, and current data suggest that the early release of
IL-18 exacerbates renal injury during the extension phase of
AKI. Contrarily, NGAL and L-FABP are implicated in
re-epithelialization and antioxidant mechanisms, and thus
mitigate renal injury. The protective role of TIMP-2 and
IGFBP7 was mentioned before, and current data suggest that
an upregulation of TIMP-2 and IGFBP7 might “alert” sur-
rounding renal tubular cells to potential renal insults. This
fits into the patchy nature of AKI, which can lead to pro-
found dysfunction even though only few cells seem to be
significantly affected. Renal repair occurs 2–3 days after
renal injury, and is characterized by the stabilization of
glomerular function and proliferation/migration of tubular
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epithelial cells to the damaged epithelium. Persistent eleva-
tion of NGAL, KIM-1, and L-FABP suggests that these
markers have a potential role in these phases and beyond.
Finally, activation of the renin–angiotensin system, best
reflected by the sustained elevation of urinary
angiotensinogen, may play an important role in ongoing
kidney injury and progression to CKD.

Use of Biomarkers in Combination

We have summarized the current biomarker-integrated con-
cept of cardiorenal syndrome, including their possible role in
the pathobiology of injury, followed by recovery or progres-
sion to chronic disease. Biomarkers cannot replace clinical
evaluation, and expertise is required for their meaningful
interpretation. Both conventional (cTn, BNP, creatinine,
albuminuria, urine sediment, a[alpha]1-microglobulin) as well
as new biomarkers (e.g., galectin-3, urinary angiotensinogen,
TIMP-2*IGFBP7, NGAL, KIM-1) provide mechanistic
insights, permit monitoring, and lead to a better understanding
of the various disease states in cardiorenal syndrome. Fur-
thermore, they can provide insights into disease biology and
help to better classify at-risk individuals in the absence of overt
clinical disease. The combination of strategically selected
biomarkers may distinguish cardiorenal syndrome from other
forms of AKI in heart disease. It is expected that in the future, a
panel of biomarkers will provide sufficient risk prediction and
early diagnosis to allow for the prevention and treatment of
cardiorenal syndrome and the determination of prognosis.
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14Kidney Attack: Is NGAL Set to Take the Stage
with Troponins?

Prasad Devarajan

Concept of Kidney Attack

The symptoms, consequences, and urgency for intervention
in subjects with heart attack (myocardial infarction), brain
attack (stroke), or lung attack (exacerbation of COPD) are
widely acknowledged. Dramatic advances in the early
diagnosis and management of these conditions have been
made possible by objective measurement of structural injury
biomarkers. Examples include troponins that are released
from damaged cardiomyocytes in acute myocardial injury,
and sensitive imaging biomarkers that detect structural brain
injury in strokes. In striking contrast, the syndrome of kid-
ney attack, now widely referred to as acute kidney injury
(AKI), is less well recognized by clinicians and is almost
unknown to the lay public [1]. The overall incidence of AKI
is similar to that of heart attacks and higher than that of brain
attacks. However, AKI is largely asymptomatic and often
occurs in the wake of other underlying conditions such as
cardiac surgical procedures, sepsis, critical illness, and
nephrotoxin use. Establishing the diagnosis in the estimated
5% of all hospitalized patients and a third of intensive care
patients who suffer from AKI and its devastating conse-
quences currently hinges on serial measurements of func-
tional biomarkers such as serum creatinine. This approach is
flawed due to several reasons [2]. First, several non-renal
factors such as age, gender, diet, muscle mass, and medi-
cations can influence serum creatinine concentration inde-
pendent of changes in kidney structure or function. Second,
a previously healthy kidney is endowed with significant
functional reserve, such that over 50% of kidney function
can be lost due to an acute damaging insult without any
change in serum creatinine. Third, a rise in serum creatinine
concentration accompanies any condition that leads to

transient renal hypoperfusion; these episodes of “prerenal
azotemia” are usually fully reversible without consequences,
and must be differentiated from the more ominous forms of
“intrinsic AKI” with accompanying structural damage.
Fourth, there is typically a lag period of hours to days after
an acute injurious event before serum creatinine rises,
reflective of the time elapsed before a new equilibrium
between steady-state production and decreased excretion of
creatinine is established. During this time, structural damage
is known to occur to the kidney tubules, and experimental
evidence accumulated over the last four decades clearly
demonstrates the efficacy of several interventions that can
prevent and/or treat AKI during this “subclinical” phase,
before the serum creatinine rises. The paucity of a
troponin-like early biomarker of structural AKI has crippled
our ability to translate these promising interventions to
human AKI in a timely manner.

Desirable Characteristics of a Troponin-like
Biomarker of Kidney Attack

Like troponins, AKI biomarkers should be rapidly measur-
able using standardized clinical laboratory platforms and
easily accessible samples such as urine or blood. They
should be sensitive to facilitate early detection, with a wide
dynamic range and cutoff values that establish or predict the
diagnosis with confidence. They should exhibit strong pre-
dictive performance by area under the receiver-operating
characteristic curve (AUC) analysis.

Given the myriad complexities of kidney function and
pathophysiology, AKI biomarkers should ideally display
several additional characteristics [3]. First and foremost, they
should be specific for structural damage and differentiate
intrinsic AKI from other conditions that also cause the serum
creatinine to rise (such as functional prerenal azotemia and
chronic kidney disease). Indeed, the ideal AKI biomarker
should be able to predict “subclinical” structural AKI and its
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consequences independent of the bronze standard functional
marker, serum creatinine. Second, they should allow for risk
stratification (duration and severity of AKI) and prognosti-
cation (need for dialysis, length of hospital stay, mortality).
Third, they should represent real-time indicators of disease
and recovery, so that the response to AKI interventions can
be monitored in clinical trials and in clinical practice.

The search for biomarkers for the early diagnosis of AKI
and its outcomes is an area of intense contemporary research
that has yielded several promising candidates. Neutrophil
gelatinase-associated lipocalin (NGAL) is the most widely
studied and validated AKI biomarker that is clinically
available at the present time, and is the focus of this chapter.

NGAL as a Biologically Plausible Kidney
Attack Biomarker

Unbiased transcriptome profiling studies reported in over
150 distinct studies performed in AKI models from several
species ranging from mouse to man have consistently
revealed NGAL to be one of the most dramatically upreg-
ulated genes in the kidney soon after an ischemic or
nephrotoxic insult [4, 5]. The 25 kDa NGAL protein is also
highly induced in regenerating and recovering kidney tubule
cells [6]. NGAL binds siderophores, which in turn bind iron.
Chelation of toxic iron from the extracellular environment is
an important mechanism that protects the kidney from
worsening injury in the early phases of AKI. In addition, the
NGAL-mediated delivery of iron to intracellular sites pro-
motes regeneration and proliferation of tubule cells in the
repair phase of AKI. Thus, the biologic role of NGAL in
AKI is one of the marked preservations of function, and an
enhanced tubule cell proliferative response [7]. The
serendipitous findings that the induced NGAL protein is
rapidly secreted both into the urine as well as plasma in
animal models of AKI have launched a decade of transla-
tional studies evaluating NGAL as a noninvasive biomarker
of human AKI. These studies have now established a
definitive role for NGAL as a biomarker to predict AKI and
its adverse outcomes independent of serum creatinine, for

the differential diagnosis of intrinsic structural AKI from a
prerenal state, and for facilitating AKI clinical trials. The
bulk of these studies have been conducted in clinical situa-
tions that are highly pertinent to cardio-nephrology, includ-
ing cardiac surgery, contrast nephropathy, and critical
illness, and are reviewed below.

NGAL for the Early Prediction of Kidney
Attack

Cardiac surgery-associated acute kidney injury (CS-AKI) is
the second most common cause of AKI in critically ill adults
and children, with a reported incidence of 20–60% [8].
However, the diagnosis is typically delayed, with an increase
in serum creatinine occurring only 1–3 days after car-
diopulmonary bypass [2, 3]. As first highlighted by Mishra
et al. [9], a dramatic increase in both urine and plasma
NGAL is easily detected within 2–6 h of cardiopulmonary
bypass in patients destined for AKI, with a predictive AUC
of over 0.9. These findings have now been confirmed in
more than 30 publications of good methodological quality,
involving well over 7500 patients, and have now been the
subject of three meta-analyses and systematic reviews [10–
12]. Collectively, the published data have confirmed the high
diagnostic accuracy of NGAL in the early detection of
CS-AKI, with measurements obtained within 4–6 h after
initiation of cardiopulmonary bypass yielding an overall
predictive pooled AUC of 0.86, surpassing the performance
of all other biomarkers tested to date. The overall pooled
sensitivity of NGAL for the diagnosis of AKI was 0.68 and
overall specificity was 0.79 (Table 14.1). The predictive
performance for CS-AKI was similar for both urine and
plasma NGAL. Subgroup analyses revealed that NGAL
displays the highest predictive accuracy for CS-AKI in
children (AUC 0.89 vs. 0.83 in adults) and in subjects
without pre-existing renal insufficiency (AUC 0.87 vs. 0.81
with pre-existing renal insufficiency) [12].

Critical illness, including sepsis, is the most common
cause of AKI worldwide, with a reported incidence of 30–
50%. The utility of serum creatinine in this clinical scenario

Table 14.1 NGAL for the early
prediction of kidney attack in
various clinical settings

Clinical setting Number of
studies

Number of
patients

Urine or
plasma

Pooled
sensitivity

Pooled
specificity

Pooled
AUC

Reference

AKI in cardiac
surgery

24 4066 Both 0.68 0.79 0.86 [12]

AKI in sepsis 6 433 Plasma 0.83 0.57 0.86 [13]

AKI in sepsis 12 1263 Urine 0.80 0.80 0.90 [13]

AKI after
contrast

14 1520 Both 0.84 0.89 0.93 [15]

As reported in recent meta-analyses [12, 13, 15]. AUC, area under the receiver-operating characteristic curve
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is limited by several factors, including the delay in rise, the
confounding influence of a prerenal state, the varying
degrees of established AKI prior to initial presentation, and
the diminished endogenous production of creatinine in sep-
sis. The ability of NGAL to predict AKI in this heteroge-
neous population has been examined in over 8500 critically
ill patients [11]. Collectively, the data from 25 publications
have confirmed the high diagnostic accuracy of NGAL in the
early detection of AKI in critical illness, with measurements
obtained within 6 h of clinical presentation yielding an
overall predictive AUC of 0.8 [11]. A recent meta-analysis
[13] has specifically examined the value of NGAL for the
prediction of AKI in patients with sepsis, in whom NGAL
concentrations can potentially be elevated even in the
absence of kidney damage due to release from activated
neutrophils. As would be expected, the specificity of plasma
NGAL for predicting AKI was inferior to that of urine
NGAL in sepsis, although the sensitivities and pooled AUCs
were similar and promisingly high (Table 14.1).

Contrast-induced acute kidney injury (CI-AKI) is a com-
mon cause of AKI after cardiac catheterization. In general,
advances in diagnostic and interventional imaging techniques
have resulted in an ever-increasing number of patients
exposed to iodinated contrast media. CI-AKI is the third most
common cause of hospital-acquired AKI, accounting for
more than 10% of cases. However, the diagnosis is once
again typically delayed, with an increase in serum creatinine
occurring only 1–3 days after contrast administration. As first
described by Hirsch et al. [14], both urine and plasma NGAL
concentrations increase within 2–6 h of contrast administra-
tion, with a predictive AUC of over 0.9. A recent
meta-analysis [15] of 14 publications and a total of 1520
patients has confirmed the high diagnostic accuracy of
NGAL in the early detection of CI-AKI, with measurements
obtained 2–24 h after contrast administration yielding a
pooled AUC of 0.93, pooled sensitivity of 84%, and pooled
specificity 89% (Table 14.1). The performance of both urine
and plasma NGAL was similar for predicting CI-AKI. Sub-
group analyses revealed that NGAL levels obtained within
4 h of exposure to contrast yielded an improved predictive
performance (pooled AUC 0.96) when compared to NGAL
measurements made beyond 4 h (pooled AUC 0.89).

NGAL for the Differential Diagnosis of Kidney
Attack

Serum creatinine measurements cannot distinguish true
structural (intrinsic) AKI from functional volume-responsive
prerenal azotemia or from chronic kidney disease. It is
critical to make these distinctions in the acute setting, since
the medical management of each is dramatically different
and mismanagement is deleterious [16]. Nickolas et al. [17]
first demonstrated the ability of a single measurement of
urinary NGAL at the time of initial patient encounter to
accurately differentiate those who subsequently developed
intrinsic AKI from those who would follow a more benign
course of prerenal azotemia, with an AUC of 0.95, sensi-
tivity of 0.99, and specificity approaching unity. These
findings have now been confirmed in three additional pub-
lications involving over 2000 patients [18–20] (Table 14.2).
Collectively, the published data have confirmed the diag-
nostic accuracy of NGAL in the early prediction of intrinsic
AKI, with AUCs in the 0.81–0.87 range, surpassing the
performance of all other biomarkers tested to date.

NGAL for the Prediction of Adverse Outcomes
After Kidney Attack

Kidney attack due to structural nephron damage portends a
number of adverse outcomes, including worsening severity,
need for dialysis, prolonged length of hospital stay, mortality,
and development of chronic kidney disease. A prognostic
biomarker that could predict the consequences of AKI would
be invaluable for risk stratification and for planning resource
utilization. Initial single-center studies of cardiac surgical
patients by Bennett et al. [21] and Dent et al. [22] identified
the correlation of early NGAL measurements in the urine and
plasma, respectively, with severity and duration of AKI,
length of stay, dialysis requirement, and death. An initial
meta-analysis of 10 studies involving about 2000 patients
with predominantly cardiorenal syndrome [10] identified
early NGAL measurements as a predictor of dialysis and
death with a pooled AUC of 0.78 and 0.75, respectively. In a
more recent meta-analysis of six large studies that included

Table 14.2 NGAL for the
differentiation between intrinsic
structural AKI and a functional
(prerenal) state in the emergency
department setting

Number of
patients

Urine or
plasma

Sensitivity Specificity AUC for intrinsic
AKI

Reference

635 Urine 0.99 1.0 0.95 [17]

1635 Urine 0.68 0.81 0.81 [18]

161 Urine 0.75 0.88 0.87 [19]

616 Plasma 0.54 0.89 0.82 [20]

AUC, area under the receiver-operating characteristic curve
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about 2000 heterogeneous intensive care patients [23], the
pooled AUC for prediction of renal replacement therapy was
0.82 and the pooled AUC for mortality prediction was 0.67.

Remarkably, NGAL signals structural kidney injury and
poor outcomes even in the absence of an increase in serum
creatinine. In a multicenter pooled analysis of 10 prospective
studies involving over 2300 patients with predominantly
cardiorenal syndrome, approximately 20% displayed NGAL
concentrations above the optimal cutoff value as defined by
each study, but no increase in serum creatinine [24]. This
previously undetectable condition (termed “subclinical
AKI”) was associated with an almost threefold increased risk
of mortality or dialysis requirement and a doubling of median
length of hospital stay. Notably, even in patients with sig-
nificant loss of renal function, NGAL measurements still
added prognostic information, since patients with increased
concentrations of both NGAL and serum creatinine displayed
by far the worst prognosis. This “added value” of NGAL
measurements for the prediction of AKI and its adverse
consequences over and above clinical and functional scores
has now been repeatedly demonstrated in several large
studies involving cardiac surgical patients, using advanced
statistical techniques such as net reclassification improve-
ment and integrated discrimination improvement [25–27].

The Economic Implications of NGAL Use
in Kidney Attack

The economic impact and cost-effectiveness of NGAL after
cardiac surgery have been examined using a decision analysis
model comparing the ability to diagnose AKI with versus
without NGAL [28]. Even though the analysis assumed the
lowest possible diagnostic performance (AUC 0.60–0.69) and
highest possible cost (£25) for the NGAL test, the cost per
quality-adjusted life year for a strategy of early NGAL mea-
surements for predicting AKI was approximately 30% less
compared to one without NGAL. The use of NGAL in this
theoretical decision analysis model was an economically
advantageous strategybecause it loweredoverall expectedcosts
as a result of earlier AKI diagnosis. The cost-effectiveness
increased further when the likelihood of clinical benefit from
therapy triggered by elevated NGAL was considered.

Clinical Platforms for NGAL Measurement
in Kidney Attack

NGAL is protease resistant and remarkably stable in urine
and blood. Short-term storage of samples at 4 °C for up to
24 h and long-term storage at −80 °C for up to 5 years result
in no clinically significant loss in NGAL signal [29]. These
findings are reassuring for the deployment of NGAL assays

in standard clinical platforms as well as in prospective
clinical studies that require long-term sample storage.

There are currently three clinical analytic platforms for
NGALmeasurement in patient samples, with results available
within 15–30 min. These include a point-of-care immunoas-
say for plasma NGAL (Alere Triage® NGAL Test), a urine
immunoassay developed for an exclusive platform (ARCHI-
TECT, Abbott Diagnostics), and a particle-enhanced turbidi-
metric immunoassay for urine and plasma NGAL that can be
run on a large variety of standard automated clinical chemistry
analyzers (NGAL TestTM, BioPorto Diagnostics). Thus, the
NGAL TestTM gives any hospital or clinical laboratory
immediate access to NGAL measurements both in the urine
and blood.All of these three tests are CE-marked and launched
for clinical diagnostic use worldwide, but are currently
pending FDA approval for diagnostic use in the USA.

The Clinical Use of NGAL in Kidney Attack:
A Proposed Framework

In the clinical setting, the two most likely applications of the
NGAL test remain (a) for the prediction of AKI and its
adverse outcomes, and (b) to differentiate intrinsic structural
AKI from a prerenal state. In both these settings, NGAL
performs well independent of the serum creatinine and
results in substantial added value to serum creatinine mea-
surements. However, specific cutoff values for NGAL need
to be determined, and these cutoffs may vary depending on
the assay used, regulatory intended use guidelines, as well as
the specific clinical setting. Based on the available data
included in the eight meta-analyses published to date [10–
13, 15, 23–25], the following approximate conclusions can
be derived regarding urine and plasma NGAL concentrations
measured on a standardized clinical laboratory platform:

• NGAL cutoff of <50 ng/ml effectively rules out intrinsic
structural AKI

• NGAL cutoff of >150 ng/ml strongly predicts intrinsic
structural AKI

• NGAL cutoff of >300 ng/ml strongly predicts severe
AKI and adverse outcomes.

As is true for most biomarkers in clinical medicine, there
appears to be a “gray zone” for NGAL (approximately 50–
150 ng/ml), in which predictions are somewhat indetermi-
nate. Under these circumstances, it is likely that careful
assessment of clinical risk factors as well as repeated serial
NGAL measurements will clarify the situation [20]. A pro-
posed guideline for the use of NGAL in the clinical setting is
illustrated in Table 14.3.

These proposed guidelines are closely aligned with recent
expert opinion [30] focused on cardiac surgery-associated
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AKI, proposing the derivation of a cardiac surgery-associated
NGAL (CSA-NGAL) score based on both the absolute NGAL
concentration as well as the increase in NGAL concentration
on serial measurements. The authors propose a CSA-NGAL
score of 0–3, with a score of 0 (urine NGAL <50 and plasma
NGAL <100 ng/ml) indicating that tubular damage is unli-
kely, score of 1 (urineNGAL50–150 and plasmaNGAL 100–
200 ng/ml) suggesting that tubular damage is possible, score
of 2 (urine NGAL 150–999 and plasma NGAL 200–
999 ng/ml) signaling definite tubular damage, and score of 3
(urine or plasma NGAL >1000 ng/ml) indicating severe
tubular damage. The authors have also provided a clinical
decision algorithm based on the CSA-NGAL score that mir-
rors what is proposed in Table 14.3.

The Use of NGAL in Clinical Trials for Kidney
Attack

A structural kidney injury biomarker such as NGAL can be
employed in many strategies to facilitate clinical trials.
Extrapolating from guidelines provided by the US Food and
Drug Administration (FDA) in the context of biomarker use
for drug development [31], biomarkers can be used in the
following settings:

• Before structural AKI develops. NGAL can be used as a
diagnostic biomarker to preferentially enroll patients
destined for structural intrinsic AKI

• At the time structural AKI develops. NGAL can be used
as a prognostic biomarker to identify patients destined for
severe AKI

• After structural AKI develops. NGAL can be used as a
pharmacodynamic biomarker to monitor response to
therapy

Parikh et al. [32] have recently reported on simulated clinical
trials of AKI using data from a multicenter prospective

cohort study of patients undergoing cardiac surgery, to
illustrate the added utility of structural injury biomarkers.
First, the addition of NGAL and interleukin-18 to clinical
risk factors as eligibility criteria for enrollment in an AKI
trial (diagnostic biomarker) increases the proportion of
patients who will experience true AKI progression and will
reduce trial cost. Second, in a trial of an effective therapy at
the time of structural AKI development, use of NGAL
(prognostic biomarker) instead of serum creatinine increases
the proportion of true intrinsic AKI cases enrolled, thereby
increasing the statistical power and decreasing the sample
size needed. Third, the use of NGAL as an outcome measure
(pharmacodynamic biomarker) to monitor response to ther-
apy, the sample size to detect a reduction in AKI is lower
than if serum creatinine was used instead. The proposed use
of NGAL in a hypothetical future clinical trial is illustrated
in Fig. 14.1.

Table 14.3 Proposed guideline
for the use of NGAL in the
clinical setting

• Measure NGAL only if AKI is clinically suspected

– False positives may include urinary tract infections and sepsis without AKI

• <50 ng/ml

– Low risk of AKI, repeat measures only if clinically indicated

• 50–150 ng/ml

– Gray zone, repeat measures

• 150–300 ng/ml

– High risk for structural tubular injury, obtain daily NGAL measurements, monitor ins and outs, monitor
electrolytes and kidney function, avoid nephrotoxins, avoid hypotension, consider Nephrology consult

• >300 ng/ml

– High risk for severe structural tubular injury, obtain daily NGAL measurements, keep in ICU setting, closely
monitor ins and outs, closely monitor electrolytes and kidney function, avoid nephrotoxins, avoid hypotension,
low threshold for pressor use, obtain Nephrology consult, strongly consider early interventions

Fig. 14.1 The proposed use of NGAL in a hypothetical future clinical
trial. Patients at clinical risk for AKI and with high NGAL (diagnostic
biomarker) would be enrolled and randomized to placebo versus a
specific therapy. The highest NGAL levels will be encountered in
placebo-treated patients who would develop the most severe AKI
(prognostic biomarker). Serial NGAL measurements can be used as an
outcome measure (pharmacodynamic biomarker) to monitor response
to intervention
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Summary: NGAL is Set for Center Stage
in Kidney Attack

The biologic plausibility of NGAL as an early predictive
biomarker of structural AKI is irrefutable. Unbiased pre-
clinical transcriptomic interrogations reported in AKI
models from several species ranging from mouse to man
have consistently revealed NGAL to be one of the most
dramatically upregulated genes in the kidney soon after an
ischemic or nephrotoxic insult. The 25 kDa NGAL protein
is also highly induced in kidney tubule cells, where its
iron-chelating properties result in an enhanced tubule cell
proliferative response and a robust nephron protection. The
induced NGAL protein is rapidly secreted into the urine
and plasma in animal and human models of AKI. Over a
decade of intense translational studies that have now
established NGAL as a noninvasive biomarker of human
AKI. These studies have now defined a role for NGAL as a
cost-effective biomarker to predict AKI and its adverse
outcomes independent of serum creatinine, for the differ-
entiation of structural intrinsic AKI from a functional pre-
renal state, and for facilitating AKI clinical trials by
increasing statistical power, decreasing sample size, and
reducing cost. Standardized clinical platforms for the rapid
and accurate measurement of NGAL have been launched
globally and can be made available in every clinical set-
ting. Expert opinion is consistent with the notion that
NGAL is poised for center stage in kidney attack, as a
troponin-like diagnostic, prognostic, and pharmacodynamic
biomarker.
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15Ultrafiltration Therapy in Decompensated
Heart Failure

Dan Negoianu

Introduction

Volume overload is a cardinal feature of decompensated
heart failure. Decongestion with diuretics is the standard of
care for treatment of patients with either acute or chronic
volume overload. However, decongestion can also be
achieved through mechanical means. Ultrafiltration (UF) re-
sults when hydrostatic or osmotic forces drive fluid across a
semipermeable membrane. Mechanical UF is typically
achieved by passing blood through hollow fibers made of
semipermeable material while applying negative pressure to
the space surrounding the fibers. A pressure gradient across
the membrane (i.e., the transmembrane pressure) causes
isotonic fluid to be removed from the blood (see Fig. 15.1).

While the mechanism of removal of fluid via UF is clear,
its role in the management of heart failure remains uncertain.
While significant physiologic differences between decon-
gestion via UF compared to decongestion by diuretics have
been demonstrated, the clinical impact of these differences
remain unclear.

Physiological Differences Between
Decongestion with Ultrafiltration
Versus Loop Diuretics

Composition of the Removed Fluid

The electrolyte composition of fluid that is removed by UF is
typically very different from the urine produced in response
to diuretics [1]. For substances small enough to easily pass
through the semipermeable membrane, ultrafiltrate will have

approximately the same composition as plasma. Because
sodium is the major cation in the extracellular fluid, it is also
the major cation in ultrafiltrate. Since extracellular fluid
volume is proportional to total body sodium content, sodium
removal is critical for decongestion in heart failure.

On average, urine produced by loop diuretics has a lower
sodium content and a much higher potassium content than
ultrafiltrate [1]. Since sodium is a largely extracellular ion
and potassium is a largely intracellular ion, it is reasonable to
suspect that removal of one liter of sodium-rich ultrafiltrate
will have a greater impact upon extracellular fluid volume
than the loss of one liter of urine containing less sodium and
more potassium. However, this hypothesis has not been
proven by directly measuring extracellular fluid volume in
randomized trials of ultrafiltration compared to diuretics.

It is important to draw a distinction between extracellular
fluid volume and extracellular sodium concentration. Serum
sodium concentration reflects the ratio of total body elec-
trolytes to total body water. Because of this, losses of
potassium have a similar effect upon serum sodium con-
centration as do losses of sodium [2]. However, sodium
concentration does not reflect the volume of extracellular
fluid (which is the key derangement in volume overload).

Diuretic Holiday

UF allows the removal of fluid without the need for loop
diuretics. Withdrawal of loop diuretics may be beneficial by
avoiding potassium wasting. Patients with congestive heart
failure tend to be chronically potassium depleted [3]. In
addition to the well-known risk of arrhythmias with hypo-
kalemia, potassium depletion has also been shown to directly
lead to vasoconstriction in hypertensive patients [4, 5]. Such
vasoconstriction could be detrimental patients with heart
failure, though it remains to be well demonstrated in this
patient population.

Withdrawal of loop diuretics may also decrease renin
release. In animal models, loop diuretics directly enhance
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renin secretion by blocking chloride from entering cells of the
macula densa [6]. This physiology may help explain the fact
that in a small trial of 16 patients with chronic HF randomized
to either UF or diuretic therapy, the UF group had signifi-
cantly less elevation in renin and aldosterone levels [7].
Another RCT of 30 subjects with acute decompensated HF
(ADHF) showed decreased aldosterone levels in the UF
group, but not in the diuretic group [8]. Renin was not mea-
sured in this study, so it is impossible to be certain if decreased
aldosterone levels in the UF group were, in fact, due to
decreased renin activity. Of course, there are multiple factors
impacting the renin–angiotensin system in HF, and it is
impossible to be certain if decreased stimulation of the macula
densa played a role in these observations in human trials.

Avoidance of Hypertrophy of Distal Nephron
Treatment with loop diuretic leads to decreased diuretic
response over time even if volume depletion is prevented
[9]. This may be partly due to the fact that chronic expo-
sure to loop diuretics leads to hypertrophy of the distal
nephron in experimental animals [10]. UF allows decon-
gestion to continue while without exposing the distal
nephron to high loads of sodium, thereby potentially min-
imizing diuretic resistance in these patients on maintenance
loop diuretics.

Reduction of Renal Vein Congestion

Elevated renal venous pressures may lower glomerular fil-
tration rate and sodium excretion in experimental animals
[11, 12]. Renal congestion may contribute to diuretic resis-
tance in some patients, leading to a vicious cycle that causes
further volume overload. UF may therefore provide the
ability to break this cycle in selected patients.

Risks of Hypovolemia with Ultrafiltration

The major risk of any form of decongestion is excessive
intravascular volume depletion. From this perspective, the
decreased effectiveness of loop diuretics in the setting of
intravascular volume depletion may actually be protective.
A UF machine, however, will keep removing fluid regard-
less of the patient’s volume status. Furthermore, as UF
continues, plasma refill rate declines [13] (see Fig. 15.2).
Therefore, patients treated with UF must be closely moni-
tored for evidence of worsening intravascular volume
depletion. In particular, UF rates will generally need to be

Fig. 15.1 Ultrafiltration resulting from a hydrostatic pressure gradient
across a semipermeable membrane. Solutes small enough to pass
through the membrane pores are removed as well. The rate of fluid
removal is controlled by changing the pressure on the ultrafiltrate side
of the membrane rather than the blood side. Reproduced with
permission from John S, Eckardt KU. Renal replacement strategies in
the ICU. Chest. 2007;132(4):1379–88

Fig. 15.2 Plasma refilling rate
(PRR) during extracorporeal UF.
*P < 0.01 versus PRR after 1 l
fluid removed. Reproduced with
permission from Marenzi et al.
[13]
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lowered over the course of UF treatment in order to mirror
the changes in plasma refill rate.

Summary

The ability of UF to remove isotonic, sodium-rich fluid
without stimulating the macula densa or the distal nephron
suggests that decongestion via UF is physiologically dif-
ferent from decongestion with diuretics. However, “differ-
ent” does not necessarily mean “better” (especially given
that UF is a more invasive therapy). The hypotheses gen-
erated by the above differences in physiology require
confirmation by trials that measure clinically relevant
outcomes.

Clinical Trials of UF Versus Diuretics

There have only been seven clinical trials of UF versus
diuretics in ADHF [14]. Even the largest clinical trial is
relatively small (224 subjects). With this degree of limited
statistical power, the ability to study clinically meaningful
endpoints is limited. The two smallest studies focused on
physiologic parameters obtained by right heart catheteriza-
tion. We will therefore focus on the remaining five studies,
which examined clinical endpoints. There are significant
differences among these trials in selection criteria, man-
agement of the treatment arms, and the outcomes measured.
Discussing these trials in the order that they were published
gives insight not only into their differences, but also into
the changes in the field of UF over the past decade. The
results of the four largest trials are summarized in
Table 15.1.

The Relief for Acutely Fluid-Overloaded Patients
with Decompensated Congestive Heart Failure
(Rapid-CHF, 2005)

This was the first randomized trial of UF for patients hos-
pitalized with ADHF [15]. This investigator-initiated
trial-randomized 40 patients to either usual care plus a sin-
gle 8-hour UF session versus usual care alone. There was no
statistically significant difference in the primary outcome of
weight loss at 24 h after enrolment. However, there was a
non-significant trend toward greater weight loss in the UF
group, which lead the authors to conclude that a larger study
was needed.

Ultrafiltration Versus Intravenous Diuretics
for Patients Hospitalized for Acute
Decompensated Heart Failure (UNLOAD, 2007)

This industry-sponsored trial-randomized 200 patients
within 24 h of hospitalization for ADHF to either IV loop
diuretic or UF [16].

Patients were required to have evidence of volume
overload as defined by at least 2 of the following:

• Peripheral edema of 2+ or greater,
• Jugular venous distension of 7 cm or greater,
• Radiographic pulmonary edema or pleural effusion,
• Enlarged liver or ascites,
• Pulmonary rales, paroxysmal nocturnal dyspnea, or

orthopnea.

For the IV diuretic group, the minimum daily dose was twice
the outpatient dose of oral diuretic. Average intravenous
furosemide-equivalent diuretic dose during the 48 h after
randomization was 181 ± 121 mg/day. Diuretic therapy
could be given either as bolus therapy or as a continuous drip
(at the discretion of the treating physician). For the UF group,
duration and rate of UF was left up to the treating physician.
The average UF rate was 241 ml/h for 12.3 ± 12 h.

The study had two primary “efficacy” outcomes measured
at 48 h: weight loss and dyspnea score. Weight loss was
significantly greater in the UF group (5.0 ± 0.68 vs.
3.1 ± 0.75 kg, P = 0.001). Dyspnea score was not signifi-
cantly different between the two groups. While the authors
reported that there was no statistically significant difference
in creatinine at any time point between the two groups, there
was a trend toward higher creatinine in the UF group during
hospitalization (which did not persist at 30 days after dis-
charge). Importantly, the secondary outcome of 90-day
rehospitalization rates showed significantly greater freedom
from rehospitalization for the UF group (Fig. 15.3).

While the reduction in rehospitalization rates was an
exciting finding, there are number of important limitations to
this study. First of all, the most clinically relevant finding of
the trial—reduction in rehospitalization—was a secondary
outcome. Second, it was unclear if the diuretic group could
have also achieved a similar readmission rate had they
received an even more aggressive escalation in diuretic dose.
Finally, the inclusion criteria for this trial are very broad.
Given that UF is a more invasive therapy than IV diuretic
therapy, it is unlikely that it would ever be first-line therapy for
patients that do not have some evidence of functional diuretic
resistance over and above the typical patient with ADHF.
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Table 15.1 The largest trials of
ultrafiltration in heart failure

Variables UNLOAD Trial,
2007

CARRESS-HF Trial,
2012

CUORE Trial, 2014 AVOID-HF Trial,
2016

Number
of patients

200 (100 UF, 100
PT)

188 (94 UF, 94 PT) 56 (27 UF, 29 PT) 224 (110 UF, 114
PT)

Study
design and
protocol

Multicenter;
single-session early
UF therapy for
ADHF (within 24 h)

Multicenter; rescue
therapy for patients
with both ADHF and
WRF

Two centers; one or
two early UF
treatments for ADHF
(within 24 h)

Multicenter;
single-session early
UF therapy for
ADHF (within 24 h)

Primary
end point

Weight loss and
dyspnea at 48 h
(efficacy); changes in
renal function and
hypotension (safety)

Changes in Scr and
weight at 96 h
(bivariate)

Rehospitalization
rate for HF at 1 year

Time to first HF
event within 90 days
after discharge

UF
regimen

Duration and rate of
UF flexible;
maximum UF rate,
500 ml/h; average
UF rate, 241 ml/h
for 12.3 ± 12 h

Fixed initial UF rate,
200 ml/h; median
duration of UF,
40 h; median
duration of 40 h

Duration and rate of
UF flexible;
maximum UF rate,
500 ml/h; average
duration of
19 ± 10 h

Duration and rate of
UF flexible;
maximum UF rate,
500 ml/h; average
UF rate, 138 ml/h
for 80 ± 53 h

Medical
therapy

Conventional PT (no
preplanned
algorithm)

Stepped PT
(algorithm based)

Conventional PT (no
preplanned
algorithm)

Adjustable IV loop
diuretics (algorithm
based)

Baseline
renal
function

Scr 1.5 mg/dl; UF,
1.5 mg/dl; PT
(Scr > 3 mg/dl
excluded)

Scr 1.9 mg/dl; UF,
2.09 mg/dl; PT
(Scr > 3.5 mg/dl
excluded)

Scr 1.7 mg/dl; UF,
1.9 mg/dl; PT
(Scr > 3 mg/dl
excluded)

Scr 1.5 mg/dl; UF,
1.6 mg/dl; PT
(Scr � 3 mg/dl
excluded)

Effect on
renal
function

No significant
difference in renal
function between UF
and PT

Significant increase
in Scr level with UF;
no change in Scr for
PT

Higher Scr and BUN
in the PT group at 6
mo; no difference in
eGFR, Scr, and BUN
between UF and PT
at 1 year

No significant
difference in eGFR,
Scr, BUN, and
BUN/Scr ratio
during treatment and
� 90 days between
UF and PT

Effect on
congestion

Greater weight loss
with UF; greater net
fluid loss with UF

Weight loss and total
amount of fluid
removal similar for
both groups

Weight loss similar
for both groups at
discharge; lower
bodyweight for UF
at 1 year

Higher total amount
of fluid removed
with UF; no
difference in weight
loss between UF and
PT

Other
findings

Fewer patients in the
UF group
rehospitalized at
90 days, with fewer
hospitalization days
and unscheduled
visits; a trend for
WRF for UF at 24
and 48 h and
discharge
(statistically not
significant)

Higher rate of
serious adverse
events in the UF
group; enrollment
ended prematurely
because of a lack of
benefit and an excess
of adverse events
with UF; similar
mortality rates for
both groups at
60 days

No difference in
mortality between
UF and PT at 1 year;
UF group had a
lower HF
readmission and
mortality rate
(combined) at 1 year

UF group had fewer
patients admitted for
HF within 30 days
post-discharge and
fewer days in the
hospital for HF;
higher rate of
adverse events in the
UF group; no
difference in
mortality at 90 days;
trial ended
prematurely because
of slow recruitment

UNLOAD ultrafiltration versus intravenous diuretics for patients hospitalized for acute decompensated heart
failure, CARRESS-HF cardiorenal rescue study in acute decompensated heart failure, CUORE continuous
ultrafiltration for congestive heart failure, AVOID-HF aquapheresis versus intravenous diuretics and
hospitalization for heart failure, UF ultrafiltration, PT pharmacologic therapy, ADHF acute decompensated
heart failure, WRF worsening renal function, Scr serum creatinine, HF heart failure
Reproduced with permission from Kazory A. Ultrafiltration Therapy for Heart Failure: Balancing Likely
Benefits against Possible Risks. Clin J Am Soc Nephrol. 2016;11(8):1463–71
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Cardiorenal Rescue Study in Acute
Decompensated Heart Failure
(CARRESS-HF, 2012)

This landmark trial enrolled 188 patients admitted for ADHF
and worsening renal function (WRF) [17]. Criteria for vol-
ume overload were similar to UNLOAD, while WRF was
defined as an increase in creatinine of at least 0.3 mg/dl
within 12 weeks before admission or 10 days afterward.
Almost all of the study participants (95%) sustained WRF
after admission rather than before. The average time from
admission to qualifying creatinine was 34 h, and the median
increase in creatinine was 0.45 mg/dl.

Therapy in the control arm differed from the prior studies
as well. A detailed algorithm guided escalation of diuretic
therapy [18]. This sought to eliminate the critique of prior
trials that the diuretic arm was not sufficiently aggressive.

Guidance for the UF arm was not nearly as detailed. UF
was to be initiated at 200 cc/h in all patients and continued
until clinical decongestion was achieved. There was a gen-
eral recommendation that UF be decreased to 100 cc/h or
discontinued in the setting of significant intravascular
volume depletion, but no specific criteria for this were
given [19].

The primary endpoint was a bivariate change in weight
and creatinine 96 h after randomization. There was no sig-
nificant difference in weight loss between the pharmacologic
therapy and UF groups (5.5 ± 5.1 and 5.7 ± 3.9 kg,
respectively; P = 0.58). However, the UF group had an
increase in creatinine of 0.23 mg/dl versus a decrease of
0.04 ± 0.53 mg/dl in the pharmacologic therapy group
(P = 0.003). Furthermore, there was no benefit seen for UF
in any secondary endpoints, including 60-day readmission.
On the contrary, patients in the UF group had a significantly
higher percentage of serious adverse events (72 vs. 57%,
P = 0.03).

Why were the results from this study so different from the
prior UNLOAD Trial? First, the inclusion criteria of the two
trials differed significantly. Rather than randomizing patients
immediately upon admission for ADHF, patients in
CARRESS-HF had to first demonstrate worsening renal
function in the context of standard management. These
patients may therefore have been more tenuous than those
studied in UNLOAD [20]. Furthermore, the initiation of UF
at a fixed rate of 200 cc/h may have been too aggressive in
this population. There were clearly challenges in delivering
the UF therapy. Patients in the UF arm received therapy for
an average of only 40/96 h prior to the primary endpoint (as
opposed to 92/96 h for the pharmacologic therapy arm). In
addition, 30% of patients in the UF arm received IV diuretics
during the 96 h prior to the primary endpoint. This suggests
UF needed to be abandoned well before maximum fluid
removal could be achieved in many patients.

Regardless of these issues, CARRESS-HF provides a
strong argument against the use of UF as a therapy to
“rescue” patients with rising creatinine in the setting of
attempted decongestion for ADHF. This conclusion is sup-
ported by the poor outcomes reported in case series of
patients where UF is attempted as “rescue” in the setting of
severe diuretic resistance [21, 22].

While the trial does provide a strong argument against the
use of UF in the population it studied, these results may not
be generalizable to other sub-populations of patients with HF
[20].

Continuous Ultrafiltration for Congestive Heart
Failure (CUORE, 2012)

This trial sought to study a population of patients hospital-
ized for ADHF who had larger amounts of fluid retention
than those enrolled in the previously discussed trials [23].

Fig. 15.3 Kaplan–Meier
estimate of freedom from
rehospitalization for heart failure
within 90 days after discharge in
the UF (red line) and standard
care (blue line) groups from the
UNLOAD trial. Reproduced with
permission from Costanzo et al.
[16]
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Inclusion criteria required a weight gain of at least 4 kg
above the estimated normal weight (as reported by the
patient). All patient had HF with reduced ejection fraction
(� 40%) and New York Heart Association Class III or IV.
Patients were randomized within 24 h of admission to
treatment with UF versus IV loop diuretics. Both groups had
similar amounts of weight reduction at discharge
(7.5 ± 5.6 kg in ultrafiltration group vs. 7.9 ± 9.0 kg in
control group; P = 0.75). This was greater than the average
weight reduction in the UF groups of CARRESS-HF
(5.7 kg) and AVOID-HF (5.0 kg). This difference suggests
CUORE may indeed have studied a different patient popu-
lation than these previously published trials. Interestingly,
loop diuretics were continued in the UF group during UF
treatments. This was not the case in the other trials.

In spite of similar weight reduction between the two arms,
the primary outcome of rate of HF readmission was signifi-
cantly better in the UF group (hazard ratio 0.14, 95%, con-
fidence interval 0.04–0.48; P = 0.002). This study therefore
suggested that UF may be of benefit in patients who not only
have substantial volume overload, but also have sufficient
functional reserve to tolerate a large volume of fluid removal.
However, this was a very small study performed at only two
centers. The authors appropriately state that a larger study
would be needed to lend credence to these results.

Aquapheresis Versus Intravenous Diuretics
Hospitalizations for Heart Failure (AVOID-HF,
2016)

This industry-sponsored trial sought to randomize 810
patients to UF versus diuretic therapy [24]. Inclusion criteria
were similar to UNLOAD. In the wake of the publication of
CARRESS-HF, a detailed pharmacologic algorithm, mod-
eled on the CARRESS-HF algorithm, was added to the
protocol. A detailed UF algorithm was added simultane-
ously. The study sponsor, Baxter International, chose to
terminate the trial prior to completion, citing slower than
projected enrolment. At this point, 224 patients had been
enrolled. Pre-specified follow-up procedures were completed
for all enrolled patients.

The UF group showed a trend toward decreased hospital
readmission, but this did not achieve statistical significance
(hazard ratio of 0.663 with 95% confidence interval: 0.402 to
1.092). It is obviously impossible to know if statistical sig-
nificance would have been reached had the trial recruited the
planned 810 patients. A number of pre-specified secondary
outcomes were significantly different at 30 days post-
discharge. For example, the patients in the UF arm had
significantly fewer HF rehospitalisations within 30 days
compared to the diuretic group (9.5 vs. 20.4%, respectively,

P = 0.034). However, these trends were no longer statisti-
cally significant at 90 days.

Worryingly, a greater percentage of patients in the UF
groups sustained serious adverse events related to study
therapy than did the diuretic group (14.6 vs. 5.4%;
P = 0.026). No single sub-class of adverse event was clearly
the source of this difference, and a larger study would likely
have allowed better understanding of the risks of UF
therapy.

Given all of the above, the authors felt that this negative
trial was nevertheless hypothesis-generating, and that further
trials of UF therapy were therefore warranted.

Practical Aspects and Future Directions

While current data are insufficient to conclusively answer the
question of who or which subset of patients should be
considered for UF, they nevertheless do provide some
guidance.

Patient Selection

Given the results of CARRESS-HF, UF should not be
considered a treatment for cardiorenal syndrome. Patients
such as those in CARRESS-HF may simply be “too sick” to
easily tolerate UF.

Going further along the “too sick” spectrum, data from
case series argue against the use of UF as “rescue” late in the
management of patients who are completely refractory to IV
diuretics. In one such series of 63 patients, 59% required
conversion to continuous dialysis during their hospitaliza-
tion, 30% died during hospitalization, 6% were discharged to
hospice, and 14% were dialysis-dependent at discharge [22].

On the other extreme of the spectrum, the use of UF as
first-line therapy for the general population of patients with
ADHF is inappropriate given the increased invasiveness of
this therapy compared to diuretics.

One potentially promising group of patients is those
readmitted for ADHF within 30 days of discharge. Read-
mission may be a surrogate for functional diuretic resistance,
and this patient population is of obvious interest to both
healthcare providers and payers.

Another population of interest are patients who require
above-average amounts of fluid removal to achieve decon-
gestion—such as the CUORE trial sought to study. These
patients will likely require high doses and long durations of
IV diuretic therapy. If there are clinically meaningful
advantages of UF over diuretics, then they may be more
prominent in such patients.
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Management of Patients with UF: Avoidance
of Hypovolemia

As stated previously, one of the major risks of UF is exces-
sive fluid removal. While diuretics also carry this risk, there is
some protection afforded by diuretics’ decrease in potency as
patients become progressively more volume depleted.
With UF, however, it is up to the clinician to anticipate,
recognize, and respond to volume depletion. The UF guide-
line developed for AVOID-HF attempted to codify this [25].

The guideline recommends that vital signs and UOP be
assessed every 6 h and that serum chemistries be obtained
every 12 h. UF rates are to be dropped if there are alterations
in heart rate, blood pressure, or urine output. As an aside, the
ability to use a fall in urine output as a surrogate for renal
hypo-perfusion is one of the rationales for holding diuretics
during UF therapy.

While the guideline itself is opinion-based [25], the
overall philosophy is more important that the details of the
algorithm. This approach consists of four sequential steps:

• Choice of initial UF rate based on vital signs and clinical
history

• Systematic monitoring so that UF rate can be decreased
to match the inevitable decline in plasma refill rate

• Recognition of either clinical decongestion or intolerance
of further fluid removal

• Re-institution of diuretic therapy with a goal of pre-
venting recurrence of volume overload.

A potential adjunct to algorithms such as this would be
real-time monitoring of hematocrit as a surrogate for
hemoconcentration. This strategy was used in the CUORE
trial, although the authors did not state if specific cutoffs
were used to guide alterations in UF rate [23]. In a previous
study by the same group, UF was terminated when hemat-
ocrit increased 10% above baseline [13].

While the optimal method for monitoring patients and
adjusting their treatment to prevent hypovolemia remains
unknown, some systematic way to achieve this goal is likely
required for clinical UF programs and for any future trials of
HF for ADHF.

Outcomes for Future Clinical Trials

The hypothesis-generating trends within the AVOID-HF
trial further support the need for adequately powered clinical
trials. While it will be impossible to power studies for
all-cause mortality, HF readmission is a both clinically
meaningful and achievable endpoint. Given that such studies
are necessarily open-label, care must be taken to isolate
decisions about readmission from authors of the study.

Conclusion

Current data for the use of UF in the treatment of ADHF are
inconclusive. Further study is required to define what, if any,
sub-population of patients may benefit from UF therapy, and
what the optimal manner is to prescribe it.
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16Bioimpedance Vectorial Analyses
in Cardiorenal Syndrome

Nadia Aspromonte, Francesco Monitillo, Roberto Valle,
and Massimo Iacoviello

Introduction

Water constitutes approximately 60% of body weight. Total
body water (TBW) content is distributed between two main
compartments, separated by cell membranes. The intracel-
lular fluid compartment (ICF) contains about two-third of
TBW, while the remaining part is the extracellular com-
partment (ECF). The latter is further divided into the inter-
stitial fluid compartment and plasma, or intravascular space.
Water homeostasis results from the balance between total
water intake and the combined water loss. The kidney is
responsible for the regulation of water excretion and, in most
conditions, is the main way to remove water from the body.
Renal excretion of water is tightly regulated in order to
maintain water balance [1]. Other sources of water loss
include evaporation from the cells of the skin and of respi-
ratory tract, sweat, and feces. Many clinical conditions can
contribute to the alteration of this fine balanced mechanism,
including cardiovascular disease (especially heart failure)
and kidney disease. The accurate assessment of volume
status is crucial both in steady state as well as in conditions
such as end-stage kidney disease (ESKD) and acute
decompensated heart failure (ADHF).

In clinical practice, many methods have been proposed,
including physical examination, chest X-ray, laboratory

parameters and biomarkers (serum creatinine, electrolytes,
urinary, and plasma osmolarity, hematocrit, natriuretic pep-
tides), bedside ultrasound, and monitoring of central venous
pressure [2, 3]. The simple evaluation of edema and other
clinical signs as expression of fluid overload can be inac-
curate, requiring an increase of 4–5 l in body fluid volume
before detection [4, 5]. Indeed, significant changes in total
body water can develop subclinically and can pose chal-
lenges in the correct assessment of fluid status and volume
responsiveness to therapies. In this context, bioelectrical
impedance techniques, providing a reliable assessment of
volume status, are being used in the management of patients
with ESKD and ADHF.

Principles of Bioelectrical Impedance
Techniques

Bioimpedance analysis (BIA) and bioimpedance vector
analysis (BIVA) have shown promise as noninvasive, safe,
rapid, and reproducible bedside measures of body compo-
sition. BIA measures the electric impedance (Z) which is the
opposition of body tissues to the flow of a sinusoidal alter-
nating current. In practice, a constant alternating current at a
fixed 50-kHz frequency is applied across the thorax and two
electrodes are placed at the pisiform prominence of the wrist
and between the medial and lateral malleoli of the ankle,
which measure the voltage drop between the two ends of the
circuit. From Ohm’s law, when electrical current is passed
through human tissue, the voltage difference between two
points on the body is proportional to the impedance. Con-
sidering that the voltage drop is proportional to changes in
the impedance to current flow and that impedance is tightly
related to volume, changes in impedance can be assumed as
expression of changes in volume [6, 7]. BIVA is an inte-
grated part of BIA measurements and allows to optimize the
assessment of volume status and of TBW as a percentage of
fat-free body mass.
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The electrical impedance (Z) is a function of two com-
ponents, the resistance (R) to the applied current and the
reactance (Xc). Resistance is a measure of opposition to flow
of current through intra- and extracellular fluid volume, and
reactance is a function of dielectric material of tissue inter-
faces and cell membranes, and reflects the capacitance of
cells to store energy. R is inversely proportional to the
amount of TBW, while Xc is related to the structure, func-
tion, and integrity of cell membranes. The measured R and
Xc are standardized by sex and height (H), and BIVA results
are graphically displayed by integrating R/H (X/m) on the
x axis versus X/H (Xc/H9 on the y axis, and generating an
output that reflects fluid status and alterations of cellular
integrity. The obtained information used to construct a
vector in a nomogram which is the expression of the relative
hydration status. Shorter vectors are associated with volume
overload and longer vectors with lower degrees of TBW.
BIVA data are compared with measurements made in
healthy reference population that are plotted as tolerance
ellipses corresponding to the 50th, 75th, and 90th percentile.
Values outside the 95th percentile are considered abnormal.
BIVA results can be also graphically presented in the visual
scale where they are classified into three classes: normally
hydrated, over hydrated, or dehydrated. The vector migra-
tion within the nomogram reflects in a variation within the
visual numeric scale of the hydration status (Fig. 16.1).

Another parameter resulting from bioimpedance is the
“phase angle” (PA), which is the angle of the vector mea-
sured from the x axis, and represents the phase difference
between voltage and current. It corresponds to the portion of

the electrical current which is stored and then released in a
different phase. This parameter depends on the ability of
cells to function as capacitors, which is related to cell
membrane permeability and integrity, cellular health, and
soft tissue hydration [8]. BIVA has shown high correlation
with TBW in comparison with deuterium dilution studies,
which is the gold standard for TBW assessment [9]. Despite
its limitations including body and limbs position, correct
placement of the electrodes on the skin, the presence of
sweat and/or skin wounds, consumption of food and bever-
ages, skin temperature, ambient temperature, and ethnic and
race variation, BIVA has been employed in various physi-
ological and pathological conditions [3, 7, 10, 11].

BIVA in Acute Heart Failure

Acute heart failure syndromes (AHFS) are defined as the
rapid development of HF signs and symptoms requiring
urgent therapy and hospitalization. Fluid overload leading to
pulmonary and systemic congestion is the most frequent
presentation of AHFS [12, 13].

Currently, the mainstay of therapy for ADHF is repre-
sented by diuretics aiming to reduce congestion in order to
improve renal perfusion. While this approach often results in
substantial improvement of signs and symptoms during hos-
pitalization, patients are frequently discharged with subclin-
ical congestion and with minimal or no weight loss, or even
weight gain [12, 14, 15]. The post-discharge period is bur-
dened by high rates of readmissions and the persistent venous
congestion has potential unfavorable effects on the kidneys
and is associated with acute and chronic cardiorenal syndrome
[16]. Moreover, diuretic therapy which often reduces con-
gestion and relieves signs and symptoms can reduce renal
perfusion, glomerular filtration rate, responsiveness to natri-
uretic peptides, and lead to acute kidney injury (AKI) espe-
cially during the initial phase of treatment for ADHF, with
negative impact on patient’s outcome [17, 18].

The detrimental impact of subclinical congestion is often
underestimated, and thus an accurate quantification of the
volume status of the patient is utmost importance in opti-
mizing these patients. Currently, pre-discharge clinical
assessment of congestion is empiric, and established and
validated methods and guidelines to assess the degree of
congestion are still lacking. Despite several proposed ele-
ments in the measurement of congestion, including bedside
assessment, laboratory analysis, and dynamic maneuvres, a
systematic approach in the assessment of congestion is not
prevalent [2]. In this setting, BIVA can be helpful in esti-
mating volume status of the patient before discharge, and in
identifying high-risk patients with fluid overload who are
more prone to experience recurrent heart failure exacerbations
and poor outcomes. BIVA has been demonstrated to correlate

Fig. 16.1 Graphic representation of the hydration state in the visual
scale for BIVA
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with NYHA class [19] and has shown a high diagnostic
accuracy in the differential diagnosis of dyspnea related to
ADHF. In 292 patients presenting with acute dyspnea to the
emergency department (ED), segmental and whole BIA were
performed in addition to the conventional diagnostic strate-
gies and BNPmeasurement. Dyspnea was judged as related to
ADHF or to other causes according to an expert team con-
sensus. Patients with ADHF showed significantly lower
whole and segmental BIA and resistance in addition to higher
BNP values. Moreover, the analyzed BIA parameters corre-
lated significantly with BNP levels, suggesting the usefulness
of this technique in the early diagnosis of dyspnea from
ADHF, alone or in combination with BNP [20].

Similarly, BIVA has shown high accuracy in discrimi-
nating between cardiogenic and non-cardiogenic dyspnea in
315 patients referring to the ED for shortness of breath (69%
sensitivity, 79% specificity, and 80% area under the receiver
operating characteristic curve). Dyspnea was classified as
cardiogenic based on physical examination, electrocardio-
gram, chest X-ray, NT-proBNP, and presence of Kerley
B-lines on ultrasound. Peripheral congestion correlated with
vector position, confirming that the combination of BIVA
with lung ultrasound is a reliable method to determine the
cause of dyspnea in the ED [21].

The role of natriuretic peptides (NP) in the diagnosis and
management of patients with AHFs is well established
[13, 22]. BNP changes during hospitalization seem to be
tightly related to the relief of congestion and high BNP
levels at discharge usually reflect persistent congestion pre-
dicting medium-term prognosis [23, 24]. Based on these
evidences, the combined role of NP measurement and BIVA
in ADHF has been the object of attention for researchers,
and the accuracy of this approach for volume assessment and
its utility in planning proper therapeutic interventions has
been evaluated. The assessment of BNP levels together with
volume status during BNP-guided treatment may allow the
identification of true euvolemia in optimizing therapy and
timing of patient discharge. However, BNP levels can
remain high because of myocardial stretching even with
euvolemia (dry BNP). The incorrect interpretation of these
high BNP levels can lead to overtreatment of a euvolemic
patient, especially with related kidney impairment [24].

The usefulness of a combined BNP and BIVA-guided
therapy approach has been demonstrated in a retrospective
study including 186 patients admitted with ADHF. This
study demonstrated that the assessment of volume status
with BIVA during BNP-guided therapy can improve the
timing of patient discharge and predict the occurrence of
cardiovascular events at 6 months [23]. Paterna et al.
investigated the effect of the combination of high-dose fur-
osemide and small-volume hypertonic saline solution
(HSS) on BNP plasma levels and volume status in patients
admitted for refractory congestive HF. The study population

was divided into two groups depending on the administra-
tion of intravenous furosemide plus HSS or intravenous
bolus of furosemide alone. BNP levels and volume status
assessment by BIA were performed at admission and after
discharge. Patients in HSS group displayed lower BNP
levels and more optimal volume status than the non-HSS
group together with a reduction in hospitalization time and
readmission rate [25].

Valle et al. evaluated the role of a BNP/BIVA-guided
therapy in reducing congestion and optimizing discharge
timing of 300 patients hospitalized for ADHF. Therapy was
titrated to reach a BNP value of less than 250 pg/ml.
Authors stratified the patients into three groups (early
responders, late responders, and non-responders) according
to BNP changes in response to therapy. The addition of
BIVA to BNP levels measurement allowed the determina-
tion of the “true volume status” differentiating high BNP
levels reflecting myocardial dysfunction with normal volume
status (“dry BNP”) from high BNP levels due to volume
overload. This approach has proved effective in achieving
adequate fluid balance status and avoiding unnecessary
aggressive diuretic and prolonged therapy to achieve BNP
reduction and preventing AKI [26].

Recently, Di Somma et al. verified the diagnostic and
30-day prognostic value of body fluid assessment at
admission by BIVA in 381 patients referring to the Emer-
gency Department for symptoms (dyspnea), signs (edema,
jugular venous distension), and other trigger factors for
volume status perturbations (gastrointestinal disorders, fever,
sepsis). Based on medical records, two cardiologists, blinded
for BIVA results, classified the diagnosis of ADHF and these
patients underwent standard dosage of drugs according to
ESC guidelines. BIVA demonstrated diagnostic utility in
assessing congestion in those patients with BNP levels
ranging from 100 to 400 pg/ml which are not diagnostic of
ADHF. Moreover, the study confirmed the prognostic role of
volume status assessed at admission in a follow-up period of
30 days [27].

These results confirmed previous data obtained by the
same group in a small population of ADHF patients. The
combined use of BIVA and BNP improved the therapeutic
management of these patients, preventing excessive volume
depletion due to diuretics. In addition, BIVA was able to
identify patients with a persistent volume overload and a
higher risk of death and rehospitalization [28].

Alves et al. have evaluated the role of BIVA and phase
angle in 57 patients during hospitalization for ADHF and
after clinical stabilization. Authors have demonstrated that
the combination of these methods can allow the detection of
significant changes in volume status during ADHF. More-
over, the assessment of congestion by BIVA at admission
identified those patients more prone to experience weight
loss and improvement of dyspnea during compensation [29].
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BIVA in Chronic Kidney Disease and Chronic
Heart Failure

It is well known that patients with chronic kidney disease
(CKD), especially those receiving renal replacement therapy,
are at very high cardiovascular risk with a high risk of death
due to cardiovascular causes. Similarly, chronic heart failure
(CHF) causes a progressive decline in kidney function
resulting in a high prevalence of CKD in these patients [30].
In patients with end-stage kidney disease (ESKD), the
hemodialysis (HD) prescription is targeted to fluid removal
to achieve optimized fluid balance. The main objective of the
treatment is to achieve the “dry weight” defined as the
lowest weight a patient can tolerate without the development
of intradialytic hypotension, with optimal pre- and
post-dialysis blood pressures, in the absence of overt fluid
overload [31, 32].

The accurate assessment of the balance between ultrafil-
tration rates and plasma refilling is of main importance in
order to prevent both myocardial stunning due to intradia-
lytic hypotension or persistent chronic volume overload,
e.g., suboptimal volume management in ESKD patients has
been linked to increase morbidity and long-term cardiovas-
cular complications. Inadequate fluid removal during
hemodialysis and chronic subclinical volume overload are
associated with hypertension, left ventricular hypertrophy
and heart failure, increased arterial stiffness, and stroke,
which are among the leading causes of death in dialysis
patients. In contrast, excessive fluid removal can lead to
hypotension, arrhythmias, muscle cramping, nausea, vomit-
ing, and other adverse effects [23, 33]. Isolated clinical
assessment of volume status may be unreliable because the
absence of visible edema cannot exclude a significant
extracellular volume expansion, and this approach does not
account for changes in lean body mass, fat mass, or
inflammatory or nutritional status over time. In the absence
of overt clinical signs of dehydration or overhydration,
changes in body weight or blood pressure cannot be con-
sidered as a sensitive index of correct hydration. Therefore,
an accurate evaluation of volume changes during HD is
required for defining the goal for fluid removal and to
develop strategies for safer dialysis treatments.

Severalmethods tomonitorfluid status have been proposed
including biochemical markers, vena cava diameter, blood
volume monitoring, and bioimpedance analysis [32, 33].

In this setting, BIA and BIVA techniques may represent
intriguing and useful tools to monitor and optimize the
effectiveness of performed therapies. These methods have
proved to be comparable to direct estimation methods of
TBW, intracellular fluid volume (ICV), and extracellular
fluid volume (ECV) [34].

Considering that at a given phase angle, the bioimpedance
vector length reflects the degree of tissue hydration, the

relative risk of death associated with different bioimpedance
vector lengths has been evaluated in a large population of
hemodialysis patients. A significant association between
volume status expressed by vector length by BIA and mor-
tality has been demonstrated, confirming the importance of
maintaining a dry weight in these patients [33].

In a small population of patients on chronic hemodialysis,
it has been demonstrated that changes in BIA variables in the
immediate post-dialysis period (dry weight state) seem
constant and reproducible, allowing a reliable estimation of
total body weight [35].

Kouw et al. using multiple frequencies compared pre- and
post-dialysis values of ECV and ICV to normal values
obtained in healthy volunteers in order to identify post-
dialysis over- and underhydration. The authors observed that
ECV of patients in “dry weight” after dialysis was compa-
rable to that of control subjects and was a reliable marker of
post-dialysis volume status [36].

In a large population of HD patients, the backward–for-
ward impedance vector displacements on the R-Xc plane
accurately reflected the wet–dry weight cycling of HD
patients. Indeed, vectors of patients prone to hemodynamic
instability were more often out of the reference of the 75%
tolerance ellipse, compared to stable patients. Data obtained
by BIVA were reliable in guiding dry weight prescription in
this study [37].

In 200 patients on continuous ambulatory peritoneal
dialysis (CAPD), BIVA was validated based on direct
measurements of resistance (R) and reactance (Xc), without
knowledge of body weight. Vector distribution was com-
pared with that obtained in healthy volunteers and subjects
on hemodialysis and nephrotic subjects. Vector lengths were
reduced in patients with edema and demonstrated the sen-
sitivity of BIVA in assessing fluid status [38].

Basile et al. [39] developed and validated a bioimpedance
prediction model for the accurate assessment of volume
status and especially of “dry weight” in HD patients with
good predictive value.

Piccoli et al. verified the role of the combined evaluation
of nutrition and volume status in 130 patients undergoing
chronic hemodialysis three times a week. Each subject was
classified as having normal nutritional status, moderate or
severe malnutrition according to subjective global assess-
ment (SGA), whereas volume status was evaluated with
BIVA. The study demonstrated the useful role of BIVA in
identifying changes in hydration status during fluid removal
with hemodialysis in each SGA category [40].

In a study of 131 HD patients, BIA-guided dry weight
prescription was more effective than clinical judgment alone
in obtaining strict volume fluid control. The primary out-
come was all-cause mortality over 2.5 years (the duration of
the intervention). The BIA-guided approach was associated
with reduction in all-cause deaths with a greater decline in
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arterial stiffness, relative fluid overload, and systolic BP in
comparison to the clinical-methods group [41].

Chen et al. have investigated the combined use of
NT-proBNP measurements with BIVA as a marker of fluid
status in patients undergoing continuous renal replacement
therapy (CRRT). Indeed, BIVA is a measure of static tissue
hydration and this data can be supplemented by serum
N-terminal pro-B-type natriuretic peptide (NT-proBNP)
which reflects the cardiac reaction to volume load, and acts
as a biomarker for diagnosis of heart failure. Therefore, the
combined use of BIVA and NT-proBNP allows to identify
shifts in volume status and the optimal net ultrafiltration rate
during CRRT [42]. These results were consistent with data
from another study on 92 patients in peritoneal dialysis,
where serial measurements of NT-proBNP correlated with
changes in volume assessments made by multifrequency
bioimpedance [43].

The importance of the assessment of body composition
and fat-free mass as marker of disease severity and pro-
gression in chronic heart failure (CHF) patients is well
established [44]. Uszko-Lencer et al. compared BIA and
dual-energy X-ray absorptiometry (DXA) with deuterium
dilution (DEU) as a reference method to assess fat-free mass
(FFM) in patients with cardiomyopathy. Authors observe
that DXA and deuterium dilution are strongly related and
interchangeable laboratory methods for assessment of FFM.
Moreover, BIA proved to be a reliable tool to estimate FFM
in stable outpatients with systolic dysfunction [45].

The prognostic value of the bioelectrical phase angle has
been retrospective evaluated and compared with other
well-established indicators of outcome in a population of
389 patients. Bioimpedance phase angle was observed to be
a significant and independent predictor of all-cause mortality
and was associated with malnutrition markers [8]. The
bioimpedance phase angle has been also reported to be a
good indicator of functional class in 243 patients with HF
with significantly shorter and downsloping impedance vector
in the NYHA III–IV group compared with the NYHA I–II
group [19]. BIVA has been investigated as a tool to assess
cardiac cachexia in 519 outpatients with CHF in NYHA
classes I–IV. Authors found a significant difference of vector
migration between survivors and non-survivors despite
average weight loss not being significantly different in
cachectic patients when compared with the non-cachectic
group [46].

Conclusion
The estimation of body fluid content has proven to be
crucial for both diagnosis and prognosis assessment in
patients with heart failure and kidney diseases. In the
acute and chronic setting the bioelectrical vector analysis
(BIVA) associated with laboratory biomarkers might

achieve much results in management of AHF or
end-stage kidney disease, especially for monitoring, risk
stratification, and therapeutic decision-making.
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17Novel Therapies for Acute Decompensated
Heart Failure

Bryan A. Smith and John E.A. Blair

Introduction

Acute decompensated heart failure (ADHF), defined as new
onset, gradually or rapidly worsening heart failure (HF)
requiring urgent therapy, continues to be a clinical challenge
[1]. Hospitalizations for ADHF typically are caused by an
increase in left ventricular (LV) filling pressure leading to
symptomatic congestion. The prognosis of outpatients with
chronic HF has improved significantly in the past 20 years
as a result of advancements in medical therapies, implantable
cardioverter defibrillators and cardiac resynchronization
therapy devices. However, patients hospitalized with HF
continue to have a mortality rate of 15% and a readmission
rate of 30% within 30–60 days of discharge [2]. Repeated
hospitalizations for HF result in a 6-month mortality rate of
10–20% and a 1-year mortality rate of 30–50% after the first
hospitalization [3, 4]. Previous trials for ADHF have failed
to discover any therapies that significantly improve clinical
outcomes. There have also been concerns about the safety of
drugs that have been approved because of an increased risk
of ventricular arrhythmias and sudden death. As a result,
therapies for ADHF have remained relatively unchanged for
the past 20 years. This review will discuss a number of
novel therapies that have been studied or are currently in
development for the management of ADHF.

Fluid Removal Strategies

Diuretics

Presently, intravenous non-potassium-sparing loop diuretics
remain the cornerstone of therapy for relief from congestion
in acute decompensated heart failure [5]. The Diuretic
Optimization Strategies Evaluation trial (DOSE-AHF) was a
prospective, double-blind trial that randomized 308 patients
hospitalized with worsening chronic HF regardless of left
ventricular ejection fraction (LVEF) in a 2-by-2 factorial
design into either high-dose (2.5 times total daily furosemide
equivalents) or low-dose (same total daily furosemide
equivalent) furosemide, administered in either continuous or
bolus intravenous preparations [6]. The primary endpoint of
global assessment of symptoms over 72 h demonstrated a
favorable trend in the high-dose strategy (P = 0.06), but no
difference in infusion strategies (Fig. 17.1). The primary
safety endpoint of mean change in serum creatinine
(sCr) level was not significantly different between groups,
and the prespecified secondary endpoints of dyspnea score,
weight change, and net fluid loss over 72 h were signifi-
cantly better in the high-dose versus low-dose strategies, at a
cost of more patients with an increase in sCr > 0.3 mg/dL
within 72 h (23 vs. 14%, P = 0.04), but with no difference in
composite death, rehospitalizations, or emergency depart-
ment visits. A follow-up analysis of this study found that
greater that one-third of patients in the DOSE-AHF and
Cardiorenal Rescue Study in Acute Decompensated Heart
Failure (CARRESS-HF) trials continued to have persistent
congestion at discharge, highlighting the limitations of loop
diuretic therapy for management of congestion [7].

Although effective, loop diuretics have some detrimental
effects, both in their acute and chronic use, by causing
electrolyte disturbances and neurohormonal stimulation
[8–11]. Retrospective studies in both acute and chronic HF
have demonstrated that higher doses of diuretics were
associated with increased mortality and worsening renal
function, even after correcting for baseline clinical
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characteristics [12, 13]. Other potential diuretic regimens to
relieve congestion include dual blockage of nephrons with
thiazide diuretics. This may assist in increasing volume
removal, but can cause additional electrolyte disturbances and
arrhythmias [14]. The addition of mineralocorticoid receptor
antagonists to a loop diuretic regimen can also provide some
symptomatic relief, but this has not been studied in a
prospective, randomized trial. Given the lack of evidence, as
well as the potential untoward drug effects of loop diuretics,
additional pharmacologic agents have been developed to
remove fluid and relieve the signs and symptoms of conges-
tion, without worsening cardiac or renal function.

Tolvaptan

Arginine vasopressin (AVP) is a nonapeptide hormone that
plays an important role in maintaining serum osmolarity and
central volume. AVP, also known as antidiuretic hormone
(ADH), is synthesized in the hypothalamus and transported
in secretory granules to the posterior pituitary, where it is
stored until release after appropriate stimulation [13]. The
most potent stimulus for AVP secretion is elevated serum
osmolarity, through stimulation of osmoreceptors located in
the hypothalamus [15]. Nonosmotic factors that stimulate
AVP release include reduced cardiac index (CI), hypov-
olemia, or hemorrhage, which act through baroreceptors
located in the carotid sinus, aortic arch, and left atrium [16].
AVP release leads to free water retention. In states of
hypovolemia or hemorrhage, AVP is important in main-
taining adequate cardiac preload through stimulation of V1a
and V2 receptors, and afterload through stimulation of V1a
receptors, maintaining circulating volume. In ADHF, how-
ever, these effects are maladaptive, resulting in worsening
HF and adverse LV remodeling. Vasopressin antagonists

have been developed to remove fluid in patients with HF,
while modulating the deleterious effects of vasopressin on
LV function and correcting hyponatremia [15].

After initial studies showed some short-term efficacy of
tolvaptan in mild chronic HF, the Acute and Chronic
Therapeutic Impact of a Vasopressin Antagonist in
Congestive Heart Failure (ACTIV in CHF) trial was
designed to evaluate the clinical effects of tolvaptan in
patients hospitalized for HF [17]. This was a randomized,
multicenter, double-blind, placebo-controlled phase 2 trial of
319 patients hospitalized with worsening HF, LVEF < 40%,
and signs of systemic congestion after initial in-hospital
therapy. Eligible patients were randomized in a 1:1:1:1
manner to either placebo or 1 of 3 doses of tolvaptan (30, 60,
or 90 mg daily) in addition to standard HF therapy,
including diuretics, and followed for 60 days both during the
in-hospital and outpatient periods. The primary end points
were changed in body weight at 24 h after drug adminis-
tration, and worsening HF at 60 days after randomization,
defined as hospitalization or unscheduled visit for ADHF,
escalation of existing therapy or new therapy for ADHF, or
death. The primary endpoint of median body weight loss at
24 h ranged from 1.8 to 2.1 kg in the tolvaptan group and
did not appear to be dose-dependent, compared to a weight
loss of 0.6 kg in the placebo arm, while the other primary
endpoint of worsening HF at 60 days was not significantly
different between groups (26.7% in patients in the tolvaptan
vs. 27.5% in the placebo groups). Body weight was signif-
icantly lower at discharge in the groups receiving 30 and
60 mg of tolvaptan compared to placebo, but this difference
disappeared at 1-week post-discharge and on the last clinic
visit. Urine volume was significantly higher, serum sodium
increased and often normalized, and was sustained in
patients with hyponatremia, and there appeared to be no
differences in potassium or vital signs in the tolvaptan

Fig. 17.1 Primary endpoint of the DOSE study: global symptom assessment of symptoms over 72 h in different furosemide dosing strategies for
patients hospitalized with worsening chronic heart failure regardless of ejection fraction. Reprinted with permission from Felker et al. [6]
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groups compared to placebo [17]. Post hoc analysis revealed
a trend toward reduced mortality in patients with severe
congestion or elevated blood urea nitrogen treated with
tolvaptan compared to placebo [17].

While phase 3 clinical trials were planned or underway,
the Effect of Tolvaptan on Hemodynamic Parameters in
Subjects with Heart Failure (ECLIPSE) study was designed
to evaluate the hemodynamic effects of tolvaptan in severe
chronic HF [18]. This study was a randomized, multicenter,
double-blind, placebo-controlled trial of 181 patients with at
least 3 months of severe HF symptoms and LVEF � 40%,
on standard HF therapy. Patients were randomized in a
1:1:1:1 manner to either placebo or tolvaptan (15, 30, or
60 mg) given as a single dose, if the pulmonary capillary
wedge pressure (PCWP) was >18 mmHg on two consecu-
tive recordings at least 10 min apart after a 2- to 20-h sta-
bilization period. The primary endpoint of PCWP peak
change from baseline at 3–8 h was significantly greater with
tolvaptan (5.7–6.4 mmHg in the tolvaptan groups compared
with 4.2 mmHg with the placebo group). Peak right atrial
pressure and pulmonary arterial pressure reductions were
significantly greater in the tolvaptan versus placebo groups,
with no significant differences in CI, blood pressure, or
systemic or pulmonary vascular resistances [18].

The phase 3 Efficacy of Vasopressin Antagonist in Heart
Failure Outcome Study with Tolvaptan (EVEREST) trials
were designed to determine the short-term and long-term
efficacy of tolvaptan when administered to patients hospi-
talized with HF and LVEF � 40% and continued
post-discharge [19, 20]. Total enrollment for the EVEREST
trials was 4133 patients followed for a median of
9.9 months. The short-term trials demonstrated that tolvap-
tan resulted in significantly were two identical trials
designed to assess improvement in clinical symptoms, and
demonstrated that tolvaptan resulted in significantly greater
improvement in the composite primary end point of
patient-assessed global status and weight loss at day 7 or
discharge, driven entirely by reduction in body weight (3.56
vs. 2.76 kg, P < 0.001). There was a significantly greater
improvement in dyspnea with tolvaptan versus placebo, and
significantly greater improvement in edema only in one of
the two short-term trials. Adverse event frequencies were
similar in both the tolvaptan and placebo groups. For the
long-term trial, the dual primary end points did not signifi-
cantly differ between groups: death at 9.9 months occurred
in 25.9% in the tolvaptan group and 26.3% in the placebo
group, and composite cardiovascular death or heart failure
hospitalization occurred in 42.0% in the tolvaptan group and
40.2% in the placebo group (Fig. 17.2). There was no sub-
group, including severe HF, severely depressed LVEF, or
hyponatremia, that appeared to benefit from tolvaptan over
placebo. Although the EVEREST trials did not show any

significant benefit in long-term clinical outcomes, there was
a potentially important benefit in volume status and
symptoms.

Two additional clinical trials are currently underway
which are further evaluating the effects of tolvaptan on
decongestion in ADHF [21]. The Targeting Acute Conges-
tion With Tolvaptan in Congestive Heart Failure Study
(TACTICS) compares the effects of oral tolvaptan to placebo
in addition to a fixed dose of intravenous furosemide in 250
patients hospitalized with ADHF, with a primary endpoint of
dyspnea without need for rescue therapy or death
(NCT01644331). This study has completed enrollment and
is awaiting publication of the results. The study to Evaluate
Challenging Responses to Therapy in Congestive Heart
Failure (SECRET of CHF) study is assessing the additive
effect on tolvaptan to a short-term diuretic regimen in 250
patients with ADHF who are have one of the following:
renal insufficiency, hyponatremia, or inadequate initial
response to diuretic therapy, with the primary endpoint of
self-assessed 7-point dyspnea score at 8 and 16 h (NCT
01584557). The study is currently enrolling and scheduled to
be completed in October 2016.

Despite the promising improvement in symptoms with
tolvaptan, studies to date have not demonstrated its role in
reduction of mortality in ADHF. Nevertheless, tolvaptan has
been approved by the United States Food and Drug
Administration (FDA) in May 2009 for the treatment of
euvolemic and hypervolemic hyponatremia, to include
patients with HF, and has a favorable safety profile and
result in normalization of serum sodium, reduction in body
weight, and symptomatic improvement, especially in
high-risk groups [22]. With further study, vasopressin
antagonists still hold promise in the treatment of ADHF.

Fig. 17.2 Primary outcome of CARRESS-HF: changes in serum
creatinine and weight at 96 h in patients hospitalized with heart failure
and worsening renal function. Reprinted with permission from Bart
et al. [24]
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Ultrafiltration

When pharmacological approaches prove to be ineffective in
patients with ADHF, ultrafiltration may be a possible solu-
tion. Ultrafiltration is a therapy in which plasma water is
moved across a semipermeable membrane due to a trans-
membrane pressure gradient [7]. The effectiveness of this
method was assessed in the Ultrafiltration versus Intravenous
Diuretics for Patients Hospitalized for Acute Decompensated
Congestive Heart Failure trial (UNLOAD), which random-
ized 200 patients hospitalized for HF regardless of LVEF, to
ultrafiltration or loop diuretics within 24 h of hospitalization
[23]. The primary endpoint of weight loss and dyspnea
assessment at 48 h was met for ultrafiltration for weight loss
(5.0 ± 3.1 vs. 3.1 ± 3.5 kg, P = 0.001), but not for dysp-
nea scores. There was a trend toward larger sCr increases
during hospitalization in the ultrafiltration arm, but a
decrease in rehospitalization for ADHF at 90 days compared
with diuretic therapy (16 vs. 28 events) [23]. This study led
to the Cardiorenal Rescue Study in Acute Decompensated
Heart Failure (CARRESS-HF), a randomized trial of ultra-
filtration versus pharmacological therapy in 188 patients
hospitalized for HF regardless of LVEF, with worsened
renal function (increase in sCr � 0.3 mg/dL within
12 weeks before or 10 days after admission) [24]. The pri-
mary endpoint, a bivariate response in change in sCr level
and weight at 96 h, was significantly different between
groups, due to the increases in SCr in the ultrafiltration arm
(0.23 ± 0.70 mg/dL increase vs. 0.04 ± 0.53 mg/dL,
P = 0.003) and similar weight reduction in both arms (5.5–
5.7 kg in both groups) (Fig. 17.2). There was no significant
difference in natriuretic peptide levels, death, rehospitaliza-
tions, or emergency room visits, and the ultrafiltration group
had a higher percentage of serious adverse events. The FDA
approved the Aquadex FlexFlow System [CHF Solutions,
Brooklyn Park, MN (now known as Gambro, Lakewood,
CO)] in June 2002 for the ultrafiltration of patients with fluid
overload who have failed diuretic therapy [25]. Based on
available data, ultrafiltration should be used sparingly in
select patients who are refractory to intensified diuretic
regimens.

Novel Vasodilators

Nesiritide

Patients with heart failure have elevated levels of vasocon-
strictors and high systemic vascular resistance. Though they
typically have elevated B-type natriuretic peptide
(BNP) levels, the level of bioactive BNP may be low.
Nesiritide is a recombinant B-type natriuretic peptide that
has specific venous, arterial, and coronary vasodilatory

properties which increase cardiac output (CO) and reduce
afterload without any inotropic effects. Also, it increases the
glomerular filtration rate and filtration fraction, causes
natriuresis in patients with ADHF, and suppresses the renin–
angiotensin–aldosterone axis [26]. It has been extensively
studied as a therapy to increase urine output in acute HF, but
initial studies showed conflicting data. In the Nesiritide
Study Group and Vasodilation in the Management of
Acute CHF (VMAC) trial, 432 patients hospitalized for
ADHF were enrolled in either a nesiritide efficacy trial or a
comparative trial in which nesiritide was compared with
nitroglycerine. The primary endpoint was changed from
baseline of the PCWP 6 h after the initiation of therapy.
Treatment with nesiritide resulted in significant reduction in
PCWP, pulmonary artery pressure, systemic vascular resis-
tance, and an increase in CI compared to nitroglycerin and
placebo [26].

Based on the success of the VMAC study, the Acute
Study of Clinical Effectiveness of Nesiritide and Decom-
pensated Heart Failure (ASCEND-HF) was created. In this
study, 7141 patients hospitalized with HF and at least one
objective measure (pulmonary edema on chest radiograph,
elevated natriuretic peptide, PCWP > 20 mmHg, or
LVEF < 40% in previous 12 months) were randomized to
either nesiritide or placebo in addition to standard medical
therapy [27]. Although the coprimary endpoint of
improvement in dyspnea at 6 and 24 h was observed when
nesiritide was added to standard therapy, this finding did not
meet prespecified criteria for statistical significance, and the
other primary endpoint of death or rehospitalization was the
same in the nesiritide and placebo groups (Fig. 17.3). There
was more hypotension in the nesiritide group (26.6 vs.
15.3%, P < 0.01) and there was also no difference in the
secondary end point of patients with a >25% decrease in
estimated glomerular filtration rate (eGFR) from baseline.
Overall, nesiritide had minimal effects on mortality, hospi-
talizations, and symptoms. A follow-up analysis of this
study sought to determine if nesiritide had a significant effect
on diuresis in patients with ADHF. The 24-h urine output
was 2280 mL for patients who received nesiritide and
2200 mL for patients who received placebo (P = NS).
Though nesiritide did cause a slight increase in urine output
in patients with worsened renal function, this was not the
case after independent predictors of urine output were con-
trolled for [27]. Previous studies that demonstrated a sig-
nificant effect on urine output with nesiritide enrolled
patients without ADHF [28]. Based on ASCEND-HF and
similar trials, nesiritide has no effect on urine output in
patients with ADHF. Suggested reasons for this effect may
be that neurohormonal activation limits the effect of natri-
uretic peptides in patients with HF. Also, there may be
differing vascular effects of BNP in patients with and with-
out HF [29, 30]. Although the FDA approved nesiritide in
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August 2001, post-marketing data led to further scrutiny of
the medication’s efficacy and safety, ultimately leading to
the ASCEND-HF trial. In July 2012, the FDA released
safety labeling changes reflecting the higher incidence of
symptomatic hypotension and worsening renal function with
nesiritide. Based on the totality of data available, there is
little evidence supporting the use of nesiritide in patients
with ADHF.

Relaxin

Relaxin is an endogenous hormone that regulates normal
physiological response to pregnancy [31]. In addition, it has
numerous effects that may be beneficial to the management
of ADHF. Early studies demonstrated that it increases
vasodilation and CO, promotes renal blood flow, and
increases vascular endothelial growth factor and angiogen-
esis [32]. It has also been shown to prevent ischemia and
reperfusion injury, decrease cardiac fibrosis in hypertension,
and reduce cell death and contractile dysfunction in
myocardial infarction [33]. Serelaxin, or recombinant
relaxin-2, was studied in the Preliminary Study of Relaxin in
Acute Heart Failure (Pre-RELAX-AHF) trial, which was a
phase II placebo-controlled study of 234 patients hospital-
ized with HF, mild- to moderate-renal dysfunction, and a
systolic blood pressure (SBP) greater than 125 mmHg. This
study showed that patients treated with serelaxin had sig-
nificant improvements in dyspnea score, although hypoten-
sion and worsening renal function occurred at higher doses.
This small pilot study showed that serelaxin is a safe and
well-tolerated therapy with potentially positive clinical

outcomes [34]. The RELAX-AHF study enrolled 1161
patients hospitalized with HF within 16 h of presentation
who had dyspnea, congestion, mild–moderate-renal insuffi-
ciency, a BNP > 350 ng/L or an NT-proBNP > 1400 ng/L,
and SBP greater than 125 mmHg. Patients were randomized
in a 1:1 fashion to receive either an infusion of serelaxin
(30 mcg/kg per day) or placebo for up to 48 h [31]. The
primary endpoints were improved in dyspnea from baseline
until day 5 as measured by the visual analog scale
(VAS) and improvement in dyspnea over 24 h as measured
by a 7 point Likert scale. When compared to placebo,
serelaxin improved the dyspnea VAS primary end point
(P = 0.007) but it did not have any significant effect on the
shorter term endpoint of self-reported dyspnea improvement
at 6, 12, and 24 h. Serelaxin did not have a significant effect
on days alive out of the hospital or the combined endpoint of
death or HF readmission at 60 days. The serelaxin group had
more hypotensive events requiring reduction in dose by 50%
(P < 0.001) but the placebo group had more renal impair-
ment (P = 0.03). In this study, serelaxin did result in
reducing cardiovascular death (P = 0.028) and all-cause
mortality (P = 0.20) at 180 days [31].

The FDA voted unanimously to recommend against
approval of serelaxin in March 2013, due to the lack of
multiple efficacy trials. Therefore, RELAX-AHF-2
(NCT01870778), a 6800 patient trial designed to assess
180-day mortality and worsening HF at 5 days in patients
hospitalized with HF, has started enrollment in October 2013
and is expected to conclude enrollment in January 2017. In
addition, RELAX-AHF ASIA (NCT02007720) is enrolling
1520 patients to assess improvement of signs and symptoms
of inpatients hospitalized with HF, and is expected to

Fig. 17.3 The ASCEND-HF failed to meet coprimary endpoints of self-assessed dyspnea score and death or heart failure rehospitalization when
nesiritide was compared to placebo in patients hospitalized with heart failure. Reprinted with permission from O’Connor et al. [27]
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conclude in March 2017. The role for serelaxin in the
management of ADHF will largely be determined by the
results of these two trials.

Rolofylline

Adenosine is a purine nucleoside produced from hydrolysis
of adenosine triphosphate (ATP) [35]. The adenosine
receptor is found in all body cells and is involved in multiple
physiologic and pathophysiologic processes. However, the
A1R in the kidney has been of interest in the treatment of
ADHF. The A1Rs are found in the renal afferent arteriole
and proximal tubules. Their stimulation leads to reduced
glomerular filtration rate (GFR) via afferent arteriolar vaso-
constriction and increased proximal sodium absorption via
stimulation of proximal sodium/bicarbonate transporters,
along with suppression of renin release [36, 37]. As ade-
nosine has adverse effects on GFR, the A1R has emerged as
a potential target for treating acute HF syndrome in an
attempt to preserve GFR.

Phase 1 studies testing different intravenous doses
(1–60 mg) of rolofylline in a double-blind, randomized,
placebo-controlled trial of 36 patients with ADHF demon-
strated a dose-dependent natriuresis with a peak effect at the
30-mg dose, occurring 3 h after drug administration [38].
Promising results from phase 1 and 2 studies led to the
design of the phase 3 multicenter, randomized, double-blind,
placebo-controlled PROTECT studies. The PROTECT pilot
study randomized 301 patients hospitalized with heart fail-
ure, irrespective of LVEF, CrCl 20–80 mL/min, and
BNP > 250 pg/mL or NT-proBNP > 1000 pg/mL to 1 of 3
intravenous doses of rolofylline (10, 20, or 30 mg) or pla-
cebo for 3 days or until discharge, with telephone follow-up
at 60 days [39]. Patients treated with rolofylline were more
likely to achieve treatment success (53 vs. 37%), defined as
improvement in patient-reported dyspnea, and less likely to
experience failure (16 vs. 28%), defined as death early heart
failure readmission or persistent renal impairment, compared
to placebo, though this study was not powered to achieve a
statistically significant end point. Other findings included a
trend toward reduction in body weight and initial improve-
ment in dyspnea, and a significantly lesser increase in sCr in
patients treated with rolofylline compared to placebo, which
appeared to be dose-related. There was a nonsignificant
trend toward reduced 60-day mortality (5 vs. 10%), and
combined mortality, cardiovascular readmission, or renal
readmission (16 vs. 29%) at 60 days in the rolofylline versus
placebo groups [39].

The favorable trends from the PROTECT pilot led to
continuation with the main PROTECT study, which ran-
domized 2033 patients hospitalized with HF regardless of
LVEF in a 2:1 ratio to either 30 mg rolofylline or placebo

for up to 3 days [40]. There was no difference in the primary
tricotomous endpoint of treatment success, unchanged, or
failure was similar in the rolofylline and placebo groups,
even after stratification according to baseline renal function
(Fig. 17.4). There were no differences between rolofylline
and placebo in any of the prespecified secondary end points.
Importantly, only a small percentage of the population
experienced persistent renal impairment in both the placebo
and rolofylline arms, 13.7 and 15.0%, respectively. Given
the mechanism of action of rolofylline, it has been suggested
that the hypothesis for which rolofylline was intended,
protection or prevention of the kidneys, was not sufficiently
tested given the low number of patients with persistent renal
impairment. The results of PROTECT have been a large
setback in the development of adenosine receptor blockers
for the management of ADHF; however, the potential to
augment diuresis while preserving renal function in this
population is attractive and would benefit from further
investigation.

Novel Inotropes

Omecamtiv Mecarbil

Existing inotropic agents work by increasing the velocity
and force of contraction, but they do not prolong the length
of systole. Previous trials of inotropic therapies either fail to
demonstrate significant efficacy or have shown that there are
significant safety concerns with hypotension, myocardial
ischemia, and increased mortality [41]. Cardiac myosin
activators are a class of medication that increase myocardial
contractility and the length of systole, resulting in an
improvement in stroke volume and CO [42, 43]. Omecamtiv
mecarbil (OM) is the first selective cardiac myosin activator
to be studied in humans. It binds to the catalytic domain of
cardiac myosin ATPase and increases the transition rate of
myosin into the actin-bound state that generates force. As a
result, it extends the duration of systole and it increases the
force of contraction without increasing myocardial oxygen
consumption [43]. In healthy volunteers, it has been shown
to increase systolic ejection time, fractional shortening, and
LVEF [44]. In a phase II, double-blind placebo-controlled
trial, 45 patients on a stable HF regimen and LVEF of <40%,
received OM for 2, 24, or 72 h in a dose-escalating fashion
to ensure tolerability of the infusion. Over the course of the
study, the 45 patients received 151 infusions of the medi-
cation. Doses higher than 100 ng/mL were associated with a
significant increase in the duration of left ventricular systole,
stroke volume, and fractional shortening. This trend con-
tinued in a dose-dependent manner that plateaued above
400 ng/mL. There were very few adverse events, with chest
pain, tachycardia, and myocardial ischemia observed at high
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plasma concentrations. Overall, this study found that ome-
camtiv mecarbil is a safe, well-tolerated medication with
positive effects on CO [45]. This was followed up with the
Acute Treatment With Omecamtiv Mecarbil to Increase
Contractility in Acute Heart Failure (ATOMIC-AHF) study,
which compared OM with placebo in 606 patients with
symptoms of HF, with LVEF < 40%, dyspnea, and elevated
plasma concentrations of natriuretic peptides [46]. They
were randomized 1:1 to either a 48-h infusion of placebo or
OM where target mean plasma concentrations of OM at 48 h
were 114, 230, and 310 ng/mL using three escalating dose
regimens. When compared to placebo, OM did not improve
the primary endpoint of dyspnea relief or any secondary
endpoints (P = 0.331). In a prespecified analysis of the
high-dose cohort, OM did result in greater dyspnea relief at
48 h (P = 0.034) and at 5 days (P = 0.038), along with
increases in LV systolic ejection time (P < 0.0001) and
decreases in LV end-systolic dimension (P < 0.05). There
were no significant differences in adverse events including

ventricular arrhythmias or supraventricular tachyarrhyth-
mias; however, there was a mild increase in troponin in the
high-dose OM group, not temporally related to the drug
exposure. Though OM did not meet its primary endpoint in
this study, it was well tolerated and did have significant
physiological effects on systolic ejection time. Also, the
study was underpowered to determine if there was any effect
on clinical outcomes [46]. The clinical effectiveness of OM
is currently being evaluated as an oral regimen in the
Chronic Oral Study of Myosin Activation to Increase
Contractility in Heart failure (COSMIC-HF) study
(NCT01786512).

Levosimendan

Levosimendan is both a calcium sensitizing agent and a
potassium channel modulator. It binds to cardiac troponin C
in a calcium-dependent manner resulting in increased

Fig. 17.4 Primary endpoint of the PROTECT study was not different between patients hospitalized with heart failure randomized to rolofylline or
placebo. Reprinted with permission from Voors et al. [40]
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myocyte calcium sensitivity, thereby increasing inotropy
[47]. It also facilitates opening of ATP-sensitive potassium
channels in vascular smooth muscle resulting in smooth
muscle relaxation [48]. These combined effects increase LV
contractility while reducing afterload.

Early clinical studies with levosimendan demonstrated a
dose–response relationship between levosimendan and
increased CO and reduced filling pressures, [49] reduction in
systemic vascular resistance, and short-term improvement in
symptoms [50]. Building on these early hemodynamic
studies, more promising results came from the Levosimen-
dan Infusion versus Dobutamine (LIDO) study, which ran-
domized 203 patients hospitalized with low-output HF and
LVEF < 35% to either levosimendan infusion started at
0.1 mcg/kg/min, titrated to 0.2 mcg/kg/min if CI failed to
increase by 30%, or to dobutamine at 5 mcg/kg/min [51].
This trial met its primary endpoint of hemodynamic
improvement (increase in CO by � 30% and decrease in
� 25% in PCWP) at 24 h: 28% of the levosimendan-group
patients versus 15% of the dobutamine-group patients
(P = 0.029) (Fig. 17.5). Secondary endpoint of days alive
out of the hospital at 31 and 180 days was significantly
lower in the levosimendan versus the dobutamine group
[51].

Based on the above findings, the Survival of Patients with
Acute Heart Failure in need of Intravenous Inotropic Support
(SURVIVE) trial was designed to detect a primary endpoint
of all-cause mortality at 180 days in 1327 patients hospi-
talized with HF, requiring inotropic agents, and LVEF
30% when comparing 24-h infusions of levosimendan
(0.1 mcg/kg/min titrating to 0.2 mcg/kg/min tolerated) to
dobutamine (5 mcg/kg/min). Despite a significant initial
reduction in plasma BNP level in the levosimendan group
compared to the dobutamine group, there was no significant
difference in all-cause mortality between groups at 31 and
180 days, and none of the other secondary clinical endpoints
were met [52]. In order to determine the performance of
levosimendan against placebo, the Randomized Evaluation
of Intravenous Levosimendan Efficacy (REVIVE-II) trial
randomized a total of 600 patients with LVEF � 35%
hospitalized for HF to either levosimendan titrated to a target
dose of at a target dose of 0.2 mcg/kg/min versus placebo
for 24 h, in addition to standard therapy [53]. In this trial, the
administration of levosimendan was associated with a slight,
but significant (P = 0.015) improvement in overall clinical
course over 5 days compared to placebo, the trial’s primary
endpoint. The secondary endpoints of BNP levels at 24 h
and global symptom assessment over 5 days were improved
with levosimendan versus placebo; however, NYHA func-
tional class at day 5 and mortality at 14, 31, and 90 days
after enrollment were not different between groups. Patients
randomized to levosimendan had lower blood pressure
during infusion, reversible at 12 h, and higher heart rates,

persistent at 5 days, compared to placebo. Adverse events
were seen in both groups, but the five that were more fre-
quent in the levosimendan group were hypotension (50 vs.
36%), headache (30 vs. 15%), ventricular tachycardia (25 vs.
17%), atrial fibrillation (9 vs. 2%), and ventricular
extrasystoles (8 vs. 2%).

Since levosimendan provides positive inotropy and
afterload reduction without involving adrenergic receptors,
there is a theoretical advantage of this patient in patients
receiving beta-blocking agents. Prespecified subanalysis of
the LIDO study demonstrated that patients on beta-receptor
antagonists had greater increases in CO and decreases in
PCWP while on levosimendan compared to those not on
beta-receptor antagonists, whereas the opposite was true for
patients on beta-receptor antagonists receiving dobutamine
[51]. Subgroup analysis of SURVIVE demonstrated a sta-
tistically significant reduction in 5-day mortality with
levosimendan in patients on beta-receptor antagonists versus
dobutamine (1.5 vs. 5.1%, P = 0.01), an effect that dimin-
ished by 31 days [52]. Levosimendan is not approved for

Fig. 17.5 In the LIDO study, levosimendan caused a more significant
change in cardiac output and pulmonary capillary wedge pressure when
compared to dobutamine. Reprinted with permission from Follath et al.
[51]
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use in the United States; however, these series of trials
suggest that this agent has potential in patients hospitalized
with ADHF, reduced LVEF, not hypotensive, and on a good
chronic HF regimen.

Istaroxime

Istaroxime is a novel agent that has both inotropic and
lusitropic properties. The inotropic effects of istaroxime are
due to inhibition of sodium–potassium adenosine triphos-
phate (Na–K ATPase) at the sarcolemma, leading to an
increase in cytosolic calcium and thus improved contractil-
ity. The lusitropic effects are related to stimulation of the
sarcoplasmic reticulum calcium ATPase isoform 2
(SERCA2), leading to rapid sequestration of cytosolic cal-
cium into the sarcoplasmic reticulum during diastole and
thereby promoting myocardial relaxation [54].

The phase I–II trial was a multicenter, randomized,
double-blind, placebo-controlled, dose-escalation study
conducted at centers within the United States. The initial
clinical trial with istaroxime was a randomized
dose-escalation study designed to evaluate its safety and
tolerability. Patients with chronic HF and LVEF � 40%
randomized to one of three groups receiving istaroxime or
placebo, each with escalating doses over 3 h within each
low-, medium-, and high-dose cohort [55]. Cohort 1 (low
dose) received infusions of 0.005, 0.0167, and 0.05 µ(mu)
g/kg/min of istaroxime, cohort 2 (medium dose) received
doses of 0.167, 0.5, and 1.0 µ(mu)g/kg/min infusions, and
cohort 3 (high dose) received 1.67,3.33, and 5 µ(mu)
g/kg/min infusions. Hemodynamics, ECG, and pharma-
cokinetics were measured for 9 h, as were short-term
adverse effects. Istaroxime had no effect on hemodynamic
parameters in cohorts 1 and 2. In cohort 3, there was a
dose-dependent increase in CI, acceleration index, and
velocity index. SBP did not decrease, but there was an
increase in pulse pressure. There was no significant change
in mean HR, supraventricular ectopy, or ventricular ectopy
between istaroxime and placebo. There was a trend toward
QTc shortening during the infusion period. There were no
significant changes in routine clinical data or BNP. The
hemodynamic effects appeared to disappear rapidly within
6 h after termination of the infusion.

HORIZON-HF was a randomized, double-blind,
placebo-controlled, dose-escalation study that was con-
ducted in three European countries. The study population
included 120 patients hospitalized with HF who had
LVEF � 35, SBP < 150 and > 90 mmHg, HR < 110 and
> 60 and on standard medical therapy for HF. The main
exclusion criteria were use of intravenous inotropes, serum
digoxin concentration >0.5 ng/mL, recent acute coronary
syndromes or coronary revascularization, atrial fibrillation,

left bundle branch block, implanted electrical devices,
sCr > 3.0 mg/dL, and severe liver enzyme abnormalities
[56].

Patients were monitored using a continuous CO pul-
monary artery catheter within 48 h of admission and then
randomized to receive istaroxime or placebo at a ratio of 3:1
within 3 sequential cohorts of 40 patients each. Cohort 1
(low dose) received 0.5 µ(mu)g/kg/min or placebo, cohort 2
(medium dose) received 1.0 µ(mu)g/kg/min or placebo, and
cohort 3 (high dose) received 1.5 µ(mu)g/kg/min or placebo.
In this study, PCWP was significantly reduced with all three
doses of istaroxime during the entire length of the infusion,
blood pressure increased, and HR trended downward in a
dose-dependent manner (Fig. 17.6). CI increased in the
high-dose cohort versus placebo. Echocardiography showed
a dose-dependent decrease in LV end-diastolic volume that
reached a statistically significant difference in the high-dose
cohort (1.5 µ(mu)g/kg/min) versus placebo. There was no
significant change in LVEF, laboratory data, or BNP. Phar-
macokinetic analysis shows that istaroxime has a short
half-life (<1 h), is not significantly eliminated by the kid-
neys, but rather is metabolized into less-active species. No
deaths occurred during the infusion period in any of the
cohorts, but two patients from the medium-dose cohort died
within 30 days of randomization—one due to sudden car-
diac death and one from worsened HF. Premature discon-
tinuation of the infusion occurred in one patient in the
high-dose group due to initiation of a treatment not allowed
in the study protocol, and one patient in the placebo group
due to clinical worsening. Dominant side effects were gas-
trointestinal and infusion site-related.

Istaroxime has not undergone further testing to date, but
has potential in patients hospitalized with HF and reduced
LVEF, in whom inotropy and lusitropy are desired without
potential side effects of hypotension and tachycardia.

Neutral Endopeptidase Inhibitors

Neutral endopeptidase (NEP) is a metallopeptidase that is
upregulated in HF patients and is responsible for metabolism
of peptides such as bradykinin, substance p, endothelin-1,
and atrial natriuretic peptides [57, 58]. These endogenous
peptides cause vasodilation, reduce sodium retention, and
slow down ventricular hypertrophy and remodeling [58].
Enhancing the effects of neutral endopeptidase may reverse
some of the adverse pathophysiology associated with HF.
The combination of angiotensin converting enzyme
(ACE) and NEP inhibition has been shown to decrease the
breakdown of bradykinin, reduce blood pressure, and result
in symptomatic and hemodynamic improvements in HF
more effectively than either enzyme alone [59, 60]. In the
OVERTURE trial (The Omipatrilat Versus Enalapril
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Randomized Trial of Utility in Reducing Events), the com-
bined ACE and NEP inhibitor omapatrilat was compared
with enalapril in symptomatic patients with chronic HF.
There were 5770 patients with NYHA class II to IV HF and
reduced ejection fraction randomized 1:1 to enalapril at
10 mg twice a day or omipatrilat at 40 mg once daily for an
average of 14.5 months. The primary endpoint was the
combined risk of death or hospitalization for HF requiring
intravenous therapy. Omapatrilat was found to be noninfe-
rior to enalapril as the primary endpoint was reached in 973
patients in the enalapril group and 914 patients in the
omapatrilat group [hazard ratio (HR) 0.94; 95% confidence
interval (CI) 0.86–1.03, P = 0.187] [61]. In addition, there
was a significant incidence of angioedema in patients treated
with omapatrilat thought to be caused by the inhibition of
three enzymes that break down bradykinin. Also, in subse-
quent clinical trials, the combination of ACE and NEP
inhibition resulted in an increased risk of angioedema [62].

Neprilysin is an NEP that breaks down numerous
endogenous vasoactive peptides such as natriuretic peptides,

bradykinin, and adrenomedullin [58, 63]. LCZ696 is a novel
combination therapy comprised the angiotensin receptor
blocker (ARB) valsartan and the neprilysin inhibitor sacu-
bitril. Unlike omapatrilat, LCZ696 does not inhibit ACE or
aminopeptidase P, reducing the risk of angioedema [64, 65].
In one study, 1328 patients with hypertension were ran-
domized to receive treatment for 8 weeks with escalating
doses of valsartan or LCZ696. The average reduction in
sitting diastolic blood pressure was greater with LCZ696
when compared with similar doses of valsartan (mean
reduction: −2.17 mmHg, 95% CI −3.28 to −1.06;
P < 0.0001). There were very few side effects and no epi-
sodes of angioedema associated with the medication [66]. In
another phase 2 study, the prospective comparison of ARNI
with ARB on management of heart failure with preserved
ejection fraction (PARAMOUNT) trial randomized 301
patients with heart failure with preserved LVEF and
NT-proBNP greater than 400 pg/mL to either LCZ696
titrated to 200 mg, or valsartan at 160 mg twice a day. The
trial met its primary endpoint of higher reduction in

Fig. 17.6 The HORIZON-HF study showed that when compared to
placebo, istaroxime resulted in an improvement in both invasive and
noninvasive hemodynamics in a dose-dependent manner. Hemody-
namics are plotted over the time course of treatment with placebo

(purple), or istaroxime 0.5 µg/kg/min (blue), 1.0 µg/kg/min (red),
1.5 µg/kg/min (green). Reprinted with permission from Gheorghiade
et al. [56]
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NT-proBNP in the LCZ696 arm compared to valsartan
alone, and was found to be well-tolerated with few side
effects [67].

These studies supported the safety and efficacy of
LCZ696 and led to the development of PARADIGM-HF. In
this double blind trial, 8442 patients with chronic NYHA
class II–IV HF and LVEF � 40% were randomized 1:1 to
either LCZ696 at a dose of 200 mg twice daily or enalapril
at a dose of 10 mg twice daily in addition to guideline-based
therapy. Those who met inclusion criteria were switched
from the ACE inhibitor or ARB to enalapril for a period of
2 weeks. Next, they were treated with LCZ696 for
4–6 weeks to ensure that there were no adverse side effects.
At the end of this period they were randomly assigned in a
1:1 ratio to treatment with either enalapril at 10 mg twice a
day or LCZ696 at 200 mg twice a day. The primary outcome
was a composite of death from cardiovascular causes or a
first hospitalization for HF. The trial was stopped early after
median follow up of 27 months because of the robust clin-
ical benefit seen with LCZ696. Death from cardiovascular
causes or hospitalization for HF occurred in 914 patients
(21.8%) in the LCZ696 group and 1117 patients (26.5%) in
the enalapril group (HR 0.80; 95% CI 0.73–0.87; P < 0.01)
[65]. All-cause mortality was also reduced in the LCZ696
group compared to valsartan, an effect seen across all pre-
specified subgroups. Also, from baseline to 8 months, the
KCCQ clinical summary score decreased 2.99 points in the
LCZ696 group and decreased 4.63 points in the enalapril
group, with higher scores indicting fewer symptoms and
physical limitations associated with heart failure (95% CI
0.63–2.65; P = 0.001). This study also showed LCZ696 to
be safe overall as fewer patients in the LCZ696 group
stopped their medication because of an adverse event (10.7
vs. 12.3%, P = 0.03) or because of renal dysfunction (0.7 vs.
1.4%, P = 0.002).

The PARADIGM study has demonstrated remarkable
efficacy in reducing both mortality and rehospitalization in
patients with symptomatic chronic HF; however, its poten-
tial in AHFS has not been prospectively studied. However,
retrospective analysis of PARADIGM has demonstrated that
once hospitalized for HF, those randomized to LCZ696 (675
patients hospitalized at least once) had lower rates of
all-cause and HF rehospitalization at 30- and 60-days com-
pared to those randomized to valsartan (775 patients hospi-
talized at least once) [68]. Although these data are
promising, further investigation into whether initiation of
LCZ696 during an index ADHF hospitalization is an effi-
cacious strategy in preventing morbidity and mortality is
warranted.

Conclusion

Though there are many therapies for ADHF that are effective
in the acute management period, few have proven to have
any long-term clinical benefit. Despite the initial promise of
a number of different pharmacotherapies, the management of
these patients continues to be a challenging moving target.
Diuresis and fluid removal strategies remain an integral
component of acute management, but have not resulted in an
improvement in mortality outcomes. Vasopressin antago-
nists have modest clinical effects and may be useful in
patients with ADHF and symptomatic hyponatremia. Simi-
larly, though studies do not support its use, nesiritide may be
beneficial as an adjunct to improve urine output in ADHF on
a case-by-case basis. Relaxin and rolofylline are not
approved by the FDA for use in ADHF; however, their novel
mechanisms of action may be future targets for ongoing
study. Adenosine antagonists need further long-term efficacy
and safety data to justify their use, given the unfavorable
short-term effects on the central nervous system. Promising
therapies for ADHF seem to be novel inotropes such as
omecamtiv mecarbil, levosimendan, and istaroxime. Cur-
rently, additional studies are ongoing to determine their
safety and clinical effectiveness, but they may prove to have
significant efficacy compared to standard inotropic therapy.
Finally, the dramatic reduction in morbidity and mortality of
combination angiotensin receptor and neprilysin blockade in
patients with chronic HF and reduced LVEF warrants the
study of these types of agents the acute phase.
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18Kidney Injury in Patients with Ventricular
Assist Devices

Ami M. Patel, Karan Kapoor, and Michael R. Rudnick

Overview of LVADs

Mechanical circulatory support (MCS) with LVADs is a
rapidly evolving field and a potentially life-saving therapy
for patients with decompensating advanced HF who fail to
improve or stabilize with optimal medical management
(OMM). This evolution has been mandated by the growing
discrepancy between the number of patients qualified for
cardiac transplantation and the number of available donor
organs [1]. Over the past two decades, the implantable
LVAD has transformed the treatment of advanced late-stage
systolic HF. The REMATCH study was a landmark trial that
demonstrated the increased survival with LVAD implanta-
tion over OMM in patients with class IV HF who were
ineligible for cardiac transplantation [2]. The clinical
approach to the management of end-stage HF with LVADs
has been streamlined into three distinct pathways:

• Bridge to transplantation (BTT), in patients with deteri-
orating clinical status who are candidates for heart
transplantation but are too unstable to wait any longer
without circulatory support

• Destination therapy (DT), in patients who are considered
ineligible for transplantation and for whom long-term use
of an LVAD serves as an alternative; and

• Bridge to recovery (BTR), in patients for whom there is
reason to believe will have eventual recovery of
myocardial function allowing for eventual device
removal.

Although LVADs have evolved with differences in
design and indications for use, they have in common a
number of basic components. All LVAD systems consist of
an inflow cannula that drains blood from the heart to a pump
and an outflow cannula that carries blood back to the arterial
system. LVADs are surgically implanted in a preperitoneal
position relative to the left hemidiaphragm or in the peri-
cardial sac. The power supply for the LVAD is delivered
through a percutaneous lead that connects to an external
power system. Another external component is a small por-
table computer (called a controller) that controls device
speed and monitors device function (Fig. 18.1).

An important distinction between first generation and
newer generation devices is the transition from pulsatile to
continuous-flow rotary pumps. The pulsatile flow system
utilized by first generation devices was based upon a volume
displacement design with pulsatile flow that mimicked the
phasic contractions of a normal cardiac cycle. First genera-
tion LVADs include the HeartMate I, Novacor, and Thoratec
Paracorporeal Ventricular Assist Device. Due to a variety of
limitations, including limited durability, need for extensive
surgical dissection at time of implant and presence of a large
external lead (more vulnerable to infection), pulsatile devi-
ces are now rarely (if ever) used [1]. Newer generation
devices (HeartMate II, Jarvik 2000, Berlin Heart INCOR,
HeartMate III, and HeartWare) differ significantly from first
generation devices in their utilization of continuous-flow
pumps instead of pulsatile pumps and clinically have
replaced pulsatile devices. This paradigm shift to
continuous-flow devices has been driven by a variety of
technical and mechanistic advantages, including smaller size
and fewer moving parts, resulting in greater durability and
reliability. An important point of clarification is that blood
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flow in continuous-flow LVAD recipients has some pul-
satility, albeit low, from residual native left ventricular
function.

Presently, the HeartMate II is one of the most commonly
used long-term continuous-flow LVADs, gaining FDA
approval as a BTT in 2008 and for DT in 2010 [2]. To date,
data on over 10,000 patients receiving durable MCS therapy
have been reported to the national Interagency Registry for
Mechanically Assisted Circulatory Support (INTERMACS),
which is the largest available data repository for the study of
durable MCS outcomes. The overall survival rate for all
patients undergoing primary implantation of a durable MCS
device is approximately 80% at 1 year and 70% at 2 years [1].

Impact of Baseline Renal Function
on Outcome After LVAD

Nearly two-thirds of the hospitalized patients with HF have
CKD with 44% having stage 3 CKD, 14% with stage 4
CKD, and 7% with stage 5 CKD [3]. Coexistent cardiac and

renal dysfunction, the form of CRS, increases the risk of
death, both with advanced HF and after LVAD implantation.
Type I CRS describes AKI resulting from acute HF, which is
potentially reversible following LVAD implantation. How-
ever, in type II CRS, chronic HF causes progressive CKD,
which is irreversible post-LVAD. In the LVAD literature,
the term renal dysfunction is commonly used and is defined
as an estimated glomerular filtration rate (eGFR) of less than
60 ml/min/1.73 m2. This term along with the term kidney
impairment (KI, which is used in this chapter) are
non-specific, since it is unclear if these terms refer to patients
with CKD, AKI (including CRS), or AKI superimposed on
CKD. Therefore, it is not surprising that the literature is
conflicting when describing the outcomes in patients with
KI. Of the 4917 LVAD recipients in the INTERMACS
registry, 64% had no or mild KI [defined as eGFR
� 60 ml/min using the Cockcroft–Gault formula and Blood
urea nitrogen (BUN) < 60 mg/dl], 30% had moderate KI
(defined as eGFR = 30 to 59 ml/min or BUN > 60 mg/dl),
and 6% had severe KI (defined as dialysis and/or
eGFR < 30 ml/min) [4]. Impaired renal function in HF

Fig. 18.1 Components of HeartMate II Apparatus. The HeartMate II
LVAD consists of a blood pump, percutaneous lead, external power
source, and system controller. The system controller can be connected
to a monitor, which can display key parameters such as pump speed,
pulsatility index, and pump power. Power may be delivered either

through a power base unit or battery packs, which allow for increased
mobility. LVAD left ventricular assist device. Reprinted with permis-
sion from Wilson SR, Givertz MM, Stewart GB, Mudge GH.
Ventricular assist devices the challenges of outpatient management.
J Am Coll Cardiol 2009; 54: 1648
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patients is likely related to a combination of factors including
intrinsic disease from long-standing comorbidities such as
diabetes and hypertension, and acute or chronic ischemia
from hemodynamic changes causing poor renal perfusion
and venous congestion.

Early studies of LVAD implantation have shown that
baseline KI prior to LVAD insertion negatively impacts
LVAD morbidity and mortality. In one study by Sandner
et al. [5] the 6 month survival was 73% for LVAD recipients
with baseline eGFR > 60 ml/min/1.73 m2 versus 48% in
recipients with baseline eGFR < 60 ml/min per 1.73 m2. In
addition, recipients with baseline eGFR > 60 ml/min/
1.73 m2 had a higher rate of cardiac transplantation (63 vs.
40%) and decreased requirement of continuous renal
replacement therapy (CRRT) post-implantation (28 vs. 42%)
in comparison to those recipients with baseline
eGFR < 60 ml/min/1.73 m2. In another study, the cumula-
tive survival rates following LVAD implantation at 30,
90 days, and 1 year were 96, 88, and 77%, respectively, in
patients with a serum creatinine < 1.96 mg/dl (n = 26)
versus 60, 47, and 31% in patients with serum creatinine
� 1.96 mg/dl (n = 15) [6]. Progressive degrees of KI con-
stitute incremental risk with a 20% reduction in 2-year sur-
vival going from pre-implant eGFR � 60 ml/min to
eGFR < 30 ml/min. The requirement for dialysis
pre-implantation carried a mortality of >30% within the first
3 months and was particularly lethal if the patient was in
critical cardiogenic shock, with 3 month mortality
approaching 50%. In patients with eGFR < 30 ml/min and
other major comorbidities, initial support with a temporary
device while awaiting organ recovery should be considered
before implanting a more durable pump [4]. A more recent
INTERMACS report from 2014 suggests that percentage of
patients receiving LVAD implantation in critical cardiogenic
shock has declined from 29% before 2010 to 15% [1].

Other studies have shown that it is the post-implantation
kidney function rather than the pre-implant that is a critical
determinant of survival. Recovering renal function to
eGFR > 60 ml/min/1.73 m2 after LVAD insertion was
associated with improved survival equivalent to those with
normal renal function pre-LVAD insertion [5]. Iwashima
et al. [7] demonstrated that VAD recipients with an
eGFR � 82 ml/min at 2 weeks postimplantation had
greater survival compared with recipients whose eGFR was
<82 ml/min/1.73 m2. This study concluded that the 2-week
postimplantation eGFR was a stronger predictor of survival
than baseline eGFR. Even those patients with severe KI prior
to VAD implantation who had subsequent renal recovery
experienced enhanced outcomes. Khot et al. [8] reported that
those recipients with serum creatinine � 3.0 (4.0 ± 0.7)
mg/dl preimplantation but recovered renal function post
implantation had comparable outcomes to patient with serum
creatinine < 3.0 mg/dl with similar 30 day (83 vs. 83%,

p = 0.999) and 6-month survival (72 vs. 67%, p = 0.651)
after VAD placement, survival to transplantation (61 vs.
68%, p = 0.549), and survival 1 year post transplantation
(82 vs. 88%, p = 0.628). Additionally, more than half of the
patients who required CRRT were able to survive to trans-
plantation. These studies demonstrate that patients with even
severe baseline KI requiring CRRT, may have a significant
component of AKI that recovers after LVAD implantation
and have decreased mortality (Fig. 18.2) [4, 8].

Furthermore, the renal outcome following LVAD
implantation is predictive of renal function after cardiac
transplantation. Singh et al. [9] demonstrated that patients
with creatinine clearance (CrCl) > 60 ml/min following
LVAD implantation and before cardiac transplantation
experienced similar 1 year post-transplant CrCl regardless of
baseline renal function prior to LVAD support. However,
the ability to attain this level of renal function post-LVAD
was less likely in those LVAD recipients with worst baseline
renal function prior to LVAD. These studies suggest that
survival after LVAD support and renal outcome after cardiac
transplant is more dependent on the level of renal function
achieved with LVAD rather than the baseline renal function.
Kidney impairment is considered the most common modi-
fiable contraindication to cardiac transplant. Thus, LVAD
support prior to cardiac transplant may help differentiate
between reversible and nonreversible KI [10].

In summary, given worse post-LVAD outcomes of
patients with baseline KI at the time of LVAD implantation,
it becomes imperative to determine whether the KI is due to
poor renal perfusion which may be reversible and associated
with better outcomes, or irreversible and could contribute to
higher mortality. Future studies are needed to help identify
patient characteristics that predict those with KI who will
recover. Separating out the subgroups with different causes
of KI will be useful in this regard. It is important to consider
LVAD implantation without delay for patients with
end-stage HF before advanced (irreversible) CRS occurs [4].
Generally individuals with CKD with serum creatinine
above 2.5–3 mg/dl or with long-term dialysis are considered
high risk and may not be suitable candidates for LVAD
implantation [10, 11]. A brief trial of inotropic therapy
and/or intra-aortic balloon pump may help determine
reversibility of KI and aid in the assessment of LVAD
candidacy [11, 12].

Impact of Continuous Blood Flow on Renal
Outcome

Theoretical concerns about the impact of continuous blood
flow on end-organ function including kidneys, brain, and gut
have been the subject of considerable study and debate. The
observation that short-term continuous cardiopulmonary
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bypass surgeries, in use since the 1950s, are not associated
with long-term clinical sequelae provided the initial evi-
dence that continuous flow may be sufficient for end-organ
function. Animal studies have shown preserved renal func-
tion with continuous-flow LVAD for prolonged periods as
long as 340 days postimplantation [13].

However, in a model of cardiogenic shock in pigs, pul-
satile VAD was more effective in restoring renal micro-
circulation than continuous VAD [14]. Alterations in renal
morphology associated with continuous perfusion have been
detected, including smooth muscle cell hypertrophy of renal
cortical arteries, periarteritis, and interstitial nephritis
[15–17]. In another study, increased upregulation of angio-
tensin II receptor and angiotensin-converting enzyme was
observed in the mononuclear inflammatory cells in the kid-
ney. Reduced pulsatile circulation can activate local renin–
angiotensin system which may promote inflammatory reac-
tion and vascular proliferation resulting in severe periar-
teritis, which is not seen in animals supported by pulsatile
devices [16, 17]. Such changes have been implicated to

cause decreased peripheral vascular reactivity, and it has
been suggested that continuous flow can lead to vascular
stiffness [18]. Interestingly, Welp et al. [19] compared levels
of renin and aldosterone with pulsatile and continuous-flow
LVADs. After implantation, there was a greater decrease in
levels of renin and aldosterone in the pulsatile group com-
pared to continuous flow. It is unclear whether this disparity
in levels has any long-term clinical effects. The applicability
of these findings to patients with LVADs is unclear since
animal subjects with LVADs have different flow character-
istics with intact left ventricular function while patients who
underwent continuous LVAD have advanced bi-ventricular
HF. Surprisingly, a recent study using calves by Cooper
et al. observed morphologically identical systemic arteritis
involving the kidney following intravenous administration of
cephalosporin antibiotics, potentially confounding the find-
ings of these medical device studies in calves as possible
idiosyncratic drug reaction [18, 20]. Nevertheless, findings
in other animal studies remain intriguing. Ohnishi et al. [16]
observed smooth muscle cell proliferation of renal afferent

Fig. 18.2 Time course of serum creatinine according to pre-implant
kidney impairment. Time course of average serum creatinine among
surviving patients (n = 4917) with continuous-flow LVAD and BIVAD
implants in the INTERMACS registry from June 2006 to March 2012,
including for DT and BTT. Follow-up points of serum creatinine are
stratified by severity of pre-implant kidney impairment. Severe was
defined as requiring dialysis and/or eGFR < 30 ml/min; moderate if
eGFR was 30–59 ml/min or BUN was >60 mg/dl; and mild or no
kidney impairment if eGFR was � 60 ml/min and BUN was

<60 mg/dl. The error bars indicate ±1 standard error. BIVAD
biventricular assist device, BTT bridge to transplant, DT destination
therapy, LVAD left ventricular assist device, eGFR estimated glomeru-
lar filtration rate, BUN blood urea nitrogen. Reprinted with permission
from Kirklin JK, Naftel DC, Kormos RL, Pagani FD, Myers SL,
Stevenson LW, Givertz MM, Young JB. Quantifying the effect of
cardiorenal syndrome on mortality after left ventricular assist device
implant. J Heart Lung Transplant 2013; 32: 1211
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arterioles in goats with continuous VAD. Ootaki et al. [17]
detected periarteritis in the kidney only in the calves with
continuous LVAD implantation which were not found in the
group with RVAD or total heart. In contrast to the animal
studies, Tromp et al. [18] investigated renal samples in 10
human LVAD recipients who underwent autopsy and they
found no evidence of periarterial inflammation or medial
wall thickening in the renal arcuate arteries. It is important to
note that the absence of structural lesions in this small study
does not rule out for potential adverse effect of LVAD on
renal function.

In patients, many studies have demonstrated improved or
stable renal function after continuous LVAD implantation
for periods up to 3.7 years similar to pulsatile LVAD [5, 21–
23]. In contrast, two studies have noted a slow progressive
decline in renal function following an initial improvement in
kidney function after continuous-flow device implantation
raising the concern for possible adverse renal effect from
long-term continuous flow [24, 25]. However, a recent
analysis of the INTERMACS data revealed that the gradual
late decline in renal function was observed in both contin-
uous and pulsatile flow LVADs, suggesting that the decline
in renal function cannot solely be attributed to reduced
pulsatility [26].

Presently, there is scant data in humans on the cumulative
effects of chronic continuous flow on the renal microcircu-
lation. With the growing number of patients undergoing DT
and that LVAD support are being used significantly longer,
additional studies on renal function and histology are nec-
essary to further confirm the long-term renal safety of
continuous-flow LVADs.

Post-Implant Acute Kidney Injury

Post-implant AKI is a serious adverse event that manifests
early after device implantation and is associated with poor
outcomes. The incidence of post-implant AKI has been
reported within a wide range, from 4 to 56%, in part attri-
butable to heterogeneity in the definition of AKI between
studies [27]. Despite this heterogeneity, more recent studies
report an incidence of 7–14%, a reduction likely driven by
increased surgical experience and widespread trend to
implant LVADs primarily in more hemodynamically stable
patients [28] (see Table 18.1). Interestingly, the incidence of
post-implant AKI does not appear to differ among patients
receiving continuous-flow versus pulsatile devices, although
randomized trials to confirm this have not been performed
[36]. An important subset of patients experiencing
post-implant AKI are those whose renal injury is severe
enough to require RRT, generally in the form of CRRT. The
need for post-implant RRT has been reported in 11 to 33%

of LVAD recipients, but similar to other definitions of AKI,
incidence has declined in more recent studies [27].

The pathophysiology of post-implant AKI is likely mul-
tifactorial, with both clinical and biochemical factors acting
synergistically. For example, both cardiopulmonary bypass
time and number of intraoperative blood transfusions have
been associated with AKI [31, 37]. Furthermore, alteration
of intrarenal local hemodynamics has been hypothesized to
enhance thrombogenicity and spawn microemboli to the
renal cortex, a phenomenon that has been corroborated in
animal models. Finally, free iron and hemoglobin generated
via erythrocyte hemolysis has been demonstrated to pre-
cipitate Tamm–Horsfall protein and cause intratubular
obstruction. Availability of nitric oxide also decreases,
leading to renal vasoconstriction and ischemia [27].

Post-implant AKI has been clearly defined as a negative
predictor of outcome, associated with both high morbidity
and mortality [10]. Irrespective of pre-implant renal func-
tion, post-implant AKI confers a three-fold increased risk of
1-year mortality [37]. In a long-term follow-up study, Borgi
et al. demonstrated a highly significant association between
post-implant AKI and 30-day postoperative, as well as 180-
and 360-day mortality [31]. In cases of post-implant AKI
necessitating RRT, 180-day mortality rates have been
reported to range from 57 to 93%, although much of this
data is derived from earlier studies involving first generation
devices and patients who were more hemodynamically
unstable at time of LVAD implantation [28]. Moreover,
among BTT patients who recover from post-implant AKI
and survived to transplantation, long-term survival rates are
similar to those patients without post-implant AKI. How-
ever, an important caveat is that at least two distinct studies
have demonstrated post-implant AKI to be associated with a
significantly lower rate of cardiac transplantation [23, 38].

Similar to other forms of AKI, the greater short- and
long-term mortality associated with AKI following LVAD
implantation may be due to the AKI itself or due to the
possibility that “sicker” patients are more susceptible to
AKI. In this regard, multiple risk factors associated with
post-implant AKI are evident in the literature, including
advanced age, poor nutritional status, elevated central
venous pressure (CVP), and lower left-ventricular
end-diastolic dimension before device implantation. Surgi-
cal risk factors, including preoperative use of an IABP,
longer cardiopulmonary bypass time, higher intraoperative
blood loss, post-cardiotomy shock, and need for reoperation
have also been associated with increased incidence of
post-implant AKI. Interestingly and somewhat counterintu-
itively, baseline KI has not been shown to consistently
correlate with increased incidence of post-implant AKI,
therein emphasizing the difficulty in identifying reliable
predictors of post-implant AKI [39, 40].
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Renal Recovery Versus CKD Post-LVAD

The short-term effects of LVAD therapy on renal function
have been widely studied. Renal function generally
improves directly after LVAD implantation, particularly if
the initial insult was secondary to renal hypoperfusion from
CRS, although this distinction is often difficult to make.
Indeed, up to 75% of LVAD recipients with baseline KI
have been reported to undergo renal recovery [28]. A recent,
comprehensive analysis of the INTERMACS database
revealed a median improvement in eGFR of about 50% at
1-month post implant, with 17% of LVAD recipients
experiencing a doubling of their eGFR [26]. Similarly, up to
70% of patients with a pre-implant eGFR of <60 ml/min
were found to regain filtration capacity to above this level
within the 1-month post-implant period [24]. Studies in both
animal and human models have provided mechanistic
insights into the physiologic basis for this improvement,
which appears to stem predominantly from improved
intrarenal hemodynamics, alleviation of RAAS activation,
and mitigation of sympathetic overactivity [10, 41]. Closer
inspection reveals that in the majority of cases, renal
recovery occurs within the first month post-implant, with no

further improvement and in fact, a potential steady decline in
renal function thereafter (Fig. 18.3) [27]. Hasin et al.
reported on 83 patients who received a continuous-flow
LVAD. Overall eGFR increased from 53 ml/min at baseline
to 87 ml/min/1.73 m2 at 1 month after implantation and then
there was progressive decline to 78 and 71 ml/min/1.73 m2

at 3 and 6 months respectively. This pattern of decline fol-
lowing initial improvement was observed regardless of the
baseline eGFR [24].

Furthermore, and not surprisingly, the greatest degree of
improvement has been observed in patients whose kidney
impairment was most severe in the pre-implantation period,
with less pronounced improvements observed in patients
with mild pre-implant renal function. Singh et al. performed
the most illustrative study to this end, categorizing 116
patients who received LVAD therapy as BTT into three ter-
tiles according to their pre-implant CrCl: group 1 with
CrCl < 45 ml/min, group 2 with CrCl between 45 and
65 ml/min, and group 3 with CrCl > 65 ml/min. The average
changes in CrCl from pre-implant levels to 6 month post
implant in the respective groups were 34.1 to 73.5 ml/min
(group 1), 56.7 to 66.2 ml/min (group 2) and 79.4 to
78 ml/min (group 3) [9]. Beyond the initial 1–2 month

Table 18.1 Incidence of AKI in selected studies

References Enrollment
period

LVAD
type

Baseline characteristics AKI definition AKI
incidence

EPPY Comments

Frazier
et al. [29]

1996–1998 HM VE sCr 1.72 ± 1.02
BUN 37.5 ± 20.1

AKI = sCR � 2.2 mg/dL
or BUN � 50 mg/dL

158/280
[56]

NA

Demirozu
et al. [30]

2003–2009 HM II sCr 1.9 (±0.6) AKI = RRT 15/107
[14]

NA a

Borgi
et al. [31]

2006–2011 HMII
and
HVAD

sCr 1.4 RIFLE stage II and greater 28/100
[28]

NA b

Lok et al.
[32]

2006–2011 HMII sCr 120 lmol/L
IMP I [25], II (75)

AKI = RRT 9/85 [11] 0.08

Hasin
et al. [24]

2007–2010 HMII sCr 1.6 (±0.7)
NYHA IV (62)

AKI = RRT 8/83[10] NA c

John et al.
[33]

2008–2010 HMII sCr 1.4 (±0.8)
IMP I [17], II [45], III–VII
[38]

ND 129/1496
[9]

0.14

Aaronson
et al. [34]

2008–2010 HVAD sCr 1.3 (±0.4) IMP I [5],
II [24], III [52], IV–VII
[19]

ND 12/140
[9]

0.16

Slaughter
et al. [21]

2008–2012 HVAD eGFR 87 (±39)
NYHA IV (96)
IMP I [6], II [40], III [42]

ND 32/332
[10]

0.13 d

Strueber
et al. [35]

2009–2012 HVAD ND ND 10/254
[4]

0.04

HM II HeartMate II (Thoratec Inc., Pleasanton, CA) HVAD HeartWare ventricular assist device (HeartWare Inc., Framingham, MA),
IMP INTERMACS Patient Profile I-VII, NYHA New York Heart Association Class I-IV, eGFR estimated glomerular filtration rate
(ml/min/1.73 m2), sCr serum creatinine (mg/dL), AKI acute kidney injury, EPPY events per patient-year, RRT renal replacement therapy
This single center study only included patients supported for more than 30 days 32% of patients in this study received LVAD as DT. 68% of
patients in this study received LVAD as DT. 140 patients included in this study were already previously reported by Aaronson et al.
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period of improvement, data are scant regarding the overall
long-term trajectory of renal function post-LVAD, with
existing studies providing conflicting results. An analysis of
4000 patients reported that despite more pronounced
improvements in the initial perioperative period, at 1 year
post-implant, median improvement in eGFR was only 6.7%
pre-implant values or by 2.6 ml/min/1.73 m2 eGFR [26].
Another interesting observation derived from the INTER-
MACS registry is that patients with the largest initial increase
in eGFR experienced the most substantial subsequent dete-
rioration within 1 year of implantation, although they still
maintain a higher eGFR than those recipients who did not
experience significantly improved renal function following
MCS (Fig. 18.4) [26]. Of importance is the observation that
comparatively, the average rate of eGFR decline is more
rapid than would be expected with either advancing age,
CKD, or even diabetic kidney disease [27]. Of equal uncer-
tainty is the trajectory of renal function following heart
transplantation in patients receiving MCS for BTT. In one
study of BTT patients consecutively undergoing MCS and
then transplantation, a clear reduction of eGFR was demon-
strated following transplantation, attributable primarily to

post-transplant immunosuppression with calcineurin inhibi-
tors [9]. Another noteworthy finding of that study was the
dependency of post-transplant renal outcomes on renal
function achieved during bridging therapy with MCS versus
the pre-implant period, which was discussed earlier [9].

The survival benefit of improved renal function
post-implant versus failed recovery from AKI has been
clearly demonstrated in the previous section. Of equal
importance, is the finding that compared to those patients
with no kidney impairment pre-implant, patients who
experience renal recovery post-implant have convergent
180-day post-implant survival curves. Furthermore, the
similar survival rate between these two groups extends up to
1-year post cardiac transplantation [28]. As such, the precise
identification of predictors of renal recovery post-LVAD is
of prime importance. In one large study, although univariate
analysis identified younger age, eGFR improvement on
OMM pre-implant, IABP use, kidney length > 10 cm, lack
of treatment with RAAS inhibitors, a higher bilirubin, and
atrial fibrillation as preoperative predictors of improved renal
function at 1 month; only improved eGFR on IABP
remained as an independent predictor in a multivariate

Fig. 18.3 Schematic representation of evolution in renal function over
time. Phase 1: renal function decreases with varying degrees as a result
of cardiorenal syndrome. Phase 2: renal function initially recovers after
LVAD implantation. Phase 3: the functional improvement is transient,
and renal function continues to decline. Phase 4: hypothetically, in the
long term, renal function continues to decline and may necessitate RRT

(lower dotted line). Alternatively, the patient receives a heart
transplantation, which can either temporarily alleviate the downward
trend (upper dotted line) or leave it unaltered (lower dotted line).
Reprinted with permission from Tromp TR, de Jonge N, Joles JA. Left
ventricular assist devices: a kidney’s perspective. Heart Fail Rev
2015;20:524
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model [24]. A second, smaller study reported the greatest
improvement in renal function in patients with the lowest
pre-implant cardiac indices and those who had received
inotropic support [36]. In light of these findings, it appears
that the majority of positive predictors—lower cardiac
indices, eGFR improvement with OMM (including ino-
tropes), IABP utilization, higher bilirubin (indicative of
congestive hepatopathy) and atrial fibrillation—insinuate
that in general, pre-implant KI is likely secondary to the low
output hemodynamics associated with CRS as opposed to
intrinsic kidney disease, which in turn accounts for the
improved renal function seen in most of these patients
post-LVAD. This hypothesis is further bolstered by the
observation that patients with underlying diabetes (and

related kidney disease) are less likely to recover from
pre-implant AKI, and supports the case for a careful
assessment for other etiologies of intrinsic kidney disease
among those patients whose renal function may not be
responding to OMM in the pre-implant period [28].

The perpetuation of KI among some patients post-LVAD
is likely multifactorial, attributable to ongoing multiorgan
failure, residual damage from AKI, presence of pre-existing
intrinsic renal disease from hypertension, diabetes or reno-
vascular disease and long-standing ischemia from a pro-
tracted period of low output HF. Accounting for the
progressive decline in renal function following the initial
improvement in the 1–2 month post-implant time period is
more nuanced. Some authors have suggested that

Fig. 18.4 Mean eGFR over time in patients with and without
pre-MCS kidney impairment and post-MCS improvement in renal
function. Mean eGFR according to presence (red line) or absence (blue
line) of baseline kidney impairment further stratified by IRF (solid line)
and no IRF (dotted line) at 1 month post-MCS. Kidney impairment is
defined as a pre-MCS eGFR < 60 ml/min/1.73 m2. IRF is defined as a

� 50% improvement in eGFR from pre-MCS to 1 month post-MCS.
eGFR, estimated glomerular filtration rate; MCS, mechanical circula-
tory support; IRF, improvement in renal function. Reprinted with
permission from Brisco MA, Kimmel SE, Coca SG, et al. Prevalence
and prognostic importance of changes in renal function after mechan-
ical circulatory support. Circ Heart Fail 2014;7:71
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measurement bias may be contributing, given that following
LVAD therapy, patients who were primarily bed-ridden and
overtly cachectic were now experiencing increased exercise
capacity and muscle mass, thereby leading to physiologic
increases in the serum creatinine [27]. Measuring with cys-
tatin C, which is independent of muscle mass, may over-
come this bias and provide a better assessment of renal
function [27]. Another reason could be due to initiation of
inhibitors of renin–angiotensin aldosterone system. The vast
majority of patients with continuous-flow LVAD are started
on angiotensin-converting enzyme (ACE) inhibitors or
angiotensin II receptor blockers as a first-line agent for the
treatment of hypertension [42]. Moreover, sub-clinical
hemolysis, via similar mechanisms previously described to
account for post-implant AKI, may also play a role in the
long-term decline of renal function. Right ventricular
(RV) failure is a serious complication of prolonged LVAD
support, occurring in up to 9% of patients with an incidence
of 0.10 events per patient-year [1]. Mechanistically, RV
failure is thought to arise secondary to enhanced
left-ventricular unloading as a normal function of LVAD
support, which may in turn abruptly increase venous return
and cause RV overload. Right ventricular over-distension
can lead to overt RV failure which in turn can result in renal
venous congestion and eventual reduction of eGFR. The
reduced pulsatility of continuous-flow devices has also
received considerable attention as a potential etiologic con-
tributor to decreased long-term renal function, although
comprehensive analysis of the INTERMACs registry has
shown the gradual late decline of eGFR to occur with similar
frequency in both pulsatile and continuous-flow devices
[27]. Lastly, patients are susceptible to frequent episodes of
AKI from the usual suspects such as contrast and
over-diuresis. Recently there was a case report of
post-infectious glomerulonephritis resulting from chronic
LVAD-associated infection and bacteremia [43]. In sum-
mary, interpretation of renal function post-LVAD implan-
tation is problematic for reasons outlined above and thus
previous conclusions about the effect of LVADs on renal
function need to be viewed with caution.

Renal Replacement Therapy with LVAD

Up to one-third of LVAD recipients develop AKI requiring
RRT some of whom become chronically dialysis dependent
[28]. More recently, the incidence of AKI necessitating RRT
has been reported to decrease. Of the 4917 recipients with
continuous-flow LVAD implantation between June 2006
and March 2012 in the INTERMACS registry, about 6% of
patients had severe kidney impairment as defined with
eGFR < 30 ml/min or requiring dialysis before implant [4].
In another study, 3% (2 of 61) of patients with LVAD

required chronic RRT [25]. The primary etiology of
end-stage renal disease (ESRD) following LVAD implan-
tation was attributed to irreversible AKI occurring in the
peri-implantation period [44].

Due to the high morbidity and mortality of LVAD
recipients with ESRD, combined heart and kidney trans-
plantation (HKT) is recommended in these patients. In a
recent study, one year mortality rate was 100% in 22 LVAD
recipients who required chronic hemodialysis without sub-
sequent cardiac transplantation (HT) [44]. Of this group,
61% died within 30 days after LVAD implantation. The
United Network for Organ Sharing Registry (UNOS) reports
that from 2000 to 2010, 593 patients underwent combined
HKT compared to 25,590 HT alone [45]. In recipients of
combined HKT, one year survival rates are around 80%,
while 5 and 10 year survival rates are 76 and 53%, respec-
tively. Both short-and long-term survival are similar for
combined HKT and HT alone [46]. Since there are fewer
than 3000 donor hearts available per year, LVAD recipients
with advanced CKD, or AKI which has not recovered, may
require RRT chronically in the interim until the organs are
available or may be deemed medically unsuitable for com-
bined HKT [47].

In a critical care setting, RRT is often initiated as CRRT
and then transitioned to intermittent hemodialysis (HD) once
a patient becomes hemodynamically stable. There are sev-
eral challenges of managing complex hemodynamic and
volume needs of patients with LVADs requiring RRT. In
particular, as a result of continuous-flow technology, in most
LVAD recipients, there is an absence of pulse, precluding
the standard assessment of blood pressure (BP). Blood
pressure readings obtained using the automated BP devices
were significantly different in systolic, diastolic, and mean
arterial blood pressure readings (MAP) compared to
intra-arterial catheter BP measurements, and usually these
readings were consistently lower than those recorded using
an arterial catheter [48]. Due to these factors BPs in LVAD
recipients are often measured using nontraditional blood
pressure devices, such as Doppler audible ultrasonography
which provides a MAP reading. Accurate assessment of BP
is crucial because patients with continuous-flow LVADs are
sensitive to systemic afterload. Elevated afterload in the
form of systemic hypertension can result in reduced pump
flow and even retrograde flow through the LVAD due to the
absence of valve [49]. Current recommendations are to target
MAP between 70 and 80 mmHg and to avoid MAP above
90 mmHg to optimize cardiac output and minimize risk of
stroke [50]. The issue of accurately measuring BP in
continuous-flow LVAD recipients with ESRD is also
important since these patients are at risk for developing
hypotension during dialysis. A recent publication evaluated
the relative safety of intermittent HD in 10 continuous-flow
LVAD recipients [51]. Of 281 HD sessions, the mean SBP
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was 97 ± 18 mmHg measured using Doppler device and
fluid removal ranged from 0 to 5.3 l per session with average
around 2.6 ± 1.1 l per session. Only 5.3% of sessions were
interrupted with 2% due to symptomatic hypotension and
1% due to asymptomatic hypotension. The remaining
interruptions were due to abdominal cramps, arrhythmias,
dialysis machine malfunction, and presence of hypophos-
phatemia. In general, intermittent HD was well tolerated in
patients with Doppler MAP kept greater than
70 mmHg [51].

In addition to BP, other parameters can be used to
monitor hemodynamic changes during dialysis treatment
using the LVAD monitor, which displays key parameters
such as pump speed, pump flow, and pulsatility index
depending on the type of LVAD. Pulsatility index is a
dimensionless value derived from the LVAD pump which
represents the average flow pulses over 15 s intervals,
indicative of the residual pulsatile activity of the native
ventricle. The pulsatility index can reflect preload, and
excessive fluid removal can decrease pulsatility index and
thus pump flow. Because continuous-flow pumps are vol-
ume sensitive, LVAD malfunction can occur with sudden
flux of intravascular volume. Excessive ultrafiltration along
with increased pump speed can lead to left atrium and

ventricle collapse, causing an event known as “suck-down”
[28, 50, 51]. Therefore, it is critical for nephrologists and
dialysis staff to have an understanding of the LVAD
mechanics and the impact of dialysis on the physiology.

Peritoneal dialysis (PD) is an interesting option for RRT
in LVAD recipients and has its advantages including mini-
mizing large fluid shifts. Since older, larger pulsatile LVADs
were implanted in the peritoneal cavity or abdominal wall,
PD was contraindicated because of the potential for serious
infection of the LVAD. However, PD can be possible with
newer LVADs which are placed in the pre-peritoneal posi-
tion or intrapericardially [28, 50, 52]. There have been two
case reports showing the successful use of PD in these
patients [52, 53]. Benefits of PD include gentle ultrafiltra-
tion, low risk of bacteremia from catheter infections, and
home modality [53]. The latter is particularly important since
many outpatient HD centers are not comfortable in their
ability to safely dialyze a patient with an LVAD. At the
present time, it is unknown which RRT modality is superior
for ESRD patients with LVADs.

The choice of dialysis access is based on several factors.
Initially, a temporary access with tunneled dialysis catheter
is placed for patients who remain dialysis dependent.
However, catheters should be avoided longterm because of

Table 18.2 Proposed nephrology pre-LVAD evaluation

History

Obtain current and previous laboratory data to determine the chronicity and progression of kidney impairment

Does the patient have a history of diabetes and/or hypertension and could either be the cause of the CKD?

Is there a history of any other systemic disease which could cause CKD?

Diagnostic Evaluation

Determination of GFR (Serum creatinine for eGFR or calculated creatinine clearance)

Urinalysis

Quantification of proteinuria (Either spot urine protein to creatinine ratio or 24 h urine collection)

Renal ultrasound for size, echogenicity, and cortical thickness

Optional testing**

Renal scan with isotope 99mTc-DTPA for GFR

Renal biopsy

Trial of ionotropes and/or intra-aortic balloon pump (If renal function remains impaired despite attaining reasonable cardiac index on medical
therapy, careful assessment of intrinsic renal disease should be conducted)

Suggested criteria for dual listing for heart and kidney transplant*

1. CKD with GFR < 30–40 ml/min and/or significant proteinuria

2. AKI or cardiorenal syndrome with GFR < 30–40 ml/min for more than 8–12 weeks

3. Dialysis dependent for more than 8–12 weeks

4. Renal biopsy showing >30–75% glomerulosclerosis or >30–75% fibrosis

LVAD left ventricular assist device, CKD chronic kidney disease, 99mTc-DTPA 99mTc-labeled diethylenetriaminepentacetate, GFR glomerular
filtration rate, eGFR estimated glomerular filtration rate
*These criteria are opinion-based, with limited evidence on combined heart–kidney transplant [45, 54, 55]. Some of these suggestions are also
based on recommendations for combined liver and kidney transplantation [56]
**Further testing should be done on case-by-case basis
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their high risk for bloodstream infections. Bacteremia from
central line infection can spread to the LVAD itself resulting
in significant morbidity and mortality. Arteriovenous graft
placement is considered the preferred long-term access for
HD in these patients due to the theoretical concern for poor
arteriovenous fistula maturation with reduced pulsatility
[28, 29, 50]. However, there are no formal studies examining
optimal HD access in LVAD recipients. Determining access
patency poses a challenge since the physical findings of a
palpable thrill or audible bruit are commonly absent. Dop-
pler probes or simple needle puncture can be used to
determine patency [28, 50]. Anticoagulation is generally
recommended with continuous-flow LVADs due to an
increased hypercoagulable state caused by these devices and
theoretically may enhance vascular access patency.

Because of the challenges of monitoring hemodynamic
stability and the unfamiliarity of the LVAD mechanics,
placement of patients requiring HD after LVAD implanta-
tion is usually problematic. A close collaboration between
nephrology and LVAD team is essential for the successful
transition from inpatient to outpatient dialysis.

Conclusion
Kidney function following LVAD placement is an
important determinant of clinical outcome. Patients with
LVAD are at risk for developing varying forms of KI
including AKI and CKD. Some develop AKI
peri-implantation from acute CRS while others develop
CKD from chronic CRS, irreversible AKI, and other
comorbidities. Since KI is associated with high mortality,
lower cardiac transplantation rate, and potential outcome
for long-term dialysis, it is important to determine if
pre-implantation KI is functional and potentially rever-
sible or if it represents intrinsic renal disease which is
associated with poor renal prognosis post-operatively.
Table 18.2 shows our recommendations for initial
nephrology assessment for patient undergoing LVAD
implantation [45, 54–56]. For majority of LVAD recipi-
ents, kidney function improves following implantation.
However, the initial improvement is often followed by
late decline in renal function. Several reasons are pro-
posed to explain these observations however the defini-
tive answer remains elusive. Due to the growing number
of LVAD implantations for destination therapy, it is
integral to understand the cumulative impact of long-term
renal function with LVAD. Those LVAD recipients who
develop AKI or CKD requiring RRT provide unique
challenges in their management and require an under-
standing of the hemodynamic and physiologic conse-
quences of the LVAD during dialysis.
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19Palliation with Dual Burden of Heart
and Kidney Failure: An Underutilized Strategy

Robin Turner and Hesham Shaban

Introduction

Cardiorenal syndrome (CRS) is a relatively new concept that
acknowledges the complex interplay of heart failure and
kidney failure. As an entity, CRS carries with it a high mor-
tality rate and significant medical resource utilization [1, 2]. In
patients with heart failure and reduced kidney function of any
magnitude, there is greater hospital resources use and read-
missions [2]. In patients with heart failure, creatinine clear-
ances (CrCl) < 60 ml/min and changes in creatinine of greater
than 0.3 mg/dl from baseline predict greater mortality when
compared to patients with normal kidney function. A review
by Bock et al. cites the ADHERE study, in which only 17% of
patients with heart failure had CrCl > 90 ml/min [1]. Patients
with chronic kidney disease (CKD), and/or a glomerular fil-
tration rate (GFR) < 60 ml/min/1.73 m2, have a higher risk of
ischemic heart events, heart failure (preserved EF or reduced
EF) and all cause death from cardiac causes than patients with
normal GFR [1, 2].

Theories that currently exist to explain the pathophysio-
logic interplay between the failing heart and kidneys involve
the neurohumoral systems, which affect the body’s sodium
and volume homeostasis [1, 3]. Clinically the vicious cycle of
heart failure and kidney failure that describes CRS is mani-
fested by volume overload and resulting symptoms related to
this: dyspnea, fatigue, and discomfort. Usual management of
these symptoms is far more challenging in the CRS milieu
because diuretic resistance, hypotension, hyperkalemia, and
decreased renal perfusion are more prevalent than in heart
failure with preserved renal function [3, 4].

This scenario of high mortality, resource utilization, and
high symptom burden suggests that patients with CRS

would benefit from comanagement with Palliative Care. This
approach to care focuses on symptom management and
quality of life, and is often a part of the care of patients with
heart failure or kidney failure. Symptom burden and psy-
chosocial impact of chronic heart failure and chronic kidney
disease are well defined in their individual disease territories,
and less so in the overlap syndrome of CRS. Indeed, Pal-
liative care is recommended by all of the major governing
bodies of cardiology and nephrology including the American
College of Cardiology, American Heart Association, Euro-
pean Society of Cardiology, Heart Failure Society of
America, Canadian Cardiovascular Society, American
Society of Nephrology, and the Renal Physicians Network.
In this chapter, we will consider the role and use of palliative
care services in the population of patients with joint cardiac
and renal disease.

Symptom Burden and Palliative Treatment
Approaches

A recent study found that the symptom burden of patients
with congestive heart failure (HF) is comparable to patients
with advanced lung cancer and pancreatic cancer [5].
Another study, comparing symptoms and quality of life in
patients with advanced chronic kidney disease (defined as
eGFR < 15 cc/min) found no difference in symptom burden
when compared to a cohort with terminal malignancy [6].
Although these studies are small in size, they show that
patients with heart or renal failure are highly symptomatic
and warrant treatment.

The pathophysiology of CRS that results in volume
overload that is resistant to usual treatments, [1, 4, 7] sug-
gests that symptoms related to volume overload would be
prevalent in these patients. This is consistent with literature
in which dyspnea, pain, and fatigue are three of the most
common symptoms found in the HF and CKD populations.
In HF populations, some published data indicate that
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dyspnea is present in 69%, pain in 45–55%, fatigue in 44%
and depression in 20–29% [8–10]. In a study of end stage
kidney disease (ESKD) patients, 63% reported pain, 58%
fatigue, 32% dyspnea, and 21% complained of edema [11].
Depression is another symptom that is highly prevalent in
heart failure and ESKD.

Pain

Pain is prevalent and multifactorial in these patient popula-
tions. It is often under treated and related to poor quality of
life. Pooled data from nine studies (including 2086 prevalent
hemodialysis patients) consistently show that pain and
overall symptom burden is strongly associated with sub-
stantially lower health related quality of life (HRQOL) [12].
Pain is predominantly musculoskeletal in origin, but neu-
ropathic pain is also common. Chronic pain in CKD is often
both nociceptive and neuropathic pain.

Increasingly, multimodal treatment strategies are recom-
mended for these patients for chronic as well as acute pain
[13]. These include the stepped approach to medication
management as recommended by WHO, and attention to
psychosocial contributors to perception of pain [13]. Pooled
data of 42,945 patients found that the use of acetaminophen,
despite its safety in CKD remains low. Non-steroidal
anti-inflammatory drugs (NSAIDs) use appears inappropri-
ately high, and despite severe pain, there appears to be a low
prevalence of use of opioids. This data also shows that
opioids that were prescribed are weak and often the agent
selected is inappropriate for use in CKD [12].

Presence of pain should be assessed in all patients with
CKD or HF, and by extrapolation, in all patients with CRS
physiology. The review of systems in an initial evaluation of
these patients should include a good clinical pain assess-
ment, such as PQRST (presence of pain, quality of pain,
radiation, precipitating or relieving factors, and timing).
Follow up of pain can be done using a symptom assessment
tool such as the modified Edmonton Symptom Assessment
Scale (mESAS v2) which has been validated in both CKD
and HF or the Palliative care outcome scale-renal
(POS-renal) [12, 13] (Fig. 19.1).

With appropriate dose adjustment most pain medications
are safe in patients despite altered metabolism and clearance
of pain medications occurs in patients with CRS due to
kidney failure and age related liver changes. Acetaminophen
is safe in both CKD and HF, and should be considered in all
pain regimens as an adjuvant (except in patients with liver
impairment, and daily dose should <3.4 g in all patients).
NSAIDS are contraindicated in both CKD and HF. Chronic
or acute use can exacerbate CKD, cause or prolong AKI, and
in HF it causes exacerbations by salt and water retention.

Morphine (and Codeine because it is metabolized to
morphine) is mostly contraindicated in renal failure due to
toxic cumulative side effects. Morphine is metabolized to
morphine-6-glucuronide (M6G), which accumulates in CKD
and can lead to neurotoxicity including confusion, delirium,
sedation, myoclonus, and in large doses respiratory depres-
sion. Short term, intermittent use of morphine in early to
moderate CKD (eGFR > 45 cc/min) may be safe if the
patient is monitored for side effects, but should not be used
for chronic pain in this population. Safer alternative opioids
include hydromorphone, Oxycodone, and fentanyl. Hydro-
morphone is metabolized to Hydromorphone-3 glucuronide
(H3G) which is better tolerated in CKD with less neurotoxic
effects [12]. Oral hydromorphone is 4 times more potent
than morphine which must be considered when starting this
drug. Oxycodone is slightly more potent than morphine. Its
metabolites are less dependent on renal clearance though no
opioid is devoid of toxicity.

Both Fentanyl and Methadone are available for and useful
in chronic pain. Fentanyl is a long acting opioid when used
topically and is safe in kidney failure. It should only be used
once a stable dose of oral opioids is achieved. The long
half-life needs to be considered when switching to or from
this opioid. Methadone is a long acting opioid that has both
nociceptive and neuropathic pain relieving properties.
Methadone should not be used in opiate naive patients, and
is meant for chronic stable pain control. It should be pre-
scribed by a provider who has experience with the drug, and
understanding of its half-life and how it is titrated. Metha-
done can be safe in CKD and HF, however in addition to the
neurotoxicity seen with other opioids; it can also cause QT
prolongation [12]. An EKG before initiation and again
30 days post initiation are required to ensure safety.

Dyspnea

Causes of dyspnea, a major cause of morbidity in renal
disease and HF, are multifactorial. A primary cause of
dyspnea, defined as an uncomfortable abnormal awareness
of breathing [14], in these diseases is volume overload.
Volume overload in CRS can be more difficult to treat, and
may require advanced interventions [1]. Many treatments
originally tried in this patient population to manage volume,
such as neseteride, have not been shown in further studies to
be better than aggressive diuresis [2, 3]. Nonetheless,
diuresis resistant CRS is a challenge to manage. In these
patients, opioids can be a useful adjuvant [15].

Many patients feel short of breath without a fall in Sp02
or Pa02. A Cochrane review demonstrated that oxygen
therapy did not help patients who were not hypoxic and is
only beneficial in reducing dyspnea in those patients in
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Edmonton Symptom Assessment System:
(revised version) (ESAS-R)

Please circle the number that best describes how you feel NOW:

No Pain 0 1 2 3 4 5 6 7 8 9 10 Worst Possible
Pain

No Tiredness
(Tiredness = lack of energy)

0 1 2 3 4 5 6 7 8 9 10 Worst Possible
Tiredness

No Drowsiness
(Drowsiness = feeling sleepy)

0 1 2 3 4 5 6 7 8 9 10 Worst Possible
Drowsiness

No Nausea  0 1 2 3 4 5 6 7 8 9 10 Worst Possible
Nausea

No Lack of
Appetite

Worst Possible
Lack of Appetite

No Shortness
of Breath

0 1 2 3 4 5 6 7 8 9 10 Worst Possible
Shortness of Breath

No Depression
(Depression = feeling sad)

0 1 2 3 4 5 6 7 8 9 10 Worst Possible
Depression

No Anxiety
(Anxiety = feeling nervous)

0 1 2 3 4 5 6 7 8 9 10 Worst Possible
Anxiety

Best Wellbeing
(Wellbeing = how you feel overall) 

0 1 2 3 4 5 6 7 8 9 10 Worst Possible
Wellbeing

No __________
Other Problem (for example constipation)

0 1 2 3 4 5 6 7 8 9 10

Patient’s Name __________________________________________ 

Date _____________________ Time ______________________ 

Completed by (check one):
 Patient
 Family caregiver
 Health care professional caregiver
 Caregiver-assisted

BODY DIAGRAM ON REVERSE SIDE

ESAS-r

Worst Possible
_______________

0 1 2 3 4 5 6 7 8 9 10

Revised: November 2010

Fig. 19.1 Edmonton symptom assessment system (revised) ESAS-r:
developed to assist providers in the assessment of symptoms that a
patient experiences at the time of completion. Extensive instructions for

use as well as references are available at www.palliative.org/NewPC/_
pdfs/tools. Reprinted with permission
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which hypoxia was present [16]. Early, optimization of fluid
status with diuretics and optimization of heart failure med-
ication including ACE-I, and B-Blockers are important [15].
Combination furosemide and metolazone was beneficial in
improving diuresis and dyspnea even in the end of life set-
ting [17]. A small study of 39 patients with end stage CHF
and CRS type 2 showed that peritoneal ultrafiltration also
provided symptom relief in volume overloaded patients [18].

Exercise is important in all stages of CKD and HF
including advanced disease. A meta-analysis of 5 trials using
exercise as an intervention in HF with preserved EF found
that endurance exercise training improved both exercise
capacity (by 6 min walk and peak V02) and quality of life (by
the Minnesota living with heart failure inventory) [19]. In a
single center trial, exercise improved the apnea–hypopnea
index in patients with left ventricular systolic dysfunction and

Please mark on these pictures where it is that you hurt:  

Fig. 19.1 (continued)
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PPS
Level

Ambulation Activity & Evidence of
Disease

Self-Care Intake Conscious Level

100% Full Normal activity & work
No evidence of disease

Full Normal Full

90% Full Normal activity & work
Some evidence of disease

Full Normal Full

80% Full Normal activity with Effort
Some evidence of disease

Full Normal or
reduced

Full

70% Reduced Unable Normal Job/Work
Significant disease

Full Normal or
reduced

Full

60% Reduced Unable hobby/house work
Significant disease

Occasional assistance
necessary

Normal or
reduced

Full 
or Confusion

50% Mainly Sit/Lie Unable to do any work
Extensive disease

Considerable assistance
required

Normal or
reduced

Full 
or Confusion

40% Mainly in Bed Unable to do most activity
Extensive disease

Mainly assistance Normal or
reduced

Full or Drowsy
+/- Confusion

30% Totally Bed
Bound

Unable to do any activity
Extensive disease

Total Care Normal or
reduced

Full or Drowsy
+/- Confusion

20% Totally Bed
Bound

Unable to do any activity
Extensive disease

Total Care Minimal to
sips

Full or Drowsy
+/- Confusion

10% Totally Bed
Bound

Unable to do any activity
Extensive disease

Total Care Mouth care 
only

Drowsy or Coma
+/- Confusion

0% Death - - - -

Instructions for Use of PPS (see also definition of terms)
1. PPS scores are determined by reading horizontally at each level to find a ‘best fit’ for the patient which is then

assigned as the PPS% score.

2. Begin at the left column and read downwards until the appropriate ambulation level is reached, then read across to
the next column and downwards again until the activity/evidence of disease is located. These steps are repeated
until all five columns are covered before assigning the actual PPS for that patient.  In this way, ‘leftward’ columns
(columns to the left of any specific column) are ‘stronger’ determinants and generally take precedence over others.

Example 1: A patient who spends the majority of the day sitting or lying down due to fatigue from advanced disease
and requires considerable assistance to walk even for short distances but who is otherwise fully conscious level with
good intake would be scored at PPS 50%.

Example 2: A patient who has become paralyzed and quadriplegic requiring total care would be PPS 30%. Although
this patient may be placed in a wheelchair (and perhaps seem initially to be at 50%), the score is 30% because he or
she would be otherwise totally bed bound due to the disease or complication if it were not for caregivers providing total
care including lift/transfer. The patient may have normal intake and full conscious level.

Example 3: However, if the patient in example 2 was paraplegic and bed bound but still able to do some self-care such
as feed themselves, then the PPS would be higher at 40 or 50% since he or she is not ‘total care.’

3. PPS scores are in 10% increments only. Sometimes, there are several columns easily placed at one level but one
or two which seem better at a higher or lower level. One then needs to make a ‘best fit’ decision. Choosing a ‘half-
fit’ value of PPS 45%, for example, is not correct. The combination of clinical judgment and ‘leftward precedence’
is used to determine whether 40% or 50% is the more accurate score for that patient.

4. PPS may be used for several purposes. First, it is an excellent communication tool for quickly describing a
patient’s current functional level. Second, it may have value in criteria for workload assessment or other
measurements and comparisons. Finally, it appears to have prognostic value.

Copyright © 2001  Victoria Hospice Society

Palliative Performance Scale (PPSv2) 
version 2

Fig. 19.2 Palliative Performance Scale (PPS v2): a tool developed by
Victoria Hospice and used to measure functional status and progressive
decline. It is used frequently in Palliative Care as a means of communi-
cating patient status. This tool continues to be tested for its effectiveness in

prognostication in various populations. Copyright Victoria Hospice
Society, BC, Canada (2001) www.victoriahospice.org. Reprinted with
permission
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Definition of Terms for PPS

As noted below, some of the terms have similar meanings with the differences being more readily apparent as one reads
horizontally across each row to find an overall ‘best fit’ using all five columns.

1. Ambulation
The items ‘mainly sit/lie,’ ‘mainly in bed,’ and ‘totally bed bound’ are clearly similar. The subtle differences are related
to items in the self-care column. For example, ‘totally bed ‘bound’ at PPS 30% is due to either profound weakness or
paralysis such that the patient not only can’t get out of bed but is also unable to do any self-care. The difference between
‘sit/lie’ and ‘bed’ is proportionate to the amount of time the patient is able to sit up vs need to lie down.

‘Reduced ambulation’ is located at the PPS 70% and PPS 60% level. By using the adjacent column, the reduction of
ambulation is tied to inability to carry out their normal job, work occupation or some hobbies or housework activities. The
person is still able to walk and transfer on their own but at PPS 60% needs occasional assistance.

2. Activity & Extent of disease
‘Some,’ ‘significant,’ and ‘extensive’ disease refer to physical and investigative evidence which shows degrees of
progression. For example in breast cancer, a local recurrence would imply ‘some’ disease, one or two metastases in the
lung or bone would imply ‘significant’ disease, whereas multiple metastases in lung, bone, liver, brain, hypercalcemia or
other major complications would be ‘extensive’ disease. The extent may also refer to progression of disease despite active
treatments. Using PPS in AIDS, ‘some’ may mean the shift from HIV to AIDS, ‘significant’ implies progression in physical
decline, new or difficult symptoms and laboratory findings with low counts. ‘Extensive’ refers to one or more serious
complications with or without continuation of active antiretrovirals, antibiotics, etc. 

The above extent of disease is also judged in context with the ability to maintain one’s work and hobbies or activities.
Decline in activity may mean the person still plays golf but reduces from playing 18 holes to 9 holes, or just a par 3, or to
backyard putting. People who enjoy walking will gradually reduce the distance covered, although they may continue trying,
sometimes even close to death (eg. trying to walk the halls).

3. Self-Care
‘Occasional assistance’ means that most of the time patients are able to transfer out of bed, walk, wash, toilet and eat by
their own means, but that on occasion (perhaps once daily or a few times weekly) they require minor assistance.

‘Considerable assistance’ means that regularly every day the patient needs help, usually by one person, to do some of
the activities noted above. For example, the person needs help to get to the bathroom but is then able to brush his or her
teeth or wash at least hands and face. Food will often need to be cut into edible sizes but the patient is then able to eat of
his or her own accord.

‘Mainly assistance’ is a further extension of ‘considerable.’ Using the above example, the patient now needs help getting
up but also needs assistance washing his face and shaving, but can usually eat with minimal or no help. This may fluctuate
according to fatigue during the day.

‘Total care’ means that the patient is completely unable to eat without help, toilet or do any self-care. Depending on the
clinical situation, the patient may or may not be able to chew and swallow food once prepared and fed to him or her.

4. Intake
Changes in intake are quite obvious with ‘normal intake’ referring to the person’s usual eating habits while healthy.
‘Reduced’ means any reduction from that and is highly variable according to the unique individual circumstances.
‘Minimal’ refers to very small amounts, usually pureed or liquid, which are well below nutritional sustenance.

5. Conscious Level
‘Full consciousness’ implies full alertness and orientation with good cognitive abilities in various domains of thinking,
memory, etc. ‘Confusion’ is used to denote presence of either delirium or dementia and is a reduced level of
consciousness. It may be mild, moderate or severe with multiple possible etiologies. ‘Drowsiness’ implies either fatigue,
drug side effects, delirium or closeness to death and is sometimes included in the term stupor. ‘Coma’ in this context is the
absence of response to verbal or physical stimuli; some reflexes may or may not remain. The depth of coma may fluctuate
throughout a 24 hour period.

© Copyright Notice. 
The Palliative Performance Scale version 2 (PPSv2) tool is copyright to Victoria Hospice Society and replaces the first PPS published
in 1996 [J Pall Care 9(4): 26-32]. It cannot be altered or used in any way other than as intended and described here. Programs may
use PPSv2 with appropriate recognition. Available in electronic Word format by email request to judy.martell@caphealth.org

Correspondence should be sent to Medical Director, Victoria Hospice Society, 1900 Fort St, Victoria, BC, V8R 1J8, Canada

Fig. 19.2 (continued)
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sleep disordered breathing [15]. However, opioid therapy
should be considered when dyspnea is refractory to maximal
HF therapy, volume removal does not improve dyspnea
sufficiently, and exercise therapy is both maximized and
ineffective or the patient is unable to exercise.

Opioids improve the ventilator response to exercise by
vasodilatation and act on opioid receptors in the brain and
the lung to alter the perception of dyspnea and are also
anxiolytic. In small-randomized controlled studies oral opi-
oids improve dyspnea acutely and chronically in NYHA
class II–IV patients without significant adverse effects [15].
However, when the patient has CKD as well, one must be
cautious with the opioid selection, staying away from mor-
phine and using other opioids such as oxycodone, or low
dose hydromorphone.

Anemia should be worked up as it is normally done in
CKD if it is found in the cardio-renal patient. Anemia is not
described in heart failure; in cardio-renal patients it was
present in the same rate regardless of EF and is likely a
function of decreased renal function [20].

Depression is prevalent in CKD and HF and has been
associated with increased morbidity and mortality. The
prevalence of clinically significant depression has been
reported to be greater than 20% in both the HF and CKD
population, and only 2–4% in the general community, and
5–10% in the primary care setting [8, 21]. Although, there is
no evidence that treating depression reduces morbidity and
mortality in the context of palliative care, both pharma-
cotherapy as well as psychotherapy might be helpful in
alleviating symptoms. In one study, patients with stage 4
CKD who were hospitalized with CHF were found to have a
12-month mortality if they were diagnosed with major
depressive disorder [22]. A randomized control trial of
treatment of depression in HF with sertraline (SADHART
CHF), did not show a benefit with sertraline or placebo after
12 weeks [23]. SSRI’s carry an increased risk of bleeding in
CKD, and have higher rates of sexual dysfunction and
central nervous system depression, and drug–drug interac-
tions with MAO inhibitors, an tricyclic antidepressants [21].
A prospective cohort study of “mindfulness” support group
and HF education resulted in statistically significant
improvement in depression and anxiety score [15], and the
role of such noninvasive and non-pharmacologic therapies
should be further explored in this population.

Palliative Care

The World Health Organization (WHO) defines palliative
care as “an approach that improves the quality of life of
patients and their families who are facing problems associ-
ated with life-threatening illness.” Palliative Care focuses on
the prevention and relief of suffering “through the early

identification, correct assessment and treatment of pain and
other problems, whether physical, psychosocial, or spiri-
tual.” [24]. The benefits of palliative care in the cancer
population are clearly demonstrated in landmark studies
such as the Temel study, [25]. Studies to evaluate the benefit
of palliative care to patient populations with noncancer
diagnoses, including heart failure and renal failure are
ongoing [11, 26]. The Palliative Care in Heart Failure study
is designed as a prospective study that will assess the effi-
ciency and cost effectiveness of Palliative Care interventions
concurrently with advanced treatments for heart failure. In
small studies of patients with liver and kidney disease, some
benefit is shown in depression scores, resource utilization,
and quality of life [11, 27]. Palliative care programs have
improved symptom burden, spiritual well-being, caregiver
satisfaction, and increased rates of death at home [15].
A study of palliative care patients with ESKD found that
follow up with outpatient palliative care reduced ED visits
and hospital readmissions, as well as decreased symptom
burden [11].

Despite these results and society recommendation to
involve Palliative Care, there are many barriers to its use in
these patient populations. Patients and providers often
misidentify palliative care as hospice, believe that employing
palliative care takes away hope, and have difficulties with
accepting prognostication [28]. Studies on characteristics of
palliative care referrals of heart failure patients while retro-
spective, suggest that the patients are older, sicker, had renal
failure, and have been in the ICU [29, 30]. In other words, in
keeping with the prevalent notion that hospice and palliative
care are the same, providers most often refer the sickest of
the sick to Palliative Care. Often these referrals are often so
late, that the longitudinal benefits of palliative care are
unrealized. In one retrospective study, time to the palliative
care consult in hospitalized patients with advanced heart
failure was 21 days after hospital admission [31].

Prognostication is also a challenge. CRS, as with HF and
ESKD, carries with it high morbidity and mortality.
A meta-analysis of observational studies confirms that HF
patients with renal dysfunction have a significant increase in
relative mortality risk [31]. Statistics however, are difficult to
translate to an individual patient’s experience and illness
trajectory. Studies that have used symptoms or clinical
markers for prognosis have not necessarily predicted the
individual who died soon or lived 1–2 years after diagnosis
of a serious illness [15]. The course of chronic illnesses such
as heart failure is undulating and punctuated by acute illness
episodes, followed by periods of relative recovery. While
repeated hospitalization is a poor prognostic indicator, it
remains difficult to say which hospitalization will be the last.
In cancer patients, the surprise question has been validated
as a tool to identify patients who are at high risk for death
[32]. If the answer to “Would you be surprised if your
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patient died in the next 6–12 months,” is “No,” then most
likely the patient is hospice appropriate. This has been
studied in ESKD, and heart failure patients and is probably a
useful tool [33]. The Palliative Performance Scale (PPSv2)
(Fig. 19.2) is a tool used in Palliative Care and Hospice
populations. This tool allows for consistent communication
about patient functional status and disease burden between
providers. The PPSv2 may also have prognostic value in
Palliative Care patient populations.

As an approach to care, Palliative Care provides symptom
control, psychosocial support of patient and families, and
help with advance care planning early in the course of a life
limiting illness and importantly, parallels usual care of the
underlying illness. Palliative Care unlike hospice is not
prognosis dependent, and can be provided anywhere along
the trajectory of illness. In its approach to care, palliative
care is similar to hospice in that a team, often a physician
and/or nurse practitioner, with support from social workers,
chaplains and other ancillary services as might be needed
provide a full spectrum of care. In large Palliative Care
programs, care can be provided across the continuum, with
ongoing efforts to provide care “where the patient is.” Pal-
liative Care providers comanage patients with serious illness
even while treatments to prolong life or achieve cure are
provided. When the patient is ready and medically appro-
priate, palliative care can help to refer and transition patients
to hospice.

Communication

Effective communication with patients affects both their
understanding and their experience throughout chronic ill-
ness, not just at the end of life [34]. The focus of commu-
nication with patients may vary throughout the course of an
illness, and subjects such as medical management and
self-care behaviors that affect QOL may take on a greater
focus early on. However, CRS is a life limiting illness for
which, at this time, there is no cure [1, 2]. In HF, patients
often have little insight into the nature of their disease, or in
their prognosis and rarely initiate or are offered discussion
on end of life [8]. Patients and their families report that they
want to have in depth discussion regarding both prognosis
and end of life issues, but feel they are not given full dis-
closure on prognosis and the severity of illness [35]. A sur-
vey of patients enrolled in an academic HF clinic
demonstrated significant discordance between patient's pre-
dicted life expectancy versus actual and model predicted life
expectancy, with an average overestimation by patients of
longevity by 40% [35]. Another, study found that most
patients are generally comfortable discussing end of life
issues, as long as information is presented honestly and
balanced with hope [31].

The SUPPORT study, which was pivotal in raising
awareness around end of life care in the USA, was a mul-
ticenter trial that asked among many things: if we give
patients and families the information about poor prognosis,
will they want aggressive care? [36] After a very specific
intervention, in which a nurse provided the information
about prognosis in a clear manner, patients or surrogates
made no different choices than when there was no formal
prognosis information. We have learned much about com-
munication in medicine since then. There are many excellent
educational programs to help providers learn techniques that
improve patient satisfaction, support decision-making, and
help to better elucidate goals of care (Oncotalk, Geritalk,
Nephrotalk, Vitaltalk).

Nonetheless there remain physician, patient and system
barriers to communication and elucidation of treatment
preferences from those who are seriously ill. Patient factors
include denial, and desire to protect family members [9].
Provider factors include time, comfort level and in particular,
uncertainty around prognosis. A recent survey study in
JAMA, identified several provider barriers including dis-
comfort around family disagreement, and dealing with the
patient/family response of denial [37]. Providers also cite that
they do not receive communication skills training [37]. Dis-
cussing treatment preferences in patients with heart failure is
also challenging due to the use of advanced therapies such as
destination ventricular assist devices (VADs). The informed
consent process for starting therapies often considers the
benefits of treatment, and risks of not having treatment, but
rarely includes discussion of discontinuation of therapy when
it is no longer effective or meeting patient goals [38].

Communication with patients who have life limiting ill-
nesses, in particular should be a dialog [39]. In this setting,
decision-making becomes a negotiation, more so the further
down the path one gets. Decision-making is always influenced
by values, but this becomes more important when treatment
options become more burdensome or higher risk [39]. Infor-
mation giving becomes less important, and listening more
important with time.Additionally, people learn differently and
may want different information. For example, some people
might want full disclosure, and other people might not.

However, information should always be offered, and the
level of information desired by the patient should be deliv-
ered. Information that supports decision-making for patients
and families includes the anticipated cause of death, dis-
cussion of treatments that are life prolonging, and the pos-
sibility of escalating symptoms and functional decline.
Communication around the time of device insertion or
infusions is also important. Insertion or addition of devices,
use of inotropic infusions, and dialysis should only proceed
after explaining the circumstances in which the patient might
want these discontinued as well as other alternatives such as
comfort-focused care [31]. A retrospective study based on
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interventions of next of kin of deceased patients who had
been recipient of an ICD, deactivation of the device before
insertion was discussed in only about 27% of cases. When a
DNR order was in place, such discussions took place <45%
of the time [8].

Advance Care Planning (ACP)

Advance Care Planning is a process that involves tools to
springboard discussions around treatment preferences [40,
41]. The goal of ACP is to ensure that if a patient with a
serious illness can no longer communicate treatment pref-
erences, there is sufficient information available to provide
care that is consistent with the patient’s goals and values
[31]. A living will is the document that outlines treatment
preferences for care at the very end of life. Health Care
power of attorney (HCPOA) is a document that gives a
named individual(s) health care decision-making ability
when a patient in incapacitated and most often requires
witnesses. A patient can complete these without a lawyer,
and independent of a visit with their provider. Treatment
preferences change over time for many reasons, such disease
severity and increased treatment burden, and treatment
preferences should be reviewed on a regular basis.

Very few people have a living will even now in 2016
despite large national efforts to get people to complete them
[42]. There are many potential problems with advance
directives usually related to correctness and how current the
information is. Since treatment preferences change over
time, many question the value of a document completed
previously [42]. Infrequent review by patients and providers
sometimes results in incorrect information. The HCPOA
may have changed for instance, over time. Many people are
currently focusing on the designation of a decision maker, a
HCPOA, and encourage patients to clarify wishes and
preferences with that person [42].

Patients with CRS pose a particularly challenging
because they can have altered mental status due to their
underlying disease(s). This can wax and wane, or be an
indicator of disease progression. The ACP process in these
patients, especially designation of a HCPOA is critical. The
recent ruling from CMS (Centers for Medicare and Medi-
caid) to acknowledge a provider visit to address end of life
wishes is a great opportunity to put this in the forefront of
care of these patients.

Hospice

Advanced Heart Failure is highly lethal, with life expectancy
of less than 1 year for most patients once they enter stage D
HF [19]. Studies of patient preference have noted that 90%

of people would prefer to die at home as opposed to a
hospital or nursing home. Yet, among patients with HF and
decreased EF, 58% die in the hospital while only 29% die at
home [35]. In the ESKD population, 45% die in hospital,
while only 20% ever use any hospice services [43].

Hospice care is palliative care provided to patients with a
life expectancy less than 6 months as defined by the rules of
Medicare in the USA [44]. Hospice, as a program, was
signed into Medicare law [45] in 1982.

There are many barriers to enrolling in hospice care
including myths about the intent of comfort medications,
including the notion of “giving up,” and that the patient must
have Do Not Resuscitate (DNR) Status. In fact, hospice is a
comprehensive care program which provides for medica-
tions, durable medical equipment, and support services that
allow medical care to be provided in the home, rather than
the hospital [46, 47]. Hospice care is focused on patients
with higher likelihood of dying, than the palliative care
population, and specializes in care at the very end of life.

Hospice utilization has grown significantly since 1983
when the primary admission diagnosis was cancer. In 2014,
only 35% of all hospice patients were cancer patients [44]
while 65% were noncancer diagnoses. However, of the large
group of patients who had non cancer diagnoses, only 14.7%
had a diagnosis of heart failure, and 3.0% had a diagnosis of
kidney failure. In the 2014 National Hospice and Palliative
Care Organization (NHPCO) data [44], CRS was not a listed
diagnostic code (in the list of noncancer diagnoses. Addi-
tionally, the length of stay on hospice is short. In 2014,
35.5% of patients died or were discharged within 7 days of
admission to hospice. This trend is increasing [44]. In a
recent study using data from the United States Renal Data
System (USRDS) and the Dartmouth Atlas [43], patients
with kidney failure and heart failure had more deaths in the
hospital than cancer patients. Additionally, Hospice use was
greater in cancer patients, less in heart failure patients and
even less in patients on dialysis [43]

Families, of patients who died with hospice services were
more likely to rate their dying “experience” excellent as
compared with those who died in an institution or at home
with only home services [48, 49]. Timing of referral to
hospice is an important consideration when caring for
patients who are at the end of their lives. Perception of
appropriate timing of hospice care, not total length of stay
correlates well with family satisfaction, where the perception
of being referred “too late” was associated with greater
dissatisfaction and unmet needs [48, 49].

Caregivers can be the second patient, and have a lot of
stress and burden. In a study looking at caregiver burden,
they found that there was no difference between caregivers
of patients with the diagnosis of CHF, cancer or COPD in
terms of burden, and that caregiver resources, not patient
diagnosis or illness severity are the primary correlate with
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caregiver burden [50]. It was also found, that caregiver
well-being is the most important factor in keeping a patient
out of the hospital [50].

Future Directions

Further research into the etiology of symptomatology in
cardio-renal syndrome are needed to see if the symptoms are
indeed a combination of those seen in CKD and HF, and if
their treatment follows the same general principles. Research
into communication issues, and communication styles in
regards to education, advanced care planning, end of life
issues, and hospice referral are needed. Finally, better
prognostic tools to help guide decision-making, and to better
inform both the provider and the patient where the patient is
at on the spectrum of disease.

Conclusion
Patients with both chronic kidney disease/Acute kidney
Injury and Heart Failure are highly symptomatic, have
high mortality, and high medical resource utilization.
Palliative Care that includes excellent symptom manage-
ment, attention to quality of life, and support of family has
been shown to be beneficial in patients with heart failure
as well as kidney disease but is underutilized. While more
research is needed to better define these metrics in CRS,
sufficient literature suggests the benefits of Palliative Care
in heart failure and kidney failure. Patients want to know
their prognosis, and what to expect for better or for worse,
when balanced with hope. Advance Care Planning pro-
vides a tool for discussion and planning for care as
treatments become more burdensome. Finally, hospice is
an underutilized resource that benefits both the patient and
their families at the end of life.
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Introduction

As the age of the American population increases, so does the
incidence of many chronic medical conditions, including
cardiovascular disease and chronic kidney disease. In a
worrisome trend, the number of new cases of CKD among
Medicare patients doubled from the year 2000–2008 [1].
And while in 2011 the number of patients enrolled in the US
End Stage Kidney Disease (ESKD) program reached an
all-time high of 615,899, the incidence of ESKD in the
United States has levelled off at 350 cases per million since
2001 [2]. This interesting discordance is not completely
understood, but improved survival from non-renal diseases,
such as cardiovascular disease, has definitely played a role.

As of January, 2016, there were 100,791 people awaiting
a kidney transplant in the US. While more than 17,000
transplants will be performed in 2016, unfortunately, every
year, up to 9500 potential recipients die before receiving the
transplant or become too sick to undergo the operation [3, 4].

Among those patients awaiting transplant, as well as all
ESKD patients, coronary artery disease is a major cause of
morbidity and mortality. At the time of diagnosis of ESKD,
40% of patients already have ischemic heart disease, with
the incidence of acute coronary syndrome being 2.9% per
year [5, 6]. Ultimately, cardiac disease accounts for 45% of
all ESKD deaths.

Its no surprise that cardiovascular disease is so prevalent
within the ESKD population.

Many risk factors independently predispose patients to
both cardiovascular and kidney disease and include

hypertension, diabetes, advanced age, sedentary lifestyle,
and certain autoimmune diseases. In addition, the physio-
logic changes that occur when the kidneys fail, as well as
when we try to replicate their function, further increase the
risk for cardiovascular disease. For example, uremia and the
process of hemodialysis itself, result in oxidative stress and
increased levels of C-reactive protein, which indicates
inflammation and has been shown to enhance risk for car-
diovascular death [7]. Furthermore, dysfunction in calcium
metabolism, as well as the administration of phosphate
binders, causes calcium deposition in the coronary arteries
and increased atherosclerosis. As such, guidelines from both
the National Kidney Foundation and the American Heart
Association recommend classifying ESKD as a cardiovas-
cular disease equivalent [8, 9].

For most patients, a successful kidney transplant provides
substantially longer survival and better quality of life. The
adjusted risk reduction of acute myocardial infarction after a
successful transplant is 17%, and the risk is further reduced
among certain populations, such as recipients less than
65 years old and those that undergo transplant within
6 months of initiating dialysis [10]. This reduction in cardiac
deaths has not been completely explained, but evidence
exists that its in part due to improvement in left ventricular
hypertrophy as well as vascular stiffness [11]. However,
30% of patients with a functioning transplant will still die of
cardiovascular complications; it is the leading cause of death
in the post-transplant patient [12].

Despite the heavy burden of cardiovascular disease in the
pre and post-transplant patient, there are no consensus
guidelines for the screening of CAD in these populations. In
fact, the AHA/ACC guidelines simply conclude that “there is
no strong evidence for or against routine cardiac screening of
asymptomatic transplantation candidates” [13]. Screening for
CAD has more uses than just determining whether it is safe to
proceed with transplant. The data garnered by screening tests
helps inform transplant patients of their pre and
post-transplant risk for an ischemic event, as well as guide
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medical decision-making to optimize post-transplant success.
Although a universal screening algorithm does not exist, the
proper risk stratification is of utmost importance for patient
survival, as revascularization of patients at high risk for CAD
has been shown to reduce cardiovascular events after trans-
plant [14]. In fact, those patients found to have obstructive
CAD on angiogram during the pre-transplant work-up have
the same rate of cardiovascular events at 1 month AND
1 year as those with non-obstructive CAD or no angiographic
evidence of CAD if revascularization is done [15]. Nearly all
patients awaiting transplant have at least one cardiovascular
risk factor other than CKD, usually diabetes. Combined with
the universal perception that CKD patients are high risk for
CAD, the randomized clinical trials necessary to create a
screening protocol will likely never be performed. As such, in
this chapter we explore the available CAD screening
modalities as well as the evidence for their use in pre-kidney
transplant evaluation.

Resting, Noninvasive Studies

History and Physical

Every initial patient–physician encounter begins with a
history and physical exam. While necessary for many
medical decisions, the information gathered from the H&P
has shown to be limited in predicting ischemic events before
and after kidney transplant. The process is made difficult by
the often atypical features of ACS in ESKD patients, usually
due to long-standing diabetes. For example, the most com-
mon presenting symptom of an acute myocardial infarction
in ESKD patients is shortness of breath rather than chest
pain [16]. Furthermore, many patients on the transplant list
are too deconditioned to properly determine functional sta-
tus. In one retrospective analysis of 229 patients that
underwent angiography prior to kidney transplant, the only
risk factor that predicted the presence of CAD was a known
history of CVD [15].

Physical exam findings may also hint at CAD, but none
independently predict ischemic event rates, and none can be
used solely to determine whether a screening for CAD is
required prior to transplant. These findings include signs of
peripheral artery disease, evidence of metabolic syndrome,
or new atrial fibrillation.

Risk scores can be a powerful tool for synthesizing data
from the history and physical and stratifying patients to the
correct risk group. When applied to potential kidney trans-
plant recipients, the classic Framingham Heart Study score
tends to underestimate the risk of ischemic events in patients
on the transplant list as well as those that have undergone the
operation [17]. As such, several attempts have been made to
create risk scores targeted specifically at patients awaiting

kidney transplant in order to determine who would benefit
most from CAD screening. In a risk-stratification algorithm
created by Lewis et al. [18], low-risk patients underwent no
further cardiac testing prior to transplant while those with
� 1 risk factor (age > 50, insulin-dependent diabetes,
abnormal ECG, or a history of either angina or congestive
heart failure) were deemed high-risk and underwent stress
testing and possible angiography. There was only one car-
diac death in the low-risk group, and cardiac mortality was
significantly lower in the low-risk group when compared
with the high-risk group (1 vs. 17%, p < 0.001).

The history and physical are part of the basic patient
evaluation that will be done on every initial encounter. The
information gathered will help guide all clinical decisions,
but more information is usually needed before deciding
whether a pre-transplant patient requires CAD screening.
Only in a very specific, low-risk, group as described above,
can CAD screening be forgone with data from just the H&P.

Electrocardiogram

The resting 12-lead electrocardiogram is a simple, noninva-
sive, inexpensive test that has been used in pre-operative
cardiac assessment for decades. Several studies have identi-
fied factors that have varying abilities at predicting CAD. In
one study of asymptomatic, diabetic patients undergoing an
ischemic cardiac work-up (that did not specifically look at
ESKD or pre-transplant patients), Q waves on ECG were
found to be strongly associated with a high-risk SPECT score
(chi-square = 38.3, OR 3.92, 95% CI 2.54–6.04, p < 0.001)
[19]. In type-1 insulin-dependent diabetic patients awaiting
transplant, abnormal ST-T segments (defined as ST-T seg-
ment elevation or depression >1 mm, or inverted T-waves in
any lead where the QRS-complex had a net positive deflec-
tion), were independently predictive of CAD when confirmed
by angiography (OR 5.7, 95% CI 1.5–21.5, p < 0.05) [14].

Although an abnormal ECG is capable of predicting CAD
in pre-transplant patients to some degree, a normal ECGcan be
used to help exclude CAD in certain patients. In fact, in type-1
diabetic patients awaiting transplant that are less than 45 years
old, have no smoking history, and have had diabetes less than
25 years, the absence of ST-Twave changes predicts that there
will be no evidence of CADon angiogramwith a sensitivity of
97% and a negative predictive value of 96% [14].

Additionally, because the ECG is so widely available and
easy to perform on almost all patient populations, this simple
test can be done serially during the pre-transplant work-up,
and continue while the patient awaits the operation. If
changes are detected, the course of the ischemic evaluation
may be altered.

A resting ECG is a reasonable test to perform on all
patients awaiting kidney transplant. Signs of ischemia as
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defined above will likely necessitate more advanced or
invasive testing for confirmation, but a normal ECG, when
combined with other clinical factors, can suggest that no
further testing is needed, and the transplant can proceed.

Transthoracic Echocardiogram

The transthoracic echocardiogram (TTE) is a more cum-
bersome test than the ECG and is not typically used as a
screening tool for CAD. Nonetheless, many ESKD patients
already have a TTE simply because the National Kidney
Foundation recommends that it be performed within several
months of starting dialysis [20]. Unfortunately, due to a long
history of diabetes and/or hypertension, many ESKD
patients can have abnormal TTE findings, such as left ven-
tricular hypertrophy or increased LV size, that do not nec-
essarily indicate coronary artery disease. In diabetic patients,
resting wall motion abnormalities (WMAs) are associated
with more ischemic events, and in patients without a known
history of CAD, resting WMAs often correlate with abnor-
mal stress imaging [21, 22].

However, currently, no studies exist that compare TTE
findings suggestive of ischemia in potential kidney trans-
plant recipients with confirmed CAD on angiography or with
pre or post-transplant coronary events. However, in one
study of liver transplant recipients, increased pulmonary
artery systolic pressure was associated with significantly
increased risk of hospitalization for myocardial infarction or
heart failure (subhazard ratio per 5 mm Hg increase in
PASP, 1.79; 95% CI 1.48–2.17; p < 0.001), but it is unclear
how, or if, this information can be used to guide CAD
screening in patients awaiting kidney transplant [23].

The resting echocardiogram can be used to assess change
in clinical status of those awaiting transplant, such as new
onset shortness of breath, but there is no evidence for its use
as a CAD screening modality prior to kidney transplant.
More data is needed, but it is unlikely that the TTE will
replace more sophisticated stress testing or angiography
when screening for coronary artery disease in patients
undergoing kidney transplant work-up.

Coronary Artery Calcium Score

In the general population, long-standing diabetes and
hypertension results in the build-up of calcium containing
atherosclerotic plaques within the intima of the coronary
arteries. Since the 1980s, electron-beam CT, and now non-
contrast multidetector CT, has been used to measure this
calcium to create a coronary artery calcium (CAC) score.
Multiple studies have shown that CAC is proportional to
adverse cardiovascular events [24, 25].

As discussed previously, however, traditional risk factors
for CAD are not the only proposed culprits for the higher
prevalence of ischemic heart disease among patients with
ESKD. Dysfunctional calcium and phosphate metabolism
results in abnormal deposition of calcium in not only the
intima, but also the media of the coronary arteries which is not
seen in patients with intact renal function [26]. It follows,
then, that while the CAC is higher for patients with ESKD
than with age and sex matched controls [27], some of the
calcium is deposited within the media and, thus, not neces-
sarily contributing to occlusive plaques. As such, while some
studies have correlated CAC with cardiovascular events in
patients with ESKD, the CAC cutoff required to predict these
outcomes was substantially higher than the generally accep-
ted normal values [28, 29]. Conversely, a CAC of zero in
patients with ESKD has a negative predictive value of 88%
for significant luminal stenosis on coronary angiography [30].

Attempts to demonstrate a relationship between CAC and
degree of ischemic disease in ESKD patients have produced
inconsistent results. In one study that included dialysis
patients as well post-transplant patients, CAC was propor-
tional to extent of plaque burden on angiography, but themean
CAC in patient with an abnormal angiogramwas 2870 U [31].
Ultimately, large clinical trials in the ESKD population need
to be performed to determine CAC score cutoffs that optimize
the sensitivity and specificity of this test by correlating the
results with angiography, stress testing, or ischemic events.

It is important to note that while CAC may be able to
predict cardiovascular events, there is no data to support that
screening for CAD with CAC improves cardiac outcomes,
particularly in patients with ESKD that are awaiting trans-
plant. A low CAC (<20) can help exclude significant
ischemic disease, but given pathophysiology of ESKD, very
few patients on the transplant list are likely to have such little
calcium deposition. CAC alone is not an effective method to
screen for CAD in the pre-transplant patient, but combina-
tion with other modalities, such as SPECT, may increase its
sensitivity and specificity.

Coronary Computed Tomographic Angiography

Historically, the utility of coronary computed tomographic
angiography (CCTA) has been limited by the technology
behind it. Older detectors were limited by high rates of
artifact due to fast heart rates, inadequate breath holding, or
extensive calcification that deemed many coronary segments
“non-evaluable.” The new generation of machines, however,
addresses these concerns, and a recent study suggests that
the specificity of detecting obstructive CAD in the inter-
mediate risk group of the general population is the same as
other noninvasive tests such as SPECT and stress echocar-
diogram (83%), while the sensitivity is higher (95%) [32].
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When applied to patients with ESKD, though, the same
characteristic that limits the use of CAC in those awaiting
kidney transplant also limits the use of CCTA: increased
calcium burden. Dialysis patients are more likely to have
diffuse coronary calcification than control groups with intact
renal function, but these calcifications are not necessarily
occlusive; they may be located in the vessel media [33].
While the significance of the location of the calcium is
debatable, most studies that the evaluate the use of CCTA in
dialysis patients conclude that the sensitivity is on par with
non-dialysis patients, but the specificity is lower, likely
related to higher rates of false-positive results that is due to
increased non-occlusive calcium [34, 35].

Nonetheless, in one small study, among patients with
ESKD, extensive CAD by CCTA was associated with a 36%
chance of experiencing a cardiovascular event, while none of
the patients without significant CAD by CCTA reached that
endpoint [36]. No studies have been done that review how
CCTA affects rates of ACS following a kidney transplant.

Given the high sensitivity of CCTA in patients on dialysis,
its role in screening for CAD during pre-transplant work-up
is likely limited to the low-risk group. However, the necessity
of intravenous contrast and risk of damaging any residually
functioning nephrons in the already tenuous pre-transplant
patient may make this testing modality less attractive than
similarly accurate SPECT or stress echocardiogram.

Cardiac MRI

Cardiac magnetic resonance imaging (CMR) is quickly
becoming a popular and powerful tool to assess cardiac
chamber sizes and function. The addition of contrast
enhancement allows healthy myocardium to be distinguished
from fibrotic tissue, and increasingly well described patterns
of gadolinium extravasation can be used to define the
myocardial viability, which correlates to the likelihood of
functional recovery after revascularization [37]. In particular,
isolated subendocardial late gadolinium enhancement
(LGE) is more likely to indicate reversible ischemia than
transmural LGE [38].

Unfortunately, it is this same property of gadolinium
extravasation that has the potential to induce nephrogenic
systemic fibrosis (NSF), particularly in ESKD patients. This
process is irreversible and potentially fatal. Although rare,
the risk of NSF has precluded any large studies of contrast
enhanced CMR being done in pre-transplant patients.
Despite the risk, one study of pre-transplant ESRD patients
that was focused on further classification of uremic car-
diomyopathy found that subendocardial LGE was linked to
cardiovascular risk factors, a history of CAD, and depressed
ejection fraction [39]. Only a small portion of these patients
had angiography, as it was not part of the study protocol, but

subendocardial LGE appeared to be more strongly associ-
ated with a heavy burden of CAD than diffuse LGE [40].

Cardiac MRI is capable of detecting coronary artery
disease in the general population, but it is not widely
available, and thus, not routinely used for screening. More
data would be needed to determine whether this technology
is applicable to patients awaiting kidney transplant as there
are no studies dedicated to correlating CMR findings sug-
gestive of CAD to positive stress tests or angiography, but
these studies cannot be recommended routinely at this time,
given the risk of gadolinium induced nephrogenic systemic
fibrosis and the potential to compromise the status of their
transplant. Recent data looking at global, septal and mid-
septal T1 relaxation times showed that these correlated with
left ventricular mass indices in patients on hemodialysis
when compared to controls [41]. Septal T1 times correlated
with troponin levels and electrocardiogram corrected Qt
intervals [41]. Similarly, peak global longitudinal strain
correlated with left ventricular mass indices in the
hemodialysis group, thus opening up alternate options in
estimating myocardial fibrosis with cardiac MRi without the
use of gadolinium.

Cardiac Biomarkers

Cardiac biomarkers are traditionally used to evaluate acute
cardiac events (troponin for ACS and brain natriuretic pep-
tide for heart failure exacerbations), but there is growing
interest concerning their role in assessing cardiac status of
asymptomatic patients, particularly for cardiac troponin in
patients waiting for renal transplant.

In the asymptomatic potential transplant recipient, data
supporting the use cardiac troponin T (cTnT) is inconsistent.
In one study, cTnT was worse at detecting CAD than
dobutamine stress echocardiogram, and when used in com-
bination with DSE, lowered the sensitivity and specificity
[42]. However, patients that had baseline elevation in cTnT
had worse cardiac outcomes before and after transplant. In
another study, increased cTnT not only correlated with
mortality, but magnitude of elevation correlated with mor-
tality rates [43]. Also notable was that only 2% of patients
with normal cTnT level died during the follow-up period,
and some classically high-risk patients had a normal cTnT,
including patients with age > 50, diabetes, stress-induced
myocardial ischemia, or depressed ejection fraction.

Cardiac biomarkers will continue to play an important
role in assessing cardiac status in patients presenting with
acute symptoms such as chest pain or shortness of breath.
There are promising developments for the use of cardiac
troponin T in the asymptomatic potential renal transplant
recipient, but more studies need to be done with the goal of
comparing this simple blood test to accepted screening
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modalities. Fortunately, the ease, availability, and cost of
this test should make clinical trials feasible.

Stress, Noninvasive Studies

Exercise Stress Test

Despite its robust use in the general population, the exercise
stress test (EST) has struggled to find significance in
screening for CAD prior to kidney transplant. Many patients
awaiting transplant are not candidates for the EST due to a
very poor functional status and inability perform the required
mets. Additionally, a long history of cardiovascular risk
factors, or a personal history of CAD may have deemed the
exercise ECG uninterpretable. Studies that have attempted to
prognosticate exercise stress test results in the pre-transplant
patient are limited by very high incomplete test rates due to
failure to reach target heart rates, usually around 45% [44,
45]. Only 2 studies, with a total of 129 patients, have com-
pared EST results to angiography in patients screened for
CAD prior to kidney transplant, and these demonstrated a
very wide range of sensitivity and specificity, 36–100% and
0–91%, respectively. The inconsistent results were likely due
to failure to meet criteria for a diagnostic test [46, 47].

The exercise stress test is a simple test that can provide
valuable information regarding CAD risk if done properly
and to completion. There is scant evidence to support its use
when screening for CAD in potential kidney transplant
recipients, though, and the large studies necessary to deter-
mine its efficacy are likely not practical given the baseline
characteristics of patients on the transplant list, most notably
poor exercise tolerance.

Myocardial Perfusion Scintigraphy/Spect

There is a plethora of data regarding the efficacy of
myocardial perfusion scintigraphy (MPS) at diagnosing
coronary artery disease in potential kidney transplant recip-
ients as well as its ability to predict adverse cardiovascular
events both before and after transplant.

In one meta-analysis of 9 studies with 582 participants
awaiting kidney transplant comparing MPS to angiography,
there was a pooled sensitivity of 74% and specificity 70%
[48]. Importantly, among diabetic kidney transplant recipi-
ents, a PPV and NPV of 34 and 96%, respectively, meant that
1 year after transplant, the group with positive stress results
experienced more ischemic events (22.4 vs. 3.4%) than those
with negative stress results. Rates of all cardiovascular events
as well as all-cause mortality were also statistically signifi-
cantly higher in the positive stress group [49].

And while the diagnostic accuracy of MPS appears to be
moderately inferior to dobutamine stress echocardiography,
the difference may not translate to a difference in cardiac
outcomes. A recent large meta-analysis concluded that the
relative risk of cardiovascular mortality did not vary between
studies using MPS, DSE, or coronary angiography, though
there was some weak evidence that angiography was better
at predicting all-cause mortality [50].

The difficulty of interpreting the meta-analyses rises from
the high disparity among the patient populations; little men-
tion wasmade of how participants were chosen for the studies.
In an attempt to further define who should be candidates for
MPS versus other methods of screening, one study found that
the only potential kidney transplant recipients to gain any
benefit from the MPS results were those in the “intermediate
risk” group [51]. These patients had ESRD plus one of the
following risk factors: age � 50, diabetes, or clinical CV
disease. Patients with none of the above risk factors did well
regardless of the results, while those with two or three risk
factors had a higher rate of cardiac events independent of the
MPS results. Using this risk-stratification strategy, it’s esti-
mated that roughly only 40% of patients on the transplant list
qualify for MPS, and the remaining 60% can either forgo any
further testing or go straight to angiography.

The chief concern for using MPS to screen for CAD prior
to kidney transplant is the risk for false negative results.
Should global ischemia be present, a significant possibility
given the high prevalence of CAD and extensive personal
history of risk factors in this population, there will be no
discernible perfusion defect due to the universally decreased
uptake throughout the entire myocardium. Additionally,
patients with CKD have higher baseline levels of native
adenosine that can potentially attenuate any difference in
isotope perfusion [52].

There is strong evidence to support the use of myocardial
perfusion scintigraphy when screening for coronary artery
disease in patients awaiting kidney transplant. It can be
effective at detecting CAD and predicting ischemic events
following transplant. However, it performs best when used
in the correctly risk-stratified patient, and caution must be
applied as there is a risk for false negative results.

Dobutamine Stress Echocardiogram

The increasing prevalence of the use of dobutamine stress
echocardiography (DSE) during the CAD work-up prior to
kidney transplant is supported by a significant amount of
literature that suggests DSE is not inferior to myocardial
perfusion scintigraphy (MPS) in both detecting CAD and
predicting cardiac outcomes in potential transplant recipients.

A meta-analysis of 13 studies (745 participants) that
compared DSE to MPS and angiography found a pooled
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sensitivity of 79% and specificity of 89% [48]. While the
sensitivity is not significantly higher for DSE than MPS, the
improved specificity is likely because DSE does not depend
on heterogeneity of myocardial perfusion to detect CAD, nor
does it rely on human interpretation of perfusion defects.

Not only can DSE detect CAD with accuracy comparable
to other methods, such as MPS, but an abnormal DSE is an
independent predictor of cardiac events following transplant
[53]. In fact, increased numbers of abnormal segments seen
on DSE reflect increased risk of cardiovascular mortality
after transplant. When compared to MPS and angiography,
DSE was not inferior an inferior prognosticator of cardiac
death in transplant recipients [50].

While DSE may perform similarly to MPS when screen-
ing for CAD in potential kidney transplant recipients, it can
also provide additional information that is not available with
MPS, such as left ventricular wall thickness, the presence of
atrial fibrillation, and pulmonary pressures, which may help
predict non-ischemic cardiac deaths. DSE can also be an
attractive choice for stress testing over MPS due to its lack of
ionizing radiation, particularly since many potential trans-
plant recipients are on the waiting list for significant amounts
of time and may end up getting several repeat studies.
However, some patients are not candidates for DSE due to
poor echocardiographic windows, and others are unable to
reach target heart rate, which deems the test incomplete.

It is clear that DSE is an effective method of screening for
CAD in patients awaiting kidney transplant, though cur-
rently available data does not suggest any obvious superi-
ority of DSE versus MPS. Most likely, the decision to
perform either test will rely on the capabilities of the
transplant center as well as specific patient characteristics
that may make either test not feasible.

Stress Cardiac MRI (Dobutamine and Adenosine)

The advantage of stress CMR over resting CMR is the
ability to detect dynamic changes and see reversible areas of
ischemia in real time. This relatively new technology can be
performed with two different techniques. Adenosine stress
CMR causes coronary vasodilation that allows myocardial
perfusion defects to be visualized. Gadolinium is required,
which limits its use in the CKD population due to the risk of
nephrogenic sclerosing fibrosis as discussed earlier. Conse-
quently, this section will focus on dobutamine stress cardiac
MRI (DSCMR) which does not require gadolinium contrast.

In patients with normal renal function, DSCMR is an
effective means of detecting CAD in the moderate risk
group. One meta-analysis of 14 studies demonstrated a sen-
sitivity of 83% and specificity of 86%, which is better than
SPECT and similar to DSE [54]. Only one study has been
done to test the feasibility and safety of DSCMR in patients

awaiting kidney transplant, and the sensitivity and specificity
were similar to that of the general population [55]. Further-
more, there was no significant difference in safety profile or
inadequate results.

Dobutamine stress echocardiography and nuclear
myocardial perfusion studies are less expensive and more
available than DSCMR. Moreover, there is an abundance of
data that correlates positive results in the two former tests to
adverse cardiovascular events following kidney transplan-
tation. Unlike MPS, though, DSCMR does not require ion-
izing radiation; and additional information gained from
DSCMR but not available with MPS, such as LV wall
thickness and valve function, may be predictive of
non-ischemic cardiac mortality in patients with ESKD [56].
The results of DSCMR are also not effected by poor
echocardiographic windows, as is the case with DSE.

Ultimately, DSCMR has the potential to be a powerful
tool at screening for CAD in the moderate risk group of
patients awaiting renal transplant. However, its limited
availability and the lack of long term data demonstrating that
screening with DSCMR can improve outcomes following
transplant restricts its routine use.

Invasive Studies

Coronary Angiography

It is assumed that coronary angiography remains the gold
standard for detecting coronary artery disease prior to kidney
transplantation. Direct visualization of the plaque, quantifi-
cation of the degree of stenosis, as well as the option for
therapeutic intervention are comforting characteristics for the
clinician. Data describing the benefit of angiography, though,
is inconsistent. One study in pre-transplant patients found
that the only predictor of cardiac death was coronary stenosis
>70% [57]. Two other studies, however, both larger and more
recent than the study just described, found that there was no
survival difference between patients that underwent angiog-
raphy and those that did not [58, 59]. An additional
meta-analysis also found that angiography was not better at
predicting cardiovascular death than MPS or DSE [50].
These seemingly contradictory results are likely due to
patient disparity among, as well as unclear status at
follow-up. Without guidelines, there was no agreement as to
which risk factors qualified for angiography. Additionally, in
de Lima et al. [57], there is no mention of how many patients
underwent transplant during the follow-up period, which
undoubtedly affects survival rates.

Prior to committing a patient to angiography, there needs
to be a serious discussion of potential risks to the patient.
The immediate risks of invasive angiography include stroke,
dissection, arrhythmia, and possibly death. Perhaps most

224 G.V. Silva et al.



worrisome to the patient that is about to undergo potentially
life-saving renal transplant, though, is the discovery of an
occlusive lesion that requires intervention, and thus, the need
for dual antiplatelet therapy (DAPT), and subsequent delay
of surgery up to 1 year.

Historically, angiography has been the gold standard for
detecting CAD. Improved imaging modalities and
risk-stratification, however, may be equally effective in
patients awaiting kidney transplant. The true benefit of
invasive coronary angiography lies in its ability to perform
simultaneous intervention on occlusive lesions. More studies
need to be done to determine if revascularization improves
survival while patients are awaiting transplant, as well as
after the operation is completed.

Conclusion
Despite alarmingly high incidence of ischemic heart
disease before and after kidney transplant, current
guidelines for the screening of CAD in asymptomatic,
potential kidney transplant recipients are limited to expert
opinion and tend to be based on observational studies.
The results of studies examining the usefulness of almost
all screening modalities have been inconsistent, but the
necessary clinical trials are not feasible due to the very
high rates of cardiac death in this population. As new
screening modalities come on the market, and older tests
improve, we may become better at predicting cardiac
deaths in this high-risk population. But no screening test
can be recommended until a method of screening and
intervention proves to decrease rates of ischemic events
in patients awaiting transplant, which has yet to be done.
Until that time, perhaps the best course of action is
aggressive cardiovascular risk-reduction with measures
such as blood pressure control, diabetes management, and
weight loss.
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21Cardiac Pre-operative Evaluation
as an Opportunity to Optimize Risk
Factors in Kidney Transplant Candidates
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Introduction

Chronic kidney disease (CKD) is an independent predictor
of death and major adverse cardiovascular events. Nearly
half of all deaths in ESKD patients are due to cardiovascular
causes. While renal transplantation clearly improves mor-
tality and morbidity in ESKD patients, cadaveric waiting
lists remain long and patients spend a considerable amount
of time at high risk for CV events. Many patients considered
for renal transplantation are referred for pre-operative car-
diovascular risk assessment under the care of a cardiologist.
While cardiology, nephrology, and transplantation societies
have provided guidance on how to evaluate for s
peri-operative risk and stratification, little emphasis is placed
on what if any steps the risk assessor should take to address
long-term cardiovascular threats. In this chapter we will
review opportunities for intervention that may contribute to
improved long-term cardiovascular health in patients
awaiting renal transplantation.

Lifestyle Interventions

Modifiable life style factors are thought to contribute up to
90% of the population attributable risk of myocardial
infarction [1]. Simple interventions to address diet, obesity,
smoking status, and physical activity have conclusively
shown to improve outcomes in the general population.
Efforts to replicate the impact of life style changes in the
CKD patient population have also shown promise.

Obesity, Diet and Bariatric Interventions

The prevalence of obesity in patients awaiting kidney
transplantation is 25% and rising [2]. While obese patients
that receive a transplant enjoy a survival benefit compared to
those who do not receive an organ, obesity has been asso-
ciated with adverse post-transplant outcomes [3–6]. More-
over, being overweight or obese prior to transplantation is a
strong predictor of increased weight following transplant [7].
Many transplant centers will defer renal transplantation in
recipients with BMI > 40 kg/m2. Analytic modeling sug-
gests that bariatric surgery may be more effective than diet
and exercise alone in helping patients lose enough weight to
achieve a BMI that allows for transplant [8]. A systematic
review of weight loss interventions in patients with CKD
shows that nonsurgical interventions can improve protein-
uria, blood pressure, and renal function and that bariatric
surgery can reduce glomerular hyper-filtration and improve
hypertension control [9]. The pre-operative risk assessment
visit is a good opportunity to address obesity and weight loss
with the transplant candidate. Ideally, that management of
obesity would be incorporated into the work-up and wait list
protocol of the transplant program. Care should be taken to
consider the unintended consequences of bariatric surgery.
Malabsorptive interventions like the Rou-en Y gastric
bypass may result in hyperoxaluria which can be nephro-
toxic. Considerations should also be made for the impact of
bariatric interventions on the pharmacokinetics of immuno-
suppressive agents [10].

Exercise

Chronic kidney disease and need for renal replacement
therapy have been associated with reductions in exercise
capacity and muscle mass. Reduced exercise capacity has
been shown to be an independent predictor of death in
patients on dialysis and appears to predict the need for
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post-transplantation ICU care [11, 12]. Predictors of poor
exercise capacity include age, gender, hemoglobin, and
diabetes [13]. Organized efforts to improve exercise capacity
have shown benefit in both pre-dialysis CKD patients and
those on renal replacement therapy [14–16]. Most striking is
the finding that even low-functioning dialysis patients stand
to benefit from exercise training [17]. While controversy
exists as to which parameter of exercise capacity is the best
predictor of events, it is universally established that inter-
ventions to improve physical stamina are safe and effective
in this patient population [18]. While KDOQI guidelines
recommend that patients perform 30 min of aerobic exercise
almost every day of the week, hemodialysis providers are
unable or are un-incentivized to provide structured coun-
seling and interventions to promote regular activity [19, 20].

Patients being evaluated for renal transplantation should
be counseled on the critical importance of regular physical
activity. Transplant candidates with marginal functional
capacity may be referred for formal cardiopulmonary exer-
cise testing. Patients with severely impaired functional
capacity should receive structured physical therapy and
rehabilitation in order to improve their ability to survive the
waitlist and succeed after transplant.

Smoking Cessation

Smoking is a known risk factor for cardiovascular disease,
cancer, and death in the general population. Active smoking
is an independent predictor of death in patients on renal
replacement therapy awaiting transplant [21]. While active
smoking also predicts graft failure or death in patients that
achieve transplant, patients that have managed to quit
smoking have similar graft survival to those that never
smoked [22]. Tobacco abuse following transplant is also
associated with markedly higher risk of malignancy com-
pared to patients that never smoked and those that quit prior
to transplant [23].

Active smokers should be explicitly counseled on the risk
of continued smoking. Transplant programs should partner
with smoking cessation counselors in order to optimize the
chances of quitting. Former smokers should be congratulated
on their hard work to quit and encouraged to maintain
abstinence.

Recommendations

The pre-operative visit is an excellent opportunity to advo-
cate for the institution of life-style interventions to improve
outcomes. Transplant centers should consider the codevel-
opment of comprehensive wellness programs that incorpo-
rate cardiologists, bariatric specialists, dietitians, physical

therapists, and smoking cessation counselors. The consulting
cardiologist should take advantage of the preoperative visit
to advocate for interventions to control weight, increase
exercise, and quit smoking

Medical Interventions

Progressive CKD has been associated with the accumulation
of concomitant traditional cardiovascular risk factors.
Patients with moderate chronic renal disease (CKD Stage 3)
are more likely to suffer a major adverse cardiovascular
event such as stroke, myocardial infarction, or heart failure
than they are to develop frank ESKD [24]. Real-world uti-
lization of guideline recommended cardiac prevention
strategies are grossly sub-optimal in the general CKD pop-
ulation and in dialysis patients in particular [24, 25]. The
specter of cardiovascular morbidity and mortality in patients
being considered for renal transplant should trigger aggres-
sive efforts by the consulting cardiologist to take ownership
of managing modifiable risk factors.

Dyslipidemia

Dyslipidemia is common in patients with CKD. Typical
features include a reduction in HDL levels and HDL oper-
ating efficiency along with an increase in triglycerides [26].
Exposure to dialysis also appears reduce LDL particle size
and intensify their pro-inflammatory tendencies [27, 28].
While lipids have been a clear culprit in accelerating car-
diovascular disease in patients with ESKD, the ability to
mitigate their effect has been elusive. Two contemporary
randomized clinical trials have failed to show the efficacy of
statin therapy to reduce cardiovascular events or death in
patients on hemodialysis [29, 30]. The 4D trial, which
involved diabetic patients on hemodialysis randomized to
atorvastatin 20 mg or placebo was negative for its primary
end-point of cardiovascular death, nonfatal MI, or stroke.
A subsequent post hoc analysis of this trial suggested that
patients differed significantly in their intestinal absorption of
cholesterol and that patients with low cholesterol absorption
enjoyed a significant hazard reduction while on statin ther-
apy [31]. Overall, it appears that statins have little or no
beneficial effect in unselected dialysis patients [32].

Clinical trials that included patients with advanced CKD
but not yet on dialysis have shown that lipid treatment can
positively impact cardiovascular events [33, 34]. Addition-
ally, fluvastatin has been shown to be effective in reducing
cardiovascular death in otherwise low cardiovascular risk
kidney transplant recipients [35].

The overall message on lipid interventions in renal
transplant candidates is that those that have not yet
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transitioned to needing renal replacement therapy should be
offered statins aggressively given the demonstrated outcome
benefits. Patients currently on dialysis should be treated with
caution, reserving statin therapy as a secondary prevention
measure in those that have demonstrated active arterial dis-
ease. Finally, those patients who do achieve transplant
should be offered statin therapy with careful consideration to
drug–drug interactions between different statins and
immune-suppressive therapies.

Hypertension

Hypertension is a powerful independent contributor to car-
diovascular morbidity and mortality in the ESKD patient
population. Despite the clear evidence of hypertension’s
deleterious role, hypertension recognition and management is
sub-optimal in patients with advanced CKD. In a random
sample from the NHANES prospective cohort of all-comers
in the United States 17% of patients with Stages 3–5 CKD had
undiagnosed hypertension, and only 44% of those diagnosed
had achieved adequate blood pressure control with treatment
[24]. In the CRIC prospective cohort of CKD patients only
64% of those with an eGFR of <30 ml/min/1.73 m2 had been
treated to a blood pressure of <140/90 mmHg and only 45%
had reached the more stringent target of <130/80 mmHg.
Age, black race, and high urine albumin excretion were pre-
dictive of sub-optimal blood pressure control, while treatment
with ACE inhibitors was associated with an increased like-
lihood of being on target [36].

The impact of the anti-hypertensive therapy demonstrated
in the general population appears to apply to those with
CKD. In a meta-analysis of 26 randomized trials on the
impact of anti-hypertensives in over 150,000 patients, the
presence of renal insufficiency did not impact the 13%
hazard reduction obtained for each 5 mmHg of reduction of
systolic blood pressure. When looking at dialysis patients
specifically studies have shown that use of blood pressure
reducing agents in hypertensive patients is associated with a
robust halving of the hazard of major adverse cardiovascular
events [37]. Another meta-analysis of 1571 dialysis patients
randomized to blood pressure treatment versus controls has
shown that treatment was associated with a 29% relative
reduction of cardiovascular mortality risk [38].

Blood pressure control in ESKD patients can be chal-
lenging due to changes in vascular biology resulting in
increased arterial stiffness, a marker of which is indepen-
dently associated with mortality [39]. Additionally, poor
vascular compliance and inadequate sympathetic response
can result in the inability to adequately compensate for vol-
ume shifts during dialysis resulting in symptomatic
intra-dialytic hypotension [40]. Nephrology professional
societies have provided valuable guideline recommendations

on the goals of blood pressure control in patients on dialysis
[19, 41]. Blood pressure targets should be <140/90 mmHg
pre-dialysis and <130/80 mmHg post-dialysis. The initial
target of therapy should be to optimize volume and sodium
balance by helping the patient commit to salt restriction and
water intake control. The dialysis center should work with the
patient to reach and consistently maintain their dry weight.
Possible interventions include more frequent or longer dial-
ysis sessions. In the absence of a comorbidity, requiring the
use of a specific anti-hypertensive ACE inhibitors or ARB are
the recommended first-line agents, followed by calcium
channel blockers. Third line agents include beta-blockers and
clonidine. Dosing of anti-hypertensives at bedtime may help
eliminate intra-dialytic hypotension. Notably, a recent
prospective randomized clinical trial has found that spirono-
lactone 25 mg daily can reduce major adverse cardiac events
by over 50% in Japanese hemodialysis patients [42].

Antiplatelet Therapy

The impact of ESKD and dialysis on hemostasis is complex
and associated with both an increased risk of bleeding and
thrombosis [43]. Aspirin is underused in dialysis patients that
carry either primary or secondary prevention indications for
anti-platelet therapy [25, 44, 45]. Randomized clinical trials
have not focused on the utility of aspirin for prevention of
cardiovascular events in patients on renal replacement ther-
apy. At this time the best data to support the safety and efficacy
of anti-platelet therapies for cardiovascular risk reduction
comes from pooled analysis of clinical trials that included
patients with CKD and ESKD [46]. A pooled analysis of CKD
patients included in anti-platelets clinical trials showed size-
able reductions in all-cause mortality, cardiovascular death,
and myocardial infarction at the cost of an increase in the risk
of bleeding complications. One contemporary randomized
clinical trial that focused on the impact of aspirin in hyper-
tensive patients with CKD showed reductions in major
adverse cardiovascular events in general and myocardial
infarction in particular and also suggested a magnification of
benefits in those with eGFR < 45 ml/min/1.73 m2 [47].

Anti-platelet therapies have consistently been shown to be
effective in prolonging dialysis graft function [48–50].
Aspirin mono-therapy in particular was found to be a highly
cost-effective measure to improve dialysis graft patency [51].

The risk of bleeding on aspirin is not negligible and may
be as high as 4.4% per person per year of aspirin exposure
[52]. Mechanisms to reduce the risk of aspirin related
bleeding might include limiting the aspirin dose to 81 mg
daily and concomitant use of a proton pump inhibitor [53,
54]. The impact of anti-platelet therapies on transplant
related bleeding complications is less clear; however, one
small study did suggest that use of ticlopidine or clopidogrel

21 Cardiac Pre-operative Evaluation as an Opportunity to Optimize … 231



(often in concert with aspirin) did not impact the rate of
bleeding during renal transplant [55].

In general, it is reasonable to recommend aspirin 81 mg
daily for the promotion of hemodialysis access patency in all
recipients who do not have a contra-indication to anti-platelet
therapy. Renal transplant candidates with an indication for
primary or secondary risk reduction with aspirin should be
treated regardless of dialysis modality and advised of the risks
and benefits at the time of pre-operative risk consultation.

Conclusions
The pre-operative consultation is a valuable opportunity
for the renal transplant candidate and cardiologist to
invest in long-term strategies to promote cardiovascular
health. The dividends of investing in prevention appear to
pay off while the patient is on the wait-list and extend
beyond transplantation. Current data show gross
under-utilization of preventive measures in ESKD
patients. Future study should focus on documenting the
efficacy of prevention strategies and optimizing the use of
guideline supported intervention to reduce cardiovascular
risk in this highly vulnerable patient population.
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22Revascularization in Patients on the Renal
Transplant List: When and What Is
Appropriate?

Pablo Rengifo-Moreno, Alexandre C. Ferreira,
and Eduardo de Marchena

Background

According to the United States Renal Data System (USRDS)
[1] cardiovascular disease is the leading cause of mortality in
dialysis patients, accounting for 53% of all deaths. The
presence of chronic kidney disease (CKD) or end-stage
kidney disease (ESKD) contributes to worsening of other
CVD risk factors, such as hypertension and dyslipidemia,
leading to progression of coronary atherosclerosis. More-
over, diabetes, another major CVD risk factor, is one of the
most important causes of CKD and ESKD in the United
States [2]. The development of endothelial dysfunction
combined with increased inflammatory mediators con-
tributes to the accelerated atherosclerosis observed in CKD
[3]. Also, an impaired calcium–phosphate metabolism con-
tributes to the heavy calcification and worsening vascular
injury, characteristic of these patients [4].

It has been well established that CVD continues to be the
leading cause of mortality and morbidity following renal
transplantation [5]. The mortality rate is higher than in
patients on dialysis for the first 3 months, with the highest
risk being during the first 2 weeks [6]. The fact that CVD is
the main cause of mortality in the pre-transplant,
peri-transplant and late post transplant period, underscores
the importance of appropriate assessment of cardiovascular

risk, pre-operative diagnosis of CVD and careful selection of
patients who might benefit from revascularization prior to
transplant.

Evaluation Prior to Revascularization
for Patients in the Kidney Transplant List

Noninvasive Testing

The clinician should assess CVD risk during the initial
evaluation and before anticipated transplantation, to deter-
mine interval changes in CVD conditions. “Active” condi-
tions such as unstable angina, severe angina, recent
myocardial infarction (MI), decompensated heart failure and
significant arrhythmias are associated with high rates of
perioperative cardiovascular morbidity and mortality. The
presence of these conditions may require more investigation,
and possible revascularization prior to transplantation [7].

Exercise endurance may predict cardiovascular events
prior to non-cardiac surgery. In a cohort of 600 patients
undergoing cardiovascular assessment, prior non-cardiac
surgery subjects were asked to describe the number of
blocks they could walk. Patients who failed to walk 4 blocks
or climb 2 flights of stairs were considered to have poor
exercise tolerance. Patients reporting poor exercise tolerance
had more perioperative complications (20.4 vs. 10.4%;
p < .001). Specifically, they had more myocardial ischemia,
and more cardiovascular and neurologic events [8]. There is
limited data available about the use of exercise capacity in
combination to clinical findings and different study modal-
ities as myocardial perfusión scintigraphy (MPS) and
dobutamine stress echocardiography (DSE), to better risk
stratify patients considered for kidney transplantation.

Despite inconsistent reports regarding the clinical utility
of DSE and MPS in patients with ESKD (sensitivities
between 0.44–0.89 and 0.29–0.92 and specificities ranging
from 0.71 to 0.94 and 0.67 to 0.89, respectively) for
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identifying 1 or more coronary stenoses >70% [7], a
meta-analysis of 12 studies involving either thallium-201
scintigraphy or DSE, found that patients with ESKD with
inducible ischemia had approximately 6 times the risk of MI
and 4 times the risk of cardiac death as patients without
inducible defects [9]. Furthermore, those with fixed defects
had 5 times the risk of cardiac death.

Although screening asymptomatic patient with CKD
remains unproven, silent ischemia may be highly prevalent
in CKD patients. In a study reporting symptoms during 256
percutaneous coronary interventions (PCI), silent myocardial
ischemia, defined as the absence of chest pain in response to
angioplasty, was present in 59.1% of the sample with CKD
(defined as estimated glomerular filtration rate [eGFR] <
60 mL/min/1.3 m2) compared with 29.1% without CKD
[10]. Further, the symptoms of acute and chronic ischemia
may differ in patients with ESKD compared with non-CKD
patients. In the third National Registry of Myocardial
Infarction, chest pain at presentation was reported less
commonly among patients on dialysis compared with non–
dialysis-dependent patients (44.4 vs. 68.3%) [11].

Diabetes, a major risk factor for CKD in pre and post
transplant patients significantly increases the risk for CAD.
Screening of asymptomatic diabetic patients may be chal-
lenging. The DIAD (Detection of Ischemia in Asymptomatic
Diabetics) trial randomized 1123 asymptomatic patients with
type 2 diabetes to MPS versus medical management without
stress testing [12]. After a follow-up of over 5 years, the use
of MPS screening had no effect on cardiac event rates.

Invasive Testing

There are multiple angiographic studies reporting a high
incidence of significant coronary artery stenosis among
patients undergoing long-term dialysis. In a prospective
study of a group of 106 moderate-to-high risk patients, all of
whom underwent coronary angiography prior to kidney
transplant, the prevalence of CAD was 42% [13]. The
probability of reaching the endpoint (major adverse cardio-
vascular events (MACE) defined as sudden death, MI, life
threatening arrhythmia, heart failure, unstable angina and
myocardial revascularization) at 1, 2, and 4 years was higher
with angiographic CAD (13, 39, and 46%) versus (2, 6, and
6%) in the absence of CAD (p = 0.001). In a different cohort
of 301 patients with ESKD on hemodialysis, significant
CAD was identified in 136 individuals (45.2%). The pres-
ence of diabetes, peripheral artery disease (PAD) and pre-
vious MI were predictors of both CAD and MACE, defined
as death, stroke, MI, and heart failure. The prevalence of
significant CAD increased with the number of clinical pre-
dictors from 26% (absent risk factors) to 100% (all risk
factors present) (p < 0.0001). The incidence of fatal/nonfatal

MACE increased two, four, and sixfold in those with dia-
betes, PAD, or previous MI, respectively (p < 0.0001) [14].

However, other clinical studies have shown conflicting
results in a similar population of patients. In a retrospective
single-center study of 260 patients referred for kidney
transplant evaluation studied by angiography, the presence
and severity of CAD were not associated with crude survival
among those who underwent angiography. The 2-year sur-
vival at follow-up was 80, 88, 86, and 78% for 0-, 1-, 2-, and
3-vessel disease (p = 0.6) [15]. Similarly, Patel et al., also in
a single-center study, reported 99 patients who had
angiography from a cohort of 300 subjects referred for
kidney transplant evaluation. In the angiography sample,
CAD prevalence was 57.6% (57 of 99), Obstructive CAD
was found in 34.3% (34 of 99), including one, two and
three-vessel CAD in 13, 15, and 6%, respectively. Revas-
culariation was performed in 17% (17 of 99) of the patients.
Non-obstructive CAD was found in 23%. There was no
difference in crude 4-year survival in patients found to have
CAD and revascularized, compared with those who under-
went angiography without revascularization [16]. Therefore,
the benefit of coronary angiography and revascularization is
still a matter of debate.

The lack of benefit of revascularization, at least in the
non-CKD patient, has been associated to the challenging
task of identifying flow limiting lesions and vulnerable
plaque through angiography alone. The FAME 2 trial stud-
ied 1220 patients with stable coronary artery disease and
ischemia, as shown by the presence of at least one stenosis
with a fractional flow reserve (FFR) of 0.80 or less in a large
epicardial artery. There was improvement in clinical out-
come at 2 years by FFR-guided PCI with second-generation
drug eluting stents plus the best available medical therapy, as
compared with medical therapy alone. In patients without
hemodynamically significant stenosis, best available medical
therapy alone was associated with excellent 2-year clinical
outcomes, regardless of the angiographic appearance of the
stenoses [17]. Unfortunately, once more, CKD was under
represented constituting only 3.5% of the total number of
patients in the trial. Moreover, there are concerns that
CKD/ESKD may be associated not only with impaired
microcirculation, limiting the accuracy of FFR measurement,
but also with rapid progression of CAD. Whether the pres-
ence of CKD may limit FFR accuracy is still unknown. An
Italian sub-study of the FREAK trial, with 1004 patients
undergoing FFR evaluation for intermediate stenosis, found
FFR-positive measurement in 395 (39%) patients. Overall,
131 (13%) patients had CKD. Patients with CrCl �
45 ml/min showed significantly higher FFR values as
compared to the others (0.84 ± 0.07 vs. 0.81 ± 0.08,
p < 0.001). Positive FFR occurrence was lower in patients
with CrCl � 45 ml/min (27 vs. 41%, p < 0.01). After
multivariable analysis, diabetes (HR 1.07, 95% CI 1.008–
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1.13, p = 0.03), left anterior descending artery (HR 1.35,
95% CI 1.27–1.43, p < 0.001) and CrCl � 45 ml/min (HR
0.92, 95% CI 0.87–0.97, p = 0.005) emerged as independent
predictors of FFR measurement [18]. These findings suggest
a different response to vasodilation in patients with CKD
when compared to controls. It is still unclear if a different
protocol of vasodilation should be used in this population.

Intravascular ultrasound (IVUS) has been extensively
used for plaque characterization and for identification of
vulnerable atherosclerotic plaques. A gray scale IVUS study
reported that hemodialysis patients have larger lesion plaque
mass and more lesion site calcification, when compared with
non-dialysis CKD patients [19]. An IVUS-Virtual histology
(VH) study of 134 stable angina patients, suggested that
declining renal function strongly affects plaque composition
in diabetic patients [20]. Plaque characterization was com-
pared between diabetics (n = 65) and nondiabetic group.
Diabetic patients were further divided into four groups
according to estimated glomerular filtration rate (eGFR,
ml/min): eGFR � 70 (n = 20), 50 � eGFR < 70 (n = 19),
GFR < 50 (n = 18), and ESKD on hemodialysis (HD)
(n = 11). In this study there was no significant difference in
plaque composition between the diabetic and the nondiabetic
patients except for the percentage of dense calcium (8.9 vs.
6.2%; p < 0.05). In diabetic patients, the percent volume of
necrotic core was 9.6, 11.4, 14.8, and 20.8% in the eGFR
70, 50 � eGFR < 70, eGFR < 50, and the ESKD on HD
groups, respectively, showing significantly higher percent-
age volume of necrotic core in eGFR < 50 (p < 0.05 vs.
eGFR � 70) and ESRD on HD group (p < 0.001). They
concluded that diabetic patients have significantly larger
amount of dense calcium than nondiabetic patients in
non-culprit coronary artery segments, and the plaque com-
ponents of non-culprit lesions in diabetics are significantly
different according to the decline in renal function.

Optical coherence tomography (OCT) has recently been
demonstrated to have higher resolution than IVUS. A recent
post-mortem studied compared virtual histology alone with a
hybrid method of invasive imaging that combines VH-IVUS
and OCT, and found that the combination may be better than
either modality alone at correctly identifying advanced
atherosclerotic coronary plaques [21]. However, this method
would consume more resources with only minimal
improvement in the information obtained.

New imaging modalties continue to be developed to
fulfill the unmet need of identifying vulnerable atheroscle-
rotic plaques. Near-infrared spectroscopy (NIRS) is capable
of identifying lipid core-containing plaques, which can
subsequently be quantified as a lipid core burden index
(LCBI). The ATEROMO-NIRS study sought to determine
the long-term prognostic value of intracoronary NIRS as
assessed in a nonculprit vessel in patients with CAD [22]. In
this prospective, observational study, NIRS imaging was

performed in a nonculprit coronary artery in 203 patients
referred for angiography due to stable angina or acute
coronary syndrome (ACS). The primary endpoint for this
study was the composite of all-cause mortality, nonfatal
ACS, stroke, and unplanned coronary revascularization, with
the 1-year cumulative incidence of the primary endpoint
being 10.4%. Cumulative 1-year rates in patients with an
LCBI � the median versus those with LCBI values below
the median were 16.7 versus 4.0% (adjusted HR 4.04; 95%
CI 1.33–12.29; p = 0.01). The relation between LCBI and
the primary endpoint was similar in stable angina and ACS
patients. Unfortunately, the prevalence of kidney disease in
this study was only 6%, making it difficult to extend the
conclusions of this study to the CKD and ESKD population.

In summary, the ESKD population has been underrepre-
sented in contemporary trials addressing optimal revascu-
larization strategies. New ongoing trials such as ISCHEMIA-
CKD (see Chap. 30) addressing this specific question in
patients with CKD and ESKD, will help fill this unmet need.
Until robust data in this target population is available, patient
selection for revascularization must be done after careful
review of the clinical scenario, noninvasive and invasive
data, ischemic burden, coronary anatomy, complexity of
CAD and cardiac function, and the relative risks and benefits
of guideline-directed medical therapy, CABG, and PCI.

Revascularization Strategies for Patients
on the Kidney Transplant List

Current guidelines recommend revascularization with coro-
nary artery bypass grafting in patients with multivessel dis-
ease, diabetics with multivessel CAD and unprotected left
main [7]. There are no randomized clinical trials (RCTs)
investigating revascularization strategies in patients with
advanced kidney disease published at this time. Moreover,
ESKD patients have been significantly underrepresented in
revascularization trials. Therefore, currently, most of the
evidence regarding revascularization for patients with
ESKD, and patients on the kidney transplant list, comes
from RCTs in patients with normal kidney function and from
registry data.

In an early revascularization experience, a small cohort of
14 patients who underwent surgical revascularization from a
large population of individuals with a functioning kidney
transplant, found that surgical revascularization on these
patients occurred at intervals of 9–144 months (mean
67 months) following their transplant. All patients had
functioning renal allografts with preoperative serum crea-
tinine levels ranging from 1.0 to 1.8 mg/100 ml (mean
1.4 mg/100 ml). Twelve patients underwent aorta-coronary
saphenous vein bypass grafting. Two patients (14%) died
perioperatively and one died at 45 months. Postoperative
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serum creatinine levels at hospital discharge averaged
1.6 mg/100 ml, not significantly changed from preoperative
levels [23].

In a larger population of 45 patients (33 male and 12
female) who underwent open heart operations after previous
renal transplantation, from which 31 patients received
coronary artery bypass grafting, the interval between renal
transplantation and cardiac operation was 57 ± 39 months
(range 5 days–174 months). All patients had functioning
renal allografts with preoperative serum creatinine levels
ranging from 100 to 338 mol/mL (mean ± standard devia-
tion, 195 ± 86). Early operative mortality (30 days) was
8.8%. Four patients had returned to hemodialysis at intervals
of 27–83 months (mean 51 months) because of renal trans-
plant failure [24].

Ono et al. reported another series of 46 patients with
previous functioning kidney transplant who required surgical
revascularization. Postoperative kidney dysfunction occur-
red in seven patients, three of them required temporary
hemodialysis. No allograft loss was seen in early postoper-
ative period but there was a statistically insignificant pro-
longation of hospitalization. By univariate analysis the
factors found to adversely affect postoperative renal function
included pulmonary hypertension, preoperative creatinine
level, and non-elective surgery [25].

A registry analysis of kidney transplant recipients hos-
pitalized from 1995 to 1999 for the first coronary revascu-
larization procedure was retrospectively identified from the
USRDS [26]. Their primary end points were event-free
survival for all-cause death, cardiac death, MI, and the
combined end point of cardiac death or MI. The outcomes
were reported in 2661 renal transplant recipients hospitalized
for the first coronary revascularization procedure (excluding
concomitant valvular surgery) occurring after initiation of
renal replacement therapy from January 1995 to December
1999, with follow-up through June 30, 2000. In the 2661
renal transplant recipients studied, the coronary revascular-
ization procedures were as follows: bare-metal stent (BMS),
909; percutaneous transluminal balloon angioplasty (PTCA),
652; and CABG, 1100. Of those having CABG surgery, 288
had CABG without internal mammary grafts (CABG
[IMG–]), and 812 had CABG with internal mammary grafts
(CABG [IMG+]). All groups studied were similar in prior
ESKD duration and time to revascularization after renal
transplantation. In-hospital deaths occurred in each group:
BMS, 21 (2.3%); PTCA, 28 (4.3%); CAB (IMG−), 27
(9.4%); and CABG (IMG+), 41 (5.0%). There was no sta-
tistically significant difference in survival related to type of
coronary revascularization. However, a trend toward
increased mortality rates was observed in CAB (IMG−)
patients. Patients in the CABG group, particularly CAB

(IMG+) patients, were less likely than other patients to reach
the combined end point of cardiac death or MI. This more
favorable outcome after surgery appears to be predominantly
attributable to a reduced risk of MI. The most powerful
predictors of death were older age (>75 years) (relative risk
[RR] 2.10; 95% CI 1.19–3.70), diabetic ESKD (RR 1.72;
95% CI 1.42–2.08), congestive heart failure (RR 1.59; 95%
CI 1.33–1.89). Both cerebrovascular and peripheral vascular
diseases were associated with a 31% increased risk of death.
There was a trend toward decreased risk for cardiac death
and MI in CABG (IMG+) patients relative to CABG (IMG–)
patients (RR 0.72; 95% CI 0.49–1.06; p = 0.10). In this
study there was no difference in survival after surgical or
percutaneous coronary revascularization procedures. The
data also suggest that the most favorable long-term outcome
(after adjustment for comorbid conditions) is associated with
CABG, particulary with CABG (IMG+). However, this
study compared CABG with BMS, which has a higher
incidence of in-stent restenosis (ISR) [27].

Another study from the USRDS reported a cohort of
21,981 patients on maintenance dialysis with multivessel
CAD who received initial coronary revascularization with
CABG or PCI between 1997 and 2009 [28]. The primary
outcome was death from any cause, and the secondary
outcome was a composite of death or myocardial infarction.
Overall survival rates were consistently poor during the
study period, with unadjusted 5-year survival rates of 22–
25% irrespective of revascularization strategy. Using multi-
variable- adjusted proportional hazards regression, they
found that CABG compared with PCI was associated with
significantly lower risks for both death and the composite of
death or MI.

Drug eluting stents may offer some advantages over BMS
in the CKD population. A systematic review of the literature
and a meta-analysis of five studies comparing the outcomes
of PCI with DES and BMS for ESKD patients on dialysis
was performed between January 2002 and January 2009
[29]. The primary endpoints were mortality, myocardial
infarction (MI) and target lesion revascularization (TLR),
and the secondary endpoint was late luminal loss. In-hospital
mortality and MI were also assessed. A total of 641 patients
(279 DES, and 362 BMS) were included in the analysis. In-
hospital clinical outcomes were similar between the two
groups. At follow-up there was a trend toward lower TLR
and decreased late luminal loss in patients undergoing PCI
with implantation of DES. There was no difference in the
rates of all-cause mortality, and MI between the two groups.
They concluded that in ESKD patients on dialysis under-
going PCI, DES are safe and might reduce repeat revascu-
larizations. Moreover, a larger meta-analysis of a similar but
larger population of ESKD patients found significant
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reduction of combined TLR and target vessel revascular-
ization (TVR) when using DES versus BMS [30].

In a recent study [31], a propensity-score matched pop-
ulation of patients with CKD who underwent PCI using
everolimus-eluting stents were compared to patients who
underwent isolated CABG for multivessel coronary disease
in New York. The primary outcome was all-cause mortality
with a secondary outcomes of MI, stroke, and repeat
revascularization. From the entire cohort of 11,305 patients
with CKD, a total of 5920 patients were propensity-score
matched. The short term outcome revealed that PCI was
associated with a lower risk of death, stroke, and repeat
revascularization compared with CABG. A long-term anal-
ysis demonstrated that PCI was associated with a similar risk
of death, higher risk of MI, a lower risk of stroke, and a
higher risk of repeat revascularization. However, in the 243
matched pairs of patients with end-stage renal disease on
hemodialysis, PCI was associated with significantly higher
risk of death (HR 2.02; 95% CI 1.40–2.93) and repeat
revascularization (HR 2.44; 95% CI 1.50–3.96) compared
with CABG.

The SYNTAX trial randomly assigned 1800 patients to
receive DES or CABG [32, 33]. Major adverse cardiac
events (MACE), a composite of death, stroke, MI, or repeat
revascularization during the 3 years after randomization,
occurred in 20.2% of CABG patients and 28.0% of those
undergoing DES implantation (p < 0.001). The rates of
death and stroke were similar; however, MI (3.6% for
CABG, 7.1% for DES) and repeat revascularization (10.7%
for CABG, 19.7% for DES) were more likely to occur with
DES implantation. In SYNTAX, outcomes were associated
with the extent of CAD as assessed using the SYNTAX
score, which is based on the location, severity, and extent of
coronary stenoses, with a low score indicating less compli-
cated anatomic CAD. The SYNTAX score predicted the
occurence of MACE for DES patients, but not for those
undergoing CABG. At 12-month follow-up, the primary
endpoint was similar for CABG and DES in those with a low
SYNTAX score. In contrast, MACE occurred more often
after DES implantation than after CABG in those with an
intermediate or high SYNTAX score. At 3 years of
follow-up, the mortality rate was greater in subjects with
3-vessel CAD treated with PCI than in those treated with
CABG (6.2 vs. 2.9%). The differences in MACE between
those treated with PCI or CABG increased with an
increasing SYNTAX score. The importance of the SYNTAX
score for selection of CKD patients for surgical revascular-
ization strategy is underscored in a retrospective analysis in
which the SYNTAX score was calculated for 87 of 110
dialysis patients after coronary angiography. The SYNTAX
score was found to be a powerful predictor of mortality and

MACEs in dialysis patients undergoing percutaneous coro-
nary intervention or coronary artery bypass graft during a
3-year follow-up [34].

Diabetes is one of the most important causes of CKD and
ESKD in the United States [2]. The Future Revascularization
Evaluation in Patients with Diabetes Mellitus: Optimal
Management of Multivessel Disease (FREEDOM) trial was
a prospective, randomized, multicenter superiority trial that
compared the safety and efficiency of multivessel PCI with
first-generation DES compared with CABG in 1900 diabetic
patients [35]. The primary end point was a composite of
all-cause death, nonfatal MI, and stroke. Three-vessel CAD
was present in 83% of patients and the median SYNTAX
score was 26, consistent with an anatomical complex pop-
ulation. PCI was performed with first-generation DES and
94.4% of patients assigned to CABG received a IMA graft.
At 5-year follow-up, the primary composite end point
occurred in 26.6% of patients randomly assigned to PCI
compared to 18.7% of patients randomly assigned to CABG
(p = 0.005), driven by differences in mortality (16.3 vs.
10.9%; p = 0.49) and MI (13.6 vs. 6.0%; p < 0.001%).
However, CABG was associated with an increased risk of
stroke (2.4 vs. 5.2%; p = 0.03). It is unclear if this benefit of
surgical revascularization persists or is augmented in the
advanced stage diabetic population with CKD or dialysis.

In summary, revascularization decision for patients on a
kidney transplant list represents a vexing problem. Surgical
and clinical management relies heavily on trials designed to
investigate revascularization on non-CKD populations or on
retrospective analysis, underscoring the importance of
designing trials investigating this question in CKD or CKD
inclusive populations. Currently, guidelines recommend a
heart team approach for deciding revascularization strategies
on an individualized basis [7].

The vast majority of cardiovascular events happen during
the first three months of kidney transplantation. Therefore,
revascularization in high risk patients prior to transplant
seems to be the most appropriate strategy. Even though
multiple reports indicate that revascularization can be done
safely after transplant, the current pre-operative cardiovas-
cular protocols allows for early identification of CAD and
treatment, avoiding the transplanted kidney to be exposed to
nephrotoxic contrast, and ischemia due to hemodynamic
instability. Based on the best data available, diabetic patients
with multivessel CAD and patients with intermediate and
high SYNTAX score, should undergo surgical revascular-
ization, unless the surgical risk is prohibitive. As newer data
on optimal revascularization strategies emerge, more specific
patient selection for revascularization pre-transplant will
hopefully optimize transplant potential, and contribute to
superior short and long-term post transplant outcomes.
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23Pulmonary Hypertension in the Potential
Kidney Transplant Recipient

Sourin Banerji and Anjali Vaidya

Introduction

Pulmonary hypertension (PH), as defined by the World Sym-
posium on Pulmonary Hypertension, is the mean pulmonary
artery pressure (mPAP), obtained by right heart catheterization
(RHC), of at least 25 mmHg at rest. Further classification of
PH can subsequently be achieved with the evaluation of
hemodynamic measurements, including pulmonary vascular
resistance (PVR) and pulmonary artery wedge pressure
(PAWP), as well as the identification of comorbidities
including connective tissue diseases, HIV, cirrhosis, left heart
pathology, and chronic pulmonary artery thromboembolism
among others [1]. Etiologies of PH can be further delineated
based on these findings into five general groups (Dana Point
classification): Group I—pulmonary arterial hypertension
(PAH) due to proliferative vasculopathy; Group 2—PH due to
left heart disease; Group 3—PH due to lung disease and/or
hypoxia; Group 4—PH due to chronic thromboembolism
(CTEPH); and Group 5—PH with unclear multifactorial
mechanisms (Table 23.1) [2]. In patients with chronic kidney
disease (CKD) and particularly end stage kidney disease
(ESKD), PHmaymanifest due to one or multiple mechanisms,
and classifying the underling etiology into one of the above
groups may not always prove straightforward. In this chapter,
we will review the prevalence and prognosis of PH in patients
with ESRD, the various and coexisting mechanisms of PH in
these patients and the considerations for evaluation of those
considered for renal transplant.

Epidemiology

Prevalence

Understanding the true prevalence of PH in patients with
ESKD has proven difficult to ascertain due to varied criteria
for defining PH in past studies as well as the various sub-
groups of patients with ESKD that have been analyzed
including patients with advanced CKD not on hemodialysis
(HD), and patients with ESKD on hemodialysis (HD) or
peritoneal dialysis (PD). Though invasive hemodynamic
assessment with right heart catheterization is instrumental in
current evaluation of patients with PH, many prior studies
evaluating PH in patients with ESKD have predominantly
used echocardiographic assessments particularly in epi-
demiologic evaluations [3–19]. In these patients, pulmonary
artery systolic pressure (PASP) was assessed with the
modified Bernoulli equation: PASP (mmHg) = 4 � (Tri-
cuspid Regurgitation (TR) jet velocity) 2 + right atrial
pressure (estimated by inferior vena cava diameter and col-
lapsibility) [20]. In one study identified, echocardiographic
parameters were utilized to identify the mean PA pressure
(mPAP) using the Mahan’s equation: mPAP (mmHg) =
79—[0.45 � Acceleration Time (time to peak velocity of right
ventricular outflow tract flow by Doppler imaging)] [8].

Studies evaluating the prevalence of PH in patients with
CKD have largely targeted patients with ESKD on HD with
arteriovenous fistulas (AVF). As noted above, the majority
of these studies used echocardiographic parameters to
determine the presence of PH with varied criteria including
PASP > 30–40 mmHg, mean PAP > 25 mmHg, and TR jet
velocity > 2.5 m/s. The prevalence of PH in these studies is
wide-ranging from 19 to 56% [3–17]. A preponderance of
these studies excluded patients (44–87% in studies with
provided data) [3, 5, 7, 14] with comorbid conditions asso-
ciated with pulmonary hypertension as defined in the Dana
Point classification above, including those with left ven-
tricular ejection fraction <50%, parenchymal lung disorders,
pulmonary embolism, left-to-right cardiac shunting, and
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connective tissue diseases. However, the criteria used to
define these conditions were not uniform and may contribute
to the variance in prevalence seen. In the few studies that did
not exclude patients on HD with other comorbidities that
may contribute to PH, the prevalence of PH in these studies
was not appreciably different [13, 15]. Furthermore, the
largest of these studies in terms of sample size by Bozbas
et al. yielded the lowest prevalence of PH (19%) in a cohort
of ESKD patients on HD being evaluated for renal transplant
[9]. However, this was a retrospective study and the timing
of the echocardiogram with respect to dialysis was not
defined. Other factors including small sample size, incon-
sistent duration of HD in patients studied, reliance on
echocardiogram to identify PH, and timing of study with
respect to HD session all may contribute to the distribution
of prevalence observed. Studies evaluating prevalence of PH
in patients with ESKD on PD or advanced CKD are much
less robust. While rates of PH in patients requiring PD
demonstrate similar variance from 0 to 42% [3, 9, 12, 14,
17–19], the prevalence is overall lower compared patients on
HD when excluding studies with secondary causes of pul-
monary hypertension. Furthermore, the rates of PH in
patients on PD are on average less compared to those on HD
when analyzed within the same study [9, 12, 14], with the
study by Alhamad et al. [17] being an exception to this
trend. However, it is difficult to draw conclusions with
respect to differences in prevalence of PH in those requiring
PD owing to similar inconsistencies in analysis of PH as
noted above in HD patients as well as generally a younger
and healthier population of patients requiring PD. Studies
analyzing the prevalence of PH in patients with advanced
CKD not on HD range from 8 to 39% [3, 7, 10]. These
studies are few and small in sample size to draw any certain
conclusion. However, in the three studies that evaluated
patients with advanced CKD not on HD (non-HD) versus
patients with ESKD on HD, rates of PH were consistently
less in the non-HD groups [3, 7, 10] (Table 23.2). While
invasive hemodynamic evaluation is necessary for defining
and evaluating all patients with PH, only one study has
presented RHC interrogation of patients with ESKD with
PH. The PEPPER study evaluated patients with advanced

CKD with unexplained dyspnea after excluding for sec-
ondary causes of PH. RHC was performed before and after
initiation of HD (Group I) and in patients with advanced
CKD non-HD (Group 2). Prevalence of PH in this select
group of patients, as defined by a mPAP > 25 mmHg was
77% in patients on HD versus 71% in patients with CKD
non-HD [21].

Incidence

Owing to a paucity of prospective case-control studies, the
incidence of PH in patients with advanced CKD and ESKD
is less clear. Yigla et al. evaluated 12 patients with ESKD
and pre-dialysis without PH (as defined by PASP > 35
mmHg by echocardiogram) and without comorbidities
associated with known etiologies of PH. Repeat PASP
evaluation obtained 3–7 months post development of AVF
revealed PASP > 35 mmHg in 5/12 patients [22]. In another
study, evaluating 127 patients with ESKD predialysis (but
after AVF creation) and followed an average of 4.7 years on
HD, prevalence of PH (as defined by a PASP > 45 mmHg
by echocardiogram) increased from 13% in the predialysis
cohort to 29% in those on HD. In patients who developed
PH after initiation of HD, 75% developed PH in 1 year and
25% developed PH in years 1–5. Moderate-severe mitral
valve regurgitation and left ventricular systolic dysfunction
were associated with PH in predialysis patients [23].

Prognosis

Survival in patients with ESKD on HD with PH is markedly
reduced. Yigla et al. observed a 30.4% mortality rate in
patients with unexplained PH (in a cohort of 58 patients with
ESRD on HD) compared to 8.5% without PH [3]. In a larger
study of a similar cohort, Yigla et al. observed significantly
lower 1-, 3-, and 5-year survival rates in patients with ESKD
on HD and PH versus those without PH (79 vs. 97%, 43 vs.
79%, and 25 vs. 66%, respectively). PH persisted as an
independent predictor of all-cause mortality after

Table 23.1 Dana Point 2008
classification of pulmonary
hypertension

Group I: Pulmonary arterial
hypertension

Includes: idiopathic, HIV, CTD, portal hypertension and congenital
heart disease including left-to-right shunts

Group II: PH due to left sided
heart disease

Includes: left ventricle systolic/diastolic dysfunction, and valvular
disease (e.g., mitral stenosis/regurgitation, aortic
stenosis/regurgitation)

Group III: PH due to lung
diseases and/or hypoxia

Includes: COPD, interstitial lung disease, and obstructive sleep
apnea

Group IV: CTEPH Chronic pulmonary thromboembolism

Group V: Mixed etiologies Includes: hematologic disorders (i.e., chronic hemolytic anemia),
systemic disorders (i.e., sarcoidosis), and chronic renal failure
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multivariate analysis with an adjusted hazard ratio of 3.6 in
predialysis patients and 2.1 for those who developed PH
after initiation of HD [23]. Agarwal et al. followed 288
patients on HD for a median duration of 2.15 years. 38% of
these patients had PH as defined by a PASP > 35 mmHg by
echocardiogram. Of 97 deaths in this time period, 58
occurred in those with PH. After multivariate analysis, PH
persisted as an independent predictor of all-cause mortality
with a hazard ratio of 2.2 [15]. Similarly, Ramasubbu et al.
identified a 1 year mortality rate of 26% in HD patients with
PH (defined as a TR jet velocity > 2.5 m/s) versus 6% in HD
patients without PH [13].

Mortality data in patients with PH on PD is sparse.
Kumbar et al. retrospectively evaluated a cohort of 36
patients on PD and identified 42% with PH as defined by a
PASP > 35 mmHg by echocardiogram in a 3-year period.
Mortality rates trended higher for PD patients with PH

compared to those without (60 vs. 38%) although this was
not statistically significant (p = 0.31) [18].

Mortality data of patients with PH undergoing renal
transplant is also limited. Issa et al. retrospectively assessed
for pretransplant PH (right ventricular systolic pressure
>35 mmHg by echocardiogram) in 215 renal transplant
recipients. In this instance, right ventricular systolic pressure
(RVSP) was assumed equal to PASP when no evidence of
pulmonic stenosis existed. 47 patients were found to have
mild-moderate PH as defined by RVSP > 35 but <
50 mmHg and 22 had severe PH (RVSP > 50 mmHg).
Severe PH as defined by this study was associated with
hazard ratio for mortality of 3.75, although only a univariate
analysis could be performed. However, there was no asso-
ciation of mortality with less severe RVSP. Additionally,
graft survival was not associated with any level of PH [24].
Zlotnick et al. retrospectively evaluated graft survival in

Table 23.2 Summary of
reported prevalence of pulmonary
hypertension in patients with
chronic kidney disease

Reference Population Modality Definition of PH
(mmHg)

Sample
Size

Prevalance
(%)

Yigla [3] HD Echo PASP > 35 58 40

Amin [4] HD Echo PASP > 35 51 29

Nakhoul [5] HD Echo PASP > 35 42 48

Tarrass [6] HD Echo PASP > 35 86 27

Havlucu [7] HD Echo PASP > 35 25 56

Acarturk [8] HD Echo PASP > 25 32 44

Bozbas [9] HD Echo PASP > 30 432 19

Abdelwhab [10] HD Echo PASP > 35 45 44

Dagli [11] HD Echo PASP > 30 116 21

Fabbian [12] HD Echo PASP > 35 29 59

Ramasubbu
[13]

HD Echo TR jet > 2.5 m/s 90 47

Etemadi [14] HD Echo PASP > 35 34 41

Agarwal [15] HD Echo PASP > 35 288 38

Mukhtar [16] HD Echo PASP > 30 88 56

Alhamad [17] HD Echo PASP > 40 55 22

Yigla [3] PD Echo PASP > 35 5 0

Bozbas [9] PD Echo PASP > 30 68 6

Kumbar [18] PD Echo PASP > 35 36 42

Unal [19] PD Echo PASP > 35 135 13

Fabbian [12] PD Echo PASP > 35 27 19

Etemadi [14] PD Echo PASP > 35 32 19

Alhamad [17] PD Echo PASP > 40 17 24

Yigla [3] CKD
(predialysis)

Echo PASP > 35 12 8

Havlucu [7] CKD
(predialysis)

Echo PASP > 35 23 39

Abdelwhab [10] CKD
(predialysis)

Echo PASP > 35 31 32
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renal transplant patients over a 3-year period who had
pre-transplant PH by echocardiogram (PASP > 35 mmHg).
PH was associated with decreased graft survival of deceased
donor kidney transplant recipients only [25]. Conversely, a
few small single-centered studies have shown improvement,
and in some instances, resolution of PH with transplantation
[3, 26, 27]. The limitations of these studies as outlined above
and lack of hemodynamic classification of the etiology of
PH in these patients have contributed to the conflicting data
on mortality and graft survival post-transplant.

Etiology and Pathogenesis

In patients with ESKD, the development of PH may be a
consequence of the underlying etiology of renal failure. Yet,
in other instances, PH may alternately be exacerbated or
initiated by the downstream effects of ESKD itself. As noted
above, approximately 40–80% of patients with ESKD were
excluded in evaluation of PH due to the presence of one or
more comorbid conditions that may have predisposed them to
PH including connective tissue diseases (CTD), pulmonary
disorders, history of pulmonary embolus, and the presence of
cardiac diseases including left ventricular ejection fraction
(LVEF) < 50%, left-to-right intracardiac shunts, and the
mitral and/or aortic valve disorders [3, 5, 7, 14].

However, the above comorbidities are not always present
in patients with ESKD and PH prompting consideration and
evaluation for other etiologies discussed below (Fig. 23.1).

Arteriovenous Fistulae

Given the overall higher prevalence of PH in patients with HD
compared to those on PD and CKD non-HD, arteriovenous
fistulae (AVF) have been suspected to contribute to PH in
ESKD patients particularly given reports of reduction in PAP
following compression and/or ligation of AVF [3, 28]. How-
ever, available data evaluating PH in pre- and post-HD
patients has been conflicting. In 12 pre-dialysis patients with
no PH, Yigla et al. identified the development of PH (by
echocardiography) in 5 of these patients after initiation of HD
[22]. Unal et al. however reported a reduction in PH preva-
lence after initiation of HD in a cohort of 20 patients [29].
Furthermore, in a more symptomatic cohort, Pabst et al.
reported the reduction in prevalence of PH after initiation of
HD (by RHC evaluation) [21]. Both AVF flow rate and
duration of AVF have been associated with PH in various
studies [5, 7, 10–12, 15, 16]. However, this association has not
been consistently demonstrated. Similarly, while brachio-
cephalic AVF are associated with more flow compared to
radial AVF access, this difference has not been convincingly
shown to contribute to higher prevalence of PH [6]. Anemia
related to decreased erythropoietin has also been identified as
contributor to increased cardiac output (and PH) in ESKD
patients both pre-dialysis and on hemodialysis, but this asso-
ciation is sparsely reported [14]. While, individually, these
variables associated with AVF have not been reliably proven
to contribute to PH in patients with ESKD, it is perhaps the
combination of all of these factors, particularly in the presence

Fig. 23.1 Pathophysiology of
pulmonary hypertension in
patients with end stage kidney
disease
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of left sided heart disease that may prove a more consistent
relationship with PH. Raza et al. presented a case series of 5
patients with ESKD and concomitant PH, left ventricular
hypertrophy, AVF of greater than 4 years duration and with
high output who all had symptoms of heart failure. Surgical
ligation and/or banding resulted in significant decrease in
mPAP with associated improvement in symptoms [30].

Pulmonary Vascular Remodeling—Endothelial
Dysfunction

Besides enhanced cardiac output, AVF formation may
contribute to PH with pulmonary vascular remodeling. As
noted previously, in a cohort of ESKD with dyspnea, Pabst
et al. demonstrated unexplained elevated pulmonary vascular
resistance and PH (“precapillary PH”) in 10% of dialysis
patients as opposed to none in CKD non-HD patients, sug-
gesting increased endothelial dysfunction in HD patients.
Endothelial dysfunction has been reported in patients with
CKD due to reduced production of L-Arginine which serves
as a precursor to nitric oxide (NO)—a potent vasodilator and
regulator of endothelial function. Additionally, dialysis is
associated with accumulation of naturally occurring inhibi-
tors of nitric oxide production [31]. Furthermore, enhanced
shear stress in the pulmonary vasculature (as can be seen in
HD patients with AVF flow) has been shown to increase
Endothelin (ET)—a potent vasoconstrictor and regulator of
endothelial function—by upregulating gene expression [32].
Nakhoul et al. assessed endothelin and nitric oxide levels in
HD patients with and without PH. HD patients, regardless of
PH presence, demonstrated increased ET levels compared
with normal control subjects. Basal levels of NO were sig-
nificantly decreased in HD patients with PH compared to
those without PH and normal controls, and HD patients with
PH showed a blunted rise of NO after HD therapy. Abdel-
whab et al. further demonstrated the contribution of HD to
endothelium dysfunction by reporting an increase in
thromboxane (a potent vasoconstrictor and regulator of
endothelial function) in patients with PH on HD compared to
CKD patients not on HD [10]. All of this suggests impaired
pulmonary vasculature endothelium—in ESKD patients on
HD—that may contribute to PH.

Pulmonary Vascular Remodeling—Parathyroid
Hormone and Calcium Regulation

Dysregulation in parathyroid hormone (PTH) and calcium
handling is a known complication of advanced CKD and
ESKD. Chronically elevated PTH levels are associated with
increased calcium deposition in tissues and have been pos-
tulated to contribute to pulmonary artery calcification seen

routinely in patients who have received regular hemodialysis
[33]. Faubert et al. analyzed 23 patients with ESRD on HD
and found 61% demonstrated pulmonary artery calcification
by technetium-99 m diphosphate scanning [34]. However, in
two subsequent studies assessing pulmonary hypertension
(established by echocardiography) in ESKD on HD, there
was no significant association with pulmonary artery calci-
fication. Furthermore, there was no significant difference in
calcium, phosphorus, or PTH levels between those with and
without PH [4, 35]. However, in a larger study of patients
with CKD non-HD (190 patients), elevated PTH levels were
significantly associated with PH defined by echocardiogra-
phy, yet pulmonary artery calcification was not assessed
[36]. Limitations of these studies included evaluation of
pulmonary pressures by echocardiography only, and inher-
ent limitations of noninvasive imaging modalities to accu-
rately assess pulmonary artery calcification burden.
Additionally, there are no reported studies evaluating pul-
monary artery calcification in ESKD on PD. The limited
studies reporting the association of calcium, phosphorus, and
PTH levels with PH in PD patients are conflicting [18, 19].
Therefore, the role of calcium and PTH dysregulation
affecting PH development in patients with ESKD remains
unclear.

Pulmonary Vascular Remodeling—
Thromboembolism

While chronic venous thromboembolism is established as an
etiologic agent for PH, the association with thromboem-
bolism from AVF is less certain. Harp et al. identified a trend
toward more PH (as defined by echocardiography) in patient
with ESKD on HD undergoing one or more HD graft
thrombectomy procedures (OR 1.5). However, this was not
statistically significant [37]. Hsieh et al. evaluated PH more
accurately with RHC assessment but also found no associ-
ation with PH and number of thrombectomy procedures in
ESKD patients on HD [38]. Gas microemboli occurring in
hemodialysis has also been postulated to contribute to PH.
These microemboli are suspected to develop during turbu-
lent flow around the venous access site. Current HD
machines are equipped with ultrasonic detectors of larger air
emboli, but smaller emboli frequently evade alarm. Recur-
rent emboli can affect pulmonary vasculature via mechanical
obstruction with subsequent complement and clotting acti-
vation and increased inflammatory response. Repeated
dialysis and gas microemboli formation in the venous sys-
tem leads to chronic microvascular trauma in the pulmonary
arteries that may simulate thromboembolism [39]. While
animal studies have shown PH and increased pulmonary
vasoreactivity with repeated micro air embolism, this asso-
ciation has not been studied in humans [40].
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Inflammation

Inflammatory cytokines including TNF-alpha, IL-1, and IL-6
have been associated with PH in animal and human studies
[41, 42]. Increased inflammatory cytokines have been
reported in patients with uremia and have been suspected as
a contributing factor in the development of PH in ESKRD.
Yu et al. analyzed inflammatory cytokine levels in patients
with ESRD with and without PH on HD. TNF-alpha,
Interleukin-1 Beta, Interleukin 6, and high sensitivity
C-reactive protein were significantly higher in patients with
PH suggesting an etiologic role. However, further longitu-
dinal studies are lacking to provide a more definitive causal
relationship.

Management of PH in Candidates for Renal
Transplant

As noted previously, mortality and graft survival in patients
with renal transplant and pre-existing PH has not been
consistent in the few studies published. While limitations in
these studies, including small sample sizes, single-center
analyses, and retrospective cohorts have contributed to these
conflicting findings, the multiple and varied mechanisms of
PH described above have also played a role. The most recent
American Heart Association/American College of Cardiol-
ogy Foundation (AHA/ACCF) scientific statement on the
evaluation and management of pulmonary hypertension in
kidney transplant candidates recommends confirming PH
and clarifying hemodynamics with RHC in patients screened
with echocardiography demonstrating an RVSP > 45
mmHg [43]. The use of RHC to establish Group I PH, also
referred to as pulmonary arterial hypertension (PAH) or
precapillary PH (defined as mPAP > 25 mmHg, PCWP <
15 mmHg and PVR > 3 WU), is paramount given the
growth of pharmaceutical therapies for this subset of PH.
These therapies generally target three pathways implicated in
the proliferative vasculopathy of PAH: (a) nitric oxide,
(b) endothelin, and (c) prostacyclin. Phosphodiesterase type
5 inhibitors (Tadalafil, Sildenafil) and soluble guancylate
cyclase stimulators (Riociguat) enhance nitric oxide pul-
monary artery vasodilation. Endothelin receptor antagonists
(Bosentan, Ambrisentan, Macitentan) impair endothelin
vasoconstriction of pulmonary arteries. Finally, prostanoids
(Epoprostenol, Trepostinil, Iloprost, and Selexipag) enhance
prostacyclin mediated pulmonary artery vasodilation. These
medicines are available in oral form and, in the case of
prostacyclins, can be delivered via inhaled, subcutaneous or
intravenous routes as well [44]. Side effects of these medi-
cations are numerous, and caution should be taken in uti-
lizing these medications in patients with evidence of left
sided heart disease or evidence of pulmonary parenchymal

disorders as pulmonary edema and ventilation-perfusion
mismatching can occur respectively. In PAH patients with
World Health Organization I or II functional class and
response to vasoreactivity testing on RHC evaluation (using
inhaled NO or inhaled epoprostenol), dihydropyridine cal-
cium channel blocker use has been demonstrated to yield
some improvement [45]. Additionally, limited studies have
identified the benefit of anticoagulation in Group I PH
patients—particularly those with no identifiable provocateur
of PAH [46]. The AHA/ACCF scientific statement also
recommends screening and appropriate treatment for sec-
ondary causes including left sided heart disease (Group II
PH), intrinsic pulmonary disorders/sleep-disordered breath-
ing (Group III PH), and chronic pulmonary embolism
(Group IV PH). Those with CTEPH (Group IV PH) should
be initiated on anticoagulation promptly and be considered
for pulmonary thromboendarterectomy at centers specialized
for this [43]. Patients with CTEPH have also been shown to
benefit from soluble guancylate cyclase stimulators (Rio-
ciguat) [45]. It should be noted that trials evaluating the
above therapeutic options have excluded patients with
ESKD, and the efficacy of these treatments in improving
outcomes for renal transplant is unknown. Treatments tar-
geting suspected etiologies of PH specific to ESKD are less
clear. The use of erythropoietin stimulating agents on animal
models have yielded conflicting effects on PH and have not
been well studied for this purpose in humans much less those
with ESKD [47, 48]. Patients with high AVF and PH have
demonstrated improved pulmonary artery pressures with
banding or ligating of the AVF. However, the available
published literature of this intervention is limited to case
reports and case series. Given inconsistent outcome data on
patients with ESKD and PH undergoing renal transplant, the
mortality and graft rejection risks of transplant should be
balanced with the consistently established elevated mortality
of patients with PH on dialysis. Because of the multiple
etiologies implicated in PH in patients with ESKD and the
complexity of treatment, it is recommended that experienced
providers evaluate and manage PH in patients with ESKD
particularly in those being considered for renal transplant.

Conclusion
The prevalence of PH is increasingly recognized in
patients with ESKD on dialysis. The etiologies are diverse
and multiple owing to the many comorbidities of patients
with ESKD and renal dysfunction itself. While PH can be
screened for by echocardiography, RHC is the gold
standard for confirmation and for further classification. PH
is associated with significantly increased mortality in
patients with ESRD compared to those without, but its
impact on transplant outcomes is not well established.
Care should be taken to identify any of the numerous
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etiologies that are involved in any individual case and
aggressive treatment of reversible conditions should be
pursued with the assistance of a specialist with expertise in
PH. Areas of future research include (1) further classifi-
cation of etiologies using right heart catheterization in
patients with PH and ESKD and outcomes related to these
various etiologies in both those receiving and not receiv-
ing renal transplant; (2) evaluation of new drug therapies
in patients with Group I PH (PAH) and ESKD on survival
outcomes in both those receiving and not receiving
transplant; (3) assessment of the effect of treatment of
specific PH etiologies unique to those with ESKD on
survival outcomes; and (4) utilization of echocardio-
graphic features including interventricular septal posi-
tioning and spectral Doppler interrogation of the right
ventricular outflow tract flow to further classify PH eti-
ology noninvasively. Results of research in these areas
may help lead to more refined decision making in
selecting appropriate candidates with ESKD and PH who
will benefit from renal transplantation.
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24Cardiac Surveillance Whilst Listed for Renal
Transplantation

Karen L. Keung, Madhav C. Menon, and Barbara Murphy

Introduction

Based on OPTN data as of January 11, 2016, 100,791 people
were on the kidney transplant wait list in the United States. For
patients newly listed in 2009 either for a first-time or for repeat
kidney-alone transplant, the median time spent on the wait list
was 3.6 years [1]. Annual mortality whilst listed is estimated at
5% [2], although this does not distinguish between active and
inactive patients, with the latter experiencing higher mortality.
Cardiovascular disease is the most common cause of death in
these patients, accounting for approximately one third of cases
with a documented cause [3].

The incidence and prevalence of coronary artery disease
is high in the end-stage disease kidney (ESKD) population,
with the cumulative incidence of acute myocardial infarction
rising steadily after joining the wait list, estimated to afflict
between 8.7 and 16.7% of candidates by 3 years [4, 5]. In
addition, arrhythmias and decompensated heart failure, as a
consequence of abnormalities including valvular disease,
and left ventricular dysfunction, are also common causes of
adverse cardiac outcomes in patients with ESKD.

After initial cardiac assessment and activation on the
waiting list, it may be several years before the patient

receives a kidney transplant. Some transplant centers review
actively listed patients at regular intervals, whilst others
follow-up within a year of the candidates being estimated to
reach the “top” of the waiting list. In this chapter, we will
discuss the role, if any, of periodic cardiac surveillance
based on the current literature and recommendations from
existing guidelines, specifically relating to coronary artery
disease, left ventricular dysfunction, and valvular heart dis-
ease (summarized in Table 24.1).

Coronary Artery Disease

The accelerated rate of progression of coronary artery disease
(CAD) in the ESKD population, compounded by increasing
risk with longer duration of dialysis, means periodic surveil-
lance for CAD following the initial assessment (discussed in an
earlier chapter) whilst waitlisted would seem reasonable. There
is great heterogeneity amongst published guidelines regarding
the role of CAD monitoring for listed patients and a paucity of
quality studies to support the utility of this strategy, let alone
the optimal frequency of repeat screening for those with a
negative initial test. In addition, the best modality for ongoing
surveillance is unclear. The studies discussed below use vary-
ing imaging techniques, each with their limitations (reviewed in
an earlier chapter).

The 2005 National Kidney Foundation/Kidney Disease
Outcomes Quality Initiative (NKF/KDOQI) “Clinical Prac-
tice Guidelines for Cardiovascular Disease in Dialysis
Patients” recommended repeat stress testing annually for
diabetic patients with ESKD and every other year for “high
risk” nondiabetic patients [7]. Several relevant studies have
been published since the writing of the guidelines.

One of the largest observational studies examining car-
diac events (cardiac death or nonfatal MI) following a nor-
mal myocardial perfusion scan (MPS), identified an event
rate of 1.1% over the mean follow-up of 2 years in a cohort
of 7376 participants [11]. This was greater in those with a
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history of CAD (1.3 vs. 0.7%). Patients with chronic kidney
disease were not specifically evaluated in this study, and
only 10% had diabetes. Given that patients with CKD or
diabetes have a greater rate of CAD acceleration, it is
probable that there is a shorter “warranty” period on a nor-
mal scan in these subgroups. This is supported by observa-
tions from a retrospective cohort study of the Veterans
Affairs Information System Technology and Architecture
database of 1747 patients with known or suspected CAD

who underwent MPS with a similar mean period of
follow-up. In those with normal imaging results, the annual
cardiac death rate was 0.9% for those with no diabetes
mellitus (DM) and no CKD (defined as eGFR >
60 mL/min/1.73 m2), 0.5% in the DM alone group, 2.35%
in CKD alone, and 2.9% in those with both DM and CKD
[12]. The same authors also demonstrated that when subjects
with a normal MPS, when stratified based on renal function,
the yearly cardiac mortality increases steadily from 0.9% in

Table 24.1 Recommendations on cardiac surveillance in asymptomatic transplant candidates

2012 AHA/ACCF Scientific
Statement [6]

2005 NKF/KDOQI Guidelines
[7]

2007 Lisbon Conference [8] 2013 European
Best Practice
Guidelines [9]

Coronary
Artery
Disease
(CAD)

The usefulness of periodically
screening asymptomatic kidney
transplant candidates for
myocardial ischemia whilst on
the transplant waiting list to
reduce the risk of major
adverse cardiac events
(MACE) is uncertain (class IIb,
level of evidence C)

The evaluation of CAD in
dialysis patients depends on
individual patient status (level
of evidence C)
For transplant candidates:
1. With diabetes who had an
initial normal assessment for
CAD, should have 12 monthly
evaluations.
2. Without diabetes but “high
risk”a for CAD, evaluation
every 24 months.
3. Those who are not high risk
for CAD should have
evaluation every 36 months

For those with an expected
wait of over 2 years for
transplantation, assessment for
cardiovascular disease
(CVD) should be repeated
annually in high- risk
individuals, defined as those
with
1. Diabetes
2. Prior CVD
3. Multiple CVD risk factors,
such as more than 1 year on
dialysis; left ventricular
hypertrophy;
age 60 years; smoking;
hypertension; and
dyslipidemias

No specific
recommendations
on surveillance

Valvular
Heart
Disease
(VHD)

May be reasonable to consider
ESRD patients with moderate
aortic stenosis to be equivalent
to demonstrated “rapid
progressors” who warrant a
yearly echocardiogram and
monitoring for early symptoms
(Class IIb, Level of C)

Patients should be evaluated
for the presence of VHD and
for follow-up of VHD in the
same manner as the general
populationb except for
frequency for follow-up of
aortic stenosis. For
asymptomatic patients on the
wait list with at least moderate
aortic stenosis, annual doppler
echocardiogram is
recommended

No specific recommendations
on surveillance

No specific
recommendations
on surveillance

Left
Ventricular
Dysfunction
(LVD)

Reasonable to perform
preoperative assessment of left
ventricular function by
echocardiography in potential
kidney transplant candidates
(class IIa; level of evidence B).
There is no evidence for or
against surveillance by
repeated left Ventricular
function tests after listing for
kidney transplantation

Echocardiograms should be
performed in all patients at the
initiation of dialysis (level of
evidence A), and at 3 yearly
intervals thereafter (level of
evidence B)

No specific recommendations
on surveillance

No specific
recommendations
on surveillance

AHA American Heart Association; ACCF American College of Cardiology Foundation; NKF KDOQI National Kidney Foundation Kidney
Disease Outcomes Quality Initiative
aHigh risk was defined as more than 20% per 10 years cardiovascular event rate risk according to Framingham data includes those with two or
more “traditional” risk factors, a known history of coronary disease, left ventricular ejection fraction 40%, or peripheral vascular disease
b2014 AHA/ACC guideline for the management of patients with valvular heart disease: a report of the American College of Cardiology/American
Heart Association Task Force on Practice Guidelines [10]
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those with eGFR > 90 mL/min/1.73 m2 to 4.7% when eGFR
falls to <30 mL [13].

The probability of coronary artery disease following reas-
suring cardiac investigations in the dialysis population is not
well defined. A Japanese study of 100 hemodialysis patients at
a single center was cleared of CAD on the basis of
MPS/coronary angiography or SPECT and followed for a
median period of 2 years. Only 5 patients had an adverse
cardiac event in the second year post-investigation [14]. An
Australian group assessed a cohort of 107 patients with either
stage 4/5 CKD or dialysis dependence and normal baseline
dobutamine stress echocardiogram (DSE). Of the 73/107 who
underwent repeat DSE, 12% developed evidence of inducible
ischemia and a further 9% had scar formation at median
follow-up of 1.8 years [15]. The findings of these studies
suggest there may be a role for surveillance imaging. However,
authors of a large study in this area suggested otherwise [16].
This prospective cohort study of 604 patients aimed to describe
CV event rates in ESRD patients awaiting cadaveric renal
transplant, along with the frequency of cardiovascular investi-
gations performed during this period and its impact on out-
comes. The risk for CV events in diabetic and nondiabetic
candidates was 12.7 and 4.5% per year, respectively, over a
mean follow-up of 3.7 years. Interestingly, there was no dif-
ference in the frequency of major adverse cardiac events or
survival when patients were divided into two groups—those
who underwent periodic cardiac surveillance in keeping with
guideline recommendations at the time versus those who were
re-evaluated based on clinical assessment/opinion. In addition,
the latter group had fewer investigations performed. The
authors concluded that periodic surveillance cardiac investiga-
tion may be unnecessary, but warrants further study.

The 2007 report from the Lisbon Conference on the care
of renal transplant recipients advised annual reassessment of
“high risk” individuals (defined as those with DM, prior
history of CAD, multiple cardiac risk factors) who are
anticipated to be on the wait list for more than 2 years [8].
A specific screening modality was not recommended. The
2013 European Renal Best Practice (ERBP) guidelines on
“The management and evaluation of the kidney donor and
recipient” [9] did not provide recommendations on CAD
surveillance after the initial evaluation in those on the
waiting list. Most recently, the 2012 American Heart
Association/American College of Cardiology Foundation
(AHA/ACCF) released a scientific statement entitled “Car-
diac Disease Evaluation and Management among Kidney
and Liver Transplantation Candidates” which was endorsed
by the American Society of Transplant Surgeons, American
Society of Transplantation, and National Kidney Founda-
tion. Authors concluded that the usefulness of periodic
screening for cardiac ischemia to reduce the rate of major
cardiac events in asymptomatic subjects awaiting transplant
is uncertain (Class IIb, level of evidence C) [6].

Valvular Heart Disease

From national registry data in the US, valvular heart disease
(VHD) is more prevalent in patients with pre-dialysis CKD
compared to age-matched controls (13.6% compared to 4.9%)
[17]. A similar breakdown from national registry data for
ESRD patients is unavailable. Observational single center
studies involving clinical and autopsy data reveal a high
prevalence of mitral and/or aortic valvular calcification in
patients with ESKD (35–60% of patients studied) [18–20].
These studies also suggest an etio-pathogenic role of ESKD on
both the development and progression of valvular calcification
that is linked to abnormalities in calcium–phosphate metabo-
lism which are nearly universally present in ESKD [20, 21].
VHD contributes up to 5% of all deaths in the CKD stage-IV
population [22]. While similarly crystalized national data is
available from the ESKD population in CAD and atheroscle-
rotic vascular diseases [17], the best surrogate for the contri-
bution of VHD to mortality in ESKD, albeit incomplete, would
appear to be through congestive heart failure (CHF). Similar to
CKD-stage-IV, CHF contributed to 5% of all deaths in the
ESRD population on dialysis. When annualized data from the
national kidney transplant waitlist in the US between 2010 and
2012 were examined, waitlist death rate decreased from 6.5 to
5.8 per 100-person-years, while the proportion of patients
deemed “too sick to transplant” and delisted, increased from
1.89 to 2.71 [23]. These data do not break down the causes of
death on the waitlist and hence the exact contribution of VHD
to these proportions nationally is undetermined. However, a
retrospective study in 35,215 patients on the kidney transplant
waitlist between 1994 and 1997 suggested that uncorrected
VHD is a barrier to transplantation, and patients with VHD
who did not undergo surgical correction had lower rates of
transplantation [24]. Together these data would suggest that
VHD is both prevalent and contributes to morbidity and mor-
tality in CKD pre-ESKRD, ESKD on dialysis as well as
patients on the kidney waitlist.

The 2012 ACC/ACCF guidelines for the evaluation and
management of patients with cardiac disease on the kidney-
and liver-transplant waitlists [6] presented recommendations
for initial evaluation of other forms of CVD, and are simi-
larly applicable to VHD. For instance, “active cardiac con-
ditions” in candidates would need urgent management
before listing. The presence of one or more of these condi-
tions confers high rates of perioperative cardiovascular
morbidity and mortality and may require delay or cancela-
tion of surgery. These would include severe, symptomatic
VHD. In asymptomatic candidates with VHD, the guidelines
are generally similar to management guidelines in non-
transplant candidates with VHD. These are detailed in the
2008 focused update from the AHA/ACC [10] and more
recently in their 2014 guidelines on the management of
VHD [25].
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A thorough history and physical examination is recom-
mended to identify cardiac conditions including moderate
VHD at initial evaluation at the transplant center. Consid-
erable focus must be placed on assessing exercise tolerance
when VHD is suspected or confirmed. The ACC/AHA 2007
“Guidelines on Perioperative Cardiovascular Evaluation and
Care for Noncardiac Surgery” [26] highlight the need to risk
stratify patients based on functional capacity—a functional
capacity � 4 METS in a patient without an active cardiac
condition including VHD suggests low risk and no further
functional testing may be needed at initial evaluation. Even
in asymptomatic patients, we perform baseline echocardio-
graphy in all candidates >40 years of age, candidates
<40 years with any CVD-comorbidities, or candidates with
suggestion of VHD from clinical assessment. Volume status
of ESKD patients significantly impacts the echocardio-
graphic assessment of hemodynamics in valvular lesions.
For instance, the severity of mitral regurgitation may range
from mild to severe on the basis of preload (volume status)
and afterload (blood pressure). Thus, it is recommended that
transplant candidates on dialysis be evaluated when they are
at their dry weight (immediately after dialysis or the
intra-dialytic day) and with optimal hemodynamics (heart
rate and blood pressure control) [7]. The timing of evalua-
tion may be less important in patients on continuous peri-
toneal dialysis. We refer all waitlisted patients with VHD of
any severity to cardiology for further delineation of risk
status.

Specific to the type of valvular disease, the management
of VHD in Kidney-waitlist patients may differ. For instance,
prospective studies have suggested accelerated progression
of aortic stenosis (AS) in ESKD patients [27]. One study
reported a twice-normal rate of progression of calcific AS in
ESKD—from 0.05 to 0.1 cm2/year in the general population
to 0.23 cm2/year in the ESKD patients [20]. While data does
not exist to support serial echocardiography after initial echo
for asymptomatic VHD, candidates with asymptomatic AS
may be considered for serial screening for progression of AS
lesion, given the higher likelihood of encountering “rapid
progressors”. The ACC–AHA guidelines for management of
CVD in patients on the kidney transplant waitlist recom-
mends annual echocardiographic screening in ESKD patient
with moderate AS (Class IIb; Level of Evidence C) [6].
Along similar lines, the ACC–AHA in their VHD manage-
ment guidelines have recommended that aortic valve
replacement may be considered in asymptomatic severe AS
if a high likelihood of progression was ascertained [25].
Conversely, studies have suggested that “functional” mitral
regurgitation, representing ventricular dysfunction more than
structural valvular disease, may be overestimated in ESKD
and may improve after transplantation. If valve replacement
is considered necessary for VHD, recent data suggests safety

of bioprosthetic valves in ESKD patients. Two studies,
involving 5858 ESRD patients and 1335 kidney transplant
recipients, have suggested similar survival in the study
groups within each study independent of whether a bio-
prosthetic or mechanical valve was used [28, 29]. When
corrective surgery for VHD is performed in waitlisted
patients, retrospective data suggests that waitlist times are
not significantly prolonged, as opposed to leaving VHD that
is uncorrected [24]. The safety and efficacy of trans-catheter
angiographic procedures for treating mitral and aortic
stenosis specific to the kidney-waitlist patients needs further
study.

Left Ventricular Dysfunction

Systolic left ventricular dysfunction has been described to be
present in 15% of patients starting dialysis, with more recent
data suggesting diastolic dysfunction is even more prevalent
in the CKD population [30, 31]. Both lead to the clinical
syndrome of CHF, the prevalence of which is threefold
higher in those with eGFR < 60 mL/min/1.73 m2 versus
those with normal kidney function [32]. Median survival in
those with and without heart failure at dialysis initiation is
estimated to be 36 and 62 months, respectively [33]. Mea-
surable structural changes including elevated left ventricular
mass index as a surrogate marker of left ventricular hyper-
trophy, often precede functional changes and have been
demonstrated to be an independent predictor of cardiac
outcomes [34]. There is emerging data on surveillance
imaging of cardiac structure and function in the CKD pop-
ulation. However, in ESKD or more specifically in the
transplant candidate, rigorous data on risk stratification
based on cardiac structural changes is limited. Amongst the
few observational or cross-sectional studies in this area, most
have relatively short periods of follow-up and not all cor-
relate the progression and/or regression of echocardiographic
abnormalities with subsequent cardiac morbidity and mor-
tality outcomes. This has made it difficult to draw firm
conclusions on whether serial surveillance of LV dysfunc-
tion should be routinely performed in advanced CKD,
let alone in the potential transplant recipient.

The 2005 KDOQI guidelines of ESRD recommended an
evaluation of cardiac structure and function with echocar-
diogram in 1–3 months after the initiation of dialysis, and
every 3 years thereafter, regardless of symptoms [7]. The
recommendation is based on findings of cross sectional and
observational studies (summarized in these guidelines) from
the 1980s and 1990s, which identified increases in LV mass
index and presence of systolic dysfunction in patients with
ESRD as predictors of cardiovascular events. When inter-
preting these results one must consider that standard
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treatment since the period of recruitment has changed, the
routine use of erythropoietin for correction of anemia in
advanced CKD is one example, whilst for heart failure
therapeutics including beta-blockers have altered the natural
progression of disease. The KDOQI guidelines acknowl-
edged in their recommendations that “long-term echocar-
diographic surveillance of dialysis patients in the modern
treatment era is lacking. The appropriate time interval for
re-evaluation in chronic dialysis patients is therefore uncer-
tain” [7]. A number of these publications referenced by the
KDOQI guidelines derived data from a single clinical cohort
of 433 patients in a longitudinal multicenter Canadian study
that followed patients from the initiation of dialysis, over a
mean duration of 41 months. Patients had annual clinical
assessment, with baseline and progress echocardiogram
performed on average 3.3 and 17.6 months, respectively,
after the initiation of dialysis. On baseline echocardiogram,
LVH was identified in 73.9%, dilated LV in 35.5%, and
systolic dysfunction in 14.8% [30]. Of the 299 patients
without clinical evidence of congestive cardiac failure
(CCF) at the initiation of dialysis, 76 (25%) developed de
novo CCF at median time of 15 months, equating to a rate of
7% per year. Factors identified at initial screening, which
predicted development of CCF included elevated left ven-
tricular mass index, elevated left ventricular end-diastolic
diameter, and worse LV systolic dysfunction. Cardiac fail-
ure, peripheral vascular disease, left ventricular fractional
shortening, systolic dysfunction, and LV cavity volume were
associated with cardiac mortality, whilst LV mass index was
independently associated with death after 2 years. The same
group evaluated changes between baseline and progress
echocardiogram performed 1 year after the initiation of
dialysis in 227 patients [35]. Of the 137 who had no history
of CHF, 36 (26%) developed de novo cardiac failure after
the first year following dialysis initiation. Comparing those
who did and did not develop de novo cardiac failure after the
first year, the mean changes in LV mass index were 17 and
0 g/m2, respectively, and for fractional shortening −8 and
0%, respectively. The authors concluded that serial
echocardiography adds prognostic information beyond what
is provided from a baseline study. A self-selected subgroup
of 29 patients from the original cohort had four sequential
echocardiograms performed annually following the initiation
of dialysis [36]. Statistically significant increases in posterior
wall thickness, left ventricular end-diastolic diameter, left
ventricular mass index, and cavity volume index were noted
to develop over time. Most of the changes in mass and
volume index occurred in the first year, but increases were
still seen thereafter. These studies would suggest baseline
and progress evaluation of cardiac function in dialysis
patients is probably useful in identifying patients at risk of
future de novo cardiac failure. Nevertheless, further studies
to evaluate if progression confers a worse prognosis and/or

regression improves outcomes in the modern treatment era to
justify routine surveillance are needed.

More recently, studies assessing the role of surveillance
imaging of LV structure/function in patients at different
stages of CKD to ESKD have been published [31, 37, 38].
Zoccali et al. evaluated a subset of patients from the Car-
diovascular Risk Extended Evaluation in Dialysis Patients
(CREED) study [37] for progression of LV systolic dys-
function, measured by mid wall fractional shortening
(mwFS). These were dialysis patients without a history of
heart failure and with baseline LV ejection fraction of
� 35% [37]. 191 patients had baseline and repeat echocar-
diograms performed on average 17 months apart, and were
then followed for a further 27 months after the second scan.
85/191 patients had at least one CV event, and in 52 patients
these were fatal. The Kaplan–Meier analysis with patients
stratified by mwFS < 50th (change in mwFS −1.3 ± 1.2%),
51st–75th (0.3 ± 0.2%), and >75th percentile
(+1.4 ± 0.7%), showed a 41% increase in the relative risk
for fatal and nonfatal CV events for patients in the highest
quartile compared to those in the lowest.

The Longitudinal Changes of Cardiac Structure and
Function in CKD (CASCADE) study prospectively followed
300 patients with stage 3–5 CKD who underwent baseline
echocardiogram [30]. 278 had progress imaging after 1 year
where both systolic and diastolic parameters were evaluated.
This is in contrast to earlier studies that focused on systolic
dysfunction only. The entire cohort showed a significant
increase in LV mass index with an increased prevalence of
LVH and diastolic dysfunction over 1 year, along with
severity of diastolic dysfunction. Stratification by CKD stage
(3a, 3b, and stage 4/5) showed a greater decline in eGFR in
the latter group, along with a greater increase in LV mass
index and volume index, without significant difference in the
change in LV function between the different CKD stages.
Having stage 4/5 CKD was an independent predictor of
progression in LV mass index, LV volume index and dias-
tolic dysfunction grades, after controlling for other known
factors associated with LV abnormalities. However, one of
the limitations of the study was that echocardiographic
findings were not correlated with clinical outcomes.

In a cross-sectional study of a subset of 190 patients from
the Chronic Renal Insufficiency Cohort (CRIC) study [37]
enrolled from 2003 to 2007 and followed to 2011, an
echocardiogram was performed when they met criteria for
advanced CKD (eGFR < 20 mL/min/1.73 m2), and again
after progression to ESKD (defined as requiring maintenance
hemodialysis or peritoneal dialysis). This period is of interest
since renal transplant candidates in the US may be
pre-dialysis at their initial cardiac evaluation and when they
are waitlisted as “active,” but eventually transition to dialysis
whilst awaiting transplantation. The mean duration between
the echocardiograms was 2 (±1.0) years, and the mean time
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between advanced CKD echocardiogram and initiation of
dialysis was 1.1 (±0.9) years. There was no significant
change in LV mass index over this period, but statistically
significant changes in the mean LVEF declined from 53 to
50%, whilst the proportion of participants with EF � 50%
increased from 29 to 48% [38]. Whether a fall in LVEF at
this “near normal” range has prognostic implication with
regards to cardiac morbidity and mortality again was not
evaluated and it remains to be seen whether correlation with
clinical outcomes will emerge in coming years.

It is worthwhile to highlight that there is also an
increasing body of evidence that regimens of more frequent
dialysis compared to conventional thrice-weekly dialysis
results in a reduction in LV mass [39, 40]. The Frequent
Hemodialysis Network (FHN) trial group has also shown
that patients who received frequent (six times weekly)
hemodialysis intervention versus conventional
(thrice-weekly) hemodialysis over a 12-month period had
significant improvements in both coprimary outcomes (death
or 12-month change in left ventricular mass and death or
12-month change in self-reported physical health) [41], and
demonstrated reduced long-term mortality with a median
follow-up of 3.6 years [42]. It remains to be studied whether
the difference in mortality is a consequence of the impact on
cardiac indices and whether this ultimately translates to
superior outcomes post-transplant.

As it stands, there are no studies that have described
cardiac outcomes of transplant candidates who have and
have not undergone periodic echocardiogram surveillance of
LV dysfunction, hence the utility of screening for LV dys-
function is not substantiated. The 2007 Lisbon Conference
document included LVH as a cardiovascular risk factor for
identifying “highest risk” patients to be screened annually
whilst listed. The 2012 AHA/ACCF cardiovascular guide-
lines for transplant candidates state it is reasonable to per-
form preoperative assessment of left ventricular function by
echocardiography in potential kidney transplant candidates
(Class IIa, Level of Evidence B); and there is no evidence for
or against surveillance by repeated left ventricular function
tests after listing for kidney transplantation [6]. The 2013
ACCF/AHA “Guideline for the Management of Heart Fail-
ure” also concluded that in those with LV dysfunction in the
general population, unless there is a change in clinical status
or treatment interventions, there is no role for routine repeat
measurement of LV function assessment (Level of evidence
B) [43]. However, the 2014 ACC/AHA “Guidelines on
Perioperative Cardiovascular Evaluation and Management
of Patients Undergoing Noncardiac Surgery” recommends
reassessment of LV function in clinically stable patients with
previously documented LV dysfunction may be considered
if there has been no assessment within a year (Class IIb,
Level of evidence C) [44].

Summary

There is little consistent, quality evidence even in advanced
CKD cohorts let alone in the subgroup of renal transplant
candidates, to strongly support the practice of periodic
re-screening for CVD whilst listed, when initial assessment
is unremarkable and clinical risk profile remains unchanged.
Whether scheduled periodic screening, as opposed to
re-evaluation based on clinician assessment alone, improves
major cardiovascular morbidity and mortality and justifies
the high costs associated with this remains to be seen.
Suggestions were made by the 2012 AHA/ACCF cardiac
disease guidelines for transplant candidates [6] for future
study design that may help to answer these questions.
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25Post-Kidney Transplant Modification
of Cardiovascular Risk

Mythili Ghanta, Swati Rao, Iris Lee, and Serban Constantinescu

Introduction

Kidney transplantation (KT) remains the optimal and most
cost-effective modality of treatment for patients with
end-stage renal disease (ESRD). KT offers a survival
advantage compared to remaining dialysis dependent, in
addition to improvement in quality of life [1]. Short-term
graft survival rates after KT have considerably improved
over the past decade due to advances in immunosuppressive
strategies and reduction in acute rejection rates. However,
there remains a lag in the improvement of long-term graft
survival rates. Death with a functioning transplant con-
tributes to majority (>50%) of late graft loss. Cardiovascular
disease (CVD) is the leading cause of death after KT [2].
The risk of major adverse cardiovascular events (MACE) is
highest within the immediate post-transplant period and
decreases thereafter. Hence the current pre-transplant eval-
uation is centered on CVD risk assessment and modification
to lower the incidence of immediate post-operative cardiac
events. This chapter discusses the various factors that elevate
post KT CVD risk, and how to optimize these to improve
long-term outcomes.

Incidence/Prevalence of Cardiovascular
Disease in Kidney Transplant Recipients

CVD accounts for 35–50% of all-cause mortality in kidney
transplant recipients (KTR), and CVD mortality rates are at
least twice as high in an age-matched KTR compared to the
general population. However, when compared to age-matched
dialysis patients, CVD risk is significantly lower post-KT. The
two most likely explanations for the reduced risk in KTR
compared to dialysis patients are: (1) a selection bias in favor
of those undergoing KT, and (2) removal of the
hemodynamic/uremic abnormalities associated with mainte-
nance dialysis after KT [2]. An international study comprising
of >20,000KTR ( Patient Outcomes in Renal Transplantation-
PORT Study) reported the incidence of coronary heart disease
in KTR as 3, 5, and 7% at 1, 3, and 5 years post-KT, respec-
tively [3]. Similarly, United States Renal Data System
(USRDS) registry data analysis showed post-KT acute
myocardial infarction (AMI) rates as 4, 5, and 11% at 6, 12,
and 36 months post-KT [4]. In this analysis older recipient and
donor age, pre-transplant CVD, history of diabetes, and
deceased donor transplantation were identified as risk factors
for AMI. Diagnosis of post-transplantation diabetes or graft
failure markedly increased the risk of AMI, and post-
transplantation AMI-predicted allograft failure, and death.

Risk Factors for Cardiovascular Disease
in Kidney Transplant Recipients

Risk factors for CVD in KTR are manifold and are sum-
marized in Table 25.1. They include traditional CVD risk
factors, such as hypertension, diabetes, hyperlipidemia, and
smoking which are highly prevalent in KTR, and nontradi-
tional risk factors (factors unique to transplantation itself),
such as the direct effects of immunosuppressive agents,
rejection, and allograft dysfunction. Several pre-transplant
factors determine the risk of CVD post-KT. For example,
duration of dialysis pre KT as well as preexisting CVD
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remains risk factors for CVD post-KT. The prevalence of
traditional risk factors at the time of wait listing for KT was
recently described, which identified that at the time of listing
for KT, 94% were hypertensive, 81% had dyslipidemia, 45%
were smokers, 23% were diabetics, and 21% of patients had
preexisting CVD [5]. When this cohort of patients was fol-
lowed longitudinally, 15% sustained adverse cardiovascular
events. Lawrence et al. have shown that there is increased
risk of major cardiovascular events in the immediate
post-transplantation period in patients who have undergone
coronary interventions as part of pre-transplant CVD work
up, and heightened vigilance for acute coronary events is
required in this subgroup of patients. However, once the
immediate post-operative phase is overcome, long-term
allograft and patient survival rates were comparable to the
patients not requiring coronary interventions [6].

Transplant specific risk factors (both donor as well as
recipient related) play an additional role in increasing CVD
risk post KT. The Australian and New Zealand transplant
registry data have shown that younger KTR (age <60 years
old) receiving expanded criteria deceased donorKThadhigher
risk of all-causemortality largely attributed toCVD, compared
to recipients within the same age range receiving standard
criteria deceased donor transplants [3]. Hence both recipient
and donor factors should be incorporated into the algorithm for
the pre-operative cardiac evaluation and post-transplant care.

Estimation of CVD Risk in Kidney Transplant
Recipients

The Framingham risk score, which is widely utilized in the
general population to estimate the risk of MACE, underes-
timates the risk of CVD in KTR [7]. This was attributed

largely to the increased risk incurred by diabetes in KTR [8].
Estimated glomerular filtration rate (GFR) <50 ml/min/m2 in
KTR is also a significant risk factor for CVD in addition to
traditional Framingham criteria [9]. Based on these obser-
vations, separate risk calculators for CVD were designed for
KTR. Soveri et al. validated a seven variable risk calculator
for KTR utilizing the study population from the Assessment
of Lescol in Renal Transplantation study (ALERT) to predict
CVD in this population that included age, previous history
of coronary artery disease, diabetes, low-density lipoprotein,
serum creatinine, number of transplants, and smoking [10].
Israni et al. validated a CVD risk calculator for KTR and
identified several risk factors for CVD based on analysis of
the PORT study including history of pretransplant diabetes,
new onset diabetes after transplant, pretransplant CVD
events, estimated GFR, delayed graft function, acute rejec-
tion, age, sex, race, and dialysis vintage [3]. In this study, the
authors concluded that variables pertinent to allograft func-
tion by far explain the increased incidence of CVD in KTR
[3].

Role of Traditional Risk Factors for CVD
in Kidney Transplant Recipients

Age

It is a well-established fact that advanced age is a risk factor
for CVD. Over the past decade there has been a considerable
increase in the number of patients older than 65 years who
are waitlisted for, as well as received a KT in the United
States. In fact, elderly patients represent the largest propor-
tion of increase in the wait list in the United States over the
past decade with improved access to KT [11, 12]. There is

Table 25.1 Risk factors for
cardiovascular disease in kidney
transplant recipients

Traditional risk factors

Age, male gender, smoking, hypertension, diabetes, dyslipidemia, obesity, metabolic syndrome

Pre-transplant risk factors

Vintage of dialysis pre-transplant, preexisting cardiovascular disease, malnutrition, Hepatitis C infection,
Systemic lupus erythematosus

Transplant specific risk factors

Immunosuppressive agents

Allograft dysfunction related to acute rejection, delayed graft function or chronic kidney disease from any
cause, proteinuria

Donor factors: expanded criteria donors

Repeat renal transplantation

New onset diabetes post-transplantation
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definitely a survival advantage in recipients aged 60–
74 years with KT compared to remaining on dialysis.
However, they have increased mortality at 5 years post-KT
compared to recipients younger than 60 years [1]. Although
studies suggest favorable outcomes of KT in the elderly, it
needs to be recognized that this is a highly selective group of
recipients who have passed extensive cardiac evaluation
pre-transplantation. Hence thorough cardiac evaluation and
careful selection of elderly dialysis patients for KT is
essential to minimize cardiovascular morbidity and mortality
in the immediate post-transplant period and achieve the
benefits of KT.

Gender and Ethnicity

Males are at increased risk of CVD compared to females at 1
and 3 years post-KT with adjusted hazards ratio of 1.2 and
1.3, respectively [3]. It is a well-known fact that there is
racial disparity in KT survival with improvement in
long-term outcomes for African American’s (AA) lagging
behind non-AA. These have been linked to various
immunological and nonimmunological factors [13]. In a
cohort of approximately 1000 KTR with 50% AA, the
prevalence of preexisting CVD was similar to Caucasian
KTR; however, the prevalence of hypertension and diabetes
were higher in AA recipients. More importantly, CVD risk
factors were not effectively controlled amongst AA KTR
post-transplant [14]. Several factors such as socioeconomic
disparities could have contributed to these differences and
should be explored to reduce racial disparities and optimize
patient and allograft outcomes. Results of the PORT study,
(72% Caucasian, 14% AA, 14% other ethnicities), identified
Caucasians with higher adjusted hazards ratio of CVD
within 3 years post-KT (1.45), followed by AA (1.16), and
least in other ethnicities [3].

Tobacco Use

The prevalence of cigarette smoking at time of KT is high
(25–50%) and is comparable to the general population [15].
In KTR, smoking has been associated with increased risk of
CVD, malignancies, graft failure and death. In fact, the
negative impact of cigarette smoking on patient survival
post-KT is similar to diabetes mellitus [16]. The KDIGO
2009 guidelines recommend screening for tobacco use at
initial evaluation, and annually thereafter. In a study of more
than 1300 KTR, smoking history of 11–25 pack-years was
associated with increased relative risk of CV events by 1.56.
The relative risk increased further to 2.14 with more than 25
pack-years of smoking. The detrimental effects of smoking
decreased in patients who had quit more than 5 years before

KT [15]. Thus, potential KTR should be encouraged to quit
smoking via nonpharmacological and pharmacological
methods. Although there is limited data on the impact of
smoking cessation post-KT, it is a reasonable assumption
that the KTR will also benefit from smoking cessation like
the general population.

Post-Transplantation Hypertension

Hypertension (HTN) after KT is common, with approxi-
mately 85% of adult KTR requiring anti-hypertensive
agents. Uncontrolled HTN was identified as an important
risk factor for increased CVD mortality and graft loss.
A recent post hoc analysis of the Folic Acid for Vascular
Outcome Reduction in Transplantation (FAVORIT trial)
suggests that in KTR every 20 mm rise in systolic BP as
well as every 10 mm drop in diastolic BP below 70 mm Hg
is associated with increased CVD risk [17]. Several donor
and recipient factors contribute to HTN post-KT and are
summarized in Table 25.2. Transplant renal artery stenosis
(TRAS) is an important cause of HTN post-KT with reported
prevalence ranging between 1 and 25%. The most common
site of TRAS is at the transplant renal artery anastomosis to
the recipient’s external iliac artery; however, stenosis prox-
imal to the anastomosis within the recipient aorta-iliac sys-
tem can also lead to HTN. Clinical presentation mimics renal
artery stenosis in native kidneys, and could range from
isolated uncontrolled HTN to graft dysfunction especially
with initiation of angiotensin converting enzyme (ACE) in-
hibitors to recurrent flash pulmonary edema. Noninvasive
Doppler ultrasonography (USG) is diagnostic in the majority
of cases; however, CT/MR angiography or invasive angio-
gram might need to be considered in some situations when
Doppler USG is inconclusive. Aggressive medical therapy
might avoid intervention in some cases, however with failure
of medical therapy percutaneous angioplasty with or without
stenting should be considered. Surgical correction should be
reserved for cases where the above interventions failed, but
with advances in percutaneous endovascular procedures,
surgery is rarely performed [18]. Obstructive sleep apnea is
another underdiagnosed and common cause of resistant
hypertension in KTR.

Immunosuppressive agents such as corticosteroids and
calcineurin inhibitors (CNI) contribute to post-transplant
HTN. Among the CNIs, cyclosporine exacerbates hyper-
tension to a greater degree than tacrolimus. Both CNIs lead
to glomerular afferent arteriolar vasoconstriction, in addition
to salt retention leading to HTN. Corticosteroid and CNI
sparing protocols show favorable BP control in KTRs.
Changes to immunosuppression targeting better BP control
should carefully balance the risk of allograft rejection
associated with these changes. Adequate control of BP post-
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KT would translate into improvement of CVD-related out-
comes in addition to improved graft survival. Prospective
trials to establish blood pressure goals specifically in KTR
would help improve outcomes.

The management of post-transplant HTN should take into
account interactions between anti-hypertensive and
immunosuppressive agents. Aggressive lifestyle modification
with salt restriction, physical exercise, and weight loss should
be implemented. No specific groups of anti-hypertensive
agents are proven to be superior to others in management of
post KT HTN. Clear understanding of the recipient comor-
bidity profile and pathophysiology of HTNwill help to choose
the anti-hypertensive regimen. Patient tolerability as well as
potential drug interactions especially through the cytochrome
P 450 pathway, also plays a role in the choice of the agents.
Volume overload in the setting of delayed or slow graft
function plays an important role in uncontrolled HTN within
first month post-transplantation, wherein diuretics are the
mainstay of treatment. Additionally, in this time frame, high
dose corticosteroids are also used, which compounds sodium
and water retention. Typically, ACE or angiotensin receptor
blockers (ARB) are avoided during this time frame until
complete recovery of renal allograft function from ischemia
reperfusion injury is achieved. Calcium channel blockers are
widely utilized in KTR and are shown to overcome the
vaso-constrictive properties of CNIs with beneficial impact on
graft function [19]. Verapamil and cardizem are inhibitors of
cytochrome P 450 leading to high CNI levels, thus amlodipine
and nifedipine are widely used due to lack of drug–drug
interactions. Beta Blockers are well tolerated in KTR and are
indicated in patients with underlying CVD. ACE and ARBs
are effective in lowering BP in KTR, however their side effect
profile includes anemia, hyperkalemia, and increased sus-
ceptibility to acute kidney injury (AKI), hence close moni-
toring is required. Current KDIGO guidelines support use of
ACE/ARB in KTR with proteinuria >1 g/day.

Metabolic Syndrome

Prevalence of obesity and metabolic syndrome is high in
dialysis patients and continues to increase post KT due to
weight gain as well as detrimental effects of immunosup-
pressive agents, notably steroids. Weight gain leads to
increased risk of HTN and new onset diabetes after

transplantation (NODAT) and observational data support
an association between obesity and increased CVD-related
mortality in KTR [20]. Interventions targeting weight gain
post KT would potentially lead to improved long-term out-
comes by lowering comorbidities leading to CVD events.
Potential risk of oxalate nephropathy in the renal allograft
should be recognized in the post-transplant period in recip-
ients of KT following bariatric surgery [21].

Diabetes

NODAT as well as preexisting diabetes contributes to
increased CVD post KT. The incidence of NODAT has been
reported to vary between 2 and 60% in KTR. The literature
substantiates the adverse impact of NODAT on long-term
kidney allograft function and patient survival, in addition to
increased risk of post-transplant CVD. A case control study
from Germany analyzing the long-term impact of KT on
HbA1C levels in nondiabetic deceased donor KTR showed
a progressive rise in glycated hemoglobin (HbA1C) levels
compared to the general population over a 5-year follow up
period [22]. Therefore, interventions reducing the impact of
NODAT could lead to improved overall post-KT outcomes.
Risk factors for NODAT can be divided into two categories:
modifiable and nonmodifiable, and are summarized in
Table 25.3. The American Diabetes Association (ADA) crite-
ria are utilized in KTR for diagnosis of NODAT. These
guidelines in addition to symptoms of diabetes include random
plasma glucose level � 200 mg/dl or fasting plasma glucose
concentration >126 mg/dl or a 2-h plasma glucose concentra-
tion >200 mg/dl during an oral glucose tolerance test [23]. The
2009 KDIGO guidelines added HbA1C into the criteria [20].

Weight gain as well as immunosuppressive agents are
major risk factors for NODAT. Glucocorticoids contribute to
insulin resistance. CNIs, mainly tacrolimus in addition to
direct toxicity on pancreatic beta cells, decrease insulin gene
expression as well as reduce glucose uptake, inducing
NODAT. Evidence suggests that sirolimus reduces pancre-
atic beta cell proliferation leading to NODAT [24]. Reddy
et al. have studied risk factors for NODAT in south
Asian KTR and their analysis suggests a genetic predispo-
sition to NODAT with increased prevalence in certain HLA
types [25]. Early hyperglycemia post-KT is a risk factor for
NODAT and needs to be promptly treated.

Table 25.2 Risk factors for
hypertension post-kidney
transplantation

Donor factors: older age, donor hypertension, donor–recipient size mismatch (pediatric donor)

Allograft dysfunction: acute or chronic (possibly related to acute rejection, chronic allograft nephropathy,
obstruction, recurrent disease or other etiologies)

Compression/stenosis of the transplant renal artery (Kink, external compression from fluid collections)

Immunosuppressive agents: corticosteroids, calcineurin inhibitors

Recipient factors: preexisting hypertension, obesity, sleep apnea, age, primary hyperaldosteronism
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In KTR with preexisting diabetes as well as NODAT,
aggressive glycemic control as well as optimal management
of other CVD risk factors, such as dyslipidemia, is war-
ranted. Immunosuppressive modification (corticosteroid and
CNI sparing) should be considered weighing the risk of
acute rejection. Elderly KTR are especially at increased risk
of NODAT and might be more prone to islet cell toxicity
related to tacrolimus compared to younger recipients [26].

Routine screening for NODAT with fasting glucose
monitoring weekly for the first 4 weeks and then HbA1C
levels every 3 months for the first year post-KT is recom-
mended. Thereafter annual HbA1C monitoring is needed.
Just like in the general population, aspirin use is recom-
mended in KTR with NODAT or preexisting diabetes for
preventing ischemic CVD.

Dyslipidemia

Dyslipidemia is a major risk factor for CVD in KTR, with
prevalence as high as 50% within the first year of KT [27,
28]. Evaluation of causal factors, such as diabetes mellitus
and weight gain, are crucial for adequate control of dyslipi-
demia. Allograft specific factors, such as proteinuria, allo-
graft dysfunction, and acute rejection also influence
dyslipidemia in KTR [29].

Retrospective studies have associated increased total
cholesterol (TC), low-density lipid (LDL), and triglycerides
(TG) with increase CVD, whereas higher levels of high den-
sity lipid (HDL) have been associated with protection from
CVD in KTR [8, 30, 31]. In fact, the risk of ischemic heart
disease associated with elevated TC is higher in KTR than in
the general population [8]. The effect of treatment of dys-
lipidemia on CVD in KTR was addressed in the ALERT
study, a multicenter randomized control trial of more than
2100 KTR, with a 2-year open label extension. In the ALERT
study, patients were randomized to fluvastatin 40 mg/day
versus placebo with a primary end point of cardiac death,
nonfatal myocardial infarction (MI), or coronary intervention.

At mean follow up of about 5 years, fluvastatin significantly
lowered LDL (32%), total cholesterol, and TG, whereas the
HDL level was similar to the placebo group. Although the risk
reduction with fluvastatin for the primary endpoint was not
significant, there were significantly fewer cardiac deaths or
nonfatal MI (70 vs. 104, 0.65 [0.48–0.88] p = 0.005) in the
fluvastatin arm compared to the placebo arm [27].
The ALERT study was extended for 2 years as an open
labeled use of fluvastatin XL 80 mg/day in more than 1600
KTR. The improvedCVDoutcomes in thefluvastatin group in
the original study was sustained in this extension, with a
significant decrease in the primary endpoint, defined as the
time to first MACE (HR 0.79, 95% CI 0.63–0.99, p = 0.036)
and 29% reduction in cardiac death or nonfatal MI (HR 0.79,
95% CI 0.55–0.93, p = 0.014) compared to the patients in the
placebo group in the original study. The authors concluded
that the benefit of statin in KTR is similar to the general
population with significant and sustained benefits achieved
with earlier initiation of therapy [32].

The high prevalence of dyslipidemia, along with its
association with CVD and the positive impact of treatment
of dyslipidemia on CVD in KTR, supports universal
screening and treatment of dyslipidemia in KTR. The 2009
KDIGO guidelines recommend that all adult KTR be
screened for hyperlipidemia at 2–3 months post-KT fol-
lowed by annual testing, with additional testing conducted in
case of change in treatment or conditions which are known
to cause dyslipidemia [20]. Ideally, the lipid profile should
be checked after an overnight fast; however when it is
unfeasible to obtain a fasting sample, a nonfasting sample
should be obtained rather than forgoing testing [28].

All KTR should be considered similar to the CKD pop-
ulation and classified in the highest risk category for coro-
nary heart disease (CHD) for risk factor management [28].
In KTR the goal is to maintain LDL at <100 mg/dl and
non-HDL cholesterol at <130 mg/dl with statins as the first
line of therapy [20]. Several studies have reported the effi-
cacy of statins with significant reduction in TC, LDL, and
TG along with some studies reporting an increase in HDL in

Table 25.3 Risk factors for
NODAT

Nonmodifiable risk factors

Older age (>40 years)

Ethnicity (African Americans and Hispanics)

HLA antigen mismatch, acute rejection episodes

Genetic factors

Autosomal dominant polycystic kidney disease

Modifiable risk factors

Immunosuppressive agents (Tacrolimus, corticosteroids, sirolimus)

Obesity (body mass index >30 kg/m2)

Viral infections (cytomegalovirus infection and Hepatitis C)

Peritoneal dialysis
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KT recipients [27, 32]. Statins have been shown to be safe in
KTR without increased risk of rejection and are generally
well tolerated [32]. Certain statins: simvastatin, atorvastatin,
and lovastatin are primarily metabolized by the CYP3A4
iso-enzyme and are susceptible to drug–drug interactions
with CNI (cyclosporine > tacrolimus). In general, a 50%
dose reduction is suggested for these statins in KTR on CNIs
to prevent acute toxicity especially myotoxicity. Pravastatin,
fluvastatin, and rosuvastatin have alternative metabolic
pathways and have less drug–drug interactions [33]. Reg-
istry data from Austria has shown significantly higher sur-
vival at 12 years post-KT in patients on statin therapy
compared to without statin therapy. Although uncommon,
severe hypertriglyceridemia increases the risk of pancreatitis
and should be aggressively treated. Therapeutic lifestyle
changes such as diet modification, weight reduction and
increased physical activity along with treatment of hyper-
glycemia, should be initiated. If TG remain >500 mg/dl,
then treatment with fibrate or nicotinic acid is indicated [28].

Immunosuppressive medications have a significant
impact on the lipid profile, and in certain conditions dys-
lipidemia may warrant modification of immunosuppressive
regimen. Thus, it is important to understand the impact of
individual and combination immunosuppression regimens
on dyslipidemia. A randomized control trial (RCT) with 3
arms, cyclosporine (CsA) + mycophenolate mofetil (MMF),
tacrolimus + MMF, and tacrolimus + Azathioprine (AZA),
showed that the CsA group had higher total cholesterol,
LDL and the number of patients needing lipid-lowering
therapy than the tacrolimus-based regimen [34]. At 1 year
post KT, a significantly higher incidence of de novo
hyperlipidemia with CsA-based regimen than
tacrolimus-based regimen was reported in a retrospective
study (28 vs. 8%) [35]. Conversion from CsA to tacrolimus
has been suggested for management of hyperlipidemia in
KTR with improvement in cardiovascular risk profile [36,
37]. Several RCT have shown higher cholesterol and
triglyceride levels in KTR treated with mammalian target of
rapamycin (mTOR) inhibitor agents such as sirolimus or
everolimus. Approximately 60% of KTR on mTOR
inhibitor-based regimen receive lipid-lowering therapy,
which is about twice the number of patients receiving
lipid-lowering therapy in groups without these agents [38].
A synergy between the dyslipidemic effect of mTOR inhi-
bitors and CsA has also been reported [39]. Corticosteroids
have been long established as cause of dyslipidemia in
general population and KTR. In steroid withdrawal studies,
the groups had similar total cholesterol and high LDL;
although a decrease in TG level and a lower need for
lipid-lowering therapy has been noted in the steroid-free
groups compared to patients who remained on steroids. [40,
41]. MMF and AZA do not impact the lipid profile [42].
Belatacept, a novel co-stimulation blocker, has a more

favorable effect on non-HDL and TG profiles compared to a
CsA-based regimen [43, 44].

Abnormal Phosphate Metabolism

Abnormal phosphate metabolism with high fibroblast growth
factor (FGF-23) levels plays an important role in increased
CVD prevalence in CKD and ESRD. KT restores phosphate
homeostasis partially, however immediately post KT
hypophosphatemia is commonly encountered as a result of
persistently high FGF-23 levels with restored kidney function.
At 3–6 months post KT, hypophosphatemia resolves. How-
ever, phosphate homeostasis is not completely restored due to
several reasons, including allograft dysfunction and tertiary
hyperparathyroidism [45]. Interventions to restore phosphate
homeostasis may lead to improvement in post-transplantation
CVD outcomes. Correction of post-transplant tertiary hyper-
parathyroidism, including agents such as cinacalcet, may also
prove to have a long-term beneficial impact and warrant more
rigorous studies in the transplant population.

Transplant Specific Risk Factors for CVD

Allograft Dysfunction

Weiner et al. analyzed the role of kidney allograft function on
CVD risk post-KT and identified that in stable KTR with
GFR < 45 ml/min/m2, every 5 ml/min/m2 drop in GFR is
associated with 15% higher rate of CVD independent of other
risk factors. Hence graft dysfunction plays a key role in the
pathophysiology of CVD post KT in addition to traditional risk
factors [46]. It has been shown that every 1 mg/dl increase in
baseline serum creatinine almost doubles the risk of
CVD-related mortality [47]. Renal transplant allograft dys-
function has been shown to be a strong and independent risk
factor for CVD in KTR [48, 49]. Analysis of renal injury
biomarkers on samples ofKTRs involved in the FAVORIT trial
suggested an association between increased urinary neutrophil
gelatinase-associated lipocalin (NGAL)/creatinine ratio and
increasedCVDprevalence [50]. Thus, anypathological process
in the renal allograft leading to drop in GFR such as acute
cellular rejection, delayed graft function, and recurrent
glomerular disease can lead to increased CVD post-transplant.

Post-transplant proteinuria is present in 10–30% of KTR
and is caused by multiple etiologies such as de novo or
recurrent glomerulonephritis, acute rejection, and transplant
glomerulopathy [51]. It is well established that proteinuria
worsens graft survival (RR 6.4) [52]. Roodnat et al. reported
that proteinuria influences the risk of death due to both
cardiovascular and noncardiovascular causes in KTR [53].
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Immunosuppressive Agents

Current immunosuppressive agents effectively prevent acute
rejection of the allograft; however, extensive drug toxicity
and adverse impact of these agents on cardiometabolic profile
contribute to significant morbidity and mortality. CNIs
remain the cornerstone of maintenance immunosuppression
in KT due to their potency. However, their nephrotoxicity as
well as adverse effects on metabolic profile contribute to
increased risk of CVD in KTR. Corticosteroids and CsA are
the agents with most adverse impact on weight gain, hyper-
tension, diabetes, and dyslipidemia. Among the CNIs,
tacrolimus considerably increases the risk of NODAT by
direct toxic effect on islet cell function compared to CsA.
Corticosteroids worsen glycemic control in preexisting dia-
betes as well as NODAT [37]. mTOR inhibitors have the
most negative effect on dyslipidemia. mTOR inhibitors pro-
mote lipolysis with increased free fatty acid levels in addition
to inhibiting the uptake of lipids into the adipose tissue by
altering gene expression [54]. The adverse impact of mTOR
inhibitors on lipid profiles is dose dependent. Hence mini-
mizing the loading dose of mTOR inhibitors along with
aiming for lower target trough concentrations (8–10 ng/ml),
and liberal utilization of statin therapy are ways to overcome
dyslipidemia involved with mTOR inhibitor use.

Strategies to Reduce CVD Risk
Post-Transplantation

To achieve the greatest benefit from KT, a multifaceted
approach addressing all the above risk factors should begin
prior to KT. Cardio-protective strategies applicable to
the general population such as smoking cessation, diet,
exercise, and weight control also apply to KTR as discussed
above. Although randomized controlled studies addressing
thesemeasures inKTR are lacking, clinical practice guidelines
endorse the use of strategies such as aspirin, beta-blockers,
and statins as recommended in the general population.
KDIGO guidelines recommend target blood pressure control
of <130/80 in KTR [20]. Standard therapeutic measures such
as achieving target BP and lipid-lowering therapy lower the
risk of CVD in KTR [55]. In addition to general
cardio-protective strategies, transplant-specific interventions
would also lead to improvement in overall outcomes. We
focus further discussion in this review on transplant-specific
cardio-protective strategies.

Immunosuppression Modification

Immunosuppression modification weighing the risks of acute
rejection as well other side effects could be effective in

lowering the CVD risk in KTRs. These strategies are mainly
aimed at reducing corticosteroid as well CNI exposure as
summarized in Table 25.4. The favorable effects of these
measures are mediated by minimizing nephrotoxicity and
lowering the burden of metabolic risk factors.

Choice of CNI
In a study conducted in Germany, patients randomly
assigned to tacrolimus had comparatively improved lipid
profiles and lower BP, compared to cyclosporine (CsA).
However, incidence of NODAT was higher in the tacrolimus
group. In this study, the estimated CVD risk by Framingham
score was significantly lower in males treated with tacroli-
mus compared to CsA, but this benefit was not observed in
women [56]. Similar reduction in the risk of CVD by
Framingham risk score was observed in other studies
including stable KTR converted from CsA to tacrolimus
[57].

CNI Minimization
CNI have immensely improved allograft survival rates in
KTR with effective prevention of acute rejection episodes.
However, these drugs have a narrow therapeutic window and
are associated with nephrotoxicity in kidney as well as other
solid organ transplant recipients. This led the transplant
community toward CNI minimization/avoidance protocols
to overcome metabolic side effects as well as nephrotoxicity.
Agents used as alternatives to CNI are mTOR inhibitors and
belatacept which will be discussed below.

Mammalian Target of Rapamycin Inhibitors
mTOR inhibitors allow avoidance or minimization of CNI.
Evidence from the heart transplant literature supports that
mTOR inhibitors are shown to have favorable effects on
progression of atherosclerosis with delay in progression of
coronary artery intimal thickening and reduced incidence of
cardiac allograft vasculopathy compared to CNI. Further-
more, mTOR inhibitors reduce ventricular remodeling as
well as improve arterial stiffness via anti-fibrotic effects [58].

The “Spare the Nephron” trial assessed an MMF/sirolimus
(SRL) -based regimen in comparison with an MMF/CNI
regimen and showed improved renal function as well as
survival rates with a trend toward improved graft survival in
MMF/SRL regimen compared to MMF/CNI regimen at
2-year follow up [59]. The Concept study analyzed the
impact of conversion from CNI to SRL at 3 months post KT
and identified that SRL in combination with MMF resulted in
improvement in renal function compared to CNI/MMF
combination. There was no increase in acute rejection rates;
however, a subset of patients in the SRL arm had adverse
reactions such as apthous ulcers, diarrhea and elevated
triglycerides [60]. None of these trials had cardiovascular
events as their primary outcome. Although initial studies
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appeared to be safe, more recent studies have raised concerns
for development of donor-specific antibodies, antibody
mediated rejection, and inferior recipient survival with con-
version from CNI to mTOR inhibitors [61–63]. Furthermore,
there is reported non-adherence with mTOR inhibitor use
mostly related to the adverse effect profile. Considering these
facts, the use of mTOR inhibitor has remarkably decreased in
United States. Some of these obstacles could partly be
overcome by dose reduction strategies aiming for lower
therapeutic troughs and hence mTOR inhibitors might have
salutary CVD benefits via preserving allograft function in
carefully selected groups of KTR with close monitoring of
DSA.

Corticosteroid Minimization/Discontinuation
The metabolic, bone, and cardiovascular adverse effect
profile of corticosteroids make corticosteroid minimization
strategies a cornerstone of immunosuppression modification
for the future in KTR. The FREEDOM trial, a randomized
multicenter trial of steroid avoidance or early steroid with-
drawal showed noninferiority of steroid
minimization/discontinuation regimens to the standard ster-
oid regimen. In this study, there was increased incidence of
early acute rejections, however long-term patient and graft
survival were comparable [64]. The metabolic side effects of
steroids were considerably reduced in this study. Patients at
high risk for rejection such as re-transplants, high PRA titer,
and prolonged DGF were excluded from this study. Similar
results were achieved in the ATLAS study, which included a
European cohort of low-immunologic risk KTR [65].
Another study from the United States analyzed a steroid-free
protocol with thymoglobulin induction including immuno-
logically high risk patients such as repeat KTR and showed
comparable outcomes at short-term follow up with favorable
metabolic profile [66]. However, the implications of
long-term rejection risk in the setting of steroid withdrawal
in high-immunologic risk recipients remain to be studied,
and hence it remains unanswered if the short-term
improvements in the metabolic profile with steroid with-
drawal translates into overall improvement in survival.

Woodle et al. observed lower incidence of CVD events at
1 and 2 years in KTR assigned to early corticosteroid dis-
continuation compared to KTR remaining on chronic

steroids. The incidence of new onset metabolic syndrome
was also lower in the early corticosteroid discontinuation
group [67]. Estimated CVD risk fell by 10% at 1-year
post-KT with early corticosteroid discontinuation [68].
Hence steroid minimization in carefully selected low
immunologic risk KTR offers promise to lower CVD.
Whether this favorable impact translates into long-term
reduced incidence of CVD remains to be studied. Further
studies with corticosteroid minimization are needed in high
immunologic risk KTR to widely implement steroid sparing
protocols.

Belatacept
Belatacept is a immunosuppressive agent that blocks T-cell
co-stimulation and is utilized in CNI free immunosuppres-
sive protocols in KTR. In a recently published meta-analysis
of five major trials comparing belatacept to CNIs in KTR,
belatacept use in comparison to CNI is associated with
similar patient, graft survival, and acute rejection rates at
3 year follow up. However, estimated GFR was significantly
higher in the belatacept arm. Favorable cardiovascular risk
factor profiles were observed in belatacept treated patients
including better BP control and lipid profiles, as well as
reduced risk of NODAT. Whether these short-term benefits
of belatacept use translate into long-term improvement of
cardiovascular outcomes in KTR remain to be studied [69].
Based on current evidence, belatacept appears to be a safer
and effective alternative to CNIs; however, its long-term
impact on allograft function warrants further follow-up.

Pre-emptive and Living Donor Transplantation

It is well-established fact that dialysis vintage pre-KT is a
risk factor for adverse CVD outcomes. Hence minimizing or
avoiding time on dialysis altogether with pre-emptive
transplantation would lead to favorable CVD outcomes.
Furthermore, allograft dysfunction and delayed graft func-
tion rates are risk factors for post KT CVD. Live donor
transplants result in much lower delayed graft function rates
as well as superior allograft function compared to deceased
donor transplants and may lead to reduction in risk of CVD
post KT.

Table 25.4 Immunosuppressive
strategies to decrease
cardiovascular disease risk in
KTR

Choice of CNI based on side effect profile

CNI minimization and discontinuation

Corticosteroid minimization and discontinuation

CNI to Belatacept conversion

CNI to mTOR inhibitor conversion

CNI calcineurin inhibitors, mTOR mammalian target of rapamycin
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Conclusion
CVD remains the leading cause of death post-KT. There
is an increased prevalence of traditional CVD risk factors
in KTR such as diabetes, hypertension, and metabolic
syndrome, when compared to the general population.
However, specific transplant-related risk factors also play
an additional detrimental role in increasing overall CVD
risk. Immunosuppressive agents have several adverse
impacts on cardio metabolic profile. CVD reduction
strategies should begin prior to KT to achieve maximal
benefit. Appropriate management of evolving metabolic
issues as well as optimal use of immunosuppression
minimization strategies might improve long-term success
of KT. An individualized approach to immunosuppres-
sion weighing the risks of rejection and recipient’s car-
diovascular risk factors may improve overall outcomes.
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26Cardiomyopathy in the Potential Kidney
Transplant Candidate

Burhan Mohamedali

Introduction

Chronic kidney disease (CKD), including end stage kidney
disease (ESKD), is a highly prevalent cardiovascular disease
risk factor affecting one in seven adults. The complex inter-
play between the heart and the kidney known as cardiorenal
syndrome, where impairment of one organ affects the other,
leads to an endless cycle of accelerated disease progression
resulting in congestive heart failure (CHF). The incidence of
patients with end stage kidney disease (ESKD) requiring
hemodialysis (HD) continues to increase, and is projected to
reach 2 million patients by 2030 [1]. In ESKD patients,
cardiovascular mortality is 10–30 times higher than age and
gender match controls without CKD [2–4]. Although car-
diovascular diseases accounts for over 50% of deaths in
patient with ESRD, only 20% of mortality can be attributed to
coronary artery disease (CAD) [5]. CHF, both systolic and
diastolic, is more common in patient with ESKD, and over
80% of ESKD patients with CHF will die within 3 years of
this diagnosis [6]. With such high mortality, further under-
standing of the pathophysiology CHF in CKD patients is of
utmost importance to allow for treatment of this morbid
condition, and to optimize potentially transplantable patients.

Epidemiology of CHF and ESKD

United States Renal Data System (USRDS) data indicated
that mortality rate for patients with ESKD is higher than age
match controls with other disease such as cancer, DM, and
stroke. This mortality, however, appears to be driven by
cardiovascular diseases and accounts for in excess of 10–30
times higher mortality in the ESKD population [7]. Left
ventricular hypertrophy (LVH) is highly prevalent in ESKD

patients and is thought to be present in up to 74% of ESKD
patients at the time of dialysis initiation [8]. LVH is also an
independent predictor of poor survival in HD patients [9].
LVH results from a compensatory mechanism by which wall
stress is maintained in the setting of pressure and/or volume
overload. Continued compensatory LVH results in mal-
adaptive cardiomyocytes damage and apoptosis, leading to
left ventricular (LV) dilation, and CHF. In the dialysis
population, the presence of CHF at the initiation of HD is a
strong predictor of mortality.

Diagnosing CHF in End Stage Kidney Disease

CHF can be classified in two distinct groups: Systolic CHF
resulting from impaired ability of the left ventricle (LV) to
contract, and diastolic CHF which results from impaired
relaxation properties of the LV. In ESKD patients, it is often
difficult to distinguish CHF from volume overload. This is
particularly true in patients with diastolic dysfunction (DD).
Diastolic filling is frequently altered in ESKD patients from
increased LV stiffness, which results in exaggerated hemody-
namic changes in response to volume changes [10, 11]. In a stiff
LV, even small increases inLVvolume can lead to highLVend
diastolic pressure, left atrial pressures and pulmonary pressures
resulting in pulmonary congestion. On the other hand, patients
with systolic dysfunctionmay be easier to identify based on left
ventricular dysfunction (LVD). Subsequently, whether a
patient is in CHF exacerbation or simply volume overloaded
due to kidney disease, is often hard to clinically distinguish.

Magnetic resonance imaging (MRI) is traditionally the
standard method of assessing ventricular dimensions, func-
tion as well as fibrosis. Imaging studies with cardiac MRIs
have shown evidence of diffuse myocardial fibrosis in ure-
mic patients, which is a distinctly different pattern from
subendocardial fibrosis seen in ischemic heart disease [12]
(see Chap. 5, CKD associated cardiomyopathy). The asso-
ciation of gadolinium with nephrogenic systemic fibrosis
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(NSF), has led to the decreased usage of this modality.
Additionally, MRI cannot be used in patients with implan-
table devices such as internal cardioverter defibrillator
(ICD) and pacemakers which are found in a significant
number of patients with cardiomyopathy (CM) [13].

Due to these limitations, echocardiography, with it wide-
spread availability and ease of administration, is often
employed to evaluate myocardial properties and function in
patients with a suspected cardiomyopathy. A depressed ejec-
tion fraction can clinch a diagnosis of LV dysfunction.
Echocardiography can also asses LVH, LV mass index
(LVMI), as well as chamber sizes and dimensions. Continuous
wave Doppler and tissue Doppler measurements can be useful
in determining degree of DD, as can assessment of left atrial
volume index. Unfortunately, echocardiography is limited by
skills of the technician, acoustic windows, poor endocardial
enhancements, and interobserver reader variability [13].
Additionally, many diastolic parameters are strongly load
dependent and can be challenging in dialysis patients where
relative high preload can mask DD [14]. Nevertheless, despite
its limitation, echocardiography remains the initial test for
choice for diagnosing cardiomyopathy in CKD/ESKDpatients.

The gold standard test for diagnosing DD is an invasive
heart catheterization. A diagnosis can be made with elevated
filling pressures with mean pulmonary capillary wedge
pressure >12 or LV end diastolic pressure >16 [15]. How-
ever, since this modality is invasive and subjects patients to
increased risk, it is often reserved for cases where a diag-
nosis cannot be made by other imaging tests.

Pathophysiology of Cardiomyopathy
and ESKD

Cardiomyopathy (CM) in CKD patients is commonly
attributed to comorbid conditions such preexisting coronary
artery disease (CAD), hypertension, and diabetes. However,

CKD is an independent risk factor for CM in patients, even
in the absence of these factors [16]. Multiple pathophysio-
logical processes are thought to be implicated in develop-
ment of CM in patients with ESKD (Fig. 26.1). Increased
afterload, volume overload, anemia, CAD, and uremia are all
implicated in the development of CM in these patients.
Nontraditional risk factors such as uremic toxins, calcium
phosphate imbalance, inflammation, renin–angiotensin–al-
dosterone system (RAAS) activation, and oxidative stress
are all implicated in the process as well. The mechanisms by
which such processes induce cardiac derangement are
complex and closely interwoven. The net result of these
processes is the development of LVH, myocardial interstitial
fibrosis, and thickening of intramural arteries and arterioles.
LVH and vascular remodeling are thought to be an adaptive
mechanism to pressure and volume overload, while inter-
stitial fibrosis may be related to changes in myocardial
metabolism [17].

Increased afterload is commonly encountered in ESKD
patients. The pathogenesis is the result of the interaction
between LV ejection and opposing factors such as peripheral
resistance and impedance of aorta and large central arteries
[18]. The high impedance in such arterial conduits from
arteriosclerosis is frequently encountered in advanced stages
of CKD and is often implicated in the development of LVH
[18–21]. The increased afterload is manifested as HTN, and
at a cellular level, results in elevated levels of multiple
regulatory and inflammatory factors such as TGF-B, pro
collagen type I, and C- reactive protein all of which can
promote myocardial fibrosis [22, 23]. In a similar light,
activation of RAAS in CKD patients not only contributes to
increased afterload from vasoconstriction, but is also directly
implicated in LVH and myocardial fibrosis [24, 25].

Patients with insufficient to absent urine output for effec-
tive diuresis are predisposed to volume overload. Although
dialysis removes volume from these patients, most patients
receive 3 times per week sessions. This leads to development

Fig. 26.1 Pathophysiology of
development of cardiomyopathy
in ESRD patients
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of interdialysis periods of volume overload. Such body water
fluctuation in HD patients can predispose patients to persis-
tent LVH and resulting CM [26]. Although regression of LV
dimensions and LVH is noted with initiation of dialysis,
higher level of LVH regression was noted in patients treated
with daily HD sessions presumably explained by, better
blood pressure control, and reduction of both extracellular
fluid volume and volume fluctuation [27, 28].

The presence of vascular access for HD can lead to
increase vascular flow of up to 400–800 ml/min for forearm
access and up to 800–1500 ml/min for brachial access [29].
The increase in flow initially results in increased cardiac
output and ejection fraction, at the expense of decrease
myocardial oxygen supply. Multiple studies have demon-
strated a high BNP level in these patients after creation of
vascular access [30, 31]. The resulting high-flow state may
result in development or worsening of both systolic and
diastolic CHF.

Anemia in CKD, particularly chronic anemia in ESKD
patients due to decreased erythropoietin synthesis, is impli-
cated in development of LVH. Anemia results in increased
oxygen extraction, increased preload, and sympathetic acti-
vation leading to increased myocardial oxygen demand and
progressive cardiac dysfunction and LVH [32, 33]. Hemo-
dynamic adaptation to anemia lead to a high flow state form
reduction in arterial resistance, due to arteriolar dilation and
decreased blood viscosity, increased preload from increased
venous return, and increased LV contractility [34]. In HD
patients, erythropoietin supplementation and treatment of
anemia were noted to improve both function and structure of
the LV. However the optimal hemoglobin target to achieve
remains controversial due to the increased cardiovascular
morbidity and mortality associated with erythropoietin
stimulating agents (ESAs) [35–37].

CKD-related bone and mineral abnormalities resulting in
increased parathyroid hormone (PTH) production has long
been thought to cause cardiovascular adverse effects leading
to the induction of LVH, cardiac fibrosis, and arterial wall
thickening [38–40]. LVH also appears to be accelerated by
fibroblast growth factor-23, which starts rising even as early
as stage 2 CKD [41]. Similarly, hyperphosphatemia is also
known to promote LVH, possibly through changes in arterial
stiffness, systemic vascular resistance, and direct myocardial
toxicity [42]. Additionally, CKD associated vitamin D
deficiency has been associated with LV dysfunction [43].
Low serum vitamin D levels stimulate RAAS, causing
vasoconstriction and salt and water retention [44]. In animal
models, treatment with active vitamin D analog-reduced
myocardial hypertrophy and improved function, but similar
outcomes in humans are controversial [45].

Uremia, independent of pressure and volume overload,
can lead to development of a CM. This has been demon-
strated in both human and animal studies [46, 47]. At a

cellular level, the mechanism by which CM ensues is thought
to be through integrin-mediated intracellular downstream
responses to extracellular matrix stretch [48–50] causing
increased cardiomyocyte diameter, reduced capillary length
density, and increase interstitial volume [51]. Other mole-
cules implicated in LVH from uremia include endothelin 1,
tumor necrosis factor a[alpha], and endogenous digitalis like
substances [52–54]. In addition to LVH, in uremia, the size of
the heart is also increased from more interstitial fibrotic tissue
[55, 56]. The onset of fibrosis is primarily thought to result in
worsening DD in these patients [57]. As a consequence,
myocardial apoptosis and intermyocardial fibrosis, DD and
later systolic dysfunction develop, leading to progressive
cardiac dysfunction resulting in full blown uremic CM.

Chronic Kidney Disease and Cardiac Reserve

In addition to the above-described cardiomyocyte derange-
ments, CKD also appears to impair cardiomyocyte energet-
ics [58]. Assessment of myocardial contractile reserve in
CKD patients shows impaired contractile reserve even in the
setting of normal resting parameters [59]. Similarly, peak
oxygen consumption (peak V02), a surrogate for peak car-
diac performance derived from cardiopulmonary stress
testing (CPX), is impaired in CKD patients [60, 61]. Such
peak impairment in CKD patients may be due to a multitude
of comorbid factors such as CM, anemia, HTN, uremia, etc.
Chinnappa et al., in a proof of concept study, demonstrated
that peak cardiac power output (calculated as product of
cardiac output and mean arterial pressure) in asymptomatic
male patients with CKD was significantly lower than normal
healthy males, implicating the effect of CKD and likely
uremia on cardiac reserve [58]. This study has implication
on utilizing metabolic testing in assessment of cardiac
reserve in patients with ESKD and CM, especially when
evaluating transplantation potential.

Treatment of Cardiomyopathy in ESKD

The current treatment of CM in ESKD patients is centered
on treating underlying factors such as g pressure and volume
overload, anemia, secondary parathyroidism, and uremia.

Strict blood pressure control with antihypertensive regi-
mens as well as optimal fluid balance with HD to maintain a
near euvolemic state are all the mainstay at stabilizing and
preventing the progression of CM. Nonpharmacological
approaches include salt and water restriction, weight loss,
and smoking cessation [62]. Pharmacological treatment for
HTN is similar to treatment in patients without ESKD. These
medications are tailored based on the presence or absence of
systolic dysfunction. Generally, evidence-based select
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betablocker (metoprolol XL, carvedilol, and bisoprolol) and
angiotensin converting enzyme-inhibitor (ACEI) or angio-
tensin receptor blockers (ARBs), are usually first line in
systolic dysfunction. These medications can be further
complemented with vasodilators such a hydralazine and
nitrates for patients with refractory HTN, especially if
African American. In DD, peripheral calcium channel
blockers in addition to ACEI/ARB, and/or a combination of
the above medications are thought to improve symptoms and
promote regression of LVH [63, 64]. The target pressure in
ESKD patients is not known but the Kidney Disease Out-
comes Quality Initiative (KDOQI) guidelines recommend a
pre-dialysis blood pressure of less than 140/90 mmHg.
Although this target may be applicable to patients with DD,
in systolic dysfunction the goal blood pressure is generally
as low are tolerated without symptoms.

Optimization of the dialysis prescription including more
frequent HD sessions such as short daily dialysis, nocturnal
dialysis, and peritoneal dialysis (PD) are known provide a
more physiologic approach to volume, electrolyte, and
acid-base management compared to the conventional three
time a week hemodialysis schedule [65, 66]. A higher degree
of LVH regression is noted in patient with daily HD com-
pared to 3 times a week routine [27]. Prolonged HD sessions
lasting 8 h (such as with nocturnal dialysis) have been shown
to optimally control blood pressure and LVH [67].

Anemia therapy is centered on insufficient erythropoiesis
due to ESKD. Although several randomized trials have failed
to show a benefit of treatment with erythropoiesis-stimulating
agents on LVH, it appears that correction of severe anemia
(hemoglobin < 10 gm/dl), with erythropoiesis-stimulating
agents seems beneficial, although correction above
12 mg/dl does not appears to derive additional benefits and
has also shown to be associated with increased risk of
myocardial infarction and thrombotic events [68–71].

Hyperparathyroidism is associated with increased car-
diovascular morbidity and mortality. Parathyroid hormone
appears to directly influence vascular remodeling, CM, and
LVH [72, 73]. Vitamin D analogs and cinacalcet, a cal-
cimimetic, are utilized to suppress overproduction of
parathyroid hormone. Although initial animal and human
studies showed a beneficial effect of this therapy through
decreased progression of valvular and coronary disease,
randomized controlled trials have not shown any benefits in
regression of CM, or LV mass. However, the PRIMO trial
demonstrated a statistically significant reduction in CHF
hospitalizations in patients receiving replacement therapy
[74–76].

Urema is thought to be a major contributor of CM in
ESKD patients. The accumulation or “uremic toxins” is
implicated in accelerated atherosclerosis and vascular calci-
fication and mortality. In a recent study, Meduell et al. [77]
demonstrated that better solute clearance and use of

ultrapure diasylate as replacement fluid decreases cardio-
vascular mortality by 33% compared to conventional dial-
ysis algorithms. The results of the above study suggest that
further refining of the process of HD can improve solute
clearance, especially with middle and large molecular weight
uremic toxins, which are increasingly recognized as impor-
tant mediators of vascular stiffness.

Transplant in Patients with Cardiomyopathy:
Diastolic Dysfunction

DD is very frequent in patients on dialysis and is thought to
result from a combination of LVH, myocardial fibrosis, and
impaired myocyte relaxation. The presence of LVH or
abnormal Doppler signals on echocardiogram can certainly
aid in the diagnosis of DD, but, whether symptoms in these
patients are from CM, volume overload, or uremia are diffi-
cult to tease out. LVMI, LVH, and left ventricular and atrial
volumes are thought to regress after kidney transplantation
(KT) and may allow for normalization of hemodynamics.
Although such explanation may be plausible, data to support
these findings have been very controversial [78–82]. The
various imaging modalities used and nonstandardized defi-
nitions of what truly constitutes DD further adds an element
of complexity in the interpretation of the data on DD in
ESKD. Multiple studies have demonstrated a post-KT
regression of LVH or LVMI [83–88], which is thought to
persist through 2 years after transplant (Table 26.1) [85].

Other studies and MRI findings have refuted these
assessments (Table 26.1) [89–93]. However, the field of
diastology is rapidly evolving and as further knowledge about
diastolic CHF is attained, more light can be shed on whether
DD is completely, partially, or not at all reversed by KT.

The united network for organ sharing (UNOS) restricts
heart transplantation as a last resort in patients with severe
DD to individuals with hypertrophic CM, amyloidosis, and
other nonreversible restrictive cardiomyopathies [94]. In
most cases of patients with ESKD, the symptoms from DD
are CKD mediated and can be treated. In many cases, DD
can be reversed with appropriate treatment. In the absence of
genetic conditions or systemic infiltrative disease, most
patients with isolated DD may be listed for KT.

Kidney Transplant in Patients
with Cardiomyopathy: Systolic Dysfunction

KT is the treatment of choice for patients with ESKD and is
associated with improved outcomes and reduced mortality
[95]. Cardiovascular deaths in these patients are lower in
patients with KT compared to patients on HD, suggesting
that KT does provide a protective cardiovascular effect in
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ESKD patients. However despite this protective effect, car-
diovascular disease accounts for up to 30% of death and is
an independent factor for allograft failure [96, 97].

The current management of patients with ESKD with
LVD is controversial. Patients with LVD are often thought
to be at high risk for KT surgery. As a result, there is
reluctance by nephrologists and cardiologists to refer these
patients for KT. Furthermore, due to the perceived high risk
status, many centers will not consider such patients for
listing. Finally, consensus is lacking whether these patients
should be listed for single organ KT or double organ
heart/kidney transplantation.

Left Ventricular Dysfunction and Kidney
Transplantation Controversy

The issue surrounding the controversy can simply be stated
as cause and effect. In patient with advanced CHF, type I and
II cardio-renal syndrome is prevalent. This syndrome can
often present with worsening renal failure, and can overtime
lead to intrinsic renal disease and ESKD. However, in some
patients, advanced renal dysfunction can lead to CM from
mechanisms described above.

Often times it is difficult to determine which organ, the
heart or the kidney, is the cause of the other’s dysfunction.
Further fueling this controversy is that the data (mostly

retrospective) on survival in patients with LVD who under-
went KT shows yielded mixed results. A study of 653 renal
transplant patients at University of Alabama with 119 patients
with LVD were followed for a mean duration of
3.0 ± 1.9 years. Multivariate analysis concluded that LVD
was an independent risk factor for cardiac death with an
almost fivefold increase in death (HR 4.8, 95% CI 2.09–
11.21, p � 0.001). They also further demonstrated that LV
systolic dysfunction was a risk factor for overall mortality and
was associated with increased cardiac hospitalizations [98].

On the other hand, in a rare case report of a patient with
CM and ESKD who underwent KT on two separate occa-
sions, the effects of uremia on CM was described in detail
[99]. A 27-year-old patient with IgA nephropathy with
a CM with EF of 18% underwent KT. One-year
post-transplantation, patient’s EF was noted to be improved
to 45%. However, 4 years after transplantation, patient was
diagnosed with a lymphoproliferative disorder necessitating
cessation of immunosuppression and subsequent graft loss.
Post-nephrectomy, patients had recurrence of CHF symptoms
to New York Heart Association (NYHA) class III and EF was
found to be depressed again at 20%. A decision was made to
re-transplant patient. Six month after re-transplantation,
patient had complete resolution of CHF symptoms and was
NHYA class I and normal EF. The authors serially tracked LV
dimensions in this case. They showed that post index KT, in
addition to improvement in EF, there was a regression of LV

Table 26.1 Selected trials evaluating LVH and LVMI

Trial N Trial design Follow up (M) Imaging modality Variable
measured

Pre-KT Post-KT p value

Himelman [83] 41 Retrospective 28 Echocardiography WT 1.5 1.3 <0.05

Huting [91] 24 Prospective 41 Echocardiography LVH 71 67 NS

Peteiro [84] 30 Prospective 10 Echocardiography LVMI 201 171 <0.01

De Lima [92] 53 Prospective 30 Echocardiography LVH 82 71 NS

Mcgregor [79] 67 Retrospective 4 Echocardiography LVMI 143 145 NS

Rigatto [85] 143 Prospective 24 Echocardiography LVMI 161 146 0.009

Sahugn [86] 11 Prospective 3 Echocardiography LVH 81 18 <0.005

Ferriera [89] 12 Prospective 24 Echocardiography LVH 75 52 0.125

Dudziak [81] 43 Prospective 30 Echocardiography LVH 70 40 p < 0.05

Iqbal [87] 52 Prospective 12 Echocardiography LVMI 275 191 <0.001

Patel [90]a 50 Prospective 29 MRI LVMI 64.2 66.3 0.96

LVH 68 68 1

Dounousi [88]a 108 Retrospective 6 Echocardiography LVH 52 33 NS

LVMI 103 124 0.01

Slubowska
[93]

83 Prospective 12 Echocardiography LVH 51.2 50 NS

LVMI 106 102 NS

MRI magnetic resonance imaging, LVH left ventricular hypertrophy (%), LVMI left ventricular mass index (g/m2), NS not significant, WT wall
thickness (cm)
aCompared renal failure patients to kidney-transplanted patients
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end diastolic dimension and grade of mitral regurgitation. All
three parameters worsened after graft loss, and improved
post-retransplantation [99].

Many authors have demonstrated an improvement in
LV EF after KT (Fig. 26.2) [99–105]. Wali et al., in a ret-
rospective cohort study of 103 patients with LV EF of less
than 45% who underwent KT, showed that a majority of
patient had improvement in symptoms and normalization of
EF post-KT [101]. What was particularly interesting was that
in this study, patients were stratified into three groups based
on post-KT EF: Group 1; had a post-transplant EF � 50%,
Group 2; 40–50%, and Group 3; had an EF of <40%.
Although the mean EF in all three groups prior to KT was
around 32%, at a mean follow up of 3 years, 72/103 (70%)
of patients had normalized their EF, while 16 patients had
improved their EF to between 40 and 50%, and 15 patients
persistent remained below 40%. There was no relationship
between the degree of pre-transplant LV EF depression on
post-transplant EF. Mortality in group 1 was statistically
significantly lower than in group 2 and 3 (Group 1: 6/103
(8%), versus Group 2: 10/103 (62%), versus Group 3: 9/103
(62%), p � 0.001) (Fig. 26.3). Their analysis suggested
that it was the post-transplant EF, not pre-transplant EF that

dictated outcomes. A similar conclusion was reached by a
Cleveland Clinic study that showed patients with LVD prior
to renal transplant had a higher mortality rate; however after
controlling for patients who improved their EF by >10%, no
difference in mortality was seen [100].

It is apparent that there is a distinct phenotype of patients
that will improve their ejection fraction after KT, and based
on the above studies, patients who do not normalize their EF
are likely the ones that have worse morbidity and mortality

Fig. 26.2 Improvement in left ventricular ejection fraction after renal transplantation *Case report # fractional shortening. EF ejection fraction
(%), FC fractional shortening (%)

Fig. 26.3 Mortality based on post kidney transplant ejection fraction.
EF ejection fraction [101]
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after KT. Patients who have resolution of their CM after KT
are likely the ones that are responsive to reversal of renal
hemodynamics, metabolic and physiological derangement
after KT. Unfortunately, prospective studies to identify
which patients will normalize their cardiac function after
transplantation are lacking.

The evidence about resolution of CM although strong,
lacks the clinical tools to allow clinicians to identify patients
a priori as to who will normalize their EF after KT. Such
screening tools would also allow to prevent listing high risk
patients who are unlikely to normalize their EF, and are at
higher risk for adverse outcomes after KT. In the absence of
such screening tools, both referring physicians and trans-
plant programs are faced with a dilemma of whether they
should refer patients for KT or not. Currently there is no
consensus on best practice guidelines and practice patterns
vary from institution to institution. Due to lack of clear
consensus, some institutions refer these patients for dual
heart/KT. However, given the paucity of available donors for
heart transplantation, utilization of this valuable resource in a
patient with reversible CM is of great concern.

The decision to list a patient with CM for either KT of
dual organ heart/KT is often complex, and is based on
multiple specialty and interdisciplinary committee consensus
opinions. In most centers, all potential recipients with low EF
and negative coronary angiography or persistent low EF after
revascularization, are referred to heart failure specialists for

optimization and evaluation for single or combined dual
organ transplantation. Some centers employ cardiopulmonary
stress testing to determine cardiac reserve, as well as right
heart catheterization hemodynamic data to determine listing
eligibility. Generally, patients with preserved cardiac reserve
and/or preserved cardiac output may be listed for single
organ kidney transplantation. A nonvalidated algorithm used
at our center is outlined as an example, in Fig. 26.4.

Conclusion
The understanding of CM in ESKD patients is in its
infancy, but is rapidly evolving. Confounding our
understanding of this complex condition is the intricate
interplay between the heart and the kidney, commonly
referred as cardio-renal syndrome. The exact mechanism
for development of CM in CKD/ESKD patients is not
well known, but thought to be multifactorial, centered
around development and progression of LVH, LVD and
myocardial fibrosis. CKD, and ultimately ESKD, leads to
profound biochemical, hemodynamic, and physiological
derangements that may be implicated in the developments
of CM in these patients. Treatment is centered toward
controlling pressure and volume overload, while correctly
underlying pathophysiological processes to restore
homeostasis. The therapeutic gold standard reverse the
above derangements is kidney transplantation, which is

Fig. 26.4 A possible work-up for patients with cardiomyopathy being evaluated for kidney transplantation. CPX cardiopulmonary stress test,
NYHA New York Heart Failure Association
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very controversial in patients with LVD. A majority of
patients with CM improve their systolic and DD after KT.
However, patients with LVD overall, as a group, have
poor survival in KT compared to patients without LV
dysfunction. The survival disadvantage is mainly driven
by patients who fail to improve their EF after KT.
A validated approach to prospectively identify patients
who will not recover their EF after KT is needed to
further understand this complex process.
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27Anticoagulation in Patients with Atrial
Fibrillation and Chronic Kidney Disease

Michelle D. Carlson and Gautam R. Shroff

Epidemiological Considerations

Prevalence and Incidence of Atrial
Fibrillation in CKD

Atrial fibrillation (AF) is the most frequently encountered
sustained cardiac arrhythmia and represents an important
modifiable risk factor for ischemic stroke. Its prevalence
progressively increases with age; among United States
Medicare beneficiaries the prevalence of nonvalvular AF
(NVAF) among those aged 65–74, 75–84, and over 85 years
was estimated at 4.5, 10, and 15%, respectively, in the year
2010 [1]. Chronic kidney disease (CKD) has increased in
prevalence, affecting about 20 million Americans based on
the most recent estimates by the Centers of Disease Control;
the greatest increase in CKD prevalence has occurred in
adults older than 60 years. Thus, there is a growing aging
population with co-prevalent NVAF and CKD. Advanc-
ing CKD is independently associated with a higher risk of
both prevalent and incident AF. In a large population based
sample, adjusted odds for prevalent AF were 2–3 times
higher among those with advancing stages of CKD com-
pared with participants without CKD [2]. Using the Medi-
care 5% sample, the hazard of incident AF at a follow-up
interval of 2 years was about 14% among beneficiaries with
CKD stages 3–5; significantly higher compared to benefi-
ciaries without CKD [3].

A similar theme pertaining to rising prevalence of AF is
noted among patients with CKD stage 5D (end-stage kidney
disease on dialysis) who constituted a prevalent population
of about 661,648 in the US in the year 2013. Data from the
United States Renal Data System (USRDS) indicate that the

baseline prevalence of AF is markedly higher among
hemodialysis patients compared to the general population.
The average prevalence of AF among hemodialysis patients
was estimated at about 7.7% and increased threefold from
3.5 to 10.7% between 1992 and 2006 [4]. As with the
general population, the prevalence in this cohort increased
with advancing age, estimated at 9.3, 13.9, and 17%,
respectively, among hemodialysis patients aged 65–74, 75–
84, and over 85 years. In a systematic review of 25 studies,
the prevalence of AF was reported at about 11.6% among
end-stage kidney disease (ESKD) patients with an overall
incidence of 2.7/100 patient-years, both much higher than
the general population [5]. There is wide variation in AF
prevalence among hemodialysis patients in different coun-
tries, likely reflective of variations in demographics and
medical comorbidities as well as socioeconomic status and
healthcare delivery [6]. The prevalence of asymptomatic AF
detected using implantable monitoring devices may be much
higher than previously reported in this population based on
emerging data.

Risks of Stroke, Bleeding, and Mortality
with Atrial Fibrillation and CKD

An accurate assessment of the risks of stroke and bleeding is
imperative for a decision regarding risks versus benefits of
anticoagulation in this high-risk population. Compared to
non-CKD patients, the risk of stroke is generally considered
higher among patients with CKD and AF, but this issue is
more controversial among dialysis patients. Reduced crea-
tinine clearance (CrCl) was a strong and independent pre-
dictor of stroke and systemic embolism in large,
contemporary studies [7]. Moreover, the inclusion of
reduced CrCl (R2CHADS2) improved the net reclassifica-
tion index for predicting future thromboembolic risk com-
pared to the use of conventional risk calculators
(CHADS2/CHA2DS2VASc). In a large Danish registry
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population, a statistically significant increase was reported in
the hazard of stroke or systemic embolism among patients
with CKD relative to patients without CKD [hazard ratio
(HR) 1.49, p < 0.001] and those receiving renal replacement
therapy (HR 1.8, p < 0.001) [8].

The risk of ischemic stroke among dialysis patients with
AF is more difficult to measure accurately because of the
high competing risk of mortality and other causes of stroke,
and routine use of anticoagulation is controversial. In a
recent propensity matched analysis of a large population
identified from Taiwan’s National Research Database,
hemodialysis patients with AF had higher risks of ischemic
stroke (adjusted HR 1.27, p < 0.001) compared to patients
without AF [9]. However, after statistical consideration for
in-hospital mortality as a competing risk, the authors
reported that the risk of ischemic stroke was no longer a
significant variable (AHR 1.01, p = 0.83).

There is general agreement in the literature that the risks of
bleeding complications are higher among CKD patients
treated with anticoagulation compared to the general popu-
lation, and particularly so among hemodialysis patients. In a
large cohort of patients with AF from the SPORTIF III and V
trials, the presence of renal impairment (defined as CrCl
<50 mL/min) was identified as an independent predictor of
major bleeding (HR 1.98, p < 0.001) in multivariable anal-
ysis [10]. Bleeding complications were also significantly
higher in the Danish registry among those with CKD (HR
2.24, p < 0.001) and those on renal replacement therapy (HR
2.7, p < 0.001) [8]. Among dialysis patients, the risks of
bleeding with use of warfarin are significantly higher than the
general population [11], but it is problematic to extrapolate
these data to AF patients since most studies assessed warfarin
use for graft patency and included varied INR targets.

Finally, the combination of CKD and AF is associated with
a higher hazard of mortality compared to patients with either
condition alone. Data from a large Medicare sample of AF
patients show that worsening stages of CKD are associated
with an increasing relative hazard of all-cause mortality
compared to patients without CKD [3]. Among patients with
incident AF, unadjusted survival at 1-year follow-up was 79,
68, and 64% for patients without CKD, with stage 1–2 CKD,
and with stages 3–5 CKD, respectively. Similarly, in a large
population from a health maintenance organization in the
United States, incident AF was associated with a 66% increase
in relative risk of mortality among patients with CKD [12]. In
a systematic analysis, the mortality hazard of hemodialysis
patients with AF was double that of patients without AF (26.9
vs. 13.4/100 patient-years) [5]. It is not feasible to accurately
determine the precise attributable risk of AF toward mortality
in the CKD population due to confounding by several
contributory coexisting factors; perhaps the milieu that
contributes to the development of AF (e.g., structural
cardiovascular disease, neurohormonal factors)—rather than

AF alone—contributes to the increased hazard of mortality.
Nonetheless, the association of an increased mortality hazard
in the setting of co-prevalent AF and CKD has been con-
vincingly demonstrated in the literature. These studies
underline the high-risk nature of the population with con-
comitant CKD and AF, with heightened risks of bleeding,
stroke, and mortality, and highlight the clinical conundrum of
anticoagulation, which has been likened to navigating the
waters between Scylla and Charybdis [13].

Anticoagulation in Atrial Fibrillation

In the general population, the use of therapeutic anticoagu-
lation with warfarin has been convincingly demonstrated to
associate with substantial reductions in the risk of ischemic
stroke and all-cause mortality. In a metaanalysis incorporat-
ing data from 29 clinical studies and 28,044 patients, anti-
coagulant therapy using adjusted-dose warfarin reduced the
ischemic stroke risk by nearly 60% and mortality by nearly
25% [14]. For several years, vitamin K antagonists (VKAs),
primarily warfarin, were the only agents available for sys-
temic anticoagulation. Given interactions with many medi-
cations and foods, the need for frequent monitoring, and the
difficulty in maintaining a therapeutic INR in many patients
taking warfarin, the direct oral anticoagulants (DOACs) were
greeted with enthusiasm. With the approval of DOACs, a
paradigm shift has occurred in the approach toward antico-
agulation. This is of particular relevance among patients with
CKD, because, unlike warfarin, dosing of medications is
heavily contingent upon renal clearance, and there is no
approved blood test to guide dosing and ascertain therapeutic
levels. Fortunately, the pivotal randomized controlled trials
included patients with stage 3 CKD; therefore, representative
information pertaining to this population is available to guide
medical decision-making. Subgroup analyses of these trials
generally compare those with an estimated CrCl (eCrCl)
<50–60 mL/min (Cockcroft–Gault equation) to those with a
higher eCrCl and support prior evidence that CKD is asso-
ciated with an increased risk of embolic events and major
bleeding. Patients with eCrCl <30 mL/min were excluded
from the DOAC trials, likely both because of an increased
risk of bleeding and because of the considerable renal
clearance of these drugs [15].

Direct Oral Anticoagulants in Atrial
Fibrillation

Summary of the Pivotal Clinical Trials

Dabigatran, a direct thrombin inhibitor, was approved in
2010 for stroke prevention in NVAF, based on the results of
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the RE-LY trial [16]. Rivaroxaban was the first factor Xa
inhibitor to be approved for NVAF in 2011 (ROCKET AF),
followed by apixaban in 2012 (ARISTOTLE and AVER-
ROES), and most recently edoxaban in 2015 (ENGAGE
AF-TIMI 48) [17–20]. These trials are summarized in
Table 27.1. RE-LY, ROCKET AF, ARISTOTLE, and

ENGAGE AF-TIMI 48 were randomized, controlled, non-
inferiority trials comparing the study drug to warfarin (goal
INR of 2–3) in patients with NVAF [16–18, 20]. Dabigatran
and edoxaban were both tested at high and low doses. All
study drug doses were shown to be noninferior to warfarin
for the primary endpoint of stroke or systemic embolism

Table 27.1 Initial randomized controlled trials of direct oral anticoagulants for nonvalvular atrial fibrillation

Trial RE-LY ROCKET AF ARISTOTLE AVERROES ENGAGE AF-TIMI
48

n 18,113 14,264 18,201 5,599 21,105

CHADS2, mean 2.1 3.5 2.1 2.1 2.8

Age, median 71a 73 70 70a 72

Renal exclusion eCrCl < 30 eCrCl < 30 Cr > 2.5 or CrCl < 25 Cr > 2.5 or
CrCl < 25

eCrCl < 30

Subjects with renal
dysfunction, n (%)

eCrCl < 50 = 3554
[20]
eCrCl 50–80 = 8553
[47]

eCrCl < 50 = 2905
[20]
eCrCl 50–80 = 6698
[47]

eCrCl < 50 = 3017
[17]
eCrCl 50–80 = 7587
[42]

eCrCl < 60 = 1697
[12]

eCrCl < 50 = 4074
[19]
eCrCl 50–80 = 9075
[43]

Study drug Dabigatran 110 mg
bid or 150 mg bid

Rivaroxaban 20 mg
daily

Apixaban 5 mg bid Apixaban 5 mg bid Edoxaban 30 mg
daily or 60 mg daily

Control Warfarin, goal INR 2–
3, median TTR 64%

Warfarin, goal INR 2–
3, median TTR 58%

Warfarin, goal INR 2–
3, median TTR 66%

ASA 81–324 mg
daily

Warfarin, goal INR 2–
3, median TTR 68%

Follow-up, median 2 years 1.9 years 1.8 years 1.1 years 2.8 years

Statistical design Noninferiority Noninferiority Noninferiority Superiority Noninferiority

Primary outcome: stroke or systemic embolism

Study drug 110 mg: 1.5%/year
150 mg: 1.1%/year‡

1.7%/yearb 1.3%/year 1.6%/year 30 mg: 1.6%/year
60 mg: 1.2%/year

Control 1.7%/year 2.2%/yearb 1.6%/year 3.7%/year (ASA) 1.5%/year

Ratio, p value† 110 mg: RR 0.91,
<0.001
150 mg: RR 0.66,
<0.001

HR 0.79, <0.001 HR 0.79, 0.01 HR 0.45, <0.001 30 mg: HR 1.07,
0.005
60 mg: HR 0.79,
<0.001

Safety outcome:
Major bleeding

Study drug 110 mg: 2.7%/year
150 mg: 3.1%/year

3.6%/year 2.1%/year 1.4%/year 30 mg: 1.6%/year
60 mg: 2.75%/year

Control 3.3%/year 3.4%/year 3.1%/year 1.2%/year (ASA) 3.4%/year

Ratio, p value 110 mg: RR 0.80,
0.003
150 mg: RR 0.93, NS

HR 1.04, NS HR 0.69, <0.001 HR 1.13, NS 30 mg: HR 0.47,
<0.001
60 mg: HR 0.80,
<0.001

Secondary outcome: all-cause mortality

Study drug 110 mg: 3.8%/year
150 mg: 3.6%/year

1.9%/year 3.5%/year 3.5%/year 30 mg: 3.8%/year
60 mg: 3.99%/year

Control 4.1%/year 2.2%/year 3.9%/year 4.4%/year (ASA) 4.35%/year

Ratio, p value 110 mg: RR 0.91, NS
150 mg: RR 0.88, NS

HR 0.85, NS HR 0.89, 0.047 HR 0.79, NS 30 mg: HR 0.87,
0.006
60 mg: HR 0.92, 0.08

ASA aspirin, Cr creatinine in mg/dL, eCrCl estimated creatinine clearance calculated by Cockcroft–Gault formula in mL/min, HR hazard ratio, ITT
intention-to-treat, NR not reported, NS not statistically significant, RR relative risk, TTR time in therapeutic range
aMean age
†p value for noninferiority for primary outcomes except for AVERROES (superiority)
‡RR for dabigatran 150 mg versus 110 mg 0.73, p value for superiority 0.005
bPer-protocol analysis
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(SSE). High-dose dabigatran and apixaban met superiority
endpoints compared to warfarin for prevention of SSE by
intention-to-treat analysis; high-dose edoxaban was superior
to warfarin only in the modified intention-to-treat analysis.
High-dose dabigatran was shown to be superior to low-dose
dabigatran in prevention of SSE with a higher risk of
bleeding; low-dose versus high-dose edoxaban was not
compared. Low-dose dabigatran, apixaban, and both doses
of edoxaban had a statistically significantly lower risk of
major bleeding compared to warfarin. In each trial, warfarin
carried a significantly higher relative risk of intracranial
hemorrhage relative to DOACs, while all DOACs except
apixaban carried a higher risk of gastrointestinal bleeding.
Apixaban and low-dose edoxaban were associated with a
decreased risk of all-cause mortality compared to warfarin.

AVERROES was a randomized, controlled, superiority
trial comparing apixaban to aspirin (81–324 mg) in patients
with NVAF who were not candidates for anticoagulation
with a VKA, either due to an increased risk of bleeding,
difficulty maintaining a therapeutic INR, or a CHADS2
score of 0 [19]. This trial showed that apixaban was superior
to aspirin for prevention of SSE (Table 27.1) and did not
carry an increased risk of major bleeding or death.

Pharmacokinetic and Pharmacodynamic
Characteristics: Practical Considerations

Each DOAC has specific characteristics that allow the choice
of agent to be tailored to an individual (see Table 27.2). The
DOACs are direct-acting agents with a rapid onset of action
and a half-life less than 24 h, and have no associated
increase in thrombotic risk with initiation (as with warfarin);
thus, the DOACs can be initiated without any bridging
therapy in the setting of NVAF, and routine monitoring of
anticoagulation is not recommended [21]. The DOACs have
more selective action on the coagulation cascade and do not
exhibit the irreversible downstream effects that warfarin
enacts on the clotting cascade. Warfarin must be held for
several days prior to procedures to allow adequate
hemostasis, while the DOACs can be held for a shorter
duration, contingent upon baseline renal function.

Dabigatran, a reversible direct inhibitor of thrombin, is
administered orally as a pro-drug (dabigatran etexilate) that is
rapidly hydrolyzed to the active metabolite. It has a high
degree of renal clearance (80%), with prolongation of the
half-life with worsening renal function (from 14 h in normal
subjects to 28 h in those with eCrCl � 30 mL/min). Dabi-
gatran is largely cleared by dialysis—at least 60% in one
pharmacokinetic study. Given prolonged half-life with renal
dysfunction, dabigatran should be held for a longer period of
time pre-procedurally in those with renal dysfunction

(1–2 days for eCrCl � 50 mL/min, 3–5 days for eCrCl
<50 mL/min).

Rivaroxaban is a reversible factor Xa inhibitor that has
increased bioavailability when taken with food. Renal
clearance is 35%, and, though the half-life is only slightly
prolonged with impaired renal function, drug level increases
significantly with progressive renal dysfunction. Based on
pharmacologic data, a reduced dose of rivaroxaban of 15 mg
daily was used in ROCKET AF for patients with eCrCl
<50 mL/min. Rivaroxaban should be held for at least 24 h
before procedures that carry an increased risk of bleeding.

Apixaban, also a reversible factor Xa inhibitor, is absor-
bed throughout the gastrointestinal tract, including the small
bowel and ascending colon, with a half-life of about 12 h
with repeat dosing. Only 25% of the drug is renally cleared.
Dose adjustment on the basis of moderate renal dysfunction
alone is not necessary, but for those with a creatinine
� 1.5 mg/dL and an additional risk factor for higher drug
exposure (age � 80 years or weight � 60 kg), a decreased
dose of 2.5 mg twice daily (BID) is recommended. Apixa-
ban should be held for 24 h before procedures with a low
risk of bleeding and 48 h before procedures with a high risk
of bleeding.

Edoxaban, the most recent reversible factor Xa inhibitor,
has a half-life of 10–14 h, with 40% of the drug renally
cleared. Systemic exposure to the drug increases with
worsening renal function. In ENGAGE AF-TIMI 48, a 50%
dose reduction was used for those with eCrCl 30–
50 mL/min based on pharmacokinetic modeling. Edoxaban
should be held for at least 24 h before procedures that carry
an increased risk of bleeding. Of note, in ENGAGE
AF-TIMI 48, subjects with eCrCl >95 mL/min who were
treated with edoxaban had a higher rate of stroke and sys-
temic embolism than those treated with warfarin (1.0 vs.
0.6%/year, HR 1.87, 95% CI 1.10–3.17), driven by an
increase in ischemic stroke. Edoxaban blood levels decrease
with increasing renal function—about 30% less with eCrCl
>80 mL/min and 40% less with eCrCl >95 mL/min—so it is
not recommended for use in subjects with eCrCl
>95 mL/min.

Laboratory Monitoring and Management
of Bleeding for DOACs

One of the advantages of the DOACs is the lack of need for
routine monitoring to ensure that therapeutic drug levels are
achieved. However, there are certain clinical situations in
which it can be advantageous to know the degree of anti-
coagulation present—for example, in the setting of an
emergent surgery, when there is concern for noncompliance,
prior to thrombolytic therapy for ischemic stroke, or, most

286 M.D. Carlson and G.R. Shroff



Table 27.2 Direct oral anticoagulant prescribing information and characteristics

DOAC Dabigatran Rivaroxaban Apixaban Edoxaban

Mechanism of
action

Direct thrombin inhibitor Factor Xa inhibitor Factor Xa inhibitor Factor Xa inhibitor

Dosing for
NVAF

eCrCl > 30: 150 mg bid
eCrCl 15–30: 75 mg bid
eCrCl < 15 or dialysis:
not recommended

eCrCl > 50:20 mg daily
eCrCl 15–50: 15 mg daily
eCrCl < 15 or dialysis: not recommended

5 mg bid
2.5 mg bid if 2 of the following:
Cr � 1.5
age � 80
weight � 60 kg
Cr > 2.5, eCrCl < 15 or dialysis: use
based on pharmacokinetics

eCrCl > 95: not
recommended
eCrCl 51–95: 60 mg
daily
eCrCl 15–50: 30 mg
daily
eCrCl < 15 or dialysis:
not recommended

Geriatric use Increased risk of
bleeding with age;
risk-benefit profile still
favorable

Increased risk of bleeding with age;
risk-benefit profile still favorable

Age � 80: see above Similar efficacy and
safety in elderly
patients (>65 years
old)

Extremes in
body weight

<50 kg or >120 kg: <25% change in
exposure

Weight � 60 kg: see above Dose reduction for
weight � 60 kg only
recommended for VTE

Administration Do not crush or chew
Take with or without
food

Can be crushed
Take with largest meal (food increases
bioavailability)

Can be crushed
Take with or without food

No data regarding
crushing
Take with or without
food

Converting
from warfarin

Start when INR < 2 Start when INR < 3 Start when INR < 2 Start when INR < 2.5

Discontinuing
before
procedures

CrCl � 50 mL/min: 1–
2 days
CrCl < 50 mL/min: 3–
5 days

24 h 48 h if moderate/high risk of bleeding
24 h if low risk of bleeding

24 h

Metabolism Liver; pro-drug
converted to dabigatran

Liver; CYP450—3A4/5, 2J2 Liver; CYP450—primarily 3A4 Minimal; CYP450–
3A4

Tmax (h) 1–3 2–4 3–4 1–2

Half-life (h) 12–17 5–9 *12 10–14

Renal
clearance

80% 35% 25% 40%

Side effects Bleeding
Gastrointestinal:
dyspepsia, abdominal
pain

Bleeding Bleeding Bleeding

Drug
interactionsa

P-gp inducers decrease
exposure
P-gp inhibitors increase
exposure

Combined P-gp and CYP3A4 inducers
decrease exposure Combined P-gp and
CYP3A4 inhibitors increase exposure

Combined P-gp and CYP3A4 inducers
decrease exposure Combined P-gp and
CYP3A4 inhibitors increase exposure

P-gp inducers decrease
exposure
P-gp inhibitors increase
exposure

Management
of bleeding

Idaracizumab
Charcoal within 2 h of
last ingestion
Dialyzable (60% in 2–
3 h)
Life-threatening bleed:
PCC, aPCC

Andexanet and ciraparantag under
investigation
Charcoal within 2 h of last ingestion
Not dialyzable
Life-threatening bleed: PCC, aPCC

Andexanet and ciraparantag under
investigation
Charcoal within 6 h of last ingestion
Not dialyzable
Life-threatening bleed: PCC, aPCC

Andexanet and
ciraparantag under
investigation
No information on
charcoal
Not dialyzable
Life-threatening bleed:
PCC, aPCC

Laboratory
monitoring†

Dabigatran level
Thrombin time

Anti-Xa level Anti-Xa level Anti-Xa level

aPCC active prothrombin complex concentrate (Feiba), Cr creatinine in mg/dL, eCrCl estimated creatinine clearance in mL/min calculated by Cockcroft–Gault
equation, NVAF nonvalvular atrial fibrillation, PCC four-factor prothrombin complex concentrate (Kcentra), P-gp P-glycoprotein, VTE venous thromboembolism
aP-gp inducers include rifampin. P-gp inhibitors include azithromycin, clarithromycin, erythromycin, itraconazole, ketoconazole, quinidine, and verapamil. Combined
P-gp and CYP3A4 inducers include carbamazepine, phenytoin, rifampin, and St. John’s wort. Combined P-gp and CYP3A4 inhibitors include clarithromycin,
erythromycin, fluconazole, itraconazole, ketoconazole, and ritonavir
†Generally only indicated in the setting of major or life-threatening bleed
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importantly, in the setting of bleeding [22]. Thrombin time
(TT) is exquisitely sensitive to dabigatran, and a normal TT
essentially rules out the presence of the drug [23]. The
activated partial thromboplastin time (aPTT) may be ele-
vated in the setting of dabigatran but can be normal at trough
drug levels, and the prothrombin time/international normal-
ized ratio (PT/INR) is even less sensitive [22]. If a more
exact quantification of dabigatran level is required, the dilute
TT or ecarin clotting time may be used, although these are
not widely available. For patients on rivaroxaban or edox-
aban, a prolonged PT can indicate the drug’s presence, but a
normal PT does not exclude the possibility of a clinically
significant drug level. PT is less sensitive to apixaban, and
aPTT is even less sensitive to all three anti-Xa agents. The
chromogenic anti-factor Xa assay is most sensitive for ruling
out the presence of rivaroxaban, apixaban, or edoxaban, as
well as for providing a quantitative evaluation of drug level.

Kcentra® is a 4-factor prothrombin complex concentrate
(PCC) that contains coagulation factors II, VII, IX, and X as
well as antithrombotic proteins C and S. It is approved for
reversal of warfarin in the setting of life-threatening bleeding,
with a dose based on the INR [24]. The 2012 Antithrombotic
Guidelines suggest using PCC rather than FFP for patients
with a life-threatening bleed while on VKA therapy, given
the higher risk of allergic reaction, prolonged preparation
time, and greater volume with FFP [25]. It is reasonable to
use 4-factor PCC in the setting of life-threatening
DOAC-associated bleeding, although there are no random-
ized data for its use in this setting. Pro-hemostatic agents
including activated PCC and recombinant factor VIIa
(rFVIIa) have weak supporting evidence and may be an
option if PCC is not available, with the knowledge that
pro-hemostatic agents are associated with an increased risk of
thrombosis.

Dabigatran, which is 35% protein bound, can be cleared
by hemodialysis if needed. In one study, 60% of dabigatran
was cleared with a 4-h run of hemodialysis at 400 mL/min
targeted blood flow [26]. The factor Xa inhibitors are
insufficiently protein bound to be effectively cleared by
dialysis. Activated charcoal may be effective in the setting of
an overdose within 2 h of ingestion for dabigatran or
rivaroxaban or within 6 h of ingestion for apixaban.

Idarucizimab, a monoclonal antibody fragment that binds
and neutralizes both free and thrombin-bound dabigatran,
normalizes coagulation parameters in healthy volunteers
[27]. The agent was approved by the United States Food and
Drug Administration (FDA) under the accelerated approval
program, which allows approval of drugs based on surrogate
endpoints for situations in which no other therapy is avail-
able. Further clinical data will need to be collected in
post-marketing analysis [28]. Idarucizumab is approved for
reversal of dabigatran anticoagulation in the setting of
emergent surgery, an urgent procedure, or life-threatening or

uncontrolled bleeding [29]. Andexanet alfa is an inactive
recombinant factor Xa protein that acts as a “decoy” to bind
factor Xa inhibitors with a high affinity and allow endoge-
nous factor Xa to function [30]. Andexanet has been shown
to be effective in reversing the anticoagulant effects of
rivaroxaban and apixaban in healthy volunteers. An
open-label prospective trial employing andexanet in patients
with factor Xa inhibitor-associated major bleeding is
underway [31]. Ciraparantag, a cationic molecule originally
designed to bind unfractionated and low-molecular weight
heparin, has been shown to also bind factor Xa inhibitors in
a similar fashion [32]. Additional clinical evidence is
awaited.

Anticoagulation for Atrial Fibrillation
in Advanced CKD

Anticoagulation in CKD Stage 3 Patients with AF

Warfarin
Patients with stage 3 CKD were represented in the Stroke
Prevention in Atrial Fibrillation (SPAF) III trial, which
randomized high-risk participants to adjusted-dose warfarin
versus fixed-dose warfarin plus 325 mg aspirin [33]. In a
post hoc analysis, among patients with stage 3 CKD
(n = 516) included in the trial, adjusted-dose warfarin-
reduced clinical events (ischemic stroke and systemic
embolism) by 76% compared to fixed low-dose warfarin
plus aspirin, with no increase in major bleeding events.

DOACs
Prespecified subgroup analyses of patients with renal dys-
function in RE-LY, ROCKET AF, and ARISTOTLE con-
sistently demonstrate that the rates of stroke, systemic
embolism, and major bleeding increase as renal function
decreases, independent of treatment arms. The specific event
rates for stroke/systemic embolism, major bleeding, and
all-cause mortality for each DOAC are summarized in
Table 27.3.

A prespecified subgroup analysis of RE-LY compared
3554 subjects (20% of study cohort) with eCrCl
<50 mL/min to those with mild renal dysfunction and nor-
mal renal function [34]. In those with eCrCl <50 mL/min,
the rate of stroke or systemic embolism was higher com-
pared to patients with eCrCl >50 mL/min; reported as 2.3%/
year with dabigatran 110 mg BID, 1.5%/year with dabiga-
tran 150 mg BID, and 2.7%/year with warfarin (Table 27.3).
The rate of major bleeding in those with eCrCl <50 mL/min
was 5.5%/year, higher compared to patients with normal
renal function. Dabigatran 150 mg BID met the superiority
endpoint for decreased risk of stroke or systemic embolism
(HR 0.56 [95% CI 0.37–0.85]) compared to warfarin in
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Table 27.3 Subjects with renal dysfunction in initial randomized controlled trials of direct oral anticoagulants for nonvalvular atrial fibrillation

Trial RE-LY ROCKET AF ARISTOTLE AVERROES ENGAGE AF-TIMI
48

Definition of
renal
dysfunction

eCrCl 30–
50 mL/min

eCrCl 30–50 mL/min eCrCl 25–
50 mL/min

eCrCl 25–
60 mL/min

eCrCl 30–
50 mL/min

n (% of
study cohort)

3554 (20%) 2950 (21%) 3017 (15%) 1697 (30%) 4074 (19%)

CHADS2,
mean

2.5 3.7 2.6 2.4 NR

Age, mean 75 79 78 75 NR

Study drug Dabigatran
110 mg bid or
150 mg bid

Rivaroxaban 15 mg daily
(reduced dose for renal
dysfunction)

Apixaban 5 mg bid
(25% received
2.5 mg bid)

Apixaban 5 mg bid
(12% received
2.5 mg bid)

Edoxaban 30 mg
daily for eCrCl 15–
50 mL/min

Control Warfarin, goal
INR 2–3

Warfarin, goal INR 2–3 Warfarin, goal INR
2–3

ASA 81–324 mg
daily

Warfarin, goal INR
2–3

Statistical
design

Noninferiority Noninferiority Noninferiority Superiority Noninferiority

Primary outcome: stroke or systemic embolism

Study drug 110 mg: 2.3%/
year
150 mg: 1.5%/
year

2.3%/year 2.1%/year 1.8%/year 2.3%/year

Control 2.7%/year 2.8%/year 2.7%/year 5.6%/year (ASA) 2.7%/year

HR (95% CI) 110 mg: 0.85
(0.59–1.24)
150 mg: 0.56
(0.37–0.85)‡

0.84 (0.57–1.23) 0.79 (0.55–1.14) 0.57 (0.37–0.87) 0.87 (0.64–1.19)

Safety outcome: major bleeding

Study drug 110 mg: 5.5%/
year
150 mg: 5.5%/
year

4.5%/year 3.2%/year 2.5%/year 3.8%/year

Control 5.5%/year 4.7%/year 6.4%/year 2.2%/year (ASA) 5.1%/year

HR (95% CI) 110 mg: 0.99
(0.77–1.28)
150 mg: 1.01
(0.79–1.30)

0.95 (0.72–1.26) 0.50 (0.38–0.66) 1.2 (0.65–2.1) 0.76 (0.58–0.99)

Secondary outcome: all-cause mortality

Study drug 110 mg: 7.9%/
year
150 mg: 6.8%/
year

NR 7.1%/year 6.2%/year NR

Control 6.8%/year NR 8.3%/year 7.1%/year (ASA) NR

HR (95% CI) 110 mg: 1.16
(0.93–1.44)
150 mg: 1.00
(0.80–1.25)

NR 0.86 (0.70–1.05) 0.86 (0.61–1.2) NR

ASA aspirin, eCrCl estimated creatinine clearance calculated by Cockcroft–Gault formula in mL/min, HR hazard ratio, NR not reported, NS not
statistically significant
†p value for superiority
‡HR for dabigatran 150 mg versus 110 mg 0.66 (95% CI 0.43–1.01)

27 Anticoagulation in Patients with Atrial Fibrillation and Chronic … 289



those with eCrCl <50 mL/min, without an associated
increase in the risk of major or life-threatening bleeding.
Dabigatran 110 mg BID and warfarin were similarly effec-
tive in preventing stroke and systemic embolism across all
levels of renal function.

In ROCKET AF, subjects with eCrCl 30–49 mL/min
(n = 2950; 21% of study cohort) received a reduced dose of
rivaroxaban (15 mg daily) based on pharmacokinetic mod-
eling [35]. Patients with eCrCl 30–49 mL/min had a rate of
stroke or systemic embolism of 2.3%/year in those treated
with rivaroxaban and 2.8%/year in those treated with war-
farin (compared to 1.6 and 2.0%/year, respectively, in those
with eCrCl � 50 mL/min). The treatment effect with
rivaroxaban was similar for those with and without renal
dysfunction. The risk of major bleeding was similar between
rivaroxaban and warfarin, although fatal bleeding occurred
less frequently with rivaroxaban.

In a prespecified subgroup analysis of ARISTOTLE,
3017 subjects with eCrCl <50 mL/min (15% study cohort)
were compared to those with mild renal dysfunction and
normal renal function [36]. A reduced dose of apixaban
(2.5 mg BID) was used for those with two or more of the
following characteristics: age � 80 years, weight � 60 kg,
and Cr � 1.5 mg/dL. Of those with eCrCl <50 mL/min,
25% received the reduced dose of apixaban. The rate of
stroke or systemic embolism was 2.1%/year with apixaban
and 2.7%/year with warfarin (compared to 0.99 and 1.1%/
year, respectively, in those with normal renal function) (see
Table 27.3). Apixaban and warfarin were similarly effica-
cious in preventing stroke and systemic embolism, irre-
spective of the degree of renal dysfunction. Apixaban carried
a lower risk of major bleeding compared to warfarin, and
this decreased risk of bleeding was statistically significant in
those with eCrCl <50 mL/min (HR 0.50, 95% CI 0.38–0.66,
p < 0.005).

In AVERROES, 1697 subjects with eCrCl <60 mL/min
(30% of study cohort) were more likely to receive a decreased
dose of apixaban than those with eCrCl >60 mL/min [37].
Apixaban was superior to aspirin for reduction of stroke and
systemic embolism in patients with stage 3 CKD (HR 0.32;
95% CI 0.18–0.55; p < 0.001). The risk of major bleeding
increased with kidney dysfunction in both treatment arms,
with no significant interaction between apixaban versus
aspirin on major bleeding based on CKD status.

In the ENGAGE AF-TIMI 48 trial, 4074 of those enrolled
(19% of study cohort) had eCrCl 30–50 mL/min and received
half dose edoxaban (either 15 mg or 30 mg daily) versus
warfarin [20]. The edoxaban package insert recommends a
reduction in dose to 30 mg once daily in patients with crea-
tinine clearance 15–50 mL/min and reports event rates by
renal subgroup (rate of stroke or systemic embolism in those
with eCrCl 30–50 mL/min of 2.3 and 2.7%/year for edoxaban
and warfarin, respectively [HR 0.87, 95% CI 0.64–1.19]

compared to a rate of 1.3%/year with edoxaban and 0.97%/
year with warfarin for those with eCrCl 80–95 mL/min) [38].
In patients with eCrCl 30–50 mL/min, the risk of major
bleeding was lower with edoxaban compared to warfarin (3.8
vs. 5.1%/year [HR 0.76, 95% CI 0.58–0.99]).

Nielsen et al. performed a systematic review and meta-
analysis of DOACs versus warfarin in patients with varying
degrees of renal dysfunction (none, mild, or moderate) [39].
They found that the DOACs had similar efficacy and safety
compared to warfarin across different strata of renal dys-
function. Indirect comparisons between drugs seemed to
favor edoxaban 30 mg daily and apixaban when considering
safety pertaining to bleeding risk in those with moderate
renal dysfunction (eCrCl 30–49 mL/min). Harel et al. per-
formed a similar comparison of DOACs versus VKAs
among patients with CKD (eCrCl 30–50 mL/min) including
patients with both AF and venous thromboembolism, prior
to the approval of edoxaban [40]. In this analysis, the risk of
stroke/systemic thromboembolism as well as the risk of
major or clinically relevant nonmajor bleeding was similar
between the DOACs and VKAs. Any indirect comparisons
of drugs evaluated in different trials is problematic due to
differences in inclusion criteria, trial conduction, etc., and
while these data may be considered by clinicians, they
should not solely guide clinical practice.

Anticoagulation in Stage 4 CKD Patients with AF

No randomized data pertaining to patients with stage 4 CKD
and AF exists with warfarin. Patients with eCrCl
<30 mL/min were excluded from the RE-LY trial [16], but a
decreased dose of dabigatran (75 mg BID) is FDA-approved
for those with eCrCl 15–30 mL/min based on a pharma-
cokinetic modeling [41]. Given the moderate increase in
rivaroxaban drug levels with reduced renal function, only a
small dose adjustment is recommended for patients with
stage 4 CKD [42]. In ROCKET AF, patients with eCrCl
<30 mL/min were excluded, but the reduced dose of
rivaroxaban (15 mg daily) used for those with eCrCl
<50 mL/min is approved for eCrCl as low as 15 mL/min
based on pharmacokinetic data [17, 43]. The ARISTOTLE
and AVERROES trials excluded patients with a Cr >2.5
mg/dl or eCrCl <25 mL/min [18, 19]. However, apixaban is
approved for use in patients with eCrCl <15 mL/min based
on pharmacokinetic studies, without any dose adjustment
(unless additional criteria for dosage adjustment are met)
[44]. Only 25% of apixaban is cleared renally, and there
appears to be only a small increase in levels when used in
patients with severely reduced renal function. Those with
eCrCl <30 mL/min were excluded from the ENGAGE
AF-TIMI 48 trial, but a reduced dose of edoxaban 30 mg
daily is recommended for those with eCrCl between
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15–50 mL/min [20, 38]. This is based on pharmacokinetic
modeling that predicted a similar drug exposure for patients
with severely reduced renal function who received half the
dose of those with normal renal function [45, 46].

Anticoagulation in Stage 5D CKD Patients
with AF

Warfarin
There are no randomized trials to provide guidance in the
use of warfarin for patients with ESKD and AF; clinicians
are relegated to evaluating the strengths and weaknesses of
observational data to guide management in this high-risk
population. As outlined previously, the risks of stroke and
bleeding are both higher, and the use of warfarin in this
population is controversial. In a retrospective analysis of a
cohort of 1671 incident hemodialysis patients with AF from
a large dialysis facility in the US, warfarin use was associ-
ated with a significantly higher risk for all-cause stroke (HR
1.93, 95% CI 1.29–2.90) but not all-cause mortality [47]. On
further analysis, compared to nonwarfarin users, the AHR
for ischemic stroke with warfarin use was 1.81 (95% CI
1.12–2.92) and the AHR for hemorrhagic stroke was 2.22
(95% CI 1.01–4.91). Similarly, in an analysis of the Dialysis
Outcomes and Practice Patterns Study (DOPPS), use of
warfarin was associated with a significant increase in stroke
among patients >75 years of age (HR 2.17, 95% CI 1.04–
4.53) and a nonsignificant increase in stroke among patients
<75 years of age [6]. In a retrospective analysis of 1626
dialysis patients from Canada with AF, warfarin use was not
associated with reduction in risk for stroke (AHR 1.14, 95%
CI 0.78–1.67) but was associated with a markedly higher
risk for bleeding (AHR 1.44, 95% CI 1.13–1.85) [48].
Finally, in a large cohort of 12,284 hemodialysis patients
with incident AF identified from the USRDS between 2007
and 2011, warfarin use associated with a borderline but
significant reduction in risk of ischemic stroke (HR 0.68,
95% CI 0.47–0.99) [49]. Thus, the available evidence from
observational studies is extremely conflicted, with studies
variably demonstrating harm, no benefit, or marginal benefit
from the use of warfarin in dialysis patients with AF. Expert
recommendations in this matter are also discrepant. The
Kidney Disease: Improving Global Outcomes (KDIGO)
consensus states that the existing evidence is insufficient for
firm recommendations regarding routine anticoagulation for
primary prevention of stroke in this group, whereas the
societal guidelines recommend that warfarin is reasonable
for CKD 5D patients with NVAF and conventional risk
factors [50, 51]. Randomized trials are urgently needed to
evaluate the risks versus benefits of therapeutic anticoagu-
lation in this high-risk population [52].

DOACs
Patients with ESKD were excluded from all the DOAC tri-
als. Observational trials of DOACs in patients with dialysis
have been performed involving small numbers of patients in
order to study pharmacokinetics and pharmacodynamics,
from which meaningful clinical conclusions cannot be
derived. Apixaban is approved by the FDA for use in
patients with CKD stage 5D based on the results of phar-
macokinetic studies. No dose adjustment for apixaban is
recommended for patients on dialysis, unless additional
criteria for dosage adjustment are met, as outlined above.
Owing to the complexities involved pertaining to ischemic
stroke and bleeding rates in dialysis patients, randomized
controlled trials are necessary, as outlined previously.

Pragmatic Clinical Considerations
for Anticoagulation in CKD Patients

Although warfarin has been in wide use for anticoagulation,
there are two specific clinical concerns pertaining to its use
that merit mention among patients with CKD. Warfarin use
has been associated with the development of accelerated
vascular calcification in multiple studies [53], hypothesized
due to inhibition of the vitamin K-dependent matrix Gla
protein. Among patients with ESKD who have evidence for
secondary hyperparathyroidism, accelerated vascular calci-
fication can be particularly problematic. The other entity is
warfarin-related nephropathy, which is most notable among
CKD patients and associated with worsening renal function
and higher risk of mortality [54]. Several putative mecha-
nisms are proposed including glomerular hemorrhage and
oxidative stress. In a post hoc analysis of the RE-LY trial,
temporal reduction in eGFR was shown among all three
arms receiving oral anticoagulation but was greatest with
warfarin versus dabigatran, raising concern about the
potential for warfarin-related nephropathy [55]. The clinical
significance of these findings will hopefully become evident
in longer term follow-up among patients receiving DOACs.
For further reading on anticoagulation-related nephropathy
(ARN), the reader is referred to Chap. 28 of this textbook.

It is clear that patients receiving DOACs need significant
dose adjustments in the context of fluctuating renal function,
with attendant risk of significant bleeding complications. It
deserves emphasis that in the pivotal randomized controlled
trials comparing DOACs to warfarin, cut-offs based on
eCrCl (Cockcroft–Gault equation) were utilized to define
inclusion and exclusion criteria. Thus, FDA labels for these
agents are also based on eCrCl values. However, estimated
glomerular filtration rate (eGFR), calculated using the
Modification of Diet in Renal Disease (MDRD) equation or
the Chronic Kidney Disease Epidemiology Collaboration
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(CKD-EPI) equations, is generally used routinely by most
clinicians. A recent study emphasizes the significant dis-
cordance in DOAC doses based on the different equations
used for estimating GFR, particularly among elderly patients
with impaired renal function [56]. The discordance in doses
was higher for dabigatran and rivaroxaban (13–30%) and
lowest for apixaban (<5%).

It also deserves mention that about 6% of hemodialysis
patients were initiated on either dabigatran or rivaroxaban in
the US according to a study from a large dialysis population
published in 2015 [57]. The use of these agents occurred
despite their use being contraindicated due to lack of
inclusion of hemodialysis patients in the RCTs. Importantly,
use of dabigatran or rivaroxaban among dialysis patients in
this study was associated with a significantly higher risk of
death from bleeding or hospitalization relative to warfarin.
This fact illustrates concerns pertaining to the dissemination
of DOACs in the clinical realm and association of adverse
events related to renal clearance. Clinicians need to note that
it is recommended that the development of acute kidney
injury among patients on direct oral anticoagulants is an
indication for (temporary) discontinuation of these agents.
The rapid onset and offset of action of these agents requires
very close considerations pertaining to monitoring of ther-
apeutic effects and corresponding decisions about whether
bridging with parenteral agents is necessary.

The authors believe that the already established paradigm
of anticoagulation clinics for warfarin may be considered to
follow patients receiving DOACs with any underlying
degree of renal impairment [58]. Particularly among patients
with CKD, the regular monitoring of eCrCl would be highly
recommended because of direct implications pertaining to
dose adjustment and bleeding complications; the frequency
of monitoring should be contingent upon the baseline level
of renal insufficiency.
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28Anticoagulation-Related Nephropathy: Tip
of the Iceberg

David S. Wheeler

Introduction and Importance

Anticoagulation-related nephropathy (ARN) is an under-
recognized complication of anticoagulation that is associated
with both irreversible kidney injury and increased mortality
[1, 2]. The simplicity of ARN’s diagnostic criteria—acute
kidney injury (AKI) in the setting of over anticoagulation
without other identifiable etiology—camouflages a complex
disease state with an unclear molecular mechanism, nuanced
epidemiologic profile and multiple clinical manifestations.
The only aspect of ARN that is clear is that as the total
number of patients started on anticoagulation, both warfarin
and direct oral anticoagulants (DOACs) continues to increase,
the healthcare burden and costs associated with ARN will rise
as well. In this chapter, we seek to review the epidemiology,
pathogenesis, clinical feature, treatment and prevention of
ARN.

Historical Perspective

While warfarin has been in use since 1954, its harmful
effects on the kidneys have only recently been fully rec-
ognized [3, 4]. In the 1960s, Reilly and colleagues reported
unexplained hematuria in 35 out of 200 patients on war-
farin, however no association between hematuria, pro-
thrombin time, and kidney function was observed [5]. Over
the next 50 years, isolated case studies of patients with
unexplained AKI associated with hematuria, usually in the
presence of a supratherapeutic international normalized
ratio (INR) were reported. However, the cases were attrib-
uted to underlying kidney disease (i.e., IgA nephropathy,
lupus nephritis, etc.) and the role of anticoagulation was

unknown [6–9]. In 2009, Brodsky and colleagues described
nine patients without underlying kidney disease who
developed unexplained AKI associated with elevated INRs
[3]. Kidney biopsies from those nine patients showed
glomerular hemorrhage and tubular injury associated with
obstructive red blood cell casts. This clinic-pathologic
constellation of AKI sans alternate etiology with these
biopsy findings was termed “warfarin-related nephropathy”
(WRN). This disease was thought to be exclusive to war-
farin until 2013 when it was shown to occur in both rats and
humans taking dabigatran [10, 11]. It has subsequently been
renamed anticoagulant-related nephropathy (ARN) to reflect
its wider association.

Epidemiology

The incidence of ARN is difficult to determine due to its
changing definition and diagnostic criteria. Originally, ARN
was a pathologic diagnosis defined by (a) dysmorphic red
blood cells (RBCs) implying injury to the glomerular fil-
tration barrier, (b) uniform hemorrhage through all fields as
to exclude biopsy artefact, (c) the presence of obstructive
tubular RBC casts, and (d) absence of glomerulonephritis or
other inflammatory changes that could account for
glomerular hemorrhage (Fig. 28.1) [3]. However, given the
risk of renal biopsies in the setting of anticoagulation, most
cases of ARN are not biopsy-proven but presumptively
diagnosed in patients who develop an unexplained AKI
(increase in serum creatinine of more than 0.3 mg/dl or
1.5-fold greater than baseline) in the setting of warfarin use
with an INR greater than 3.0, or use of a direct oral anti-
coagulant (DOAC) [2]. It is important to note that while the
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majority of the seminal work in ARN identified patients
based on hematuria, the current definition does not require
patients to have hematuria to be classified as ARN.

Using this definition, between 17 and 20.5% of all
patients on warfarin develop at least one episode of ARN
during treatment [1, 12]. This incidence rate should be
interpreted with caution for several reasons. First, ARN may
be incorrectly diagnosed if the true underlying cause of the
AKI is not identified (such as concomitant chronic kidney
disease, heart disease, medications, etc.). Furthermore, the
reported incidence is likely affected by sampling bias since
the detection of AKI is dependent on measuring serum
creatinine which is much more likely to occur in more ill
patients who are at higher risk to develop ARN. Finally,
since ARN can spontaneously resolve the incidence is likely
much higher than the prevalence.

To date, only two cases of ARN have been reported in a
patient using DOACs. In both cases, patients on dabigatran
developed an unexplained AKI and were found to have
diffuse interstitial hemorrhage and obstructing intratubular
RBC casts consistent with ARN [13, 14]. While there are
currently no epidemiologic studies investigating the rate of
ARN in patients on DOACs, most studies record and publish
rates of acute kidney injury, a prerequisite for ARN. A for-
mal post hoc analysis of the RE-LY trial comparing two
therapeutic doses of dabigatran (110 and 150 mg) and
warfarin found that both doses of dabigatran were associated
with smaller estimated glomerular filtration rate (eGFR)
reductions at 12 and 24 months when compared with

warfarin [15]. A recent meta-analysis of RE-LY (dabigatran
vs. warfarin), ROCKET (rivaroxaban vs. warfarin) and
ENGAGE AF (edoxaban vs. warfarin) trials and supple-
mentary FDA data showed no significant difference in the
rates of acute renal failure between the DOAC and warfarin
arms [2]. Taken together this evidence suggest that the
incidence of ARN associated with DOACs less than or equal
to that of warfarin but further studies are needed to measure
the true incidence.

The main risk factor for ARN associated with either
warfarin or DOACs appears to be chronic kidney disease
(CKD). Patients with documented CKD had twice the inci-
dence of ARN compared to normal controls [1].
5/6-nephrectomized rats, a well-established model for
chronic kidney disease, treated with either warfarin or
dabigatran, developed ARN like pathology at much greater
frequency than control animals [10, 16]. Limited clinical
evidence suggests that age, diabetes mellitus, and hyper-
tension are also independent predictors of increased ARN
risk [1, 17].

Pathophysiology and Mechanism

Based upon histologic analysis of kidney tissue obtained
from patients and experimental animal models, the macro-
scopic pathophysiology of ARN is well understood. Dis-
ruption of the glomerular filtration barrier leads to
hemorrhage into Bowman’s space and renal tubules.

Fig. 28.1 Microscopy pathology
associated with ARN. RBCs and
RBC occlusive casts in a patient
with anticoagulation-related
nephropathy. Image provided by
Surya Seshan, Chief of the
Division of Renal Pathology,
Weill Cornell Medical Center,
NY
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Underlying structural abnormalities in the glomerular base-
ment membrane likely predispose kidneys to this
anticoagulation-mediated hemorrhage consistent with the
observation that patients with underlying chronic kidney
disease are more likely to develop ARN [8, 9, 13]. As red
blood cells from the glomerular hemorrhage reach the
tubules, they coalesce into RBC casts, the hallmark feature
of ARN [3] (Fig. 28.1). These RBC casts induce tubular
injury and obliteration through multiple mechanisms
including ischemia and oxidative stress due to free hemo-
globin [18, 19].

In contrast, the molecular mechanism of ARN is very
poorly understood. Thrombin, the only vitamin K-dependent
coagulation factor known to stimulate signaling cascades,
binds and activates a family of proteinase-activated receptors
(PARs) expressed on all endothelial cells including those
within the glomeruli of the kidney [20]. It is hypothesized
that reduction in thrombin levels by anticoagulation
decreases PAR signaling which triggers the breakdown of
endothelial cell-cell adhesions thus allowing glomerular
hemorrhage. This hypothesis is supported by the observation
that glomerular hemorrhage can be triggered in animal
models of CKD by administration of PAR antagonists [10].
While appealing, this hypothesis fails to explain why in most
epithelial model systems activation, not inhibition, of PAR
results in endothelium retractions and increased paracellular
flow [21, 22]. Furthermore, PAR knock-out mice do not
have glomerular hemorrhage or other obvious renal pheno-
type [23]. Finally, the use of PAR antagonist voraxapar is
not associated with higher rates of AKI or other renal effects
when compared to placebo in initial clinical trials [24].

Taken together this data strongly suggest that anticoagulants
are functioning through a non-PAR related mechanism. One
potential mechanism could be the depletion of activated
protein C, a potent but often less considered target of war-
farin therapy, which is known to have trophic and
anti-apoptotic effects in cultured podocytes [25, 26].

Diagnosis and Work-Up

ARN should be considered in the differential diagnosis of
any patient on anticoagulation presenting with AKI espe-
cially in the setting of excessive anticoagulation (i.e.,
supratherapeutic INR or excessive DOAC dose). The initial
work-up should consist of a clinical exam, careful medica-
tion history and urinalysis to assess for hematuria
(Fig. 28.2). Subsequent diagnostic tests such as urine elec-
trolytes, kidney ultrasound and renal biopsy may be need to
exclude other causes of AKI or confirm the diagnosis in high
risk individuals.

The presence of hematuria (gross or microscopic), dys-
morphic RBC cells or RBC casts in the urinalysis support a
diagnosis of ARN but are not definitive. Glomerulonephri-
tides, vacuities, urinary tract infections, and nephrolithiasis
can all manifest with hematuria and must be excluded prior
to the diagnosis of ARN being made. Since a sizable per-
centage of patients with ARN do not develop hematuria
patients with an inactive urine sediment should still undergo
further work-up to exclude ARN. Volume depletion or
treatment with medications (e.g., angiotensin-converting
enzyme/angiotensinogen receptor blocker) are often

Fig. 28.2 Clinical diagnostic
algorithm for suspected ARN
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identified by a through clinical history, corroborated by
pre-renal azotemia on urine electrolytes and proven to be the
cause with a trial of volume repletion or medication absti-
nence. Urinary tract obstruction can be excluded via renal
ultrasound. Other causes of AKI such as acute phosphate
nephropathy, high-dose nonsteroidal anti-inflammatory drug
(NSAID) use, crystal-induced nephropathy, myeloma cast
nephropathy, acute tubular necrosis, and acute interstitial
nephritis also should be considered and evaluated.

After excluding all other potential causes of renal dys-
function, a presumptive diagnosis of ARN can be made.
A definitive diagnosis could be made using a renal biopsy,
however this is often not performed due to the high risk of
bleeding associated with renal biopsy in a patient on anti-
coagulation. However, there are two clinical scenarios where
a biopsy would be indicated. First, if the patient’s creatinine
remained elevated or continued to increase despite appro-
priate treatment a biopsy is indicated. The serum creatinine
in patients with ARN improves within the first 1–2 weeks of
reversing the coagulopathy, and persistent elevated or con-
tinually rising creatinine is highly suspicious for an alter-
native cause of kidney injury, which likely requires a biopsy
for diagnosis. Second, persistent hematuria is uncommon in
ARN and therefore patients with persistent hematuria after
correction of their coagulopathy should undergo renal
biopsy, after urologic causes have been excluded.

Treatment and Monitoring

The mainstay of ARN treatment is returning the anticoagu-
lation to a therapeutic range. For patients who develop ARN
while taking warfarin, this is accomplished by frequently
monitoring and careful titration of their warfarin dose until
the INR is below 3.0. While there is no evidence that rapid
correction of a patient’s INR is beneficial, it is logical to
assume that prolonged periods of elevated INR will result in
continued glomerular hemorrhage and additional kidney
tubular injury. For patients who develop ARN while taking
DOACs, treatment involves confirming that the patient is
taking the correct dose, adjusted for the patient’s renal
function. Given that elevated blood pressure and concomi-
tant antiplatelet use are both likely to exacerbate glomerular
hemorrhage and production of RBC casts, it is reasonable to
obtain tight blood pressure control and minimize antiplatelet

therapy when feasible. Finally, anticoagulation levels and
renal function should be closely monitored for the duration
of the patient’s treatment.

Early detection and prompt treatment are critical to
minimize kidney damage. For patients on both warfarin and
DOACs, kidney function should be monitored regularly
throughout treatment and with increased frequency during
the first 3 months when patients are at the highest risk
(Table 28.1). Any patient with a supratheurapeutic INR
should have their renal function assessed as soon as possible
and renal function should be closely monitored until the INR
returns to the therapeutic range. There is some evidence that
having an episode of ARN increases the likelihood of sub-
sequent episodes of ARN so more frequent kidney function
monitoring (i.e., every 2–3 months) after an initial episode
of ARN is prudent.

Clinical Consequences

ARN is independently associated with renal morbidity and
overall mortality [1]. Even if the renal function returns to
baseline following the ARN episode, some of the renal
tubules will have been destroyed by the obstructive RBC
casts thus permanently decreasing the nephron mass of the
kidney. The tubules that do survive the ischemic and
oxidative insult will likely manifest hyperfiltration injury
that leads to accelerated CKD progression [27]. Brodsky and
colleagues clearly demonstrated that patients who developed
ARN had a serum creatinine level approximately 30%
greater than matched patient 1 year following the ARN
episode [17]. In the same study, 1-year mortality rates were
65% greater in patients with ARN compared to a match
cohort (31.1% vs. 18.9% respectively). This association
between increased mortality and ARN was confirmed in a
subsequent study in Korean patients, which found that
patients who developed ARN were at a twofold increased
1-year mortality (32.4% vs. 15.9%) [12]. It must be noted
that all of the data linking ARN and mortality has been based
on retrospective studies and there is currently no data
establishing the causality. In fact, clinical factors that pre-
dispose patients to ARN such as age, diabetes, heart failure,
and CKD are also associated with increased mortality, and it
is plausible that the impact of ARN on all-cause mortality is
reflective of a more chronically ill patient population.

Table 28.1 Recommended
frequency of renal monitoring for
patients on anticoagulation

Initiation Maintenance

(3 months) eGFR > 60 eGFR 30–60 eGFR < 30

Warfarin 3–4 weeks 6 months 2–3 months 2–3 months

DOAC 3–4 weeks 12 months 6 months 3 months
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Prevention

Despite the importance of prevention of ARN, there is cur-
rently no evidence to guide our interventions. Likely the most
important measure to prevent ARN is correct dosing and
titration of anticoagulants. Warfarin doses should be titrated
judiciously to avoid rapid increases in INR and the dose of
each DOACs should adjusted for renal function. Further-
more, it is logical to assume that optimization of a patient’s
kidney function and co-morbid conditions, such as diabetes
mellitus and hypertension, would decrease the risk of ARN.

Conclusions and Recommendations
The use of anticoagulation with warfarin and the new
DOAC agents is increasing exponentially and thus the
incidence and morbidity of ARN is only going to increase
in the coming years. Given the significant impact of even a
subtle decline in GFR on overall mortality, cardiovascular
events and quality of life, it is imperative that all clinicians
prescribing anticoagulants rigorously monitor and
aggressively treat ARN to preserve kidney function. Joint
collaborative efforts between cardiologists, nephrologists
and hematologists will help elucidate the clinical and
pathophysiological aspects of anticoagulation related
nephropathy and help personalize anticoagulation to the
individual patient for the future.
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29Impact of Antiplatelet Therapy and Platelet
Reactivity Testing on Cardiovascular Outcomes
in Patients with Chronic Kidney Disease

Sandeep Nathan and Brian Conway

Background

While the past half-century of medical research has greatly
advanced our understanding of platelet biology and its
impact on cardiovascular events, the role of chronic kidney
disease (CKD) on altering platelet function and
platelet-mediated ischemic and bleeding events remains less
well-characterized, rendering the clinical management of this
growing segment of the patient population often quite
challenging. In this chapter, we explore clinically relevant
aspects of platelet biology in patients with and without renal
dysfunction, discuss the pharmacology of the currently
available oral antiplatelet agents, detail methods for assess-
ment of platelet reactivity and explore the mechanisms
responsible for poor antiplatelet response. We will also cover
cardiovascular outcomes in CKD patients treated with anti-
platelet therapy and review the available data on platelet
function testing (PFT) to guide choice and dosing of oral
antiplatelet therapy.

Fundamentals of Platelet Biology
and Vascular Thrombosis

Platelets comprise an anucleate cell line, originating from
megakaryoblast precursors that transform into megakary-
ocytes which eventually produce thrombocytes, or mature
platelets [1]. Platelets circulate in an inactive state until
activated by vascular endothelial damage, endogenous acti-
vators, or activation of the coagulation cascade. Once acti-
vated, platelets interact with subendothelial substrates,
undergo various conformational changes, release their

cytoplasmic contents and aggregate [2, 3]. These complex
and interrelated processes may be broadly divided into
adhesion, activation, and aggregation phases. The primary
physiologic purpose of this activity is prevention of hem-
orrhage in the setting of vascular injury, however excessive
platelet activation or activation in the setting of
non-traumatic endothelial injury can precipitate pathologic
thrombosis and ischemia of downstream tissue beds [4].
Platelets also contribute to localized inflammatory responses
by inducing release of pro-inflammatory cytoplasmic con-
tents from other cell lines.

Vascular injury disrupts the endothelial cell layer
exposing the subendothelial matrix and triggering a cascade
of events aimed ultimately at sealing the defect. An impor-
tant mediator of platelet adhesion is the interaction between
platelet glycoprotein (GP) Ib/IX/V and von Willebrand
factor (vWF) in the exposed subendothelium. Exposed col-
lagen binds with platelet receptors GP VI and a[alpha]2b
[beta]1 following platelet capture by GP Ib/IX/V-vWF.
Vascular inflammation may further promote platelet adhe-
sion in conjunction with, or even independent of, endothelial
denudation.

The process of platelet activation results in the conversion
of a smooth, non-adherent platelet into a rough, spiculated
particle that releases biologically active molecules and
exhibits the ability to bind soluble fibrinogen. Platelet shape
change is induced by numerous endogenous agonists and is
driven by rapid remodeling in the platelet cytoskeleton. This
follows increasing cytosolic calcium concentration in
response to ligand binding to cell-surface receptors [5].
Increased cytosolic calcium also results in exocytosis of
platelet storage a[alpha]- and dense granules. The released
granule contents attract other platelets thus enhancing the
formation of a platelet plug. Several notable activators
include: adenosine diphosphate (ADP), thrombin, throm-
boxane A2 (TXA2), epinephrine, collagen, and shear stress.

Platelet–platelet aggregation is the necessary final step in
platelet-mediated hemostasis or thrombosis. The primary
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membrane surface protein involved in platelet aggregation is
the integrin a[alpha]IIb/b[beta]3 (also known as GP
IIb/IIIa), one of the most abundant receptors found in the
body. Once platelet activation occurs GP IIb/IIIa receptors
undergo upregulation and conformational changes that ren-
der the integrin capable of binding divalent soluble plasma
fibrinogen molecules, which in turn act as bridges between
activated platelets. Activated platelets also recruit additional
platelets to the growing platelet plug through a variety of
amplification feedback loops.

Through adhesion, activation, and aggregation, platelets
form dense plugs that trap cellular debris and ultimately
form mature thrombus that limits blood loss at sites of
traumatic vascular injury. This process can also engender
pathological thrombosis as seen in the setting of
atherosclerotic plaque rupture or iatrogenic endothelial dis-
ruption vis-à-vis vascular intervention or surgery. A variety
of endogenous platelet inhibitors such as nitric oxide,
endothelial derived prostacyclin (PGI2), and endothelial
ecto-ADPase (CD39) as well as targeted pharmacologic
agents (detailed below) are capable of modifying, or even
completely abolishing, the sequence of events within the
platelet cascade.

Oral Antiplatelet Agents

Over the past several decades, nearly one dozen oral and
parenteral antiplatelet agents have been developed, evaluated
in clinical trials and gained US and European regulatory
approval for the prevention and/or treatment of
atherothrombotic events following acute coronary syn-
dromes (ACS), acute myocardial infarction (MI) and PCI. In
the interest of brevity, and given the typically short duration
of exposure to parenteral agents such as intravenous GP
IIb/IIIa inhibitors and the cyclopentyl triazolo pyrimidine
compound cangrelor, the remainder of the discussion will
center on oral antiplatelet agents. These agents represent the
cornerstone of therapy in the management of cardiovascular
disease.

Aspirin

Acetylsalicylic acid, or aspirin, is a compound originally
derived from willow bark during the time of Hippocrates,
but only introduced into the pharmaceutical market in the
1890s. Its primary use was as an analgesic with the
knowledge of its antiplatelet properties remaining undis-
covered until almost 70 years later. Aspirin exerts its effect
on platelets primarily by irreversibly blocking cyclo-
oxygenase 1 (COX-1)-mediated synthesis of TXA2 from
arachidonic acid (AA) precursors, thus limiting the local

availability of TXA2 to bind the platelet thromboxane
prostanoid receptor. Aspirin also promotes platelet inhibition
through an independent neutrophil-mediated, NO/cGMP-
dependent mechanism and may exert beneficial cardiovas-
cular effects by protecting LDL from oxidative modification
[6–8]. Absorption of aspirin is rapid, and quantifiable pla-
telet inhibition occurs within 60 min of administration [9–
11]. Dosing aspirin at or above 100 mg abolishes the pro-
duction of TXA2 in both normal individuals as well as
patients with atherosclerotic disease while doses below
100 mg have a dose-dependent effect on TXA2 production
[8, 12]. Aspirin-mediated platelet inhibition is irreversible
and lasts the life of the platelet (approximately 10 days).
Cardiovascular benefit has been demonstrated with doses
from 30 to 1500 mg/day, however higher doses do not
appear to be more effective and may increase gastrointestinal
(GI) side effects [9, 13–15].

Use of aspirin across a variety of acute and chronic car-
diovascular disease states, and in both primary and sec-
ondary prevention capacities, has demonstrated directional
consistency with respect to reduction in cardiovascular
morbidity and mortality, albeit with considerable variability
in effect size between the various populations studied [15–
24]. The Antithrombotic Trialists’ (ATT) Collaboration
meta-analysis of primary (95,000 low-risk individuals,
660,000 patient-years), and secondary (7000 high-risk indi-
viduals, 43,000 patient-years) prevention of vascular events
with use of low-dose aspirin confirmed significant benefit in
both populations [25]. A 12% relative reduction in serious
vascular events was reported in the primary prevention
population (0.51% aspirin vs. 0.57% control, per year,
p = 0.0001) and a 20% relative reduction (6.7 vs. 8.2%/year,
p < 0.0001) in the secondary prevention population studied.
In both populations, the proportional reductions in serious
vascular sequelae were generally similar for men and
women. The main adverse event associated with aspirin
therapy was extracranial hemorrhage with a 0.03% absolute
annual increase in the primary prevention cohort (0.10 vs
0.07%/year; RR 1.54 [1.30–1.82], p < 0.0001) [25]. Hem-
orrhagic stroke was also increased to a modest degree in
both the primary and secondary prevention cohorts while
ischemic strokes were reduced in both groups. In addition to
the aforementioned hazards, GI toxicity inclusive of nausea,
vomiting, heartburn, indigestion, development of peptic
ulcers and GI bleeding have all been reported with generally
low frequency by a variety of investigators [14, 16, 17, 23,
24, 26–28]. Aspirin may also adversely impact renal func-
tion through dose-dependent inhibition of prostaglandin
synthesis and increase blood pressure. It should be noted that
neither the impact of aspirin therapy on renal function nor
the interaction between pre-existing CKD and cardiovascu-
lar efficacy of aspirin were reported in the ATT Collabora-
tion meta-analysis [25, 29–31].
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P2Y12 Receptor Blockers

The P2Y12 receptor is a Gi-coupled, seven-transmembrane
domain, purinergic receptor found on the platelet surface
[32]. Along with the P2Y1 receptor, the P2Y12 receptor
modulates platelet shape change and activation and also
regulates the activation state of the GpIIb/IIIa receptor.
Binding of ADP to the P2Y12 receptor triggers an intra-
cellular cascade which results in the inhibition of an
adenylate cyclase-mediated signaling pathway. This results
in decreased intracellular cyclic adenosine monophosphate
(cAMP) levels which in turn, reduces the phosphorylation
rate of vasodilator-stimulated phosphoprotein (VASP), thus
activating the GpIIb/IIIa receptor and inducing platelet
aggregation. The P2Y12 receptor has emerged as an
important target for pharmacologic modulation. There are
three commercially available oral thienopyridine P2Y12
inhibitors (ticlopidine, clopidogrel, and prasugrel) and one
oral cyclopentyl triazolo pyrimidine (ticagrelor). The
thienopyridine agents, though variable in potency, all irre-
versibly bind the P2Y12 receptor disabling this activation
pathway for the life of the platelet [33]. Clopidogrel bisul-
fate, the most commonly prescribed thienopyridine, is an
inactive pro-drug in its ingested form. Following intestinal
absorption, the drug undergoes a two-step sequential bio-
transformation, primarily through the effects of cytochrome
P450 (CYP 450) enzyme sets 2C19, 1A2, 2B6, 2C9, 3A4,
and 3A5 [32]. Importantly, the CYP 2C19 enzyme set is
involved in both conversion steps [34, 35]. The ultimate
generation of the active thiol metabolite (R-130964) from
the ingested pro-drug is a relatively inefficient process with
approximately 85% of absorbed clopidogrel immediately
being degraded by esterases into an inactive carboxylic acid
metabolite (SR26334) [32]. Clopidogrel is indicated in the
United States for reduction of MI and stroke in patients with
non-ST-elevation acute coronary syndromes (NSTE-ACS)
and ST-elevation myocardial infarction (STEMI) and for
reduction of atherothrombotic events in patients with a
recent MI, recent stroke or peripheral arterial disease. It is
also commonly used for prevention of stent thrombosis after
coronary and peripheral vascular stent implantation, and is
most often administered in conjunction with aspirin, com-
prising the most widely utilized iteration of oral dual anti-
platelet therapy (DAPT). Clopidogrel is typically
administered as a 300 mg or 600 mg oral load (contingent
on physician preference and the latter often administered in
the context of percutaneous coronary intervention (PCI))
with a 75 mg daily maintenance dose thereafter.

Prasugrel is a more potent, rapid acting thienopyridine
antiplatelet than clopidogrel but one that still requires

hepatic biotransformation from orally ingested pro-drug to
active metabolite. Prasugrel’s active metabolite is detectable
within 15 min after a 60 mg loading dose, achieves maximal
plasma concentration at 30 min and is associated with higher
levels of platelet inhibition than clopidogrel, within 2 h of
loading [31]. Prasugrel (60 mg oral load, 10 mg daily) was
shown to be superior to clopidogrel (300 mg oral load,
75 mg daily) with respect to reduction in ischemic events
and stent thrombosis in ACS patients undergoing PCI, albeit
with an increased risk of major bleeding [36]. Prasugrel
should not be used in patients with a prior history of stroke
or transient ischemic attacks (TIA) and should be used with
caution in patients >75 years of age or <60 kg body weight.
The available evidence does not support the use of prasugrel
in the medical management of ACS or for primary cardio-
vascular prevention.

Ticlopidine is rarely used today given its lower potency,
twice daily dosing and most importantly, its association with
granulocytopenias and resultant need for hematologic
surveillance [37].

Ticagrelor is an oral nonthienopyridine, reversible,
direct-acting, selective antagonist of the P2Y12 receptor
[31]. Ticagrelor has demonstrated superiority over clopido-
grel with respect to reduction in the incidence of ischemic
morbidity and mortality for at least 12 months following
ACS without any significant increase in bleeding noted. This
is presumably due in part to more rapid onset and consis-
tently greater antiplatelet potency as compared to clopido-
grel. Plasma half-life is 6–8 h following dosing, and
elimination is almost entirely in the feces following liver
metabolism through CYP3A4/5 isoenzymes. Thus, renal
dosing is not required [31]. For treatment of ACS (inclusive
of STEMI), an initial oral loading dose of 180 mg is rec-
ommended followed by 90 mg twice daily for the first year
in conjunction with low-dose (<100 mg daily) aspirin.
Extended DAPT with ticagrelor plus aspirin may be con-
sidered following MI at a reduced dose of 60 mg twice
daily. Strict contraindications are a history of intracranial
hemorrhage, active bleed or hypersensitivity to any com-
ponent of ticagrelor. The most common adverse reactions
are bleeding and dyspnea which occur in approximately 12
and 14% of patients, respectively.

Thrombin Receptor Antagonists (TRA)

Thrombin is a ubiquitous serine protease which serves vital
roles in both hemostasis and thrombosis. Additionally, it is
recognized to be the most potent endogenous activator of
platelets. Stimulation of platelets by thrombin occurs
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through its interaction with G-protein coupled, protease-
activated receptors (PARs) s[33, 38]. PAR-1, and to a lesser
degree PAR-4, become activated when thrombin cleaves a
portion of the amino terminal exodomain, exposing a teth-
ered ligand which in turn binds the receptor and triggers
intracellular signaling [38]. Thrombin receptor antagonists
(TRA) represent a new pharmacologic class of selective
antagonists of the PAR-1 receptor capable of blocking the
interaction of thrombin with platelets without impacting
thrombin-mediated cleavage of fibrinogen [38–40].

Vorapaxar, the only approved PAR-1 inhibitor at the time
of writing, is a highly selective and potent himbacine
derivative antiplatelet agent which is functionally irre-
versible given its long half-life of greater than 1 week.
Vorapaxar sulfate is administered orally as 2.5 mg daily
(yielding 2.08 mg of vorapaxar), is rapidly absorbed in the
GI tract with high bioavailability and peak antiplatelet effects
are typically seen within 1–2 h after loading. Metabolism is
mainly via the cytochrome P450 3A4 enzyme and the
compound is eliminated mainly in feces (95%) [41]. No dose
adjustment is required with mild to moderate hepatic
impairment or with any degree of renal impairment. Vora-
paxar was evaluated in two large Phase III clinical trials. The
Thrombin Receptor Antagonist for Clinical Event Reduction
in Acute Coronary Syndrome (TRA-CER) trial which
evaluated the role of vorapaxar in addition to standard
therapies in the acute management of high-risk NSTE-ACS
patients, was terminated early due to significantly increased
bleeding without improvement in cardiovascular outcomes
[41]. Vorapaxar was ultimately approved by the FDA on the
basis of the Thrombin Receptor Antagonist in the Secondary
Prevention of Atherothrombotic Ischemic Events (TRA 2°
P)–TIMI 50 trial results, for the reduction of thrombotic
cardiovascular events in patients with a history of MI or
peripheral arterial disease (PAD) but without a history of
stroke or TIA [42]. Vorapaxar increases bleeding when
administered in conjunction with other antiplatelet agents,
commensurate with the underlying bleeding risk of the
patient. While available data suggests that vorapaxar alone
has minimal impact on bleeding time, vorapaxar monother-
apy has not been studied in clinical trials. Vorapaxar is
contraindicated in patients with a history of stroke or TIA
and short-term discontinuation in the setting of bleeding is
unlikely to help given its long half-life. While the afore-
mentioned Phase III clinical trials were not powered to
detect difference between specific patient subgroups, it bears
mention that in the TRA 2°P trial, major bleeding events
occurred with similar frequency in patients divided by
estimated GFR < 60 mL/min/1.73 m2 versus � 60 mL/
min/1.73 m2 [32, 41–43].

Methods for Assessment of Platelet Function

The various interrelationships between platelet function,
primary hemostasis and thrombotic cardiovascular sequelae
have been acknowledged for some time. This is in addition
to the individual biochemical phases of platelet activation,
often categorized as adhesion, activation/degranulation, and
aggregation. Despite the development of increasingly
sophisticated laboratory methods to probe the various
aspects of platelet function, it should be noted that no single
test truly quantifies the myriad complexities of physiologic
hemostasis or pathologic thrombosis. Rather, these tests help
approximate certain components which may contribute to
aggregate risk in a given patient. Available platelet function
tests are numerous and vary greatly in methodology, but
they may be broadly divided into laboratory-based testing
and point-of-care (POC) testing. While it is beyond the
scope of this chapter to provide exhaustive detail regarding
all available tests, the following discussion will introduce a
select few methods which may potentially aid in clinical
decision-making.

The original and most basic platelet function test, the
in vivo bleeding time, roughly characterizes the mechanisms
contributing to primary hemostasis [44, 45]. While an
abnormal test may reflect impaired platelet function or issues
of vessel wall integrity, bleeding time can also be prolonged
by fibrinogen or clotting factor deficiencies [46]. Addition-
ally, many clinical disorders can affect the test results,
including uremia, hepatic failure and multiple myeloma.
Bleeding time has not maintained relevance in the contem-
porary assessment of the cardiac patient being treated with
antiplatelet therapy.

The first platelet-specific methodology for assessment of
aggregation was described by G.V.R. Born in 1962 [47].
Light transmission aggregometry (LTA) equates the relative
passage of light through platelet rich plasma (PRP) before
and after addition of an agonist to the degree of GpIIb/IIIa
receptor-mediated platelet–platelet aggregation inducible
within a sample. While this has remained the de facto gold
standard for platelet aggregation studies and has demon-
strated its value in monitoring the therapeutic effect of a
wide variety of antiplatelet agents, its practical utility is
limited by cost, time and technical considerations related to
sample collection and preparation.

In 1980, Cardinal and Flower described a novel device
for detecting changes in electrical impedance caused by
platelet deposition on electrodes and demonstrated its suit-
ability for measurement of aggregation in either PRP or
whole blood [48]. Several other iterations of the whole blood
aggregometry technique were subsequently described. More
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recently, Multiplate Electrode Aggregometry (Dynabyte—
Roche Diagnostics, Mannheim, Germany) has emerged as a
POC whole blood aggregometry technology with a wide
variety of applications across the spectrum of treated car-
diovascular disease. This includes detection of nonresponse
to oral antiplatelet therapy and prediction of bleeding risk
related to excessive platelet inhibition, to name a few [49].

Perhaps the most widely utilized POC platelet function
test in the antiplatelet-treated cardiac patient is the Ver-
ifyNow assay (ITC, Edison, NJ, USA). This whole blood
assay rapidly and reproducibly estimates residual platelet
reactivity to various reagents which corresponds to the degree
of therapeutic effect associated with commonly used classes
of antiplatelet agents [50–54]. The VerifyNow P2Y12 assay
contains a preparation of human fibrinogen-coated microbe-
ads, a fixed concentration of platelet agonist and PGE1 to
buffer and isolate P2Y12 activity from that of P2Y1. Fixed
aliquots of whole blood sample are automatically drawn into
sample wells from the collection tube where platelets come in
contact with agonist. Aggregation is measured as a function
of platelet-microbead co-agglutination and infrared dye
absorption through the sample, transformed using a propri-
etary algorithm, and reported as P2Y12 reaction units (PRU).
Higher PRU values reflect greater P2Y12-mediated reactiv-
ity, and thus, platelet aggregation [55].

Global hemostatic function may be estimated using
thromboelastography (TEG) and thromboelastometry. Sev-
eral clinical instruments currently exist, all studying dynamic
clot formation by measurement of the viscoelastic properties
and contractile force of coagulating whole blood. Histori-
cally, the usage of these devices has been restricted to the
operating room or performed in the context of solid organ
transplantation, in trauma surgery where large amounts of
blood products may be required or guidance needed
regarding impairment of specific phases of coagulation.
Platelet function-specific applications on the TEG platform
now also allow for monitoring of antiplatelet therapy [56–
60].

Platelet Dysfunction in CKD

While hematologic abnormalities were first described in
patients with CKD over 250 years ago, the specific patho-
biologic mechanisms underlying these observations remain
incompletely understood [61]. Even though several potential
mechanisms have been identified, aggregate derangements
in primary and secondary hemostasis are often difficult to
predict in the CKD population rendering cardiovascular
prognostication and treatment challenging. Variability in the
severity and progression of renal disease as well as the
impact of renal replacement therapy further contributes to
the complexity of this issue. Clinicians have long observed

that CKD patients often paradoxically suffer from both
bleeding and thrombotic tendencies.

Endogenous Derangements of Vascular
and Hemostatic Function

Numerous mechanisms are thought to contribute to altered
platelet function as well as abnormal platelet–vessel wall
interactions in the uremic patient [62]. A number of studies
have identified platelet-a[alpha] granule abnormalities, with
reduction of the platelet granular content of adenosine
diphosphate (ADP) and diminished secretion of adenosine
triphosphate (ATP) in response to various agonists, as
compared to normal control patients [63]. The endogenous
platelet inhibitor, cyclic adenosine monophosphate (cAMP)
is also often elevated in this patient population and it is
postulated that relative imbalances between these agonists
and inhibitors may play an important role in qualitative
platelet dysfunction in CKD [62, 63]. Parathyroid hormone
(PTH) has also been identified as a potential modifier of
platelet function in uremic patients given that PTH is often
elevated in renal dysfunction and elevated PTH results in
inhibition of platelet aggregation in vitro [64]. The clinical
impact of this laboratory observation remains controversial,
however, coarser metrics of hemostatic function, such as
bleeding time, do not correlate with PTH levels [65].
Impaired thromboxane A2 (TXA2) synthesis by platelets in
response to stimulation via various agonists (collagen,
arachidonic acid, ADP, thrombin, etc.) has also been
described, although this issue remains controversial as the
available data are not entirely consistent and, moreover, this
specific abnormality may be corrected by dialysis [63, 66].

The interface of platelets and vascular endothelium serves
a key component of hemostasis at the site of vascular injury
and derangements of this interaction have been noted in
CKD patients [62]. Platelet adhesion to vascular suben-
dothelium is mediated primarily through the interaction of
von Willebrand factor (vWF) with glycoprotein (GP) Ib and
fibrinogen with the a[alpha]IIbb[beta]3 integrin complex.
Whereas normal GpIb/vWF interaction and receptor density
are seen in uremic patients, CKD is associated with a
decrease in platelet GpIb content and increased levels of
glycocalin, representing a soluble GpIb proteolytic fragment
[62]. Qualitative, but not quantitative changes in the a[alpha]
IIbb[beta]3 receptor have also been observed in renal failure
with decreased binding activity thought to be ascribable to
dialyzable uremic toxins which interfere with binding
affinity, and/or competitive occupancy of the receptor by
fibrinogen split products found in uremic serum [67–69].
Impaired hemostasis may also be related, in part, to the
interplay between reduced vWF activity and qualitative
changes in a[alpha]IIbb[beta]3 activity, as it relates to
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thrombus formation at the site of disrupted vascular
endothelium.

Potential Mechanisms for Impaired Antiplatelet
Response in CKD

High Platelet Reactivity
A lower than expected inhibition of agonist-stimulated pla-
telet aggregation in patients receiving therapeutic platelet
inhibitors is generally termed “high residual platelet reac-
tivity” (HRPR) and may result from a variety of pathophys-
iologic conditions. Many observational studies have shown
that CKD patients being treated with antiplatelet agents
exhibit HRPR and that in a broad swath of cardiovascular
disease patients (not limited to those with CKD), HRPR is
associated with an increased risk of adverse cardiovascular
outcomes [70–76]. A collaborative meta-analysis of 6 studies
including 3059 clopidogrel-treated, post-PCI patients per-
formed by Brar, et al. found a significant association between
higher quartiles of on-treatment platelet reactivity and the
incidence of long-term cardiovascular events (stent throm-
bosis, MI, and death). Receiver-operating characteristic curve
analysis found a threshold of � 230 P2Y12 reaction units
(PRU, measured using the point-of-care VerifyNow P2Y12
assay) to be most predictive of adverse cardiovascular out-
comes [76]. A smaller body of literature also links high de
novo platelet reactivity (independent of aspirin or clopidogrel
use) with an increased risk for ischemic cardiovascular
morbidity and mortality. Given these and other similar find-
ings, HRPR has emerged as a conceptually attractive target
for therapeutic modulation.

While advanced CKD patients have historically been
underrepresented in large prospective cardiovascular trials of
antiplatelet therapy, smaller studies addressing this important
patient population have slowly begun to emerge. Angiolillo
et al. undertook a cross-sectional analysis of 306 diabetic
patients with CAD treated with aspirin and clopidogrel. The
cohort was divided on the basis of presence or absence of
moderate/severe CKD and multichannel platelet aggregation
studies were performed [77]. Flow cytometric analysis of
platelet activation and expression state of various adhesive
cell surface proteins was also performed. In patients stratified
by CKD severity, residual on-treatment platelet reactivity
was significantly higher in diabetic CKD patients than those
with normal renal function [77]. Morel et al. extended these
observations in another study which prospectively enrolled
440 clopidogrel-treated patients undergoing urgent or plan-
ned PCI for symptomatic CAD who were first divided by
CKD (stages 3–5 vs. no CKD) status and secondarily, by
level of on-treatment platelet reactivity. These patients were
followed for the occurrence of cardiovascular morbidity and
mortality [78]. At a mean follow-up of 9 months, the

composite rate of all-cause mortality, cardiac death, and
possible stent thrombosis were significantly higher in CKD
than in no-CKD patients. Furthermore, while the proportion
of low antiplatelet responder patients did not differ between
the CKD and no-CKD groups, low antiplatelet response was
associated with differentially higher rates of each individual
component of the composite endpoint in the CKD patients as
compared to the no-CKD patients in whom low-responder
status did not seem to impact cardiovascular outcomes [78].
While most studies, the aforementioned included, have
considered on-treatment platelet reactivity as a single, static
metric, others have begun to ask the important question if this
variable can be materially reversed by renal replacement
therapies [79].

Cytochrome P450 (CYP) Polymorphisms

As previously detailed, clopidogrel bisulfate is an oral
pro-drug which must undergo multistep hepatic transfor-
mation in order to yield its active thiol metabolite. A number
of CYP P450 isoenzymes including CYP1A2, 2B6, 3A4,
3A5, 2C9, and 2C19 are required for this process [78, 80].
Upwards of 25–30% of clopidogrel-treated patients in the
general population and perhaps even higher proportions of
racial minorities, may exhibit allelic polymorphisms which
may potentially confer reduced-function status to requisite
CYP isozymes. It has been shown that carriers of a single
reduced-function allele of CYP2C19 had a 32.4% reduction
in plasma exposure of the active clopidogrel metabolite
associated with a 53% relative increase in the combined
endpoint of death, MI or stroke and a threefold increase in
the risk of in-stent thrombosis [80]. While large-scale
comparisons of CYP reduced-function allelic prevalence in
CKD versus non-CKD patients have not been performed, at
least one investigation found the prevalence of CYP
(CYP2C9, CYP2C19, and CYP2D6) polymorphisms to be
exceedingly high (77% inclusive of homozygous and
heterozygous carriers) in elderly hemodialysis patients and
thus, this issue must be considered as potentially contribu-
tory to the phenomenon of reduced antiplatelet response
pending additional confirmatory studies [81].

Altered Non-Renal Drug Metabolism

While dosage adjustment of renally cleared medications is
common practice, less consideration is given to the impact of
renal failure, specifically, uremia on non-renal metabolic
pathways. Uremia may impair the biologic activity of many
CYP450 isoenzymes, including some involved in the
clopidogrel metabolic pathway. Renal failure also impacts
the expression of various organic anion transporters requisite
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for entrance of drugs into hepatocytes and enterocytes [82].
Additionally, the effect size of these phenomena may be
proportional to the severity of renal failure. As it relates to
clopidogrel effect, progressive CKD has been shown to be
associated with a progressive increase in the percentage of
poor responders to clopidogrel from 20% of patients with
stage 2 CKD to 38% of patients with CKD stages 4 and 5
[82].

Dysfunctional VWF

Von Willebrand factor has long been recognized as an
important mediator of hemostasis and, in conditions such as
CKD that are associated with decreased vWF activity, an
etiology for increased bleeding risk [82]. Interestingly
however, the increase in vWF expression noted in uremic
patients may also promote a prothrombotic vascular milieu
via interaction of vWF with platelet surface Gp Ib/IX/V,
subendothelial collagen, stimulation of platelet-derived
procoagulant particle generation and its role in fibrin clot
formation. Thus, the simultaneous quantitative and qualita-
tive abnormalities in vWF, which occur in patients with
renal failure, has been proposed as a potential explanation
for the seemingly paradoxical increase in both bleeding and
atherothrombotic risk [62, 82, 83].

Cardiovascular Outcomes in CKD Patients
Treated with Antiplatelet Therapy

Antiplatelet Monotherapy

The vast majority of patients being treated with antiplatelet
monotherapy in primary or secondary prevention capacities
receive aspirin while a small minority receives clopidogrel
monotherapy and a vanishingly smaller population of
patients receives one of the other oral compounds (prasugrel,
ticagrelor, cilostazol) alone. While it is generally regarded
that aspirin offers significant clinical benefit across the
spectrum of renal function, when administered in the context
of acute coronary syndromes and acute myocardial infarc-
tion, data regarding the efficacy and safety of aspirin in
stable patients with CKD (inclusive of dialysis patients) is
conflicting. Aspirin resistance has been shown to be more
prevalent in stable CAD patients with CKD versus those
with normal renal function. Blann, et al. found in 169
patients with proven CAD that aspirin resistance was over
twice as prevalent in those with the most severe renal dys-
function (50% of patients) compared to those with the most
preserved renal function (21.4%) [84]. Similarly, Kilick-
esmez et al. found in a cohort of ESRD patients, 44% were
aspirin-resistant and further, that these patients experienced a

greater than 2-fold increase in the risk of death, MI or CVA
as compared to the aspirin-responsive ESRD patients, a
hazard which persisted in a multivariate risk model [69].

Data regarding the safety and efficacy of aspirin in the
CKD population are less consistent than the data on aspirin
resistance [82]. The First United Kingdom Heart and Renal
Protection (UK-HARP) trial studied the effect of 100 mg of
aspirin versus placebo on bleeding or other adverse out-
comes in 448 CKD patients (pre-dialysis CKD, hemodialy-
sis, peritoneal dialysis or prior kidney transplant) [85].
Cardiovascular efficacy was not reported and while there
was no increase in major or fatal bleeding, there was a
threefold increase in minor bleeding [85]. In the Dialysis
Outcomes and Practice Patterns Study (DOPPS) study, data
from 28,320 randomly selected hemodialysis patients
(sourced from the Dialysis Outcomes and Practice Patterns
Study I and II) were analyzed to ascertain aspirin prescribing
patterns and the potential impact of aspirin on cardiovascular
morbidity and mortality [86]. Surprisingly, aspirin was
associated with an increased risk of myocardial infarction in
all patients, irrespective of CAD history. A reduction in
stroke risk in all patients was also noted with no increase in
gastrointestinal bleeding [86]. In contrast, Sciahbasi et al.
investigated the cardioprotective role of aspirin in a
community-based cohort (N = 595) of patients presenting
with acute myocardial infarction and demonstrated that there
was a lower probability of presenting with ST-segment
elevation myocardial infarction (STEMI, versus
non-ST-segment elevation myocardial infarction) if being
treated with aspirin and further, that this benefit extended to
the 32% of the cohort with CKD [87]. On balance, aspirin
monotherapy is more likely to offer clinical benefit when
used for the secondary prevention of cardiovascular events
rather than for primary prevention in CKD patients. There is
little evidence to suggest that aspirin increases the risk of
major or fatal bleeding however minor bleeding is likely to
be increased. It remains unknown if the lack of uniform
benefit of aspirin therapy in CKD patients is primarily
ascribable to the high rate of aspirin resistance in this pop-
ulation or rather, by differences in the biology and time
course of cardiovascular events.

Dual Antiplatelet Therapy

Dual antiplatelet therapy (DAPT) usually comprises aspirin
plus an oral ADP P2Y12 inhibitor, most often clopidgrel,
and is utilized in the acute and long-term management of
patients suffering acute coronary syndromes and acute
myocardial infarction as well as those patients receiving
vascular stents. As noted previously, the yield of clopido-
grel’s active metabolite and clopidogrel’s acute antiplatelet
effect may both be attenuated in CKD patients especially
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those with severe renal impairment and those on dialysis
[77–79, 81, 88]. It is also known that CKD patients exhibit
more robust expression of platelet GpIIb/III receptors in
response to agonist challenge and more frequently manifest
HRPR on maintenance therapy compared to non-CKD
patients. A large recent investigation (Assessment of Dual
Antiplatelet Therapy with Drug-Eluting Stents,
ADAPT-DES) focusing on patients receiving drug-eluting
stents on the backdrop of DAPT with aspirin plus clopido-
grel found that HRPR on clopidogrel was strongly predictive
of myocardial infarction and stent thrombosis and was
inversely related to bleeding risk but did not impact mor-
tality. In contrast, high platelet reactivity to aspirin did not
impact the risks of stent thrombosis, myocardial infarction or
mortality but was inversely related to bleeding risk [89].

As stated previously, patients with severe CKD have
largely been excluded from major prospective randomized
trials of oral DAPT, however a number of post hoc analyses
have been published offering disparate messages regarding
the value of clopidogrel-based DAPT in patients with
mild-moderate CKD. In the Clopidogrel in Unstable Angina
to Prevent Recurrent Events (CURE) trial, patients present-
ing with non-ST elevation ACS were randomized to receive
either aspirin/clopidogrel or aspirin/placebo in addition to
other standard of care therapies. When patients were strati-
fied by GFR, both the primary outcome of cardiovascular
death/MI/CVA as well as bleeding occurred more frequently
in the lowest tertile of GFR [90]. The clinical benefit of oral
DAPT with clopidogrel, seen in the overall trial population,
also extended to all 3 tertiles of renal function although, as in
the overall trial results, no standalone mortality benefit was
seen. In a retrospective analysis of the Clopidogrel for the
Reduction of Events During Observation (CREDO) trial,
mild-moderate CKD patients undergoing elective PCI with
1 year of oral DAPT (aspirin/clopidogrel) did not evidence
the same beneficial reduction in the composite ischemic
endpoint (death, myocardial infarction, or stroke) seen in the
patients with normal renal function [91]. In a post hoc
analysis of the Clopidogrel for High Atherothrombotic Risk
and Ischemic Stabilization, Management, and Avoidance
(CHARISMA) trial, diabetic nephropathy patients random-
ized to long-term oral DAPT (versus aspirin and placebo)
experienced significantly increased rates of cardiovascular
and overall mortality with no differences in bleeding [92].
These and other antiplatelet studies were analyzed in the
context of a systematic review and meta-analysis by Palmer
et al. which included 9 trials involving 9,969 ACS or PCI
patients and 31 trials involving 11,701 patients with stable
CAD or no CAD [70]. The authors concluded that in patients
with ACS, DAPT (including use of parenteral glycoprotein

inhibitors) did not decrease mortality or myocardial infarc-
tion but did increase major bleeding. In stable CAD/no CAD
patients however, antiplatelet therapy decreased the risk of
MI, had an uncertain effect on mortality and increased the
risk of minor bleeding. These results should be interpreted
with caution, however, as the quality of the source data was
reportedly low and/or heterogeneous and also because a
significant proportion of included studies were post hoc
subgroup analyses of CKD patients [93, 94].

With growing worldwide adoption of the newer, more
potent oral P2Y12 inhibitors, data with use of these com-
pounds in the CKD population have begun to emerge and
have offered some encouraging signals. In the PRO-
METHEUS study, a retrospective multicenter observational
analysis comparing clopidogrel to prasugrel in patients
undergoing ACS PCI, a sub-analysis stratifying for presence
of renal disease found prasugrel to be more efficacious than
clopiodgrel in CKD and non-CKD subgroups without any
increase in bleeding [95]. A mechanistic comparison of
prasugrel versus clopidogrel was published by Nishi el al.
who performed a prospective switching study on 53 Japa-
nese patients with CAD and found that the antiplatelet effect
of clopidogrel, but not prasugrel, was decreased in patients
with mild-moderate CKD versus those with normal renal
function. Furthermore, prasugrel consistently produced
lower platelet reactivity compared with clopidogrel, irre-
spective of CKD status [96].

The Platelet Inhibition and Patient Outcomes (PLATO)
Trial, randomized 18,624 patients presenting with ACS
(inclusive of STEMI) to treatment with aspirin/clopidogrel
versus aspirin/ticagrelor and followed these subjects for the
occurrence of major adverse cardiovascular events. In a
prespecified subgroup analysis of patients stratified by
presence of CKD (creatinine clearance <60 mL/min;
n = 3,237 of 15,802 patients with baseline creatinine
levels), ticagrelor versus clopidogrel significantly reduced
the occurrence of the primary ischemic end point with
greater risk reduction seen in CKD patients than those with
normal renal function [97]. Mortality was also significantly
reduced in ticagrelor-treated CKD patients and the incidence
of major bleeding did not differ significantly between the
ticagrelor and clopidogrel groups irrespective of presence or
absence of CKD.

In summary, while no adequately powered prospective
study has yet evaluated the risks and benefits of oral DAPT
in CAD patients with CKD, available retrospective data
suggest more consistent benefit in high-risk (versus low-risk)
patients treated with clopidogrel/aspirin and perhaps greater
benefit still with use of the more potent P2Y12 inhibitors,
prasugrel and ticagrelor.
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Platelet Function Testing in Cardiovascular
Disease: Summary of the Available Data

As detailed in the preceding sections, there is a strong and
consistent relationship in the published observational litera-
ture between high residual (on-treatment) platelet reactivity
and adverse cardiovascular outcomes in patients with CAD
or following PCI. There is a more modest inverse relation-
ship between platelet reactivity and the risk of bleeding.
Given these observations and the enormous toll that car-
diovascular disease and bleeding exact on patients, inde-
pendently and in concert with one another, it is tempting to
infer that platelet reactivity may be therapeutically modu-
lated or “tailored” for purposes of cardiovascular risk
reduction and mitigation of bleeding risk. Solid evidence to
support tailoring of antiplatelet therapy in the majority of
patients using platelet function testing has been elusive
however. Furthermore, virtually no data exists in this regard
for specific high-risk groups such as the CKD population.

The Gauging Responsiveness with A VerifyNow assay—
Impact on Thrombosis And Safety (GRAVITAS) study was
a randomized, double-blind, active-control trial designed
to evaluate the effect of high-dose compared with
standard-dose clopidogrel, in patients with high on-treatment
platelet reactivity after PCI, as determined by point-of-care
(Accumetrics VerifyNow) platelet function testing.
Although platelet function testing-guided use of high-dose
clopidogrel resulted in significantly lower levels of
on-treatment platelet reactivity at 30 days and 6 months
versus standard-dose clopidogrel, the authors concluded that
the positive pharmacodynamic effect of this strategy did not
translate to a lower incidence of cardiovascular death, non-
fatal MI or stent thrombosis [98]. The Testing platelet
Reactivity In patients underGoing elective stent placement
on clopidogrel to Guide alternative thErapy with pRasugrel
(TRIGGER-PCI) study attempted to demonstrate that pra-
sugrel could improve HRPR on clopidogrel and therefore
improve cardiovascular outcomes post-PCI with implanta-
tion of at least 1 drug-eluting stent. This study also
employed the point-of-care Accumetrics VerifyNow system
and used a cutoff value of >208 P2Y12 reaction units to
define HRPR with reassessment of platelet reactivity at 3 and
6 months. While switching from clopidogrel to prasugrel
increased platelet inhibition as expected, the clinical utility
of this approach was not demonstrable due to very low
adverse event rates in both groups and therefore the study
was terminated prematurely for futility [99]. The Assessment
by a Double Randomization of a Conventional Antiplatelet
Strategy versus a Monitoring-guided Strategy for
Drug-Eluting Stent Implantation and of Treatment Inter-
ruption versus Continuation One Year after Stenting
(ARCTIC) study evaluated a strategy of systematic platelet
function testing to guide treatment adjustments in PCI

patients with poor response to aspirin, P2Y12 inhibitors
(clopidogrel or prasugrel), or both, as compared with a
conventional approach without use of platelet function
testing. Despite a large number of patients recruited
(N = 2440) there was no demonstrable advantage of a pla-
telet function guided approach to antiplatelet therapy with
respect to ischemic events or bleeding [100].

Whereas prediction and mitigation of de novo/
spontaneous bleeding is fraught with unpredictable event
rates and logistical challenges, there may yet be value for
platelet function testing to guide the timing of major surgery
in patients receiving DAPT. The Timing Based on Platelet
Function Strategy to Reduce Clopidogrel-Associated
Bleeding Related to CABG (TARGET-CABG) Study used
thromboelastography (TEG)-derived metrics of clopidogrel
response to guide the timing of on-pump coronary artery
bypass graft surgery. Using this strategy, bleeding (as
determined by chest tube output and transfusion require-
ments) was comparable between clopidogrel naïve patients
and DAPT-treated/TEG-guided patients with a nearly 50%
reduction in the waiting time to surgery than current
guideline recommendations would have mandated for
DAPT-treated patients [101].

Conclusions
Chronic kidney disease represents a spectrum of illness
affecting approximately 14% of the United States popu-
lation but exacting a disproportionately high toll in car-
diovascular morbidity and mortality [102]. Unfortunately,
cardiovascular research trials have systematically exclu-
ded patients with moderate to severe CKD and thus, there
is a paucity of data-driven recommendations regarding
treatment in this important patient segment. Oral anti-
platelet therapy represents one of the cornerstones of
treatment for patients with manifest atherothrombotic
conditions and is also used for primary prevention in
patients at high risk for developing atherosclerotic disease.
Conflicting data exist with respect to the utility and safety
of oral antiplatelet monotherapy (most often aspirin) as
well as dual antiplatelet therapy (most often aspirin plus
clopidogrel). It should be noted however that most
information in this regard has been sourced from retro-
spective analyses of registries or non-prespecified sub-
group analyses of prospective trials and the resulting
observations are largely limited to patients with mild to
moderate CKD. Patients with CKD often paradoxically
display simultaneous propensities for both bleeding and
thrombotic complications, rendering decisions regarding
use, intensity and duration of antiplatelet therapy still
more challenging. Based on the available data, aspirin
monotherapy is more appropriate for secondary preven-
tion of cardiovascular events rather than for primary
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prevention in CKD patients and is associated with an
increase in the risk of minor bleeding. The effectiveness of
DAPT with aspirin and clopidogrel for secondary car-
diovascular prevention in CKD patients remains uncertain
and DAPT is not recommended for primary prevention in
this patient population. Dual antiplatelet therapy in CKD
with aspirin plus either prasugrel or ticagrelor has shown
promise in some small prospective series and retrospec-
tive analyses but remains to be prospectively validated.
While tailoring of antiplatelet regimens based on platelet
function testing has not shown broad clinical applicability
largely due to lower than anticipated event rates, the high
prevalence of on-treatment high residual platelet reactivity
combined with a high risk of recurrent atherothrombotic
events in CKD patients (at least those on
aspirin/clopidogrel regimens) creates a potential, if
untested, therapeutic niche in this high risk population.
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30Revascularization Strategies in Chronic Kidney
Disease: Percutaneous Coronary Intervention
Versus Coronary Artery Bypass Graft Surgery
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CAD in CKD: Why Is CAD a Problem in Patients
with CKD?

Statistics and Background

There has been an explosion in the prevalence of patients
with chronic kidney disease (CKD) in the past decades and
this is projected to increase further as obesity and its meta-
bolic sequelae including diabetes mellitus increases [1].
According to the Centers for Disease Control’s National
Health and Nutrition Examination Survey (NHANES), there
are over 20 million adults with CKD in the United States,
and this is predicted to increase, from 13.2% currently to
16.7% by 2030 [1]. In addition, the number of patients with
end-stage kidney disease (ESKD) on renal replacement
therapy in the U.S. is expected to increase from 330,000 in
2007 to 534,000 by 2020 [2, 3]. Cardiovascular disease
(CVD) is the leading cause of morbidity and mortality in
patients with CKD and accounts for 44% of all-cause mor-
tality [4]. Most patients with CKD succumb to cardiovas-
cular death rather than develop ESKD [5]. However, even
among those who develop ESKD and eventually have renal
transplant, CVD has surpassed infection as the leading cause
of death [6].

Patients with CKD have a high prevalence of coronary
artery disease (CAD), and the American College of Cardi-
ology (ACC)/American Heart Association (AHA) task force
and National Kidney Foundation have proposed CKD as a
coronary heart disease equivalent [7]. In addition to a high
prevalence of traditional atherosclerotic risk factors, such as
hypertension and diabetes mellitus, patients with CKD also
have increased inflammation, oxidative stress, and anemia
which may further accelerate atherosclerosis and contribute
to the high prevalence of CAD [8]. Patients with CKD have
an increased risk of CV events and all-cause mortality,
which increases exponentially with lower eGFR
(Table 30.1) [9]. Patients with CKD not on dialysis have a
much higher contribution of atherosclerosis to cardiovascu-
lar mortality than patients who are ESKD, who have an
increase in cardiovascular mortality from nonatherosclerotic
mechanisms such as arrhythmia and sudden cardiac death
(Fig. 30.1) [10].

CAD in CKD: Treatment Options

In patients with CAD and CKD, optimal medical therapy,
percutaneous coronary intervention (PCI), and coronary
artery bypass graft surgery (CABG) are treatment options.

Despite the high prevalence of CAD and its associated
high morbidity and mortality, the majority of cardiovascular
clinical trials comparing treatment options have routinely
excluded patients with CKD (Fig. 30.2) [11]. As such, data
on outcomes with treatment of CAD in CKD comes from
observational studies or from extrapolation of results from
randomized trials done predominantly in the non-CKD
cohort. Observational studies have selection and ascertain-
ment bias and there is heterogeneity in the study design with
only a few studies reporting outcomes by level of kidney
function, others having small sample size, using different
definitions of CKD, including limited spectra of CKD, or not
reporting on the severity of pre-revascularization CAD
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making comparisons between treatment modalities difficult.
In addition, it is not known if extrapolation of data from
non-CKD cohorts is justifiable.

Revascularization versus Medical Management

Contemporary randomized trials of medical therapy versus
revascularization (such as COURAGE, BARI-2D, and
FAME-2) have routinely excluded patients with CKD or
included only a small proportion of such patients. Obser-
vational studies suggest that revascularization (PCI or
CABG) is associated with lower mortality when compared
with medical therapy alone [8], however patients with CKD
undergo less revascularization than patients without CKD,
despite being a significantly higher risk population for
atherosclerotic events (Fig. 30.3) [12]. The quality of med-
ical therapy was not reported in these observational studies
and there is concern about selection and ascertainment bias.
The International Study of Comparative Health Effectiveness
with Medical and Invasive Approaches–Chronic Kidney
Disease trial (ISCHEMIA–CKD) is an National Heart, Lung,
and Blood Institute funded multicenter, international ran-
domized clinical trial that aims to determine the best man-
agement strategy for patients with stable ischemic heart
disease and advanced CKD (eGFR < 30 or on dialysis),
comparing optimal medical therapy and revascularization
versus optimal medical therapy alone, and will offer
important insights into the treatment of such patients.

Table 30.1 Association of eGFR with all-cause mortality and cardiovascular events

eGFR category (mL/min/1.73 m2) All-cause mortality
HR (95% CI)

Cardiovascular events (Hospitalization for CAD,
heart failure, stroke, peripheral arterial disease)
HR (95% CI)

eGFR � 60 Reference Reference

eGFR 45–59 1.2 (1.1–1.2) 1.4 (1.4–1.5)

eGFR 30–44 1.8 (1.7–1.9) 2.0 (1.9–2.1)

eGFR 15–29 3.2 (3.1–3.4) 2.8 (2.6–2.9)

eGFR <15 5.9 (5.4–6.5) 3.4 (3.1–3.8)

CI confidence interval, eGFR estimated glomerular filtration rate, HR hazard ratio

Fig. 30.1 Cardiovascular mortality in patients with chronic kidney
disease versus end-stage kidney disease (Reproduced with permission
from: Herzog et al. Atherosclerotic versus nonatherosclerotic

evaluation: the Yin and Yang of cardiovascular imaging in advanced
chronic kidney disease. JACC Cardiovascular imaging. 2014; 7(7):
729–32)

Fig. 30.2 Percentage of cardiovascular clinical trials that exclude
patients with end-stage kidney disease, renal insufficiency, hyperten-
sion, diabetes, smoking (Reproduced with permission from: Charytan
et al. The exclusion of patients with chronic kidney disease from
clinical trials in coronary artery disease. Kidney international. 2006; 70
(11): 2021–30)
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Revascularization in CKD: Challenges

Patients with CKD have complex CAD with high prevalence
of multivessel disease, small, heavily calcified, and diffusely
diseased vessels [13], which increases the likelihood of
incomplete revascularization [14]. Moreover, the presence of
calcification and medial thickening of arteries increases the
risk of under-expanded stents with higher risk of restenosis
and stent thrombosis. In addition, the accelerated
atherosclerotic process, as well as lack of response to
vasoprotective medications such as statins also contributes to
worse outcomes when compared with non-CKD cohorts [8,
15, 16]. Studies have therefore shown that patients with
CKD have worse outcomes than non-CKD cohorts even
after revascularization.

PCI in CKD

PCI has evolved from percutaneous transluminal coronary
angioplasty (PTCA) to bare metal stents (BMS) to the use of
drug eluting stents (DES). In a large registry study involv-
ing > 280,000 patients with a spectrum of renal function,
including dialysis patients, first- generation DES use was
associated with lower 30-month death rate compared to BMS
in patients with normal renal function (12.2 vs. 14.7%,
p < 0.001), mild CKD (15.1 vs. 18.6%, p < 0.001), moderate
CKD (24.1 vs. 26.6%, p < 0.001), severe CKD (33.7 vs.
33.7%, p = 0.04) and in patients on dialysis (48.9 vs. 56.4%,
p < 0.001). In addition, use of DES was also associated with

lower adjusted 30-month myocardial infarction rates across
the board, except in those on dialysis [17]. Even among DES
there has been considerable progress in technology with the
second-generation DES having thinner struts, thinner and
more biocompatible polymers all of which reduce the risk of
restenosis and stent thrombosis. As such, data from ran-
domized trials (all-comers) have shown that the second-
generation DES are associated with significantly reduced
target vessel revascularization, definite stent thrombosis, MI
and death compared to BMS and is the current standard for
patients undergoing PCI [18, 19]. Current guidelines on the
management of cardiac disease in kidney transplant candi-
dates address stent selection in the context of transplant
consideration given the general recommendations for con-
tinuation of dual antiplatelet therapy (DAPT) for at least
1 month after BMS and at least 12 months after DES [20].
For patients revascularized with PCI who need transplant
surgery in the subsequent 12 months, a strategy of PTCA or
BMS placement followed by 4–12 weeks of DAPT is rec-
ommended by the guidelines. However, these recommenda-
tions stem from older studies from the first-generation DES
era. One recent clinical trial randomized patients deemed to
be uncertain candidates for DES on the basis of high bleeding
risk or high thrombotic risk (including upcoming surgery) to
either second-generation DES (Zotarolimus- eluting stent) or
BMS with a shorter DAPT duration (median 32 days) [21].
The study found that second-generation DES use had sig-
nificantly less MI (2.9 vs. 8.1%, p < 0.001), target vessel
revascularization (5.9 vs. 10.7%, p = 0.001), and definite or
probable stent thrombosis (2.0 vs. 4.1%, p = 0.019)

Fig. 30.3 Use of revascularization versus medical therapy as a function of baseline renal function (Adapted from Ref. [12])
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compared to BMS demonstrating that the second-generation
DES are potentially safer than BMS and of note *40% of
patients in this study had CrCl < 60. Moreover, other ran-
domized trials have shown that with second- generation DES
a shorter duration (3–6 months) of DAPT may be reasonable
[22] and this is reflected in the European Society of
Cardiology guidelines for management of patients with
stable ischemic heart disease [23]. Furthermore, the
second-generation DES have CE mark approval for only
1 month of DAPT in Europe. A separate, retrospective
analysis evaluated outcomes between DES and BMS in
patients who underwent noncardiac surgery and found that
the risk of events was lowest when noncardiac surgery was
performed after 90 days of implantation of DES. However,
with BMS the event rates were uniformly high through 1-year
post stent implantation. In fact, there was a 26% lower rate of
death or MI (OR 0.74, 95% CI 0.58–0.94) at 30 days after
surgery with DES when compared with BMS [24]. Thus, in
patients who need renal transplant in the near future, a
strategy of implantation of second- generation DES with
DAPT use for a minimum of 3 months is reasonable, how-
ever further studies are needed.

Regardless of the PCI era, patients with CKD and espe-
cially those with ESKD have significant increase in the risk
of restenosis, stent thrombosis, myocardial infarction, and
death when compared with patients without CKD after PCI
[17, 25]. In an observational study of PCI with
first-generation DES, patients with a spectrum of CKD had
significant higher rates of death, MI, and revascularization
when compared with patients without CKD [17]. Although
the outcomes have significantly improved in the
second-generation DES era [18, 19], the worse outcomes in
patients with CKD persist. In a small observational study
with 400 patients, *25% of whom had CKD (GFR < 60),
PCI with second-generation DES in patients with CKD
compared to controls demonstrated similar risk of nonfatal
MI (2.08 vs. 0.98%, p = 0.59) and target lesion revascular-
ization (1.04 vs. 1.97%, p = 0.99), but was associated with
higher mortality (4.16 vs. 0.65%, p = 0.03) [26].

The increased risk of restenosis is likely due to
under-expansion of stents secondary to calcified arteries and
also rapid progression of CAD. Similarly, the increased risk
of stent thrombosis has been attributed to stent
mal-apposition. The increased risk of death or MI has been
attributed to increased risk of restenosis and stent thrombosis
but also to non-culprit lesion-related events due to rapid
progression of CAD.

In the short term, PCI in patients with CKD is associated
with increased peri-procedural complications including
higher rates of access site and non-access site bleeding,

peri-procedural MI, vascular complications, need for urgent
CABG and in-hospital death when compared with non-CKD
controls [14]. Moreover, in pre-dialysis patients, the risk of
contrast-induced acute kidney injury (AKI) increases expo-
nentially with lower eGFR [27]. Studies have shown that
contrast-induced AKI is associated with increased risk of
need for dialysis as well as increased risk of death.

CABG in CKD

Similar to PCI, patients with CKD when compared with
non-CKD controls, have a higher risk of adverse short-term
outcomes such as longer postoperative mechanical ventila-
tion time, higher postoperative bleeding rates and transfu-
sion requirements, increased length of hospital stay, sepsis,
mediastinitis, myocardial infarction, AKI, stroke, and death
after CABG [28, 29]. With regards to precipitating AKI,
which is often a concern when performing PCI, a large
retrospective analysis using Medicare claims data found that
the risk of AKI was significantly higher with CABG than
PCI for all-comers (OR 2.56, 95% CI 2.42–2.71) and for
patients with CKD (OR 2.10, 95% CI 1.89–2.33) [27].
Operative mortality for CABG is also significantly higher for
patients with ESKD than for those without, even after
adjusting for confounders. In one study, early mortality was
threefold higher in patients on dialysis versus not on dialysis
after CABG and these findings remained significant after
adjusting for age, disease severity, and comorbid conditions
[30].

Long-term outcomes after CABG are also worse in
patients with CKD when compared to those without CKD.
In one study comparing long-term outcomes in patients with
CKD to those without CKD, patients with CKD had a sig-
nificantly higher rate of cardiac hospitalization at 5 years
after CABG (2.48 vs. 1.77, p < 0.001), and the presence
of CKD (defined as pre-procedure serum crea-
tinine > 1.5 mg/dL) was an independent risk factor for
all-cause mortality at 7 years following revascularization
(RR 2.31, 95% CI 1.63–2.38) [31]. Despite the higher
short-term and long-term morbidity and mortality in patients
with CKD, saphenous vein graft (SVG) patency and internal
mammary artery (IMA) patency are similar between these
groups. At 1 year, SVG failure rate (OR 1.02, 95% CI 0.79–
1.33) and IMA failure rate (OR 0.76, 95% CI 0.40–1.44)
were similar between patients with CKD (defined as
CrCl < 50) and no CKD, suggesting that other factors (such
as non-culprit lesion related events or other comorbidities)
are responsible for the increased adverse outcomes in
patients with CKD [32].
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Revascularization Options in CKD:
PCI versus CABG

In patients with single vessel CAD, given the upfront risk of
CABG in patients with CKD, PCI is a reasonable option.
The below discussion on PCI versus CABG mainly pertains
to patients with multivessel CAD.

There are several factors to consider in deciding between
PCI and CABG. In addition to patient preferences and
comorbidities, the extent and complexity of CAD are
important (Sect. 4.1). Current ACC/AHA guidelines state
that performing CABG in ESKD patients may be reasonable
to improve mortality and/or relieve angina in certain ana-
tomic subgroups (left main disease, three-vessel disease,
two-vessel disease with proximal left anterior descending
artery involvement) assuming life expectancy is not limited
[33]. However, no specific scenarios in which PCI may be
beneficial are discussed. These recommendations are echoed
by the ACC/AHA guidelines for evaluation of cardiac dis-
ease in kidney transplantation candidates [20]. European
Society of Cardiology and European Association of Car-
diothoracic Surgery guidelines recommend CABG over PCI
in patients with moderate to severe CKD whose surgical risk
is acceptable, and with life expectancy >1 year [34]. If
surgical risk is high and/or life expectancy is less than
1 year, PCI with DES should be considered over CABG
(Table 30.2).

PTCA Versus CABG

The first PTCA was performed in 1977 and was the only
form of PCI available until the late 1980s but seldom per-
formed these days due to increased risk of complications
including abrupt vessel closure and peri-procedural MI [35].
In an analysis from the United States Renal Data System
(USRDS) database, there was significantly lower perioper-
ative mortality with PTCA when compared with CABG in
patients with ESKD (5.4 vs. 12.5%; p = 0.014). However,
the survival curves crossed each other with significantly
higher 2 and 5-year survival with CABG than with PTCA
(56.9 vs. 52.9% at 2 years, 26.5 vs. 23.2% at 5 years) [36].
Thus, when compared with PTCA, CABG has higher
upfront mortality but lower long-term mortality.

BMS Versus CABG

The next technological advance in PCI was the introduction
of bare metal stents (BMS) in the late 1980s and early 1990s.
BMS offered a solution to some of the problems of abrupt
vessel closure and restenosis with PTCA [15].

In a subgroup analysis of the Arterial Revascularization
Therapies Study there was no difference in nonfatal MI,
stroke, or death with BMS versus CABG over 3 year
follow-up in 290 patients with CKD (CrCl � 50 mL/min).

Table 30.2 Major society
guideline recommendations for
coronary revascularization in
patients with chronic kidney
disease

Society Year Recommendations

ACCF/AHA
(33)

2011 CABG to improve survival rate may be reasonable in patients with end-stage
kidney disease undergoing CABG for left main coronary artery stenosis of
� 50% (Class IIB, LOE C)
CABG to improve survival rate or to relieve angina despite guideline directed
medical therapy may be reasonable for patients with end-stage kidney disease
with significant stenoses (� 70%) in 3 major vessels or in the proximal LAD
plus 1 other major vessel, regardless of left ventricular systolic function (Class
IIB, LOE B)
CABG should NOT be performed in patients with end-stage kidney disease
whose life expectancy is limited by noncardiac issues (Class III, LOE C)

ESC/EACTS
(34)

2014 CABG should be considered over PCI in patients with moderate or severe
CKD, multivessel CAD and symptoms/ischemia whose surgical risk profile is
acceptable and life expectancy is beyond 1 year (Class IIA, LOE B)
PCI should be considered over CABG in patients with moderate or severe
CKD, multivessel CAD and symptoms/ischemia whose surgical risk profile is
high or life expectancy is less than 1 year (Class IIA, LOE B)
New-generation DES are recommended over BMS (Class I, LOE B)

ACCF/AHA American College of Cardiology Foundation/American Heart Association, BMS bare metal
stents, CABG coronary artery bypass graft surgery, CAD coronary artery disease, CKD chronic kidney
disease, DES drug eluting stents, ESC/EACTS European Society of Cardiology/European Association for
Cardio-Thoracic Surgery, LAD Left anterior descending, LOE Level of evidence, PCI percutaneous coronary
intervention

30 Revascularization Strategies in Chronic … 321



However, CABG was associated with a significant reduction
in repeat revascularization [37]. On the contrary, in a large
observational study, CABG was associated with a signifi-
cantly lower risk of death when compared to BMS (HR 0.75,
95% CI 0.56–0.99) in patients with CKD not on dialysis [8].
These findings were supported by a meta-analysis which
showed significantly higher long-term mortality (OR 2.91,
95% CI 2.69–3.15) and repeat revascularization (OR 5.07,
95% CI 3.35–7.65) with BMS versus CABG in patients with
CKD [38].

In patients with ESKD, among 4,280 patients who
underwent PCI with BMS and 6,688 patients who underwent
CABG, in-hospital death was lower for the BMS group (4.1
vs. 8.6) when compared with the CABG group. However, by
24 months ESKD patients who had undergone CABG had a
significantly higher survival when compared with those who
underwent BMS placement (56.4 ± 1.4 vs. 48.4 ± 2%,
p < 0.001). Thus even when compared with BMS, CABG
has higher upfront mortality but lower long-term mortality.

Drug Eluting Stents (DES) Versus CABG

The next advance in PCI was the introduction of DES in
2002. DES further improved upon BMS in that they further
reduced restenosis. In the largest randomized trial comparing
outcomes between CABG and first-generation DES in
patients with diabetes mellitus, the FREEDOM trial, CABG
reduced death and MI but increased stroke over a median of
3.8 years follow-up [39]. In addition, there was a signifi-
cantly higher risk of AKI requiring hemodialysis within
30 days after the revascularization with CABG compared to
those undergoing PCI (0.844 vs. 0.1%, p = 0.02). However,
less than 10% of the patients enrolled in this trial had CKD.
Thus, there is limited randomized trial data comparing
CABG and DES in patients with CKD.

However, the relevance of the above studies comparing
CABG with first-generation DES, to modern day practice of
PCI using second-generation DES, is questionable. As out-
lined above, newer generation DES have been shown to be

Fig. 30.4 Long-term outcomes with everolimus eluting stents
(second-generation drug-eluting stent) versus coronary artery bypass
graft surgery in patients with chronic kidney disease. a Repeat
revascularization, b Stroke, c Myocardial infarction, d Death.

(Reproduced with permission from: Bangalore et al. Revascularization
in Patients with Multivessel Coronary Artery Disease and Chronic
Kidney Disease: Everolimus-Eluting Stents Versus Coronary Artery
Bypass Graft Surgery. J Am Coll Cardiol. 2015; 66(11): 1209–20)
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associated with reduction in restenosis, stent thrombosis but
also death and MI, and is currently the standard of care for
all patients undergoing PCI [18, 19]. Data from the New
York State registries involving 2690 patients who underwent
PCI with newer generation DES [everolimus-eluting stents
(EES)] and propensity score matched with 2690 patients
who underwent CABG showed that PCI was associated with
a significantly lower short-term (within 30 days) risk of
death, stroke, and repeat revascularization [40]. In the long
term, PCI with second-generation DES was associated with
a similar risk of death compared to CABG over an average
of 2.9 years follow-up. Thus, the mortality difference
between older generations of PCI versus CABG was no
longer seen when PCI was performed using newer genera-
tion DES. This was consistent across anatomic subgroups
based on number of diseased vessels (2-vessel vs. 3-vessel
disease) and completeness of revascularization. However, in
the long term, PCI was also associated with higher risk of MI
and higher rate of repeat revascularization, primarily driven
by those with three-vessel disease and in those who were

incompletely revascularized (Fig. 30.4) [40]. The increased
risk of MI with PCI was no longer significant in the sub-
group of patients who underwent complete revascularization
with PCI. This demonstrates that the use of second-
generation DES for PCI in patients with CKD is associ-
ated with similar long-term survival as with patients under-
going CABG, thus suggesting that second-generation DES
might help bridge the outcome gap between PCI versus
CABG (Fig. 30.5) [40]. However, randomized trials of PCI
versus CABG in patients with CKD are needed to test these
associations.

In patients on dialysis, PCI was associated with a sig-
nificantly higher long-term risk of death, a numerically
higher risk of MI, a significantly higher risk of repeat
revascularization, and no difference in stroke compared with
CABG [40]. However, the dialysis subgroup was a smaller
group of patients and was likely underpowered but suggests
superior outcomes with CABG over PCI despite the higher
upfront risk with CABG. However, randomized trials are
needed to confirm these associations.

Fig. 30.5 Outcomes with second-generation drug-eluting stents ver-
sus coronary artery bypass graft surgery in patients with chronic kidney
disease (Reproduced with permission from: Bangalore et al. Revascu-
larization in Patients With Multivessel Coronary Artery Disease and

Chronic Kidney Disease: Everolimus-Eluting Stents Versus Coronary
Artery Bypass Graft Surgery. J Am Coll Cardiol. 2015; 66(11):
1209–20)
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Optimization of Revascularization in CKD

General Considerations

When deciding between PCI versus CABG for revascular-
ization in patients with CKD several things need to be
considered including extent and severity of CAD, comor-
bidities, frailty, prior cardiac surgery, ejection fraction,
patient preferences, and local expertise, amongst others.
The SYNTAX (SYNergy between PCI with TAXus and
Cardiac Surgery) score which takes into consideration ana-
tomic complexity, may assist in the decision-making
between PCI and CABG. Data from the SYNTAX trial in
the subgroup of patients with eGFR < 60 suggests that in
patients with high SYNTAX score (� 33) there was a sig-
nificant reduction in major adverse cardiac and cerebral
events (death, CVA, MI, revascularization) favoring CABG
over PCI (7.4 vs. 36.6%, p = 0.002) at 2 years follow-up.
However, for those with a low SYNTAX score (<23), there
was no difference in adverse events listed above between
CABG and PCI (18.4 vs. 14.6%, p = 0.68) [41]. For patients
with an intermediate SYNTAX scores [23–34] there was no
difference in the event rate between CABG or PCI (21.3 vs.
28.3%, p = 0.35) in the renal subgroup study [41], although
at 3–4 years in the overall SYNTAX trial CABG had fewer
events than PCI (21.5 vs. 32.0%, p = 0.0006) [42]. Thus,
PCI is preferred for patients with a low SYNTAX score,
CABG is preferred for those with a high SYNTAX score and
either PCI or CABG for those with an intermediate SYN-
TAX score. In addition, if renal transplant is anticipated in
the near future, the upfront risk of CABG should be weighed
against the need for dual antiplatelet therapy and consequent
higher bleeding risk in those who undergo PCI.

Optimization of PCI in CKD

In patients with CKD who are planned for PCI several mea-
sures can be undertaken to maximize efficacy while mini-
mizing the risks (Table 30.3). Use of DES, especially
second-generation DES, is highly recommended to reduce
the risk of restenosis and potentially reduce death or
myocardial infarction compared with BMS or first-generation
DES. All patients should be monitored carefully for bleeding
while on dual antiplatelet therapy, and all medications should
be renally dosed where applicable. Measures to reduce risk of
contrast-induced nephropathy should be used, such as
aggressive hydration pre-procedure, intra-procedure, and
post-procedure, use of LVEDP guided fluid prescription
based on data from the POSEIDON study, use of iso-or
low-osmolar contrast, and avoidance of nephrotoxic agents
for at least 48 h prior to the procedure. The amount of contrast
used can be limited by performing ischemia-guided revas-
cularization and the use of ultralow contrast techniques
including IVUS guided PCI and with the use of biplane
imaging when appropriate.

Optimization of CABG in CKD

In patients with CKD who are planned for CABG several
measures can be undertaken to maximize efficacy while
minimizing the risks (Table 30.4). One should consider
delay of surgery � 7 days from time of cardiac catheteri-
zation to minimize risk of acute kidney injury. Furthermore,
use of off-pump surgery and use of multiple arterial grafts
for bypass should be considered. Off-pump CABG is an
attractive option for surgical revascularization of CAD due

Table 30.3 Optimization of PCI
in patients with chronic kidney
disease

Use drug-eluting stents, new generation preferred

Monitor carefully for bleeding on dual antiplatelet therapy

Renally dose all medications

Minimize contrast-induced acute kidney injury
-Pre-, intra-and post-procedure hydration
-Pre-procedure high dose statins
-Avoid nephrotoxic agents for at least 48 h prior
-Use iso-or low-osmolar contrast agents
-Limit contrast used
--Ultra-low volume contrast techniques (IVUS guided PCI)
--Avoid ventriculography
--Use of biplane if available
--Consider ischemia-guided revascularization
--Consider staged PCI for complex multivessel disease

IVUS intravascular ultrasound, PCI percutaneous coronary intervention
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to less perioperative fluid shifts, less bleeding, and reduced
need for prolonged mechanical ventilation [43]. However,
patients referred for off-pump CABG need to have anatomy
suitable for placement of distal anastomoses such that one is
able to achieve complete revascularization [44]. The use of
multiple arterial grafts when feasible during CABG is
associated with reduced cardiovascular events and mortality
[45]. Although there are no prospective studies comparing
the use of venous and arterial grafts in patients with CKD,
observational studies have demonstrated excellent 5-year
survival rates when mammary grafts are used, as well as
reduced in-hospital and long-term mortality in ESKD
patients [44]. In a study with 7,152 ESKD patients from the
STS database, the OR for 30-day mortality was lower for
ESKD patients who received mammary artery grafts than for
venous grafts (OR 3.6, 95% CI 3.2–4.4, vs. OR 4.3, 95% CI
3.1–6.1, p < 0.009) compared to patients who had normal
renal function and undergoing similar procedures [29]. It is
important to be aware, though, that the use of the mammary
artery from the same side as an AV fistula can result in
coronary steal during dialysis.

Conclusions
There are no prospective, randomized trials comparing
outcomes between PCI and CABG in patients with CKD.
PCI offers the advantage of being less invasive and with
reduced peri-procedural morbidity and mortality com-
pared to CABG. However, PCI is associated with
increased rates of restenosis, death, and MI when com-
pared with CABG over the long run. However, data
comparing CABG to PCI using newer generation DES is
promising with bridging of the mortality gap between
CABG and PCI. Data suggests that the decision between
PCI and CABG in patients with CKD should be based on
weighing the upfront risk of death and stroke with CABG
to long-term risk of repeat revascularization and
myocardial infarction (in those with incomplete revas-
cularization) with PCI using second-generation DES. In
the absence of prospective, randomized trial data to help
guide optimal management strategies for revasculariza-
tion in patients with CKD, the choice of revascularization

methodology needs to be individualized with a focus on
patient comorbidities, ability to tolerate antiplatelet ther-
apy, coronary anatomy, and balancing higher upfront
mortality with potentially better long-term mortality, and
likelihood for achieving complete revascularization.
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31Revascularization Strategies in CKD:
Antiplatelet Therapy, Stent Type, Timing,
and Complications of PCI

Marwan Y. Qattan and Somjot S. Brar

Antiplatelet Therapy Post-PCI in CKD

Dual antiplatelet therapy (DAPT) remains the mainstay of
treatment post-PCI. This includes treatment with aspirin and
one additional antiplatelet agent. Nowadays there are mul-
tiple antiplatelet agents available that have shown to be
effective when administered with aspirin for the prevention
of ischemic events post-PCI. The impact of these antiplatelet
therapies in patients with CKD and which is the preferred
antiplatelet agent are in debate.

Clopidogrel

Clopidogrel is a thienopyridine that via an active metabolite,
selectively inhibits the binding of adenosine diphosphate to
platelet P2Y12 receptor and the subsequent activation of the
glycoprotein IIb/IIIa complex and platelet aggregation.
Clopidogrel use was associated with favorable cardiovas-
cular outcomes in the Clopidogrel in Unstable Angina to
Prevent Recurrent Events (CURE) Trial for unstable angina
and non-ST segment elevation myocardial infarction [1] and
the Clopidogrel for the Reduction of Events during Obser-
vation (CREDO) trial for stable angina [2].

In the CURE trial, the efficacy and safety of clopidogrel
was studied in 12,245 patients with non-ST segment elevation
myocardial infarction in three strata of GFR (low: GFR < 60
ml/min/1.73 m2; intermediate: GFR 64–81.2 ml/min/

1.73 m2; and normal or near normal: GFR > 81.3 ml/
min/1.73 m2). Patients were randomized to placebo or
clopidogrel (clopidogrel 300 mg loading dose followed by
75 mg daily) and followed for 3–12 months (mean duration
9 months). The efficacy of clopidogrel on reducing the pri-
mary composite of cardiovascular death, nonfatal myocardial
infarction (MI) or stroke was observed in all three strata:
lower GFR (RR 0.89; 95% CI 0.76–1.05), medium GFR (RR
0.68, 95% CI 0.56–0.84), and near normal GFR (RR 0.74;
95% CI 0.60–0.93; P for heterogeneity = 0.11). Moreover,
the event rate of the primary composite endpoint was higher
as the GFR declined in the clopidogrel and placebo groups.
The absolute bleeding risk was higher in patients with CKD,
however, the relative increase of bleeding was similar. This
study suggested adding clopidogrel to standard non-ST seg-
ment elevation myocardial infarction treatment is beneficial
and safe in patients with CKD [3].

The Clopidogrel for the Reduction of Events During
Observation (CREDO) trial assessed the efficacy and safety
of clopidogrel in elective PCI for stable angina in 2002
patients, including with CKD. Patients were treated with
clopidogrel 300 mg or placebo loading dose followed by
75 mg daily for 12-months in the clopiogrel group and with
clopidogrel for 28 days in the placebo group. All patients
were treated with aspirin. Outcomes were analyzed in three
strata of renal function: normal (GFR > 90 ml/min/1.73 m2,
n = 999], mild CKD (GFR of 60–89 ml/min/1.73 m2,
n = 672) and moderate CKD (GFR < 60 ml/min/1.73 m2,
n = 331). Patients with normal renal function in the clopi-
dogrel group had a marked reduction in the primary com-
posite endpoint of death, myocardial infarction, or stroke
compared with the placebo group (10.4 vs. 4.4%, P < 0.001),
but patients with mild or moderate CKD had no significant
difference in the primary composite outcome (mild: 12.8 vs.
10.3%, P = 0.30; moderate: 13.1 vs. 17.8%, P = 0.24).
Clopidogrel use was associated with more major or minor
bleeding, but it was not different based on renal function [4].
This study suggested that clopidogrel may not be as
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beneficial in patients with stable angina and CKD under-
going PCI as it is in patients with normal renal function.

Ticagrelor

Ticagrelor is a reversibly binding oral P2Y12 receptor
antagonist that blocks ADP-induced platelet aggregation. In
the Platelet Inhibition and Patient Outcomes (PLATO) trial,
tricagrelor showed clinical and biochemical superiority to
clopidogrel in patient with ACS [5] impact of tricagelor by
renal function (GFR > 60 ml/min/1.73 m2 vs. GFR <
60 ml/min/1.73 m2) was studied in 18,624 patients with
acute coronary syndrome (ST and non-ST elevation
myocardial infarctions) from the PLATO trial. Ticagrelor
significantly reduced the primary composite endpoint of
cardiovascular death, MI and stroke [17.3 vs. 22.0%; hazard
ratio (HR), 0.77; 95% CI 0.65–0.90]. All-cause death was
reduced in the tricagelor group with GFR < 60 ml/min/1.73
m2 (10.0 vs. 14.0%; HR 0.72; 95% CI 0.58–0.89). Major
bleeding (15.1 vs. 14.3%; HR 1.07; 95% CI 0.88–1.30), fatal
bleeding (0.34 vs. 0.77%; HR 0.48; 95% CI 0.15–1.54), and
non-coronary bypass related major bleeding (8.5 vs. 7.3%;
HR 1.28; 95% CI 0.97–1.68) were not significantly different
between the two groups [6].

Prasugrel

Prasugrel is a thienopyridine with potent and selective
P2Y12 receptor blockade that exhibits dose-dependent
inhibition of platelet aggregation. In the Trial to Assess
Improvement in Therapeutic Outcomes by Optimizing Pla-
telet Inhibition with Prasugrel–Thrombolysis In Myocardial
Infarction 38 (TRITON-TIMI 38) trial, prasugrel signifi-
cantly reduced primary ischemic outcomes in patients with
ACS compared to clopidogrel (9.9% versus 12.1%, HR
0.81;95% CI 0.73–0.9) and in the subgroup with creatinine
clearance of < 60 ml/min/1.73 m2 [7]. In a substudy from the
TRITON-TIMI 38 trial, prasugrel significantly reduced
cardiovascular death, nonfatal myocardial infarction, or
nonfatal stroke among patients with and without DM. Renal
function was an independent factor for this outcome [8].
These data support the effectiveness of prasugrel in patients
with CKD.

Dual Antiplatelet Therapy Duration in CKD

According to the 2016 ACC/AHA updated guidelines on
the duration of dual antiplatelet therapy (DAPT) after PCI,

patients with stable ischemic heart disease (SIHD) should
be given DAPT for a minimum of 1 month in BMS and
6 months in DES (class I) and the guideline suggests that it
may be reasonable to continue for longer than 1 month in
BMS and longer than 6 months in DES (class IIB) in
patient who tolerate DAPT without a bleeding complication
and are not at high bleeding risk (e.g., prior bleeding on
DAPT, coagulopathy, or oral anticoagulant use). On the
contrary, patients with SIDH and DES who develop a high
risk of bleeding (e.g., treatment with oral anticoagulant
therapy), are at high risk of severe bleeding complication
(e.g., major intracranial surgery), or develop significant
overt bleeding, it is reasonable to discontinue P2Y12 inhi-
bitor therapy after 3 months (class IIB). In patients with
acute coronary syndrome (ACS) who are treated with PCI
(DES or BMS) the recommended duration of DAPT in the
2016 ACC/AHA updated guideline has not changed from at
least 12 months of therapy (class I). However, for patients
with a high risk of bleeding (e.g., treatment with oral
anticoagulant therapy), or those who develop significant
overt bleeding, it is reasonable to stop P2Y12 inhibitor
therapy after 6 months (class IIB). A longer DAPT duration
(>12 months) may be reasonable in patients with ACS
treated with PCI who have completed 12 months of DAPT
without a bleeding complication and are not at high
bleeding risk (e.g., prior bleeding on DAPT, coagulopathy,
oral anticoagulant use), especially in patients with a high
DAPT score (� 2) who have favorable ischemic to bleeding
risk ratio (class IIB).

The duration of DAPT in patients with CKD is contro-
versial. The 2016 ACC/AHA updated DAPT guideline
included CKD as a factor associated with increased
ischemic events implying longer DAPT duration may be of
benefit. Patients with CKD have delayed arterial healing
and neoinitimal coverage of coronary stents [9]; thus the
proper duration of dual antiplatelet therapy may be longer.
In a retrospective cohort study of 23,042 patients with and
without CKD (defined as GFR < 60 ml/min/1.73 m2) who
received BMS or first-generation DES, clopidogrel therapy
for more than 12 months reduced death or MI (18 vs. 24%,
HR 0.74; 95% CI 0.58–0.95), and death (15 vs 23%, HR
0.61; 95% CI 0.47–0.80) in patients with CKD and DES
compared to 12 months or less. Such benefit was not sig-
nificant in patients with GFR > 60 ml/min/1.73 m2 or with
BMS. In this study, longer clopidogrel therapy was not
associated with increase bleeding in patients with CKD
[10]. However, CKD is also included as factor associated
with increased bleeding risk. Thus, appropriate risk strati-
fication and patient selection are important factors in
determining the optimal duration of DAPT in patients with
CKD.
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PCI in CKD

Coronary Artery Lesions Characteristics in CKD

In an autopsy study of coronary artery plaques, end-stage
kidney disease (ESKD) was associated with significantly
more calcification than coronary artery disease with normal
renal function, where plaques are mostly fibro-atheromatous.
Also the luminal area was significantly lower in patients with
ESKD [11].

An intravascular ultrasound (IVUS) study of coronary
plaque in patients with ESKD on hemodialysis and evidence
of myocardial ischemia, showed smaller cross-sectional area
(4.2 ± 1.6 vs. 5.2 ± 1.8 mm2; P < 0.02), and calcification in
the deeper arterial layer (69 vs. 9%; P < 0.004) compared to
patients with normal renal function, suggesting a greater
remodeling effect in response to a more aggressive
atherosclerotic process in the medial portion of the artery
[12].

An optical coherence tomography (OCT) study [13] of
coronary plaques characteristics in non-culprit vessels in
patient with CKD compared to patients without CKD,
showed larger lipid index (mean lipid arc � lipid length,
1248.4 ± 782.8 versus 1716.1 ± 1116.2 mm; P = 0.003),
calcification (50.8 vs. 34.8%; P = 0.041), cholesterol crystals
(23.0 vs. 11.2%; P = 0.048), and plaque disruption (13.1 vs
5.5%; P = 0.049) in patient with CKD. However, fibrous cap
thickness was not significantly different between the two
groups [13].

PCI Versus Fibrinolytic Therapy in CKD and STEMI

To date, few randomized trials have reported on the com-
parative effectiveness of reperfusion strategies in patients
with an acute myocardial infarction and CKD. In a retro-
spective analysis of reperfusion therapy strategy (fibrinolytic
therapy or primary PCI) among patients with or without
CKD (GFR < 60 ml/min) and STEMI, primary PCI was
associated with lower 30-day unadjusted mortality compared
to fibrinolytic therapy (17.9 vs 29.4%, P < 0.05, in CKD
group and 3.1 vs 5.4%, P < 0.05, in the normal renal
function group), but the adjusted mortality favored primary
PCI in the normal renal function group (OR 0.41; 95% CI
0.19–0.89, P = 0.02) but not in the impaired renal function
group (OR 0.70; 95% CI 0.31–1.60, P = 0.4) [14].

Early Invasive Versus Conservative PCI Strategy
in CKD and NSTEMI

Among patients with high-risk non-ST elevation myocardial
infarction, an early invasive strategy improves long-term

survival and reduces late myocardial infarction and hospi-
talization [15]. The benefit of early invasive strategy in
patients with CKD was explored in a meta-analysis of 5
randomized trials (n = 1453) [16]. There was a significantly
lower risk for hospitalization and a trend toward lower risk
for death and re-infarction. Patients with CKD stage 4 were
under represented, (n < 300) and patients with CKD stage 5
were not included in this study.

A retrospective study from Sweden evaluated the 1-year
mortality benefit of an early invasive therapy vs. medical
therapy across renal function stages in 23,262 patients with
non-ST segment elevation myocardial infarction. The per-
centage of patients treated invasively were significantly lower
as GFR declined (P < 0.001): 62% (>90 ml/min/1.73 m2), 55%
(89–60 ml/min/1.73 m2), 36% (59–30 ml/min/1.73 m2), 14%
(29–15 ml/min/1.73 m2) and 15% (<15 ml/min/1.73 m2). The
overall 1-year mortality was 36% lower with an invasive
strategy (HR 0.64; 95% CI 0.56–0.73; P < 0.001). However,
this benefit declined with lower levels of renal function and
no difference in mortality was observed in patients with
stage 5 CKD (GFR < 15 ml/min/1.73 m2) or receiving
dialysis (HR 1.61; 95% CI 0.84–3.09; P = 0.15) [17].

Coronary Stent Type in CKD

Coronary restenosis is major limitation of PCI therapy,
particularly in patients with CKD. The restenosis rate is
higher with worsening renal function and among patients on
hemodialysis [18, 19]. In a study of 1184 patients treated
with PCI for NSTEMI or unstable angina, the incidence of
restenosis at 1 month was 4.6% with normal renal function,
5.3% in CKD stage 1 and 2, 6.8% in CKD stage 3, 7.3% in
CKD stage 4 and 9.6% in CKD stage 5 (P = 0.001), and at
6 months was 11.2% with normal renal function, 13.5% in
CKD stage 1 and 2, 15.7% in CKD stage 3, 16.4% in CKD
stage 4 and 19.7% in CKD stage 5 (P = 0.001) [19]. The
increased restenosis rate in CKD may be explained, in part,
by older age and greater number and severity of comor-
bidities [20], accelerated atherosclerosis rate, stent under
expansion caused by higher CAD complexity and plaque
calcification [11, 12, 21–24], and underuse of medical
therapy [25, 26].

Drug-Eluting Stents Versus Bare-Metal Stents
in CKD

The risk of restenosis is reduced with the use of DES,
including in subjects with CKD [18]. Studies have shown
that using DES in CAD revascularization is associated with
lower risk of in-stent restenosis and need for repeat revas-
cularization compared to BMS. In patients with CKD this
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benefit is attenuated as they have higher risk of in-stent
restenosis after PCI compared to patients with normal renal
function. In a prospective registry study of 436 patients with
CKD (GFR < 60 ml/min/1.73 m2), multivariable analyses
with propensity adjustment, at 3 years of follow-up, DES
use was an independent predictor of lower rates of all-cause
death (HR 0.48; 95% CI 0.25–0.92), target vessel revascu-
larization (HR 0.50; 95% CI 0.27–0.94) and major adverse
cardiac events (MACE) (HR 0.62; 95% CI 0.41–0.94)
compared to BMS [27]. DES use was not associated with an
increased risk of myocardial infarction or stent thrombosis;
however, the patients who received DES in this study had
more stable coronary artery disease. A prospective registry
study for long-term outcomes (7 years) of DES in patients
with CKD (<60 ml/min/1.73 m2) showed no reduction in
mortality (HR 0.85; 95% CI 0.69–1.05; P = 0.1) but reduced
rate of revascularization (HR 0.68; 95% CI 0.53–0.88; P =
0.004) and MACE (HR 0.81; 95% CI 0.69–0.95; P = 0.011)
[28]. Similarly, a study of 504 patients showed that the target
lesion revascularization rates were similar after PCI with
DES in patients with normal renal function or CKD:
5.6 versus 4.8%, respectively (P = 0.7) [29]. In the
BASKET-PROVE trial, patients with CKD (GFR < 60 ml/
min/1.73 m2) who needed large vessel coronary stenting
(� 3.0 mm) had a lower major adverse cardiac event rate
with DES than with BMS (4.9 vs. 15.2%; HR 0.29; 95% CI
0.10–0.80; P = 0.017) [30].

In a study of PCI in elderly patients (65 years and older),
placement of a DES compared to BMS was associated with
lower rates of MI and mortality in all CKD subgroups,
except for MI in long-term dialysis patients, where decreased
rates of revascularization did not extend to any subgroup of
patients with CKD [31]. In a study from US Renal Data
System database, restenosis was associated with higher
mortality in dialysis patients [32]. In contrast, in the
Prevention of Restenosis with Tranilast and its Outcomes
(PRESTO) trial, the higher mortality in patients with CKD
after PCI (2.2, 1.2, 0.8% in GFR <60, 60–89, >89 ml/
min/1.73 m2, respectively; P < 0.001) was not associated
with restenosis [33].

Drug-Eluting Versus Bare-Metal Stent in Dialysis
Patients

In a study of patients on chronic dialysis, use of DES was
associated with a significant reduction in target vessel
revascularization (OR 0.07; 95% CI 0.01–0.84; P =0.036)
and composite of death, myocardial infarction and target
vessel revascularization (OR 0.11; 95% CI 0.02–0.51; P =
0.005) compared to BMS [34]. Also, in another study of
patients on dialysis, DES use was independently associated
with freedom from the composite major adverse cardiac

events (HR 0.24; 95% CI 0.10–0.60; P = 0.002) and with a
trend to lower all-cause mortality (HR 0.40; 95% CI 0.15–
1.05; P = 0.06) at 1 year compared to BMS [35].

However, not all studies show a beneficial effect of DES
in patients on dialysis. In a study of 54 dialysis patients with
69 lesions treated with DES compared to 54 dialysis patients
with 58 lesions treated with BMS, the angiographic and
clinical follow-ups at 9 months showed lower in-stent
restenosis rate in lesions treated with DES than BMS (22
vs. 40%, P = 0.048); however, there were no difference
between in-segment restenosis (31 vs. 43%, P = 0.3), inci-
dence of death, myocardial infarction, or target lesion
revascularization (TLR) (14 vs. 21%, P = 0.4) [36]. Another
study compared 88 patients on hemodialysis with 121
lesions treated with sirolimus-eluting stents, to 78 patients
on hemodialysis with 95 lesions treated with BMS [18]. In
this study, the rates of restenosis did not differ at 1 year
(22.2% in the DES vs. 24.4% in the BMS, P = 0.73) [18]. In
another study of 42 patients on hemodialysis who underwent
PCI with DES for 46 de novo lesions compared with 74
patients with 78 de novo lesions that were treated with BMS,
the restenosis (34 vs. 43%) and target lesion revasculariza-
tion (25 vs. 36%) rates were similar by stent type. Major
adverse cardiac events, a composite of death, myocardial
infarction, and target vessel revascularization were also
similar between groups [37].

Drug-Eluting Stent in Dialysis Versus Non-Dialysis
Patients

Drug-eluting stents in hemodialysis patients have poorer
clinical outcomes compared to non-hemodialysis patients.
The incidence of clinical event is significantly higher in the
hemodialysis patient (50.0 vs. 12.5%, P < 0.0001) as is the
rate of target lesion revascularization (33.3 vs. 4.6%, P <
0.0001). Hemodialysis status was an explanatory factor for
cardiac events (HR 2.70, P = 0.03), target lesion revascu-
larization (HR 6.92, P = 0.0004), and in-stent restenosis (HR
3.32, P = 0.03) [38].

A study investigated the clinical outcomes of patients with
CAD treated with DES who were grouped to GFR �
60 ml/min/1.73 m2, <60 ml/min/1.73 m2, or hemodialysis
and showed that the late lumen loss at 8 months was sig-
nificantly different among the 3 groups: GFR � 60 ml/
min/1.73 m2, 0.16 ± 0.46 mm; GFR < 60 ml/min/1.73 m2,
0.44 ± 0.62 mm; hemodialysis, 0.81 ± 0.88 mm
(P < 0.0001). Major adverse cardiac events were 10.8% with
GFR � 60 ml/min/1.73 m2, 18.8% with GFR < 60 ml/
min/1.73 m2, and 38.7% in the hemodialysis group
(P = 0.0002) [39]. In contrast, in a study of 3,442 patients
who underwent PCI with DES implantation, the restenosis
rate was low and comparable between dialysis and
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non-dialysis patients at 6 months but mortality occurred
more often in dialysis patients (16 vs. 3.8%; P < 0.001).
Multivariate analysis showed cardiogenic shock to be an
independent predictor of mortality (P = 0.04) [40]

Access Site: Femoral Versus Radial in CKD

The femoral artery is the traditional vascular access to the
heart; however, in the past decade the radial artery has
become increasingly popular as it is associated with lower
risk of bleeding, earlier ambulation and is easily accessible.
The radial artery approach limits the use of large-size
catheters and some interventional devices due to its smaller
caliber. Spasm of the radial artery can be a challenge in
patients with severe vasculopathy, which is more common
with CKD. Radial access is associated with increased risk of
radiation and contrast exposure in less-experienced
operators.

A large cohort study from the British Columbia Cardiac
Registry showed cardiac catheterization, including PCI, via
the radial approach was associated with lower risk of CKD
progression. Six months post-PCI there were less new dial-
ysis events (0.2 vs. 0.4%, P < 0.0001), fewer CKD stage 4 or
5 cases (0.1 vs. 0.4, P < 0.0001) or new CKD (0.2% vs.
1.2%, P = <0.0001) with the radial compared to femoral
approach. This low risk for CKD was attributed to lower use
of contrast, and possibly lower risk of cholesterol
embolization by avoiding catheter contact with the
descending thoracic and abdominal aorta. Radial access was
also associated with reduced access site bleeding and blood
transfusion requirements, which have been shown in other
studies to be independent predictors of worsening renal
function [41].

PCI Complications in CKD

Stent Thrombosis

Stent thrombosis is associated with premature discontinua-
tion of DAPT, long stents, bifurcation lesions, stent under
expansion, and acute coronary syndrome at time of PCI [42].
In a retrospective study aimed to investigate the 1-year
incidence of stent thrombosis after elective DES PCI in
patients with CKD (GFR < 60 ml/min/1.73 m2), the inci-
dence of probable or definite stent thrombosis was signifi-
cantly higher in patients with CKD compared to patients
with normal renal function (1.8 vs. 0.6%, P = 0.014) [43].
CKD was an independent predictor of stent thrombosis after
adjustment for clinical and biochemical covariates.

A study by Lakovou et al. evaluated predictors of stent
thrombosis in DES. Renal failure was found to have a

significant hazard for stent thrombosis at 9-month follow-up,
second only to premature discontinuation of dual antiplatelet
therapy [44]. Similarly, Machecourt et al. [45] showed in the
EVASTENT matched-cohort registry, that chronic kidney
disease is an important predictor for stent thrombosis in
patients with DES. In a study by Choi et al. [46] the rate of
stent thrombosis was significantly higher in the lowest GFR
quartile compared with the highest GFR quartile and high
levels of high-sensitivity C-reactive protein. The increased
incidence of stent thrombosis in patients with CKD could be
explained by the delayed arterial healing and incomplete
neoinitimal coverage [9], which may be associated with
atheromatous changes, remodeling and stiffness of the arte-
rial wall in patients with CKD [47] and higher risk of
clopidogrel resistance in patients with CKD [48–50].

Vascular Access Complications

Vascular complications including hematoma, retroperitoneal
bleeding, pseudoaneurysm, arteriovenous fistula, occlusion,
dissection, embolization, femoral neuropathy, and infection
are well-known complications of PCI and associated with
increased morbidity, mortality, and length of stay in the
hospital.

Patients with CKD (GFR < 60 ml/min/1.73 m2) experi-
ence higher rates of major vascular complications after PCI
via the femoral access compared to patients without normal
renal function (8.4 vs. 4.2%; P = 0.045) [51]. In a retro-
spective analysis of the combined incidence of pseudoa-
neurysm, retroperitoneal hematoma, femoral artery
thrombosis, surgical vascular repair, and groin infection after
PCI in patients with different levels of renal functions, renal
function was the strongest independent predictor for the
primary outcome (OR 1.032; 95% CI 1.019–1.046; P <
0.0001), driven by higher infection (P < 0.0001), thrombosis
(P = 0.003) and hematoma (P = 0.007). There was an inverse
relationship between the vascular access site complication
rate and GFR, such that lower GFR levels were a predictor
of vascular access complications (P < 0.001) [52].

Vascular Closure Devices

Vascular closure devices after femoral access have shown to
improve patient comfort, free medical staff resources, and
shorten the time needed for hemostasis, ambulation, and
discharge. However, the role of these devices in decreasing
vascular complications remains controversial. In a study
comparing vascular access complications among patients
with CKD who received a vascular closure device or manual
compression after PCI via the femoral access, complications
were significantly lower in the vascular closure device group
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(4.7 vs. 21.6%; P = 0.003) a vascular closure device was
independently associated with a decreased risk of major
vascular complications in patients with CKD (OR 0.11; 95%
CI 0.03–0.41; P =0.001) [51].

Conclusions
Patients with CKD continue to experience inferior out-
comes after PCI owing to a complex interplay of factors.
Optimal strategies for duration and type of antiplatelet
therapy and stent choice remain understudied areas that
deserve attention, toward the goal of optimizing post
interventional outcomes in this high-risk group of
patients.
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Disease Burden

Peripheral arterial disease (PAD) has been described as the
“global pandemic” of our time [1]. In comparison to the 30
million individuals living with HIV, peripheral arterial dis-
ease far outnumbers many other chronic diseases. Studies
comparing the trend of peripheral arterial disease prevalence
have revealed that approximately 200 million individuals
were living with peripheral arterial disease in the year 2010.
This indicates a dramatic rise in prevalence, with an addi-
tional 40 million individuals compared to the year 2000
when the prevalence was estimated to be around 160 million
[2]. In the United States, conservative estimates place the
figure in the range of at least 8–10 million individuals suf-
fering from peripheral arterial disease [3, 4].

The reasons for increasing prevalence of peripheral
arterial disease can be explained by the alarming rise of other
conditions such as hypertension, diabetes and hypercholes-
terolemia [2]. Peripheral arterial disease was traditionally
believed to be more common in men when compared to
women. However, recent studies show that the prevalence of
PAD in men and women is almost equal in the high income
regions of the world, and the prevalence is higher in women
compared to men in the low and mid income regions [2].
Other studies have showed a similar prevalence between
men and women in the US [5]. The prevalence of peripheral
arterial disease also rises with increasing age. While the
prevalence is roughly around 4% for individuals older than

40 years, it sharply increases to 15% for individuals over
70 years of age [6]. The American College of Cardiology
and the American Heart Association recommends the use of
an Ankle brachial index (ABI) as the diagnostic test of
choice for evaluating lower extremity peripheral arterial
disease. An ABI of 1 is considered normal and an ABI of
less than 0.9 is considered abnormal. When the ABI is
abnormally high (greater than 1.4) (such as in CKD) it is
recommended to use the Toe Brachial index (TBI) to
establish the diagnosis in individuals with high clinical
suspicion [7].

Chronic kidney disease (CKD) is defined by the National
Kidney Foundation as a glomerular filtration rate (GFR) of
less than 60 ml/min per 1.73 m2 for greater than 3 months.
CKD is listed by the Centers for Disease Control (CDC) as
one of the most prevalent chronic illnesses, with one in seven
adults living in the United States with some degree of CKD [8,
9]. CKD is closely intertwined with PAD, with individuals
with kidney disease being twice as likely to have peripheral
arterial disease compared with those preserved kidney func-
tion. In addition, there is a linear relationship between the
severity of CKD and the severity of peripheral arterial disease.
The National Health and Nutrition Examination survey esti-
mates at least 1 million individuals above the age of 40 with
even mild to moderate CKD suffer from peripheral arterial
disease defined as Ankle Brachial Index (ABI) less than 0.9
[10]. CKD is also associated with abnormally high ABIs, in
particular ABIs greater than 1.4 which inherently is a marker
for arterial stiffening and or calcification [11]. When the ABI
is abnormally high (greater than 1.4), it is recommended to use
the Toe Brachial index (TBI) to establish the diagnosis in
individuals with high clinical suspicion [12]. In those indi-
viduals who have end stage kidney disease (ESKD), as many
as 20–30% have coexistent peripheral arterial disease [13].
The other risk factors strongly associated with peripheral
arterial disease include the traditional cardiovascular risk
factors namely hypertension, smoking, hypercholesterolemia
and diabetes [6].
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The disease burden estimated for peripheral arterial dis-
ease, albeit staggering, may still not represent the true
prevalence, since many of the studies did not utilize toe
brachial index or duplex ultrasound in addition to ABI to
detect peripheral arterial disease [1]. In addition many other
forms of peripheral arterial disease go misdiagnosed or
remain under diagnosed. The prevalence of renal artery
disease ranges from 20 to 60% in individuals diagnosed with
PAD, whereas literature on mesenteric artery disease is lar-
gely lacking [8]. The prevalence of abdominal aortic
aneurysms � 3 cm in diameter is approximately 3–4% [14].

Impact of PAD and CKD

Peripheral arterial disease is associated independently with
increased mortality [15–17]. Patients with peripheral arterial
disease have increased risk of cardiac events during the
course of their life [18–20]. There is also a trend towards
increased occurrence of stroke and cerebrovascular events in
the PAD patient population [21]. Patients with PAD are
plagued by lower quality of life and limited mobility [22].
Similarly, CKD currently ranks among the top 10 causes of
mortality in the United States and is an important cause of
disability and years lost to life [23].

From a health care economic perspective, analysis of
Medicare data in the United States reveals that roughly 7%
of the beneficiaries were treated for PAD. The average
spending per person with PAD was close to $2000 dollars
per year. The overall cost of managing PAD based on just
the Medicare data from 2001 was roughly around 4.4 billion
dollars [24]. This compounds the fact that the expenditure
for management of all forms of CKD including ESKD was
an astounding 87 billion dollars in 2012 [25].

Clinical Presentation and Management of PAD

Aorto Iliac Disease

Clinical Presentation
Aortoiliac disease can result in buttock claudication,
infra-inguinal claudication symptoms of thighs and or calves
and vasculogenic erectile dysfunction. Aortoiliac disease can
worsen other coexisting lower extremity arterial disease by
decreasing arterial inflow.

Non-interventional Management
Smoking cessation is universally recommended. Control of
risk factors like hypertension and diabetes along with exer-
cise forms the cornerstone of non-interventional manage-
ment [26]. Interestingly supervised exercise has been shown
to be superior to medical therapy alone [27].

Once symptomatic aorto iliac peripheral arterial disease is
identified, medical therapy with low dose aspirin should be
initiated [24]. In addition, symptomatic peripheral arterial
disease of any bed would be considered as clinically sig-
nificant atherosclerotic cardiovascular disease. Hence dys-
lipidemia in this setting should be managed with high dose
statin therapy according to the most recent American Col-
lege of Cardiology cholesterol guidelines [28]. In cases of
aspirin intolerance, clopidogrel 75 mg a day is an alternative
[24].

Interventional Management
The Trans-Atlantic Inter Society consensus (TASC) group
categorizes aorto-iliac and femoral popliteal lesions into A,
B, C and D based on anatomy and lesion complexity [24].
(Table 32.1)

For TASC A aorto iliac lesions, endovascular therapy is
the treatment of choice. For type B and C lesions endovas-
cular therapy is the preferred option. Surgery can be an
alternative in a suitable risk patient [24]. In patients with
TASC D lesions, surgery has been the gold standard but
percutaneous strategies are now equivalent [29].

Surgical techniques for aorto-iliac disease include
aorto-iliac thromboendarterectomy, aorto bifemoral bypass
surgery and extra anatomic bypass surgery. Extra anatomic
bypass surgery includes axillo-femoral and femorofemoral
techniques. Extra anatomic bypass has the advantage of
avoiding an open abdominal procedure and thereby the
morbidity associated with it however long term patency rates
are lower compared with the other approaches [27].

Endovascular therapy with angioplasty and stents has
comparable outcomes to surgical techniques with less mor-
bidity and mortality. Stents for aorto-iliac lesions can be
self-expandable, balloon expandable or covered stents
(stents that are covered with materials such as polyte-
trafluoroethylene PTFE, Goretex etc.). Calcified focal
lesions commonly seen in CKD requiring higher radial force
are better managed by balloon expandable stents whereas
larger diameter lesions are better served with
self-expandable stents. For aorto-iliac disease in general,
covered stents are used in situations where rupture of the
vessel is likely (neocarinal formation, calcified lesions and
aneurysmal lesions). Primary patency rates for stents in the
aortoiliac location are very promising with 1 and 4 year rates
approaching 100 and 80% respectively. Also, covered
stenting of the iliac artery has specifically shown to decrease
the need for repeat interventions. For bifurcation aortic
disease involving aorta and the iliacs, the preferred technique
is by way of “aorto-iliac” kissing stents [26].

Intravascular ultrasound (IVUS) has been used as an
alternative to contrast angiography in endovascular aortic
repair with comparable outcomes without the risk of com-
promising renal function [30, 31]. More recently intracardiac

338 B.C. Mani and N.J. Ruggiero II



echocardiography (ICE) catheter which is used for intrac-
ardiac imaging has been used similar to IVUS in endovas-
cular repair of abdominal aortic aneurysm. ICE catheter use
is associated with minimal or no use of contrast in the
patients who underwent the procedure [32]. Whether used
solely or in conjunction with contrast angiography these are
valuable tools in reducing the need for iodinated contrast in
patients with CKD or those who are intolerant to iodinated
contrast media.

Infrainguinal Peripheral Arterial Disease

Clinical Presentation
Symptomatic infra inguinal peripheral arterial disease man-
ifests as claudication of the thighs, calves, non-healing ulcers
of lower leg following trauma and critical limb ischemia.
Critical limb ischemia is defined as chronic rest pain, ulcers,
gangrene that is attributable to arterial occlusive disease.

Non Interventional Management
For both asymptomatic and symptomatic lower extremity
PAD, smoking cessation is universally recommended.
Supervised exercise programs consisting of at least 30 min
of walking, at least 3 times a week lasting at least for
12 weeks is a Class I recommendation for patients with
claudication symptoms. For those individuals who are
unable to participate in a supervised program, a home based
program can be a suitable alternative. For symptomatic
PAD, low dose aspirin and statin therapy in addition to
aggressive management of risk factors like hypertension,
diabetes, dyslipidemia is recommended [26].

In situations where aspirin is not tolerated, clopidogrel
75 mg once a day is an alternative [33]. For patients with
intermittent claudication and without any contraindications,
a trial of oral cilostazol 100 mg twice daily is recommended.
In those patients who cannot tolerate cilostazol, a trial of oral
pentoxifylline 400 mg three times daily is recommended
[26].

Table 32.1 Trans-Atlantic Inter
Societal Consensus (TASC)
classification of aorto-iliac and
femoral popliteal lesions

Aorto-iliac lesions Femoral popliteal

TASC A Unilateral or bilateral stenoses of CIA
Unilateral or bilateral single short (� 3 cm)
stenosis of EIA

Single stenosis � 10 cm in length
Single occlusion � 5 cm in length

TASC B Short (� 3 cm) stenosis of infrarenal aorta
Unilateral CIA occlusion
Single or multiple stenosis totaling 3–10 cm
involving the EIA not extending into the CFA
Unilateral EIA occlusion not involving the
origins of internal iliac or CFA

Multiple lesions (stenoses or occlusions) each
� 5 cm
Single stenosis or occlusion � 15 cm not
involving the infra geniculate popliteal artery
Single or multiple lesions in the absence of
continuous tibial vessels to improve inflow
for a distal bypass
Heavily calcified occlusion � 5 cm in length
Single popliteal stenosis

TASC C Bilateral CIA occlusions
Bilateral EIA stenoses 3–10 cm long not
extending into the CFA Unilateral EIA
stenosis extending into the CFA
Unilateral EIA occlusion that involves the
origins of internal iliac and/or CFA
Heavily calcified unilateral EIA occlusion
with or without involvement of origins of
internal iliac and/or CFA

Multiple stenoses or occlusions totaling
� 15 cm with or without heavy calcification
Recurrent stenoses or occlusions that need
treatment after two endovascular
interventions

TASC D Infra-renal aortoiliac occlusion
Diffuse disease involving the aorta and both
iliac arteries requiring treatment
Diffuse multiple stenoses involving the
unilateral CIA, EIA and CFA
Unilateral occlusions of both CIA and EIA
Bilateral occlusions of EIA
Iliac stenoses in patients with AAA requiring
treatment and not amenable to endograft
placement or other lesions requiring open
aortic or iliac surgery

Chronic total occlusions of CFA or SFA
(� 20 cm, involving the popliteal artery)
Chronic total occlusion of popliteal artery and
proximal trifurcation vessels

CIA Common Iliac Artery, EIA External Iliac Artery, CFA Common Femoral Artery, AAA Abdominal Aortic
Aneurysm, SFA Superficial Femoral Artery
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Interventional Management
For individuals with ongoing lifestyle limiting symptomatic
lower extremity peripheral arterial disease who have failed
all non-interventional measures, surgical revascularization or
endovascular therapy is recommended [26].

For TASC A femoral popliteal lesions, endovascular
therapy is the treatment of choice. For TASC B and C
lesions, endovascular therapy is the preferred modality with
surgery being an option if the surgical risk is good [24].
For TASC D lesions surgery has historically been the
treatment of choice, but with improved equipment and
procedural technique, this is more equivocal [27].
Endovascular strategy includes plain balloon angioplasty,
bare metal stents, PTFE covered stents and drug-coated
stents [27]. Finally drug coated balloons are emerging as a
superior alternative to plain balloon angioplasty [34].

For infrapopliteal disease, revascularization is recom-
mended primarily where there is critical limb ischemia.
Surgical techniques are available with autologous venous
conduits from femoral or popliteal to the pedal or tibial
arteries. Synthetic grafts are only a second choice if autol-
ogous veins are not available since veins offer higher
patency rates compared with synthetic material [26].
Endovascular therapy for infra popliteal lesions primarily
involves use of balloon angioplasty with bare metal stents
being used as bailout if necessary. Paclitaxel coated balloon
angioplasty has showed promise in infra popliteal disease by
significantly decreasing rates of restenosis and amputation
[35, 36]. Small series of drug coated coronary stents have
also showed promise, but would require more robust studies
to validate. Notably, limb salvage rates for endovascular
therapy and surgery for infra popliteal disease are compa-
rable (80–85%) [37].

For patients with infra inguinal peripheral arterial dis-
ease and CKD requiring percutaneous interventions, carbon
dioxide angiography is an alternative to iodinated contrast
angiography [38]. The use of carbon dioxide has been
studied as a sole agent or supplementary agent along with
iodinated contrast in individuals with CKD. Carbon diox-
ide angiography has proven to reduce the amount of con-
trast exposure, radiation time while preserving renal
function [39, 40].

Extra Cranial Carotid Artery Disease

Clinical Presentation
Extracranial carotid artery disease is responsible for 15% of
ischemic strokes. Symptomatic or clinically significant car-
otid artery disease is defined as focal disease associated with
stroke, transient ischemic attacks (TIA) or transient
mono-ocular blindness (amaurosis fugax) [28].

Non Interventional Management
Medical therapy for symptomatic extracranial carotid artery
disease is similar to management of PAD in other arterial
beds and involves management of risk factors namely,
hypertension, diabetes, smoking cessation, statin therapy.
Aspirin, clopidogrel or the combination of
aspirin-dipyridamole is recommended for individuals who
have symptomatic disease [28].

Interventional Management
Carotid artery endarterectomy is recommended in individu-
als with extra cranial carotid artery stenosis greater than 70%
by non-invasive imaging or greater than 50% by catheter
angiography who have experienced non disabling stroke,
TIA or amaurosis fugax and who are at low to average risk
for surgical complications. Similarly, carotid artery stenting
can be considered in the above situation if the risk of
stenting is low to average [28]. In patients with stroke or a
TIA carotid artery revascularization with either stenting or
surgery can be performed within 2 weeks of the index
clinical event [28].

In the asymptomatic individual with carotid artery
stenosis greater than 70%, recent data from ACT-1 [41] and
CREST [42] showed that outside the peri-operative period,
there was no difference in the rate of ipsilateral late stroke
after endarterectomy or stenting. This however does not help
resolve the vexing question of how best to treat the
asymptomatic patient, especially in centers with less
angiographer experience. It is hoped that with Carotid
Revascularization and Medical Management for Asymp-
tomatic Carotid Stenosis Trial (CREST-2), data will emerge
on outcomes with both interventions as well as optimal
medical management.

Carotid artery revascularization is not recommended
when the stenosis is less than 50% or if the artery is known
to be chronically occluded [28].

Vertebral Artery Disease

Clinical Presentation
Vertebral artery disease results in symptoms related to the
posterior circulation (dizziness, vertigo, diplopia, perioral
numbness, blurred vision, tinnitus, ataxia, bilateral sensory
deficits, and syncope). Vertebral artery disease is estimated
to be responsible for roughly 20% of posterior circulation
strokes [28].

Non Interventional Management
Non interventional management is similar to extracranial
carotid artery disease which involves management of vas-
cular risk factors, anti-platelet therapy and statin.
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Interventional Management
Asymptomatic vertebral artery disease does not require any
interventions. Even when vertebral artery disease is identi-
fied, interventions are not commonly done due to the pres-
ence of 2 vertebral arteries and most patients remain
asymptomatic and unrecognized [43]. Compounding the
above factors is the paucity on data on the subject. Surgical
correction of vertebral artery disease or angioplasty is rarely
performed. There is also a paucity of data on the subject [44].

Peripheral Arterial Disease Outcomes
in the CKD Population

As mentioned previously, PAD is associated with an
increased risk of future major adverse cardiac events and
mortality (Fig. 32.1) [13–19].

Even in asymptomatic individuals with abnormal ABIs,
the relative risk of 10-year all-cause mortality has been
shown to be twice as high and cardiac mortality, four times
as high compared with individuals with normal ABIs [45].
Patients with stable peripheral arterial disease also have a
high incidence of acute limb ischemia and acute visceral
ischemia defined as arterial events of less than 2-week
duration resulting in symptoms. The prognosis after acute
peripheral vascular events is very poor with significantly
high disability and mortality (about 70%) at 1 and (90%) at
5 years [46]. Individuals with CKD frequently have more

severe grades of peripheral arterial disease. CKD as a risk
factor on its own increases the chance of future cardiovas-
cular outcomes and worse mortality. There is a linear rela-
tionship between the severity of CKD measured by decline
in GFR and the risk of death or cardiovascular event [47].
This is shown in Table 32.2.

CKD also doubles the lower extremity amputation rate in
PAD patients compared to those without it. Co existent CKD
tends to increase the propensity for hospital acquired infec-
tions and patients with CKD and PAD are twice as likely to
have sepsis [48]. Chronic kidney disease greatly affects
outcomes in peripheral arterial disease (Table 32.3). In
patients with lower extremity arterial disease, death rates are
roughly 3–5 times higher compared with people with normal
renal function [51]. The presence of both CKD and PAD
increases mortality to a greater degree than the presence of
either one alone (Fig. 32.2) [52].

Repair and treatment of peripheral arterial disease is also
complicated by the presence of CKD. In the case of
peripheral lower extremity interventions, the presence of
CKD increased the likelihood of requiring interventions for
multiple vessels. The presence of severe CKD increased the
likelihood of death or amputation at 30 days by three times.
Also severe CKD increased the risk of requiring repeat
intervention in infra inguinal arteries with previous angio-
plasty [53]. In individuals undergoing aorto iliac stenting
however, there has not been conclusive data to show that
CKD decreases stent patency or increases repeat

Fig. 32.1 Association of
adverse outcomes with the
presence of both chronic kidney
disease and peripheral vascular
disease
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interventions [54]. In individuals undergoing lower extrem-
ity bypass surgery as a means of revascularization, severe
CKD worsens mortality and amputation free survival [55].

In the case of abdominal aortic aneurysms, the risk of
complications and cardiovascular events associated with
open or endovascular repair rise in proportion to the severity
of CKD. (Refer to Table 32.4) The 30-day mortality is twice
as high in individuals with severe CKD (6 vs. 3%;
P = 0.0081) compared with milder disease [56, 57] and
patients with severe CKD who underwent open repair of
AAA had a 30-day mortality rate of 10% and a 40% rate of

any complication [43]. While it is clear that acutely there is
an increased association of morbidity and mortality in
individuals undergoing surgical repair of abdominal and
infra inguinal arterial disease, data specifically on graft
patency rates in this population is still unclear.

Similar to other peripheral disease in other arterial beds,
carotid artery disease in conjunction with CKD appears to
fare worse (Table 32.5). The impact of CKD on patients
undergoing carotid interventions has been examined. In
more than 20,000 patients undergoing carotid endarterec-
tomy, moderate CKD (GFR 30–60 ml/min/1.73 m2)
increased the risk of cardiac events (1.7 vs. 0.9% for con-
trols, P < 0.001) and pulmonary complications (2.1 vs. 1.3%
control; P < 0.001) without an increase in mortality. How-
ever, severe CKD (GFR less than 30 ml/min/1.73 m2) had a
significantly increased mortality (3.1 vs. 1.0% control,
P < 0.001) [59]. GFR less than 60 ml/min/1.73 m2 has also
been identified as a risk factor for poor 5-year survival in
individuals undergoing carotid endarterectomy for asymp-
tomatic carotid artery disease [60]. The trend appears to be
the same in patients undergoing carotid artery stenting.
There does not appear to be a significant difference in
mortality in individuals with moderate CKD (GFR 30–
60 ml/min/1.73 m2) compared with those having GFR
greater than 60 ml/min/1.73 m2. However, once GFR
declines to the range of severe CKD, the 30-day mortality
climbs up to roughly 5 times. (0.66% normal renal function,
1.15% moderate renal insufficiency, and 5.45% severe renal
insufficiency; P = 0.005) [61]

Table 32.2 Showing adjusted
hazard ratio for any
cardiovascular even and all cause
mortality among 1,120,295
ambulatory adults stratified by
estimated GFR

Estimated GFR in ml/min/1.73 m2 Cardiovascular event All cause mortality

� 60 1.00 1.00

45–59 1.4 1.2

30–44 2.0 1.8

15—29 2.8 3.2

<15 3.4 5.9

The group with GFR � 60 served as the reference group
Adapted with permission from Ref. [47]

Table 32.3 Pad outcomes stratified by stages of CKD

Study Outcome GFR
estimation

CKD stratification Length of
follow up

P value

eGFR > 90 eGFR 60–
89

eGFR 30–
59

eGFR < 30

Lacroix
et al. [49]

Amputation MDRD 53/219
(24.2%)

80/344
(23.3%)

98/325
(30.1%)

52/122
(42.6%)

1 year 0.0003

Lacroix
et al. [48]

Mortality MDRD 35/219
(16.0%)

62/344
(18.0%)

103/325
(31.7%)

54 (44.3%) 1 year <0.0001

Otte et al.
[50]

Foot ulceration rate per 1000
patients per year

MDRD 29 98 0.02

MDRD Modified Diet and Renal Disease, eGFR estimated Glomerular Filtration Rate

Fig. 32.2 Kaplan–Meier plot of survival probability over time strat-
ified by presence or absence of CKD and PAD. CKD Chronic Kidney
disease, PAD Peripheral arterial disease. Log-rank test for overall
difference P < 0.0001 (With permission from Ref. [52])
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Conclusion
The management of PAD and CKD both independently
and together is an arduous task. CKD increases the
chance of adverse cardiovascular and cerebrovascular
outcomes. It also increases the risk of interventional
strategies currently available. Clinicians need to be cog-
nizant of this so as to provide optimal management
strategies to patients and also to avoid the burden of cost
that these two conditions impale on the healthcare sys-
tem. Hence management of these conditions requires a
thorough understanding of their pathophysiology and
relationship. Management of these complex conditions
will require a multi-disciplinary team approach involving
cardiologists, nephrologists, vascular surgeons, podia-
trists, and wound care experts to integrate all aspects of
care in these complex patients.
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33Contrast Induced Nephropathy

Jatinder Kohli, Akash N. Sethi, and Michael R. Rudnick

Introduction

Contrast Induced Nephropathy (CIN) is a generally rever-
sible, non-oliguric cause of acute kidney injury (AKI) that
usually occurs within 48–72 h after intravascular contrast
administration. However, AKI after contrast administration
cannot be automatically attributed to the contrast agent.
The KDIGO AKI guidelines recommend evaluation of other
possible causes of AKI in all such cases [1].

Clinical Significance

CIN is associated with significant morbidity and mortality.
Multiple studies have reported its relationship with pro-
longed hospitalization, as well as other clinically significant
adverse outcomes including early and late cardiovascular
events [2]. McCullough et al. [3] evaluated the relationship
between renal outcomes and in-hospital mortality after
coronary intervention. The adjusted odds ratios were repor-
ted to be 6.56 [95% Confidence interval (CI) 3.34–12.62;
P < 0.00001] for CIN of any severity and 13.54 (95% CI
3.92–46.8; P < 0.00001) for CIN requiring dialysis. The

2-year survival rate for patients with CIN requiring dialysis
was only 18.8%.

Although CIN is usually a reversible form of AKI, reports
in literature have shown higher incidence of chronic kidney
disease (CKD) in patients who develop CIN after coronary
angiography. Nemoto et al. [4] reported CIN as an inde-
pendent risk factor for continuous deterioration of renal
function at 6–8 months after percutaenous coronary inter-
vention (PCI) following acute coronary syndrome (ACS).
Thus, a careful long-term follow up of renal function is
needed following episodes of CIN.

Pathogenesis

The primary pathways by which contrast agents cause
nephropathy are by renal ischemia (by increasing oxygen
demand or decreasing blood flow), and tubular injury via
Reactive Oxygen Species (ROS) or direct cytotoxic effects
(Fig. 33.1).

The renal medulla is poorly oxygenated at baseline,
making it susceptible to hypoxic injury. Reasons for poor
oxygenation even under normal conditions are countercur-
rent exchange of oxygen between vasa recta, and oxygen use
by active transport of sodium in ascending limb of loop of
henle [5].

After contrast is injected there is a transient increase in
renal blood flow followed by variable duration of decreased
blood flow resulting in renal ischemia. Hyperosmolar con-
trast agents by inducing osmotic diuresis can increase oxy-
gen demand due to increased work of active transporters.
Furthermore, the release of vasoconstrictive mediators like
endothelin and adenosine, as well as blockade of vasodilator
compounds such as nitric oxide and prostaglandins appear to
exacerbate medullary hypoxic injury [6].

ROS formed as a result of post ischemic oxidative stress
can cause tubular injury via their effects on renal endothelial
cells. In vitro cell culture studies as well as some animal data
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have shown contrast mediated activation of various
pro-inflammatory and pro-apoptotic molecules such as JNK
kinases, p38transcription factor NF-Kb and caspases, as well
as deactivation of pro-proliferative kinases such as ERK1/2
and Akt [7].

Direct toxicity of contrast agents to renal epithelial cells
has also been suggested to contribute to the pathogenesis of
CIN.

Risk Factors

There are several risk factors for the development of CIN, of
which the following dominate in terms of relative risk of
injury:

• CKD: Pre-existing renal insufficiency is the single most
important risk factor for CIN, and the risk increases with
increase in severity of baseline renal dysfunction.
A clinical significant risk is usually thought to be asso-
ciated with eGFR below 60 mL/min/1.73 m2 although
this threshold may be different between intravenous and
intra-arterial contrast administration.

• Diabetes Mellitus: Although diabetes is often considered
to be a risk factor for CIN, the risk is likely related to the
co-existing renal insufficiency rather than diabetes itself.
In diabetic patients with normal renal function the inci-
dence of CIN is similar to non-diabetic patients with
normal renal function. On the other hand, the risk of CIN
is higher in patients with diabetes and pre-existing renal
insufficiency compared to non-diabetic patients with
similar levels of pre-existing renal insufficiency.

• Contrast agent characteristics: The type (hyperosmolar
vs. lowosmolar vs. or iso-osmolar), volume as well as

route of administration (intra-arterial vs. intravenous) are
all related to the risk of CIN.

The earlier generation contrast agents which were ionic and
hyperosmolar (around 2000 mosm/L) are more nephrotoxic
compared to newer agents i.e., low-osmolar (600–
900 mosm/L) and iso-osmolar agents (300 mOsm/L).
However, iso-osmolar agents have not been shown to be less
nephrotoxic compared to low-osmolar agents. This may
possibly be related to the increased viscosity of iso-osmolar
agents [8].

Although low doses have been variably defined in liter-
ature (from <30 to 125 mL), the lower doses are considered
to be less nephrotoxic compared to higher doses. In general,
it is recommended to use the lowest possible doses of con-
trast, particularly in patients at higher risk for CIN.

Other risk factors for CIN include advancing age,
co-existing volume depletion, congestive heart failure
(CHF), hemodynamic instability, hyperglycemia (indepen-
dent of diabetes mellitus) and concurrent use of nephrotoxic
medications. Multiple myeloma, use of angiotensin con-
verting enzyme inhibitors/angiotensin receptor blockers
(ACEI-/ARB), renal transplant and cirrhosis are considered
to be synergizing risk factors, with controversial evidence.

Validated risk prediction models have been developed
to assess the risk of CIN in patients undergoing PCI. An
example of one such prediction model based on patient
and procedure characteristics developed by Mehran et al.
[9] is shown in Fig. 33.2. While such prediction models
would not alter the ultimate decisions to perform coronary
procedures in any individual patient, they do help risk
stratify patients pre procedure, and help draw attention to
optimizing co-existing risk factors for CIN to the extent
feasible.

Direct Tubular 
Toxicity

Ischemic Pre-Condi oning

Sta ns

Isotonic Bicarbonate

Reac ve Oxygen Species (ROS)

Renal Ischemia Contrast Induced Nephropathy (CIN)

Isotonic IV Fluids,                   
NAC,Sta ns                     

Isotonic IV Fluids

N-Acetylcysteine

Fig. 33.1 Pathogenic mechanisms and preventive strategies for CIN
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Clinical Features/Diagnosis

CIN is typically characterized by an AKI developing within
24–48 h of contrast media exposure, with the rise in serum
creatinine reaching its peak at 3–5 days, followed by return to
baseline in 7–10 days. AKI from CIN is usually non oliguric
although severe AKI requiring hemodialysis can occur par-
ticularly in patients with underlying significant CKD.

The urinalysis is helpful in excluding other causes of AKI
and is usually characterized by findings of acute tubular
necrosis (ATN), including muddy brown casts and tubular
epithelial cells. However, absence of these findings does not
exclude the diagnosis. Proteinuria is usually absent or mild,
when present. Though AKI is mediated via tubular injury,
fractional excretion of sodium (FeNa) has been reported to
be <1% reflective of the significant renal arteriolar hypop-
erfusion that is typical of the post contrast sequelae. Other
causes of AKI that should be considered in patients post
cardiac catheterization include atheroembolic disease, car-
diorenal syndrome and any procedure related hypoperfusion
causing ischemic ATN independent of contrast media.

Prevention

Currently, there is no treatment to reverse or ameliorate CIN
once it has occurred. Preventive strategies are the best option for
patients at risk of developing CIN. Many preventive strategies
have been tried that may interfere with one or more of the cur-
rently accepted pathogenic mechanisms (Fig. 33.1). The strate-
gies shown to have definite value in CIN prevention include
parenteral hydration, the use of low-osmolar and iso-osmolar
contrast media as well as a low volume of contrast media. The
major CIN preventive strategies will be discussed here.

Intravenous Fluids

Theoretically, extracellular volume expansion helps by
counteracting different mechanisms involved in the patho-
genesis of CIN. These include decreasing the direct tubular
toxicity by dilution of contrast media as well as preventing
the renal medullary ischemia via inhibition of renin angio-
tensin system (RAS) as well as vasopressin.

Fig. 33. 2 CIN risk scoring model for percutaneous coronary intervention (PCI); CHF congestive heart failure, egfr estimated glomerular
filtration rate, IABP intra-aortic balloon pump
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Isotonic saline has been shown to be more protective than
equivalent volumes of hypotonic saline [10], likely because
isotonic fluids are better volume expanders. It has been
postulated that isotonic bicarbonate, by altering tubular fluid
pH may protect against free radical mediated injury and thus
may be superior to isotonic saline. However, the role of
isotonic bicarbonate remains uncertain as multiple trials and
systemic reviews have shown conflicting results [11]. A re-
cent meta-analysis evaluated the data from 22 randomized
controlled trials (RCT’s) and concluded that sodium bicar-
bonate is not superior to isotonic saline in preventing CIN,
the need for dialysis or mortality [11]. In addition to
uncertain benefit, the risk of formulation errors with isotonic
bicarbonate should be considered as well. KDIGO recom-
mends that either fluid can be used for CIN prevention.

The data regarding optimal rate, timing and duration of
fluids remain equivocal as well. Intravenous (IV) hydration
12 h before and after the cardiac catheterization has been
shown to have better outcomes compared to IV hydration
only during the procedure [12]. In the absence of large,
prospective, randomized trials to guide the timing and
duration of IV hydration, it is a common practice to
administer 1 mL/kg/h for 6–12 h’ pre-procedure,
intra-procedure and for 6–12 h’ post-procedure for inpa-
tients scheduled for a contrast procedure. For outpatients
with high risk to develop CIN, isotonic fluids starting 1 h
prior and continuing up to 4–6 h post contrast administration
is a common practice.

It has been suggested that optimal hydration should be
defined according to pre-defined clinical markers. Markers
which been shown to decrease the incidence of CIN com-
pared to standard hydration include left ventricular end
diastolic pressure (LVEDP) [13], urine flow rate [14], and
central venous pressure (CVP) [15]. The beneficial effects
hydration protocols are perhaps related to the ability to
administer higher mean volume compared to standard
hydration groups. As an example, Brar et al. [13] evaluated
the fluid replacement protocol guided by LVEDP. In this
trial, 396 patients with CKD (egfr < 60 mL/min/1.73 m2) and
various other risk factors for CIN, including age >75 years,
diabetes mellitus and history of congestive heart failure were
randomized to LVEDP guided fluid management (n = 196)
or standard hydration group (n = 200). All patients received
intravenous isotonic saline (3 mL/kg) 1 h prior to the cardiac
catheterization. In addition, LVEDP guided group patients
received 5 mL/kg/h if LVEDP was lower than 13 mmHg,
3 mL/Kg/h if LVEDP was between 13 and 18 mmHg, and
1.5 mL/Kg/h if LVEDP was greater than 18 mmHg. In
comparison, the control group received 1.5 mL/kg/h. Both
groups received intravenous fluid throughout and for 4 h
following the procedure. CIN (defined as >0.5 mg/dL or
>25% increase in serum creatinine between 1 and 4 days
after the procedure) occurred less frequently in the LVEDP

group compared with control [6.7 vs. 16.3%, respectively
(RR 0.41, 95% CI 0.22–0.79)]. There was no statistically
significant difference in the adverse events among the two
groups. These findings need further confirmation from larger
multicenter trials before this approach can be recom-
mended as a standard hydration protocol.

Oral hydration is currently not recommended as an
effective strategy for prevention of CIN. The use of diuretics
is currently not recommended unless required for volume
overload. In a RCT (n = 78) of CKD (mean serum creatinine
2.1 mg/dL) patients undergoing cardiac catheterization
Solomon et al. [16] showed IV hydration to be better when
compared to IV hydration plus mannitol or furosemide.
Several other small trials have also reported higher incidence
of AKI with the use of diuretics for CIN prevention, likely
related to volume depletion.

However, subsequently Stevens et al. [14] reported that
irrespective of baseline renal function, achieving urine flow
rates above 150 mL/h in first 24 h after contrast exposure
with forced diuresis while attempting to hold the intravas-
cular volume in a constant state with replacement of urinary
losses provides a modest protective benefit against
contrast-induced renal injury. Based on the same principle, a
fluid management system called RenalguardTM (PLC Med-
ical system, Inc. Franklin, MA, USA) has been developed. It
is designed to guide fluid replacement by matching volume
repletion to the urine output in setting of forced diuresis.
Two small randomized trials have reported its beneficial
effects on reducing the incidence of CIN [17, 18]. The
potential benefit that it offers is likely from higher urine
output per hour without the concerns for volume depletion.
For example, the target urine output in both these trials was
at least 300 mL/h for up to 4 h after the contrast procedure.
Though these results in absence of any significant adverse
events look promising but its efficacy, safety and cost
effectiveness still needs to be evaluated by additional large,
randomized control trials.

N-acetylcysteine (NAC)

NAC is thought to have a role in prevention of CIN due to its
antioxidant and vasodilatory effects. The largest RCT
(n = 2308) that evaluated the role of NAC in CIN prevention
concluded that acetylcysteine does not reduce the risk of
contrast-induced acute kidney injury or other clinically rel-
evant outcomes in at-risk patients undergoing coronary and
peripheral vascular angiography [19]. However, it should be
noted that this study was likely underpowered to exclude a
benefit from NAC in high-risk patients (i.e., patients with
severe CKD) as majority of the patients included in this
study had rather mild degree of renal dysfunction (eGFR 45–
60 mL/min/1.73 m2) and thus represented patients at lower
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risk of CIN. Several other trials as well meta-analyses have
produced conflicting results, but given its safety profile and
cost it continues to be commonly used for CIN prevention.
KDIGO suggests the use of oral NAC together with intra-
venous crystalloids in patients at high risk for CIN. The
preferred dose is 1200 mg twice daily starting a day prior to
and on the day of the procedure.

Contrast Volume

Contrast volume increases the risk of CIN in a dose
dependent fashion. Table 33.1 highlights a novel approach
to minimize the contrast volume during coronary procedures
described by Nayak et al. [20]. Among other strategies, this
approach suggested the use of intravascular ultrasound
(IVUS). IVUS has now been shown to significantly reduce
the contrast volume during diagnostic and therapeutic
coronary procedures. Mariani Jr. et al. [21] evaluated to the
impact of using IVUS on final contrast volume in patients
undergoing PCI, the median total contrast volume in IVUS
group was found to be 20 mL (minimum 3 mL; maximum
54 mL) compared to median total volume of 64.5 mL
(minimum 19 mL; maximum 170 mL) in angiography gui-
ded group (P < 0.001). Thus, the use of IVUS should be
strongly considered, particularly for high-risk patients
undergoing coronary angiography.

Statins

The role of statins in prevention of CIN is currently con-
troversial as well. Given their pleotropic effects including
their anti-inflammatory profile, low cost and favorable side
effect profile there has been much interest in evaluating the
role of statins in the prevention of CIN. Statins are thought to
modulate kidney hypoperfusion after contrast administration
by downregulation of angiotensin receptors and decreased
synthesis of endothelin-1, while at the same time increasing
nitric oxide production (a potent vasodilator) which in turn
decreases ischemic injury. In addition, statins have also have
been thought to decrease the toxic damage and inflammation

on the tubular cells by scavenging oxygen-free radicals and
down regulating the pro-inflammatory cytokines, which in
turn inhibits tissue factor expression by macrophages and
prevent the activation of nuclear factor-kB.

However, multiple RCT’s as well as meta-analyses have
reported conflicting results. A meta-analysis by Zhang et al.
[22] evaluated 6 RCT’s and concluded that the data on
statins and CIN risk reduction were inconclusive, due to the
inherent limitations of included studies. Another recent
meta-analysis [23] which included the data from 9 RCT’s
supported the use of pre-procedure statin to decrease the risk
of CIN. Given the conflicting results as well as difficulty in
interpreting the results of various meta-analyses due to
heterogeneous data, there is no consensus on the use of
statins in the prevention of CIN. This uncertainty merits
further randomized trials in high-risk patients to evaluate the
role of statins in CIN prevention. However, in patients who
would need statins anyways (e.g. patients with acute
myocardial infarctions), it seems a reasonable approach to
start or maintain statin therapy prior to the coronary
angiography.

Remote Ischemic Preconditioning

Remote ischemic preconditioning (RIPC) is a technique
which inducing brief periods of non-injurious ischemia and
reperfusion that is thought to reduce kidney ischemic-
reperfusion injury. The technique either involves using
sphygmomanometer and inflating above systolic pressure or
using a stent balloon to transiently occlude blood flow. The
proposed mechanism of action for RIPC involves neuronal
pathways, which releases adenosine, bradykinin, endoge-
nous peptides and possibly some other unidentified humoral
factors that mediate protection of remote organs via their
anti-inflammatory and antioxidant properties. Over past few
years, several small observational and randomized trials
reported reduced incidence of CIN as well as AKI post
cardiac surgery with RIPC. However, a recent large, ran-
domized trial (n = 1612) in patients undergoing cardiac
surgery by Hausenloy et al. [24] did not show any
improvement in clinical outcomes (including death from

Table 33.1 Novel-technique proposed by Nayak et al to minimize contrast volume during angiography or intervention

Key elements of the ultra-low contrast technique

1. Use small diameter catheters (i.e., 5–6 French) without side-holes
2. All contrast injections require simultaneous cine angiogram, i.e., “no dye without the cine’s eye”
3. Limit the volume of contrast injected from the catheter to 1–2 cm3 per injection using a 3-cm3 syringe
4. During PCI, prior to exchange of devices such as balloon catheters, remove contrast from the guide catheter by back bleeding contrast out
of the ‘‘Y’’ connector
5. If available, display previous angiographic images (including angiography from past procedures) alongside active fluoroscopy screen as a
reference to use as guidance during guide wire, balloon, stent and ultrasound passage
6. Absolutely no contrast ‘‘puffing’’ during the procedure
7. Use IVUS liberally for pre-PCI assessment of the lesion, selection of therapeutic modalities, and post-PCI result assessment
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cardiovascular causes, nonfatal myocardial infarction, coro-
nary revascularization, acute kidney injury, or stroke) with
the use of RIPC. This trial also speculated the possible risks
associated with RIPC including release of various
pro-inflammatory stimuli. In conclusion, this seems to be an
exciting prospect whose efficacy as well as safety still needs
to examined before it can be routinely recommended as a
preventive measure for CIN or AKI post cardiac surgeries.

Renin Angiotensin Aldosterone System (RAAS)
Blockade

Angiotensin converting enzyme (ACE) inhibitors and
aldosterone receptor blockers (ARBs) are one of the most
commonly used agents in patients with cardiovascular risk
factors. The effect of withholding these agents on the inci-
dence of CIN in patients undergoing contrast procedure
remains controversial [25]. Given the insufficient data as
well as the theoretical benefits of RAAS blockade including
prevention of renal vasoconstriction and angiotensin II
mediated generation of ROS, there are currently no stan-
dardized recommendations for or against their cessation pre
procedure, except in the volume depleted patient.

Summary

CIN remains one of the major complications of coronary and
vascular angiography, with significant morbidity and mor-
tality burden. It is imperative to risk stratify patients at high
risk for CIN based on eGFR, diabetes, volume status and
concomitant nephrotoxins before dye exposure. Using judi-
cious and individualized peri-procedural fluid management
and minimizing tubulotoxic pathways are the mainstay of
reducing the burden of this entity. Novel strategies targeted
at the inflammatory response to tubular ischemia hold pro-
mise in being able to reduce nephron loss after contrast
media exposure, in the future.
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34Acute Kidney Injury After Cardiac Surgery

Andrea Perrotti, Benoit Barrucand, and Sidney Chocron

Abbreviations and Acronyms Dictionary
ACE inhibitor Angiotensin-converting enzyme inhibitors
AKI Acute kidney injury
AKIN Acute kidney injury network
ATP Adenosine triphosphate
CABG Coronary artery bypass graft
CPB Cardiopulmonary bypass
CSA-AKI Cardiac surgery associated acute kidney injury
eGFR Estimated glomerular filtration rate
GFR Glomerular filtration rate
L-FABP L-type fatty acid-binding protein
MECC Mini-extracorporeal circulation
NAG N-acetyl-B-d-glucosaminidase
NGAL Neutrophil gelatinase-associated lipocalin
RAA Renin-angiotensin-aldosterone
RBC Red blood cells
RIFLE Risk, injury, failure, loss, and end-stage renal disease
RTT Renal replacement therapy
SCr Serum creatinine
SRI Simplified renal index
UO Urine output

Incidence and Prognosis of Acute Kidney
Injury After Cardiac Surgery

Cardiac surgery remains one of the most common high-risk
surgeries in the world. Every year, over 2 million operations
are performed worldwide. Acute kidney injury (AKI) is one
of the most frequent and serious complications to occur
following cardiac surgery [1]. Depending on the specific
definition of AKI and the preoperative renal status of the
patient, it has been reported that the incidence of postoper-
ative AKI in cardiac surgery ranges from 5 to 40% [2, 3].
The incidence of AKI depends on the type of surgery; for
example, isolated CABG has the lowest incidence of AKI,
while valvular surgery and combined CABG plus valvular
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surgery are associated with a higher incidence [4]. Postop-
erative AKI is associated with high mortality, more com-
plicated hospital course, and a higher risk of infectious
complications [5]. Although postoperative AKI requiring
dialysis (AKI-D) is rare (1.2–3.0%), it is independently
associated with mortality. Indeed, among patients who
require dialysis, the risk of mortality is high, averaging
around 60–70% [6]. Moreover, the majority of patients who
develop AKI-D remain dialysis-dependent, leading to sig-
nificant long-term morbidity and mortality [7]. In fact,
Hobson et al. reported that up to 45% of patients who
required dialysis after cardiac surgery may remain
dialysis-dependent, 33% may have a partial renal recovery
and only 21% may achieve complete renal recovery at the
time of hospital discharge [8]. Even slight rises in serum
creatinine (sCr) may increase postoperative mortality sig-
nificantly. Lassnigg et al. [9] demonstrated that a minimal
increase (0.3–0.5 mg/dL) in sCr after cardiac surgery was
associated with a nearly threefold increase in 30-day mor-
tality and a >0.5 mg/dL rise in sCr was associated with an
18.64-fold increase in 30-day mortality.

The link between postoperative AKI and mortality is
driven by several factors, including some that are directly
related to hemodialysis, such as catheter-related infections,
visceral ischemia, platelet dysfunction, and immunodefi-
ciency. Thakar et al. reported that the infection rate is higher
in patients with postoperative AKI, regardless of baseline
renal function, and that postoperative mortality in patients
with serious infection was 31.7% [10]. In a prospective,
multicenter, community-based study, Liano and Pascual
reported that infections were the cause of death in 40% of
patients with AKI [11]. For these reasons, it is important to
improve our understanding of the pathophysiology of AKI
associated with cardiac surgery, and implement specific
therapies based on this knowledge.

Definition of Acute Kidney Injury

Historically, the lack of a consensual definition of AKI has
posed a major problem that has substantially complicated
research in this field. The use of several, different, and
arbitrary definitions by various authors made it difficult to
determine the true incidence and risk factors of AKI or to
draw comparisons between different studies. In 2004, the
Acute Dialysis Quality Initiative Group introduced the
RIFLE classification in order to provide a uniform definition
of AKI and facilitate early detection and grading for patients
suffering from renal failure [12]. RIFLE stands for “Risk,
Injury, Failure, Loss of kidney function and End stage kid-
ney disease,” and is based on two criteria, namely: serum
creatinine levels (sCr) and urine output (UO), using a 7-day
time window. Another version of the RIFLE classification

was proposed by the Acute Kidney Injury Network (AKIN)
in 2007. The AKIN group suggested four important changes
in the new classification as compared with the original
RIFLE, namely: omission of glomerular filtration rate
(GFR), considering creatinine changes as low as 0.3 mg/dL
as AKI; the use of a 48 h time window; and the removal of
the last two levels of AKI (loss of function and end-stage
kidney disease) [13] (Table 34.1). Data have shown that the
AKIN score applied in cardiac surgery patients without
correction of sCr for fluid balance may lead to overdiagnosis
of AKI (poor positive predictive value), while modification
of RIFLE by staging all patients with dialysis in the failure
class “F” may improve the predictive value. In view of the
limitations of both these AKI definitions, the use of the
RIFLE criteria in patients undergoing cardiac surgery seems
to be preferable [14].

Pathogenesis of AKI

The pathogenesis of AKI in cardiac surgery is complex and
multifactorial. We can identify some of the mechanisms that
cause the injury during the preoperative, intraoperative, and
postoperative phases. Several processes in cardiac surgery
can lead to cellular ischemia in the kidney, explaining
tubular epithelial and vascular endothelial injury [15].
Autoregulation of kidney perfusion normally preserves a
stable GFR despite changes in systemic blood pressure
(ranging from 80 to 180 mmHg). However, often, during
cardiac surgery, the mean pressure can fall below the limits
of autoregulation, especially in the event of hemodynamic
instability. Moreover, in many cardiac surgery patients,
autoregulation does not work, due to several factors such as
advanced age, chronic hypertension, or chronic use of drugs
that may impact kidney autoregulation (e.g., angiotensin
receptor blockers, ACE inhibitors, nonsteroidal antiinflam-
matory drugs, and radiocontrast agents). In these patients,
renal function may worsen, even when the mean arterial
blood pressure is within normal limits [16]. Another patho-
physiologic mechanism that leads to ischemic kidney injury
is the strong systemic inflammatory response [5].
CPB-associated systemic inflammatory response syndrome
is triggered, first of all, by direct contact between blood
components and the artificial surface of the bypass circuit;
and this exposure to the CPB circuit initiates several types of
cascades that can cause kidney injury, such as complement
activation, free radical formation, and inflammatory cytokine
production. Concurrently, exogenous and endogenous tox-
ins, ischemia-reperfusion injury, and operative trauma all
play a central role in the development of inflammation [17].
Moreover, the kidney may be affected by microemboli
composed of platelet aggregates, fibrin, lipids, atheromatous
plaques, and air. In fact, emboli smaller than 40 lm are not
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effectively filtered by CPB systems, with the risk of dam-
aging renal capillaries directly [17]. Lastly, another impor-
tant cause of kidney injury during CPB is haemolysis and
release of free hemoglobin. Increased levels of free red blood
cell constituents, together with exhaustion of their scav-
engers, transferrin, and haptoglobin, result in a variety of
serious clinical sequelae including increased systemic vas-
cular resistance, altered coagulation activity, platelet dys-
function, and renal tubular damage [18]. The combination of
all these factors explains the considerable risk of renal
tubular injury in patients undergoing cardiac surgery.

Diagnosis of Cardiac Surgery Associated
Acute Kidney Injury: The Role of Biomarkers

Serum creatinine is still the most important biomarker rou-
tinely used to identify kidney injury since, to date, there is no
substitute that is equally as feasible and inexpensive. On the
other hand, the detective ability of serum creatinine is low,
and its response to renal insult is slow and late. In fact,
circulating levels of creatinine vary with age, gender, eth-
nicity, muscle mass, diet, vigorous exercise, and medication.
Creatinine levels start to rise only when 50% of renal
function has already been lost. Therefore, it may take up to
24 h for AKI to be diagnosed owing to the slow increase in

creatinine levels [19]. This delay, which may prevent early
and effective intervention, highlights the need for immediate
markers of AKI. The ability to detect the initiation or early
phases of AKI could improve monitoring, facilitate care, and
achieve better outcomes. Ideally, such a biomarker would
identify injury as it occurs intraoperatively or at least within
a few hours after surgery. Recent research efforts have
identified multiple proteins that may be the starting point for
early diagnosis of AKI. Neutrophil gelatinase-associated
lipocalin (Ngal) is a protein that normally binds to small
iron-carrying molecules. Ngal is significantly overexpressed
in response to acute renal injury, and has been investigated
in both serum and urine for the early diagnosis of ischaemic
renal injury. It has been highlighted that in pediatric surgery,
Ngal is a powerful immediate biomarker with a significantly
earlier rise following injury as compared to creatinine [20,
21]. While Ngal has shown good sensitivity and specificity
in pediatric surgery populations, its reliability is still con-
troversial in adult cardiac patients due to the various
comorbidities affecting this population. In the study by
Wagener et al., urinary NGAL was shown to be a reliable
biomarker for postoperative AKI, with concentrations con-
tinuing to increase and remaining significantly higher at 3
and 18 h after cardiac surgery [22]. Conversely, McIlroy
et al. [23] reported that urine NGAL may have diminished
ability to detect AKI in patients with preexisting renal

Table 34.1 Definition and
classification for acute kidney
injury

RIFLE classification AKIN classification

Serum creatinine/GFR
criteria

Urine output
criteria

Serum creatinine/GFR
criteria

Urine output
criteria

Definition SCr rise � 1.5 times
baseline or GFR
decrease >25% within
7 d

SCr rise � 1.5 times
baseline or
� 0.3 mg/dL within
48 h

Staging R (Risk) SCr rise up to 2
times baseline or GFR
decrease >25%

<0.5 mL/kg/h
for � 6 h

Stage 1 SCr rise up to 2
times baseline or
� 0.3 mg/dL

<0.5 mL/kg/h
for � 6 h

I (Injury) SCr rise up to
3 times baseline or GFR
decrease >50%

<0.5 mL/kg/h
for � 12 h

Stage 2 SCr rise up to 3
times baseline

<0.5 mL/kg/h
for � 12 h

F (Failure) SCr rise 3
times baseline or more
or GFR decrease >75%
or absolute SCr
� 4 mg/dL with acute
rise � 0.5 mg/dL

<0.5 mL/kg/h
for � 24 h or
anuria � 12 h

Stage 3 SCr rise 3 times
baseline or more or
absolute SCr
� 4 mg/dL with acute
rise � 0.5 mg/dL with
acute rise � 0.5 mg/dL
or need for RRT

<0.3 mL/kg/h
for � 24 h or
anuria � 12 h

L (loss) persistent AKI
>4 wk, need for RRT

E (ESRD) persistent
loss >3 mo, need for
dialysis

RIFLE risk, injury, failure, loss and end-stage renal disease, AKIN acute kidney injury network, GFR
glomerular filtration rate, SCr serum creatinine, h hours, d days, AKI acute kidney injury, RRT renal
replacement therapy, ESRD end-stage renal disease, mo months
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disease, but performs better in those with baseline
eGFR > 60 mL/min. Equally controversial are the results
obtained with plasma Ngal. Perry et al. [24] reported that
Ngal had a limited predictive value at 2 h post-surgery in
contrast with Haase, who reported a significant predictive
value at 6 h [25]. Finally, we previously reported that
plasma Ngal is a useful marker of AKI in patients with
chronic renal failure prior to surgery [26].

Several other biomarkers such as cystatin C, IL-18,
L-type fatty acid-binding protein (L-FABP), and N-
acetyl-B-d-glucosaminidase (NAG) have been identified.
However, the results of studies investigating IL-18 continue
to be conflicting. An important study reported that urinary
IL-18 was an early predictor of AKI after cardiac surgery, as
demonstrated by an area under the receiver operating char-
acteristic curve for diagnosis of AKI at 4, 12, and 24 h after
CPB of 61, 75, and 73%, respectively [27]. Conversely, a
study by Haase et al. asserted that 24 h after surgery, urinary
IL-18 did not appear to be reliable in identifying patients
who go on to develop AKI after cardiac surgery, but rather,
represents a nonspecific marker of CPB-associated systemic
inflammation [28]. Likewise, cystatin C appears to be a
biomarker that is not influenced by age, sex, or muscle mass.
However, due to conflicting results, its precise value in the
diagnosis and prognosis of CSA-AKI remains unclear [29].
Moreover, a recent meta-analysis of 28 studies reporting
intraoperative and/or early postoperative measurement of
current biomarkers found that known biomarkers have poor,
and at best moderate, discrimination for AKI when measured
within the first 24 h after cardiac surgery in adults [30]. The
problem is that the pathogenesis of CSA-AKI is multifac-
torial, and thus, a single biomarker cannot capture sufficient
information to be highly accurate in the diagnosis of AKI.
Combining different biomarkers improves the sensitivity of
early detection of CSA-AKI as compared with individual
biomarkers [31]. A large multicenter prospective study
involving 1219 patients showed that plasma NGAL and
IL-18 peaking 6 h after surgery were significantly linked to
AKI, mortality, and longer hospital stay after cardiac surgery
[32]. Another observational study by Koyner et al. evaluated
the interest of simultaneous use of IL-18, plasma and urinary
NGAL, and urinary albumin-to-creatinine ratio (ACR). The
authors showed that biomarkers measured on the day of AKI
diagnosis improved risk stratification and identified patients
at higher risk of progression of AKI and worse outcomes
[33]. Nevertheless, clinicians unfortunately cannot yet avail
themselves of these new biomarkers in everyday practice,
because diagnostic features have been found to vary widely,
and also because the identification of confounders of
biomarkers is still in progress. In summary, considerable
research is still warranted into AKI biomarkers to optimize
these tools before they can be used to guide risk

stratification, therapeutic intervention, and prognostication
of CSA-AKI.

Risk Factors for CSA-AKI

Several risk factors associated with the development of
CSA-AKI have been identified. There are two main groups
of risk factors, namely preoperative and intraoperative fac-
tors. Most preoperative risk factors are patient-related, while
most intraoperative factors depend on the surgical procedure
(Table 34.2).

Preoperative Risk Factors for AKI

The most frequently reported preoperative risk factors for the
occurrence of AKI post-surgery include female gender,
reduced left ventricular function or the presence of conges-
tive heart failure, advanced age, diabetes mellitus, peripheral
vascular disease, preoperative use of an intra-aortic balloon
pump, chronic obstructive pulmonary disease, emergency
surgery, redo surgery, and preoperative renal impairment
[estimated glomerular filtration rate (eGRF) < 60 mL/min
creatinine >2.1 mg/dL] [2, 5, 34]. Moreover, a multicenter
study by Perez-Valdivieso et al. suggested that preoperative
diuretic use was an independent risk factor for CSA-AKI
[35]. In addition, surgery performed too early after contrast
angiography may be a major risk factor affecting postoper-
ative AKI according to a multivariate analysis by Medalion
et al. of patients after CABG surgery. In fact, these authors
identified surgery within 24 h of contrast administration and
a contrast dose over >1.4 mL/kg as being risk factors for
CSA-AKI if surgery took place within 5 days of angiogra-
phy [36]. Equally, Kramer et al. underline the fact that
cardiac catheterization and cardiac surgery should not be
performed together in the same hospitalization, to allow
renal cell recovery, prior to the new insults to renal cells
from the surgery itself, with a view to decreasing the risk of
postoperative AKI [37]. Furthermore, administering some
medications such as nonsteroidal antiinflammatory drugs
and angiotensin receptor blockers may be an additional risk
factor, because it impairs the autoregulation of renal blood
flow in patients already suffering from major renal insults
following chronic or acute cardiac disease [38].

During the perioperative period, the volume status of the
patients is of importance, especially in case of low cardiac
output. This condition leads to hyperactivity of the sympa-
thetic nervous system, with the corresponding activation of
the renin-angiotensin aldosterone (RAA) system, increasing
renal vasoconstriction, and it is directly related to AKI risk
[39]. Finally, genetic predisposition to AKI has been
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described in one study from Duke University, reporting that
patients with the inherited apolipoprotein epsilon-4 allele are
less likely to develop AKI compared to patients with other
forms of this allele [40].

Several research groups have developed risk stratification
models that help to predict the risk of CSA-AKI. Identifi-
cation and categorization of high-risk patients allows for the
adoption of optimal strategies aimed at better management
and efficient application of prophylactic and therapeutic
measures. Risk prediction models can also be used as
research tools to select high-risk patients for studies on AKI,
and to facilitate more detailed informed consent. Chertow
et al. in 1997 published the first risk score using a large
population database [2]. Three additional predictive risk
models, the Cleveland Clinic score, the Mehta score, and the
Simplified Renal Index (SRI) score [41–43], have since been
developed to predict the need for dialysis as an outcome.
Published by Thakar et al. in 2005, the Cleveland Clinic
score is the most validated model for its high level of pre-
cision and the best discriminatory power, resulting from an
analysis of a population of 33,217 patients. It is derived from
13 preoperative factors, and the overall score ranges from 0
to 17. In the lowest risk group (score 0–2), the risk of AKI
was 0.4%, while patients with the highest score [9–13] had a
risk of 21.5% [41]. In 2006, Mehta et al. developed a pre-
dictive model for postoperative AKI-D, including a bedside
tool to calculate the additive risk score, based on the analysis
of a multicenter dataset of more than 600 hospitals [42].

Wijeysundera et al. subsequently proposed the SRI model in
2007, a “simplified renal index” using only eight factors to
predict postoperative AKI-D [43]. Finally, two validation
studies concluded that the Cleveland Clinic score has the
best discriminatory capacity for postoperative AKI-D [44,
45]. In another publication from the Cleveland Clinic, new
predictive risk models integrating intraoperative factors have
been published, and these seem to represent an advance over
previous predictive scores [46]. Other models have been
suggested to predict AKI not requiring dialysis. However,
the use of varying definitions of AKI may impact the general
clinical utilization of these risk models. Furthermore, urine
IL-18 and plasma NGAL when added to the risk model
improved risk prediction by 25 and 18% respectively [32].
A universally accepted definition of AKI, together with the
use of new biomarkers, should pave the way for the devel-
opment of a complete and final score for the prediction of
early stages of AKI.

Intraoperative Events

The intraoperative period is a critical time when patients are
exposed to anesthesia and cardiopulmonary bypass (CPB).
As already mentioned above, these events plays a critical
role in causing hemodynamic alterations, and in inducing
activation of both innate and adaptive immune responses
leading to CSA-AKI. Loss of pulsatile flow, hemodilution,

Table 34.2 Risk factors for
cardiac surgery associated acute
kidney injury

Preoperative Intraoperative Postoperative

Female gender Anemia Hemodynamic
instability

Reduced LV function or the presence of CHF Hemodilution Operative trauma

Advanced age Off-pump vs on-pump
CABG

Anemia

Diabetes mellitus Hemodynamic alterations Blood transfusion

Peripheral vascular disease Hypothermia Surgical reexploration

Preoperative use of IABP Embolism

Chronic obstructive pulmonary disease Duration of CPB

Emergency surgery

Redo surgery and preoperative renal
impairment

Adequate hydration and avoid loop diuretics

Surgery after 5 days of coronary angiography

Chronic obstructive pulmonary disease

LV left ventricular, CHF congestive heart failure, CABG coronary artery bypass graft, IABP intra-aortic
balloon pump, CPB cardiopulmonary bypass
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hypothermia, and embolism are all postulated to be con-
tributing factors. At this stage; the surgeon has a wide range
of choices concerning the best procedures to achieve a
successful outcome of the patient.

Events Associated with CPB
The main aim of CPB is to maintain adequate regional
perfusion at a level that allows optimal cellular and organ
function. Thus, any inadequate change in flow rate or in
perfusion pressure, depending on its duration and impor-
tance, may lead to renal injury [47]. In general, CPB flow
rates of 1.8–2.21/min/m2 along with a mean perfusion
pressure of 50–70 mmHg [48] are advised. The loss of
pulsatile flow during CPB may cause an increase in
peripheral vascular resistance, interstitial oedema and sub-
sequently, have a negative impact on the microcirculation
[49]. While there has much investigation into the feasibility
of reproducing the pulsatile flow during CPB, the practical
advantages of its application have never yet been universally
accepted. In fact, a recent meta-analysis carried out by
Sievert et al. [50] among 1185 patients demonstrated that the
pulsatile flow protects renal function in patients undergoing
cardiac surgery, but Baraki et al., in their study involving
1959 patients, concluded that keeping the pulsatile flow
during surgery had no positive impact on either mortality or
renal function, and only shortened hospitalization [51].
During CPB, uncontrolled hemodilution is to be avoided, as
it decreases the oxygen-carrying capacity of the blood. Renal
function may be affected both by a reduction in regional
blood flow and by decreased oxygen transport [5, 38]. In a
retrospective study of 1760 patients, Habib et al. showed that
intraoperative hematocrits below 24% were significantly
associated with increased risk of postoperative AKI [52].
A more recent prospective study [53] reported that patients
with low haematocrit (<24%) who present with a lactate rise
signaling tissue hypoxemia are more prone to renal damage.

Several factors linked to CPB seem to explain red blood
cell (RBC) destruction that is the basis of hemolysis. The
mechanisms responsible for RBC damage may be shear
stress, blood temperature control if the pump is not properly
set, a mismatch between patient size and the diameter of
cannulae or poor positioning, the air–fluid interface in the
reservoir, and more especially, cardiotomy suction, due to
the traumatic contact when blood is concurrently suctioned
with air [54]. Replacing cardiotomy suction with the use of
red blood cell salvage reduces haemolysis, thereby avoiding
mechanical damage. In this process, only RBCs are retained
during blood processing, while plasma, platelets, heparin,
plasma-free hemoglobin, and inflammatory mediators are
discarded with the wash solution. The consequent RBCs are
finally suspended at a hematocrit of 50–70% in normal
saline and reinfused [54]. Macroscopic and microscopic
emboli, both gaseous and particulate, are often generated

during CPB. These emboli are closely related to some
intraoperative manipulations such as aortic cannulation,
cross clamp placement and release [54]. In a retrospective
review, Sreeram et al. found a significant correlation
between the total number of transcranial Doppler-detected
emboli and postoperative changes in serum creatinine [55].
Epiaortic echocardiography has become a valuable tool to
choose an optimal site for cannulation and clamping in
patients likely to have aortic atherosclerosis. In the presence
of extensive aortic disease, the surgeon may apply peripheral
cannulation. Arterial perfusion through the axillary artery
provides adequate antegrade aortic flow with fewer
atheroembolic complications. A further alternative is femoral
cannulation, which exposes the patient to the risk of a ret-
rograde flow. An attractive device to avoid damage caused
by emboli is the use of intra-aortic filtration (e.g., the
EMBOL-X System, Edwards Lifesciences, Irvine, CA,
USA), a cannula with an expandable filtration trap incor-
porated, that is able to capture emboli in the ascending aorta
during surgical manipulation, after aortic cross-clamping and
before aortic declamping. Considering the damage caused by
CPB, it is natural to wonder whether CSA-AKI is related to
the duration of CPB. A recent meta-analysis of 12,466
patients found a significant link between the duration of CPB
and cross-clamp time and incidence of CSA-AKI [56].
Individual patient characteristics together with CPB duration
are responsible for the renal damage. This makes it difficult
to define an average “safe time” cutoff beyond which AKI
may occur. However, in a study by Salis et al. including over
5000 patients, a mean cutoff of 115 min was identified as the
limit beyond which the risk of AKI increased [57].
Depending on the type of intervention, different levels of
hypothermia may be required, ranging from
quasi-normothermia to deep hypothermia at 18 °C. The role
of hypothermia in the occurrence of CSA-AKI remains
debate [58, 59]. Beyond the degree of hypothermia, it has
been purported that the rewarming technique may be
implicated in the occurrence of postoperative AKI [60].

On-Pump Versus off-Pump
Avoiding CPBmay decrease systemic inflammatory response
syndrome, but the act of splitting the sternum and entering the
mediastinal cavity is, by itself, already a major biological
aggression. While off-pump coronary artery bypass avoids
many CPB-related complications and aortic manipulation, it
may nonetheless be responsible for low cardiac output, due to
contortion of the heart, and this is liable to cause AKI. In 2009,
Nigwekar et al. [61] published a meta-analysis of 22 studies
including a total of 27,000 patients evaluating the results of
on-pump versus off-pump surgery. They reported a significant
reduction in overall AKI and in AKI-D in patients operated on
using the off-pump technique, compared with those in whom
the on-pump technique was used. Conversely, according to
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the large randomized controlled ROOBY [62] and COR-
ONARY [63] trials, there were no significant differences
between the on-pump and off-pump techniques when AKI-D
was taken as the primary endpoint. To date, there have been
no randomized clinical trials proving the superiority of one
technique over the other in reducing CSA-AKI. For this rea-
son, it is up to each surgeon, according to their clinical
judgement and experience, to choose the technique that they
deem most likely to produce the best results in light of the
patient’s condition.

Blood Transfusion
While preoperative and intraoperative anemia may con-
tribute to kidney injury by reducing renal oxygen delivery
and worsening oxidative stress [34, 64], there is also evi-
dence to suggest that transfusion of RBCs is strongly asso-
ciated with CSA-AKI [34, 35]. Stored RBCs become less
deformable, undergo ATP and 2,3-diphosphoglycerate
depletion, lose their ability to generate nitric oxide, have
increased adhesiveness to vascular endothelium, release
procoagulant phospholipids, and accumulate proinflamma-
tory molecules, as well as free iron and hemoglobin [65, 66].
As a result, transfusion of stored RBCs promotes an
inflammatory state, intensifies tissue oxidative stress and
activates the coagulation cascade [34, 65, 66]. In cardiac
surgery patients, these events can lead to kidney dysfunc-
tion. Karkouti et al. reported that it is not the absolute level
of hemoglobin that is important, but rather, its relative
change from the baseline [67]. They found that the risk of
AKI was significantly increased when hemoglobin decreased
by more than 50% below baseline levels [67]. In light of
these data, blood sparing techniques are of fundamental
utility, such as the use of mini-extracorporeal circulation
(MECC) with retro-priming using the patient’s blood,
intraoperative blood salvage using CellSaver® autotransfu-
sion system, hemostatic glue, cryoprecipitate, and factor VII
to minimize the need for transfusion.

Surgical Reexploration
The preoperative use of antiplatelet agents, or surgery
requiring a long duration of CBP, and/or hypothermia, can
make it difficult to control hemostasis, causing delayed chest
closure or surgical reexploration. Surgical reexploration after
cardiac surgery is strongly linked to AKI, owing to many
factors such ensuing haemodynamic instability, operative
trauma, anemia, and blood transfusion [68]. Therefore, it is
advisable to proceed as follows: the use of platelet antiag-
gregants or other medications that lower blood coagulation

should be discontinued preoperatively, where possible.
While surgery is in progress, blood transfusion, platelets,
and blood coagulating drugs should be administered in a
timely manner. Lastly, meticulous hemostasis by the surgeon
and close monitoring of the patient, especially in the early
postoperative period, are of prime importance.

Pharmacological Renal Protection

Preoperative

Before cardiac surgery, it is important to preserve, and even
optimize the patient’s renal function. Among the various risk
factors that have been identified for AKI after surgery, some
of them can be targeted for specific measures. Several
approaches have been proposed for protecting renal
function.

Improving renal perfusion by optimizing preoperative
volemia has shown promise for the improvement of post-
operative renal status. In a prospective study in a tertiary
centre, it was shown that preoperative intravenous infusion
of half-isotonic saline was associated with a reduction in the
rate of postoperative acute renal failure in patients with
moderate-to-severe CKD prior to surgery [69]. To confirm
these results, further studies with larger populations are
warranted to identify the impact of optimizing volemia prior
to surgery in patients with normal preoperative renal func-
tion. Indeed, preoperative hydration is likely not a suitable
strategy in patients with congestive heart disease, in whom
vascular filling is not tolerated.

In general, patients admitted to undergo cardiac surgery
mostly benefit from cardiovascular treatments that may have
repercussions on renal function. Statins have been reported
to have a protective effect. Welten et al. reported that statin
use was associated with an increased odds of complete
kidney function recovery in patients who developed AKI
after vascular surgery [70]. Similarly, Billings et al. showed
that early postoperative statin use was associated with a
lower incidence of AKI [71]. In another recent study, the use
of statins was associated with a lower risk of elevation of
certain biomarkers of AKI [72].

Regarding ACE inhibitors and angiotensin-II receptor
blockers, results of studies to date have been conflicting as
regards the potential benefits on renal function [73–75].

Taken together, these results regarding the effects of
cardiovascular on renal function do not make it possible to
identify a single therapeutic strategy as being the most
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beneficial. However, treatment of congestive heart disease
should be pursued if it is deemed to be useful in order to
maintain hemodynamic status.

Perioperative

Several different molecules have been proposed for renal
protection in the context of cardiac surgery.

Fenoldopam is a selective inhibitor of dopaminergic
receptors. It is synthetically derived from dopamine, and
increases renal output. In a meta-analysis of 13 studies
including a total of 1059 patients, fenoldopam was shown to
confer significant benefits in preventing renal replacement
therapy and reducing mortality in patients undergoing car-
diovascular surgery [76]. A further meta-analysis of ran-
domized, placebo-controlled studies suggested that
fenoldopam reduced the incidence of postoperative AKI
[77]. Conversely, Bove et al., in a prospective, randomized
study among patients with AKI after cardiac surgery and
reported that fenoldopam did not reduce the need for renal
replacement therapy or risk of 30-day mortality, and was
associated with an increased rate of hypotension [78].

Nesiritide is another drug that has been tested in this
context. In a multicentre randomized, placebo-controlled
trial, Mentzer et al. showed that nesiritide in perioperative
nesiritide in patients with impaired left ventricular function
undergoing CABG was associated with improved postop-
erative renal function [79], and the findings were especially
pronounced in the subgroup of patients with preoperative
renal failure. However, further prospective studies in larger
sample sizes are necessary to reach consensus on the utility
of this drug in improving renal outcomes post-cardiac
surgery.

Acidity is known to worsen tubular lesions, and therefore,
bicarbonate has been proposed to prevent postoperative AKI
in cardiac surgery. However, recent data do not plead in
favor of the use of bicarbonate, with reports of deleterious
effects and an increase in renal failure in treated patients [80,
81]. However, studies of this approach were heterogeneous,
and did not use the same doses or endpoints [82].

Mannitol acts as a diuretic by inducing osmotic dieresis. It
increases intravascular volume, thereby contributing to
increasing cardiac preload, and increasing cardiac output. This
in turn leads to increased renal blood flow and urine output by
enhancing tubular output. However, recent studies failed to
find any benefit of mannitol on renal function after CABG
surgery in patients with established renal dysfunction [83] or
in those with normal preoperative kidney function [84].

Lastly, dopamine is a neurotransmitter that has a
dose-dependent action on adrenergic alpha and beta1
receptors. In experimental conditions, it stimulates renal

dopamine receptors, thereby increasing renal blood flow and
filtration. However, results of its application in clinical
practice have been disappointing, and based on studies
investigating its potential clinical effects, dopamine cannot
be recommended for use in routine practice.

Postoperative

Once AKI has been diagnosed post-surgery, it is mandatory
to rapidly initiate measures to correct the causative mecha-
nism(s), if they are amenable to therapy. Late diagnosis can
lead to worsening of renal damage.

The appropriate therapy must be chosen based on clinical
analysis of each case. Blood and urine tests should help to
orient the diagnosis toward either an organic lesion, or a
pre-renal cause. The presence of a functional component is
difficult to identify, but is of paramount importance, as
treatment will take effect most rapidly on the functional
component, if any.

1. The quality of renal perfusion depends on what the
level of effective renal perfusion pressure is. Evaluating
effective renal perfusion pressure should take into
account the patient’s baseline pressure (hypertensive or
elderly patient). Once the level of effective renal per-
fusion pressure has been achieved, it is necessary to
check that the pressure being created is not stemming
mainly from substantial vascular resistance. Renal
perfusion tests are not performed in routine practice.
There have been reports in the literature investigating
the renal resistive index, which was shown to be
associated with the postoperative AKI [85, 86]. In
clinical practice, measuring cardiac output and vascular
resistance can yield an estimation of the quality of renal
perfusion.

2. Renal tissue oxygenation also depends on perfusion
pressure, as well as on renal blood flow and the rate of
hemoglobin, which transports oxygen. Analysis of
overall oxygen consumption as a function of oxygen
transport is an interesting parameter. Indeed, analysis of
the patient’s SV02 levels can contribute to this analysis.
However, it should be noted that SV02 only reflects the
macrocirculation.

3. Venous hypertension has deleterious effects on renal
perfusion. Therefore, measures of venous pressure
showing extreme values (central venous pressure
>15 mmHg) indicate a compelling need to reduce the
fluid overload rapidly. In critically ill patients with
renal failure, fluid accumulation and fluid overload are
associated with a reduced capacity to recover renal
function [87].
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4. Strict glycemic control during the perioperative period
has been shown to reduce the incidence of acute renal
failure requiring dialysis [88].

5. In case of occurrence of AKI post-surgery, rapid initi-
ation of renal replacement therapy improves prognosis
and survival [89, 90].

Conclusion

AKI remains a common complication after cardiac surgery
and is associated with poorer patient outcomes. Early iden-
tification of AKI after surgery should prompt rapid initiation
of corrective therapies, and physicians should be attentive to
early signs of AKI after surgery. Preventive measures before
and during surgery may help to lessen the risk of
post-surgical AKI. Nonetheless, further studies into the
mechanisms, predictors, and risk factors for AKI are nec-
essary to identify targets for prevention and therapy, and to
prevent this deleterious complication in the context of car-
diac surgery.
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35Dyslipidemias in CKD and ESKD: Outcomes
and Management

David Carruthers and Anand Rohatgi

Introduction

Cardiovascular disease (CVD) is the leading cause of death
in the United States, with an estimated 375,000 deaths
attributed to heart disease per year. Both dyslipidemia and
chronic kidney disease (CKD) are major risk factors for
CVD [1], and are linked via multiple derangements,
including oxidative stress, inflammation, physical inactivity,
anemia, hypertension, vascular calcification, endothelial
dysfunction, depressed nitric oxide availability, and dys-
lipidemia [2–9].

In this chapter, we discuss the variation in the lipid profile
across a spectrum of kidney disease, including chronic
kidney disease, nephrotic syndrome, end-stage kidney dis-
ease on dialysis, and kidney transplantation. We also review
the trials 4D, AURORA, SHARP, ALERT, and
meta-analyses which form the basis of the current KDIGO
recommendations for medical management of dyslipidemia
in patients with CKD.

Dyslipidemias and Chronic Kidney Disease

CKD is associated with multiple lipid abnormalities,
including consistently elevated triglycerides (>200 mg/dL in
over half of patients with CKD), and varying low-density
lipoprotein cholesterol (LDL-C) levels (decreased,
increased, or unchanged). The severe lipid perturbations
observed in CKD is termed “uremic dyslipidemia” [10, 11].

The hypertriglyceridemia seen in CKD is thought to be
related to the concomitant hyperparathyroid state. In
essence, hepatic and lipoprotein lipase activity are blunted

by elevated parathyroid levels, leading to decreased clear-
ance of triglyceride-rich lipoproteins such as very
low-density lipoprotein (VLDL), intermediate-density
lipoprotein (IDL), and chylomicron remnants. Parathy-
roidectomy partially reverses these lipase-mediated pertur-
bations but does not fully reverse the decreased
receptor-mediated clearance of triglyceride-rich lipopro-
teins that is observed in CKD [12].

CKD decreases enzymatic activity necessary for
high-density lipoprotein (HDL) maturation (LCAT and
CETP) [13], preventing efficient movement of cholesterol
through the reverse cholesterol transport pathway. This
impairment leads to dysfunctional triglyceride exchange
from LDL and VLDL particles to HDL particles [10, 14].
The triglyceride-enriched LDL particles, also described as
small dense LDL, are more prone to penetrate vessel walls
and undergo oxidation, promoting increased atherosclerosis
in patients with CKD [15].

The uremic dyslipidemia profile of small atherogenic
LDL, decreased mature HDL, and increased serum triglyc-
erides is also seen in patients with insulin resistance syn-
dromes such as type 2 diabetes mellitus. CKD has been
linked to worsening insulin resistance, which is thought to
play a role in decreasing enzymatic activity leading to ure-
mic dyslipidemia [16, 17].

As CKD progresses to nephrotic-range proteinuria, the
lipid profile changes to a phenotype of increased LDL-C as
well as increased triglycerides. In nephrotic syndrome, HMG
CoA reductase (the rate-limiting enzyme for hepatic
cholesterol synthesis) is upregulated and cholesterol 7a[al-
pha]-hydroxylase is downregulated [18, 19], resulting in
increased production of LDL particles. In addition, LDL
catabolism is decreased as LDL receptor activity diminishes,
leading to higher circulating LDL-C levels.D. Carruthers � A. Rohatgi (&)
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End-Stage Kidney Disease (ESKD)

Peritoneal Dialysis (PD)

Patients on peritoneal dialysis continue to lose protein across
the peritoneal membrane (5–15 g/day) and, therefore, exhi-
bit a cholesterol profile similar to those with nephrotic
syndrome [20]. Moreover, the glucose absorbed during PD
serves as a substrate for lipoprotein synthesis [21]. In one
study, patients on PD had decreased cholesterol levels when
icodextrin substrate dialysis replaced glucose [22].

Hemodialysis

In patients on hemodialysis, the lipid profile remains largely
similar to that seen in earlier stages of CKD: elevated
triglycerides and decreased HDL cholesterol. However,
long-term hemodialysis can lead to changes distinct from the
typical uremic dyslipidemia. In contrast to use of unfrac-
tionated heparin, repeated exposure to low molecular weight
heparin during hemodialysis releases lipoprotein lipase,
which hydrolyzes circulating triglyceride content and results
in moderate reductions of triglyceride levels [21]. Sevelemar
hydrochloride, which is often given to patients on HD to
treat hyperphosphatemia, has a cholestyramine-like ability to
bind bile acids, phosphate, and cholesterol in the intestines,
mildly decreasing cholesterol levels [21].

Kidney Transplantation

Patients receiving kidney transplants typically have
increased triglyceride and LDL cholesterol levels. In 1999, it
was reported that 90–97% of patients who received kidney
transplants had LDL levels over 100 mg/dL [23], yet these
numbers have decreased in recent years with newer
immunosuppressant therapy and concomitant statin treat-
ment [24]. This profile of elevated LDL cholesterol is
thought to be due to a combination of underlying CKD and
nephrotic syndrome. In addition, the effects of immuno-
suppressive agents such as steroid treatment, calcineurin
inhibitors, and rapamycin exacerbate the dyslipidemia. In
order to prevent allograft failure, dyslipidemia due to
immunosuppressive medications can be tolerated, but certain
adjustments of immunosuppressive therapy, such as replac-
ing cyclosporine with tacrolimus, can improve the lipid
profile of transplant patients [25–28].

Treating Dyslipidemia in CKD: The Evidence
and Recommendations

Lowering LDL cholesterol is a proven treatment strategy in
reducing atherosclerotic cardiovascular events including
myocardial infarction and stroke. As such, the 2013
ACC/AHA cholesterol guidelines suggest using a
moderate-intensity therapy statin (goal to lower LDL by 30–
50%) or high-intensity statin (lowering LDL by approxi-
mately >50%) in order to reduce atherosclerotic cardiovas-
cular disease (ASCVD). The 2013 ACC/AHA guidelines
have identified fourmajor groups that would benefit from
statin therapy:

• Clinical ASCVD (high-intensity statin if age <75, mod-
erate intensity if age >75)

• Primary elevations of LDL-C greater than 190 mg/dL
(high-intensity statin)

• Diabetes aged 40–75 with LDL-C 70 to 189 mg/dL and
without clinical ASCVD (moderate-intensity statin, high
intensity if estimated 10-year ASCVD risk >7.5%)

• Without clinical ASCVD or diabetes with LDL-C 70–
189 mg/dL and estimated 10-year ASCVD risk >7.5%
(moderate–high-intensity statin)

However, trials forming the basis of the 2013 ACC/AHA
recommendations excluded patients with CKD and ESKD
from their cohorts. Studies that directly tested the efficacy of
statin therapy in patients with CKD are reviewed below,
including the 4D trial, the AURORA trial, and the SHARP
trial (Table 35.1) [29].

4D

The first large, randomized placebo-controlled trial evaluat-
ing statins in ESKD was the 4D trial (Deutsche Diabetes
Dialyse Studie), published in 2005 [30]. The study enrolled
1255 patients (619 to atorvastatin, 636 to placebo) age 18–
80 in Germany with type 2 diabetes mellitus, and who were
on hemodialysis for <2 years. Exclusion factors included
LDL-C <80 mg/dL or >190 mg/dL, triglycerides >1000
mg/dL, liver enzymes over three times the normal limits,
hematopoietic disease, systemic disease unrelated to ESKD,
vascular intervention, congestive heart failure, or myocardial
infarction within three months of enrollment, unsuccessful
kidney transplantation, and resistant hypertension (systolic
blood pressure >200 mmHg, diastolic >110 mmHg).
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The trial randomized participants to atorvastatin 20 mg
once daily versus placebo. If LDL-C fell below 50 mg/dL,
the dose of atorvastatin was reduced to 10 mg/day. At ran-
domization, median LDL-C was 121 mg/dL in the atorvas-
tatin group, and 125 mg/dL in the placebo arm. At 4 weeks,
those randomized to atorvastatin had a median level of
72 mg/dL versus unchanged in placebo.

There was no benefit associated with atorvastatin versus
placebo for the composite primary endpoint (243 vs.
226 p = 0.37). Analysis by component end points of the
primary end point included death from cardiac causes (20%
in atorvastatin vs. 23% placebo p = 0.08), fatal stroke (4%
atorvastatin vs, 2% placebo p = 0.04) nonfatal myocardial
infarction (20% atorvastatin vs. 23% placebo p = 0.08), or
nonfatal stroke (5% atorvastatin vs. 5% placebo, p = 0.89).

Randomization to atorvastatin had inconsistent associa-
tions with secondary end points, including death from all
causes (45% in atorvastatin group vs. 50% in placebo
p = 0.33), all cardiac events combined (33% in atorvastatin
group vs. 39% in placebo p = 0.03), all cerebrovascular
events combined (13% atorvastatin vs. 11% placebo
p = 0.49), death from any cause other than cardiac disease or
cerebrovascular disease (24% in atorvastatin vs. 25% pla-
cebo, p = 0.62).

In summary, among patients with ESKD on HD and
diabetes, atorvastatin 20 mg daily lowered LDL cholesterol
by 42% to 72 mg per deciliter but failed to improve car-
diovascular outcomes.

AURORA

The AURORA study [31], published four years later in
2009, was a double-blind, randomized, multicenter study
evaluating the effects of rosuvastatin 10 mg daily versus
placebo in 2776 hemodialysis patients over a mean
follow-up period of 3.2 years. This study differed from the
4D trial in that it enrolled both patients with (n = 731) and

without diabetes (n = 1545). The primary endpoint was time
to a major cardiovascular event (cardiovascular death, non-
fatal myocardial infarction or nonfatal stroke).

Baseline LDL-C levels in AURORA were 100 mg/dL.
Randomization to rosuvastatin led to a reduction in LDL-C
by 43% at 3 months. There was no benefit of rosuvastatin
for the primary end point (28.5% in rosuvastatin vs. 29.5%
in placebo; p value 0.59). In sub-analysis, there was no
significant difference in death from cardiovascular cause
(p = 0.97), nonfatal myocardial infarction (p = 0.23), or
nonfatal stroke (p = 0.42). The lack of significance in stroke
is notable, as this differs from the prior 4D trial, in which
there was a greater incidence of stroke in the treatment arm.

Within the secondary endpoints, there was no difference
in death from any cause (p = 0.51), death from
non-cardiovascular cause (p = 0.34), vascular access pro-
cedures (p = 0.19), atherosclerotic cardiac events (p = 0.64),
or revascularization (p = 0.88).

Lastly, it was shown that statin therapy was safe in
hemodialysis patients, with no increase in muscle-related
adverse events, rhabdomyolysis, or liver disease.

Notably, Aurora did not include patients who were on
statin therapy prior to initiating hemodialysis, so it was still
unclear what the benefit of continuing treatment in this
group would be. Also, the yearly event rate for the primary
end point was lower than expected, suggesting a possible
selection bias toward a healthier dialysis cohort. Lastly, there
were a high proportion of patients who discontinued the
study medication due to a high rate of hospitalization for
coexisting illness, adverse events, and renal transplantation.

SHARP

The last major randomized, double-blind placebo-controlled
trial of statins in patients with CKD was the SHARP trial,
published in 2011 [32]. This study was the largest to date,
enrolling 9438 patients randomized to simvastatin

Table 35.1 Randomized controlled trials of statins in patients with CKD/ESRD

Trial Intervention N/CKD stage Follow-up
(years)

LDL-C
reduction
(%)

Primary outcome Results

4D [30] Atorvastatin 20 mg 1255/HD 4 42 Death from cardiac cause, nonfatal
MI, and stroke

HR 0.92
(0.77–1.10)

Aurora [31] Rosuvastatin 10 mg 2776/HD 3.2 43 Nonfatal MI, nonfatal stroke, or
death from cardiovascular causes

HR 0.96
(0.84–1.11)

Sharp [32] Simvastatin
20 mg + ezetimibe
10 mg

9270/All stages 4.9 68 Nonfatal MI, coronary death,
non-hemorrhagic stroke, or
revascularization

RR 0.83
(0.74–0.94)

Alert [33] Fluvastatin 40 or
80 mg

2102/Transplant 5.1 32 Major cardiovascular events
(p = 0.139)

RR 0.72
(0.6–1.06)
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20 mg + ezetimibe 10 mg versus simvastatin 20 mg versus
placebo. After the first year, no safety concerns were iden-
tified with the addition of ezetimibe 10 mg, so the simvas-
tatin alone arm was re-randomized to either
simvastatin + ezetimibe or to placebo. In the study, 33% of
the patients were on maintenance dialysis at randomization.
Among patients not on dialysis, 35% had CKD stage 3
(eGFR 30–59 mL/min/1.73 m2), 43% had stage 4 disease
(eGFR 15–29 mL/min/1.73 m2), and 20% had stage 5 CKD
(eGFR < 15 mL/min/1.73 m2). The mean follow-up time
was 4.9 years. The primary end point in the trial included
nonfatal MI, coronary death, non-hemorrhagic stroke, or
arterial revascularization.

Randomization to simvastatin + ezetimibe was associated
with a significant reduction in the primary end point, with an
11.3% event rate in the treatment group versus 13.4% in
placebo (p = 0.002). In sub-analyses, the simvas-
tatin + ezetimibe group had significantly lower non-
hemorrhagic stroke (p = 0.01) and number of arterial
revascularizations (p = 0.0036). There was no significant
difference in cardiac deaths (p = 0.38), or in death from any
cause (p = 0.87), with the majority of the benefit driven by
decreased revascularization in the treatment group. Simvas-
tatin + ezetimibe did not result in increased risk of elevated
creatinine kinase, myopathy (0.2% in simvastatin + eze-
timibe vs. 0.1% in placebo), or rhabdomyolysis (0.1 vs. 0%).
SHARP also showed no difference between subgroups based
on individual CKD staging, though the study was not
powered adequately to study individual CKD stages.

Statin Therapy in CKD: Reviews
and Meta-Analysis

In addition to the evidence in SHARP in favor of treating
patients with CKD not on hemodialysis with cholesterol-

lowering therapy, several reviews and meta-analyses have
been published, further supporting treatment. A 2014
Cochrane review on statin use for CKD patients not on
dialysis evaluated 50 studies (n = 45,285), showing the
benefit of statin therapy in improving cardiovascular events
(RR 0.72, 95% CI 0.66–0.79), all-cause mortality (RR 0.79,
95% CI 0.69–0.91), cardiovascular death (RR 0.79, 95% CI
0.69–0.87), and MI (RR 0.55, 95% CI 0.42–0.72), with
uncertain effects on fatal and nonfatal strokes (RR 0.62, 95%
CI 0.35–1.12) [34]. This data further supports what was seen
in the SHARP trial, and supports cholesterol-lowering
therapy with statin (or statin + ezetimibe) for all patients
with CKD not on hemodialysis.

A separate 2012 review and meta-analysis analyzed data
for statin use on CKD including patients with end-stage renal
disease on hemodialysis and renal transplant patients. The
study group reviewed 80 randomized trials (n = 51,099),
comparing the effects of statins against placebo or no treat-
ment. The results of this review are summarized in Fig. 35.1:
statin treatment was associated with significant reductions in
all-cause mortality, cardiovascular mortality, major cardio-
vascular events, fatal or nonfatal myocardial infarction, and
fatal or nonfatal stroke among patients with CKD not on
dialysis. Patients already with end-stage renal disease on
hemodialysis did not see benefits from statin therapy, and
those with kidney transplants had a trend towards benefit
from statin therapy [35].

Other Treatments

Due to the increased prevalence of hypertriglyceridemia
among patients with CKD (over 50% of CKD patients have
triglyceride level >200 mg/dL), several studies have evalu-
ated fibrates in this population [11]. A sub-analysis of The
Veterans Affairs High-Density Lipoprotein Intervention

Fig. 35.1 Meta-analysis of statin trials in patients with various stages of CKD. a CV mortality, b MACE. [35]
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Trial (VA-HIT) looked at 1046 men with kidney insuffi-
ciency, defined by creatinine clearance <75 mL/min using
the Cockcroft-Gault equation. Within this subgroup, the
primary outcome of coronary death or nonfatal myocardial
infarction was lower in the gemfibrozil treatment group
(p = 0.02), but no total mortality benefit was observed with
treatment (p = 0.85). Patients in the gemfibrozil arm did
have significantly worsened kidney function compared to
placebo measured by an increase in serum creatinine (5.9 vs.
2.8%, p = 0.02). Given the increased risks of gemfibrozil to
kidney function, no mortality benefit seen with treatment,
and increased risk of myopathy when fibrates are combined
with statin therapy [36], it is not recommended to treat
patients with CKD with fibrate therapy [37]. Patients with
fasting triglyceride levels >500 mg/dL should attempt life-
style modifications with diet, weight loss, exercise,
decreased alcohol, and hyperglycemia treatment first but
may require additional treatment if the risk of pancreatitis
remains elevated.

KDIGO Recommendations

Although patients with chronic kidney disease are at
greater risk for coronary disease, the association between
absolute LDL-C level and cardiovascular outcomes is
weaker than in patients without CKD. As such,
cholesterol-lowering therapy may be less effective in
chronic kidney disease compared to the general population
[38]. The etiology of cardiovascular events in patients
with kidney disease is multifactorial, and
non-atherosclerotic etiologies such as sudden cardiac

death, arrhythmia and heart failure, likely caused by
increased oxidative stress, inflammation, physical inactiv-
ity, anemia, hypertension, vascular calcification, endothe-
lial dysfunction, and depressed nitric oxide availability [5–
9], prevail. Specifically in hemodialysis patients, cardio-
vascular events may be more related to increased preva-
lence of left ventricular hypertrophy, rapid volume
changes, and electrolyte abnormalities [39]. As the corre-
lation between absolute LDL-C levels and cardiac death
are not strong in kidney disease, KDIGO advises treat-
ment based on absolute risks factors, rather than LDL-C
levels. Notably, all patients with a decreased eGFR (not
on dialysis) over the age of 50 should be treated with
cholesterol-lowering therapy with a statin or statin + eze-
timibe. This is because all patients with chronic kidney
disease over age 50 are at an increased risk for cardio-
vascular disease, with a 10-year risk for coronary death or
nonfatal MI to be >10%. Patients who are under age 50,
but who have prior cardiovascular disease, diabetes mel-
litus, or calculated ASCVD risk score >10% are also
recommended to be on cholesterol-lowering therapy.

However, there is no evidence for beginning statin ther-
apy in patients with ESKD on dialysis [30, 31, 35]. In the
above-mentioned trials, patients who were taking statins and
progressed to ESKD were not evaluated, and therefore it is a
weak recommendation to continue therapy in this sub-
group. In SHARP, 2141 patients without kidney failure at
baseline commenced dialysis during the trial, and there was
a benefit within this group [32]. Yet the study was not
powered for this or analyzed as its own separate subgroup,
and studies are needed to further evaluate this subgroup
(Fig. 35.2) [40].

Fig. 35.2 Flow chart for statin
treatment in CKD [40]
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Kidney Transplant

Statin use has also been evaluated in kidney transplant
recipients in the ALERT trial. Hyperlipidemia, along with
ischemia–reperfusion damage, hypertension, and obesity, are
risk factors leading to chronic allograft nephropathy (chronic
rejection). ALERT evaluated the effects of fluvastatin 40 and
80 mg daily versus placebo on long-term graft function.

Patients aged 30–75 were included if they had a trans-
plant for greater than 6 months at randomization and had
baseline total cholesterol levels of 155–348 mg/dL (155–
270 if the patient had an MI more than six months prior to
randomization). Exclusion criteria included prior statin
therapy, a history of familial hypercholesterolemia, or had an
acute rejection in the three months prior to randomization.

2102 patients were enrolled, of which 1050 were in the
treatment arm and 1052 were in placebo. At an average of
2.8 years, the dose of the study medication was doubled in
65% of the patients. The major cause of renal failure in
patients enrolled were glomerulonephritis and polycystic
kidney disease, and all patients in the study were on
cyclosporine, 81% on steroids, 65% received azathioprine,
and 16% received mycophenolate mofetil.

In the study, fluvastatin treatment lowered LDL choles-
terol by a mean of 32%, but there was no significant dif-
ference between the treatment and placebo arms in the
primary endpoint of major adverse cardiac events, cardiac
death, nonfatal MI, or coronary intervention procedure
(p = 0.139). There was also no significant difference in renal
endpoints, namely graft losses, doubling of serum creatinine,
or patient death. However, within subgroup analysis, there
was a significant reduction in cardiac death and nonfatal MI
(p = 0.005) among the treatment arm, leading to a 2B rec-
ommendation by KDIGO to treat all renal transplant patients
with statin therapy [33, 40].

Conclusion
Uremic dyslipidemia is a unique lipid profile seen in CKD,
caused by changes in lipid enzymatic activity, increased
PTH levels, and increased insulin resistance. Although
lowering LDL-C levels is correlated to lowering CVD risk in
the general population, the correlation is not as strong in
CKD. Several landmark trials, including 4D, AURORA,
SHARP, and ALERT, have driven the current recommen-
dations by the KDIGO committee for treating patients with
CKD not on hemodialysis with statin or statin + ezetimibe,
but not initiating statins in those already on hemodialysis
[40]. Although hypertriglyceridemia is a key component of
uremic dyslipidemia, fibrates are not recommended in CKD,
due to little significant benefits and worsening renal

function. Areas for future research include whether to con-
tinue patients with CKD on statin therapy as they transition
to hemodialysis, and whether high-intensity statin treatment
will be associated with benefit [30–33].
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36The Cardiac Impact of Atherosclerotic
Renovascular Disease (ARVD)

Diana Vassallo, Darren Green, and Philip A. Kalra

Introduction

The prevalence of atherosclerotic renovascular disease
(ARVD) seems to be ever increasing due to the combination
of an increasingly ageing population, rising atherosclerotic
burden and easier access to noninvasive imaging of the renal
arteries. Although ARVD is asymptomatic in the large
majority of patients, the presence of this disease has
important implications; it is associated with a threefold
increased risk of death and up to fourfold increased risk of
adverse cardiovascular events [1, 2]. A small proportion of
patients with ARVD can present with overt clinical mani-
festations such as recurrent episodes of acute heart failure,
severe hypertension or rapidly deteriorating renal function.
Prognosis in this ‘high-risk’ subgroup of patients is even
worse. In this review, we shall focus on the close relation-
ship between ARVD and the heart, focusing on epidemiol-
ogy, pathophysiology, and recommendations for treatment.

Epidemiology

Typical risk factors for ARVD are older age, diabetes,
smoking, dyslipidemia, and pre-existing systemic
atherosclerosis, hence it is not surprising that these patients
are at a significantly increased risk of cardiovascular disease
as these are the main risk factors for heart disease. Renal
artery stenosis (RAS) of at least 50% was found in 15% of
1235 patients who underwent abdominal aortography in
conjunction with coronary catheterization and a similar

study showed that 11.7% of 843 patients had RAS of at least
75%. Conversely, atherosclerotic heart disease is found in at
least two-thirds of patients with ARVD [2].

Symptomatic heart failure as defined by the Framingham
criteria has been reported in around one third of the ARVD
population [2] while more than half of outpatients with
chronic heart failure and left ventricular ejection fraction
<40% may have RAS >50% [3]. Around 10% of patients
with ARVD, typically those with bilateral severe ARVD,
can present with acute decompensated heart failure, some-
times referred to as ‘flash pulmonary edema’ (FPE) [4].

Prognosis

Patients with concomitant ARVD and coronary artery dis-
ease (CAD) have a worse prognosis than those without
coexisting ARVD; 4-year survival in patients with both
CAD and ARVD is 65% compared to 86% in patients
without ARVD and the risk increases with increasing
severity of RAS [1]. Similarly, patients with both chronic
heart failure and ARVD have a significantly increased risk of
vascular events, prolonged hospitalizations, progression to
end-stage kidney disease, and indeed a threefold increased
risk of mortality compared to patients without chronic heart
failure [5]. Other studies have not been able to show that
ARVD is an independent predictor of mortality probably
because such patients characteristically have multiple
comorbidities and many competing risks for death. Flash
pulmonary edema has been shown to be associated with a
two-to-threefold increased risk of death and cardiovascular
events [6].D. Vassallo (&) � D. Green � P.A. Kalra
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Pathophysiology of Cardiac Disease in ARVD

Cardiac Remodeling

Although hypertension is the commonest cause of cardio-
vascular disease and heart failure in the general population,
hypertension does not appear to be the sole contributing
factor to cardiac dysfunction in the ARVD population and
neurohormonal activation appears to play a major role. The
point at which the degree of RAS becomes clinically sig-
nificant is difficult to judge from simple cross-sectional renal
angiography as this does not take into account flow hemo-
dynamics, vessel geometry, or the degree of irreversible
intraparenchymal injury downstream to the stenosis. Nev-
ertheless, experimental evidence supports expert consensus
which states that angiographic stenosis � 70% can be con-
sidered hemodynamically significant. Renal artery stenosis
of 50–70% can be considered significant if on catheter
angiography and physiologic testing there is a resting
translesional mean pressure gradient of >10 mmHg, a
hyperemic peak systolic pressure gradient of >20 mmHg or
renal fractional flow reserve � 0.8 [7].

Hemodynamically significant RAS leads to renin–an-
giotensin–aldosterone system (RAAS) activation, which in
turn causes an increase in renin secretion and production of
angiotensin II. This induces hypertension both through its
potent vasoconstrictive effects and by increasing sodium and
water retention. Angiotensin II is also known to stimulate
myocardial fibrosis through production of fibroblast growth
factor-23 (FGF-23), platelet-derived growth factor (PDGF)
and transforming growth factor-beta (TGF-ß) whilst the
ischemic kidney can itself activate the sympathetic nervous
system with resulting secretion of noradrenaline [8, 9]. All
these pathways serve to augment the risk of both coronary
artery disease and cardiac structural abnormalities in patients
with ARVD.

Detailed echocardiographic studies have characterized the
different myocardial remodeling patterns that occur in
response to increased cardiac afterload in ARVD. Concentric
remodeling is an early stage of ventricular remodeling
characterized by the absence of left ventricular hypertrophy
(LVH) but with an increase in wall thickness. This can then
progress to either concentric hypertrophy or eccentric
hypertrophy and left ventricular dilatation, which are typi-
cally associated with pressure and volume overload,
respectively [10]. A cross-sectional study comparing
echocardiographic characteristics between 79 patients with
ARVD and 50 control patients with a similar degree of
hypertension and renal impairment showed that only 5% of
ARVD patients had a structurally normal heart [11]. Con-
centric hypertrophy is found in almost half of patients with
ARVD patients; the majority of these patients have a normal
ejection fraction but are at risk of developing diastolic heart

failure. Conversely, a quarter of patients have eccentric
hypertrophy; decreased ejection fraction is more common in
these patients [10].

A longitudinal echocardiographic study has shown that
with time, patients with ARVD develop progressive left
ventricular dilatation; a low estimated glomerular filtration
rate (eGFR) at baseline can predispose to this [12]. Impaired
renal function is associated with a worse prognosis in
patients with ARVD and chronic heart failure due to a
variety of reasons: decreased use of vasculoprotective ther-
apy such as renin–angiotensin blockade, fluid overload,
electrolyte disturbances leading to arrhythmias, vascular
calcification, and uremic cardiomyopathy.

Flash Pulmonary Edema

FPE is the presenting feature in 5–10%ofpatientswithARVD.
It was first described in 1988 by Pickering et al. who observed
episodes of acute decompensated heart failure in patients with
renovascular hypertension and azotemia [4]. FPE tends to
occur more frequently in patients with severe bilateral ARVD.
Although there is no formal definition of FPE, it is character-
ized by an acute increase in end-diastolic left ventricular
pressure in patients with stiff, hypertrophied ventricles and
preserved ejection fraction, leading to rapidfluid accumulation
in the pulmonary interstitial and alveolar spaces. Neurohor-
monal activation can facilitate development of FPE by
increasing pulmonary capillary permeability. Patients with
bilateral ARVD are especially at risk of FPE as they have
impaired pressure natriuresis; however, this condition can also
occur in patients with coronary artery disease and myocardial
ischemia, and in those with valvular pathology [13].

Unstable Angina

Unstable angina is caused by myocardial ischemia and is
defined as severe chest pain with recent onset, or with
increasing frequency or severity. It is typically caused by
atherosclerotic plaque rupture with partial thrombosis of a
coronary artery. ARVD can however worsen unstable angina
by causing an increase in cardiac afterload and left ventric-
ular oxygen demands, exacerbating myocardial ischemia.

Treatment

Medical

Patients with ARVD typically have a high cardiovascular
risk burden and hence smoking cessation advice together
with adequate diabetic and weight control, should be
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coupled with multi-targeted vascular protective therapy,
consisting of renin–angiotensin blockade, statins and aspirin.
They usually also require diuretics to control symptoms of
fluid overload.

Although the use of renin–angiotensin blockade has not
been studied in patients with concomitant ARVD and
chronic heart failure, separate studies have shown that this
treatment can improve survival in patients with ARVD and
in those with chronic heart failure [8, 14]. More specifically,
angiotensin-receptor blockers (ARB) have been shown to
reduce left ventricular mass in patients with hypertensive
diastolic dysfunction [15]. The main concern with renin–
angiotensin blockade is the risk of acute kidney injury due to
reduced renal efferent arteriolar pressure and impaired
autoregulation in patients with hemodynamically significant
RAS, especially as these patients are usually also on con-
current diuretic therapy. Patients on renin–angiotensin
blockade require frequent monitoring of their renal function;
if following initiation of an angiotensin converting enzyme
inhibitor (ACEI) or ARB, serum creatinine concentration
increases by more than 30% or eGFR declines by more than
25%, and there is no other precipitating cause of acute
kidney injury (AKI) such as dehydration or concurrent
nephrotoxic medication (e.g., nonsteroidal anti-inflammatory
agents), the dose of the ACEI or ARB may need to be
reduced to a previously tolerated level or stopped altogether.
In the event of an intercurrent illness which can cause
hypotension, such as diarrhea, vomiting or sepsis, it is rec-
ommended that the ACEI or ARB should be temporarily
stopped until the patient has recovered from the hypov-
olemic illness [8, 16]. As discussed below, revascularization
may be considered to permit the use of renin–angiotensin
blockade for optimization of cardiac status.

While beta-blockers can improve outcomes in patients
with heart failure and reduced ejection fraction, and there is
some evidence that they can improve survival and reduce the
incidence of nonfatal cardiovascular events in patients with
ARVD [17], their role in patients with diastolic heart failure
and normal resting heart rates is unclear. It is thought that
beta-blockers can worsen exercise intolerance due to their
negative chronotropic effects and they have not been shown
to improve survival or reduce hospitalizations in this popu-
lation of patients [15].

Revascularization

Randomized Controlled Studies
Contemporary renal revascularization techniques involve
percutaneous transluminal angioplasty with stenting
(PTRAS) as opposed to the more hazardous open surgical
reconstruction techniques used in the past. To date, six
randomized controlled trials (RCTs) have not shown that

PTRAS confers any added benefit to optimal medical ther-
apy in terms of blood pressure control, improvement in renal
function, cardiovascular events or mortality [18–23]. Pre-
defined clinical end points for the first four trials involved
renal function and blood pressure control; the numbers of
patients recruited into these earlier studies were relatively
small hence these studies were underpowered to investigate
the effect of revascularization on cardiac end points. On the
other hand, the two more recent multicenter trials, Angio-
plasty and Stent for Renal Artery Lesions Trial (ASTRAL)
and the Cardiovascular Outcomes for Renal Atherosclerotic
Lesions Trial (CORAL), recruited large numbers of patients
[22, 23]. However, they were criticized because patients
with ‘high-risk’ features such as unstable cardiac status,
deteriorating renal function, or uncontrolled hypertension
were usually excluded from participation in these studies by
their managing clinician, hence it is argued that the results
cannot be extrapolated to higher risk patients typically
encountered in clinical practice.

The ASTRAL trial randomized 806 patients with ARVD
to receive either medical therapy alone or renal revascular-
ization. Around 50% of patients in both groups had coronary
artery disease and mean eGFR was around 40 ml/min. The
primary outcome measure was change in renal function from
baseline while secondary outcomes included blood pressure
control, renal outcomes, cardiovascular events and death;
there was no difference in any of these parameters between
patients who underwent revascularization and those treated
with medical therapy alone. Over a median follow-up period
of 33.6 months, 35% suffered a cardiovascular event in both
arms. The results of a cardiac magnetic resonance sub-study
performed in 44 patients originally recruited into ASTRAL
have recently been published. Over a 12-month period, there
was nonsignificant improvement in left ventricular structural
parameters in both arms, which could reflect the effect of
appropriate medical therapy. Revascularization was again
not shown to confer any added benefit, possibly because
patients with acute heart failure were not recruited into this
study, but also because the study population was unselected,
with many having relatively modest RAS [24].

These findings are in keeping with the results of the
Stenting of Renal Artery Stenosis in Coronary Artery Dis-
ease (RAS-CAD) trial, which looked at the effect of revas-
cularization on left ventricular mass index (LVMI) in 84
patients with both ARVD and underlying coronary artery
disease over a 12-month period. Medical therapy led to
improved LVMI, however revascularization had no added
effect. Again, patients with severe ARVD and a high-risk
profile were excluded from this study [25].

The more recent CORAL study looked at the effect of
revascularization in 947 patients randomized to intervention
or medical therapy on the composite clinical end point
consisting of death from cardiovascular or renal causes,
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myocardial infarction, stroke, hospitalization from conges-
tive heart failure, progressive renal impairment, or need for
renal replacement therapy. Only 12–15% of patients had a
documented history of heart failure whereas 26–30% had
had a prior myocardial infarction; the mean eGFR was
higher than in ASTRAL at around 58 ml/min. In comparison
to ASTRAL, around 6% of patients in each arm suffered a
myocardial infarction and a similar proportion required
hospitalization for congestive heart failure over a median
follow-up period of 43 months. These results could reflect
the low-risk cardiac and renal status of patients recruited into
this trial.

Retrospective Studies, Case Series and Case
Reports
A number of uncontrolled case series and case reports sug-
gest that revascularization can confer benefit to specific
patients who present with ‘cardiac destabilization syn-
dromes’ such as flash pulmonary edema or unstable angina
(see Table 36.1). This was first described by Pickering in a
case series of 11 patients with acute pulmonary edema who
underwent revascularization; 10 patients had no further
episodes over a mean follow-up period of 28 months,

although mortality data was not reported. A similar benefit
has been reported in 20 patients presenting with unstable
angina who all underwent renal revascularization with or
without coronary intervention. There was an improvement in
the mean Canadian Cardiovascular Society angina classifi-
cation from 3.1 to 1.4 up to 8 months post-intervention
which was independent of whether patients received coro-
nary intervention [26]. A recent retrospective single-center
study has shown that revascularization was associated with
reduced risk of death (HR 0.4, p = 0.01) in patients pre-
senting with flash pulmonary edema, and reduced risk of
death (HR 0.15, p = 0.04) and cardiovascular events (HR
0.23, p = 0.02) in patients with combined uncontrolled
hypertension and rapidly deteriorating renal function [6].

Revascularization may also optimize outcomes in patients
with chronic heart failure although this has been less well
described. Kane et al. performed a retrospective study
looking specifically at the effect of revascularization in 163
patients with ARVD, 50 of whom had predominantly
chronic diastolic heart failure as defined by clinical and
echocardiographic criteria. Outcomes for 50 patients who
underwent revascularization were compared with 50 mat-
ched patients, also with underlying ARVD and chronic heart

Table 36.1 Observational studies describing the effect of renal revascularization in patient with chronic or acute heart failure

Authors
and year of
publication

Number
of
patients

Type of
heart failure
presentation

Coronary
artery
disease

Left
ventricular
systolic
dysfunction

ACEI use RAS degree Intervention Heart failure end
points

Pickering
et al. [4]

11 Acute Yes 5/11 No Yes 8/11
showed
WRF

7 bilateral, 2
unilateral to SFK, 2
unilateral

8 PTRA, 3
surgery

10/11 no further FPE

Meissner
et al. [32]

6 Chronic Yes Yes Yes with
WRF

Severe bilateral or
unilateral to SFK

4 PTRA, 1
surgery,
one none

Undefined clinical
improvement

Messina
et al. [33]

17 Acute Yes 11/17 Yes 6/17 Unknown Severe bilateral 1 PTRA, 16
surgery

No FPE over mean
follow-up of
2.4 years

Khosla
et al. [26]

28 Chronic Yes 24/28 Yes 22/28 Unknown >70% stenosis, 8
unilateral, 20
bilateral

28 PTRA
with stent

16/28 improvement
in NYHA class

Bloch et al.
[34]

25 19 acute
6 chronic

Yes 15/25 Yes 4/25 Unknown 22 Bilateral, 3
Unilateral

25 PTRAS 18/25 no recurrent, 3
with FPE, 4 with
CHF at 1 year

Missouris
et al. [35]

6 Chronic Unknown Unknown Yes with
WRF

4 severe bilateral, 5
severe unilateral

8 PTRA, 1
surgery

Unspecified
improvement

Gray et al.
[36]

39 Chronic and
Acute

Unknown Unknown Yes 6/39 18/39 severe
bilateral, 21/39
severe unilateral to
SFK

26 PTRAS Reduction in
hospitalization for
heart failure

Adapted from De Silva [8]
ACEI angiotensin converting enzyme inhibitor, CHF chronic heart failure, FPE flash pulmonary edema, PTRA percutaneous transluminal
angioplasty, PTRAS percutaneous transluminal angioplasty with stenting, RAS renal artery stenosis, SFK single functioning kidney, WRF
worsening renal function
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failure, who were treated exclusively medically. Results
showed that more patients with chronic heart failure who
underwent revascularization were receiving renin–an-
giotensin blockade at follow-up, which was thought to partly
explain the better systolic blood pressure control, fivefold
reduction in hospitalizations and reduced New York Heart
Association (NYHA) class (1.9 vs. 2.6) noted in this
group. However, overall mortality was not different between
the two groups, possibly as a result of the significant car-
diovascular risk of these patients and other confounding
factors [5].

Three observational studies to date have described
changes in cardiac morphology following renal artery
revascularization. Zeller et al. showed a decrease in LVMI
of 10 g/m2 at a mean follow-up of 24 months in 102
ARVD patients following revascularization and this was
independent of the reduction in blood pressure also noted in
this group. In contrast, LVMI was seen to increase by
9 g/m2 in 101 contemporaneous patients with chronic
kidney disease and essential hypertension who were man-
aged medically; blood pressure in this group was noted to
increase during follow-up. However, this retrospective

study is limited by inherent differences between these two
groups of patients. Patients in the ARVD group had better
renal function and lower blood pressure at baseline,
although a higher proportion of these patients were diabetic
and had coronary artery disease, hence the pathophysiology
of cardiac structural changes in the two groups is likely to
be different [27].

Corriere et al. performed echocardiography at baseline
and at a mean of 7.7 months following revascularization in
20 ARVD patients; there was a statistically significant
improvement in LVMI but no difference in ejection fraction
[28]. A very similar study performed by Rzeznik et al.
looked at echocardiographic parameters at baseline and 3
and 12 months post-revascularization in 84 patients with
ARVD. There was an improvement in left ventricular mass
(LVM) and LVMI independent of blood pressure change.
However, there was no corresponding improvement in
diastolic function parameters [29]. The latter two studies
were uncontrolled hence it is not possible to deduce whether
these changes occurred independently of medical therapy. In
addition, only a very small proportion of these patients had
overt symptoms of heart failure.

Table 36.2 Recommendations for renal revascularization

High-risk clinical presentation Recommendation
classification

Level of evidence

Cardiac disturbance

Haemodynamically significant RASc with:
Recurrent unexplained CHF or
Sudden unexplained pulmonary edema

Class I B

RAS and unstable angina Class IIa B

Resistant hypertensiona

RAS with
Accelerated, Resistant or malignant hypertension
Hypertension with unilateral small kidney
Hypertension with medication intolerance

Class IIa B

Ischemic nephropathyb

RAS and chronic renal insufficiency with:
Bilateral RAS or
RAS to a solitary functioning kidney

Class IIa B

RAS and chronic renal insufficiency with unilateral RAS (2 kidneys present) Class IIb C

Asymptomatic bilateral or solitary viable kidney with haemodynamically significant RAS Class IIb C

Asymptomatic unilateral haemodynamically significant RAS in a viable kidney Class IIb C

Adapted from Parikh et al. [7]
RAS renal artery stenosis
aDefined as uncontrolled hypertension despite use of maximally tolerated doses of at least three antihypertensive agents, one of which is a diuretic,
or intolerance to medication
bDefined as chronic kidney disease with eGFR <45 ml/min in the context of atheroscerlotic renovascular disease (ARVD) usually with potential
global renal ischemia (unilateral RAS with a solitary functioning kidney or bilateral significant RAS)
cDefined as angiographic stenosis � 70 or 50–70% with a resting translesional mean pressure gradient >10 mmHg, hyperemic mean systolic
pressure gradient >20 mmHg or renal fractional flow reserve � 0.8
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An individual case report looked at echocardiographic
parameters before and after revascularization in a patient
with bilateral ARVD and recurrent episodes of flash pul-
monary edema. Post-revascularization, the patient experi-
enced improvement in NYHA classification, better blood
pressure control, and renal function. There was marked
improvement in echocardiographic morphology and func-
tion at 4 months (left ventricular mass decreased from 161
to 116 g and ejection fraction improved from 39 to 65%)
and these changes were sustained at 1-year of follow-up.
There was an accompanying increase in vascular
endothelial growth factor (VEGF) and, as expected, a
decrease in angiotensin II levels following revasculariza-
tion. All these changes may have been augmented by the
use of concomitant antihypertensive and cardioprotective
medication [30].

Recommendations and Future Directions

Despite the neutral results of RCTs and the lack of robust
evidence, the American College of Cardiology/American
Heart Association strongly recommend revascularization for
patients with hemodynamically significant ARVD and
recurrent episodes of chronic heart failure or acute, unex-
plained pulmonary edema [31] (see Table 36.2).

More research is required to help understand the close
relationship between heart and kidney pathophysiology in
ARVD. It is hoped that advanced imaging techniques such
as speckle-track echocardiography, detailed cardiac MRI
studies, and the application of novel biomarkers can help
identify ARVD patients who have potentially reversible
myocardial changes, so that they can benefit from timely
referral for revascularization.

Conclusion
There is a high prevalence of cardiac morbidity and
mortality in patients with ARVD both due to shared
atherosclerotic risk factors leading to coronary artery
disease, and due to adverse cardiac structural remodeling
secondary to a combination of neurohormonal activation,
renal impairment, and hypertension. Intensive vascular
protective therapy, in particular the use of renin–an-
giotensin blockade, is essential to mitigate the high risk of
adverse cardiovascular events in these patients. There is
evidence that the use of revascularization in combination
with optimal medical therapy may be of benefit in a small
subgroup of patients who present with cardiac destabi-
lization syndromes such as acute flash pulmonary edema
or unstable angina. Further research is required to help
identify these patients accurately and to ensure timely
referral for revascularization.
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37Preeclampsia: A Mirror into Future
Cardiovascular and Renal Health

Scott Blumhof and Janani Rangaswami

Introduction

Preeclampsia, a leading cause of morbidity and mortality in
pregnancy, complicates up to 5% of pregnancies worldwide
[1]. The spectrum of hypertensive disorders during preg-
nancy comes in four varieties: gestational hypertension,
preeclampsia and eclampsia syndrome, chronic hyperten-
sion, and preeclampsia superimposed on chronic hyperten-
sion [2]. Gestational hypertension is the development of
elevated blood pressure of greater than 140/90 mmHg in
previously normotensive women after 20 weeks of gesta-
tion. Proteinuria does not develop, and the elevated blood
pressures resolve by 12 weeks postpartum. Preeclampsia is
gestational hypertension with the presence of proteinuria
and/or signs of end organ damage. The progression of the
preeclampsia syndrome to eclampsia is signified by the onset
of worsening hypertension and generalized tonic-clonic
seizures. Preeclampsia and eclampsia are both definitively
treated by delivery of the placenta, resulting in resolution of
the acute syndrome. However, it has been shown that
women who suffer from preeclampsia have a higher lifetime
risk of cardiovascular disease (CVD), chronic kidney disease
(CKD), cerebrovascular disease, and metabolic derange-
ments including insulin resistance, overt diabetes mellitus,
hyperlipidemia, and the metabolic syndrome. In this chapter,
we will focus on preeclampsia, its diagnosis, and charac-
teristics as a syndrome, risk factors for its development, the

current understanding of the molecular mechanisms behind
this disorder, and finally will discuss the implications of
preeclampsia as they pertain to the long-term risk for
development of CVD, CKD, cerebrovascular disease, and
insulin resistance.

Definition and Epidemiology

According to the American College of Obstetrics and
Gynecology, preeclampsia is defined as either a maternal
blood pressure >140/90 mmHg on two occasions at least 4 h
apart after 20 weeks gestation in a woman with previously
measured normal blood pressure, or a single blood pressure
reading of >160/110 mmHg combined with proteinuria,
� 300 mg per 24 h urine collection. In severe disease, other
manifestations include renal insufficiency defined as serum
creatinine concentrations above 1.1 mg/dL or a doubling of
the serum creatinine in the absence of preexisting
renal disease, pulmonary edema, and cerebral or visual
symptoms [2].

The incidence of preeclampsia is higher in women with
baseline hypertension, affecting 15–25% of pregnancies in
these women and further increasing maternal and fetal risks
[3]. When preeclampsia is superimposed upon chronic
hypertension this subset of patients develops the disease
earlier in the pregnancy and have more severe disease than
in women without an underlying diagnosis of hypertension.
While 16% of maternal deaths are due to the hypertensive
disorders as a group [4], 10–12.3% are due to preeclampsia
itself [5, 6].

Risk factors for preeclampsia include preexisting vascular
conditions such as hypertension, obesity, chronic renal dis-
ease, diabetes mellitus, and thrombophilia [7], nulliparity
[8], a change in paternity [9], a history of preeclampsia [10],
extremes of age [11], race [12], socioeconomic status, and
altitude [11, 13, 14]. Conditions that result in an increase in
placental mass, for example, multiple gestations and molar
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pregnancies, have also been shown to make it more likely
that preeclampsia will complicate that particular pregnancy
[11]. This observation strongly implicates a placental trigger
in the pathogenesis of this syndrome. Interestingly, active
tobacco use has actually been associated with a decreased
risk for preeclampsia though the mechanism is not fully
understood [15]. Despite this, the risks of smoking during
pregnancy far outweigh this one benefit.

Although no single gene has been implicated, several
studies have suggested that genetic elements have a role in
the incidence and development of preeclampsia. Polymor-
phisms in genes coding for renin, angiotensinogen,
endothelial nitric oxide synthase, prothrombin, factor V
Leiden, and methyltetrahydrofolate reductase showed pro-
mise in initial small trials [16–19], but could not be con-
firmed in larger studies [20–24]. However, a study of
families in Iceland looking for potential preeclampsia genes
revealed a significant locus on chromosome 2p13 [25] and
this locus was confirmed in a similar study of patients from
New Zealand and Australia [26]. Despite discovery of this
locus, the exact mechanism through which it predisposes a
woman to preeclampsia remains unknown. Another potential
culprit could be a locus on chromosome 13, as it has been
observed that mothers of fetuses with trisomy 13 have a
higher incidence of preeclampsia than mothers pregnant with
normal fetuses, but again its exact role remains elusive [27].

Pathogenesis

Placental Factors

The placenta is requisite for preeclampsia to appear, not the
fetus. This is demonstrated by the fact that molar pregnan-
cies, which harbor no viable fetus, have been shown to have
increased incidence of preeclampsia [11]. Placentae from
preeclamptic women, when examined pathologically, clas-
sically reveal numerous infarcts, sclerotic narrowing of
arteries and arterioles, and fibrin deposition and thrombosis
[28]. In normal placentation, the cytotrophoblasts alter the
uterine vasculature so that it can supply the placenta and
fetus with the necessary amounts of blood and nutrients
needed to sustain a normal pregnancy. These invading cells
also modulate the production of vascular endothelial growth
factor (VEGF) ligands and receptors, being able to, at certain
points in the pregnancy, express every mammalian member
of this family of proteins. The end result is transformation of
these vessels from small resistance vessels to flaccid,
high-caliber capacitance vessels able to perfuse the placenta
[29–33].

In preeclampsia the normal placentation process is dis-
rupted as evidenced by insufficient endovascular invasion by
cytotrophoblasts and failure of uterine artery remodeling

[29]. When the cytotrophoblast cells invade the uterine spiral
arteries they adopt a cell profile more akin to endothelial
cells than their epithelial origin. In the preeclamptic patient,
not only do the cells not invade as deep into the uterine
tissue as they need to, they also fail to undergo this process
of “pseudovasculogenesis,” which involves switching of cell
surface integrins and adhesion molecules to resemble
endothelial cells [34–36]. This suggests that faulty differ-
entiation eventually leads to ischemia and tissue hypoxia
characteristic of the preeclamptic placenta. However, the
cause of this failure is unknown. It has been suggested by
some that initial hypoxia causes this aberrant invasion and
differentiation [37]. It is interesting that hypoxia would both
lead to the syndrome and then contribute to its development.
Another hypothesis is that a decrease in soluble antiangio-
genic factors is possibly involved in the faulty remodeling
[38]. This diminished perfusion and hypoxic environment
eventually leads to the release of placental debris,
microparticles, and factors into the maternal circulation that
lead to the systemic inflammatory response and the second
stage of the syndrome (Fig. 37.1) [39, 40].

Angiogenic Factors

It is evident by 21 days post conception that placental vas-
culogensis has begun. Involved in this process are numerous
pro- and antiangiogenic substances, of which the best stud-
ied are the VEGF and angiopoietin families. It is hypothe-
sized that the hypoxic environment that is created as
previously described results in angiogenic imbalance, and
the overproduction of antiangiogenic factors. It has been
shown that in preeclamptic women, the placenta

Fig. 37.1 The placental factors that lead to the release of antiangio-
genic molecules and contribute to the antiangiogenic milieu of
preeclampsia (sFlt-1 soluble Fms-like tyrosine kinase 1, sEng soluble
endoglin)
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overproduces at least two antiangiogenic peptides that enter
the maternal circulation: soluble Fms-like tyrosine kinase 1
(sFlt-1) and soluble endoglin (sEng) [41]. Before we discuss
the roles of these molecules in the development of the
maternal syndrome, we will first review their role in vascular
homeostasis.

VEGF are secreted proteins that are responsible for reg-
ulating vasculogenesis, the formation of blood vessels in
embryonic life, and angiogenesis, the process of forming
new blood vessels. The important members of this family for
our discussions are VEGF-A (VEGF) and placental growth
factor (PlGF). VEGF is proangiogenic which promotes the
proliferation and survival of endothelial cells [42, 43] and
PlGF is a homolog released by the placenta with similar
activity [44]. The family of VEGF receptors present on
vascular endothelial cells is large, but those apropos to our
discussion include Flt-1 (VEFGR-1) and KDR (VEGFR-2).
VEGF binds to both Flt-1 and KDR, while PlGF binds only
to Flt-1 [45]. When Flt-1 is absent in a mouse model, the
mice die in embryonic life due to overgrowth of endothelial
cells and blood vessel disarray [46] which implies that the
function of Flt-1 is as a negative regulator of angiogenesis
[47]. Recent work also suggests that the role of the Flt-1
gene is to express sFlt-1 which acts as a soluble VEGF
signaling inhibitor and regulates and guides emerging vessel
sprouts through control of local VEGF concentrations [48].
Aside from being involved in embryonic vasculogenesis and
angiogenesis, the VEGF family of proteins plays a role in the
survival of endothelial cells and vascular homeostasis in
mature vessels. It is especially important in differentiation
and survival of fenestrated endothelium in the choroid
plexus, renal podocytes, and hepatocytes [49]. Inhibition of
VEGF has been seen in vivo to lead to pathology in many of
those organs. In the mouse, kidney knockout of VEGF has
been shown to result in the classic kidney lesions of
preeclampsia [50]. In fact, the role of VEGF in vascular
homeostasis was best noted in humans during testing of
anti-VEGF chemotherapies for the treatment of cancer the
common side effects were headaches, hypertension, pro-
teinuria, glomerular endothelial damage, coagulopathy, and
rarely the reversible posterior leukoencephalopathy syn-
drome [51–54].

As early as 1989 Roberts and Taylor et al. hypothesized
that preeclampsia results from the release of circulating
factors by the placenta which lead to widespread maternal
endothelial dysfunction [55, 56]. In fact, to this day, evi-
dence continues to support this early hypothesis. For one, the
most well-known manifestations of preeclampsia occur in
organs that contain fenestrated endothelial cells and involve
the vasculature of those organs. In addition, there is also
evidence that establishes the presence of factors released by
the injured endothelium in the circulation of women with
clinical preeclampsia including, to name a few, endothelin-1

[57], fibronectin [58–60], von Willebrand factor [58, 61],
thrombomodulin [62, 63], markers of oxidative stress [64],
and inflammatory cytokines [65]. To further support the
theory that a circulating factor results in endothelial dys-
function, serum from preeclamptic women induces
endothelial injury in vitro [56, 64, 66].

Efforts to identify this circulating factor resulted in the
observation by Karumanchi et al. that sFlt-1 mRNA is
upregulated in preeclamptic women [67]. SFlt-1 is a soluble
form of the VEGF/PlGF receptor Flt-1 produced by alter-
native splicing, and is a potent inhibitor of both VEGF and
PlGF activity [68]. In support of sFlt-1 as the causative agent
of the endothelial dysfunction rampant in preeclampsia,
administration of sFlt-1 to pregnant rats induced a syndrome
of hypertension, preoteinuria, and glomerular endotheliosis
almost identical to preeclampsia [67]. However, absent from
this syndrome was the liver dysfunction and cerebral chan-
ges notable in severe preeclampsia. It was then discovered
by gene expression that sEng was noted to be present at
fourfold greater concentrations in preeclamptic pregnancy
than in normal pregnancy [47]. sEng was seen to combine
with sFlt-1 to induce the features of severe preeclampsia not
caused by sFlt-1 inhibition of VEGF alone [49, 69]. The
proposed mechanism is that sEng reduces binding of trans-
forming growth factor beta (TGF-B1) and blocks TGF-B1
induced vasodilation of vessels in rats, likely through the
downregulation of nitric oxide synthetase [69]. It was also
shown that sEng could induce increased capillary perme-
ability in mouse lung, liver, and kidney. The most important
observation came when pregnant rats were injected with
both sFlt-1 and sEng and subsequently develop a syndrome
reminiscent of severe preeclampsia with hypertension,
nephrotic range proteinuria, low platelet count, elevated liver
enzymes, and reduced fetal weight [69]. Thus, it can be seen
that most, if not all of the symptoms of the preeclampsia
syndrome can be explained by the actions of these antian-
giogenic molecules.

Epidemiological studies have revealed that sFlt-1 levels
are elevated in preeclamptic women beginning at least
5 weeks before the onset of the syndrome and remain ele-
vated when compared with unaffected women [70–72]. In
fact, levels of sFlt-1 correlate with the severity of the syn-
drome [72]. Low levels of PlGF in the first trimester are a
risk for subsequent preeclampsia, and levels of PlGF in the
urine of women prior to 25 weeks gestation are lower in
women with preeclampsia than in those with normotensive
pregnancies [72]. The degree of suppression correlates with
the severity of the syndrome [73]. However, the ratio of
sFlt-1 to PlGF has proven to be a better marker of
preeclampsia than either alone, implying that it is the balance
of the angiogenic and antiangiogenic factors or not their
absolute levels that leads to preeclampsia [72, 74, 75]. In
support of this, it has most recently been reported that a
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serum ratio of sFlt-1 to PlGF less than 38 could be used to
predict the absence of preeclampsia in women with sus-
pected preeclampsia after 24 weeks gestation [76]. Levels of
sEng are also elevated in the serum of women who develop
preeclampsia when compared with women who do not [77].
Recent work has also associated alterations in sFlt-1, PlGF,
and sEng concentrations with maternal vascular dysfunction
and impaired nitric oxide formation [78]. From all this evi-
dence, it can easily be seen how these three molecules are
possible causative agents of the syndrome of preeclampsia.

Immune Factors

Loss of maternal immune tolerance to paternally derived
placental and fetal antigens is another possible pathway to
the development of the preeclampsia syndrome [79]. This
loss of immune tolerance for fetal antigen can be observed
during pathologic examination of preeclampatic placentas
which reveals increased dendritic cell and macrophage
infiltration and signs of inflammation similar to acute graft
rejection [80–82].

Clinical Manifestations

The cardinal features of the preeclamptic syndrome are
elevated blood pressure, proteinuria, and edema. As the
syndrome becomes more severe neurologic abnormalities,
coagulopathy, liver dysfunction, and eclampsia, heralded by
the onset of seizures, occur.

In a normal pregnancy, peripheral vascular resistance and
blood pressure typically decrease, but in preeclampsia the
opposite occurs. This increase in peripheral vascular resis-
tance is likely accomplished by an increase in sympathetic
activation [83], increased concentrations of circulating cat-
echolamine [84], and an exaggerated response to angiotensin
II and other hypertensive stimuli when compared to nor-
motensive pregnant controls [41]. Also contributing to ele-
vated blood pressure is an increased effective circulating
volume which would effectively result in a rise in blood
pressure resulting in the observed suppressed levels of ren-
nin and aldosterone in preeclamptic patients [85]. General-
ized vascular constriction is also evident when compared
with normal controls, which is likely due to dysfunction of
the maternal endothelium caused by the circulating antian-
giogenic factors discussed earlier as evinced by alterations in
levels of markers of endothelial activation [86].

Proteinuria in preeclampsia results due to a loss of both
size and charge selectivity of the glomerular barrier, and either
accompanies or follows the development of hypertension
[87]. The glomerular lesion characteristic of preeclampsia is
called “glomerular capillary endotheliosis.”Light microscopy

of renal biopsies of preeclamptic patients reveals enlarged
glomeruli and the glomerular capillary lumen appears to be
bloodless due to endothelial and mesangial swelling and
hypertrophy, and the glomerular podocytes are swollen and
contain periodic acid-Schiff positive hyaline droplets. On
electron microscopy, endothelial cells demonstrate a loss of
fenestrations with cytoplasmic swelling owing to fluid and
lipid accumulation and capillary occlusion [88]. This loss of
fenestrations points to the decreased action of VEGF as an
important part of the pathophysiology underlying
preeclampsia as one of its important roles in homeostasis is to
maintain fenestrated endothelium.

Preeclampsia is also complicated by neurologic symp-
toms that range from headache, blurred vision, temporary
loss of vision, and seizures (eclampsia). These neurologic
symptoms have been attributed to cerebral edema and
vasoconstriction likely due to disruption of the blood brain
barrier due to do endothelial damage [89]. As mentioned
earlier, one of the specific cell types the VEGF is involved in
maintaining are the ependymal cells of the CNS, the foot
processes of which form the blood brain barrier.

Implications for Future Vascular Disease

The signs and symptoms of preeclampsia resolve in the
several weeks following removal of the placenta, however
women who develop the syndrome are affected by it for the
rest of their lives.

Women with preeclampsia have been shown to have a
future risk of hypertension that is three to four times higher
than that of their non-preeclamptic counterparts [90–96].
This risk of future hypertension is dose dependent and
increases with severity of the preeclampsia [92] and also
with early onset of preeclampsia [97]. Studies have also
shown that women diagnosed with a hypertensive compli-
cation of pregnancy have a twofold increased risk of future
ischemic heart disease as well as stroke [90, 92, 96, 98–103].
It is not just the risk of cardiovascular disease that is
increased, but the risk of death from a cardiovascular event
is increased as well [98]. The dose-dependent relationship is
again seen, as one study associated a twofold increased risk
of CVD with mild preeclampsia but a fivefold increase in
risk in severe disease [104]. These women are also at a
fivefold increased risk of development of chronic kidney
disease and progression to end stage renal disease, which
increases with each subsequent pregnancy complicated by
preeclampsia [105]. There has also been an association
between preeclampsia and the future development of dia-
betes mellitus to the tune of a threefold increase in risk [92].
Preeclampsia has also been associated with the development
of unfavorable lipid profiles [106], hypothyroidism [107],
depression [108], and venous thromboembolic disease [90].
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The exact reason why these women are at such an
increased risk of future disease has not yet been described.
However, theories abound that again return to the antian-
giogenic milieu that exists in preeclampsia and the potential
for permanent vascular damage from inflammatory stress,
coagulation dysregulation, and endothelial damage sec-
ondary to the preeclamptic episode. Studies have shown that
preeclampsia induces long-term changes in the proteome of
animal models associated with cardiovascular disease [109].
Although the levels of sFlt-1 have been shown to decrease
after delivery of the placenta, studies have shown that levels
remain higher in women who have suffered from
preeclampsia as compared to those who have not [110].
These elevated levels of sFlt-1 have been shown to be cor-
related with exacerbations of congestive heart failure [111]
and also with hospitalization for the same [112]. This per-
sistent milieu of endothelial dysfunction increases risk for
cardiovascular, metabolic and renal disease when taking into
account the fact that lower levels of VEGF have been
implicated in heart failure [113], ischemic heart disease in
diabetic and insulin resistant patients [114], and several
forms of kidney disease (Fig. 37.2) [115].

Conclusion

Preeclampsia is a two-stage disease that begins with abnor-
mal placentation and ends with maternal endothelial dys-
function which leads to the classic symptoms of
hypertension, edema, and proteinuria, as well as to the
symptoms of more severe disease such as renal failure,
HELLP syndrome, neurologic symptoms, and the seizures of

eclampsia. While parts of its pathophysiology remain
unclear, the role of a soluble antiangiogenic molecule,
sFlt-1, and its effects on levels of angiogenic molecules such
as VEGF and PlGF is paramount to the development of the
maternal syndrome. Most important though is that once a
woman is diagnosed with preeclampsia she becomes a
patient who is at high risk for the development of a host of
cardiorenal disease including hypertension, CAD, and CKD
that is likely to progress to ESRD. Despite the overwhelming
evidence of these increased risks, no studies have been done
or guidelines developed about how to treat these patients to
effectively reduce their risk of future morbidity and mortal-
ity. In fact, a previous diagnosis of preeclampsia, let alone an
obstetric history is not part of any cardiovascular disease risk
score These women should be treated as ‘high-risk’ for CVD
with aggressive risk reduction, and that internists, cardiolo-
gists, and nephrologists should be aware of preeclampsia and
the impact they have on the cardiovascular risk profile of
their patients.
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38Obstructive Sleep Apnea: A Unifying Link
Between Cardiovascular and Renal Disease

Parasuram Melarcode Krishnamoorthy, Virend K. Somers,
and Abel Romero-Corral

Introduction

Obstructive sleep apnea (OSA) is an important and common
comorbidity, especially in patients with obesity. It is char-
acterized by transient, repetitive partial (hypopnea) or com-
plete (apnea) upper airway obstruction during sleep causing
� 10 s pause in respiration [1]. It is usually associated with
sleep disturbance, snoring, daytime fatigue, and chronic
intermittent hypoxia. Although it is estimated that one in five
Americans may have OSA as defined by an apnea–hypopnea
index score of � 5 [2], approximately 80% of individuals
have not been diagnosed [3], and common conditions such
as age, male sex, and obesity are important risk factors for its
development [4]. Screening for common risk factors for, and
associations with OSA, has been recommended as a part of
routine health examination as per the recent adult Obstruc-
tive Sleep Apnea Task Force of the American Academy of
Sleep Medicine guidelines [5]. OSA may be an independent
predictor of all-cause mortality [6], hypertension [7–9],
coronary artery disease [10], heart failure [11, 12], and
stroke [13]. In addition, patients with OSA are at increased
risk of sudden death from cardiac causes during sleep [14],
and also shown to be an independent predictor of sudden
cardiac death in a cohort of 10,701 patients referred for their
first polysomnogram [15]. Patients likely to have OSA
usually also have risk factors in common with chronic car-
diovascular and kidney diseases, such as obesity, hyperten-
sion and diabetes mellitus, suggestive of a possible link
between these conditions [16].

Prevalence of OSA in CKD

OSA is an important clinical comorbidity with significant
impact in patients with CKD [17]. The reported prevalence
of OSA in this population has ranged from 27 to 54%, which
is considerably higher than the general population [18]. Male
gender was found to be the single strongest predictor of OSA
in CKD. Although OSA is increasingly common in patients
with CKD, it may not be clinically apparent. Patients may
not have the typical constellation of symptoms, and hence
will need low threshold for objective screening for OSA.
Okubo et al. studied the cost effectiveness of OSA screening
in all middle-aged male outpatients with CKD and diabetes.
The authors recommended routine screening for OSA in
middle-aged patients between the ages of 35–65 years with
CKD. It was cost effective and may have also helped reduce
primary and secondary CVD risk [19]. Sleep disordered
breathing and daytime sleepiness have been well studied in
patients with end stage kidney disease (ESKD) on dialysis
[20, 21] and even in CKD patients with stable creatinine
clearance and not on dialysis [22, 23]. Roumelioti et al. [20]
studied 89 patients with CKD and 75 patients on
hemodialysis (HD) comparing them to 224 controls. Sleep
disordered breathing was more common in patients with
advanced CKD both not on HD (OR 2.19, 95% confidence
interval [CI] 1.22–3.92) and on HD (OR 4.14, 95% CI
2.26–7.60) compared to controls, and nocturnal hypoxemia
was significantly elevated in patients on HD compared to
controls and to CKD not on HD (OR 2.12, 95% CI
1.05–4.23, p = 0.04). In another study by Sakaguchi et al.
[23] of 100 patients, multivariate regression showed that a
10-ml/min/1.73 m2 decrease in eGFR was associated with a
42% increased odds of OSA even after adjusting for multiple
confounding risk factors including age, gender, and BMI.
Patients with an estimated GFR of less than 90 ml/min/1.73
m2 were at an increased risk of developing OSA compared
to patients with normal renal function with an odds ratio of
1.22 to 1.42 for each 15 ml/min decrease in the GFR [24]. In
the next paragraphs we will attempt to describe the
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pathophysiology associated with these findings and a sum-
mary of these studies are listed in Table 38.1.

Pathophysiology of OSA in CKD

Different mechanisms have been proposed to explain the
pathophysiological link between OSA and CKD [6, 17, 25]
(Figs. 38.1 and 38.2). OSA is associated with sleep frag-
mentation and hypoxemia re-oxygenation episodes which
activate central sympathetic outflow to the kidney and other
vascular beds, resulting in elevations in blood pressure both
transiently during airway obstruction, and chronically in the
awake state, which has been linked to the progression of
CKD [26, 27]. Multiple studies have shown direct relation-
ships between apnea–hypopnea index (AHI) and hyperten-
sion [7, 28]. In a large community based study of 6132
healthy middle aged and older patients by Nieto et al. [7],
high AHI scores or sleep time below 90% oxygen saturation
were associated with greater odds of hypertension, even after
adjusting for common confounding factors including age,
gender, BMI, smoking, and alcohol use. Hass et al. [29]
aimed to study the relation between AHI and hypertension
phenotype (systolic/diastolic hypertension vs isolated

systolic hypertension) in 6120 participants from the Sleep
Heart Health Study. Interestingly, sleep disordered breathing
was associated with systolic/diastolic hypertension only in
patients younger than 60 years. Also, isolated systolic
hypertension was not associated with sleep disordered
breathing in any age group. Although the authors did not
comment on kidney function or prevalence of chronic kid-
ney disease in this patient population, there were two
important conclusions from this study; (1) OSA is a signif-
icant cause for secondary hypertension in the young; and
(2) It is important to identify type of hypertension, namely
systolic/diastolic hypertension versus isolated systolic
hypertension, when considering OSA as a contributing fac-
tor for hypertension.

Sympathetic activation also results in upregulation of the
renin–angiotensin–aldosterone system (RAAS), altering
cardiovascular hemodynamics, causing increased salt and
water retention. Increased renin-angiotensin activity also
results in endothelial dysfunction mediated by free radical
oxidative stress and inflammation [30]. OSA patients also
have elevated levels of aldosterone, which has been linked to
fibrosis and accelerated progression of CKD. Animal models
have shown that increased aldosterone may result in
glomerular sclerosis [31], which can be reversed by

Table 38.1 Summary of studies involving CKD patients with OSA

Study name Study group Study N Study
type

Study aim Findings

Nicholl
et al. [18]

CKD with and
without OSA
vs OSA
without CKD

119
(CKD) vs
230 (no
CKD)

Case
control
study

Clinical presentation of
OSA in patients with
CKD

1. Male gender was strongest predictor of
OSA in CKD
2. Prevalence of OSA in CKD was unlikely
to be clinically apparent

Roumelioti
et al. [20]

CKD not on
HD, on HD
and no CKD

85 (not on
HD) vs 74
(HD) vs 224
(no CKD)

Case
control
study

Sleep disordered
breathing and excessive
day time sleepiness in
patients with CKD

1. SDS and EDS are common among
patients with CKD
2. Modest correlation of EDS with SDB in
HD group

Unruh et al.
[21]

HD vs no CKD 46 (HD) vs
137 (no
CKD)

Case
control
study

SDB and sleep cycle in
patients on HD vs
controls

1. HD had a higher odds of SDB and more
severe nocturnal hypoxemia
2. HD group demonstrated shorter sleep time
and greater sleep fragmentation

Markou
et al. [22]

CKD not on
HD

35 Cohort
study

SDB in non-dialyzed
CKD patients

1. Prevalence of SDB and RLS is high in
dialysis-independent CRF
2. SDB weakly correlates with indices of
kidney function and this association
becomes stronger in nondiabetics

Sakaguchi
et al. [23]

CKD not on
HD

100 Cohort
study

Prevalence of OSA and
association with renal
function in CKD patients
not on HD

1. Increased prevalence of OSA (65%)
among patients with CKD not on HD in
Japan
2. Decreased GFR was a significant
predictor of OSA. 10-ml/min per 1.73 m2

BSA decrease in eGFR was associated with
a 42% increased odds of OSA

Sim et al.
[24]

Early stages of
CKD

1,102,089 Cross
sectional
study

Prevalence of OSA in
early stages of CKD

1. Increased risk of OSA in patients with
early CKD

396 P.M. Krishnamoorthy et al.



aldosterone blockade [32]. OSA has also been linked to
glomerular hyperfiltration in a study where continuous
positive airway pressure (CPAP) use was associated with
decreased hyperfiltration and significant increases in renal
plasma flow without significant change in GFR after treat-
ment with CPAP [33]. Kinebuchi et al. [33] studied

glomeruli in 27 patients with OSA compared it to 32 healthy
controls and demonstrated that patients with OSA have
hyperfiltrating glomeruli as estimated by increased in filtra-
tion fraction (EF) in OSA compared to controls
(0.26 ± 0.04 vs 0.21 ± 0.03; p < 0.01). There was a sig-
nificant decrease in FF in patients with OSA on CPAP
treatment (0.26 ± 0.04 to 0.23 ± 0.03; p < 0.01) who did
not receive ACEI/ARB at baseline (n = 21). In six patients
who received ACEI/ARB, there was no significant change in
FF after CPAP treatment. The direct consequences of
glomerular hyperfiltration are glomerular enlargement and
glomerular sclerosis, which are both characteristics of focal
segmental glomerulosclerosis. Plausible mechanisms include
high sympathetic activity in patients with OSA, and hor-
mones like atrial natriuretic peptide promoting glomerular
hyperfiltration. The role of OSA causing proteinuria result-
ing in progression of CKD is controversial, due to the
interplay of underlying common factors such as obesity [34].
Obesity in itself can cause hyperfiltration, glomerulomegaly,
and focal glomerulosclerosis, eventually resulting in pro-
teinuria [35]. Two small trials showed that OSA therapy
resulted in decreases in proteinuria [36, 37]. In a study of 34
patients with OSA compared to 34 controls, Chaudhary et al.
[36] observed regression of proteinuria after 3 years of fol-
low up in 4 patients treated for OSA. In another study by
Sklar et al. [37], two patients with severe OSA and

Fig. 38.1 A schematic summary of the proposed sequence of events in obstructive sleep apnea syndrome starting from episodic hypoxia and
sleep fragmentation. Adapted from Zamarrón et al. [25]

Fig. 38.2 Pathophysiologic links between obstructive sleep apnea
(OSA) and chronic kidney disease (CKD). Adapted from Adeseun and
Rosas [17]
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high-grade proteinuria were studied. The authors observed
remissions in proteinuria with correction of OSA and
improvement in nocturnal hypoxemia.

OSA: A Potential Link Between Systemic
Inflammation and Metabolic Syndrome

OSA-induced chronic intermittent hypoxemia can produce
free radicals and reactive oxygen species (ROS) resulting in
oxidative stress [17]. These free radicals generated by both
NADPH and xanthine oxidase pathways are
pro-inflammatory and are thought to produce ischemic-
reperfusion injury. There is an upregulation of the inflam-
matory cascade resulting in increased production of
cytokines including tumor necrosis factor-a, interleukin-6,
interleukin-8, and monocyte chemoattractant protein-1 [38].
In addition, OSA also causes increases in platelet aggrega-
tion, insulin resistance, and metabolic dysregulation, which
are the same factors involved in initiation and progression of
CKD (Fig. 38.3). Supporting these findings, CPAP therapy
in OSA improves endothelial function [39], attenuates the
abnormally high levels of circulating apoptotic endothelial
cells [40], reduces free radical production from neutrophils
[41], decreases inflammatory mediators [42], increases
vasodilator levels [43], and mediates a decline in vasocon-
strictor levels in patients with sleep apnea [44]. In a study of
10 newly diagnosed untreated moderate-to-severe patients
with OSA by Lattimore et al. [39], treatment with CPAP
improved baseline endothelial nitric oxide release, stimu-
lating endothelium dependent vaso-relaxation in the sys-
temic circulation. Yokoe et al. [42] measured levels of CRP
and IL-6 produced by monocytes in patients with OSA and
found them significantly elevated compared to obese con-
trols. The levels of CRP were directly associated with BMI
and IL-6 was associated with apnea–hypopnea index and
BMI. The authors also studied the effect of CPAP and noted
that the levels of inflammatory biomarkers, including CRP
and IL-6, decreased with treatment of OSA and improved
sleep architecture. Whether OSA therapy with CPAP could
delay the progression or help prevent the development of
CKD remains unknown [42].

In summary, we conclude that OSA may be a unifying
process between chronic kidney disease and cardiovascular
disease, as they share common etiologies including hyper-
tension, diabetes mellitus, and obesity. Possible pathophysi-
ologic mechanisms underlying this relationship include
(1) increased oxidative stress leading to insulin resistance and
metabolic syndrome; (2) endothelial dysfunction from sys-
temic inflammation; and (3) increased sympathetic
system/RAAS activation leading to hypertension and fibrosis.

There needs to be an increasing awareness among practicing
clinicians regarding OSA as a multisystem pathophysiologic
entity, warranting early diagnosis and prompt treatment to
prevent long-term morbidity and mortality.
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39Chronic Kidney Disease and BP Goals

Debbie L. Cohen and Raymond R. Townsend

Introduction

Patients with chronic kidney disease (CKD) are at particular
high risk for cardiovascular (CV) events and the rationale for
treatment of hypertension in CKD is to slow ongoing renal
injury and delay progression to end-stage renal disease
(ESRD). Patients with CKD are more likely to have resistant
hypertension and are frequently taking multiple antihyper-
tensive agents therefore achieving the recommended blood
pressure (BP) goals in this population is often therapeutically
challenging. Patients with CKD are less likely to achieve BP
goals and a recent NHANES analysis demonstrated that
more patients with CKD have uncontrolled BP compared to
non-CKD patients, even when using the higher BP targets
suggested by the 2014 Adult Hypertension Management
guidelines (BP < 140/90 mmHg) [1, 2]. BP goals in the
CKD population are still evolving and there is no definite
consensus. The 2014 guidelines [2] were based on evidence
from older studies, but these guidelines may change again,
targeting lower BP goals based on how data from the
recently published SPRINT study is interpreted in the CKD
group, representing 28% of the SPRINT cohort [3]. The
majority of the current guidelines for BP goals in CKD favor
a BP < 140/90 mmHg in CKD without proteinuria; how-
ever, most guidelines recommend maintaining a lower BP
target for those with more severe proteinuria. This contrasts
with JNC 7 [4], which recommended a BP goal of
<130/80 mmHg in all patients with CKD. The recom-
mended BP guidelines in CKD from the various guideline
committees are shown in Table 39.1 and the rationale for
these guidelines will be detailed below [5].

Rationale for BP Guidelines in CKD

The 2014 Evidence-Based Guideline for the Management of
High Blood Pressure in Adults (JNC 8) 2014 [1, 2] recom-
mended a BP goal of <140/90 mmHg in CKD, regardless of
level of proteinuria and presence of diabetes. They also
recommended that in patients with CKD regardless of race
or diabetes, initial (or add-on) treatment should include an
ACEI or ARB to improve kidney outcomes. The rationale
for raising the BP goal in the 2014 evidence-based guideli-
nes was based on data obtained from three randomized,
controlled trials: Modification of Diet in Renal Disease
(MDRD) Study; African American Study of Kidney Disease
and Hypertension (AASK) trial and the Ramipril Efficacy in
Nephropathy-2 (REIN-2) trial [12–14] and subsequent
meta-analyses based on the same three trials [15–18].

The MDRD study included 585 patients with a GFR of
25–55 mL/min/1.73 m2 and 255 patients with a GFR of 13–
24 mL/min/1.73 m2. The study was a 2 � 2 factorial design
and patients were randomly assigned to an intensive BP
target (a mean arterial pressure (MAP) of 92 mmHg corre-
sponding to about 125/75 mmHg) or a standard BP target
(MAP of 107 mmHg or approximately 140/90 mmHg) and
to 1 of 2 types of diet. The use of all antihypertensives was
allowed but angiotensin converting enzyme inhibitors
(ACE) ± diuretic were encouraged as first-line agents and
calcium channel blockers (CCB) ± diuretics were encour-
aged as second line agents. Eighty-five percent of patients
were white and 97% of patients had nondiabetic CKD.
Diabetics requiring insulin were excluded. Achieved BP was
126/77 mmHg in the intensive BP group versus
133/80 mmHg in the standard BP group. A posttrial
follow-up of 6.2 years did not show benefit of any specific
BP target or antihypertensive regimen. Importantly, the
death outcome was not different between the two groups,
and patients who reached ESRD were excluded from the
analysis. The MDRD findings were largely based on slope of
change of GFR (usually halving of GFR or the development
of ESRD are the typical renal outcomes), and the original
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report did not support a benefit of more aggressive BP
reduction for either halving of GFR or ESRD. A follow-up
of the MDRD cohort was published in 2005, 12 years after
the study finished, and concluded that those randomized to
the intensive BP goal had less development of kidney out-
comes compared with those in the standard BP target (62 vs.
70% requiring either dialysis initiation or transplantation),
however, no BP data was available on the cohort after they
completed the trial phase nor is information available indi-
cating specifics of drug therapy in the interval [19].

The AASK trial enrolled 1094 nondiabetic black patients
with hypertensive nephrosclerosis. The study had a 3 � 2
factorial design with patients being randomly assigned to an
intensive (MAP < 92 mmHg) or standard (MAP 102–
107 mmHg) BP target and 1 of 3 initial therapies (ramipril,
metoprolol, or amlodipine). The trial allowed sequential
addition of furosemide, doxazosin, clonidine, hydralazine,
and minoxidil to achieve randomized BP target. The mean
BP achieved was 128/78 mmHg in the intensive versus
141/85 mmHg in the standard BP groups. At a mean
follow-up of 4 years, the average rate of change (as a slope)
in GFR was not different between the BP groups. In the
posttrial follow-up for AASK at 8–12 years, patients were
treated to a BP goal of less than 130/80 mmHg and used
either an ACE or an angiotensin receptor blocker (ARB) if
ACE-intolerant. Target BP achieved was 131/78 versus
134/78 mmHg in the intensive versus standard BP groups.
Use of ACE and ARB was similar in the both groups. There
was no difference between groups in the progression of
kidney disease (doubling of serum creatinine, diagnosis of
ESRD, or death) in the main cohort.

REIN-2 Trial specifically enrolled 338 patients with
proteinuria >1000 mg/day for 3 months. Patients with pro-
teinuria between 1000 and 3000 mg/day were included if
GFR was <45 mL/min/1.73 m2 and patients with proteinuria
>3000 mg/day were included if GFR was
<70 mL/min/1.73 m2. Type 1 diabetics were excluded.
Patients were assigned to an intensive BP target of
<130/80 mmHg or a standard BP target of DBP
< 90 mmHg. All patients were treated with ramipril
(ACE) 5 mg daily during the trial. Felodipine (dihydropy-
ridine CCB) in the dose of 5–10 mg daily was used as
add-on treatment in the intensive BP target. Antihyperten-
sive agents other than ACE, ARB, and dihydropyridine CCB
were allowed in both groups. BP achieved was 130/80
versus 134/82 mmHg in the intensive versus standard BP
targets. After a median time of 19 months, no significant
differences were noted in the percentage of patients who
progressed to ESRD (23 vs. 20%, slightly though not sig-
nificantly higher incidence in the intensive BP target group),
the decline in GFR or the effects on proteinuria between the
groups.

The MDRD, AASK and REIN-2 all failed to show a
benefit from lower BP goals (<140/90 vs. 125–130/75–
80 mmHg) in reduction of CV events, slowing progression
of CKD to ESRD, and reducing mortality. The AASK trial
did prospectively include proteinuria as an end point but
lower BP targets did not show any benefit on slowing pro-
gression of CKD [13]. The MDRD trial; however, did show
a benefit in a post hoc analysis of lower BP goals in the
setting of proteinuria (more than 1 g/24 h) on the slope of
glomerular filtration rate (GFR) loss [17]. There was,

Table 39.1 BP targets and
treatment recommendations in
CKD

Guideline
source

CKD without proteinuriaa

(mmHg)
CKD with proteinuria
(mmHg)

Recommended agents

USA JNC8
[2]

<140/<90 <140/<90 ACEI or ARB

KDIGO [6] <140/<90 <130/<80 ACEI or ARB

NICE [7] <140/<90 <130/<80 ACEI or ARBb

CHEP [8] <140/<90 <140/<90 ACEI; ARB if ACEI
intolerant

ESC/ESH [9] <140 <130 ACEI or ARB

ASH/ISH
[10]

<140/<90 <140/<90c ARB or ACEI

ISHIB [11] <130/<80 <130/<80 Diuretic or CCB
aProteinuria definitions vary; the authors recommend using either +1 (by dipstick); more than 500 mg protein
per 24 h; or more than 200 mg albumin per 24 h (or the equivalent of these values in a spot urine
determination that employs a protein-to-creatinine or albumin-to-creatinine ratio)
bThe NICE recommendations are to use ACEI or ARB when proteinuria is present; otherwise the guidance is
to follow general recommendations for BP control when proteinuria is absent
cASH/ISH guidelines acknowledge that some authorities still recommend <130/<80 mmHg for CKD with
proteinuria
Reprinted with permission from Townsend et al. [5]
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however, an unequal use of ACE inhibitor treatment in the
different treatment groups. A systematic review and
meta-analysis of the 2272 participants of these three trials
comparing lower versus higher BP targets in adults with
CKD also did not show any conclusive evidence favoring a
lower BP target of 125/75–130/80 versus 140/90 mmHg
after a mean follow-up of 2–4 years. There was however a
benefit for CKD patients with proteinuria of 300–
1000 mg/day [16].

BP Goals in Diabetes

The Action to Control Cardiovascular Risk in Diabetes
(ACCORD) trial which randomized type 2 diabetics to a
SBP goal of <140 versus <120 mmHg also failed to
demonstrate CV protection from a lower BP target, but the
rate of stroke was decreased [20]. Renal outcomes were not
separately addressed in the ACCORD Trial and serum cre-
atinine levels and estimated GFR were not improved with
lower BP goals. Based on the data from MDRD, AASK and
REIN, which failed to show a decrease in CV risk, mortality,
and progression of CKD or to ESRD, the 2014
Evidence-Based Guideline for the Management of High
Blood Pressure in Adults (JNC 8) 2014 [1] committee rec-
ommended a BP goal of <140/90 mmHg in all patients with
CKD regardless of proteinuria. Although there was some
data showing benefit of a lower BP in patients with pro-
teinuria of 300–1000 mg/day, they did not recommend a
lower BP goal for CKD patients with macroalbuminuria.

Current BP Guidelines in CKD

The 2012 KDIGO Clinical Practice Guideline for Manage-
ment of Blood Pressure in CKD [6] was the first guideline to
recommend a higher BP goal for patients with CKD. This
guideline recommended a BP goal of � 140/90 mmHg in
CKD patients without albuminuria. They however recom-
mended a goal BP � 130/80 mmHg in CKD patients with
albuminuria � 30 mg/24 h. KDIGO also recommended
treatment with RAAS blockade in all CKD patients with an
albumin excretion rate of � 30 mg/24 h.

Other guideline groups also raised the BP goals for
patients with CKD including the American Diabetes Asso-
ciation (BP target < 140/80 mmHg) [19], Canadian Hyper-
tension Education Program (BP target < 140/90 mmHg for
CKD) [8], and European Society of Cardiology/European
Society of Hypertension (SBP target < 140 mmHg for
CKD) [9]. The National Institute for Health and Clinical
Excellence (NICE) guideline advised initiating treatment in
those with CKD at BP � 140/90 mmHg and treating to a
target of 120–139/<90 mmHg [7, 21]. The NICE guidelines

also recommended drug treatment for BP � 130/80 mmHg
for albumin-to-creatinine ratio (ACR) of � 70 mg/mmol
and a target of 120–129/<80 mmHg).

Observational Studies in CKD

There are two recent retrospective observational studies from
a national CKD database of mostly male US veterans
assessing all-cause mortality in veterans with CKD. The first
study compared mortality in CKD patients with a treated
SBP of <120 mmHg to patients with the currently recom-
mended SBP of <140 mmHg [22]. This study included
77,765 individuals with GFR < 60 mL/min/1.73 m2 and
uncontrolled hypertension (received � 1 BP medication
with evidence of a decrease in SBP). Of this cohort, 5760
patients had a treated SBP of <120 mmHg at follow-up and
72,005 patients had a treated SBP of 120–139 mmHg at
follow-up. During a median follow-up of 6.0 years, 19,517
patients died (2380 deaths in SBP < 120 mmHg group
(death rate of 80.9/1000 patient-years) and 17,137 deaths in
SBP of 120–139 mmHg group (death rate, 41.8/1000
patient-years; p < 0.001). The mortality hazard ratio asso-
ciated with follow-up SBP less than 120 versus 120–
139 mmHg was 1.70 (95% CI 1.63–1.78). These results
suggest that lower SBP levels were associated with higher
all-cause mortality in patients with CKD.

The second study assessed the association of BP with
death in patients with CKD [23]. They included 651,749 US
Veterans with CKD and examined all possible combinations
of SBP and DBP from lowest (BP = 80/40 mmHg) to
highest (BP = 210/120 mmHg), in 10 mmHg increments.
The study demonstrated that patients with SBP of 130–
159 mmHg combined with DBP of 70–89 mmHg had the
lowest adjusted mortality rates, and those in whom both SBP
and DBP were concomitantly very high or very low had the
highest mortality rates. Patients with moderately elevated
SBP combined with DBP no <70 mmHg had consistently
lower mortality rates than patients with DBP < 70 mmHg.
Results were consistent in subgroups of patients with normal
and elevated ACRs. Overall, the optimal BP in CKD patients
in this study appeared to be 130–159/70–89 mmHg. Both
these studies are retrospective observational analyses, and
are at risk for confounding, but appear to indicate that a SBP
<120 mmHg at least observationally is associated with an
increased risk of mortality.

The Systolic BP Intervention Trial

The Systolic BP Intervention Trial (SPRINT) may finally
answer the ongoing debate about what SBP goal clinicians
should be targeting in certain patients with CKD [3, 24].
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SPRINT is a large NIH-sponsored, multicenter, randomized,
controlled intervention trial that enrolled 9361 subjects with
a SBP of at least 130 mmHg. The primary goal of SPRINT
was to test whether reducing SBP to a lower goal (SBP <
120 mmHg) than currently recommended (SBP < 140
mmHg) would reduce the occurrence of CV disease events
defined as CV death, nonfatal heart attack, nonfatal stroke,
acute coronary syndrome without heart attack, and hospi-
talized heart failure. Subjects enrolled were 50 years or older
with SBP of 130 mmHg or higher and at least one of the
following: a history of cardiovascular disease, stage 3/4
chronic kidney disease (estimated glomerular filtration rate
20–59 mL/min/1.73 m2), an intermediate to high risk for
CVD other than stroke or age � 75 years. A subject was
defined as having CVD if they had a prior myocardial
infarction, percutaneous coronary intervention, coronary
artery bypass grafting, carotid endarterectomy or carotid
stenting, peripheral arterial disease with revascularization,
acute coronary syndrome, abdominal aortic aneurysm
� 5 cm with or without repair, a coronary calcium score
> 400 or left ventricular hypertrophy. A subject was defined
as intermediate or high risk for CVD based on the following:
Framingham Risk Score for 10-year CVD risk of 15% based
on laboratory work done within the past 12 months for
lipids. The primary outcome was a composite of CV events.
SPRINT was terminated early after 3.26 years on a recom-
mendation from the data safety monitoring board. The
results of the SPRINT study showed a 25% reduction in the
primary combined CV outcome and a 27% reduction in
mortality in the group randomized to a SBP < 120 mmHg
[3, 24]. This obviously has important implications for BP
guidelines in this population with CKD. The baseline mean
systolic and diastolic blood pressures were 139.7 and
78.1 mmHg. At 1 year, the mean SBP was 121.4 mmHg in
the intensive treatment group and 136.2 mmHg in the
standard-treatment group. The SPRINT study included 28%
of subjects with CKD and 28% of subjects were older than
75 years, 36% were women, and 20% had prior cardiovas-
cular disease. The sample was diverse and included 29.9%
Black, 10.5% Hispanic, and 57.7% White subjects. Impor-
tantly, SPRINT excluded many patients with hypertension
and CKD including those with a history of prior stroke,
diabetes, polycystic kidney disease, any secondary cause for
hypertension, GFR < 20 cc/min, >1 g of proteinuria per
24 h, glomerulonephritis treated with immunosuppressive
therapy, symptomatic heart failure within last 6 months or
left ventricular ejection fraction <35%, organ transplant
recipients, cardiovascular event, procedure, or hospitaliza-
tion for unstable angina within the last 3 months and patients
<50 years of age. Although the SPRINT study will provide
important information on managing systolic BP in older
nondiabetic subjects with substantial CVD risk, it is

important to remember that these results cannot be gener-
alized to the other populations and to all patients with CKD.

Among participants who had CKD at baseline, a pre-
specified secondary analysis in SPRINT was the number of
patients who developed a decrease of GFR of >50%, or
end-stage renal disease (ESRD; requiring dialysis or trans-
plantation). There were no significant differences in the
intensive versus standard BP group with regards to the
composite outcome of a decrease in the eGFR of 50% or
more or the development of ESRD. The number of ESRD
events was small in both groups (14 and 15 in the intensive
group vs. the standard BP group respectively) perhaps due to
early termination of the trial and a lower-than-expected
decline in the eGFR. Among participants who did not have
CKD at baseline, a decrease in the eGFR of � 30% to a
eGFR of <60 mL/min/1.73 m2 occurred more frequently in
the intensive treatment group than in the standard-treatment
group (1.21 vs. 0.35%/year). This is not unexpected given
the need for more intensive antihypertensive therapy in this
group. With the currently available data, there is no evidence
of substantial permanent kidney injury associated with the
lower systolic BP goal; however, the possibility of a
long-term adverse renal outcome cannot be excluded. Fur-
ther more detailed subgroup analysis of CKD patients in the
SPRINT study is still being performed and will incorporate
longer follow-up and will likely add data to the debate of the
“ideal” BP goal in CKD. A comparison of the various
studies regarding intensive versus standard BP goals and
CKD outcomes are summarized in Table 39.2.

BP Goals in Polycystic Kidney Disease

The HALT-PKD trial has provided some additional data on
BP goals in patients with autosomal dominant polycystic
kidney disease (APCKD) [25]. This study enrolled patients
with hypertension and APCKD with preserved renal function
in a double-blind, placebo-controlled trial, and randomly
assigned 558 patients with an estimated GFR
> 60 mL/min/1.73 m2 to either a standard BP target
(120/70–130/80 mmHg) or an intensive BP target (95/60–
110/75 mmHg) and to either combination of ACE and ARB
(lisinopril and telmisartan) or ACE plus placebo (lisinopril
plus placebo). The primary outcome was the annual per-
centage change in the total kidney volume. The annual per-
centage increase in total kidney volume was significantly
lower in the intensive BP group than in the standard BP group
(5.6 vs. 6.6%, p = 0.006), without significant differences
between the ACE/ARB and ACE/placebo group. The rate of
change in estimated GFR was similar in the two medication
groups, with a negative slope difference in the short term in
the low-blood-pressure group as compared with the
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Table 39.2 Comparison of studies in CKD comparing intensive versus standard BP targets

MDRD [12] AASK [13] REIN-2 [14] SPRINT [3]

Subject # 840 1094 338 2646

Cause of
CKD

Nondiabetic CKD Hypertensive nephrosclerosis CKD
excluded type
1 DM

Nondiabetic CKD

Stage CKD 3–4 3 3–4 3–4

Proteinuria
inclusion

300–
1000 mg/day

<300 mg/day 1000–
5000 mg/day

<1000 mg/day

BP
inclusion

MAP � 125 DBP � 90 Not specified SBP > 130 mmHg

Baseline
proteinuria

Intensive BP
target:
390 mg/day
Standard BP
target:
310 mg/day

Intensive BP target: 0.08 g/g (0.03–0.36 g/g)
Standard BP target: 0.08 g/g (0.03–0.37 g/g)

Intensive BP
target:
2800 mg/day
Standard BP
target:
2900 mg/day

Intensive BP target: 44.1 mg/g
creatinine
Standard BP target: 41.1 mg/g
creatinine

Target BP
(mmHg)

Intensive BP
target: MAP � 92
(125/75)
Standard BP
target: MAP
� 107 (140/90)

Intensive BP target: MAP � 92
Standard BP target: MAP � 102–107

Intensive BP
target:
<130/80
Standard BP
target: DBP
<90

Intensive BP target:
SBP < 120
Standard BP target: SBP 140

Achieved
BP target
(mmHg)

Intensive BP
target: 126/77
Standard BP
target: 133/80

Intensive BP target: 130/78
Standard BP target: 141/86

Intensive BP
target: 130/80
Standard BP
target: 134/82

Intensive BP target: SBP
< 121.5
Standard BP target: SBP 134.6

Primary
outcome

Rate of change in
GFR

Rate of change in GFR and composite of � 50%
(or � 25 mL/min/1.73 m2) reduction in GFR,
ESRD or death

ESRD � 50% change in GFR, ESRD,
transplantation and incident
albuminuria

CKD outcomes MDRD trial
[12]

MDRD
observational
follow-up [17]

AASK trial [13] AASK
observational
follow-up [18]

REIN-2
trial [14]

SPRINT
[3]

� 50% (or
� 25 mL/min/1.73 m2)
reduction in GFR, ESRD or
death

Not stated Not stated Risk reduction
(RR) 2% (95% CI
−22 to 21%)
p = 0.85

HR 0.91 (CI
0.77–1.08)
p = 0.27

Not
stated

HR 0.89
(CI 0.42–
1.87)
p = 0.76

Kidney failure or death Study A: RR,
not stated
p > 0.05
Study B: RR,
0.85 (CI 0.6–
1.22)
p = 0.33

HR 0.77 (CI
0.65–0.91)
p = 0.002

RR 12% (CI −13 to
30%)
p = 0.31

HR 0.85 (CI
0.71–1.02)
p = 0.08

Not
stated

Not stated

50% decrease in GFR or
kidney failure

Not stated Not stated RR 2% (CI −31 to
20%)
p = 0.87

HR 0.95 (CI
0.78–1.15)
p = 0.59

Not
stated

HR 0.87
(CI 0.36–
2.07)
p = 0.75

Kidney failure or ESRD HR 0.76 (CI
0.52–1.1)
p = 0.15

HR 0.68 (CI
0.57–0.82)
p < 0.001

RR 6% (CI −29 to
31%)
p = 0.72

Not stated 23
versus
20%
p = 0.99

HR 0.57
(CI. 0.19–
1.54)
p = 0.27

Incident albuminuria HR 0.72
(CI. 0.48–
1.07)
p = 0.11

(continued)
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standard-blood-pressure group (p < 0.001) and a marginally
positive slope difference in the long term (p = 0.05). The left
ventricular mass index decreased more in the intensive BP
versus standard BP group (−1.17 vs. −0.57 g/m2/year,
p < 0.001); urinary albumin excretion was reduced by 3.77%
with the intensive BP group and increased by 2.43% with the
standard BP group (p < 0.001). Dizziness and
light-headedness were more common in the intensive BP
versus standard BP group (80.7 vs. 69.4%, p = 0.002). This
study showed that a more intensive BP goal of
� 110/75 mmHg slowed the increase in total kidney volume,
reduced LV mass index, and reduced urinary albumin
excretion. Intensive BP control did not affect the change in
eGFR. Use of single versus dual RAAS blockade did not
affect outcomes.

Summary of BP Goals

In summary, there is no consensus on the ideal BP goal in
CKD but most of the current BP guidelines committees
currently recommend a BP goal of <140/90 mmHg for
most CKD patients and some guidelines recommend a
lower BP goal of <130/80 mmHg in CKD patients with
proteinuria. Newer studies are now shedding light on this
debate with high quality prospective data indicating that a
lower BP goal may be indicated in certain populations with
CKD. An even lower BP goal of � 110/75 mmHg might
be indicated in autosomal dominant PCKD patients with
preserved renal function. These studies however still do not
apply to a large proportion of CKD patients with diabetic
nephropathy. We suggest that a BP range of 120–
130 mmHg as recommended by the NICE guidelines is
probably a “safe” BP goal to aim for in the interim in most
patients with CKD. All the concerns are likely to be
incorporated into the next set of guidelines which are likely
to be revised in 2017.
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40Renal Artery Stenosis: Diagnosis
and Management

Harold M. Szerlip and Bhupinder Singh

Introduction

Renal artery stenosis (RAS), narrowing of renal arteries, can
be unilateral or bilateral. This narrowing may reduce blood
supply to the affected kidney and lead to renovascular
hypertension. It needs to be emphasized however, that the
presence of renal artery stenosis is not synonymous with
renovascular hypertension. RAS is commonly atheroscle-
rotic in origin, and its incidence increases with age. There
are three main causes of renal artery stenosis: atherosclerotic
disease, fibromuscular dysplasia, and Takayasu’s arteritis
[1]. Other rare causes of RAS include post-radiation, trauma,
neurofibromatosis, vascular bands, complications from renal
denervation therapy and congenital vascular abnormalities.
We have also encountered a case of cryofibrinogenemia
presenting with bilateral RAS caused by fibrin deposition in
the renal arteries. Diagnosis and management of clinically
significant RAS can be difficult to establish. It is therefore
important to understand the epidemiology, risk factors and
clinical sequelae associated with the condition.

Etiology

Atherosclerotic Renal Artery Disease

By far the most common cause of renal artery stenosis is
atherosclerotic renal artery disease (ARAD), which is
responsible for up to 90% of the cases of renovascular dis-
ease. Stenosis in atherosclerotic disease occurs most

commonly in the proximal renal artery. As with all
atherosclerotic diseases the prevalence increases with aging
[2]. In addition, the prevalence reported varies depending on
the population studied, the percent luminal narrowing con-
sidered significant, the reliability of the diagnostic tools used
to identify the stenosis and the prevailing community stan-
dard regarding the importance of making the diagnosis as far
as treatment is concerned.

In 4429, patients referred for evaluation of secondary
hypertension the finding of ARAD increased from 1.3% in
patients 30–39 years old to 6.5% in patients’ age greater than
70 [2]. In 295 patients studied post-mortem with an average
age of 61 the overall prevalence of a greater than 50% nar-
rowing of the renal artery was 22%; whereas in those patients
over 70 32% had greater than 50% stenosis [3]. In patients
with underlying coronary artery disease or peripheral vascular
disease the incidence of renal artery stenosis is between 30
and 50% [4–6]. In patients undergoing coronary angiography
38.8% were noted to have greater than a 50% stenosis of one
or both renal arteries with 40% of these patients having
greater than a 70% narrowing [7]. Similarly, 16.6% of patients
undergoing angiography following an acute myocardial
infarction and thus with established atherosclerotic disease,
had significant renal artery stenosis as defined by greater than
50% narrowing [8]. In another high-risk population, patients
initiating chronic hemodialysis, 41% of the patients had a
greater than 50% stenosis [9]. Renal artery stenosis appears to
be less common in African-Americans [10, 11], although
when factored for other co-morbidities race no longer appears
to be significant [12].

Review of Medicare data showed that the hazard ratio for
the diagnosis of ARAD increased 4.71-fold between 1992
and 2004 [13]. Between 1996 and 2000 the number of renal
artery interventions increased 62% [14]. The reason for this
increase is unclear, but may have been related to improve-
ments in imaging or the increase in the ease of performing
percutaneous interventions. Thus the prevalence of renal
artery stenosis varies significantly depending on the
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population studied. Again it needs to be emphasized that
even severe renal artery stenosis of greater than 70–80%
does not necessarily equal renovascular hypertension. In
fact, significant renal artery stenosis can be found in nor-
motensive patients [3, 7].

Fibromuscular Dysplasia

Fibromuscular dysplasia (FMD) is a non-inflammatory,
non-atherosclerotic vascular disease. It most frequently
affects the medial portion of the renal and/or carotid arteries.
Involvement of the renal arteries occurs in approximately
60–75% of cases. As opposed to atherosclerotic disease,
classic medial FMD characteristically occurs in the distal
two-third of the renal artery. The cause of FMD is unknown.
It is estimated that FMD is responsible for 10% of all cases
of renal artery stenosis suggesting a prevalence of 0.4%.
However, because many patients are asymptomatic, the
prevalence of FMD is even greater. In 3181 potential renal
donors 4.4% were noted to have FMD [15]. Classic FMD
affecting medial aspect of the artery showing the character-
istic “string-of-beads” angiographic appearance occurs 4
times more commonly in women. FMD usually is diagnosed
in women between the ages of 20–60 although it has been
reported in the both the very young and very elderly. There
appears to be a genetic component to this disorder, since it
occurs frequently in first degree relatives. An association
between smoking and FMD had also been described. The
presence of hypertension in woman younger than 40 years,
should raise the possibility of FMD.

Takayasu’s Arteritis

Takayasu’s arteritis is a systemic inflammatory disease
involving large arteries that can lead to stenosis, occlusion or
aneurysmal dilation. The etiology remains uncertain.
Takayasu’s arteritis occurs with a worldwide estimate of 2.6
cases per million [16, 17]. The disease is far more common
in persons of Asian descent and occurs primarily in woman
younger than 40. Disease affecting the renal arteries is
defined as Type 3 or 4. In Japan Takayasu’s arteritis is the
second leading cause of renal artery stenosis [18]. A diag-
nosis of Takayasu’s is made based upon angiographic
findings which meet the Ishikawa criteria, or those estab-
lished by the American College of Rheumatology [19].
Treatment depends upon the extent of the disease, and may
include use of corticosteroids and cytotoxic therapy to
control inflammation. Anti-IL-6 receptor antibody Tocili-
zumab has shown promise as a potential treatment of large
vessel vasculitis including Takayasu’s arteritis.

Consequences of Renal Artery Stenosis

The most common side effects from renal artery stenosis are
hypertension and progressive renal failure. A decrease in
renal perfusion activates the renin–angiotensin–aldosterone
system (RAAS). Although the pathophysiologic mechanism
that results in hypertension is somewhat different between
the Goldblatt one-clip and two-clip models, for all practical
purposes a decrease in renal blood flow increases renal
sodium retention and vascocontriction [20, 21]. The pres-
ence of significant renal artery stenosis (>70%) does not
necessarily cause hypertension and similarly the finding of
renal artery stenosis in a hypertensive individual does not
always indicate causality. In fact, both autopsy and angio-
graphic studies demonstrate the existence of significant
stenosis in the absence of hypertension [3, 7]. Unfortunately,
the only definitive way to establish a diagnosis of renovas-
cular hypertension is to show a decrease in blood pressure
after relief of the blockage.

A critical decrease in renal perfusion results in activation
of numerous cytokines and inflammatory mediators associ-
ated with renal injury [22, 23]. These inflammatory and
pro-fibrotic cytokines as well as reactive oxygen species
leads to rarefication of the renal microvascular structures,
glomerular sclerosis, and interstitial fibrosis with tubular
atrophy. Ongoing renal ischemia results in progressive kid-
ney disease. Interestingly, even when renal perfusion is
restored these inflammatory mediators and markers of renal
injury may remain elevated [24].

The presence of critical renal artery stenosis is associated
with increased cardiovascular morbidity and mortality even
when factored for other comorbid conditions [8, 25, 26].
However, it is unclear if these data are confounded by the
extent of overall atherosclerosis, the presence of chronic
kidney disease and poorly controlled hypertension. The fact
that randomized trials evaluating the use of stents in ARVD
do not show improvement in cardiovascular outcomes
whereas individuals treated for FMD appear to have an
excellent prognosis, supports the role of confounders.

Another entity that appears to occur more frequently in
patients with renal artery stenosis is recurrent episodes of
flash pulmonary edema [27–29]. This was initially described
by Pickering in 11 patients in 1988 [28]. Patients typically
present with acute onset pulmonary edema that can be
recurrent. BP is invariably markedly elevated and cardiac
function is preserved. Pickering syndrome occurs more fre-
quently with bilateral renal artery stenosis than with unilat-
eral involvement [27–30]. This increased incidence is likely
related to the sodium and water retention that occurs more
frequently with bilateral disease, as opposed to the pressure
natriuresis that ensues in unilateral disease. Relief of the
obstruction frequently prevents reoccurrence [28–30].
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Randomized Trials

The diagnostic challenge for the clinician is to understand
who needs to be evaluated for renal artery disease and what
diagnostic tools provide the most useful information.
Although no randomized trial comparing medical therapy to
endovascular repair has shown a clinical benefit for stenting
[31–34], all these trials have been faulted [35, 36].
The STAR trial conducted in the Netherlands and France
recruited 140 patients with impaired renal function, stable
blood pressure, and ostial renal artery stenosis greater than
50% [31]. Patients were randomized to medical therapy with
anti-hypertensive agents, atorvastatin and aspirin or medical
therapy plus stenting. 25% of the subjects randomized to the
stent arm did not receive the therapy. At the conclusion of
the study there was no significant difference between the
groups in regards to decline in renal function, change in
blood pressure or cardiovascular events. Furthermore, two
patients in the stent group died of complications from
the procedure. This negative study was obviously
under-powered and included patients who were not at high
risk. Therefore, no definitive conclusion can be made from
the results.

The ASTRAL trial was a much larger study with 806
patients enrolled [33]. After initial screening subjects were
enrolled if they had “substantial” atherosclerotic stenosis and
if the “patient’s doctor was uncertain that the patient would
definitely have a worthwhile clinical benefit from revascu-
larization.” 59% of the subjects had greater than 70%
stenosis and 60% had a serum creatinine greater than
1.7 mg/dl. Subjects were randomized to stenting plus med-
ical therapy or medical therapy alone and followed for up to
5 years. At the conclusion of the study there were no dif-
ferences in renal outcomes, blood pressure control or car-
diovascular events. Unfortunately 40% of the enrollees had a
stenosis of less than 50% and 25% had normal renal function
[36]. Only 79% of the patients randomized to revascular-
ization had a successful procedure. As with the STAR trial
the major criticism of ASTRAL is that patients enrolled were
not at high risk for outcomes. For any trial to produce reli-
able data it is important that there be clinical equipoise;
meaning there is true uncertainty concerning benefit of the
therapeutic maneuver. Because in the ASTRAL trial clini-
cians could exclude a patient based on whether or not they
felt stenting would be beneficial a selection bias was intro-
duced that tainted the results.

The Cardiovascular Outcomes in Renal Atherosclerotic
Lesions (CORAL) study was designed to address the
methodologic shortcomings raised in the prior studies [32].
To be enrolled in the study subjects had to have a BP greater
than 155 mmHg on two or more medications, have stenosis
of between 80 and less than 100% of the artery or if between
60 and 80% there needed to be a systolic pressure gradient of

at least 20 mmHg. Because of slow recruitment, the BP
criteria was dropped as long the patient had an eGFR less
than 60 ml/min/1.73 m2. In addition, significant stenosis
could be identified by modalities other than angiography.
Subjects were excluded from participation if they had
chronic kidney from a cause other than ischemic
nephropathy, a creatinine higher than 2 mg/dl or a kidney
smaller than 7 cm. 947 subjects were randomized in a 1:1
fashion to medical therapy or medical therapy and revas-
cularization. Medical therapy included the angiotensin
receptor blocker, candesartan (with or without
hydrochlorothiazide) and combination amlodipine atorvas-
tatin. Goal BP was less than 140/90 in patients without other
comorbid conditions and less than 130/80 in those subjects
with diabetes or chronic kidney disease. Subjects were fol-
lowed for a median period of 43 months. As with the other
trials there was no significant difference between groups in
regards to cardiovascular or renal outcomes. In the patients
who had undergone stenting there was a 2.3 mmHg decrease
in systolic blood pressure (p = 0.3). Although a
well-conducted study, because of lack of clinical equipoise
the subjects were not high risk. The average stenosis verified
by the core laboratory was only 67% [37]. In an unplanned
post hoc analysis the investigators examined outcome data
from within three subgroups: (1) patients with higher degree
of stenosis, (2) patients with higher trans-lesional pressure
gradients and (3) patients with higher baseline blood pres-
sure to assess if revascularization was beneficial [38]. In
comparisons using either quartiles or predefined thresholds
no difference was noted between the two arms. As would be
expected this analysis was also considered flawed, because
each group was analyzed independently instead of looking
specifically at patients who were in the upper range in all
three parameters [37].

When interpreting the randomized trials two confounders
standout: (1) the studies included many subjects who were
not high risk and (2) many patients with atherosclerotic renal
vascular disease have essential hypertension and/or under-
lying renal damage. It would not be expected that revascu-
larization would improve blood pressure or reverse renal
disease in these individuals.

Kalra et al. [13] using Medicare data between 1992 and
2004 showed that patients with atherosclerotic renovascular
disease who did not undergo revascularization had an
adjusted mortality hazard ratio between 1.55 and 2.28. In
distinction those patients who had revascularization proce-
dures had an adjusted mortality hazard ratio between 0.65
and 0.88. Although these data do not prove that revascu-
larization is beneficial, they suggest that there may be a
population in whom revascularization is favorable to medi-
cal therapy.

Pooled data from five prospective, industry sponsored,
United States Food and Drug Administration investigational
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device exemption studies were analyzed for efficacy in
reducing blood pressure by Weinberg and colleagues [39].
Subjects were recruited for these trials if they had blood
pressures greater than 140/90 on 3 anti-hypertensive medi-
cations. At 9 months, systolic BP had dropped from 164 to
146 mmHg (p < 0.0001) and diastolic BP from 79 to
76 mmHg (p < 0.0001). Baseline systolic BP greater than
150 mmHg was associated with a positive response with
revascularization.

Ritchie et al. [40] in an analysis of data from the United
Kingdom showed that patients who presented with flash
pulmonary edema who underwent revascularization had a
reduced risk of death (HR 0.4) versus those who were treated
medically (HR 2.2). In patients with rapidly declining renal
function or refractory hypertension revascularization did not
show a benefit, although if both these conditions were pre-
sent revascularization was associated with a reduce risk of
death (HR 0.2). Again these data need to be interpreted with
caution until a randomized trial of high risk patients is
conducted.

Diagnosis of Clinically Significant Renal Artery
Stenosis

Because renal artery disease in a majority of patients can be
successfully treated medically with control of blood pressure
and cholesterol lowering agents, it is unnecessary to evaluate
most patients for the presence of renal artery stenosis. It is clear
from the randomized studies that routine stenting of
atherosclerotic renal artery stenosis is not warranted. However,
even the most diehard therapeutic nihilists do not believe that
there is never an indication for revascularization. There are
individuals who do benefit. Practice guidelines from the
American College of Cardiology (ACC) [41] and the Society
for Cardiac Angiography and Interventions (SCAI) [42] still
recommend revascularization in specific patients. The ACC
guidelines that were published in 2006 recommend diagnostic
evaluation in patients with: (1) Resistant or malignant hyper-
tension, (2) New or worsening azotemia after initiation of an
ACE inhibitor or angiotensin blocker, (3) renal asymmetry of
greater than 1.5 cm and (4) unexplained sudden onset of pul-
monary edema. The SCAI guidelines add little further guidance.

In a meta-analysis of 11 studies no clinical predictors
were found that could identify patients who would have
improved renal function after revascularization [43]. This is
understandable because it is unlikely that ischemic damage
can be reversed. In the same study high baseline diastolic
pressure was the best predictor of a post-procedure decrease
in diastolic pressure; whereas an increased pulse pressure (a
marker of arterial stiffness) was a negative predictor of a
drop in systolic blood pressure [43].

In high-risk patients (Table 40.1) diagnostic evaluation is
aimed at identifying renal artery lesion that limit renal per-
fusion and produce ischemia. These are the lesions in which
a revascularization procedure is most likely to improve
clinical outcomes. Most commonly used diagnostic strate-
gies are aimed at initially assessing anatomically significant
stenosis (>70–80%) and not the presence of renal ischemia.
There are three tests that can be used to screen for the
presence of renal artery stenosis: Duplex renal ultrasonog-
raphy (DUS), computed tomographic angiography (CTA),
and magnetic resonance angiography (MRA). Published
assessments of these methodologies suffer from publication
bias and small size of the study population. The appropriate
diagnostic strategy should be based on center expertise,
patient habitus and risks of adverse events due to contrast.

Duplex ultrasonography is noninvasive and less costly
than other screening tests. The results, however, are extre-
mely operator dependent. Measuring peak systolic velocity
has the best performance characteristics [44]. Published
investigations report sensitivity between 75–99% and
specificity of 90–99% [44–46]. The utility of DUS is limited
in the presence of excess bowel gas and in obese subjects.
CTA and MRA appear slightly better at diagnosing signifi-
cant stenosis than DUS, especially involving the branch
renal arteries [46–48]. Both these contrast enhanced meth-
ods, however, have the potential for adverse effects in
patients with significant underlying renal dysfunction.
Newer magnetic resonance techniques using time-spatial
labeling inversion pulse avoids the need for gadolinium and
appears to provide similar results to CTA [49, 50].

The gold standard for the diagnosis of renal artery
stenosis is invasive renal arteriography. However, even this
“gold standard” does not always accurately predict the
severity of the blockage. The calculation of the percent

Table 40.1 Predictors of
individuals at high risk for critical
renal artery stenosis

Flash pulmonary edema

Resistant hypertension

Asymmetry in renal size

Diastolic renal artery bruit

Progressive renal failure

Hypertension in young women
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stenosis based on the two-dimensional image may vary
depending on the projection in which the image was
obtained and interpretation of the degree of obstruction by
the observers. Furthermore, what degree of renal artery
stenosis produces renal ischemia is unclear [51]. Because of
their function as filtering units, the kidneys receive far more
blood than is necessary for metabolic demands. In addition
delivery of oxygenated blood beyond an obstruction is
dependent on cardiac output and blood pressure [52]. Mea-
surement of tissue oxygenation using blood oxygen
level-dependent (BOLD) MRI demonstrates that despite
significant decreases in renal perfusion, post-stenosis renal
cortical and medullary oxygenation is maintained [53].

The Holy Grail in the evaluation of patients with renal
artery disease is to be able to predict which patient will
respond to revascularization. Several different methodolo-
gies have been developed to better assess renal ischemia.
One method to determine if the stenosis is significant enough

to limit renal perfusion is to measure the trans-stenotic
pressure gradient. In 15 patients with renal artery stenosis,
after successful stenting, graded degrees of obstruction were
obtained using a balloon catheter and renal vein renin was
measured [54]. Increases in renin occurred when the pressure
distal to the graded obstruction was less than 90% of aortic
pressure and became maximal at 50%. Thus measurement of
pressure gradient may provide useful information. However,
as already noted the translesional gradient may vary
depending on cardiac output, blood pressure and renal vas-
cular resistance. Furthermore, post hoc analysis of the
CORAL trial did not show a benefit of stenting over medical
therapy based on peak systolic pressure gradient [38]. In a
small prospective study, the translesional gradient was
unable to predict a beneficial response to stenting in either
blood pressure or renal function [55, 56].

In order to avoid the pitfalls associated with the use of a
pressure gradient it has been suggested that renal fractional

Fig. 40.1 Proposed algorithm
for evaluation and management of
suspected renal artery stenosis
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flow reserve (FFR) might be a better parameter [51]. FFR
measures the pressure gradient after post-stenotic infusion of
an endothelium independent dilating agent, which thus
maximizes blood flow. Unfortunately, this technique has not
been shown to be able to predict who will benefit from
revascularization [55, 56].

Another recently reported methodology that may pro-
vides better information regarding the hemodynamic sig-
nificance of a stenotic lesion is the renal frame count (RFC).
This is the number cineangiographic frames obtained at 30
frames/s for radiocontrast to flow from the proximal renal
artery to the smallest cortical branches. Naghi et al. [57]
found that a RFC > 30 was associated with improved blood
pressure control after renal artery stenting. This interesting
observation needs to be verified in future studies.

Newer technologies that have future potential are
dynamic contrast enhanced MRI and BOLD MRI. Dynamic
contrast enhanced MRI has the ability to measure numerous
parameters including renal blood flow, single kidney
glomerular filtration rate, and extraction fraction [58].
Whether such measurements will be useful for choosing
those patients who will benefit from renal artery stenting has
yet to be determined. BOLD-MRI can show areas of renal
ischemia [59]. Future studies need to examine whether this
technology can be useful in identifying patients who will
benefit from revascularization.

Conclusions
The incidence of atherosclerotic renal artery stenosis
increases with age and affects approximately 7% of the
population over the age of 65 and is found far more
frequently in individuals with other evidence of
atherosclerotic disease. Because of the failure of several
large randomized trials to show a benefit of renal revas-
cularization compared to medical therapy, the initial
enthusiasm associated with percutaneous interventions
have waned. These studies have conclusively demon-
strated that the majority of patients with renal artery
stenosis can be managed with medical therapy alone. Yet
there are clearly patients who will benefit from revascu-
larization. Severely compromised renal perfusion acti-
vates an extensive hormonal network that increases blood
pressure. Renal ischemia results in loss of microvascular
structures, tubular dropout, loss of glomeruli and fibrosis
with a decline in renal function. The challenge is to
identify those patients who will benefit from revascular-
ization. Although new imaging technologies are being
studied, none have yet to be validated as useful to predict
successful outcomes from renal stenting. Until we have
better diagnostic tools only those patients who are con-
sidered high risk should be evaluated (see Fig. 40.1).
Initially these patients should be screened noninvasively.

If noninvasive techniques confirm the presence of
stenosis, the next step is renal angiography. Lesions >
70–80% should be corrected. This protocol will obvi-
ously miss patients who might benefit as well as intervene
on patients who will not benefit, but overall should pro-
vide the best evaluation and management for all.
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41Renal Denervation: Current Opinions
and Practice

Markus P. Schlaich

The Role of Renal Sympathetic Nerves
in Cardiovascular Control

The renal sympathetic nerves consist of efferent sympathetic
fibers and afferent sensory fibers. The renal efferent nerves
supply all relevant structures including the renal vasculature,
the tubules, and the juxtaglomerular apparatus [1]. Accord-
ingly, excitation of the renal efferent sympathetic nerves
results in (i) urinary sodium and water retention via
enhanced tubular sodium reabsorption, (ii) reduction in renal
blood flow and glomerular filtration rate (GFR) through
neurally mediated vasoconstriction, and (iii) release of renin
by stimulation of b[beta]1-adrenoceptors on the juxta-
glomerular apparatus with concomitant engagement of the
renin–angiotensin–aldosterone system [2–4].

The renal afferent sensory nerves are predominantly
located in the renal pelvic wall [5, 6]. In contrast to renal
efferent nerves, afferent nerves project to the ipsilateral
dorsal root ganglia at the level of T6-L2 with the majority of
the nerve cell bodies residing at the level of T9-L1. Through
integrative processes in the paraventricular nuclei, renal
afferent nerve stimulation results in alterations of barore-
ceptor sensitivity, vagal function, and central dopaminergic
tone, and an increase in systemic sympathetic nervous
activity [7, 8] (Fig. 41.1). Increased renal afferent activity is
also known to decrease renal efferent activity through the
powerful negative feedback control of reno-renal reflexes via
mechano-receptor-mediated pathways [6, 9]. Furthermore,
through an elegantly demonstrated feedback loop, increased
renal efferent activity increases renal afferent activity [10].

Rationale of Targeting Renal Sympathetic Nerves
in Chronic Kidney Disease

Elevated sympathetic nervous system activity has been
demonstrated to play a key role in hypertension as well as in
various cardiovascular conditions and chronic kidney dis-
ease [11]. Stimulation of renal afferent nerves caused by
various mechanisms including ischemia and uremic toxins
increases systemic sympathetic outflow via central integra-
tive pathways in the hypothalamus. Sustained sympathetic
overactivity per se and the associated rise in blood pressure
are relevant factors contributing to further deterioration of
renal function [12]. The kidneys are, therefore, not only
effector organs of sympathetic outflow, but also an important
modulator of sympathetic nervous system activity [13].

Targeting renal sympathetic nerves in hypertension and
other cardio-renal conditions appears as a logical therapeutic
option to block the vicious cycle between renal sympathetic
nervous hyperactivity and deterioration of kidney function.
In fact, attempts were undertaken to modulate renal
sympatho-excitation to relieve symptoms of patients with
renal failure since the early 1930s [14]. Despite the
demonstration of a survival benefit, surgical denervation,
most commonly splanchnicectomy, was plagued by a num-
ber of complications relating primarily to its nonspecific
nature. Meanwhile, studies in many experimental animal
models of hypertension have convincingly demonstrated the
blood pressure lowering and renoprotective effects of sym-
pathetic inhibition achieved by renal denervation.

Introduction of Catheter-Based Renal
Denervation in Human Resistant
Hypertension

Surgical sectioning of sympathetic nerves by thoracic and
lumbar sympathectomy and splanchnicectomy has been
applied successfully to reduce blood pressure and improve
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the long-term outcome of patients with hypertension [15,
16]. Studies in animals have also demonstrated the signifi-
cant benefit of reduction in sympathetic nervous activity
[17], improvement in natriuresis [18], and improvement in
left ventricular function [19]. The introduction of
catheter-based radiofrequency ablation of renal sympathetic
nerves to clinical medicine has been considered as a
promising new avenue to device-based therapies for hyper-
tension. Renal sympathetic efferent and afferent nerves
located in the adventitia of the renal arteries are the target of
this procedure [5].

The Symplicity HTN Studies

The Symplicity HTN trial program was initiated to assess the
safety and utility of a catheter-based approach to achieve
renal denervation. The initial proof-of-concept study, Sym-
plicity HTN-1 [20], demonstrated the safety and efficacy of
catheter-based renal denervation in 45 patients with resistant
hypertension. While only minor procedure-related compli-
cations were reported [21], the reduction in office systolic
and diastolic blood pressure was substantial (−14/−10, −21/
−10, −22/−11, −24/−11 and −27/−17 mmHg at 1, 3, 6, 9

and 12 months follow-up respectively from an average BP
of 177/101 mmHg at baseline [20]. A sustained long-term
effect of renal denervation on blood pressure (−32/
−14 mmHg) was recently described in the 36 months
follow-up report [22]. While the office blood pressure fall
from baseline did not differ between groups dichotomized by
eGFR (>60 and 45–60 ml/min/1.73 m2), the safety of the
procedure could also be confirmed for stage 3b CKD. The
release of norepinephrine from the renal sympathetic nerves
was measured in ten patients using isotope dilution renal
norepinephrine spillover methodology [20]. At 30 days after
the procedure, the renal norepinephrine spillover was
decreased by 47%, suggesting a substantial albeit incomplete
reduction of renal efferent sympathetic nerve traffic [20].

Results from the subsequent Symplicity HTN-2 study, a
randomized, controlled clinical trial were reported in 2010
and 2012 [23, 24]. Patients with resistant hypertension were
randomized to either undergo RDN with continued pharma-
cological treatment (n = 52) or to continue their established
conventional pharmacological treatment alone (n = 54). In
line with the results of Symplicity HTN-1, renal denervation
reduced office blood pressure by −32 ± 23/12 ± 11 mmHg
at 6 month follow-up [23], with sustained effects reported at
12-month follow-up (−28 ± 25/10 ± 11 mmHg) [24].

Fig. 41.1 Schematic illustration of the role of increased renal efferent
sympathetic outflow and increased renal afferent sensory signaling in
the pathophysiology of hypertension and other cardiovascular, renal,
and metabolic disease states. ERSNA Efferent Renal Sympathetic Nerve

Activity, ARSNA Afferent Renal Sympathetic Nerve Activity, RAAS
Renin–Angiotensin–Aldosterone System, LVH Left Ventricular Hyper-
trophy, LV Left Ventricular, CNS Central Nervous System
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In contrast, no significant change was observed in the control
group (1 ± 21/0 ± 10 in office blood pressure, and
2 ± 13/7 ± 11 mmHg in home blood pressure) [23]. Mean
eGFR was unchanged in both groups at 6 month
(0.2 ± 11 ml/min/1.73 m2 in renal denervation group, and
0.9 ± 12 ml/min/1.73 m2 in control group) [23].

The results of the latest, largest, and most rigorously
designed clinical trial of catheter-based renal denervation,
Symplicity HTN-3, have been reported recently [25]. This
study was a randomized, blinded, sham-controlled trial.
Patients in the control group underwent a renal angiogram
and a sham procedure. Stable medication regimens were to
be implemented and had to be unchanged for at least
2 weeks prior to enrollment. 24-h ambulatory blood pressure
monitoring was performed to confirm an average 24-h sys-
tolic blood pressure � 135 mmHg to exclude white-coat
hypertension. Safety and efficacy endpoints were assessed at
6-month follow-up. During the 6-month follow-up period,
the regimen of antihypertensive medication was supposed to
be kept stable with medication changes allowed only if
deemed clinically necessary. Among 535 uncontrolled
hypertensive patients, 364 patients were blindly allocated to
treatment group and underwent renal denervation across 88
centers in the United States. At 6 months after the procedure,
a significant drop in office systolic blood pressure from
baseline had occurred in the treatment group, however, this
was not statistically significant when compared to the BP fall
observed in the sham procedure group (−14.1 ± 23.9 vs.
−11.7 ± 25.9 mmHg, p = 0.26).

In comparison to Symplicity HTN-1 and HTN-2, the
reduction in office blood pressure in the treatment group was
less pronounced (−14.1 ± 23.9/−6.6 ± 11.9 in HTN-3 vs.
−22/−11 mmHg in HTN-1 20 and −32 ± 23/
−12 ± 11 mmHg in HTN-2) [23]. Furthermore, there was a
large BP effect in the sham control group with the drop in
office systolic blood pressure being more pronounced than in
the non-blinded control group of Symplicity HTN-2;
(−11.7 ± 25.3 vs. 1 ± 21 mmHg in HTN-2) [23].
Although the pretreatment blood pressure was similar, the
greater range of standard deviation in the treatment group of
HTN-3 indicates a wider variation in response. Interestingly,
a prespecified subgroup analysis revealed that while no dif-
ference in BP changes between RDN and sham control were
evident in patients with an African-American background,
there was a significant difference in non-African Americans,
perhaps indicating that racial background may influence the
response to the procedure. Of note, patients of
African-American descent have previously been shown to
respond less favorably to treatment with angiotensin-
converting enzyme (ACE) inhibitors and beta-blockers [26].

Concerns have also been raised in regards to the operator
experience in this US trial. The renal denervation procedures

carried out as part of the Symplicity HTN-3 trial were per-
formed by a total of 111 operators throughout the United
States. Among them, 31% (34 operators) had only performed
1 procedure, and 85 operators had done less than 5 proce-
dures [25]. Although no significant difference was observed
in outcomes between operators who performed <5 proce-
dures and others, this may not eliminate the possible influ-
ence of the operators’ learning curve on relatively marginal
reduction of blood pressure in the treatment group. From this
point of view, ineffective renal denervation might have
contributed to the neutral outcome of this study. Furthermore,
the absence of tests to assess the degree of renal denervation
makes it difficult to investigate this matter further.

The results from Symplicity HTN-3 raised some impor-
tant issues that need to be resolved in future renal dener-
vation studies. The procedure of catheter-based renal
denervation is substantially different from traditional
experimental denervation in animals, in which total renal
denervation is accomplished by visually stripping and by
painting phenol or xylocaine around the adventitia of the
renal artery [18, 27, 28]. In contrast to animal experiments, a
reliable test to confirm that renal denervation has been
achieved is currently limited to invasive renal nore-
pinephrine spillover methodology which is not suitable for
wider clinical application [20, 29, 30].

While evidence for the utility of renal denervation from
experimental animal studies is strong, the data from cur-
rently available randomized clinical trials is less conclusive
and warrants further investigation with a specific focus on
improvement of procedural aspects, identification of most
suitable patient cohorts, and long-term outcomes.

More recently, several prospective, randomized con-
trolled trials have reported either a modest or no effect of
RDN on BP reduction in patients with resistant hyperten-
sion, each with their own limitations [31–34]. Two of the
studies showed RDN to be at least equally effective [31, 32]
to intensive pharmacotherapy in lowering BP in patients
with true resistant hypertension, highlighting the ability of
RDN to lower BP at least to the extent of additional phar-
macologic treatment. The DENERV-HTN [31] study com-
pared RDN in combination with standardized, stepped-care
antihypertensive treatment (SSAHT) and observed a modest,
albeit significant reduction in 6-month daytime SBP (ad-
justed mean difference of −5.9 mmHg (95% CI −11.3, −0.5;
p = 0.03) compared to SSAHT alone [31]. Another study
[32] applying a sham-controlled study design not dissimilar
to that used in Symplicity HTN-3 found that in the
per-protocol analysis, those who underwent RDN experi-
enced a significantly more pronounced reduction in mean
24-h and daytime systolic BP at 6-months follow-up com-
pared to patients treated with a sham procedure (−8.3 ± 8.9
vs. −3.5 ± 9.5 mmHg; p = 0.04).

41 Renal Denervation: Current Opinions and Practice 421



Renal Denervation and Chronic Kidney
Disease

The results from the aforementioned studies are of major
interest for exploration of the therapeutic utility of renal
denervation in the context of CKD. In fact, impaired kidney
function is a common feature of patients presenting with
resistant hypertension. Furthermore, fluid retention is a rel-
evant pathophysiologic component of resistant hypertension
and is promoted by increased sympathetic nerve activity, as
is increased renin release. Renal denervation, therefore,
appears as a sensible treatment approach in CKD patients
with concomitant hypertension. While at this stage no ran-
domized controlled clinical studies are available in this
specific cohort, subgroup analyses from larger clinical trials
and smaller mechanistic studies have started to explore this
further.

While patients in the Symplicity HTN-2 trial had a mean
eGFR of 77 ml/min/1.73 m2 and patients with chronic kid-
ney disease and eGFR <45 ml/min/1.73 m2 were excluded
[23], this study is important in the current context since it
demonstrated that renal function assessed by serum crea-
tinine, eGFR, and cystatin C concentrations were unchanged
at 6 months, suggesting that the procedure itself and the
associated haemodynamic changes have no adverse effects
on the kidneys. Furthermore, longer term follow-up data of
Symplicity HTN-1, in which again no patients with CKD
and eGFR < 45 ml/min/1.73 m2 were included, reported
that during the first year of follow-up, eGFR remained stable
[21]. In patients without newly added spironolactone or
other diuretic therapy, eGFR changed by −7.8 mL/min/
1.73 m2, for an annualized change of −3.9 mL/min/1.73 m2.
In no case did serum creatinine double. Although it was a
non-randomized study, the decline in renal function
observed in this 24-month follow-up suggested that there
might be an intrinsic beneficial effect of the procedure on the
kidney to maintain renal function, which is greater than that
achieved via BP reduction alone. In line with this notion is a
recent report assessing the influence of renal denervation on
renal haemodynamics, renal function, and urinary albumin
excretion [35]. In this study, 88 patients with resistant
hypertension and normal renal function underwent bilateral
renal denervation. Systolic, diastolic, and pulse pressure
were reduced by 22.7/26.6, 7.7/9.7, and 15.1/17.5 mmHg at
3 and 6 months follow-up, respectively. Furthermore, renal
resistive index decreased from 0.691 ± 0.01 at baseline to
0.674 ± 0.01 and 0.670 ± 0.01 (p < 0.05) at 3 and
6 months follow-up, respectively; the proportion of patients
with normal urinary albumin excretion increased by 5 and
12%; whereas proportion of patients with micro-albuminuria
and macro-albuminuria decreased by 10 and 23%, at 3 and
6 month follow-up without effects on glomerular filtration
rate within 6 months.

Whether this approach is safe and effective in patients
with an estimated glomerular filtration rate below
45 ml/min/1.73 m2 remains to be determined in appropri-
ately designed clinical trials. However, preliminary evidence
is available from small proof of concept studies. Hering et al.
[36] reported the effects of catheter-based renal denervation
in patients with resistant hypertension and moderate to
severe CKD. An average of 5.0 ± 0.7 ablation treatments
per artery were delivered without complications in any of the
treated patients. Angiographic evaluation directly after renal
denervation did not reveal any compromise of treated
arteries. Importantly, eGFR remained stable in this patient
cohort with 5 patients being followed up to 12 months.
A significant drop in office blood pressure (−34/−14, −25/
−11, −32/−15, and −33/−19 mmHg at 1, 3, 6, and
12 months after renal denervation, respectively) was
observed without deterioration in renal function and renal
blood flow. In contrast to office BP readings, mean 24-h BP
and mean day BP were not significantly reduced after the
procedure, possibly related to the limited number of valid
ABPM available and substantial intra-individual variability.
However, radiofrequency ablation treatment had a consid-
erable impact on nocturnal blood pressure control. In addi-
tion, significant reduction in the rate of blood pressure rise,
blood pressure power surge, and night-day blood pressure
ratios were observed. Renal denervation also diminished
mean and maximum night-time blood pressure and restored
a physiologic dipping pattern in 9 out of 10 patients. The
potential clinical relevance of these observations needs to be
delineated in future studies.

Kiuchi et al. [37] reported similar beneficial effects of
catheter-based renal denervation in 24 patients with CKD
and refractory hypertension. Using an irrigated cardiac
ablation catheter, a significant improvement in eGFR (from
64.4 ± 23.9 at baseline to 85.4 ± 34.9 ml/min/1.73 m2 at
6 months follow-up after denervation) was observed. The
reduction in office blood pressure (from 186 ± 19/108 ± 13
at baseline to 135 ± 13/88 ± 7 mmHg at 6 months after
denervation) was substantial. A reduction in albuminuria
was also reported after catheter-based renal denervation in
patients with resistant hypertension [38].

Sympathetic nervous overactivity is pronounced not only
in ESKD, but also in early stages of renal disease [39, 40].
Urinary albumin excretion, which is a reliable marker of
early stage of CKD, correlated positively with elevated
plasma norepinephrine levels in a cross-sectional study of
495 subjects from the general population [41].
Catheter-based renal denervation has been associated with a
reduction of albuminuria [38].

Whether these beneficial effects may help to slow the
progression of CKD is unknown, however, Ott et al. recently
provided preliminary evidence from a small uncontrolled
study to this effect. A total of 27 patients with CKD stage
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3–4 underwent renal denervation for uncontrolled blood
pressure [42] and renal function was evaluated for up to
3 years prior and 1 year after renal denervation. The change
in estimated glomerular filtration rate (eGFR) was calculated
by individual regression slopes for each patient before
and after renal denervation. Mean baseline BP was 156 ±

12/82 ± 13 mmHg, despite treatment with 6.2 ± 1.1 anti-
hypertensive drugs. One year after renal denervation, office
BP was reduced by 20 ± 20 (p < 0.001)/8 ± 14 mmHg
(p = 0.005) and average 24-h ambulatory BP by 9 ± 14
(p = 0.009)/4 ± 7 mmHg (p = 0.019). Before renal dener-
vation, eGFR declined by −4.8 ± 3.8 ml/min per 1.73 m
per year, and after renal denervation eGFR improved by
+1.5 ± 10 ml/min per 1.73 m at 12 months (p = 0.009).
These results indicate that in patients with CKD stages 3 and
4 renal denervation does not only decrease BP but appears to
slow or even halt the decline of renal function.

A possible mechanism for the potential benefit of renal
denervation on renal function may be a prominent vasodi-
latation in pre-glomerular arterioles due to inhibition of renal
sympathetic nerve activity [43]. Lohmeier et al. [43] could
demonstrate that renal denervation increased GFR without a
change in fractional sodium reabsorption in dogs with obe-
sity induced hypertension indicating that renal denervation
alters glomerular filtration through the dilation of the renal
afferent arteriole.

Another possible mechanism might be related to renalase,
a protein reported to be secreted by the kidney and relevant
for catecholamine metabolism [44, 45]. Renalase metabolizes
circulating catecholamines, and renalase deficiency may
therefore play a role in catecholamine excess. Plasma levels
of renalase have been reported to be markedly suppressed in
patients with renal failure and renalase activation induced by
catecholamines appears attenuated in renal failure [46].

Interestingly, Jiang et al. [47] reported that plasma rena-
lase content and renalase expression in the kidneys were
higher in SHR after renal denervation than those in sham
operated and other control groups, suggesting that renal
denervation-induced blood pressure reductions could also be
mediated in part by normalized or increased renalase levels.

Renal Denervation and End-Stage Kidney
Disease

While substantial evidence supports the benefits of experi-
mental renal denervation in animal models of ESKD [12],
little is known about the effects of renal denervation in
patients with ESKD. The initial proof-of-concept pilot study
of catheter-based renal denervation in ESKD patients on

dialysis (average time on dialysis was 3.6 ± 2.6 years) was
tested in 12 patients with uncontrolled blood pressure [48].
All patients were on dialysis due to ESKD of various pri-
mary renal diseases including nephrosclerosis (n = 4),
glomerulopathies (n = 5), IgA nephropathy (n = 1),
nephrolithiasis (n = 1) and bilateral atrophic kidneys of
unknown origin (n = 1). Catheter-based renal denervation
was only feasible in nine patients whereas the remaining
three patients were unable to undergo the procedure due to
atrophic renal arteries.

The office systolic blood pressure decreased from
166 ± 16.0 to 148 ± 11, 150 ± 14, and 138 ± 17 mmHg
at 3, 6 and 12-month follow-up, respectively, in patients who
had undergone renal denervation (n = 9), whereas in the
remaining 3 whose renal artery anatomy was not suitable,
blood pressure remained unchanged (176 ± 7 vs.
172 ± 6 mmHg) at 3 month follow-up. 24-h ambulatory
blood pressure measurements (ABPM) revealed a significant
reduction in systolic blood pressure at 3 months (n = 5).
Sympathetic nervous activity was significantly reduced after
bilateral renal denervation in two patients in whom
microneurography and noardenaline spillover measurements
were obtained. The average number of antihypertensive
medications following renal denervation was reduced from
4.2 ± 1.9 (n = 9) at baseline to 4.0 ± 1.9 (n = 9),
3.7 ± 2.3 (n = 7), and 2.2 ± 1.0 (n = 5) at 3, 6, and
12 months follow-up, respectively.

Several case reports have been published confirming
possible benefit of catheter-based renal denervation in
ESKD. One report describes a patient on hemodialysis
treatment who received a kidney transplant around 4 months
after his bilateral renal denervation procedure [48]. In the
3 months after RDN blood pressure was substantially
reduced (from 156/95 to 133/81 mmHg) probably as a result
of the demonstrated reduction in renal and total body NE
spillover. Consistently, a significant reduction of MSNA was
observed and was sustained for 33 months after renal den-
ervation, despite both native kidneys still being in situ, but
functionally denervated. Another case report of an
ESKD patient with nephrosclerosis due to malignant
hypertension demonstrated improved blood pressure control
(average office blood pressure from 180 ± 15/105 ± 11
to 155 ± 14/90 ± 10 mmHg), reduced plasma renin
(13.12–11.06 ng/mL/h) and angiotensin-converting enzyme
activity (22.62–14.94 IU/L) at 1 month follow-up [49].
Although these reports have to be interpreted with caution,
renal denervation may provide benefits for patients with
ESKD. Larger and properly designed clinical trials are now
warranted to determine the potential role of this therapeutic
approach in ESKD.
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Renal Denervation in Heart Failure
and Cardiac Arrhythmias

Among the various conditions characterized by sympathetic
activation, heart failure plays a crucial role in cardiovascular
outcomes and is very common in patients with CKD and
ESKD [50, 51]. Remarkably, sympathetic hyperactivity is
known to occur in the early stage of asymptomatic heart
failure with both preserved and reduced ejection fraction
[52]. Given the role of renal denervation in sympathetic
hyperactive conditions, renal denervation may possibly
improve the outcomes of patients with heart failure. Surgical
renal denervation was shown to improve the LV function of
heart failure induced by myocardial infarction in Wistar rats
[19]. Surgical renal denervation also restored natriuresis in
response to atrial natriuretic peptide (ANP) in experimental
ischemic heart failure dogs [53].

Several studies in resistant hypertensive patients have
demonstrated that renal denervation reduces LV hypertrophy
[54] and LV mass index [55]. The recurrence of atrial fib-
rillation (AF) has also been suggested to be reduced in
hypertensive patients with chronic AF [56, 57].

Interestingly, a recent study demonstrated beneficial
effects of RDN on atrial electrophysiologic and structural
aspects [58]. Renal denervation performed in 14 patients
with resistant hypertension not only reduced mean 24-h BP
from 152/84 to 141/80 mmHg at 6-month follow-up
(p < 0.01), but was also associated with increased global
conduction velocity (0.98 ± 0.13–1.2 ± 0.16 m/s at
6 months, p < 0.01), shortened conduction time (32 ± 5–
27 ± 6 ms, p < 0.01), and reduced complex fractionated
activity (37 ± 14–19 ± 12%, p = 0.02). The changes in
conduction velocity correlated positively with changes in
24-h mean systolic BP (R[2] = 0.55, p = 0.01) and there
was a significant reduction in left ventricular mass
(139 ± 37–120 ± 29 g, p < 0.01) and diffuse ventricular
fibrosis (T1 partition coefficient 0.39 ± 0.07–0.31 ± 0.09,
p = 0.01) on cardiac magnetic resonance imaging, This
study indicates that BP reduction after renal denervation is
associated with improvements in regional and global atrial
conduction and reductions in ventricular mass and fibrosis. It
remains to be determined whether the changes in electrical
and structural remodeling are solely due to BP lowering or
are due in part to intrinsic effects of renal denervation.

Only a few studies are available that investigated the
potential utility of RDN in HF patients.

A first-in-man clinical study of renal denervation in sys-
tolic heart failure, the REACH-Pilot Study, was designed to
evaluate the safety of catheter-based renal denervation in
heart failure patients with reduced ejection fraction [59]. No
acute hemodynamic changes occurred that would have

interfered with completion of the procedure. In addition, no
procedure-related complications were documented. At
6-month follow-up, both symptoms and the 6-min walk test
(by 27.1 ± 9.7 m) were improved in all patients. Although
there was a nonsignificant trend of reduction in both systolic
and diastolic blood pressure at 6 month (−7.1 ± 6.9 and
−0.6 ± 4.0 mmHg, respectively), no hypotensive episodes
were reported.

Ukena et al. [60] reported that electrical storm was
reduced after bilateral renal denervation in two patients with
chronic heart failure. Both patients suffered from
treatment-resistant tachy-arrhythmias and required a car-
dioverter defibrillator (ICD) implantation. The etiology of
heart failure was non-ischemic. Subsequent to renal dener-
vation, both patients had an event-free period up to
6 months. Interestingly, blood pressure was not decreased
with renal denervation in either patient.

In line with evidence from animal studies, natriuretic
effects of renal denervation might have contributed to the
improvement of functional as well as electrophysiological
alterations of the failing myocardium in the above clinical
studies of heart failure. However, given the malicious role of
sympathetic overactivity, reduced sympathetic nervous
activity through renal denervation may well have beneficial
effects and deserves further investigation in larger and
appropriately designed studies.

Conclusion
As summarized in Fig. 41.1, communication between the
kidney and brain involves multiple factors. The etiology
of hypertension tends to be multifactorial especially when
accompanied by CKD. Several lines of research suggest
that renal denervation may exert beneficial effects in the
context of CKD. These beneficial effects relate primarily
to improved BP control, but may also extend to preser-
vation of renal function and reduction of albuminuria.
Several comorbidities that commonly exist in patients
with CKD such as heart failure and arrhythmias may also
be affected beneficially and strengthen the potential
therapeutic utility in CKD. While the experimental evi-
dence to support such notions is convincing, the clinical
data available is preliminary and stems mainly from
uncontrolled clinical trials and small mechanistic studies
and have to be interpreted with the appropriate caution. In
light of the results of Symplicity HTN-3 and the ques-
tions raised by this study, it will be crucial to perform
properly designed randomized controlled studies apply-
ing catheter-based renal denervation in an environment
with sufficient experience to better understand the
potential clinical benefits of renal denervation in CKD.
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