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Abstract

Patients undergoing maintenance hemodialysis develop both structural and functional
cardiovascular abnormalities. Despite improvement of dialysis technology, cardiovascular
mortality of this population remains high. The pathophysiological mechanisms of these changes
are complex and not well understood. It has been postulated that several non-traditional, uremic-
related risk factors, especially the long-term uremic state, which may affect the cardiovascular
system. There are many cardiovascular changes that occur in chronic kidney disease including left
ventricular hypertrophy, myocardial fibrosis, microvascular disease, accelerated atherosclerosis
and arteriosclerosis. These structural and functional changes in patients receiving chronic dialysis
make them more susceptible to myocardial ischemia. Hemodialysis itself may adversely affect the
cardiovascular system due to non-physiologic fluid removal, leading to hemodynamic instability
and initiation of systemic inflammation. In the past decade there has been growing awareness that
pathophysiological mechanisms cause cardiovascular dysfunction in patients on chronic dialysis,
and there are now pharmacological and non-pharmacological therapies that may improve the poor
quality of life and high mortality rate that these patients experience.
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INTRODUCTION

In the United States there currently are more than 400,000 patients receiving maintenance
hemodialysis treatment. Despite recent improvement in dialysis process, patients receiving
maintenance dialysis still have high hospitalization rates, poor quality of life, and high
mortality. The all-cause mortality of this patient group remains more than 20% a year and is
10 times greater than that of the general population (). The 5-year survival rate is only about
40% irrespective of the dialysis mode, which is worse than many types of cancer (1. 2),
Cardiovascular mortality accounts for 40% of all-cause mortality in this group, and the
majority of deaths are due to heart failure, acute myocardial infarction, and fatal

arrhythmia (. 3. 4),

The characteristics of cardiovascular dysfunction observed in dialysis patients are distinct
from those noted in the general population. Although traditional cardiovascular risk factors
in patients with end stage renal disease (ESRD) are highly prevalent, they play only a partial
role on the excessive cardiovascular morbidity and mortality of this population. The
paradoxical association between several traditional risk factors, such as body mass index,
blood pressure (BP) and serum cholesterol, and mortality have been previously reported ).
Moreover, several studies have failed to demonstrate the benefit of statin therapy on
cardiovascular mortality in the dialysis population despite the fact that statin therapy has
benefit on cardiovascular survival in patients with chronic kidney disease (CKD) (6-8).
Moreover hemodialysis itself has been recognized to be a cause of hemodynamic instability,
where intolerance is largely due to the inability to maintain effective circulating volume
rather than directly from uremia. We postulate that repeated myocardial micro-injury during
maintenance hemodialysis may lead to irreversible cardiac dysfunction and subsequent heart
failure and death in some patients.

The objective of this review is to provide: (i) an overview of the pathological changes of the
cardiovascular system in ESRD, (ii) a description of the putative pathophysiological
mechanisms of hemodialysis-induced myocardial injury and comprehensive overview of the
current evidence for this condition and (iii) evidence-based management strategies that may
off-set these cardiovascular risks.

Cardiovascular changes in uremic patients

Bidirectional interactions between the cardiovascular and renal systems play a role in the
maintenance of hemodynamic stability, blood volume and vascular tone. The primary
dysfunction of one organ leads to progressive decline in both organ systems and is referred
to as the cardiorenal system. Reno-cardiac syndrome (so-called “Type 4” cardiorenal
syndrome) has been defined as the development of secondary cardiovascular dysfunction
following primary kidney disease. The pathophysiological mechanisms are complex and not
completely understood. Several ESRD-related factors, including activation of the renin-
angiotensin-aldosterone system (RAAS), sympathetic nervous system, abnormality of
calcium-phosphate metabolism, oxidative stress as well as accumulation of uremic toxin,
drive the development of cardiovascular dysfunction. These changes include
cardiomyopathy (uremic cardiomyopathy), Left ventricular (LV) hypertrophy, myocardial
fibrosis, impaired diastolic filling, and microvascular coronary disease. Vascular changes
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that include atherosclerosis, vessel calcification and loss of vascular elasticity are shown in
Figure 1.

Uremic cardiomyopathy

Left ventricular hypertrophy—LV hypertrophy is the most common cardiac finding in
dialysis patients, and it is nearly universal (. It results from chronic volume and pressure
overload, neurohormonal activation and uremic toxin accumulation (10-11) Hypertrophy is
typically a compensatory response of the left ventricle to increased afterload, and LV
hypertrophy acts to maintain wall stress in the face of long-term altered loading conditions.
Continuing LV overload eventually can lead to structural changes in the LV and apoptosis of
cardiomyocytes (12). Hypertrophied hearts have reduced coronary blood flow reserve and are
more subject to myocardial ischemia. Left atrial enlargement is universal, and atrial
fibrillation is common.

Interstitial fibrosis—Diffuse interstitial cardiac fibrosis is demonstrated in uremic
patients and is not totally explained by excessive non-renal hypertension (13-15). Several
other factors contribute to this fibrosis, including excessive RAAS activity,
hyperphosphatemia, parathyroid hormone, oxidative stresses, uremic toxins and cellular
senescence (19). Interstitial collagen deposition likely contributes to ventricular diastolic
dysfunction, impaired LV filling, and predisposes to atrial and ventricular arrhythmias (16),
This may explain the increased risk of sudden cardiac death (SCD) in uremic patients.

Microvascular disease—At least 30% of dialysis patients with angina have only
moderate epicardial coronary artery disease (CAD) (7). However, endothelial dysfunction
with microvascular disease may occur. There are coronary functional changes (increase in
extra-coronary resistance secondary to LV hypertrophy and endothelial dysfunction) and
structural changes (wall thickening with reduced arteriolar lumen of intramyocardial arteries
and reduced cardiac capillary density) (0. 15. 18-21) Myocardium-capillary mismatch is not
specific to uremia and is not just a consequence of hypertension with LV hypertrophy.
Microvascular coronary disease exposes cardiomyocytes to the risk of hypoxemia under the
condition of high oxygen demand or low oxygen supply @5 29), In fact, there may be
ongoing ischemic myocardial injury at the microvascular level, which could explain why
many of these patients have persistently elevated serum troponin levels.

Uremic vasculopathy

Atherosclerosis—In uremic patients, there are two different but overlapping
macrovascular changes: atherosclerosis and arteriosclerosis. Atherosclerosis is a primarily
intimal disorder of medium-sized arteries characterized by plaque formation and
subsequently narrowing and occlusion of the vessels resulting in impaired conduit
function (22), The unique characteristics of coronary atheroma in ESRD patients are
increased medial thickness and markedly calcified plaques (23). These changes lead to
chronic myocardial ischemia, and subsequently development of myocardial fibrosis, SCD
and heart failure, rather than acute plaque rupture. This observation may explain the
unexpected low incidence of acute myocardial infarction in this population (24),
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A high atherosclerotic burden in uremic patients is well established. Although the traditional
atheroscleraotic risk factors are common in this setting, they only partially contribute to
increased cardiovascular burden (4 25). Several randomized controlled trials (RCTs) of statin
therapy have failed to demonstrate a reduction in cardiovascular outcomes in the
hemodialysis population . 8 26). A plausible explanation is that non-traditional uremic-
related risk factors, including chronic inflammation, oxidative stress and activation of the
RAAS, may play an important role in this setting (27: 28),

Arteriosclerosis—Arteriosclerosis, a hallmark of arterial remodeling in ESRD, is
characterized by diffuse calcification in combination with dilatation and increased wall
thickness of the medial layer of the aorta and its main branches leading to increased arterial
stiffness (29, Disturbance of calcium-phosphorus homeostasis, leading to hypocalcemia,
hyperphosphatemia and secondary hyperparathyroidism, as well as uremic toxins may lead
to accelerated calcification of arterial media and active osteogenic differentiation of vascular
smooth muscle cells (30),

Consequences of uremic vasculopathy—The arterial system has two important
functions: conduit and cushioning (29). The latter function requires a compliant arterial tree
to ensure that the pulsatile flow in large arteries maintains steady continuous perfusion to
peripheral organs without exposure to peak systolic pressures (31). When aortic stiffening is
markedly increased as in arteriosclerosis, loss of the cushioning effect occurs resulting in
loss of the ability of the aorta to accommodate the ejected blood volume from the LV. This
subsequently leads to an increase in augmentation of systolic BP, whereas diastolic BP is
lower due to a decrease in reservoir effect. There is an increased stroke volume run-off
during systole and less blood volume to be drained during diastole (2 32), While increasing
systolic BP leads to an increase in afterload contributing LV hypertrophy and increased
myocardial oxygen consumption, decreasing diastolic BP leads to decrease in diastolic
coronary perfusion. These could lead to subsequent myocardial ischemia, impaired diastolic
function and decreased systolic function. Moreover, increased systolic BP as well as
increased pulse pressure lead to a vicious cycle and more arterial stiffness (33).

Effects of arteriovenous fistula on the cardiovascular system

Arteriovenous (AV) fistula is the preferred vascular access for long-term hemodialysis given
its high blood flow rate, patency, and low infection risk (34) and association with lower all-
cause and cardiovascular mortality as compared to AV graft or central venous catheter (35),
However, flow-related cardiovascular complications can occur and are usually under-
recognized. Creation of AV access shunts the blood from peripheral tissue, leading to
instantaneous reduction in systemic vascular resistance. Circulatory compensation
subsequently occurs to maintain systemic BP and peripheral perfusion by activating the
RAAS and sympathetic systems, enhancing the venous return and increasing heart rate, and,
in turn, leading to an increase in cardiac output and pulmonary pressure (34 36). Cardiac
output typically rises equivalent to AV access blood flow of 1-2 L/min at rest and 3—4 L/min
in the setting of high flow fistula 37) and can increase as much as 10-12 L/min during
exertion (38:39),
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A persistent high-output state accompanied by neurohormonal activation and increased
vascular stiffness in uremia may promote progressive LV hypertrophy and LV chamber
dilatation. This can occur as soon as within 2 weeks after creation of an AV fistula (49,
Hemodynamic stress represented by elevation of plasma atrial and brain natriuretic peptides
after creation of AV fistula has also been demonstrated in both animal experiments and in
patients with CKD (38:40), Furthermore, increased oxygen demand caused by increased LV
mass in the setting of impaired coronary flow reserve, as well as decreased diastolic BP, can
lead to subendocardial myocardial ischemia after formation of an AV fistula 1. High-
output heart failure as defined by systemic or pulmonary venous congestion combined with
high cardiac output at rest of greater than 8 L/min or a cardiac index of greater than 3.9
L/min/m? (42) can occur in ESRD patients with AV fistula. However, the true incidence of
this condition in patients on chronic dialysis has not been well described. Nevertheless, high
blood flow across an AV fistula, defined by AV access blood flow of more than 2 L/min 43)
or the ratio of AV access flow to cardiac output of more than 0.3 44, has been demonstrated
to be at greater risk of developing high-output heart failure. Awareness of this condition in
ESRD patients is important as the vasodilatory effects of current standard neurohormonal
antagonists may cause deterioration of hypotension. Additionally, interventions to reduce the
vascular access blood flow, including banding of the AV fistula or revision using a distal
inflow technique, can be effective in some patients with high-flow AV fistula by improving
cardiac structure and hemodynamics 45 46) and thereby reversing heart failure

symptoms 7). However particular attention should be taken when considering AV access
closure in patients with severe heart failure. Sudden death after surgical AV fistula ligation in
a renal transplant recipient who had severe heart failure has been reported, believed to be
caused by a sudden increase in systemic vascular resistance after vascular fistula closure (48),

Pathogenesis of hemodialysis-induced myocardial injury

Hemodialysis has been used for decades in patients with advanced renal failure to aid in the
removal of uremic toxins from the blood and to correct metabolic disturbances.
Ultrafiltration is used to maintain volume control by removal of salt and water excess.
Although hemodialysis should theoretically improve cardiovascular abnormalities in patients
with uremia by correcting volume overload, cardiovascular mortality remains high despite
improvements in dialysis technology. Several studies of conventional hemodialysis have
failed to demonstrate LV hypertrophy regression of vascular calcification or survival,
suggesting inadequacy of uremic toxin clearance and failure to reduce adverse effects of
hemodialysis on the cardiovascular system. Yet nocturnal or longer duration of hemodialysis
has been associated with reduction in LV hypertrophy and improved survival, suggesting the
way we perform hemodialysis has major implications on long-term outcomes.

Hemodialysis as Hemodynamic stressor

The rationale of thrice-weekly conventional hemodialysis is based on a combination of
physiological experiments, assessment of patient acceptance, feasibility, logistics and

costs (49). Over the past decade, high-flux dialyzers have been commonly used in clinical
practice, and urea removal can now be achieved more rapidly. Therefore the length of a
dialysis session has gradually diminished and more rapid fluid removal is necessitated. Most
dialysis patients have interdialytic weight gain of more than 1.5 kg, and up to 40% gain
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more than 3 kg (30, Ultrafiltration may also produce rapidly non-physiological fluid removal
within a limited time and may promote hemodynamic instability, either as an initiating event
or a contributing insult to injury. During hemodialysis, intravascular fluid is removed
directly and counterbalanced by refilling from the interstitial fluid compartment; the rapidly
contracted circulating blood volume that occurs when the fluid removal rate is greater than
the plasma refilling rate can be counter-productive. When cardiac preload is reduced in the
setting of maladaptive cardiovascular remodeling in uremic patients, it may contribute to
intradialytic hypotension and subsequently impaired myocardial perfusion and injury.
Intradialytic hypotension is found in as many as 15-25% of hemodialysis sessions and is to
be avoided, as it is predictive of increased mortality 1. 52),

Impaired baroreceptor sensitivity and imbalance of sympathetic-parasympathetic activities
in both at rest and during exercise, and has been demonstrated in CKD patients (53-55),
Autonomic function, especially the baroreceptor arc, is an important regulatory mechanism
to maintain hemodynamic stability during hemodialysis, and attenuated baroreceptor
sensitivity can sometimes lead to intolerable symptoms during hemodialysis (56: 57),
Reduced baroreceptor sensitivity is also related to worsening outcomes in dialysis

patients (58),

Activation of inflammatory response—Some investigators postulate that
hemodialysis-induced transient LV systolic dysfunction may be produced by a systemic
inflammatory response to hemodialysis. This response is due to the interaction between
blood and the hemodialysis membrane, synthetic vascular graft or catheter, exposure to
contaminated dialysate and vascular access infection 9. Inflammatory biomarkers are
substantially increased in uremic patients and are associated with increased risks of all-cause
and cardiac mortalities in dialysis patients (60 61), Several studies reported increase in
circulating inflammatory markers including interleukin-6 and pentraxin during single
session hemodialysis (62 63). A recent study also reported that predialysis inflammatory
markers including high sensitivity C-reactive protein, and the ratio of interleukin-6 and 10
levels were independently associated with hemodialysis-induced regional LV systolic
dysfunction (63). Another possibility is hemodialysis-induced systemic circulatory stress and
recurrent regional ischemia of gut leading to endotoxin translocation. Endotoxin, a pro-
inflammatory stimulus, has also been demonstrated to be correlated with myocardial
stunning and elevated predialysis cardiac troponin T (cTnT) levels (64,

Hemodialysis-induced myocardial injury—Functional and structural abnormalities of
the cardiovascular system in uremic patients may predispose the myocardium to become
ischemic even in asymptomatic patients. Approximately 70% of dialysis patients with
angiographically proven CAD were without angina (6% 66) Absence of ischemic symptoms
may be caused by diabetic and uremic autonomic neuropathy, as well as reduction of
exercise capacity (67). Subclinical myocardial ischemia during hemodialysis is not
uncommon as evidenced by several studies that are summarized in Table 1.

Electrocardiographic changes—Silent myocardial ischemia, defined by asymptomatic

dynamic ST-T changes suggestive of ischemia, has been repeatedly reported with a
prevalence of 16-60% (68-72)Interestingly, studies where coronary angiograms were
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performed found no correlation between silent ischemia and angiographic findings (69 72),
This may be explained by the existence of microcirculatory changes in the coronary system
in ESRD. Some authors also raised the possibility of coronary vasospasm contributed by
neurohormonal perturbations and release of vasoactive cytokines during dialysis (/2).
However, the frequent occurrence of abnormal electrocardiograms found in dialysis patients,
especially LV hypertrophy, may make electrocardiographic interpretation difficult, and
electrolyte changes during dialysis may also contribute ST changes that resemble

ischemia (73),

Reduction in global and segmental myocardial blood flow—Mclintyre et al.
studied 4 dialysis patients (3 diabetic) without angiographically significant CAD and
assessed their intradialytic myocardial blood flow (MBF) by using H,1°0 positron emission
tomography (74). Concurrent echocardiography was used to evaluate LV function and
regional wall motion abnormalities (RWMASs). Global MBF was acutely reduced during the
dialysis session, progressively worsened overtime and partially restored after the 30-min
recovery phase. Reduction in segmental MBF was significantly greater in segments with
RWMAs, and a reduction in MBF of >30% from baseline was associated with the
development of RWMAs. These were confirmed by Dasselaar et al. who evaluated 7
relatively lower-risk, stable, non-diabetic patients with uneventful cardiac histories (7).
Significantly reduced global MBF without new RWMAs was observed 30 minutes after
starting hemodialysis; there was a small cumulative ultrafiltration volume and insignificant
change in hemodynamics at that time of reduced MBF.

Segmental abnormalities of left ventricular systolic function—Burton et al.
studied 70 hemodialysis patients, 40% with diabetes, using serial intradialytic
echocardiography to evaluate RWMAs (79), Sixty-four percent developed new or worsening
RWMA: s at the fourth-hour of dialysis and partially returned towards pre-dialysis in the
recovery period which may imply the development of myocardial stunning. In multivariate
analysis, age, reduction in systolic BP, ultrafiltration volume and cTnT were independently
associated with hemodialysis-induced RWMASs. Interestingly, the risk associated with
greater fluid removal and decrease in systolic BP increased disproportionately with each
additional unit of measure. Ultrafiltration volume of 1 liter was associated with 5-fold
greater risk of development of hemodialysis-induced RWMASs, whereas the risk rose 26-fold
for a 2-liter fluid removal. This might be related to potential hemoconcentration with
subsequently increasing microcirculatory shear stress and reduced microcirculatory blood
flow, a potential exacerbating cause of myocardial ischemia (7). However, another small
(n=40) study did not find this association between either changes in BP, ultrafiltration
volume or cTnT with the occurrence of hemodialysis-induced RWMAs, and only a history
of heart failure was independently associated with this myocardial ischemia (/7). Assa et al.
found only 27% of 105 dialysis patients developed hemodialysis-induced regional LV
systolic dysfunction, and there was no significant difference of intradialytic blood volume
change between those with or without hemodialysis-induced RWMAs.(78) This corresponds
with findings in the previous study regarding reduction of MBF where there was no
significant change in ultrafiltration volume (7). Non-hemodynamic factors including
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inflammation, electrolyte shifts, acid-base shifts or dialysis-induced temperature changes
may play a role (/5. 79),

Long-term consequences of hemodialysis induced myocardial injury—
Myocardial stunning after prolonged myocardial ischemia followed by return of myocardial
perfusion has been demonstrated in patients with CAD. Repetitive myocardial ischemia and
stunning may lead to irreversible LV systolic dysfunction and heart failure. Several studies
have reported the association of all-cause mortality and progressive heart failure in patients
with hemodialysis-induced myocardial stunning. Burton et al. observed that patients with
hemodialysis-induced myocardial stunning had significantly increased mortality at 12
months.(7®) Assa et al. confirmed significant increase in all-cause mortality with adjusted
hazard ratio of 4.6 (/8). Moreover, patients with hemodialysis-induced RWMAs who were
alive at 12 months had a significantly decreased LV ejection fraction (62.1+11.4% vs.
54.7+10.1%, p<0.001), whereas the LV ejection fraction of those without hemodialysis-
induced RWMAs remained unchanged (76).

Cardiac arrhythmias and sudden cardiac death

The risk of SCD increases with a progressive deterioration of kidney function (€9, It has
been demonstrated that when estimated glomerular filtration rate (eGFR) was less than 60
ml/min/1.73 m2, the risk of SCD increased 11% for each 10 ml/min/1.73 m2 decline in
eGFR (1), SCD s accountable for 26.5% of all-cause mortality, and about half of
cardiovascular death in ESRD patients is related to arrhythmias or SCD (82, The risk of
SCD in hemodialysis patients is estimated to be 20- to 30-fold higher than in population
with normal kidney function, especially in the first 9 months after initiating the therapy
which is known to be the period of heightened SCD risk (83:84). The incidence of SCD is
higher in patients with hemodialysis when compared to the peritoneal dialysis. The
pathogenesis or SCD in this population is thought to be multifactorial. Structural and
functional changes of cardiovascular system in patients with ESRD, as mentioned before,
play an important role in developing cardiac arrhythmias. Rapid blood volume and
electrolyte shifts, especially in potassium and calcium homeostasis, may also contribute to
abnormalities. These cause hemodynamic stress during hemodialysis as well as mechanical
and electrical alteration of cardiac myocytes, which may lead to intra- and inter-dialytic
arrhythmias and also increase the risk of SCD in patients undergoing hemodialysis,
especially during the initiation of this therapy. The increased risk of SCD is related to longer
dialytic intervals in patients undergoing hemodialysis three times a week which may be
explained by extreme fluid and electrolyte shifts during this period (83 85.86)  Although the
incidence of SCD in this population from the national registry data seems to reduce (¢7), the
number remains relatively high and the research studying the treatment strategy to decrease
SCD and improve outcomes in this population is still limited.

CKD and ESRD patients undergoing dialysis is at risk for developing arrhythmias,
especially atrial fibrillation and ventricular arrhythmias. There is limited data regarding the
actual burden of arrhythmias in patients with ESRD. In the Chronic Renal Insufficiency
Cohort study, atrial fibrillation was found about 18% (88). In study of non-dialysis CKD
patients, the risk of atrial fibrillation increased for 1.51-2.86 times compared to subjects
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with normal renal function, and was associated to the degree of renal impairment 89, CKD
patients with atrial fibrillation have poorer outcomes than those without atrial fibrillation,
similar to the non-CKD population. Atrial fibrillation does not only increase risk of stroke of
9.8 fold in patients undergoing hemodialysis, but is also the independent risk for sudden
death (90, Anticoagulation therapy to prevent the thromboembolic complications also
increases hemorrhagic risk and is complicated to anticoagulation given during hemodialysis.

Therapeutic Interventions

Part of high cardiovascular morbidity and mortality in the ESRD population may be related
to the fact that risk-modifying interventions are underutilized compared to the non-dialysis
population. There may be potential fears of metabolic toxicity and hemodynamic instability.
Most randomized clinical trials usually exclude patients with advanced renal impairment
from their studies. Moreover applying the proven treatment strategies from a non-dialysis
population directly to dialysis patients may be inappropriate because of the different
pathophysiology and altered drug metabolism.

Pharmacological therapy

Several neurohormonal blocking agents and statins are of proven benefit in the non-CKD
population, especially with heart failure and CAD. However their benefit in hemodialysis
patients is still not clarified. Randomized controlled trials of these medications in
hemodialysis patients are summarized in Tables 2 and 3.

Renin-angiotensin-aldosterone system blockade—Angiotensin-converting enzyme
inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) have demonstrated benefit on
reduction of LV hypertrophy and arterial stiffness of hemodialysis patients in small non-
randomized studies (®3-93) and also in recent meta-analyses (94). However their benefit on
long-term cardiovascular mortality in patients receiving chronic hemodialysis is limited. A
double-blind RCT, FOSIDIL (the Fosinopril in Dialysis study), studied 397 hemodialysis
patients with LV hypertrophy who were ACEI naive and indicated that fosinopril did not
achieve statistically significant improvement of the 2-year composite outcomes of fatal first
major cardiovascular events (%),

A small open-label RCT by Takahashi et al. in 80 hemodialysis patients showed candesartan
was effective in improvement of survival and composite cardiovascular outcomes (96),
However, two larger open-label randomized trials conducted recently by Suzuki et al. ¢7)
and Iseki et al. (%) in hemodialysis patients demonstrated lack of efficacy of ARB therapy,
as shown in Table 3.

The beneficial effects of add on ARBs therapy to standard therapy (including ACEIs) in a
hemodialysis population with heart failure was demonstrated in a study by Cice et al. (®9). A
double-blind RCT in 322 hemodialysis patients with moderate heart failure and LV ejection
fraction <40% indicated that the addition of telmisartan in addition to standard therapy of
heart failure (100% ACEIs, 60% beta-blockers) led to a significant reduction in all-cause
mortality (reduced 49%), and hospitalization due to heart failure was reduced by 81% with a
mean follow-up of 2 years. However, combining ACE inhibitors and ARBs in patients with
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ESRD is not recommended. There are no RCT data available on add-on ARB therapy in
ESRD patients without heart failure.

A recently published open-label randomized trial by Matsumoto et al. evaluated the effect of
low-dose spironolactone on cardiovascular and cerebrovascular outcomes in 309
hemodialysis patients. Spironolactone was associated with a 64% reduction in 3-year all-
cause mortality, and also reduced cardiovascular and cerebrovascular events. However the
sample size was small and the study was not blinded. A larger, double-blind RCT,
ALCHEMIST (ALdosterone Antagonist Chronic HEModialysis Interventional Survival
Trial), is underway and may provide additional data on the safety and efficacy of
spironolactone in hemodialysis patients (190),

There have been obvious concerns about risks of hypotension and hyperkalemia when using
RAAS blockade and aldosterone antagonist in dialysis patients. In a study of add-on
telmisartan to standard therapy in hemodialysis patients with heart failure (who are quite
susceptible to developing hypotension), hypotension developed in 10.9% of the telmisartan
group compared to 4.2% of the placebo group (p<0.005). However the beneficial effects of
add-on ARB therapy on survival and cardiac function seemed to offset the risks of
hypotension in this study Most studies of hemodialysis patients receiving spironolactone
and/or ACEIs/ARBs demonstrated a modest rise in serum potassium with only a small
number of drug discontinuations because of hyperkalemia (gg, 12-193). Moreover a novel
polymeric potassium binder, patiromer (RLY5016), was recently demonstrated to prevent
hyperkalemia in patients with heart failure receiving standard therapy with

spironolactone (194), This may provide a future strategy that will allow safer inhibition of
RAAS in this population.

Beta-blockers—Beta-blockers have substantial mortality benefits in patients with acute
coronary syndromes and heart failure. Because there may be subclinical myocardial
ischemia in patients on hemodialysis with a high prevalence of CAD, heart failure and
sympathetic over activity in the setting of ESRD, it may theoretically be possible to reduce
hemodialysis-induced myocardial injury and mortality in ESRD patients. Cice et al.
conducted an open-label RCT and studied the efficacy of carvedilol in 114 dialysis patients
with dilated cardiomyopathy, LVEF<35% and NYHA 1lI-111 (98% on ACElIs, 2% on ARBS).
Carvedilol significantly improved the 2-year cardiovascular mortality and improved LV
function and morphology (199, There are no RCT data available on beta-blocker therapy in
ESRD patients without heart failure. Based on inconclusive results from multiple cohort
studies, the benefit of beta-blocker used in dialysis patients is still debated (106-108) Fyrther
large clinical trials would be necessary to bring clarity to this debate.

Statins—Statin therapy has been widely used to prevent cardiovascular events in the non-
dialysis population. There have been two large-scale double-blind RCTs of statin therapy in
patients undergoing hemodialysis, Die Deutsche Diabetes Dialyse Studie (4D) ) and Study
to Evaluate the Use of Rosuvastatin in Subjects on Regular Hemodialysis: An Assessment of
Survival and Cardiovascular Events (AURORA\) (26). These trials have failed to demonstrate
the benefit of statin therapy. The Study of Heart and Renal Protection (SHARP) study
reported the effectiveness and safety of simvastatin plus ezetimibe in significant reduction of
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the major atherosclerotic events in various stages of CKD (8). However, the subgroup
analysis of dialysis patients in this study did not achieve success in improving the primary
endpoint. The plausible explanation for the negative study in dialysis patients is likely the
unique pathology and pathophysiology of cardiovascular abnormalities in this population.
Moreover, the relationship between cardiovascular disease and conventional risk factors is
poorly correlated (109), ower baseline cholesterol levels in these patients may be a marker
of an inflamed and malnourished state, which is associated with decreased survival (110),

Changing renal replacement therapy modality

Today, conventional hemodialysis is the most common modality used to treat ESRD
patients. However, other modalities of renal replacement therapy may be more effective in
removing uremic toxins, and may be gentler on volume removal and myocardial stunning.
Effectiveness and impact of the different dialysis modalities and renal transplantation are
shown in Table 4.

Peritoneal dialysis—Peritoneal dialysis theoretically has advantages beyond conventional
hemodialysis due to continuous fluid removal with better hemodynamic stability, better
preservation of residual renal function, improved clearance of medium-size uremic toxins
and less systemic inflammation (1), Peritoneal dialysis may be the modality of choice,
especially for patients with CAD and heart failure. Moreover, existing evidence is
controversial. LV hypertrophy is more severe and more frequent in patients receiving
peritoneal dialysis because of subclinical over-hydration with resultant hypertension (112),
However, development of icodextrin and hypertonic dialysate solution use now allows for
better control of volume status and less LV hypertrophy (113), Results of multiple, large
observational cohort studies comparing the long-term outcomes of ESRD patients treated
with hemodialysis or peritoneal dialysis have been inconsistent (114-117) The most recent
contemporary study in the United States demonstrated insignificant differences in the 5-year
survival between these two modalities (117), whereas from the French REIN registry, all-
cause mortality in patients with peritoneal dialysis was greater than those treated with
hemodialysis (85). The ongoing RCT in China named Comparison of the Impact of Dialysis
Treatment Type on Patient Survival study (ClinicalTrials.gov identifier: NCT00510549) may
provide additional data regarding this controversy.

Intensive hemodialysis—Existing evidence has demonstrated advantages of intensive
hemodialysis on several surrogate outcomes including improved BP control, reduced LV
mass, reduced intradialytic hypotension and improved phosphate control 49:118) |ntensive
hemodialysis is defined by more frequent and/or longer duration of dialysis session. In
general, intensive hemodialysis is when the duration of each dialysis session is more than
5.5 hours and/or 3 to 7 times per week (119, The RCT by Culleton et al. indicated regression
of LV mass in patients receiving frequent nocturnal hemodialysis (118). The Frequent
Hemodialysis Network (FHN) Daily trial also demonstrated that frequent in-center
hemodialysis 6 times per week improved the composite outcomes of death, LV mass and
quality of life when compared to the conventional hemodialysis, even though this strategy
had more frequent interventions related to vascular access (49). However the FHN Nocturnal
trial did not demonstrate that frequent nocturnal hemodialysis 5-6 times a week improved
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either death or LV mass, or death or quality of life (120), Table 5 summarizes major
randomized clinical trials of intensive hemodialysis.

It is not known if there is a survival benefit of intensive hemodialysis. Because of the
inadequate power of existing RCTs to identify a survival benefit, multiple large-scale
propensity score matched cohort studies have been recently conducted (Table 6). Most
studies demonstrated reduction of mortality by 13-45% in patients receiving intensive
hemodialysis, while the latest study showed that patients with in-center daily hemodialysis
had an increase in 1.5-year mortality with a hazard ratio of 1.6 (119, 121-123)

Why intensive hemodialysis might improve outcomes in ESRD patients is unclear. Longer
and/or more frequent hemodialysis sessions have multiple advantageous effects including
effective improvement in fluid removal with reduction in the ultrafiltration rate and less
intradialytic hypotension. There is also more effective clearance of middle-sized uremic
toxins (such as B,-microglobulin) and phosphorus (124). These observations may help
explain why intensive hemodialysis may improve cardiovascular abnormalities in uremic
patients. Moreover, reduction in the ultrafiltration rate may help reduce subclinical
myocardial ischemia during dialysis. MclIntyre and colleagues conducted a cross-sectional
study performing intradialytic echocardiography in 46 patients and demonstrated that
intradialytic hypotension and RWMASs were reduced in patients receiving frequent dialysis.
There was also a trend toward lower predialysis cTnT and NT-proBNP levels in the home-
based dialysis groups (125),

Online hemodiafiltration—Retention of middle- to large-sized uremic toxins appears to
be an important in the pathogenesis of cardiovascular dysfunction of uremic patients.
Conventional hemodialysis with low-flux membranes can remove only low molecular
weight molecules by diffusive transport. Despite use of high-flux membranes, which is a
standard hemodialysis technique used in the United States at the present, and enables the
removal of larger uremic toxins by convective transport, though the amount of convection is
uncontrollable and unpredictable (126). Two large-scale RCTs did not demonstrate survival
benefits of high-flow over low-flux hemodialysis (2 127).,

Hemodiafiltration, which integrates high-flux hemodialysis and the ultrafiltration of large
amounts of plasma water, can increase the magnitude of convection transport. With the
advanced online water treatment systems developed recently, high convection and sterile
substitution volume can be achieved safely, resulting in markedly augmented removal of
middle-sized uremic toxins (126). Advantages of hemodiafiltration have been documented
including better control of anemia, more effective removal of phosphate, improved lipid
profiles, reduced inflammation and oxidative stress, as well as lower incidence of
intradialytic hypotension (128). Two recent large-scale, open-label RCTs, the Convective
Transport Study (CONTRAST) (126) and the Comparison of Post-dilution Online
Hemodiafiltration and Hemodialysis (Turkish OL-HDF) study (129, demonstrated a trend
towards improved survival using online hemodiafiltration over low- and high-flux
hemodialysis, respectively. Although these studies failed to achieve statistical significance
on the mortality outcomes, their post-hoc analysis showed a 39% and 46% risk reduction in
mortality in patients treated with high convection volume. The most recent RCT, the On-
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Line Hemodiafiltration Survival Study (ESHOL), which achieved higher convection volume
than two earlier studies, demonstrated a 30% reduction in all-cause mortality of online
hemodiafiltration compared to conventional high-flux hemodialysis with the number needed
to treat being 8 to prevent 1 annual death (139). The mortality reduction was mainly due to
significant reduction in stroke and infection-related mortality. The incidence of intradialytic
hypotension was also significantly lower in the online hemodiafiltration arm. The survival
benefit could be explained by more efficient removal of middle-sized and protein-bound
uremic toxins which may impact on endothelial function, inflammatory state, vascular
calcification, as well as have cardioprotective effects 139), Table 7 summarizes the clinical
trials of online hemodiafiltration on mortality outcomes.

Renal transplantation

Renal transplantation has been proven to have significant survival benefit beyond dialysis.
Adjusted rate of all-cause mortality reduces from 6.5-7.9 fold in the dialysis population to
1-1.5 fold in renal transplant patients compared to individuals in the general population (1.
Improvement of LV function and structure after renal transplant has been reported in several
studies (131.132) |nterestingly, Wali et al. reported marked improvement in LV ejection
fraction, as well as functional status and survival after kidney transplant in ESRD patients
with systolic heart failure. Effective removal of uremic toxins, including myocardial
suppressants, as well as improvement of the inflammatory state and anemia may explain
some of the benefits of kidney transplantation (132),

Conclusions and Future Perspectives

Cardiovascular dysfunction in patients receiving hemodialysis impacts on global health and
economic burdens. ESRD has been increasingly recognized as having a grave prognosis and
lack of an evidence-based treatment strategy. Despite data indicating the benefits of
neurohormonal inhibition in this condition, especially when there is heart failure, ACEIs and
beta-blockers are prescribed in only 44% and 66%, respectively in US (). Moreover, in
routine clinical practice, most BP-lowering medications are frequently stopped in the
morning of hemodialysis days in order to maintain hemodynamic stability throughout the
hemodialysis session. Further investigations regarding how to better optimize medical
therapy in this vulnerable population are much needed.
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HIGHLIGHTS

Patients undergoing maintenance hemodialysis have a mix of ischemic,
metabolic, and structural changes, coupled with the stress of hemodialysis.

The “classic” heart failure manifestations of patients with end-stage renal
disease (ESRD) are somewhat atypical and therapeutic options are limited.

There have been advances in dialysis technologies as well as newer insights
with novel imaging techniques.

Clinicians need to better appreciate the spectrum as well as the current
understanding of this unique patient population.
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Abbreviations: AV, arterio-venous; AGE, advanced glycation end product; RAAS, renin

angiotensin aldosterone system; SNS, sympathetic nervous system.
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