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Abstract

More than half of all deaths among ESRD patients are due to cardiovascular disease (CVD).
Cardiovascular changes secondary to renal dysfunction, including fluid overload, uremic
cardiomyopathy, secondary hyperparathyroidism, anemia, altered lipid metabolism, and
accumulation of gut microbiota-derived uremic toxins like trimethylamine N-oxidase (TMAO),
contribute to the high risk for CVD in the ESRD population. In addition, conventional
hemodialysis (HD) itself poses myocardial stress and injury on the already compromised
cardiovascular system in uremic patients. This review will provide an overview of cardiovascular
changes in chronic kidney disease (CKD) and ESRD, a description of reported mechanisms for
HD-induced myocardial injury, comparison of HD with other treatment modalities in the context
of CVD, and possible management strategies.

[. Introduction

In the United States, there are more than 675,000 patients with end stage renal disease
(ESRD), costing the Medicare system more than $32 billion annually.! There are more than
400,000 patients on hemodialysis (HD) and despite advancements in treatment,
hospitalization rates and mortality remain high and quality of life is poor. More than half of
all deaths among ESRD patients are due to cardiovascular disease (CVD), with arrhythmias
and cardiac arrest responsible for 38% of deaths alone. 1 Interestingly, ESRD patients
exhibit reverse associations with traditional CVD risk factors as the general population.
Obesity, hypercholesterolemia, and hypertension paradoxically appear to be protective
features, in contrast to the general population.2

The largely unexplained reverse epidemiology of CVD among ESRD patients is one
indication that, despite continued advancements in understanding and managing CVD and
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ESRD, we do not understand the intersection of these co-morbid diseases. Additionally, the
impact of renal replacement therapy (RRT) on cardiovascular function and injury is not well
understood and may inadvertently be contributing to the accelerated development of Type 4
cardiorenal syndrome [CRS; chronic Kidney disease (CKD) leading to an impairment of
cardiac function]. This review will provide an overview of cardiovascular changes in CKD
and ESRD, a description of reported mechanisms for HD-induced myocardial injury,
comparison of HD with other treatment modalities in the context of CVD, and possible
management strategies.

Il. Cardiovascular changes in uremic patients

Anemia

Thrombosis

There are many changes secondary to renal dysfunction that are acknowledged to contribute
to the pathophysiology of Type 4 CRS, including fluid overload, uremic cardiomyopathy,
secondary hyperparathyroidism, and anemia. However, the unique physiology of
cardiovascular abnormalities in dialysis patients remains poorly understood (Figure 1)
Several more recently recognized factors, including altered lipid metabolism and
accumulation of gut microbiota-derived uremic toxins like trimethylamine N-oxidase
(TMAO), also affect cardiovascular function in the context of renal failure. In this section,
we will explore a few unique characteristics of RRT patients which leave the cardiovascular
system susceptible to hemodialysis-induced injury, focusing on non-traditional factors.

Anemia, a common complication of kidney failure mainly due to erythropoietin deficiency,
is an independent risk factor for adverse cardiovascular outcome in patients on RRT.3
Responses to chronically low arterial oxygen content, including increased cardiac output and
left ventricular hypertrophy, may be maladaptive in the uremic setting.®> Anemia also
promotes cardiac ischemia through a combination of reduced oxygen delivery and
endothelial dysfunction-related atherosclerosis.>~"

In addition to its cardiac effects, anemia also promotes vascular dysfunction. The resulting
reduced shear stress of anemia promotes endothelial dysfunction by altering signaling in the
endothelium.8 Hemoglobin variability is also associated with carotid intima-media thickness
in chronic hemodialysis patients.®

Notably, although erythropoietin-stimulating agents (ESA) effectively increase hemoglobin
levels, higher doses and higher hematocrit management goals have failed to show benefits in
mortality in several RCTs.10:11 Secondary analyses of these trials has implicated high ESA
dose or ESA resistance, rather than higher hemoglobin levels, as the cause of adverse
cardiovascular event,12-14

Acquired intrinsic platelet abnormalities, resulting in altered platelet recruitment to the
subendothelial surface, have repeatedly been described in the CKD population.1® Anemia
and its connection to endothelial dysfunction, described previously, also play a role in
hemostasis pathology in renal failure patients. 1 Platelets in ESRD patients have a reduced
serotonin content in their granules and impaired thrombin-induced ATP release.16 Patients
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with ESRD are simultaneously at increased risk of bleeding and are in a prothrombotic state,
making use of antithrombotic agents in the ESRD population complex with little clinical
evidence to back therapy decisions.’

Vasculopathy

Both atherosclerosis and arteriosclerosis are predominant in uremic patients.18:19
Atherosclerosis is characterized by plaque formation in medium-sized arteries while
arteriosclerosis is characterized by diffuse calcification and dilation of the medial layer of
the aorta and major branches. In uremic patients, hyperparathyroidism secondary to
derangements in calcium, phosphate, fibroblast growth factor 23, and vitamin D homeostasis
in CKD patients leads to thickening of blood vessels.® Hypertension also contributes to
vasculopathy. Anemia also contributes to vasculopathy by decreasing nitric oxide synthesis
and increasing LDL oxidation, a key step in atherosclerotic plaque formation.>~’
Calcification and atherosclerotic changes in coronary vasculature promote chronic
myocardial ischemia, rather than acute syndromes, which may explain the relatively low
incidence of acute myocardial infarction in this population.20

Uremic Toxin Accumulation

Since the early days of dialysis urea levels have been used to assess and guide dialysis
prescriptions., Urea offers a practical measure of the effect of dialysis but is itself only a
minor contributor to uremic illness.?! Identification of other, more toxic solutes has been
slow and clinical practice has evolved to use Kt/Ve; almost exclusively to guide dialysis
therapy. 22 However, Kt/Ve5 does not strongly correlate with clearance of other uremic
toxins23 and the design of dialysis membranes is optimized for urea removal. With urea
kinetics driving dialysis therapy, there is little consideration of accumulation of microbiota-
derived uremic toxins such as trimethylamine-N-oxidase (TMAQ) that are not routinely
monitored but contribute to CVD risk.24 In addition, CKD patients exhibit a vicious cycle of
uremia-induced disruption of colonic epithelial tight junctions?® leading to endotoxemia,
systemic inflammation, and further susceptibility to uremic toxin accumulation.

Recently, trimethylamine-N-oxide (TMAO), a gut microbial-dependent metabolite cleared
by the kidney, has been associated with CVD and increased risk of adverse cardiac events.24
In a clinical cohort of over 4,000 patients, TMAQ levels predicted the risk of incident major
adverse cardiovascular events independent of traditional CVD risk factors.26 In CKD
patients, TMAQ is both a biomarker and a renal toxin, contributing to development of renal
insufficiency and portending poorer long-term survival.2 In a sub-analysis of patients from
the HEMO study, TMAO levels were associated with higher risk of cardiac death, sudden
cardiac death, first cardiovascular event, and any-cause death.23 Although TMAO is a small
molecule that is readily cleared by dialysis, Kt/Ve5 does not correlate with TMAO
clearance.23 TMAO levels reach multiples of normal much greater than those for urea in
ESRD.28 More focused monitoring of uremic toxin accumulation may allow for better
prediction, and prevention, of cardiovascular complications for hemodialysis patients. Table
1 summarizes major studies on TMAO in the dialysis population.
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While TMAQ is dialyzable and may be cleared better with more frequent dialysis,2° P-
creosol sulfate and indoxyl sulfate are protein-bound, non-dialyzable uremic toxins which
induce vascular inflammation, endothelial dysfunction, and vascular calcification. In dialysis
patients, p-creosol sulfate and indoxyl sulfate are 17 and 54 times higher than healthy
subjects.30 In both dialysis and non-dialysis patients, free p-creosol sulfate concentrations
are associated with CVD and mortality. In analysis of HEMO Study participants, there was
no correlation between p-cresol sulfate and indoxy! sulfate and cardiovascular outcomes;
however, among patients with low albumin levels, there was such an association.3!

AST-120 is an orally administered binder that can adsorb small molecule uremic toxins and
is used internationally to slow the progression of renal disease and improve uremic
symptoms.32 However, compliance is limited as AST-120 has a high pill burden. In the
United States, two randomized clinical trials, EPPIC-1 and EPPIC-2, adding AST-120 to
standard therapy in patients with moderate to severe CKD did not significantly delay disease
progression.33 AST-120 may be effective in preventing cardiovascular complications
specifically; however, this has not been studied in depth.34

Cardiotonic steroid accumulation

Cholesterol

Cardiotonic steroids are among many compounds that accumulate in renal failure and affect
cardiovascular function.3® These compounds inhibit sodium-potassium ATP-ase, affecting
intra- and extra-cellular volume, electrolyte hemostasis, and myocardial contractility,
elevating blood pressure. These cardiotonic steroids include endogenous digoxin and
digitoxin, ouabain (EO), and marinobufagenin (MBG) and are increased in a variety of
clinical conditions, including renal failure, hypertension, and congestive heart failure.36 In
addition to Na/K-ATPase activity, CTSs also affect intracellular activity to produce dose-
dependent changes in gene expression, which indicates CTSs as a novel class of steroid
hormones.37

In rats, partial nephrectomy increases plasma MBG, which stimulates fibroblast collagen
production and causes fibrosis while immunization against MBG results in less cardiac
hypertrophy, diastolic dysfunction, and cardiac fibrosis.3® In the setting of heart failure,
MBG is associated with right ventricular dysfunction and cardiac fibrosis.3® MBG-induced
fibrosis may be mitigated by mineralocorticoid antagonists, which exhibit competitive
inhibition of MBG’s effect on Na/K-ATPase; in a small prospective study of resistant
hypertension patients, who exhibited elevated plasma MBG and reduced Na/K-ATPase
activity, spironolactone was associated with restoration of Na/K-ATPase activity, decreased
arterial pressure, and decreased pulse wave velocity.*0 CTSs work in conjunction with
RAAS to regulate hemodynamic parameters #1; their accumulation and dose-dependent long
term effects on gene expression in the context of ESRD has not been studied.

Current guidelines by KDIGO*2, ACC/AHA%3, and ESC** recommend not initiating lipid-
lowering therapy in dialysis patients. These recommendations are based on several clinical
trials which failed to show that statin therapy is beneficial in reducing cardiovascular
mortality in the dialysis population, despite therapy being widely used to prevent
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cardiovascular events in the general population. The 4D study (Die Deutsche Diabetes
Dialyse Studie)*® and AURORA study (A Study to Evaluate the Use of Rosuvastatin in
Subjects on Regular Hemodialysis: An Assessment of Survival and Cardiovascular
Events)*® studied statin therapy in CKD patients on dialysis while SHARP (Study of Heart
and Renal Protection)4’ sampled nondialysis and dialysis CKD patients and showed a
benefit in reducing atherosclerotic events with a combination of simvastatin and ezetimibe.

There is some evidence that hemodialysis patients are high “cholesterol absorbers” and low
synthesizers as demonstrated by higher levels of cholestanol (a marker of intestinal
cholesterol absorption) and lower levels of lathosterol (a marker of intestinal cholesterol
synthesis), in which case ezetimibe may be more appropriate than statins and warrant further
investigation.#849 However, subgroup analysis of dialysis patients in the SHARP study did
not show benefit of combination simvastatin and ezetimibe in reducing atherosclerotic
events.*” The failure of the SHARP study, and others on statin therapy for CKD patients,
may be due to under representation of late-stage renal disease patients.10 However, there is
evidence that our classical understanding of cholesterol metabolism is challenged in RRT
patients, and further study of lipid transport in these patients may be warranted.

Proteomics has revealed structural and functional alterations in HDL from CKD patients.
Compared to healthy controls, HDL from ESRD-HD patients has been shown to be much
less effective in cholesterol efflux and regulation of inflammation.59-51 HDL from HD
patients also promotes endothelial dysfunction via accumulation of symmetric
dimthylarginine (SDMA), which is associated with increased all-cause and cardiovascular
mortality.52 HDL with low SDMA is also f associated with lower mortality, which may
allow SDMA to be an indicator of biologically effective HDL in CKD patients.2 It is not
clear what causes the change in HDL structure and function, whether it be uremia,
accumulation of other compounds, RRT, or other factors.

The structural and functional alterations in HDL in the setting of kidney failure help explain
why, in contrast to the general population, high HDL-C levels are not associated with lower
cardiovascular event rates among CKD patients.53:54 The relationship between HDL-C and
all-cause and CV mortality has been described as U-shaped in HD patients.>3 Similarly, a
study of 1.7 million men has found that lower eGFR attenuates any salutary effect of HDL-
C_54

There is a bidirectional relationship between cholesterol and inflammation. Malnutrition and
inflammation are cholesterol-lowering. In turn, cholesterol has anti-chemotactic ability and
can attenuate inflammation. HDL from HD patients is less efficacious in its anti-chemotactic
ability and regulation of inflammation.>! The Choices for Healthy Outcomes in Caring for
ESRD study demonstrated that cardiovascular mortality increased significantly with elevated
total cholesterol levels when inflammation and malnutrition were absent but decreased in the
presence of these states.5® Statin treatment may increase HDL-C and inhibit the micro-
inflammatory state in HD patients.>® Outcome data related to HDL-C levels in renal failure
patients are difficult to interpret in the context of altered HDL-C functionality. Similarly, the
states of inflammation and malnutrition are important to evaluate when considering the
association of cholesterol levels with mortality. Further study of the effects of uremia and
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dialysis on lipid transport is warranted, which may guide clinical trials of statin therapy
towards usage of outcomes dependent on HDL-C quantity and quality.

lll. Hemodialysis-induced stress and injury

AV Fistula

Though hemodialysis should theoretically improve cardiovascular function by correcting
fluid overload and small molecule accumulation, cardiovascular mortality continues to be
disproportionately high in the hemodialysis population.t Comorbidities of diabetes and
neuropathy may cause myocardial injury to remain subclinical and make assessment of
CAD difficult; in one study, roughly 70% of dialysis patients with proven CAD were
without angina.®’

Left ventricular hypertrophy (LVH) is very common cardiac finding in dialysis patients; in
one cohort study it was present in 74% of ESRD patients.>® Chronic volume overload with
subsequent neurohormonal activation, the effects of AV fistulae, hypertension and uremic
toxin accumulation all contribute to LVH in ESRD. LVH in turn promotes cardiac ischemia
by increasing extra-coronary resistance and reducing coronary blood flow reserve, which has
been demonstrated in the ESRD population.>%0 In addition to LVH, interstitial fibrosis of
the myocardium is commonly found in dialysis patients and is not completely explained by
fluid overload; excessive RAAS activation, hyperphosphatemia, secondary
hyperparathyroidism, and oxidative stress contribute to interstitial fibrosis.59 Fibrosis and
LVH both increase risk of arrhythmogenesis. In addition to baseline cardiovascular
complications of renal failure, there are many aspects of hemodialysis, including preparation
and management and the process itself, that likely contribute to cardiovascular dysfunction,
which we will review in this section.

An arteriovenous (AV) fistula is the most common and preferred vascular access for chronic
hemodialysis patients due to high blood flow rate, patency, and low infection risk. Compared
to AV graft or a central venous catheter, an AV fistula is associated with lower all-cause and
cardiovascular mortality.51 However, creation of the fistula leads to circulatory
compensation for reduced vascular resistance by activation of RAAS and sympathetic
systems, ultimately increasing cardiac output. In the setting of high AV access blood flow,
patients have symptomatic high-output heart failure, with CO rising 7-10 L/min. A high-
output state further promotes LV hypertrophy in dialysis patients.62 The increased oxygen
demand and decreased coronary blood flow caused by LV hypertrophy can lead to
subendocardial myocardial ischemia after AV fistula formation.83 Congruently, patients with
AV fistula closure show a decrease in both eccentric and concentric hypertrophy.64 Banding
and revision to reduce AV fistula blood flow can improve cardiac structure and
hemodynamics.55:66

Biomaterials contact

Dialysis clears many toxins that impair platelet function.1> However, regardless of potential
correction of platelet abnormalities, dialysis inherently promotes thrombosis and
inflammation, which are already prevalent in the uremic state, due to contact between blood
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and artificial surfaces of tubing and dialyzer membrane. Artificial materials are covered by a
thin film of plasma proteins within seconds of exposure, altering protein conformation and
leading to activation of complement and coagulation.5” Early use of complement-activating
cellulose filters in hemodialysis gave rise to anaphylactoid reactions, which are largely
avoided now, and significant advancements in dialyzer membrane technology have occurred
since Wilhelm Kolff’s ingenious use of sausage casings. 58

Current dialyzer membranes, optimized for pore size manipulation and permeability are,
however, hydrophobic and provide ample surface area for protein deposition. 6 These
membranes are highly prone to deposition of IgG, C3, and fibrinogen, promoting
complement activation and coagulation.89 Surface-modified hydrophilic membranes are
available, which have lower protein-adsorptive properties, but are more expensive and less
commonly used.”® In addition to material surfaces, continuous generation of gas-plasma
interfaces (bubbles) in pumps and gas traps provide unsaturable surface area for protein
absorption and contact activation.5®

Cardiovascular event incidence is high in the first few weeks after hemodialysis initiation’®
and is associated with systemic inflammation and endothelial dysfunction in hemodialysis
patients.’”2 C-reactive protein and other inflammatory markers pre-dialysis are independently
associated with hemodialysis-induced regional LV systolic dysfunction.”® Complement
activation leading to leukocyte activation occurs in the first 30 minutes of hemodialysis
sessions leading to pro-inflammatory changes in cytokine transcription profiles.6%.71.74 The
mechanistic link between inflammation and cardiovascular disease is not clear and involves
significant crosstalk between inflammation, thrombosis, and vascular dysfunction pathways.
Complement anaphylatoxin C5a, activated by hemodialysis biomaterials, results in
expression of functionally active tissue factor in leukocytes’® and likely contributes to the
pathogenesis of cardiovascular disease. Heparin can inhibit complement; however, this effect
is not seen in the doses typically prescribed during dialysis®®

Hemodynamic stress

Thrice-weekly hemodialysis has become the conventional prescription for renal replacement
therapy due to feasibility, logistics, patient convenience, costs, and physiological
experiments. As technology and medical practice continue to advance, dialysis sessions have
been shortened and fluid removal has become more rapid. As dialysis pulls fluid from the
intravascular compartment which in turn draws fluid from the interstitial fluid compartment,
any mismatch in plasma removal and refill rates can lead to rapid volume contraction. Rapid
volume contraction normally induces a baroreceptor-mediated reflex arc; however, uremic
patients exhibit impaired baroreceptor sensitivity, which is associated with worse outcomes
in dialysis patients.’® The non-physiological fluid removal by HD likely imposes
hemodynamic stress on the already maladaptive cardiovascular system in uremic patients.

Vascular calcification in uremic patients also reduces the amount of reserve volume from
which fluid can be drawn during hemodialysis, leaving uremic patients even more
susceptible to rapid volume contraction.? Intradialytic hypotension, a common
complication of hemodialysis, is predictive of increased mortality and may reflect an overly
aggressive fluid removal regimen.’’ Additionally, dialysis patients typically gain a
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significant amount of fluid weight between sessions. This rapid cycling in volume status
likely adds further stress on the cardiovascular system. The level of interdialytic fluid
retention is associated with cardiovascular mortality in hemodialysis patients.”8

Vascular changes

Levels of nitric oxide (NO), a key regulator of endothelial function which promotes
vasodilation, decline during hemodialysis.”® Nitric oxide bioavailability is tightly linked
with hemoglobin levels, with cell-free hemoglobin scavenging NO 1,000 times more rapidly
than red blood cells.8%:81 When hemoglobin escapes red blood cells, a process deemed
decompartmentalization, the bioavailability of NO decreases dramatically, preventing
endothelium signaling to smooth muscle cells. In a small prospective study (n=14),
hemodialysis led to decompartmentalization of hemoglobin, decrease in NO, and subsequent
endothelial dysfunction defined by reduction in flow-mediated dilation.82

Myocardial ischemia and stunning

Asymptomatic dynamic ST-T changes suggestive of silent ischemia during hemodialysis
have been repeatedly reported; however, electrocardiograms are difficult to interpret in this
population given the concomitant rapid changes in electrolyte levels.83:84 Hemodialysis also
induces repolarization abnormalities, which are associated with changes in calcium levels
and ultrafiltration volume.85

Prospective, observational studies of hemodialysis patients show that hemodialysis induces
acute reduction in global myocardial blood flow, with segments particularly deprived of
blood flow developing right wall motion abnormalities (RWMAs).86:87 Ultrafiltration
volume and reductions in systolic BP are each associated with hemodialysis-induced
RWMAS;88 these results suggest that myocardial stunning occurs progressively throughout
hemodialysis, almost like a dose-response curve. Age and cardiac troponin T, a marker of
myocardial injury, are each associated with hemodialysis-induced RWMAs.88 In the long-
term, patients with hemodialysis-induced RWMAs have significantly increased
mortality/3:88 and decreased ejection fraction® compared to those not developing RWMAs
during dialysis. In a small trial of 12 patients on either hemodialysis or hemodiafiltration,
100% of patients experienced some degree of segmental left ventricular dysfunction, with
severity proportional to ultrafiltration rate and reduction in BP.89

IV. Therapeutic Interventions

Intensive hemodialysis, peritoneal dialysis, and hemodiafiltration may be more effective in
preventing cardiovascular complications of renal failure and renal replacement therapy than
conventional hemodialysis due to slower fluid removal and/or middle-sized uremic toxin
removal. Pharmacological therapy may also help mitigate adverse cardiovascular effects in
ESRD patients; however, cardiovascular pharmacological therapy is also underutilized in the
dialysis population, and knowledge of treatments proven in the general population do not
necessarily apply to dialysis patients.
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Therapy modality

Intensive hemodialysis sessions are generally more frequent but either shorter or more
prolonged than usual in duration. This may mitigate problems of aggressive fluid removal
discussed previously. In one RCT, frequent nocturnal hemodialysis was associated with
regression in LV mass.9% A benefit in a composite outcome of death, LV mass, and quality of
life was associated with intensive hemodialysis in the Frequent Hemodialysis Network
(FHN) Daily trial; however, there was insufficient evidence for significant claims about each
index individually.®? Higher powered randomized clinical trials are needed in order to fully
assess the potential survival benefit of intensive dialysis.

Peritoneal dialysis (PD) theoretically presents benefits over conventional hemodialysis
including less systemic inflammation, better hemodynamic stability, slower fluid removal,
and improved clearance of uremic toxins whose removal is treatment time dependent (eg
intracellular and protein bound toxins). However, LV hypertrophy is more common and
more severe in PD patients®2 and HD patients may have more effective BP control.%3 PD
fluids with reduced levels of glucose degradation products may improve membrane integrity
and provide a cardiovascular benefit.%* The most recent randomized clinical trial in the
United States failed to show a difference in 5-year survival between PD and HD.%°

Hemodiafiltration (HF) may have a beneficial effect on left ventricular diastolic function
compared to HD according to one cross-over trial.%6 However, intradialytic cardiac magnetic
resonance imaging on 12 patients randomly allocated to either HD or HF showed
insufficient evidence for a significant difference between the two treatment modalities on
cardiovascular responses to dialysis; the limited number of patients evaluated may account
for the inconsistent findings®® In two recent RCTs, online hemodiafiltration showed a trend
towards improved survival over low- and high-flux hemodialysis.®”:98 Even more recently,
the On-Line Hemodiafiltration Survival Study (ESHOL), which compared high convection
volume hemodiafiltration to conventional high-flux hemodialysis, showed a 30% decrease in
all-cause mortality.99

Pharmacological therapy

Many RCTs exclude ESRD patients due to complications of impaired drug metabolism and
hemodynamic instability. Cardiovascular pharmacological therapy is also underutilized in
the dialysis population, and knowledge of treatments proven in the general population do not
necessarily apply to dialysis patients, as exhibited by RCTs on statin therapy in ESRD
patients.

In a recent meta-analysis of randomized controlled trials of angiotensin-converting enzyme
inhibitors (ACEIs) and angiotensin receptor blockers (ARBS) in dialysis patients, ARB
therapy reduced the risk of heart failure by 33%.190 While RAAS blockade raises concerns
of hypotension and hyperkalemia, these side effects may be outweighed by potential
increased survival and cardiac function. Combination ARB and ACEI therapy appears to
decrease the loss of residual renal function in patients on peritoneal dialysis patients.100
There is no evidence that ARB and ACEI treatment differs with regard to myocardial
infarction, stroke, cardiovascular death, and all-cause mortality.190 In an earlier meta-
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analysis, ACEI and ARB treatment individually reduced LV mass in HD patients but were
not associated with reduction of cardiovascular events.191 More evidence is needed to
definitively determine the utility of ACEI and ARBS in HD patients. In addition to
decreasing afterload, aldosterone antagonism posits benefit in inflammation and fibrosis.102
Small studies of spironolactone versus placebo in maintenance HD patients have shown
reduction in systolic blood pressure, aortic calcification, and mortality.13 Currently, two
large trials of aldosterone antagonist therapy, ALCHEMIST and MiRENDa, are underway.

Hemodialysis-induced myocardial ischemia could possibly be mitigated with the use of
beta-blockers, which have substantially improved survival in patients with acute coronary
syndromes and heart failure. In 114 dialysis patients with dilated cardiomyopathy, carvedilol
significantly improved cardiovascular mortality, LV function, and LV morphology.1%4 In a
follow-up study, patients treated with carvedilol had a 50% lower mortality rate than patients
receiving placebo.19% Evidence for use of others beta blockers in the ESRD population has
been limited,196 however, carvedilol’s proven benefit on cardiac remodeling in the general
population and its reported benefit thus far necessitate further study in HD patients.

Conclusions

Cardiovascular disease is highly prevalent among the ESRD and CKD population.
Cardiovascular dysfunction can be due to a myriad of factors originating from the disease
pathology itself and from inadvertent effects of renal replacement therapy. Additional
investigation of cardiovascular pharmacological therapeutics specifically within the dialysis
population is needed to make evidence-based clinical decisions to mitigate CVD in this
high-risk population. Further advancements in dialysis technology may also provide an
opportunity to prevent cardiovascular disease complications of dialysis treatment.
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Figure 1.
Factors affecting hemodynamic-induced cardiovascular disease
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Table 1

Major studies on trimethylamine A-oxide (TMAO) in dialysis patients

First author, year

Sample

Significant Findings

Bain MA, 2006 107

10 healthy adults
10 ESRD adults on HD

Pre-dialysis plasma TMA was 2-fold higher than healthy subjects; single
hemodialysis session reduced TMA 65%

Choi J, 2010 108

18:18:18 PD patients, HD patients,
and normal controls matched for age,
sex, and dialysis duration

Serum TMAO higher in dialysis patients than control group

Kaysen GA, 2015 109

235 HD patients
Pooled control sample

Serum TMAO higher in HD patients, directly correlated with serum albumin,
prealbumin, creatinine, inversely correlated with log(CRP)

Stubbs J, 2016 110

324 CKD patients

Serum TMAQO higher in dialysis patients vs healthy controls; renal
transplantation resulted in ~80% reduction; TMAO an independent predictor
of coronary atherosclerosis burden (hazard ratio 1.26 per 10 /M increment)

Meyer T, 2016 2°

1281 patients from HEMO study

High-dose HD reduced TMAO levels by 9% compared to standard HD;
achieved Kt/V e, accounted for very little of variation in nonurea solutes

Shafi T, 2017

1232 patients from HEMO study

TMAQO associated with higher risk of cardiac death, sudden cardiac death, first
cardiovascular event, and any-cause death but effects differ by race

TMAO trimethylamine N-oxide; ESRD end stage renal disease; HD hemodialysis; PD peritoneal dialysis; TMA trimethylamine (TMAO
precursor); CRP C-reactive protein
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