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There is a well-established yet unexplained high prevalence of cardiovascular morbidity and mortality in
individuals with end-stage kidney disease receiving dialysis. Potential causes include changes in cardiac
structure and function, with increased left ventricular mass index as the best established cardiac structural
change associated with this increase in mortality. However, in recent years, new echocardiographic and
cardiac magnetic resonance imaging techniques have emerged that may provide novel markers that may
better explain the mechanisms underlying the cardiovascular morbidity and mortality observed in end-
stage kidney disease. This review outlines advances in cardiac imaging and the current status of imag-
ing modalities, including echocardiography, cardiac magnetic resonance imaging, and cardiac positron
emission tomography, to identify dialysis patients at high risk for cardiovascular mortality.
© 2020 The Authors. Published by Elsevier Inc. on behalf of the National Kidney Foundation, Inc. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
INTRODUCTION

The incidences of cardiovascular morbidity and mortality
in individuals with end-stage kidney disease (ESKD)
receiving dialysis is greater than those in the general
population.1 The US Renal Data System estimates the
prevalence of cardiovascular disease in patients with ESKD
receiving hemodialysis (HD) at 70.6% and that in patients
receiving peritoneal dialysis at 57.8%.2 Furthermore,
arrhythmia/cardiac arrest alone is the cause of death in
w40% of dialysis patients.2 There is little evidence to
support the effectiveness of traditional approaches to risk-
factor modification using medications or lifestyle changes
in this population. Further, coronary artery revasculariza-
tion in patients with documented coronary artery disease
did not alter rates of arrhythmic death.3,4

Given the high prevalence of cardiovascular death, there
has been increased interest in the identification of struc-
tural changes within the heart that could be used to predict
mortality risk in a given individual. Such structural
changes, which have become part of the syndrome known
as uremic cardiomyopathy, appear to be due to a combi-
nation of chronic inflammation, ischemia due to coronary
microcirculatory dysfunction, anemia, volume and pres-
sure overload, and myocardial fibrosis.5-9

Echocardiography is the most widely available, least
invasive, and least expensive technology for the evaluation
of myocardial structure and function in individuals with
ESKD receiving dialysis at risk for cardiovascular disease.10

In recent years, new echocardiographic techniques, as well
as the emergence of cardiac magnetic resonance, have
shown promise in identifying structural changes consistent
with uremic cardiomyopathy. This article reviews these
new techniques and their relationship to the unexplained
cardiovascular mortality in the ESKD population.

PATHOPHYSIOLOGYOF CARDIAC FIBROSIS IN

ESKD

The heart undergoes significant changes in structure and
function beginning with the onset of chronic kidney
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disease (CKD) and worsening with progression to ESKD
through multiple mechanisms involving endocrine
dysfunction (alterations in calcium/phosphate homeosta-
sis), increased arterial pressure, volume overload, uncon-
trolled inflammation, anemia, and changes in the cardiac
microvasculature.11-13

These pathologic mechanisms persist and progress
during the development of ESKD, in which further changes
in cardiac microvasculature, along with the initiation of
kidney replacement therapies, can accelerate myocardial
fibrosis.12,14 Qualitative postmortem evaluation of coro-
nary arteries in a cohort of patients with ESKD compared
with nonrenal controls with coronary artery disease
demonstrated significantly more calcified plaque, as well as
significantly greater media thickness.15 However, there is
evidence that up to 50% of uremic patients who presented
with anginal symptoms had no evidence of clinically sig-
nificant large-vessel coronary artery disease on cardiac
catheterization, suggesting that changes to the microvas-
culature played a role in the development of cardiac
structural changes.14 Similar to the changes observed in
human epicardial coronary arteries, changes to the wall
thickness and wall to lumen ratio of small intramyocardial
arteries occur in animal models with induction of uremia,
accompanied by increased expression of vascular endo-
thelial growth factor corrected for hypertension.16-18

Additionally, rat models of kidney failure have
demonstrated capillary-myocyte mismatch, as well as
cardiac hypertrophy in the setting of increased extracellular
collagen deposition.19,20 These findings were mirrored in
dialysis-dependent individuals in a small post mortem
case-control study.9 Increased capillary density is typically
a compensatory response to maintain blood supply in
response to physiologic hypertrophy, such as exercise or
pregnancy. However, in pathologic hypertrophy,
decreased angiogenesis leads to microischemia and con-
tributes to fibrosis.21 Interestingly, the severity of the
decrease in capillary supply noted in uremic animal models
has not been demonstrated in animal models of essential
hypertension.14
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PLAIN-LANGUAGE SUMMARY
The development and progression of heart disease in
individuals with end-stage kidney disease receiving
maintenance dialysis remain poorly understood. His-
torically, through the use of cardiac imaging, enlarge-
ment of the heart has been associated with increased
mortality in patients with kidney disease receiving
dialysis. In recent years, new imaging methods have
provided insight into the changes in the structure and
performance of the heart that may begin to explain the
increase in mortality observed in these patients. With
further advances in understanding the changes to the
heart structure and function, as well as the process that
leads to these changes, there is a potential for early
identification of patients receiving dialysis who are at
risk for the development and progression of heart
disease.
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HD can result in transient reductions to myocardial
blood flow through hemodynamic shifts, which can lead
to microvascular ischemia and long-term myocardial
stunning.7,22,23 Intradialytic hypotension, a common
occurrence in HD, is associated with increased mortality. It
also limits ultrafiltration and the efficacy of dialysis and is
associated with endothelial dysfunction, increased arterial
stiffness, and myocardial stunning.24-26 Following intra-
dialytic hypotension, reperfusion contributes to the crea-
tion of reactive oxygen species, which further exacerbates
myocardial fibrosis.26 Furthermore, increased myocardial
afterload and compressive forces due to volume overload
can increase myocardial energy expenditure, which also
promotes cardiac remodeling.26 However, peritoneal
dialysis is associated with a lower incidence of cardiovas-
cular disease compared with patients treated with HD.2

Interestingly, a small prospective study of 10 peritoneal
dialysis patients demonstrated less pronounced hemody-
namic effects and thereby lower frequency of myocardial
stunning.27

Cardiac Imaging in ESKD

Echocardiography
Echocardiography provides a noninvasive and cost-
effective means of evaluating cardiac structure and func-
tion in the ESKD population (Table 1).10 Additionally, due
to the ease with which echocardiography can be per-
formed, it can provide valuable information across various
clinical situations.28

Volume and Pressure Abnormalities. Historically,
aside from traditional markers of abnormal cardiac struc-
ture or function such as depressed ejection fraction, dia-
stolic dysfunction, ventricular dilation, and left ventricular
(LV) wall motion abnormalities, the echocardiographic
finding of increased LV mass index (LVMI) has been a
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classic marker for increased cardiac mortality risk in pa-
tients with ESKD.10,29 Bansal et al30 used serial echocar-
diography to determine changes in cardiac structure and
function and their relationship to mortality in a cohort of
417 patients with CKD as they progressed to ESKD. They
observed an overall reduction in LVMI with an improve-
ment in diastolic relaxation during a mean follow-up of
0.89 year after the initiation of kidney replacement ther-
apy. However, despite the observed improvement after the
initiation of kidney replacement therapy, the well-
established association of increased LVMI as a risk factor
for mortality was again demonstrated in this study.30 In
addition, they found a 4% decrease in LV ejection fraction
(LVEF) and an 8% increase in LV end-systolic volume
(another marker of LV function) after the initiation of
dialysis. This decline in LVEF after the initiation of dialysis
was also associated with an increase in postdialysis
mortality.

Alterations in Cardiac Systolic Function. Speckle
tracking echocardiography (STE) is a relatively new tech-
nique that can identify abnormal systolic myocardial LV
function in the setting of normal LVEF in individuals with
CKD.31 STE tracks the motion of reflections within the
myocardium to assess myocardial deformation during
systole, or systolic strains. Both global average systolic LV
myocardial circumferential, longitudinal, and radial strains
and strain rates and segmental strain and strain rates can be
assessed (Fig 1).32

Ravera et al33 used STE to evaluate LV global longitudinal
strain (LVGLS) in 70 individuals at various stages of CKD
(defined as CKD stages 2-4, ESKD receiving dialysis, and
post–kidney transplantation) and compared results with
those found in patients with hypertension and healthy
controls. Patients with ESKD demonstrated significantly
abnormal LVGLS compared with both hypertensive in-
dividuals and controls. Abnormal LVGLS was most closely
associated with 2 sequelae of volume and pressure overload,
increased LVMI and with abnormal E/e0 ratio—the ratio of
the peak velocity of early diastolic filling (E) to the early
diastolic lengthening of the left ventricle (e0).

Sun et al34 also used STE to evaluate strain as a potential
predictor of adverse cardiac events in HD patients. In this
study, 66 patients receiving HD for at least 6 months
without a history of cardiac disease and 22 age- and sex-
matched controls underwent 3-dimensional (3D)-STE.
This cohort had significantly lower LVGLS and LV global
radial strain with lower ejection fraction within the normal
range as compared with controls during a 2-year follow-
up period. However, after multivariate analysis, LVGLS
and LVMI were the only echocardiographic parameters
associated with an increased risk for cardiovascular events
(odds ratio [OR], 3.94; 95% confidence interval [CI],
1.33-11.66 for LVGLS and OR, 1.04; 95% CI, 1.01-1.07
for LVMI). Interestingly, LVGLS greater than −17.2% was
87.0% sensitive and 79.1% specific for prediction of a
major cardiovascular event.
Kidney Med Vol 2 | Iss 5 | September/October 2020



Table 1. Markers of Cardiac Structure and Function in ESKD

Measure Definition Indicator Related Studies
Left ventricular mass Estimated mass of left ventricle Left ventricular hypertrophy 10, 29, 30
Left ventricular mass
index

Estimated mass of left ventricle
divided by body surface area

Left ventricular hypertrophy 10, 29, 30, 44, 45, 46,
52, 55, 59

Left ventricular ejection
fraction

The end-diastolic volume of left
ventricle minus end-systolic volume,
divided by end-diastolic volume

Left ventricular systolic chamber function 30, 35

Left ventricular end-
systolic volume

Volume of blood in left ventricle
at end of systolic ejection

Left ventricular systolic function 30

Left ventricular end-
diastolic volume

Volume of blood in left ventricle
at end of diastole

Left ventricular structure 47

E/e’ ratio The ratio of peak velocity of early
diastolic filling (E) to early diastolic
lengthening of left ventricle (e’)

Left ventricular diastolic dysfunction 33, 35

Systolic strain Percent shortening or lengthening
of myocardium in systole in a given
plane

Systolic myocardial function

Global longitudinal
strain

Strain in planes parallel to long
axis of ventricle (negative systolic
value due to systolic shortening)

Left ventricular systolic myocardial
function

33, 34, 35, 38, 50, 58

Global radial strain Transmural myocardial thickening,
orthogonal to longitudinal stain
and perpendicular to endocardium
(a positive value)

Left ventricular systolic Myocardial
function

34

Circumferential strain Strain along circumference of
short-axis planes perpendicular
to length of the ventricle

Left ventricular systolic myocardial
function

49, 50

Mechanical
dyssynchrony

A prolonged delay between beginning
and end of the onset of systolic
strain or wall thickening in myocardium
of a cardiac chamber

Systolic dysfunction that can be improved
by resynchronization of contraction

34, 38, 39

Abbreviations: E/e0 , the ratio of the peak velocity of early diastolic filling (E) to the early diastolic lengthening of the left ventricle (e0); ESKD, end-stage kidney disease.
Definitions adapted from Feigenbaum’s Echocardiography 7th edition.69
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Furthermore, a recent cross-sectional single-center
Chinese study used STE in an evaluation of the association
of cardiac valve calcification and LV function in long-term
HD patients of more than 5 years.35 Despite normal ejec-
tion fractions in those with and without valve calcification,
abnormal LVGLS was highly associated with valve calcifi-
cation in this population (−0.18 ± 0.03 in the valve
calcification population vs −0.25 ± 0.04; P < 0.0001).35

This subtle myocardial dysfunction was accompanied by
diastolic dysfunction with an increased septal E/e0.35

Arrhythmia. Ventricular dyssynchrony, or heterogene-
ity of regional myocardial excitation and contraction due to
an altered conduction system, can also predispose patients
to cardiac arrhythmias.36 Novel echocardiographic tech-
niques are typically used to assess ventricular dyssynchrony
in patients with depressed ejection fraction.37 Sun et al34

used 3D STE to compare ventricular dyssynchrony in age-
and sex-matched healthy controls and patients with ESKD
receiving HD. Although HD patients exhibited a signifi-
cantly increased systolic dyssynchrony index, this was not a
predictor of cardiovascular events (OR, 1.09; P = 0.559).34

A small cross-sectional study used the techniques of
time to peak longitudinal strain and peak strain dispersion,
as determined using 2-dimensional (2D) STE, to evaluate
effects of peritoneal dialysis on cardiovascular disease in 31
patients with ESKD (aged >65 years) as compared with 49
Kidney Med Vol 2 | Iss 5 | September/October 2020
age-matched healthy controls.38 Time to peak longitudinal
strain was significantly delayed in patients with ESKD, but
peak strain dispersion was not significantly different be-
tween the groups.

The 2018 report of Hensen et al39 attempted to explore
the relationship between dyssynchrony and mortality by
retrospectively evaluating the incidence of ventricular
arrhythmia in 250 predialysis and dialysis-dependent pa-
tients (CKD 3B-5). Interestingly, 16 of the 250 patients
had ventricular arrhythmias (defined as aborted cardiac
arrest, documented sustained ventricular tachycardia, or
ventricular fibrillation) or sudden cardiac death. STE
demonstrated a significantly increased LVGLS (−10% ± 4%
vs −15% ± 5%; P < 0.001) and an increased LV mechanical
dispersion (66 vs 52 milliseconds; P = 0.004) in the ven-
tricular arrhythmia/sudden cardiac death group when
compared with patients without cardiac events, suggesting
that dyssynchrony may be a marker for cardiac events in
dialysis patients. However, this study was retrospective and
patients with prior cardiac disease were not excluded,
thereby raising concerns for potential selection bias.

Cardiac Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) allows the measure-
ment of many parameters of cardiac structure and function
with greater reproducibility and additional quantitative
631



Figure 1. Visual depiction of myocardial strain in the radial, longitudinal, and circumferential directions. Image not anatomically to
scale. Abbreviations: Cd, circumferential length in diastole; Cs, circumferential length in systole; Ld, longitudinal length in diastole;
Ls, longitudinal length in systole; Rd, radial length in diastole; Rs, radial length in systole.
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information on myocardial scar, interstitial fibrosis, coro-
nary artery flow, and myocardial perfusion.40 The increase
in reproducibility in turn permits significant findings with
smaller sample sizes using cardiac MRI (cMRI) than is
possible using echocardiography. Due to the wealth of
information provided, cMRI has become a reference
standard for cardiac imaging and has become widely used
to study the effects of CKD on cardiovascular outcomes
(Table 2).41

Volume and Pressure Overload. cMRI allows volu-
metric imaging and quantitation of LV mass and volume
without the geometric assumptions required using 2D
echocardiography.42,43 A small multicenter study of pa-
tients with ESKD and age- and sex-matched cohorts
showed an increase in LV mass (with a tendency toward
concentric remodeling) within 6 months of initiating
dialysis.44 Furthermore, a cross-sectional multicenter trial
evaluated the effect of intradialytic changes in arterial
pressure on LVMI as measured using cMRI.45 Study par-
ticipants were divided into 3 groups based on the mean
change in systolic blood pressure (SBP) during dialysis
over 1 month—those with increases in SBP ≥ 10 mm Hg,
those with decreases in SBP ≥ 10 mm Hg, and those with
intradialytic changes in SBP < 10 mm Hg. The authors
observed that increases in SBP ≥ 10 mm Hg were signifi-
cantly associated with increased LVMI.45

In addition, the 2017 prospective cohort study of Ross
et al46 followed up 67 Canadian long-term HD patients
for 1 year using cMRI and biomarkers at intake and again
1 year later. The 57 participants completed the imaging
portion of the study (with cardiac biomarkers available
632
for 53). The study longitudinally evaluated the relation-
ship between blood pressure, biomarkers (N-terminal pro
hormone B-type natriuretic peptide and cardiac troponin
I, high-sensitivity C-reactive protein, fibroblast growth
factor 23, parathyroid hormone, phosphorus, and cal-
cium levels), dialysis parameters (such as ultrafiltration
volume and interdialytic weight gain), and cMRI find-
ings. There was a significant negative association
(r = −0.27; P = 0.043) between interdialytic weight gain
and LV end-diastolic volume (a marker of LV structure),
whereas there were significant positive correlations be-
tween SBP and LVMI (P < 0.001), cardiac troponin I level
(P = 0.02), and N-terminal pro hormone B-type natri-
uretic peptide level (P = 0.029). SBP was also positively
correlated with the ratio of LV mass to end-diastolic
volume or concentric remodeling.47 There were no cor-
relations with markers of inflammation (high-sensitivity
C-reactive protein level), fibrosis (fibroblast growth factor
23 level), or endocrine dysfunction (parathyroid hor-
mone, phosphorus, or calcium levels), leading the au-
thors to conclude that the changes in cardiac structure
and function in patients with ESKD are more related to
dialysis-associated factors.

Alterations in Cardiac Systolic Function. The cMRI
equivalent of echocardiographic STE is feature tracking
MRI, which is less operator dependent and more repro-
ducible than STE.48 In addition, there are a number of
other cMRI research methods for strain imaging that have
still higher reproducibility, accuracy, and spatial resolution
than STE or feature tracking MRI but require specialized
image acquisitions.
Kidney Med Vol 2 | Iss 5 | September/October 2020



Table 2. Summary of Key Findings in Studies Using cMRI in Patients With ESKD

Study Study Type Patient Characteristics
Imaging
Parameter Results Limitations

Odudu
et al44
(2016)

Cross sectional
multicenter study

54 HD patients and 29
age- and sex-matched
controls

LVMI, systolic
circumferential
strain, EF

Reduced global systolic
function by EF (51% ±
10% in HD vs 59% ±
5% in controls;
P <0.001) and peak
systolic circumferential
strain (15.9% ± 3.7% in
HD vs 19.5% ± 3.3% in
controls; P < 0.001);
LVMI was increased in
HD patients vs controls
(63; 95% CI, 54-79 vs
46; 95% CI, 42-53 g/
m2; P < 0.001)

Cross sectional design;
small study population

Shamir
et al45
(2018)

Cross-sectional
multicenter study

80 adult patients on
maintenance HD
stratified by average
change in SBP during
HD in 1-mo period

LVMI Intradialytic HTN (SBP
increase >10 mm Hg
during dialysis) was
associated with LVMI
(12.5; 95% CI, 3.6-
21.5 g/m2; P = 0.01)

Cross-sectional design;
only 7 of 80 patients in
cohort had intradialytic
HTN

Stromp
et al58
(2018)

Cross-sectional single
center study

33 patients on HD and
44 healthy controls

Myocardial fibrosis,
LVMI

Novel magnetization-
transfer weighted
images used to
quantitate myocardial
fibrosis: increased
myocardial fibrosis in
ESKD patients than in
controls (P < 0.001);
LVMI increased in
ESKD patients and
correlated with severity
of fibrosis (P = 0.014)

Imaging modality not
previously validated;
small sample size

Ross et al46
(2017)

Prospective 2-center
cohort study

67 maintenance HD
patients

LVMI Volume overload:
intradialytic weight gain
and ultrafiltrate volume
correlated with LVEDV
at baseline and 12 mo;
intradialytic weight gain
correlated longitudinally
with LVEDV (r = −0.27;
P = 0.043)
Pressure overload:
elevated SBP
correlated to LVMI at
baseline, 12 mo, and
longitudinally (r = 0.64;
P < 0.001)
Cardiac remodeling:
SBP correlated with
ratio of LVM:LVEDV at
baseline, 12 mo, and
longitudinally (r = 0.37;
P = 0.005)

Small sample size;
nongeneralizable cohort

Ong et al49
(2019)

Prospective 2-center
cohort study

67 Patients on
conventional HD. 37
converted to INHD, 30
remained on
conventional HD

GCS Compared to baseline
MRI, at 12 mo, INHD
showed improvement in
GCS compared to
conventional HD
(P = 0.025)

Not randomized; small
sample size

Buchanan
et al50
(2017)

Randomized
prospective crossover
pilot trial

12 patients randomized
1:1 to either HD or HDF
for 2 wk; subsequently
crossed over to other
kidney replacement
modality

GCS and GLS Significant reductions in
intradialytic GLS and
GCS from baseline
regardless of kidney
replacement modality

Small sample size

(Continued)
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Table 2 (Cont'd). Summary of Key Findings in Studies Using cMRI in Patients With ESKD

Study Study Type Patient Characteristics
Imaging
Parameter Results Limitations

Rutherford
et al55
(2017)

Prospective single-
center cohort study

22 maintenance HD
patients on dialysis
for <1 y

Myocardial fibrosis,
LVMI

No significant change in
myocardial fibrosis.
septal native T1 time
unchanged from
baseline to 6 mo; LVMI
significantly reduced at
6 mo (baseline: 78.3 g/
m2; 6 mo, 67.9 g/m2;
P < 0.0001)

Small sample size;
single center

Abbreviations: CI, confidence interval; cMRI, cardiac magnetis resonance imaging; EF, ejection fraction; ESKD, end-stage kidney disease; GCS, global circumferential
strain; GLS, global longitudinal strain; HD, hemodialysis, HDF, hemodiafiltration; HTN, hypertension; INHD, in-center nocturnal hemodialysis; LVEDV, left ventricular
end-diastolic volume; LVM, left ventriculat mass; LVMI, left ventricular mass index; MRI, magnetic resonance imaging; SBP, systolic blood pressure.
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A recent prospective 2-center study evaluated the effects
of in-center nocturnal HD compared with conventional
HD on LV strains and torsion over 1 year.49 Global
circumferential strain was significantly decreased in the
nocturnal HD group; however, when compared with the
conventional HD group, there was no significant differ-
ence. In addition, the 2017 crossover study of Buchanan
et al50 used serial cMRI to evaluate responses to either HD
or hemodiafiltration on the myocardium. Twelve patients
with ESKD were assigned to either 2 weeks of HD or
hemodiafiltration and underwent serial cMRI before,
during, and 30 minutes after a single dialysis session. The
participants were then crossed over to the opposite mo-
dality for 2 weeks before repeating the series of scans.
There were significant reductions in both global circum-
ferential and longitudinal strains regardless of kidney
replacement modality. In the postdialytic cMRI, strain
returned to baseline in some but not all affected patients.
Furthermore, there were no significant changes in mean
myocardial perfusion during dialysis. However, there were
significant differences between baseline perfusion and
nadir intradialytic perfusion in both HD and hemodiafil-
tration. They found no significant change in coronary ar-
tery blood flow during dialysis sessions.50 Although these
studies were conducted in a small cohort, they highlight
the potential role of cMRI in evaluating myocardial
changes in patients with ESKD during dialysis.

Fibrosis. Additionally, cMRI allows for the assessment
of visible macroscopic fibrosis seen using the late gado-
linium enhancement technique, such as myocardial scars
due to ischemic infarction, which extend from the endo-
cardium into the midwall or become transmural, and the
mid- and subepicardial scars found in disorders such as
hypertrophic and dilated nonischemic cardiomyopathies.
However, it also enables the detection and quantitation of
the microscopic interstitial fibrosis seen in many disorders
using T1 relaxation mapping with and without gadolinium
administration to calculate myocardial extracellular volume
or, if gadolinium cannot be given, simply using native T1
mapping. Ventricular fibrosis due to cardiac ischemia has
long been known to be a nidus for arrythmogenicity.
However, it has become apparent that any condition that
634
causes either a midwall or subepicardial scar or interstitial
fibrosis can share that potential.51 Unfortunately, the risk
for nephrogenic systemic fibrosis has precluded the use of
gadolinium in patients with glomerular filtration
rates < 30 mL/min/1.73 m2.

Before the recognition of nephrogenic systemic fibrosis,
earlier studies using gadolinium-enhanced imaging iden-
tified both patients with a pattern of nonischemic midwall
late gadolinium enhancement that correlated with an in-
crease in LV mass and patients with ischemic heart disease
who had the subendocardial pattern in the distribution of a
coronary artery typically observed in ischemic cardiomy-
opathy.52 The relationship of nonischemic scar to an in-
crease in LV mass was further validated in HD patients
without traditional cardiac risk factors.52 However, given
the need to avoid gadolinium in patients with ESKD, native
T1 mapping has been used more recently and can detect
both interstitial space increases consistent with scar or
interstitial fibrosis and myocardial edema related to tissue
water increase.53

Rutherford et al54 found that both global and septal T1
times were significantly elevated in HD patients compared
with age-matched healthy controls in their 2016 cross-
sectional study, thereby demonstrating that increased
global cardiac fibrosis is associated with uremic cardio-
myopathy. Rutherford et al55 conducted an additional
prospective observational study to evaluate the change in
fibrosis (using septal T1 time on cMRI) in 22 HD patients
after a 6-month follow-up period. Although the authors
observed an improvement in LVMI at 6 months, no sig-
nificant changes in T1 times were observed, indicating that
maintenance kidney replacement therapy had no signifi-
cant effect on the fibrotic changes.55

It should be noted that there have been variable obser-
vations on native T1 mapping and volume status. Graham-
Brown et al56 concluded that native T1 mapping was a
reproducible marker of myocardial fibrosis, independent of
volume status, in HD patients in a small single-center cross-
sectional study. Conversely, Antlanger et al57 found that T1
mapping was significantly influenced by volume status, as
determined using bioimpedence spectroscopy, when
comparing hypovolemic with euvolemic HD patients. These
Kidney Med Vol 2 | Iss 5 | September/October 2020
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studies highlight the critical need for further studies to
determine the effectiveness of native T1 mapping to
differentiate myocardial fibrosis and edema in ESKD.

The 2018 study of Stromp et al58 presented a relatively
novel gadolinium-free method of quantitating cardiac
fibrosis and its relationship to cardiac function declines in
patients with ESKD. Thirty-three patients with ESKD
receiving dialysis showed a significantly greater level of
myocardial fibrosis using a novel 2-point balanced steady-
state free precession method with magnetization transfer
weighting.59 LVMI was increased in the ESKD cohort
compared with controls and was positively correlated with
the degree of fibrosis (P = 0.014). Global longitudinal strain
was the only cardiac function index that was significantly
reduced in the ESKD cohort but it did not correlate with
fibrotic changes. Nonetheless, among the few patients with
ESKD who returned for the 1-year follow-up, there was an
association between the initial fibrosis burden and subse-
quent declines in global longitudinal strain at 1 year.
Collectively, these data suggest a potential prognostic role
for noncontrast cMRI in evaluating the progression of
myocardial fibrosis in the ESKD population.

Positron Emission Tomography
There has been limited research into positron emission
tomography (PET) in the setting of ESKD. The use of
radiotracer uptake has largely been used to evaluate
myocardial perfusion and identify areas of ischemia or
infarction. However, it also can provide valuable infor-
mation on areas of viability, as well as inflammation.60

Alterations in Coronary Vasculature. PET has also
been used to assess coronary flow reserve (CFR). CFR,
calculated as the ratio of myocardial blood flow during
stress to myocardial blood flow at rest, is a marker of the
coronary circulation’s ability to meet increased myocardial
oxygen demand. CFR was used to evaluate changes in the
coronary microcirculation and mortality in a cohort of 168
dialysis-dependent patients.61 After a median follow-up of 3
years, the median CFR value in this study population was
1.4, with 80% of the cohort having values < 2.0, a value
previously recognized as the low-risk cutoff in other study
populations.62 Those with CFR < 1.4 demonstrated
increased all-cause and cardiovascular mortality as both an
independent and an incremental risk factor, even after
adjustment for prior cardiac disease.

Paz et al63 prospectively used dipyridamole pharma-
cologic stress PET myocardial perfusion imaging and
CFR to assess 131 patients with ESKD undergoing eval-
uation for kidney transplantation. Of the 131 patients,
29.8% had abnormal myocardial perfusion imaging re-
sults (defined as qualitative ischemia/infarct, stress
electrocardiogram ischemia, or transient ischemic dila-
tion), while 59% had abnormal CFR (defined as <2.0).
Furthermore, 34 patients in the cohort underwent left
heart catheterization, of whom 68% had abnormal CFR
and 68% had at least 1 coronary stenosis > 70%. Ulti-
mately, there was no association between abnormal CFR
Kidney Med Vol 2 | Iss 5 | September/October 2020
and abnormal PET myocardial perfusion imaging results
(P = 0.13) or obstructive coronary artery disease
(P = 0.26), demonstrating that abnormal CFR results do
not require epicardial coronary artery stenosis in the
ESKD population. This was a prospective study but did
not report the relationship between CFR and cardiovas-
cular mortality.

PET can also use fluorodeoxyglucose F 18 (18F-FDG)
to detect and quantify inflammatory atherosclerotic dis-
ease using standardized uptake values.64 A significant
amount of data supports its use in the evaluation of
atherosclerosis in both large and medium-sized ar-
teries.64,65 A cohort of 42 individuals, 21 with ESKD
and 21 age- and sex-matched healthy patients, under-
went 18F-FDG PET/computed tomography to determine
maximum and mean standardized uptake values in the
ascending aorta, aortic arch, descending thoracic aorta,
abdominal aorta, iliac arteries, and femoral arteries.64

The maximum and mean standardized uptake values
were significantly greater in all arterial segments in pa-
tients with ESKD, providing evidence of acceleration of
atherosclerotic processes. Although the relationship be-
tween standardized uptake values and cardiovascular
mortality was not reported, aortic FDG uptake has been
retrospectively shown to predict future cardiovascular
disease in other patient populations.64

Assa et al66 presented a case report that used PET to
compare the effects of stress induced by dialysis with the
effects of pharmacologic stress (adenosine). The intra-
dialytic PET scan showed new regional wall motion ab-
normalities associated with myocardial blood flow
decreases in the same segments that were not observed
after adenosine administration. Due to the intradialytic
findings, the patient underwent cardiac catheterization and
placement of a stent in the midright coronary artery.
Although only a case report, these findings shed light on
ischemia during dialysis that may contribute to alterations
in cardiac structure and function, as well as the increase in
eventual cardiovascular mortality in this population.

PET clearly has utility in evaluating myocardial blood
flow, coronary reserve, atherosclerosis, and even cardiac
structure in the ESKD population, but use has been limited,
possibly due to uncertainty about the effects of kidney
failure on the biodistribution of radiotracers such as 18F-
FDG.67 Some studies report that kidney function has little
effect on isotope kinetics, but further studies are required
to substantiate these findings.67,68
FUTURE IMPLICATIONS

As demonstrated by this review, there has been
important progress in identifying new imaging tech-
niques that may provide additional insight into the
changes in cardiac structure and function in patients
with ESKD and explain the high prevalence of cardio-
vascular mortality in this population (Table 3). How-
ever, many of these were single-center cross-sectional
635



Table 3. Summary of Strengths and Limitations of Current Cardiac Imaging Modalities

Modality Use Advantages Limitations Reference
Echocardiography Evaluation of function and

structure of myocardium;
evaluation of cardiac valves

Cost-effective; non-invasive;
portable; can accurately assess for
hypertrophy of myocardium

Operator dependent; prone to
inaccuracy due to measurements
being derived; no information of
epicardial artery or microvascular
disease; no information of
interstitial tissue

40, 10,
28, 70

Cardiac magnetic
resonance
imaging

Evaluation of myocardial
structure and function;
cardiac valves; myocardial
interstitium; and coronary
artery flow

More accurate and reproducible
than echocardiography; higher
imaging quality compared to
echocardiography; the gold
standard of cardiac imaging

More expensive; less accessible;
use of gadolinium-based contrast
associated with nephrogenic
systemic fibrosis

40, 70

Positron emission
tomography

Evaluation of myocardial
perfusion, micro- and
macrovasculature, and left
ventricular function

Reliable assessment of ischemia;
allows for evaluation of
microvasculature

Variability of radiotracer uptake
contributes to variations in results;
little research into distribution of
radiotracer uptake in the setting of
kidney failure

60, 70
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studies with small sample sizes. Larger prospective
multicenter studies would greatly advance the evaluation
of these imaging techniques as potential indexes of
mortality risk in the ESKD population.
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