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Abstract

Background—Cardiac dysfunction and cardiovascular (CV) events are prevalent among patients
with chronic kidney disease (CKD) without overt obstructive coronary artery disease (CAD) but
the mechanisms remain poorly understood. Coronary microvascular dysfunction (CMD) has been
proposed as a link between abnormal renal function and impairment of cardiac function and CV
events. We sought to investigate the relationships between CKD, CMD, cardiac dysfunction and
adverse CV outcomes.
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Methods—~Patients undergoing cardiac stress positron emission tomography (PET),
echocardiogram and renal function ascertainment at Brigham and Women’s Hospital were studied
longitudinally. Patients free of overt coronary (summed stress score < 3 & without history of
ischemic heart disease), valvular and end-organ disease were followed for adverse composite
outcome of death, hospitalization for myocardial infarction or heart failure. Coronary flow reserve
(CFR) was determined from PET. Echocardiograms were used to measure cardiac mechanics:
diastolic (lateral and septal E/e’) and systolic [global longitudinal (GLS), radial (GRS) and
circumferential strain (GCS)]. Image analyses and event adjudication were blinded. The
associations between estimated glomerular filtration rate (eGFR), CFR, diastolic, systolic indices
and adverse CV outcomes were assessed in adjusted models and mediation analyses.

Results—352 patients (median age 65 years, 63% women and 22% black) were studied. 35% of
patients had eGFR<60 ml/min/1.73 m2, median LVEF of 62% and median CFR of 1.8. eGFR and
CFR were associated with diastolic and systolic indices, as well as future CV events (all p<0.05).
In multivariable models, CFR but not eGFR was independently associated with cardiac mechanics
and CV events. The associations between eGFR, cardiac mechanics and CV events were partly
mediated via CFR.

Conclusions—CMD but not eGFR was independently associated with abnormal cardiac
mechanics and an increased risk of CV events. CMD may mediate the effect of CKD on abnormal
cardiac function and CV events in those without overt CAD.
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Chronic kidney disease; coronary microvascular disease; myocardial mechanics; cardiovascular
risk

Keywords
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Introduction

Approximately 14% of the adult US population has chronic kidney disease (CKD).! There is
clear evidence of a graded association between the severity of CKD and adverse
cardiovascular (CV) risk,2 which begins early in the natural history of the disease even when
serum creatinine is within normal limits.3 In fact, patients with early CKD are more likely to
die of CV disease than progress to ESRD.# The mechanisms mediating increased risk of CV
mortality and morbidity in CKD patients are not well understood. Although CKD clusters
with conventional atherosclerotic risk factors, age-adjusted CV mortality is several fold
higher in patients with CKD than in the general population.® Interestingly, sudden cardiac
death (SCD) and heart failure related deaths are more common than the classic type 1
myocardial infarction (MI) related deaths in CKD patients,® which is in keeping with the
relatively lower prevalence of obstructive coronary artery disease (CAD) on autopsy and
coronary angiography.5: 7 These findings collectively suggest that other mechanisms may
contribute to cardiovascular risk in CKD patients. One such mechanism may involve the
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effects of CKD and its associated risk factors on coronary epicardial and microcirculatory
dysfunction, thereby increasing the risk of subclinical myocardial ischemia and injury,
myocardial dysfunction, heart failure and, ultimately, mortality.8-12

We designed this study to test the hypothesis that coronary microvascular dysfunction
(CMD) is associated with abnormalities in myocardial structure and function in patients
across a spectrum of eGFR, and that this may help explain the increased risk of heart failure
and death related with worsening renal function.

Methods

The analytic methods will be/have been made available in the supplement to other
researchers for purposes of reproducing the results or replicating the procedure. The study
was reviewed and approved by the Partners Institutional Review Board. Informed consent
was waived as all data were collected as part of standard clinical care.

Patient population

We included consecutive patients referred to the Brigham and Women’s Hospital between
January 1, 2006 and December 31, 2016 for stress myocardial perfusion positron emission
tomography (PET) who also underwent 2-dimensional (2-D) echocardiography and serum
creatinine determination within 90 days of the PET study. Patients with known coronary
artery disease, as defined by a history of prior revascularization (percutaneous coronary
intervention or coronary artery bypass grafting) and/or MI or imaging evidence of flow-
limiting coronary artery disease (summed stress score>2 on PET) were excluded as were
those with any of the following: severe valvular heart disease, infiltrative cardiomyopathy,
congenital heart disease, history of active malignancy or end-stage liver or lung disease,
history of organ transplantation and poor quality echocardiogram (Supplemental Figure 1).

Renal Function

Estimated GFR (eGFR) was calculated using the Chronic Kidney Disease (CKD)
Epidemiology Collaboration formula.13 CKD was defined as eGFR< 60 ml/min/1.73 m2.

Quantification of coronary vascular function

Coronary vascular function was quantified in all patients using a whole-body PET/computed
tomography scanner (PET/CT Discovery RX or STE LightSpeed 64, GE Healthcare,
Milwaukee, WI). Myocardial blood flow (MBF, in mL/min/g) was measured at rest and
during maximal hyperemia by a standard intravenous infusion of adenosine, dipyridamole or
regadenoson using either 13N-ammonia or 82Rubidium as the flow tracers, as described
previously.14 The image acquisition and post processing techniques for quantification of
myocardial blood flow (MBF) and flow reserve did not change over the study period.
Previous studies have demonstrated that equivalence of dipyridamole, regadenoson, and
adenosine as vasodilators for myocardial perfusion imaging and quantitative myocardial
blood flow.1%: 16 Furthermore, the use of different vasodilator stress agents has not affected
the value of quantitative myocardial blood flow by PET for risk stratification.1>: 17-19 The
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heart rate, blood pressure, and 12-lead electrocardiogram were recorded at baseline and
every minute during and after the vasodilator infusion.

Image analysis: For semi-quantitative assessment of myocardial scarring and ischemia,
17-segment visual interpretation of gated myocardial perfusion images was performed by
experienced operators using a standard five-point scoring system.20 Rest left ventricular
ejection fraction (LVEFs) was calculated from gated myocardial perfusion images with
commercially available software (Corridor4dDM; Ann Arbor, Michigan).

Absolute regional and global MBF was quantified at rest and at peak hyperemia using a
validated two-compartment kinetic model, as described previously.2! Per-patient CFR was
calculated as the ratio of MBF during maximal hyperemia over that at rest for each coronary
territory and for the entire left ventricle. This method for quantitation of MBF is highly
reproducible. In our laboratory, the intra-class correlation coefficient for CFR among four
readers is 0.94 (95% confidence interval (CI) 0.88-0.98), indicating excellent
reproducibility.18

Quantification of cardiac structure and function

Left ventricular diastolic and systolic function was quantified from 2-D echocardiograms.
The echocardiograms were acquired as recommended by the American Society of
Echocardiography (ASE) and in a manner consistent with standard practices for patient
comfort and position. All echocardiographic readers were blinded to the results of PET
imaging. No cardiovascular events occurred between echocardiography and PET imaging.

Echocardiograms with views to: (1) assess LV diastolic function, and (2) ensure optimal
imaging for off-line LV deformation analysis with speckle-tracking software were analyzed
with following methods:

Diastolic function: peak early mitral annular relaxation velocity (e’) was measured from
both the septal and lateral aspects of the mitral annulus from the apical 4-chamber view.22
Mitral inflow velocity (E) was assessed by pulsed wave Doppler from the apical 4-chamber
view by positioning the sample volume at the tip of the mitral leaflets.2?

Systolic function: Deformational indices were estimated using B-mode speckle-tracking
analysis, which was performed off-line using commercially available software (Cardiac
Performance Analysis, Tomtec system, Munich, Germany).23 The endocardial border was
traced at an end-diastolic frame in apical 4— 2- & 3- chamber views and at an end-systolic
frame in short axis view, where end-diastole is defined by the QRS complex from the
electrocardiogram (ECG) or the frame just before mitral valve opening. Adequate tracking
of speckles along the endocardial and the epicardial borders throughout the cardiac cycle
was visually assessed. Peak global longitudinal (GLS), radial (GRS) and circumferential
strain (GCS) curves were then computed automatically and provided as global and
segmental data including 6 segments in each view?4. LV volumes were determined by the
modified Simpson’s method in the apical 4 and 2 chamber views, and LVEF was calculated
from volumes in the standard manner.25
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LV mass was calculated by the ASE recommended formula for estimation of LV mass from
LV linear dimensions and indexed to body surface area (LVMI), and relative wall thickness
(RWT) was calculated in accordance with ASE guidelines, this information was used to
identify those with abnormal LV geometry.2

The intra-class correlation coefficient for echocardiographic parameters were good, the
details are presented in Supplemental Table 1.

Circulating biomarkers

N-terminal pro—B-type natriuretic peptide (NTproBNP) was measured using an
electrochemiluminescence immunoassay (Roche Diagnostics, Indianapolis, IN) in clinical
laboratory, and values within 90 days of cardiac PET study were used in the analysis.

Clinical outcomes

A Clinical Endpoints Committee (CEC) reviewed and adjudicated the primary composite
endpoint (all cause death, non-fatal MI, and hospitalizations for heart failure). The members
of CEC were blinded to image analyses. Time to first event major adverse cardiovascular
event (MACE), defined as a composite of all cause death, and hospitalization for nonfatal
MI or heart failure was analyzed. Time to first event was analyzed. Ascertainment of clinical
endpoints were determined by CEC from the longitudinal medical record, Partners
Healthcare Research Patient Data Registry, the National Death Index, mail surveys and
telephone calls. The details of clinical outcomes are presented in the supplement
(Supplemental methods). The follow up was censored on December 315t, 2017,

Statistical Analysis

Baseline characteristics were reported as frequency with percentage (%) for categorical
variables and median with interquartile ranges for continuous variables. We used x 2 and
Wilcoxon rank sum tests to evaluate for differences in categorical and continuous baseline
characteristics, respectively. Poisson regression models were used to estimate the annualized
rate of adverse events and its components. Global MBF and CFR values were used in all
analyses.

Unadjusted and multivariable-adjusted relationships between eGFR & CFR, diastolic indices
(Lateral E/e’ and Septal E/e’), systolic indices (GLS, GRS and GCS), marker of LV wall
stress (NTproBNP) and adverse composite clinical endpoint were evaluated using
appropriate linear, Poisson and Cox proportional hazard models while accounting for non-
linearity of relationships using restricted cubic splines. All the adjusted models included
demographic factors (age, sex, race), clinical factors (history of hypertension, diabetes,
peripheral vascular disease, stroke, diabetes, body mass index (BMI), LVMI, LVEF and
eGFR as well as CFR. The variables and number of knots were selected based on optimal
values of the Akaike information criterion after including clinically important covariates. We
also tested for a statistical interaction between CFR and eGFR in the multivariate model in
the Poisson model. Cox proportional hazards models were used to determine the effect of
abnormal eGFR26 (<60 ml/min/1.73m?) and abnormal CFR (<1.5). The cox proportional
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hazard (PH) assumptions test based on Schoenfeld residuals was used to verify non-violation
of PH assumption in the adjusted model.

To understand the interplay between LV structure, myocardial mechanics and coronary
microvascular dysfunction on future outcomes, we performed an exploratory analysis where
we stratified patients by abnormal geometry, diastolic dysfunction (E/e’<15), systolic
dysfunction (GLS<-17%) and CFR (<1.5) and compared the rate of adverse events as well
as a composite of heart failure admissions and non-fatal M. The cutoff for GLS was median
values in our cohort, whereas ASE definitions were used to define abnormal geometry?2®,
cutoffs for E/e” and CFR were based on previous studies.10. 18

Mediation analysis (i.e. path analysis)-which tests a putative causal relation among variables
—was also performed to test whether renal function exerts its effect on cardiovascular
disease via microvascular dysfunction. eGFR was chosen as measure of renal function, CFR
was chosen as marker of microvascular disease whereas measures of diastolic/systolic
function, NTproBNP and clinical composite endpoint were chosen as markers of
cardiovascular disease.2” The details of statistical analysis are provided in the supplement
(Supplementary methods).

Two-sided p-values < 0.05 were considered significant. Stata software version 15.1
(StataCorp, College Station, Texas) and R (version 3.6.0) were used for analyses. The results
are presented in accordance with STROBE checklist (Supplemental table 2).

Baseline characteristics

Association

The final study cohort consisted of 352 patients. The distribution of baseline characteristics
by categories of CKD is summarized in Table 1. The median (Q1-Q3) age of patients in the
overall cohort was 65 (55-75) years, 63% were women, and 22% were Black. One-third of
the patients had CKD 3 or higher. The median (Q1-Q3) LVEF was 62% (55-68%) by
echocardiography and 59% (50-66%) by PET. More than three-quarters of patients had a
history of hypertension, approximately two-thirds had dyslipidemia and one-third had
diabetes mellitus. More than 70% of the patients had an abnormally remodeled left ventricle.

Compared to patients with preserved eGFR (=60 ml/min/1.73 m2), those with CKD 3 or
greater had higher prevalence of hypertension and diabetes and lower BMI (all p<0.05),
lower stress MBF (1.7 vs. 2.1 mL/min/g, p<0.001) and lower CFR (1.5 vs. 1.9, p<0.001)
(Table 1), here reflecting coronary microvascular dysfunction. Rest and stress MBF and
CFR were comparable across all three coronary artery territories. Measurements of eGFR
and CFR were modestly correlated (r=0.26, p<0.001), this correlation was independent of
clinical important confounders (Supplemental Table 3).

between eGFR, coronary flow reserve and left ventricular mechanics

Compared to patients with preserved eGFR (= 60 ml/min/1.73 m?), those with CKD stage 3
or greater had higher lateral E/e’(14.1 vs. 10.8, p<0.001) and septal E/e’(8.3 vs. 9.8,
p<0.001), reflecting increased left ventricular filling pressure, as well as impaired GLS
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(-15.1% vs. —18.6%, p<0.001), GCS (-21.3% vs. —25.3%, p<0.001) and GRS (25.5% vs.
34.6%, p<0.001), reflecting systolic dysfunction (Table 1).

In unadjusted models, both eGFR and CFR were associated with measures of diastolic
function (i.e. lateral and septal E/e”), such that lower eGFR and CFR were associated with
worse diastolic function (all p-trends <0.05) (Table 2). Likewise, lower eGFR and CFR were
associated with worse systolic strain (GLS, GRS and GCS) (all p-trends <0.05) (Table 2).

In the multivariable models including both CFR and eGFR, only the association between
CFR, but not eGFR, with lateral and septal E/e’ (Figure 1, A & B) as well as measures of
systolic deformation indices (Figure 1 C, D & E) remained significant, indicating that
variability in diastolic and systolic indices was explained independently by variability in
CFR, but not renal function.

We also evaluated the associations between renal function, CFR and indices of myocardial
mechanics in those with a history of diabetes. The effect estimates and statistical
significance for association of CFR and eGFR with measures of myocardial mechanics
remained unchanged in this sub-group analysis as compared to overall population indicating
that associations hold true in diabetics as well as non-diabetics (Table 2 & Supplemental
Table 4)

between eGFR, coronary flow reserve and LV wall stress

As measures of diastolic and systolic LV mechanics worsened with impaired renal and
coronary microvascular function, we hypothesized that NTproBNP- a biomarker of LV wall
stress- would also show similar associations with eGFR and CFR. Indeed, patients with
CKOD stage 3 or greater had higher NTproBNP as compared to those with preserved eGFR
(p<0.001) (Table 1). In unadjusted and adjusted models, both eGFR and CFR were
independently associated with elevated NTproBNP levels (p-trend<0.05) (Table 2 and
Supplemental Figure 2).

between eGFR, coronary flow reserve and clinical outcomes

Over a median follow-up of 4.4 years (Q1-Q3, 1.2—7.7 years), 108 patients met the primary
composite endpoint of major adverse cardiac events (MACE) including death or
hospitalization for non-fatal myocardial infarction or heart failure (Table 3). Individual
components of the composite endpoint increased with worsening renal function (Table 3).

In unadjusted models, there was a significant association between the primary composite
endpoint and eGFR and CFR (both p-trend<0.001). However, in multivariable models
including both CFR and eGFR, only CFR (p-trend=0.015), but not eGFR (p-trend=0.116),
was significantly associated with MACE (Figure 2 A & B). No significant interaction was
observed between CFR and eGFR on the occurrence of MACE (p=0.840). In a stratified
analysis by abnormal eGFR (<60 ml/min/1.73m?) and severely abnormal CFR (<1.5), only
abnormal CFR (adjusted Hazard Ratio (HR): 1.61: 95% CI: 1.05-2.46, p=0.029), but not
eGFR (adjusted HR=1.29, 95% CI: 0.82-2.04, p=0.278), remained significantly associated
with MACE (Figure 3). These results were unchanged after imputation of the missing L\VMI
and BMI data in 25 patients (Supplemental Table 5 & 6).

Circulation. Author manuscript; available in PMC 2021 January 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bajaj et al.

Page 8

To explore the potential confounding of the association between ESRD and microvascular
dysfunction, we also performed a sensitivity analysis of the association between renal
function and MACE after excluding the 7 patients with end stage renal disease. We observed
that the association between eGFR, CFR and MACE did not change after excluding the 7
ESRD patients.

Risk stratification across categories of LV structure/function and coronary flow reserve

To explore the hypothesis that severe coronary microvascular dysfunction is an important
determinant of the transition from adaptive to maladaptive LV remodeling in CKD, we next
explored the prognostic value of abnormal CFR across categories of LV geometry, diastolic
and systolic function. (Figure 4 A & B) summarizes the annualized rates of MACE and the
composite of hospitalizations for heart failure and non-fatal M1 by categories of CFR and LV
structure and function. We observed a consistent higher rate of MACE and hospitalizations
for heart failure and non-fatal Ml when abnormalities in LV geometry, systolic and diastolic
function coexisted with severe coronary microvascular dysfunction (all p <0.05).

Mediation analysis to explore the link between renal dysfunction, impaired cardiac
mechanics and adverse cardiovascular events

We assumed a biologically plausible path where CMD mediates the effect of impaired renal
function on LV remodeling and adverse CV outcomes. In fully adjusted models, CMD was a
significant mediator of the relationship between impaired renal function and LV diastolic
dysfunction, accounting for 19-24% of the total effect; LV systolic dysfunction, accounting
for 19-42% of the total effect; and LV wall stress, accounting for 7% of the total effect.
Similarly, CMD was also a significant mediator of the relationship between impaired renal
function and adverse cardiovascular events, accounting for 32% of the total effect in fully
adjusted models (Table 4 and Supplemental Table 7).

Discussion

Our results show that in symptomatic patients with chronic renal impairment without overt
obstructive CAD, the severity of coronary microvascular dysfunction is a significant
predictor of abnormalities in left ventricular mechanics and adverse cardiovascular
outcomes. The link between impaired renal function, myocardial dysfunction and
cardiovascular disease events was substantially mediated by coronary microvascular
dysfunction. These findings provide new and important mechanistic insights into the
pathophysiology and associated clinical risk of CKD associated cardiomyopathy.

Chronic kidney dysfunction has been independently associated with a graded reduction in
coronary microvascular function8: 9 18, 28-34 and abnormal left ventricular structure and
function even in the absence of obstructive coronary artery disease.>7- 35 36 Consequently,
the current study was designed to investigate the inter-relationship between coronary
microvascular dysfunction, abnormalities in cardiac structure and mechanics, and clinical
outcomes. The findings in the current study suggest that coronary microvascular dysfunction
is an important link between CKD, adverse left ventricular remodeling, and clinical risk.
Exactly how coronary microvascular dysfunction may lead to impaired LV mechanics and
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increased risk cannot be determined from this study. However, there are several possible
mechanisms that may help explain our findings. Chronic renal dysfunction has been
associated with structural (arteriolar remodeling and capillary rarefaction) and functional
(endothelial- and smooth muscle-cell dysfunction) abnormalities in the coronary
microvasculature in animal models37: 38 and humans.3%-41 In the setting of left ventricular
hypertrophy, a very common feature in CKD-associated cardiomyopathy, abnormalities in
microvascular structure and function lead to myocardial ischemia, subclinical injury and
fibrosis.42: 43 The significant associations between severely impaired coronary flow reserve,
measures of diastolic and systolic dysfunction independent of LV mass, and clinical
outcomes in our study provide important new evidence that the development of severe
microvascular dysfunction likely signals the transition from physiologic to pathologic LV
remodeling that increases the risk of heart failure and death in patients with CKD. This is
also supported by the fact that CFR, but not eGFR, predicted adverse LV mechanical
dysfunction and clinical outcomes. In fact, the association between measures of LV mass,
structure, diastolic and systolic dysfunction with severely impaired CFR identified patients
at the highest risk for hospitalizations for heart failure and myocardial infarction.

To our knowledge, our study is first and largest to comprehensively explore these
associations and suggest a possible pathway to development of uremic cardiomyopathy in
human beings without overt ischemic heart disease. Our study is clinically important
because it advances this understanding and suggests CMD as a target for novel therapeutic
approaches to reduce cardiovascular disease risk in uremic cardiomyopathy. In addition,
these data help validate intermediate endpoints may be helpful in design of future clinical
trials in CKD patients.

Study Limitations

Our study is a single-center observational study and, as such, has some inherent limitations.
First, the study cohort was identified from a clinical database of symptomatic patients
referred for evaluation of suspected ischemic heart disease, thus possibly limiting the
generalizability of our findings to lower risk asymptomatic individuals. Second, the patients
in the study had no overt obstructive CAD on the basis of a normal myocardial perfusion
PET scan with preserved LV function. In addition, patients with known CAD, as defined by
a history of prior revascularization and/or myocardial infarction were excluded. A visually
normal rest/stress myocardial perfusion PET scan, as used in this study, has very high
sensitivity and negative predictive value to exclude significant flow-limiting coronary artery
disease.** Diffuse quantitative flow abnormalities in the context of visually normal
myocardial perfusion PET scans (i.e., no perfusion defects) largely represent diffuse
atherosclerosis and microvascular dysfunction.*> However, we do acknowledge that
although it is conceivable that some patients in this cohort may have had some flow-limiting
CAD without perfusion abnormalities, our clinical experience and the available evidence
with PET suggests this to be unlikely.#6: 47 Third, a positive mediation analysis, as we report
here, is consistent with, but not demonstrative of, causation—particularly given that the data
are cross-sectional. The mediation analyses were exploratory to guide further longitudinal or
interventional studies. Although the percent mediation effect is included as hypothesis-
generating, we acknowledge the fact that the results are not as robust in analysis with
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relatively modest sample size.*8: 4 Fourth, the data on etiology of CKD in those with
eGFR<60 was not available limiting our ability to determine if the associations observed in
this study are modified by the cause of CKD. The mediation analyses were exploratory, to
infer causation, further longitudinal or interventional studies are needed. These limitations
are substantially counterbalanced by several important innovations, including the unique,
demonstration of a possible pathway for development of uremic cardiomyopathy and their
associations with cardiovascular disease events in human beings.

In conclusion, our study shows for the first time, an association between impaired renal
function, coronary microvascular dysfunction, adverse LV remodeling and myocardial
dysfunction, and subsequent risk of adverse cardiovascular events. Furthermore, our study
raises the possibility that efforts to attenuate microvascular disease could produce benefits
on myocardial dysfunction and cardiovascular events. Future longitudinal studies are needed
to validate our findings and provide insights into how to further reduce the burden of
cardiovascular events in CKD associated cardiomyopathy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective
What is new?

. Among patients with chronic kidney disease without obstructive coronary
artery disease, coronary microvascular disease is associated with impaired LV
mechanics and cardiovascular risk

. The link between impaired renal function, myocardial dysfunction and
cardiovascular disease events is partially mediated by coronary microvascular
dysfunction.

What are the clinical implications?

. Presence of coronary microvascular dysfunction signals the transition from
physiologic to pathologic LV remodeling that increases the risk of heart
failure and death in patients with CKD

. Coronary microvascular disease is a potential target for novel therapeutic
approaches to reduce cardiovascular disease risk in uremic cardiomyopathy

Circulation. Author manuscript; available in PMC 2021 January 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Bajaj et al.

Page 16

Adjusted p-value for CFR=0.001
Adjusted p-value for eGFR=0.263 Adjusted p-value for CFR=0.004

Adjusted p-value for eGFR=0.058

E/e’ Lateral
E/e’ Septal

ape
R
\a(V"\“a“0

oy 1

45 B
175

Co, 25
ronary Flow R 325
€serye 4

Adjusted p-value for CFR<0.001 E &

Adjusted p-value for CFR<0.001
60 Adjusted p-value for eGFR=0.250

Adjusted p-value for eGFR=0.584

(o]

Adjusted p-value for CFR<0.001 D
Adjusted p-value for eGFR=0.162

Global Longitudinal Strain (%)
Global Radial Strain (%)
Global Circumferential Strain (%)

175 T iz

25
Cor
Onary Flow Res 325
erve

25
325
Coronary Flow Reseryy s

4

Figure 1:
Relationship between cardiac mechanics (diastolic and systolic indices), eGFR and CFR

using a three dimensional scatter plot and restricted cubic spline linear regression plane
(Black grid on gray surface).

Panel A & B: Diastolic indices (Lateral and Septal E/e’), eGFR and CFR

Panel C, D & E: Systolic indices (GLS, GRS & GCS), eGFR and CFR

Adjusted linear regression models included CFR (coronary flow reserve), eGFR (estimated
glomerular filtration rate), age, sex, race, hypertension, hyperlipidemia, diabetes, peripheral
vascular disease, stroke, indexed left ventricular mass, and resting left ventricular ejection
fraction

E = Early wave of mitral inflow, e’= early diastolic mitral annular velocity, GLS= peak
global longitudinal strain, GRS= peak global radial strain, GCS = peak global
circumferential strain
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Figure 2:

Relationship between MACE, eGFR & CFR
Panel A: MACE and eGFR (Poisson model)

Panel B: MACE and CFR (Poisson model)
Panel C: MACE and eGFR (Cox proportional hazard model)

Panel D: MACE and CFR (Cox proportional hazard model)

Adjusted models included CFR (coronary flow reserve), eGFR (estimated glomerular
filtration rate), age, sex, race, hypertension, hyperlipidemia, diabetes, peripheral vascular
disease, stroke, indexed left ventricular mass, and resting left ventricular ejection fraction.
Restricted cubic spline Poisson and Cox proportional hazard model regression model
estimates with 95% confidence intervals are shown in black. The orange line in the Cox
proportional hazard model is line of reference. (Gray histogram bars, secondary y-axis
display % population with corresponding values of eGFR and CFR).

MACE= major adverse cardiovascular event (composite of death, non-fatal myocardial

infarction and heart failure).
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Figure 3.

Cumulative Hazard of MACE in Unadjusted Models stratified by abnormal CFR (<1.5) and
abnormal eGFR (<60 ml/min/1.73 m2).

Hazard ratio for adjusted model was derived from model included CFR (coronary flow
reserve), eGFR (estimated glomerular filtration rate), age, sex, race, hypertension,
hyperlipidemia, diabetes, peripheral vascular disease, stroke, indexed left ventricular mass,
and resting left ventricular ejection fraction.

MACE = major adverse cardiovascular event (composite of death, non-fatal myocardial
infarction and heart failure).
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Annualized Rate of MACE by categories of LV structure/function by Coronary Flow
Reserve (Panel A).

Annualized Rate of Heart Failure or non-fatal myocardial hospitalizations by categories of
LV structure/Function by Coronary Flow Reserve (Panel B).

Higher rates of adverse events were seen when abnormalities in coronary microvascular
dysfunction co-existed with abnormalities in LV geometry, systolic and diastolic function
(all p<0.05). Plots and p-values were derived from Poisson regression models.

CFR= Coronary flow reserve, LV= left ventricle, GLS= peak global longitudinal strain, E =
Early wave of mitral inflow, e’= early diastolic mitral annular velocity, MACE = major
adverse cardiovascular event (composite of death, non-fatal myocardial infarction and heart
failure).

(N= total population, n events, annualized rate and follow up in person years (FU in PY))

Circulation. Author manuscript; available in PMC 2021 January 07.



Page 20

Bajaj et al.

uonaouny _u.\\Qm\mm,
100°0> (8s1'T2) 86 11T €8 (0er's9) 88 onel 8/3 [elale]
100°0> (56T '9'6) THT (91 '9'8) 8°0T (z'9T'8'8) L'TT ones 9/3 |eydas
uornjouny aijojserq
ssa18weded AydeaBoipiesoydg
100°0> (tz'ensT (52'sT)6T (ez'v1) 8T anIasal mojy Areuoiod
100°0> (zzzn LT (Lz'9mte (927161 Byurw/jw ‘moj4 poolq [elpsesoAw ssans
290 (eT'g0)0T (€T'80)TT (€1'80)0T Bjurwyjw ‘moj4 poolq [eIpsesoAul 15y
¥70°0 (0'59 '0'9%) 0’85 (0'29'0'28) 0°09 (0'99 ‘0'05) 0°'65 9% ‘UOIOELY UOND3[d JeINdLIIUBA Yo
saa1aweded Aydeabowol UOISSILIE UOIIISOH
€V00 (cse'Lve)gLe (6'se '8's2) T'0E (1'se 'v'se) v6e 2W/Bx “xapuy ssew Apog
100°0> (%09) 2 0 (%02) L sisAlelq
1T°0 (%S'ST) 8T (%6'22) vS (%502) 2L awvo o Aosiy Ajwreq
6€0 (%z'9) 9 (%92) 8T (%8'9) ve asn 022eqoL
980 (%T2T) ¥1 (%'11) 22 (%9°TT) Tv aseasip Areuow|nd aANONIISAO 21U0IYD
80 (%09) 2 (%g'9) €T (%2°9) 0¢ oS
L00°0 (%z'TT) €T (%8€) 6 (%€9) 22 85e3SIp JeInaseA [esaydiiad
010 (%8'8¢) S (%T1°0¢) TL (%0°€e) 91T sejeqeIq
0100 (%eeL) o8 (%€°65) OVT (%e'29) See elwapidijadAH
100°0> (%.'68) v0T (%9'12) 69T (%9'22) €12 uosusuedAH
sialaweded [ealul|D
LE0 (%9'12) 52 (%9'12) TG (%9'12) 9L %oe|g
190 (%e'19) 1L (%0%9) TST (%T°€9) z2e a[ewaS
100°0> (18 'T'V9) €'€L (6'69 '8'25) 8'19 (T'SL 'v'S8) 259 sieak ‘o
solydeabowag
(9T1=N) (952=N)
2nead | jaupy o mmu%mww_m__w_w Aﬂwww_mw_w A_N_ﬁmuwm_umu>7ﬁ_w

Circulation. Author manuscript; available in PMC 2021 January 07.

sonsLaloRIRyD auljaseq

‘T algeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 21

Bajaj et al.

1eqo]6 >ead =59 ‘pU0IaS/SIsIBL =I3S/W ‘SSAUNIIY |[eM SAIE|8 =1 MY ‘SWINJOA J1]0ISBIP PUd =AQT ‘SWNJOA J1]01SAS pUd =AST ‘9JoLIUSA Yo =/ ‘A1ID09A Jejnuue [eniw d1jolselp AJes =8 ‘Mojjul
lelyiw Jo anem Ajre3 = 3 ‘amnuiw Jad syeaq =widq ‘ejnwiioy (1d3-aM) uoneloge|jod ABojorwapida aseasip Asupiy d1uoiyd Buisn sjel uolresl|is Jejniawolb parewnss = Y499 ‘aseasip Asupiy J1uoIyd=aMd

Author Manuscript

*(9%) u 10 (3Burl B)1IENbIBIUL) UBIPAW BJe SaNjeA

2100 (%2°02) 28 (%8'95) vET (%¥'19) 9TC Adesayy Buriamol pidiy
0.0'0 (%2'29) 8L (%2'29) G€T (%5'09) €12 uuidsy
160 (%T°28) eV (%t°9¢) 98 (%9°9¢) 62T | sionqyur swiAzus Bunisauod uisusiolbuy
100°0> (%2°02) 28 (%8'05) 02T (%b'29) zoT siaxoo|g eleg
6000 (%T°2€) e (%L°€2) 95 (%1°82) 66 $19X90]g [aUUBYI WINIdED
SuoITedIPaW Jejnasenolpied
100°0> (076 '¥'S2) O'TY ('86 '6'TL) 6'G8 (506 'T'1S) €2L W ELT/UIW/TW Y498
100°0> (czznvrT (0T'20)80 (cT'g0)0T Ip/Bu * BuUIe3Id WINIAS
1000> | (0°€098 ‘0'89%) §'0S2T | (0'680T '0'80T) 0'86T | (0°0S6T ‘0'EET) 0'8YS Tuy/bd ‘dNgold LN
100°0> (T6'T9) 1L (oL'rv)es (926 €9 dNgoid LN Bo [einyeN
saaydewolq bunenaa)
(%6'52) 82 (%S'6T) €7 (%9°12) TL AydounadAy o1pusou0d
(%eee) 9¢ (%T'6€) 98 (%z'L€) z2T Burjapowsas 213us2U0D
(%8'v1) 91 (%S'6) T2 (%e'TT) L€ AydouniadAy o1us0o3
020 (%6'52) 82 (%8'1€) 0L (%6'62) 86 [eulioN
buijspowsal N7
850 (€5°0 '6€°0) S¥°0 (¢5'0-8€0) ¥7°0 (€5'0-8€0) ¥7'0 onel 1Y
€10 (S6TT'T'€L) 6'€6 (9011 'T°02) 0’88 (9'1TT '¥'TL) 0'68 ZW/swelb ‘xapul ssew A
670 (Teez 'L'0eT) 96LT | (9v2z '€2€T) 6'69T | (922 ‘T'Z€T) 0'2LT swel ‘ssew A7
TL0 (8'90T '€'59) 8'28 (0'60T '5'€9) T'18 (€80T '0'%9) 6'18 sIBUIIW ‘AQIAT
G0 (505 ‘0'ze) 8'0€ (o'sv 'e'12) 0'0E (0'sv '6'12) 0°0€ sIUIIW ASINT
Anowwoab/a1monis N7
100°0> (gg1-'222-) €12 | (T°02-'6'08-) L'Ge- | (581- ‘8'62-) €2 % ‘SO9 dead
100°0> (L'6€ '2'6T) 552 (T'8v '9've) 9've (L'sv'02e) S'1¢ % ‘SHO Xead
100°0> (6'01-'e'6T-) T'ST- | (9¥T-'2¢e-) 98T- | (r€1-'9'T2-) 0°LT- % ‘'STI9D Mead
(911=N) (9€2=N)
2aner-d | ey ao mmv%mvuw_ﬂu“__mvu_w Aﬂwwww_%u,w_w A_N_ww,mu>7n_w

Author Manuscript

Author Manuscript

Author Manuscript

Circulation. Author manuscript; available in PMC 2021 January 07.



Page 22

Bajaj et al.

1w =6/uiwyjw ‘1818w asenbs Jad sweibojiy

Author Manuscript

4

"$9|E1IeA SNONUIUOD J0J 1$8) WNS URJ UOXOD]IAA 8U) pue Sa|qeLieA [2o1i0B81ed 10j 18] asenbs-1yd 8y Uo paseq ate sdnoub ayy ussmiag uostiedwo)
M

“aInuIw Jad siayiiw =ulw/qw asupiw 1ad wesbooid =wy/6d ‘welb Jad sxnuiw
w6 ‘apndad onainiyeu adAl-g oid [eulwis)-N = JNG0Jd 1N ‘urelis [eruaiajwinalid [eqolb yead ‘uress [eiped [egolb dead =Sy ‘uresls [euipniibuoj

Author Manuscript Author Manuscript Author Manuscript

Circulation. Author manuscript; available in PMC 2021 January 07.



Page 23

Bajaj et al.

(31njIey Leay pue UoRoJRIUI RIPJEIOAW [BIRJ-UOU ‘U1eap JO 811S0dW0d) JUsAS JeJNISeAOIpIed asianpe Jofew = JDWIN ‘ajqeor dde
jou =N ‘apndad onainiyeu adAi-g oid jeutwis)-N = dNgoJd 1N ‘urens [eruaiajwinalid [eqolb sead = SO9 ‘utens jeiped [eqolb ead =S¥9 ‘urens jeuipniibuol [eqolb yead =519 ‘A1190]aA Jejnuue [eaiw
a1j01seIp AlJed =,8 ‘MOJJul [eJHW JO anem ApreT = 3 ‘ejnwioy (Id3-aMD) uoneloge]jod ABojoiwapida aseasip Asupiy 91uoJyd Buisn arel uoirelyij Jejniawiold parewnss =4-499 ‘9AIasal MO} A1euoioD = y4D

“UOITRI0SSE J0 UYIBUaLS Se paluasald aJe Sa|gelIeA PaUOIIUSWBIoge 10} BUUNOIIR Ja1ye SIUBIDILA00 UOIRI31I0D [ellied pue LUoMe|a110D “(Pasn a1am sjapow auljds 91gnd paioLisal
uoIssaIfal UossI0d FOWIA J0) Seasaym (pasn aam sjapouu auljds pe1oLisal uoissalbal Jesul] dNgo4d LN 6O [einteN pue SO9 ‘'SHO ‘ST19D *.8/3 [e1das *,8/3 [e4e1e) SBLI02IN0 SNONUILOD J0H “UONJel)
uono3la JeNdLIIUBA 1| pUE PaXapul SSBW Je[NILIIUSA 13| ‘8X0.1S ‘aseasip Jejnasen [esayduad ‘saragerp “eiwapidijiadAy ‘uoisuspadAy ‘soel “Japusb ‘afie ‘Y498 ‘Y40 papnjoul sjapow uoissalbal paisnipy

9TT'0 _ 1000 _ VN _ VN _ padeys- _ ST0°0 _ T00°0> _ VN _ VN _ padeys-1 _ (30VIN) Jutodpusa [eatur]d apsoduio)
JU3AS JB|NISBAOIPIBD 8SISAPY
€000 _ 1000 _ L2°0- _ €V'0- _ padeys- _ ¢100 _ T00°0> _ T¢0- _ ¥€0- _ padeys-1 _ dNgoJd LN Boy feinieN
$S341S [[eM AT JO SIS IR
¥85°0 1000 90°0- 61°0- Jeaunn T00°0 T00°0> 8€0- 6€°0- | prowfis asionay S09
0S¢0 ¢000 0T'0 670 Jeaunr T00°0 T00°0> 9¢°0 €0 prowbis SYO
29T'0 1000 0T'0- LC0- Jeaunn T00°0 T00°0> €59°0- 95°0- | prowfis ssionay S19
$901pUI 01103SAS
8500 1000 00— L20- | padeys-q 000 T00°0> LT°0- 62°0- padeys-1 9/3 [edas
€9¢°0 T00°0 S0°0- 82°0- | padeys-1 T00°0 T00°0> 10— 6¢°0- padeys- 9/3 [eJere]
$901pul a1j0ISeIq
1UBI0130D JUBIOIY30D
anjen anfea-d | uonepaaiod | 1usIdB0D anjen-d anfea-d | uoneauio) 1UBI014480D
-d passnipy | paisnipeun [ened | uoneppliod adeys | pasnlpy | paisnipeun [ened | uonelaii0D adeys

H-493 UM UOIIRII0SSY d4D UMM UoneI00SSY aInsea

9AJ3Sa MO|J AJBU0IOD PUR UOIJUNY [BUBS ‘SBLLIOJINO JBJNISBACIPIED ‘SS8IIS |[BM ‘SOIUBLIBLW AT UBSMIQ SUOITRID0SSY

Author Manuscript

‘¢ slqeL

Author Manuscript

Author Manuscript

Author Manuscript

Circulation. Author manuscript; available in PMC 2021 January 07.



Page 24

Bajaj et al.

Author Manuscript

*(24njIey 1RAY pUE UONIRIUI [RIPJRI0AL [B1R)-UOU ‘Ylesp JO 811SodWod) JUSAS Je[ndSeAOIpIRd asIaApe Jofew = OV ‘9seasip Asupiy d1uoIyd=ad

‘uolssalfial uossiod Buisn pare|nojes alam sanjeA-d pue sajel JUsAS pazijenuuy

*¥

‘pazAjeur Sem JUaAS 1S114 01 dwil] steak (272 ‘2'T) v sem awin dn-mojjos (€O-TO) uelpan
*

T00°0> %¢'9/2C %L'T/6T %.L°C [TV ain|rey Leay oy uolezife)dsoH
6550 %T'T/9 %60 /CT %0°'T /8T | uonoJejur e1pseooAw [erejuou Joy uolezijendsoH
T00°0> %0°L IVE %0°€ /0¥ %T'V VL ylesQ
(3ovI)
T00°0> %SG'CT /2S %97 /95 | %99 /80T jutodpua [eatul]d a)sodwod [ejoL
., 8¥ed JUana pazifenuue s)usna u
(911=N) (9€2=N)
d (09>4499) | (0924499) (¢5e=N)
L L 18ybiy Jo ¢ sbers aMo pansasald 11_48A0

‘€ 9lqeL

Author Manuscript

Author Manuscript

uonouny [euas Ag payiens  syutodpus [eatut]

Author Manuscript

Circulation. Author manuscript; available in PMC 2021 January 07.



Page 25

Bajaj et al.

*(4n|1ey 1UB3Y pUER UOIDJRIUI [RIPJEIOAW [BIR}J-UOU ‘UYIeap JO 811S0dwod) JUSAS Jejnaseolpled asianpe Jofew = 3OvIA ‘apndad onainuieu adAi1-g oid feutwisi-N = dNgoJd1N ‘urens
JenualaywinaId feqolb sead =09 ‘urens [eiped [eqolb dead =Sy ‘urens jeurpniibuo] [eqolb ead =579 ‘A1190]8A Jejnuue [eaIW d1joIseIp AJ1es =,8 ‘MOJJUl [eLlIW JO dAeM AjJe = J ‘9]oLIUsA 1Yo =A]

uonoely uonoale JeNoLIUBA 18| Bunsal pue paxapul SSeW Je[NOLIUBA 1487 ‘8Y011S ‘aseasip Jejnasen [eaydiiad ‘seraqelq ‘elwapidijiadAH ‘uoisusuadAH ‘aoey
“Japua9 ‘aby * einwiioy (1d3-aMD) uoneloge|jod ABojorwapids aseasip Asupiy 91U0YD Buisn a)el uoiiea|1 JejnIawWo|B Parewss =499 ‘9AIasay MO|4 A1euo1oD=4H4D papnjoul s|apow uoissalbal paisnipy

%2E _ 9200 '0€°0- _ (30vIA) Jutodpusa [edtur]d apsodwiod

JUBAS JB|NISBAOIPIR) 3SISAPY

%L _ €000 '02°0- _ dNgoud LN Bo [einyeN

SS841S |[eM AT] JO SaadJBIN

%VE 100°0> ‘GE0- S09

%67 100°0> ‘220 [e1pey

%y 100°0> ‘8%°0- S19

S301pUI 01101SAS

%C G00°0 'ST'0- /3 [eydag

%6T 1200 '€T°0- 9/3 [eJaleT]
w:_m>-Q ,_w_uoE uolneipsw ul 440

HD BIA pajeIpawl 198448 05 | 40} SIUBI0I02 UoIssalbiay pazipiepuels $801pul d1j01SEIQg

aseasip Asupi

21U0JYD Ul JUBAS Je[NISBAOIPIRD 3SISAPE pUR UOIIoUNYSAP AT 01 uonounisAp Jejnasenoldiw eia Aemyired pazisaylodAy 1oy [apow uoieIpaA o) S1nsey

Author Manuscript

‘v alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Circulation. Author manuscript; available in PMC 2021 January 07.



	Abstract
	Introduction
	Methods
	Patient population
	Renal Function
	Quantification of coronary vascular function
	Image analysis:

	Quantification of cardiac structure and function
	Diastolic function:
	Systolic function:

	Circulating biomarkers
	Clinical outcomes
	Statistical Analysis

	Results
	Baseline characteristics
	Association between eGFR, coronary flow reserve and left ventricular mechanics
	Association between eGFR, coronary flow reserve and LV wall stress
	Association between eGFR, coronary flow reserve and clinical outcomes
	Risk stratification across categories of LV structure/function and coronary flow reserve
	Mediation analysis to explore the link between renal dysfunction, impaired cardiac mechanics and adverse cardiovascular events

	Discussion
	Study Limitations

	References
	Figure 1:
	Figure 2:
	Figure 3.
	Figure 4.
	Table 1:
	Table 2.
	Table 3.
	Table 4.

