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Introduction: Limited data are available concerning the effect of severe chronic kidney disease (CKD) on

the response to cardiac resynchronization therapy (CRT) because these patients are commonly excluded

from trials. Therefore, we aimed to assess the effect of CRT on renal function, reverse remodeling and out-

come across all stages of CKD in a large patient population of recipients of CRT.

Methods: We retrospectively evaluated 798 consecutive patients with heart failure who were undergoing

CRT implantation between October 2008 and September 2016. Renal function data were available at base-

line and at 6 months following CRT. Remodeling based on left ventricular end diastolic volume/left ven-

tricular ejection fraction (LVESV/LVEF) and clinical outcome was assessed using a combined endpoint of

all-cause mortality and hospitalization because of heart failure.

Results: Median baseline estimated glomerular filtration rate was 62.8 (43.6�77.8) mL/min/1.73 m2. Of

the patients, 33.6% were in CKD stage 3, 11.0% in stage 4 and 1.1% in stage 5. LVEF and LVESV

improved across all CKD stages; however, patients with CKD stages 1 and 2 exhibited a greater degree of

improvement in LVEF (median 15% vs 10%, P < 0.001) and LVESV (median �37.2% vs �29.9%, P <

0.001) compared to patients with CKD stages 3�5. Despite a greater degree of reverse remodeling in CKD

stages 1 and 2, the most accurate cut-off of remodeling predicting good clinical outcome was lower for

patients with CKD stage 3�5, respectively: 5.5% vs 9.5% (LVEF) and �6.67% vs �12.41% (LVESV).

Conclusions: CRT results in reverse remodeling across all stages of CKD, although to a lesser extent in

patients with renal dysfunction (CKD stage 3�5). However, patients with CKD derive benefit on outcome

at a lesser degree of remodeling. (J Cardiac Fail 2019;25:803�811)
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Introduction

Renal dysfunction is 1 of the most prevalent comorbi-

dities in patients with heart failure (HF) and is associated

with poor outcome.1 In most randomized controlled trials

that have investigated therapies for HF, patients with

(severe) renal dysfunction have generally been excluded

from participation.2 As a consequence, patients with HF

and advanced chronic kidney disease (CKD) are com-

monly undertreated, in part due to this lack of knowledge
artment of Cardiology, Ziekenhuis Oost-Limburg, Genk,
sity of Groningen, Department of Cardiology, University
roningen, Groningen, the Netherlands and 3Biomedical
, Faculty of Medicine and Life Sciences, Hasselt Univer-
Belgium.
eived February 20, 2019; revised manuscript received
ised manuscript accepted July 5, 2019.
s: Wilfried Mullens, MD, PhD, Department of Cardiol-
ost-Limburg, Schiepse Bos 6, Genk 3600. Belgium, Tel:
Fax: (+32) 89 327918. E-mail: wilfried.mullens@zol.be
r disclosure information.
ee front matter
Inc. All rights reserved.
0.1016/j.cardfail.2019.07.005

803
and the caution expressed in guidelines.3,4 Nevertheless,

as kidney disease progresses, the absolute baseline risk

for developing adverse cardiac events, including HF, dis-

proportionally increases. Cardiac resynchronization ther-

apy (CRT) is recommended for patients with HF and

reduced ejection fraction (HFrEF) and electromechanical

dyssynchrony so as to improve symptoms and out-

comes.5�8 Recently, several real-world observational

studies of patients with HF have indicated that CRT is

associated with greater beneficial effects on renal func-

tion and outcomes in comparison to recipients of implant-

able cardiac defibrillators.9�12 Nevertheless, limited data

are available concerning how chronic kidney disease

modulates the response to CRT and how this translates in

important clinical outcome endpoints, including the

development of arrhythmias, hospitalization resulting

from HF and mortality.12 Therefore, we aimed to assess

the effects of CRT on renal function, reverse remodeling

and various outcome parameters across all stages of

renal dysfunction in a large, contemporary real-world

cohort.
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Methods

Study population

Consecutive patients with HFrEF undergoing CRT implanta-

tion in a single tertiary care center (Ziekenhuis Oost-Limburg,

Genk, Belgium) between October 2008 and September 2016

were evaluated retrospectively. CRT indications were in compli-

ance with the European Society of Cardiology guidelines.13 For

the current analysis, only patients with renal function data avail-

able at baseline were included. After implantation, all patients

underwent a similar prespecified follow-up and CRT optimiza-

tion protocol, as previously published.14�18 Briefly, all patients,

without exception, received optimization of HF care, such as

uptitration of neurohormonal blockers and downtitration of loop

diuretics, enrollment in rehabilitation, as well as echocardio-

graphically guided atrioventricular and ventriculo-ventricular

optimization of their device settings during follow-up. Patients

were also included in a multidisciplinary care program, includ-

ing follow-up through telemonitoring. Patients received a first

follow-up appointment 6 weeks after implantation and a second

follow-up at 6 months. After this, the follow-up was reduced to

once every 9 months if the patient were clinically stable.

The present study is in compliance with the Declaration

of Helsinki. Given the retrospective nature of the study

design, the need for written informed consent was waived

by the local ethics committee.
Baseline characteristics and follow-up

Baseline demographic characteristics and clinical data

just before CRT placement, such as medical therapy, lab-

oratory assessments, electrocardiography, as well as

echocardiography, were retrospectively collected from

the individuals’ electronic medical records. Renal func-

tion was available at baseline, at 6 months and at censor-

ing (last available laboratory analysis in the vicinity of

fewer than 3 months since last clinical follow-up esti-

mated glomerular filtration rate (eGFR) was defined

using the modification of diet in renal disease equation.

Stages of renal dysfunction were determined using the

KDIGO (Kidney Disease Improving Global Outcomes)

stages of chronic kidney disease.19 Grade 1 indicates nor-

mal renal function (eGFR > 90 mL/min/1.73 m2); grade

2 indicates mildly decreased renal function (eGFR

60�89 mL/min/1.73 m2); grade 3 indicates moderately

decreased renal function (eGFR 30�59 mL/min/1.73

m2); grade 4 indicates severely decreased renal function

(eGFR 15�29 mL/min/1.73 m2); and grade 5 indicates

kidney failure (eGFR < 15 mL/min/1.73 m2). Renal dys-

function was defined as CKD KDIGO stages 3 through 5.

Comprehensive 2-dimensional echocardiography exami-

nations were performed (iE33w; Philips Medical Systems,

Amsterdam, the Netherlands) at the time of device implanta-

tion and after 6 months. In accordance with the recommenda-

tions of the American Society of Echocardiography, all

reported measurements were averaged from 3 consecutive

cycles (or 5, in cases of atrial fibrillation).
Left ventricular ejection fraction (LVEF), left ventricular

end-systolic (LVESV) and end-diastolic volume (LVEDV)

were obtained using the modified Simpson biplane method

in the apical 2- and 4-chamber views.20

Endpoints

To assess the relationship between renal function and

response to CRT, changes in LVEF and LVESV from baseline

to 6 months after implantation of CRT were assessed as a con-

tinuous value. Additionally, for consequent analyses, response

to therapy (ie, responders) was defined as a decrease of

LVESV > 15% because this change has been used tradition-

ally in previous studies. Symptomatic response was assessed as

a change in New York Heart Association class between

implantation and 6 months. Furthermore, changes in renal

function from baseline to 6 months were analyzed as continu-

ous values. Additionally, renal response was defined as an

increase in eGFR> 10 mL/min/1.73 m2.21,22 A combined clin-

ical outcome of all-cause mortality and hospitalization resulting

from HF was studied. Additionally, to study the relationship

between echocardiographic reverse remodeling and outcome,

an endpoint of good clinical outcome was defined as

the absence of all-cause mortality or readmission because of

HF after 1 year. Heart failure hospitalization was defined as

hospitalization for congestion (at least 2 signs or symptoms of

congestion), necessitating the use of intravenous diuretics or

hospitalization for low-output HF lasting at least 24 hours.

Statistics

Data are presented as mean § standard deviation (SD)

when normally distributed, as median (interquartile range)

when skewed and as frequencies (percentage) when categori-

cal. Normality of variables was evaluated graphically using

histograms and normal quantile-quantile plots. Baseline char-

acteristics were analyzed using the independent samples t test

for normally distributed variables and the Mann-Whitney U

test for skewed variables. The x2 test was used for categorical

variables. Patients were divided into groups based on renal

dysfunction at baseline (CKD stage 1 or 2 vs CKD stages 3

through 5) for Supplementary Tables and based on response to

CRT at 6 months. Additionally, trends over 3 groups (ie, CKD

stage 1 or 2, CKD stage 3 and CKD stage 4 or 5) were statisti-

cally tested by the Cochran-Armitage trend test, the Jonck-

heere-Terpstra test or a linear regression model for categorical

variables, non-normally distributed continuous variables and

normally distributed continuous variables, respectively.

Changes in renal function over time for different groups were

tested using ANCOVA. Uni- and multivariable linear regres-

sion analysis was performed with log-transformed change in

LVESV from baseline to 6 months as a dependent variable.

Transformations were checked using multifractional polyno-

mials. Multivariable linear regression analysis, including all

variables with P < 0.10 in univariable analysis were con-

structed via backward elimination. The model was tested for

collinearity and checked by plotting residuals. A propensity

score was determined using linear regression with eGFR at
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baseline as the dependent variable, and it includes all univari-

able significant (P < 0.10) variables. This propensity score

reflects the characteristics associated with poorer renal func-

tion. The propensity score included age, sex, height, history of

percutaneous coronary intervention, coronary artery bypass

graft, atrial fibrillation, valvular disease, pacemaker, implant-

able cardiac defibrillators, upgrade to CRT, hypertension, lipi-

demia, diabetes, as well as etiology of HF, New York Heart

Association class, dose of angiotensin converting enzyme

inhibitors, beta-blockers, hydralazine, loop diuretics, use of

diuretics, nitrates, digoxin, amiodarone, anticoagulants, statins,

and hemoglobin (adjusted r2 = 0.304). Cox proportional hazard

regression analysis was performed to investigate the associa-

tion of renal dysfunction with the combined endpoint. The

proportional hazard assumption was checked by inspection of

log-log plots and Schoenfeld residual plots. Hazard ratios

were presented per SD increase of eGFR, meaning that 1 unit

increase of eGFR is actually 1 SD increase. The optimal rela-

tionship between change in LVEF or LVESV (continuous var-

iable) and the absence of mortality and admission because of

HF after 1 year in patients with vs without renal dysfunction

was investigated using receiver operating characteristics. The

optimal cutoff point was searched for by identifying the You-

den index point (sensitivity + specificity �1). A 2-tailed

P value < 0.05 was considered statistically significant. All

analyses were performed using R: A Language and Environ-

ment for Statistical Computing, v. 3.3.1 (R Foundation for Sta-

tistical Computing, Vienna, Austria).

Results

A total of 798 patients underwent CRT implantation

between October 2008 and September 2016 and had eGFRs

assessed at CRT implantation. The median eGFR at implan-

tation was 62.8 (43.6�77.8) mL/min/1.73 m2. At that time

point, 12.4% (99) of patients were in CKD stage 1, 41.9%

(334) in CKD stage 2, 33.6% (268) in CKD stage 3, 11.0%

(88) in CKD stage 4, and 1.1%9 in CKD stage 5. At the

time of implant, 5 patients (0.62% of the entire cohort)

were undergoing dialysis. Table 1a provides an overview of

baseline characteristics for patients in CKD stage 1 or 2

(eGFR � 60 mL/min/1.73 m2), CKD stage 3 (30 � eGFR <

60) vs CKD stages 4 and 5 (eGFR < 30 mL/min/1.73 m2).

In brief, patients with renal dysfunction at baseline (CKD

stages 3 through 5) were older, more commonly had atrial

fibrillation as well as an ischemic etiology of HF with a lon-

ger duration (all P < 0.001). Echocardiographic parameters

at baseline, such as LVEF and LVESV at baseline were bal-

anced in both groups. In Supplementary Table 1, baseline

characteristics for CKD stages 1 and 2 vs CKD stages 3

through 5 are displayed separately.

Changes in clinical and echocardiographic parameters

following CRT implantation

Compared to patients with CKD stage 1 or 2, patients with

renal dysfunction at baseline (CKD stages 3 through 5) showed

a smaller improvement in New York Heart Association class,
LVESV and LVEF following CRT implantation (Table 1b and

Supplementary Figure 1). When response was defined as

LVESV decrease greater than 15%, 78.2% (68) of patients in

CKD stage 1 at baseline were responders, 76.0% (231) in CKD

stage 2, 64.5% (149) in CKD stage 3, 61.0% (50) in CKD stage

4, and 50.0%4 in CKD stage 5. In Figure 1 it is shown that there

was an improvement in both LVESV and LVEF in all stages of

CKD, even in patients with CKD stage 4 or 5.

In patients with renal dysfunction at baseline (CKD stages 3

through 5), responders, based on LVESV decrease > 15% at 6

months, were more commonly female, more often had noni-

schemic HF with shorter durations and were treated with higher

doses of neurohormonal blockers (Table 2) (all P < 0.001). In

Supplementary Table 2 baseline changes in clinical and echo-

cardiographic parameters following CRT implantation for

CKD stages 1 and 2 vs CKD stages 3 through 5 are displayed.

eGFR at baseline was independently associated with poorer

echocardiographic response to therapy in the entire population

(Supplementary Table 3). When assessed in the subgroup of

patients with CKD stages 1 and 2, the eGFR was, however, not

independently associated with echocardiographic response to

therapy (P = 0.910), in contrast to patients with CKD stages 3

through 5 (P = 0.029). After propensity adjustment for the like-

lihood of having a lower eGFR at baseline, eGFR remained

significantly associated with echocardiographic response to

CRT in both the entire population (P = 0.023) as well as in

patients with CKD stages 3 through 5 ( P = 0.011).
Change in renal function over time following CRT

implantation

Following CRT implantation, renal function remained

unchanged in the group of patients with renal dysfunction

at baseline, with a trend toward improvement (Table 1b).

Supplementary Figure 2a shows the trajectory of renal func-

tion at baseline, 6 months and end of study in the various

CKD-stage groups. A significantly different trajectory for

patients with CKD stage 1 or 2 vs CKD stages 3 through 5

is present (P < 0.001); a preservation of renal function is

observed for patients with CKD stages 3 through 5 follow-

ing CRT implantation.

A worsening of CKD stage over 6 months was observed

in 86 patients (28.1%) with CKD stage 1 or 2 at baseline, vs

16 (5.9%) patients with CKD stage 3 or 4 at baseline. On

the other hand, an improvement in CKD stage was observed

in 68 (24.5%) patients with renal dysfunction at baseline vs

20 (8.5%) patients with CKD stage 2 at baseline.

In patients with renal dysfunction at baseline, response to

CRT (defined as a decrease in LVESV > 15%) was associ-

ated with a significantly greater improvement in eGFR at 6

months (Table 2) (P = 0.043) compared to nonresponders.

At the end of follow-up, this difference was even more pro-

nounced (P = 0.013), which is illustrated in Supplementary

Figure 2b. Renal response at 6 months (defined as an

increase in eGFR > 10 mL/min/1.73 m2), however, was not

significantly different in patients with or without renal dys-

function at baseline, nor in responders and nonresponders



Table 1a. Baseline Characteristics Based on the Presence of Renal Dysfunction at Implantation

CKD stages 1, 2 CKD stage 3 CKD stages 4, 5 P trend

N 433 268 97
Demographics
Age (years) 68.9 § 10.7 74.7 § 8.8 77.3 § 7.3 < 0.001
Sex (% male) 70.9 (307) 65.3 (175) 59.8 (58) 0.019
BMI (kg/m2) 26.9 § 4.6 26.9 § 5.0 28.0 § 5.1 0.096
Medical history
Atrial fibrillation % (n) 29.2 (126) 48.1 (129) 42.3 (41) < 0.001
Stroke % (n) 7.9 (34) 7.8 (21) 4.1 (4) 0.310
COPD % (n) 16.4 (71) 17.2 (46) 17.5 (17) 0.753
Hypertension % (n) 77.4 (335) 85.8 (230) 90.7 (88) < 0.001
Dyslipidemia % (n) 67.9 (294) 72.0 (193) 76.3 (74) 0.072
Diabetes mellitus % (n) 24 (104) 26.9 (72) 39.2 (38) 0.006
Heart failure
Nonischemic etiology % (n) 63.7 (275) 53.4 (143) 41.2 (40) <0.001
Heart failure duration (months) 7.7 (1.7�61.4) 32.0 (3.9�106.1) 25.0 (2.2�75.4) 0.595
NYHA class 3 (2�3) 3 (2�3) 3(3�3) 0.011
Medication
ACEi/ARB % (n) 86.5 (373) 85.8 (230) 69.1 (67) 0.001
Percentage target dose ACEi/ARB 50 (25�100) 50 (25�50) 25 (0�50) <0.001

Beta-blocker % (n) 80.7 (348) 85.8 (230) 85.6 (83) 0.095
Percentage target dose BB 25 (12.5�50) 50 (25�50) 25 (12.5�50) 0.395

Mineralocorticoid antagonist % (n) 60.6 (261) 68.3 (183) 55.7 (54) 0.873
Percentage target dose MRA 25 (0�25) 25 (0�25) 25 (0�25) 0.625

Loop diuretics % (n) 37 (159) 57.1 (153) 68 (66) < 0.001
ECG
QRS duration (ms) 154 (130�168) 154 (134�170) 154 (132�170) 0.343
LBBB % (n) 76 (326) 76.2 (202) 68.8 (66) 0.257
Echocardiography
LVEF (%) 30 (25�35) 30 (25�35) 30 (24.2�35) 0.280
LVESV (mL) 118.8 (84.8�162.3) 124.9 (90.4�156.4) 117.9 (87.2�164.4) 0.881
LVEDV (mL) 190 (129.5�216) 166.6 (141.3�216) 166.6 (129.5�216) 0.838
Laboratory values
Hemoglobin (g/dL) 13.7 (12.6�14.7) 13.1 (12.1�14.3) 12.3 (11.2�13.3) < 0.001
eGFR (mL/min/1.73m2) 76.3 (68.5�88.0) 47.4 (40.5�53.8) 26.7 (22.0�22.9) < 0.001
Device-related features
CRT-defibrillator % (n) 50.6 (219) 47.8 (128) 48.5 (47) 0.536
Upgrade % (n) 17.1 (74) 28.4 (76) 35.1 (34) < 0.001

ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BB, beta-blocker; BMI, body mass index; COPD, chronic obstructive
pulmonary disease; CRT, cardiac resynchronization therapy; ECG, electrocardiogram; eGFR, estimated glomerular filtration rate; LBBB, left bundle branch
block; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic volume; MRA, mineralo-
corticoid antagonist; NYHA, New York Heart Association.

Table 1b. Clinical and Echocardiographic Changes at 6 Months Based on the Presence of Renal Dysfunction at Implantation

CKD stages 1, 2 CKD stage 3 CKD stages 4, 5 P trend

N 433 268 97
Clinical
NYHA class 1 (1�2) 2 (1�2) 2 (1�2) < 0.001
Delta NYHA class �1 (�2 to �1) �1 (�1 to �0) �1 (�1 to �0) 0.001

Laboratory values
eGFR (mL/min/1.73 m2) 71.8 (62.6 to �85.3) 45.6 (40.1 to �54.3) 29.6 (25.2�35.3) < 0.001
Delta eGFR (mL/min/1.73 m2) 0 (�14.4 to �3.0) 0 (�4.9 to �5.4) 3.7 (0.3�10.3) < 0.001
Renal response (increase eGFR>
10 mL/min/1.73m2 (%n))

13.4 (41) 15.8 (30) 27.9 (24) 0.003

Echocardiography
LVESV (mL) 70.9 (53.2�104.6) 77.7 (56.9�115.2) 88.5 (64.9�137.7) 0.001
Delta LVESV (%) �37.2 (�54.1 to �19.9) �29.9 (�49.4 to �10) �25.8 (�37.0 to �7.7) < 0.001

LVESV response > 15% % (n) 76.5 (299) 64.5 (149) 60.0 (54) < 0.001
LVEDV 118.2 (92.4�166.6) 123.8 (92.4�173.2) 147.4 (114.2�194.0) 0.090
LVEF (%) 45 (40�55) 40 (35�50) 40 (30�45) < 0.001
Delta LVEF (%) 15 (5�25) 10 (5�20) 10 (4.2�15) < 0.001

Therapy
VT/VF shock % (n) 8.5 (36) 7.6 (20) 18.6 (18) 0.026
New-onset AF % (n) 26.3 (107) 29.9 (75) 36.7 (33) 0.047
Biventricular pacing (&) 100 (99�100) 100 (99�100) 100 (98.2�100) 0.518

AF, atrial fibrillation; eGFR, estimated glomerular filtration rate; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction;
LVESV, left ventricular end-systolic volume; NYHA, New York Heart Association; VT, ventricular tachycardia; VF, ventricular fibrillation.
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Fig. 1. Left ventricular remodeling to CRT over CKD stages
based on echocardiographic parameters, median and interquartile
ranges. CKD, chronic kidney disease; CRT, chronic resynchroni-
zation therapy; LVEF, left ventricular ejection fraction; LVESV,
left ventricular end-systolic volume.
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based on LVESV. Independent predictors of an improve-

ment in renal function at 6 months (change in eGFR from

baseline to 6 months) were the presence of a left bundle

branch block (beta = 4.04, P = 0.006) and lower eGFR

(standardized beta = �4.13, P < 0.001) at implantation.

Renal function and outcome following CRT implantation

During a median follow-up of 27 (13�41) months, 110

patients (13.8%) died, and 165 patients (20.1%) experienced

the combined endpoint of death or hospitalization resulting

from HF. A higher eGFR at baseline is associated with a signifi-

cantly decreased risk of the combined endpoint (hazard ratio

[HR] per SD increase: 0.60 [0.51�0.71], P < 0.001). After

adjustment for baseline characteristics (age, sex, atrial fibrilla-

tion, hypertension, etiology and duration of heart failure, dose

of angiotensin converting enzyme inhibitors, loop diuretics, and

hemoglobin), higher eGFR remained independently associated

with a decreased risk of the combined endpoint (HR per SD

increase: 0.80 [0.67�0.96], P = 0.013).
To further evaluate the association between renal func-

tion, reverse remodeling and outcome, we performed

receiver operating characteristics curve analysis. Using this

method, we aimed to determine what amount of reverse

remodeling most accurately predicted freedom from all-

cause mortality or hospitalization due to HF (Figure 2). The

most accurate cutoff for improvement in LVEF predicting

good clinical outcome was 5.5% in patients with renal dys-

function vs 9.5% in patients with CKD stage 1 or 2

(Figure 3), suggesting a clinical benefit at a lesser degree of

remodeling. Additionally, the most accurate cutoff for

improvement in LVESV was �6.67% in patients with renal

dysfunction vs �12.41% in patients with CKD stage 1 or 2.

When subgroups were defined based on response to CRT,

responders with CKD stages 3 through 5 at baseline had

outcomes similar to those of nonresponders with CKD stage

1 or 2 at baseline, in which no reverse remodeling occurred

(Figure 3). Furthermore, if patients with renal dysfunction

experienced an improvement in eGRF at end of follow-up,

it was associated with a significantly reduced risk of all-

cause mortality and of hospitalization due to HF (P = 0.007

compared to patients with renal dysfunction and no

improvement in eGFR) (Supplementary Figure 3).
Discussion

In this large observational study of contemporary patients

with HF who undergo CRT implantation, we studied the

effects on renal function, reverse remodeling and clinical out-

comes. Our data show that reverse remodeling following CRT

is observed across all stages of CKD, yet response is more pro-

nounced in patients without renal dysfunction. However,

smaller improvements in LVEF and LVESV were already

associated with a lower risk of all-cause mortality or hospitali-

zation due to HF after 1 year for patients with CKD stages 3

through 5, compared to patients with CKD stage 1 or 2. Fur-

thermore, a trend toward improvement in renal function fol-

lowing CRT was observed only in patients with more

advanced stages of CKD (stages 3 through 5).

Following the publication of the landmark CRT trials,

several real-world observational studies investigating the

effects of renal function have been published. The main

findings of these studies are that even though patients with

renal dysfunction show less remodeling in response to

CRT compared to patients without renal dysfunction,

implantation of CRT is associated with improved out-

comes.9�11,23,24 In this study, reverse remodeling was

observed across all stages of CKD, suggesting that implan-

tation of CRT is beneficial regardless of renal function at

the time of CRT implantation. In addition, previous studies

have described significant reverse remodeling as an indicator

of response (defined as a 15% reduction in LVESV) in 43%

of patients with eGFRs < 60 mL/min/1.73 m2 and, more spe-

cifically, in 30% of patients with CKD stage 4.11,23 However,

in our study, which describes a more contemporary real-world

cohort with multidisciplinary HF care, including optimization

of medical therapy, we observed higher significant reverse



Table 2. Clinical and Echocardiographic Characteristics of Responders vs Nonresponders in Patients With CKD Stages 3�5

Nonresponders Responders P value

N 118 203
Demographics
Age (years) 74.5 § 7.5 76 § 9.1 0.116
Sex (% male) 71.2 (84) 58.6 (119) 0.033
BMI (kg/m2) 27.3 § 4.6 27.3 § 5.3 0.990
Heart failure
Nonischemic etiology % (n) 42.4 (50) 54.7 (111) 0.044
Heart failure duration
(months)

46 (5.5�90.7) 15.3 (2.7�78.9) 0.029

NYHA class 3 (2�3) 3 (2�3) 0.967
Atrial fibrillation % (n) 42.4 (50) 46.3 (94) 0.571
Medication
ACEi/ARB % (n) at baseline 78.8 (93) 84.7 (172) 0.232
Percentage target dose
ACEi/ARB (%) at baseline

25 (12.1�50) 50 (25�66.7) 0.012

Percentage change ACEi/ARB
from baseline to
6 months (%)

0 (0�0) 0 (0�12.5) 0.271

Beta-blocker % (n) 81.4 (96) 89.2 (181) 0.073
Percentage target
dose BB (%)

25 (12.5�50) 50 (25�50) 0.006

Percentage change BB from
baseline to 6 months (%)

0 (0�25) 0 (0�50) 0.350

MRA % (n) 55.9 (66) 70.4 (143) 0.012
Percentage target
dose MRA (%)

25 (0�25) 25 (0�25) 0.032

Loop diuretics % (n) 70.3 (80) 57.1 (114) 0.081
Echocardiography
LVEF (%) 30 (25�35) 30 (25�35) 0.014
LVESV (mL) 115.9 (77.1�153.5) 124.9 (94.6�156.4) 0.105
LVEDV (mL) 160 (119.6�216) 173.2 (141.3�208.5) 0.458
Laboratory values
Hemoglobin (g/dL) 13 (11.8�14.3) 12.9 (11.9�14) 0.860
eGFR (mL/min/1.73 m2) 40 (29.2�51.2) 42.6 (29.5�52.3) 0.217
Device related features
CRT-defibrillator % (n) 56.8 (67) 43.8 (89) 0.034
Upgrade % (n) 37.3 (44) 25.6 (52) 0.038
Follow-up data (6 months after CRT implantation)
Echocardiography
LVEF (%) 32.5 (25�40) 45 (40�50) < 0.001
Delta LVEF (%) 0 (0�5) 15 (10�20) < 0.001

LVESV (mL) 124.9 (88.2�159.2) 68.1 (53.4�94.6) < 0.001
Delta LVESV (%) 1.4 (�9 to 10.7) �39 (�52.2 to 29.4) < 0.001

LVEDV (mL) 166.6 (118.2�216) 118.2 (97.3�147.4) < 0.001
Laboratory values
eGFR (mL/min/1.73 m2) 39.7 (29.6�47.7) 42.8 (35.8�51.9) 0.011
Delta eGFR (mL/min/1.73 m2) 0 (�5.2 to 5.5) 0.8 (�1.4 to 8.1) 0.045
Renal response (increase eGFR>10 mL/min/1.73 m2 % (n) 17 (17) 21.7 (36) 0.442

Therapy
VT/VF shock % (n) 21.2 (25) 6.4 (13) < 0.001
New-onset AF % (n) 38.7 (43) 31.9 (60) 0.283
Biventricular pacing (%) 100 (98.2�100) 100 (99�100) 0.079

ACEi, angiotensin converting enzyme inhibitor; AF, atrial fibrillation; ARB, angiotensin receptor blocker; BMI, body mass index; COPD, chronic obstruc-
tive pulmonary disease; CRT, cardiac resynchronization therapy; eGFR, estimated glomerular filtration rate; LBBB, left bundle branch block; LVEF, left ven-
tricular ejection fraction; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; NYHA, New York heart association;
VT, ventricular tachycardia; VF, ventricular fibrillation.
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remodeling rates for patients with renal dysfunction. For

patients with CKD stage 4, significant reverse remodeling in

our cohort was 61.0%, and for patients with CKD stage 5, it

was 50.4%. This is in contrast to the previously mentioned

studies as well as to the study by Adelstein et al, in which no

echocardiographic benefit at all was observed in patients with

eGFRs < 30 mL/min/1.73 m2.9 Furthermore, in comparison

to a study of 15 patients in hemodialysis (CKD stage 5), an

improvement of 3.1% in LVEF after CRT was observed,
whereas in our cohort, it was 5%.25 Patients experiencing sig-

nificant reverse remodeling in our cohort generally used

higher doses of guideline-recommended neurohormonal

blockers. This underscores the importance of uptitration of

neurohormonal blockers in patients with HF and is in line

with previous studies illustrating an outcome benefit and a

greater response to CRT in patients treated with higher doses

of guideline-recommended therapy.15,26 Our study confirmed

that this also extends to patients with renal dysfunction.



Fig. 2. Receiver operating characteristic curves for 1-year out-
come, defined as all-cause mortality and HF hospitalization for
improvement in LVEF at 6 months in patients with vs without
renal dysfunction at baseline. CKD, chronic kidney disease; HF,
heart failure; LVEF, left ventricular ejection fraction.
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Several consequences of CKD, such as neurohormonal

activation, inflammation and uremia, may result in myocar-

dial fibrosis, causing a reduced left ventricular remodeling

response to CRT.27,28 In our study, we did find a significant

and independent association between renal function at base-

line and echocardiographic response to CRT in patients with

CKD stages 3 through 5, and it remained significant after

propensity adjustment. It could be hypothesized that renal

function in patients with CKD stages 3 through 5 might have

additional value in predicting poor response to CRT, in addi-

tion to previously defined variables.29 However, despite the

reduced reverse remodeling response (ie, less improvement

of LVEF or decrease of LVESV) to CRT in patients with

renal dysfunction, there is still an important clinical benefit.

Importantly, our analysis indicated that patients with renal

dysfunction already have improved outcomes at a lesser

degree of reverse remodeling compared to patients without

renal dysfunction. This is important because it is well estab-

lished that the absolute risk for adverse cardiac events is

higher in patients with advanced kidney disease.30 Therefore,

attaining an even modest improvement in left ventricular

function will often translate into a large benefit in absolute

terms. Finally, in patients with renal dysfunction at baseline

and significant reverse remodeling following CRT, outcome
is comparable to that of patients with normal kidney function

but without echocardiographic response to CRT. Therefore,

CRT implantation should be considered across the contin-

uum of renal function. Additionally, we showed that res-

ponders to CRT with renal dysfunction used significantly

higher doses of ACEi, beta-blockers an mineralocorticoid

receptor antagonists, underscoring the importance of the use

and uptitration of neurohormonal blockers. Even though tar-

get doses of neurohormonal blockers were not reached in

most patients in our cohort, we have previously shown that

uptitration of neurohormonal blockers following CRT

implantation in this cohort was significantly associated with

improved outcomes.15

We observed a response not only in terms of reverse

remodeling but also a stabilization of renal function in

patients with CKD stages 3 through 5 at baseline, suggesting

that CRT implantation might have a positive effect on the

evolution of renal function, that is, slowing (natural) renal

function decline. This probably relates to improved cardiac

efficacy, resulting in improved forward flow and reduced

backward failure. This increase in cardiac output is associ-

ated with a reduction in neurohormonal activation, and it

generates a modest blood pressure reserve, allowing an

increase in the dose of neurohormonal blockers, most of

which have been shown to influence beneficially the slope of

renal function deterioration. Additionally, the decrease in fill-

ing pressures might have a beneficial impact on renal func-

tion because both central and abdominal venous pressures

are important determinants of renal function decline.31�33 As

such, CRT might have a direct effect on renal function. In

line with this, in our study, we found that patients who did

exhibit significant reverse remodeling in response to CRT

had more pronounced improvements in renal function (as

assessed as a continuous variable). This could very well be a

bidirectional effect; improved renal function might also lead

to a reduction in neurohormonal activation and uremia and,

as such, improve cardiac function. Following kidney trans-

plantation, similar effects on cardiac structure and function

have been described, with significant improvements in

LVEF, left ventricular end-diastolic dimensions, left ventric-

ular mass and right ventricular systolic pressure.34 However,

the improvement in renal function we observed in patients

with renal dysfunction and significant reverse remodeling

improvement was very small (0.8 mL/min/1.73 m2) in res-

ponders and might not have clinical consequences. This

could be due to the underlying intrinsic pathogenesis of the

renal dysfunction such as nephrosclerosis, which is unlikely

to respond to hemodynamic improvement.
Limitations

This was a retrospective single-center observational

study without a control group, making it impossible to

determine causality; therefore, it merely describes associa-

tions. Patients were enrolled over a period of 8 years, and

data concerning changes in renal function between the time

points studied were not available. There might be a



Fig. 3. Kaplan-Meier method for mortality and heart failure hospitalization for groups, based on the presence of renal dysfunction and res-
ponders to cardiac resynchronization therapy (defined as a reduction in LVESV > 15%). CKD, chronic kidney disease; CRT, cardiac
resynchronization therapy; LVESV, left ventricular end-systolic volume.
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selection bias; patients with severe renal dysfunction were

less likely to be referred for CRT. In comparison to previ-

ous studies of this topic, this study used a large, contempo-

rary, real-world cohort with a greater number of patients in

CKD stage 4 or 5 and data about optimal medical therapy.

Our study did not allow us to draw conclusions concerning

the selection of patients (ie, nonresponders) and, if any-

thing, our data suggest that CRT implantation should be

considered for all patients with HF who meet the selection

criteria for CRT, regardless of renal function.

Conclusions

Reverse remodeling following CRT is observed across all

stages of CKD, yet response is more pronounced in patients

without renal dysfunction. However, smaller improvements

in LVEF and LVESV were associated with a reduction in

all-cause mortality or hospitalization due to HF after 1 year

for patients with CKD stages 3 through 5, compared to

patients with CKD stage 1 or 2.

Disclosures

PM is supported by a doctoral fellowship by the Research

Foundation Flanders (FWO; grant no. 1127917N). PM and

WM are researchers for the Limburg Clinical Research
Program UHasselt-ZOL-Jessa and supported by the Lim-

burg Sterk Merk foundation, Hasselt University, Ziekenhuis

Oost-Limburg, and Jessa Hospital. AHM has received lec-

ture fees from LivaNova and Medtronic. JMtM, WLH, KD,

and MD have nothing to disclose.
Supplementary materials

Supplementary material associated with this article can

be found in the online version at doi:10.1016/j.card

fail.2019.07.005.
References

1. Damman K, Valente MA, Voors AA, O’Connor CM, van
Veldhuisen DJ, Hillege HL. Renal impair-
ment, worsening renal function, and outcome in patients
with heart failure: an updated meta-analysis. Eur Heart J
2014;35:455–69.

2. Damman K, Tang WH, Felker GM, Lassus J, Zannad F, Krum
H, et al. Current evidence on treatment of patients with
chronic systolic heart failure and renal insufficiency: practical
considerations from published data. J Am Coll Cardiol
2014;63:853–71.

3. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JG,
Coats AJ, et al. 2016 ESC guidelines for the diagnosis and
treatment of acute and chronic heart failure: the task force for

https://doi.org/10.1016/j.cardfail.2019.07.005
https://doi.org/10.1016/j.cardfail.2019.07.005
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0001
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0001
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0001
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0001
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0001
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0002
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0002
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0002
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0002
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0002
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0003
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0003
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0003


Response to Cardiac Resynchronization Therapy Across Chronic Kidney Disease � Ter Maaten et al 811
the diagnosis and treatment of acute and chronic heart failure
of the European Society of Cardiology (ESC), developed with
the special contribution of the Heart Failure Association
(HFA) of the ESC. Eur J Heart Fail 2016;18:891–975.

4. Boriani G, Savelieva I, Dan GA, Deharo JC, Ferro C, Israel
CW, et al. Chronic kidney disease in patients with cardiac
rhythm disturbances or implantable electrical devices: clinical
significance and implications for decision making: a position
paper of the European Heart Rhythm Association endorsed by
the Heart Rhythm Society and the Asia Pacific Heart Rhythm
Society. Europace 2015;17:1169–96.

5. Abraham WT, Fisher WG, Smith AL, Delurgio DB, Leon AR,
Loh E, et al. Cardiac resynchronization in chronic heart fail-
ure. N Engl J Med 2002;346:1845–53.

6. Bristow MR, Saxon LA, Boehmer J, Krueger S, Kass DA, De
Marco T, et al. Cardiac-resynchronization therapy with or
without an implantable defibrillator in advanced chronic heart
failure. N Engl J Med 2004;350:2140–50.

7. Cleland JG, Daubert JC, Erdmann E, Freemantle N, Gras D,
Kappenberger L, et al. The effect of cardiac resynchronization
on morbidity and mortality in heart failure. N Engl J Med
2005;352:1539–49.

8. Leyva F, Nisam S, Auricchio A. 20 years of cardiac resynch-
ronization therapy. J Am Coll Cardiol 2014;64:1047–58.

9. Adelstein EC, Shalaby A, Saba S. Response to cardiac resynch-
ronization therapy in patients with heart failure and renal insuf-
ficiency. Pacing Clin Electrophysiol 2010;33:850–9.

10. Garg N, Thomas G, Jackson G, Rickard J, Nally JV, Tang
WH, et al. Cardiac resynchronization therapy in CKD: a sys-
tematic review. Clin J Am Soc Nephrol 2013;8:1293–303.

11. Van Bommel RJ, Mollema SA, Borleffs CJ, Bertini M, Ypen-
burg C, Marsan NA, et al. Impaired renal function is associ-
ated with echocardiographic nonresponse and poor prognosis
after cardiac resynchronization therapy. J Am Coll Cardiol
2011;57:549–55.

12. Friedman DJ, Singh JP, Curtis JP, Tang WHW, Bao H, Spatz
ES, et al. Comparative effectiveness of CRT-D versus defibril-
lator alone in HF patients with moderate-to-severe chronic
kidney disease. J Am Coll Cardiol 2015;66:2618–29.

13. Brignole M, Auricchio A, Baron-Esquivias G, Bordachar P,
Boriani G, Breithardt OA, et al. 2013 ESC guidelines on car-
diac pacing and cardiac resynchronization therapy: the task
force on cardiac pacing and resynchronization therapy of the
European Society of Cardiology (ESC): developed in collabo-
ration with the European Heart Rhythm Association (EHRA).
Eur Heart J 2013;34:2281–329.

14. Verbrugge FH, Verhaert D, Grieten L, Dupont M, Rivero-
Ayerza M, De Vusser P, et al. Revisiting diastolic filling time
as mechanistic insight for response to cardiac resynchroniza-
tion therapy. Europace 2013;15:1747–56.

15. Martens P, Verbrugge FH, Nijst P, Bertrand PB, Dupont M,
Tang WH, et al. Feasibility and association of neurohumoral
blocker up-titration after cardiac resynchronization therapy. J
Card Fail 2017;23:597–605.

16. Martens P, Verbrugge FH, Nijst P, Dupont M, Mullens W.
Changes in loop diuretic dose and outcome after cardiac
resynchronization therapy in patients with heart failure and
reduced left ventricular ejection fractions. Am J Cardiol
2017;120:267–73.

17. Martens P, Jacobs G, Dupont M, Mullens W. Effect of multi-
disciplinary cardiac rehabilitation on the response to cardiac
resynchronization therapy. Cardiovasc Ther 2018:e12467.

18. Martens P, Verbrugge F, Nijst P, Dupont M, Tang WH,
Mullens W. Impact of iron deficiency on response to and
remodeling after cardiac resynchronization therapy. Am J
Cardiol 2017;119:65–70.

19. Levey AS, Eckardt KU, Tsukamoto Y, Levin A, Coresh J,
Rossert J, et al. Definition and classification of chronic kidney
disease: a position statement from Kidney Disease: Improving
Global Outcomes (KDIGO). Kidney Int 2005;67:2089–100.

20. Schiller NB, Shah PM, Crawford M, DeMaria A, Devereux R,
Feigenbaum H, et al. Recommendations for quantitation of the
left ventricle by two-dimensional echocardiography: American
Society of Echocardiography committee on standards, subcom-
mittee on quantitation of two-dimensional echocardiograms. J
Am Soc Echocardiogr 1989;2:358–67.

21. Moreira RI, Cunha PS, Rio P, da Silva MN, Branco LM, Gal-
rinho A, et al. Response and outcomes of cardiac resynchroni-
zation therapy in patients with renal dysfunction. J Interv
Card Electrophysiol 2018;51:237–44.

22. Singal G, Upadhyay GA, Borgquist R, Friedman DJ, Chatter-
jee NA, Kandala J, et al. Renal response in patients with
chronic kidney disease predicts outcome following cardiac
resynchronization therapy. Pacing Clin Electrophysiol
2015;38:1192–200.

23. Hoke U, Khidir MJ, van der Velde ET, Schalij MJ, Bax JJ,
Delgado V, et al. Cardiac resynchronization therapy in CKD
stage 4 patients. Clin J Am Soc Nephrol 2015;10:1740–8.

24. Mathew J, Katz R, St John Sutton M, Dixit S, Gerstenfeld EP,
Ghio S, et al. Chronic kidney disease and cardiac remodelling
in patients with mild heart failure: results from the REsynchro-
nization reVErses remodeling in systolic left vEntricular dys-
function (REVERSE) study. Eur J Heart Fail 2012;14:1420–8.

25. Friedman DJ, Upadhyay GA, Singal G, Orencole M, Moore SA,
Parks KA, et al. Usefulness and consequences of cardiac resynch-
ronization therapy in dialysis-dependent patients with heart fail-
ure. Am J Cardiol 2013;112:1625–31.

26. Schmidt S, Hurlimann D, Starck CT, Hindricks G, Luscher
TF, Ruschitzka F, et al. Treatment with higher dosages of
heart failure medication is associated with improved outcome
following cardiac resynchronization therapy. Eur Heart J
2014;35:1051–60.

27. Schrier RW. Role of diminished renal function in cardiovas-
cular mortality: marker or pathogenetic factor? J Am Coll
Cardiol 2006;47:1–8.

28. Ter Maaten JM, Damman K, Verhaar MC, Paulus WJ,
Duncker DJ, Cheng C, et al. Connecting heart failure with pre-
served ejection fraction and renal dysfunction: the role of
endothelial dysfunction and inflammation. Eur J Heart Fail
2016;18:588–98.

29. Maass AH, Vernooy K, Wijers SC, van ’t Sant J, Cramer MJ,
Meine M, et al. Refining success of cardiac resynchronization
therapy using a simple score predicting the amount of reverse
ventricular remodelling: results from the markers and
response to CRT (MARC) study. Europace 2018;20:e1–10.

30. Go AS, Chertow GM, Fan D, McCulloch CE, Hsu CY, et al.
Chronic kidney disease and the risks of death, cardiovascular
events, and hospitalization. N Engl J Med 2004;351:1296–
305.

31. Mullens W, Abrahams Z, Francis GS, Sokos G, Taylor DO, Star-
ling RC, et al. Importance of venous congestion for worsening of
renal function in advanced decompensated heart failure. J Am
Coll Cardiol 2009;53:589–96.

32. Mullens W, Abrahams Z, Skouri HN, Francis GS, Taylor DO,
Starling RC, et al. Elevated intra-abdominal pressure in acute
decompensated heart failure: a potential contributor to wors-
ening renal function? J Am Coll Cardiol 2008;51:300–6.

33. Damman K, van Deursen VM, Navis G, Voors AA, van Veld-
huisen DJ, Hillege HL. Increased central venous pressure is
associated with impaired renal function and mortality in a
broad spectrum of patients with cardiovascular disease. J Am
Coll Cardiol 2009;53:582–8.

34. Hawwa N, Shrestha K, Hammadah M, Yeo PSD, Fatica R,
Tang WHW. Reverse remodeling and prognosis following
kidney transplantation in contemporary patients with cardiac
dysfunction. J Am Coll Cardiol 2015;66:1779–87.

http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0003
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0003
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0003
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0003
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0004
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0004
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0004
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0004
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0004
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0004
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0004
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0005
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0005
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0005
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0006
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0006
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0006
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0006
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0007
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0007
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0007
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0007
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0008
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0008
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0009
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0009
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0009
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0010
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0010
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0010
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0011
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0011
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0011
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0011
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0011
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0012
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0012
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0012
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0012
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0013
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0013
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0013
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0013
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0013
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0013
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0013
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0014
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0014
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0014
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0014
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0015
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0015
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0015
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0015
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0016
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0016
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0016
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0016
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0016
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0017
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0017
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0017
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0018
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0018
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0018
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0018
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0019
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0019
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0019
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0019
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0020
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0020
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0020
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0020
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0020
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0020
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0021
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0021
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0021
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0021
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0022
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0022
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0022
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0022
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0022
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0023
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0023
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0023
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0024
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0024
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0024
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0024
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0024
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0025
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0025
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0025
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0025
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0026
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0026
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0026
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0026
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0026
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0027
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0027
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0027
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0028
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0028
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0028
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0028
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0028
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0029
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0029
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0029
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0029
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0029
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0030
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0030
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0030
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0030
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0031
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0031
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0031
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0031
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0032
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0032
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0032
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0032
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0033
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0033
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0033
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0033
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0033
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0034
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0034
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0034
http://refhub.elsevier.com/S1071-9164(19)30190-3/sbref0034

	Response to Cardiac Resynchronization Therapy Across Chronic Kidney Disease Stages
	Introduction
	Methods
	Study population
	Baseline characteristics and follow-up
	Endpoints
	Statistics

	Results
	Changes in clinical and echocardiographic parameters following CRT implantation
	Change in renal function over time following CRT implantation
	Renal function and outcome following CRT implantation

	Discussion
	Limitations

	Conclusions
	Disclosures
	Supplementary materials
	References



