
CLINICAL RESEARCH
Corre

and Im

versit

2G3 C

Recei

March

Kidney
Effectiveness and Utilization of Cardiac

Rehabilitation Among People With CKD
Stephanie Thompson1, Natasha Wiebe1, Ross Arena2,3, Codie Rouleau3,4,

Sandeep Aggarwal3,5, Stephen B. Wilton6, Michelle M. Graham1,7, Brenda Hemmelgarn1

and Matthew T. James8

1Department of Medicine, University of Alberta, Edmonton, Alberta, Canada; 2Department of Physical Therapy, University of

Illinois at Chicago, Chicago, Illinois, USA; 3TotalCardiology Research Network, Calgary, Alberta, Canada; 4Department of

Psychology, University of Calgary, Calgary, Alberta, Canada; 5Department of Cardiac Sciences, University of Calgary, Calgary,

Alberta, Canada; 6Libin Cardiovascular Institute of Alberta and O’Brien Institute of Public Health, Cumming School of Medicine,

University of Calgary, Calgary, Alberta, Canada; 7Mazankowksi Alberta Heart Institute, Calgary, Alberta, Canada; and
8Department of Medicine, University of Calgary, Calgary, Alberta, Canada
Introduction: Cardiac rehabilitation (CR) is a proven therapy for reducing cardiovascular death and hos-

pitalization. Whether CR participation is associated with improved outcomes in patients with chronic

kidney disease (CKD) is unknown.

Methods: We obtained data on all adult patients in Calgary, Alberta, Canada with angiographically proven

coronary artery disease from 1996 to 2016 referred to CR from The Alberta Provincial Project for Outcome

Assessment in Coronary Heart Disease and TotalCardiology Rehabilitation. An estimated glomerular

filtration rate (eGFR) <60 ml/min/1.73 m2 or kidney replacement therapy defined CKD. Predictors of CR use

were estimated with multinomial logistic regression. The association between starting versus not starting

and completion versus noncompletion of CR and clinical outcomes were estimated using multivariable

Cox proportional hazards models.

Results: Of 23,215 patients referred to CR, 12,084 were eligible for inclusion. Participants with CKD (N ¼
1322) were older, had more comorbidity, lower exercise capacity on graded treadmill testing, and took

longer to be referred and to start CR than those without CKD. CKD predicted not starting CR: odds ratio

0.73 (95% confidence interval [CI] 0.64–0.83). Over a median 1 year follow-up, there were 146 deaths, 40

(0.3%) from CKD and 106 (1.0%) not from CKD. Similar to those without CKD, the risk of death was lower in

CR completers (hazard ratio [HR] 0.24 [95% CI 0.06–0.91) and starters (HR 0.56 [95% CI 0.29– 1.10]) with

CKD.

Conclusion: CR participation was associated with comparable benefits in people with moderate CKD as

those without who survived to CR. Lower rates of CR attendance in this high-risk population suggest that

strategies to increase CR utilization are needed.
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C
ardiovascular (CV) disease is the leading cause of
death in patients with CKD, with a risk of

myocardial infarction and CV mortality 4- to 10-fold
higher than in the general population.1,2 Despite these
risks, patients with CKD are less likely to receive estab-
lished therapies that have shown to be efficacious in
the general population, such as CV medications and
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revascularization.3–5 Evidence from randomized trials
has established exercise-based cardiac rehabilitation
(CR) as a proven therapy for reducing CV mortality
and all-cause hospitalization in populations with coro-
nary artery disease (CAD).6,7 However, whether coex-
isting CKD in patients with CV disease influences the
utilization and outcomes associated with CR is not
known.

Evaluating the utilization of CR and its relationship
with clinical outcomes in people with CKD is important
for several reasons. First, CKD is independently asso-
ciated with a poorer prognosis after a cardiac event,8

even for those with moderate CKD.9–11 Second, it is
important to show whether interventions proven
1537
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Procedure
1 Oct 96 – 30 Mar 16

Program start
23 Nov 01 – 18 Aug 16

Referral
25 Nov 96 – 31 Mar 16

Index date 
8 weeks 

a�er program start
18 Jan 02 – 13 Oct 16

Death, hospitaliza�on, AMI, HF, 
stroke/TIA

Study end
18 Jan 03 – 31 Dec 16

People with event and/or
death are excluded 

Imputed for those 
that did not start

Up to 1-year follow-up

Figure 1. Study timeline. AMI ¼ acute myocardial infarction; HF ¼ heart failure; TIA ¼ transient ischemic attack.
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efficacious in randomized trials are effective in people
that may have been excluded (i.e., those with a high
burden of comorbidity and kidney disease). Finally,
many of the known barriers to CR participation, such
as multimorbidity and advanced age, are highly prev-
alent among people with CKD. Therefore, character-
izing the pattern of CR utilization in people with CKD
could be used to focus recommendations and tailor
strategies for increasing CR participation in this high-
risk population.

Our primary objective was to evaluate the associa-
tion between CR and death in people with CKD. Our
secondary objectives were to evaluate the associations
between CR and CV death, hospitalization, and cardiac
events. We also sought to describe the association be-
tween patients with CKD and CR utilization.

METHODS

This observational study is reported according to the
Strengthening the Reporting of Observational Studies
in Epidemiology guidelines.12 The institutional review
boards at the Universities of Alberta (Pro00073253) and
Calgary (REB15-0476) approved this study.

Data Sources and Cohort

We used data from the Alberta Provincial Project for
Outcome Assessment in Coronary Heart Disease
(APPROACH) and the TotalCardiology Rehabilitation
Database. APPROACH prospectively collects data on
demographic and clinical characteristics on all patients
undergoing coronary angiography in the province of
Alberta, Canada.13

Clinical outcomes, laboratory values, and additional
demographic and clinical characteristics were deter-
mined by linkage to the Alberta Kidney Disease
Network (AKDN) database which incorporates data
from Alberta Health (AH; the provincial health minis-
try) on physician claims, hospitalizations and ambula-
tory care utilization, vital statistics from Service
1538
Alberta, and all clinical laboratories in Alberta. Labo-
ratory data for creatinine was uniformly available from
all health regions in Alberta from May 1, 2002 onward.
Additional information on the AKDN database is
available elsewhere, including the validation of
selected data elements and the standardization and
calibration of serum creatinine assays.14 The databases
were used to assemble a cohort of adults ($18 years of
age) who had angiographically proven CAD and were
referred to CR. Eligible participants required $1 serum
creatinine measurement within 2 years before coronary
angiography or in the 1 to 8 weeks after the procedure.
We followed participants 8 weeks after the start of CR
(index date; January 18, 2002 or later) until death, out-
migration, or for 1 year, whichever was earliest
(Figure 1). If an individual selected not to participate or
was missing an enrollment date (15.8%), we imputed
their hypothetical start date of the program with
random sampling and replacement from the available
wait times (from catheterization to CR start).
Cardiac Rehabilitation

TotalCardiology Rehabilitation is a single, centralized
CR program located in Calgary, Alberta, Canada. Pa-
tients eligible for the CR program must be referred by a
physician and have CV disease. Health identifier, de-
mographics, and reason for referral are collected for all
referrals. The program is a uniformly delivered 12-
week exercise-based program that also includes edu-
cation, health coaching, and medical management for
comprehensive risk factor reduction. The exercise
program is delivered as a twice-weekly, 1-hour session
supervised by clinical exercise specialists, registered
nurses, and physicians.15,16 The typical exercise pre-
scription includes 20 to 60 minutes of steady-state
aerobic training at 45% to 85% of heart rate reserve.
Resistance training and stretching are offered on
alternate days after each aerobic exercise session. Par-
ticipants are also prescribed 2 to 2 additional hours per
Kidney International Reports (2021) 6, 1537–1547
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week of independent exercise. The education compo-
nent consists of classes on nutrition, stress manage-
ment, and smoking cessation plus additional behavioral
health counseling with program staff as needed. CR
participants complete a baseline assessment that in-
cludes a graded exercise test and risk factor assessment.
The graded exercise test is typically completed on a
treadmill using a Bruce Protocol to determine peak
metabolic equivalents (METs). The peak MET value
was calculated from treadmill speed and grade during
the final stage of the exercise protocol using and
established equation.17 The baseline assessment is
repeated at the end of the 12-week program and par-
ticipants are subsequently provided with a home ex-
ercise program. In this study, participants were
divided into 3 CR exposure groups: 1) those that were
referred but did not start the CR program, 2) those that
started but that did not complete the 12-week CR
program; and 3) those that completed the CR program.
Noncompletion was defined as those who started but
either self-selected not to complete the program, were
medically discharged early, or died. Those that were
discharged or died before completing 8 weeks of the
program did not contribute any follow-up time and
therefore were not included in any analyses.
Covariates from APPROACH

Age, sex, South Asian ethnicity, body mass index,
current smoking status, and the number of diagnosed
comorbidities (hypertension, hyperlipidemia, diabetes
mellitus, heart failure, chronic obstructive pulmonary
disease, metastatic cancer, peripheral vascular disease,
and cerebrovascular disease) and whether the indica-
tion for catheterization was for acute coronary syn-
drome was collected in the APPROACH registry at the
time of the coronary angiogram. Obstructive CAD was
defined as $50% stenosis on angiogram. Obesity was
defined as a body mass index $30 kg/m2. The date of
the coronary angiogram was used as the index date for
program referral and program start.
Covariates from AKDN

Social assistance (registration with a provincial pro-
gram for those <65 years of age) and postal code were
collected from the AH registry in the AKDN database.
We determined rural status and income quintile, and
geographic coordinates for each 6-digit postal code
using the Statistics Canada Postal Code Conversion File
(available at www.statcan.ca). Residents in the lowest
income quintile were considered participants residing
in a low-income neighborhood. Using ArcInfo 10.0
software (Esri), we calculated the shortest distance by
road (in 5-km bins) from the postal code of the
Kidney International Reports (2021) 6, 1537–1547
participant’s residence to the closest TotalCardiology
Rehabilitation center.

We captured the single closest measurement of
creatinine within the 2 years before angiography to
establish baseline CKD category. If a creatinine was not
available before angiography, we used the lowest value
within 1 to 8 weeks after angiography. The eGFR was
estimated using the Chronic Kidney Disease Epidemi-
ology equation.18 Measurements were categorized as
follows: $60, 45–59, 30–44, 15–29, and <15 ml/min/
1.73 m2 or kidney replacement therapy. Albuminuria
was captured using the albumin:creatinine ratio (ACR),
the protein:creatinine ratio (PCR), and the dipstick. A
PCR assessment was used when ACR was not available,
and dipstick results were used when PCR was not
available. Albuminuria was defined as: ACR $3 mg/
mmol, PCR$15 mg/mmol, and dipstick$1þ. CKD was
defined by an eGFR <60 ml/min/1.73 m2 (including
those on kidney replacement therapy).

Three additional comorbidities (alcohol misuse, atrial
fibrillation, and chronic depression) were defined using
a previously published framework with validated al-
gorithms as applied to Canadian physician claims data,
each of which had positive predictive values $70% as
compared with a criterion standard measure, such as
chart review.19 Each participant was classified with
respect to the presence or absence of these 3 chronic
conditions at the time of the coronary angiogram (look
back extended as far as April 1994 where records were
available).

Outcomes

The primary outcome was all-cause death. Secondary
outcomes were: CV death, first all-cause hospitalization,
and hospitalizations for first acute myocardial infarc-
tion (AMI) during follow-up,19,20 heart failure, first
stroke or transient ischemic attack during follow-up,21

and first CV event (the composite of AMI, heart failure,
stroke, and CV death) during follow-up. CV death was
defined in an earlier paper using vital statistics.22

Statistical Analyses

We conducted analyses with Stata MP software
(version 15.1; StataCorp LLC, College Station, TX) and
reported baseline descriptive statistics as counts and
percentages, or medians and interquartile limits, as
appropriate. Simple associations were tested using the
Fisher exact or Kruskal-Wallis tests. We used the
Wilcoxon signed-rank test to test for within-group
(across time) differences. We used adjusted logistic
regression to determine characteristics independently
associated with the 3 mutually exclusive CR exposure
groups. The model was adjusted for age (categorized as
18–39, 40–64, 65–79, or $80 years of age), sex, South
1539
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Asian status, rural status, low-income neighbourhood,
era of catheterization (categorized as 1996–2005,
2006–2010, or 2011–2016), smoking status, obesity, and
the 11 comorbidities described above. Missing values
for rural status were imputed as urban (1.0%), and a
missing indicator variable was used if low-income
neighborhood status (1.9%) or obesity (3.7%) were
missing. Odds ratios (ORs) and 95% CIs are reported.
We used adjusted multinomial logistic regression to
show the distribution of these characteristics among 3
mutually exclusive CR exposure groups. Percentages
and 95% CIs are reported.

We used adjusted Cox regression to determine
whether the clinical outcomes were associated with
starting the CR program (combining 2 of the CR
exposure groups) versus not starting the CR program
and completing the CR program versus starting but not
completing the CR program. The models adjusted for
the characteristics listed above, and included an
interaction term between CKD and starting or
completing the program in order to test whether out-
comes were modified by the presence of CKD. To
mitigate immortal time bias and to account for the
period where CR would not be anticipated to yield
benefits,23 follow-up time started 8 weeks after the start
of the program. The start date for those who did not
start the CR program was imputed randomly with
replacement using the empirical distribution of time
from referral to program starts from the other partici-
pants.24 Participants with chronic heart failure at
baseline were excluded from the time to heart failure
and composite event models. Participants with hospi-
talizations or cardiac events (AMI, heart failure, or
stroke) during the 8 weeks after enrollment were
excluded from all analyses. Cause of death was missing
in 2.1% of the participants who died during follow-up;
these participants were excluded from the CV death
models. We determined that the proportional hazard
assumption was satisfied by examining plots of the log-
negative-log of within-group survivorship probabili-
ties versus log-time. As the median follow time from
trials is 1 year, the follow-up time was restricted to 1
year. In a sensitivity analysis, we used a propensity
score approach to address treatment selection bias by
calculating the propensity to start or complete CR.
These propensity scores were then inverted and used
as weights in further Cox analyses.25 The threshold P
for statistical significance was set at 0.05.
RESULTS

Characteristics of Study Participants

Participant flow is shown in Figure 2. From October 1,
1996 to March 30, 2016, a total of 23,215 patients were
1540
identified in the APPROACH registry and the Total-
Cardiology Rehabilitation database. Patients were
excluded because they did not have an eGFR measure-
ment (39.1%, of which 98% underwent angiogram
before laboratory data on serum creatinine was avail-
able), they had a nonfatal cardiovascular event or hos-
pitalization in the first 8 weeks of the program (27.3%),
their coronary anatomy was not determined or it was
angiographically normal (20.6%), there was no cathe-
terization in the 2 years prior (5.7%), other (did not meet
CR eligibility or died; 5.9%), or they could not be linked
to the AKDN dataset (<1.0%). Of the those with (N ¼
1786) and without CKD (N¼ 13,431), the primary reason
for exclusion from the analysis was a cardiovascular
event or hospitalization, which was proportionally
similar between groups. Of the final study population of
12,084 participants, 1322 (10.9%) had CKD.

During follow-up, there were 146 deaths (1.2%;
including 60 from CV causes); 1186 (9.8%) had $1
hospitalization; and 567 (5.1%) had $1 nonfatal CV
event: 100 had a myocardial infarction, 222 had an
episode of heart failure (886 had existing heart failure),
and 325 had a stroke or a transient ischemic attack.

Demographic and clinical characteristics by CKD
status and by the 3 CR exposure groups are summa-
rized in Table 1. In the overall population and within
each CR exposure group, participants with CKD were
more likely to be older, female, and to take more time to
be referred to and to start the program. Within each CR
exposure group, most participants with CKD had an
eGFR of 45 to 59 ml/min/1.73 m2. Participants with
CKD also had more comorbidity compared with those
with normal kidney function but were less likely to be
smokers, misuse alcohol, or to be referred to CR for
acute coronary syndrome.

Exercise Capacity

For CR completers, median baseline exercise capacity
was 6.4 (IQR 5.0–7.7) peak METs for those with CKD and
7.7 (6.4–9.0) METs for those without (P< 0.001). Within
each group, median exercise capacity improved from
baseline for those with CKD 0.65 (IQR 0.00–1.31) and
without CKD 0.70 (IQR 0.60–1.31; P < 0.001). Partici-
pants with CKD had a lower overall change in exercise
capacity than those without CKD (P ¼ 0.04). In the 395
patients with CKD who completed CR and had data on
peak METs, we did not detect a significant association
(adjusted for age and sex) between increase in peak
METs and lower mortality (HR 0.55 [95% CI 0.21–1.45]).

Characteristics Associated With CR Referral,

Attendance, and Completion

Supplementary Table S1 shows the distribution of
characteristics by the 3 CR exposure groups. Of those
Kidney International Reports (2021) 6, 1537–1547



APPROACH and 
Total Cardiology Rehabilita�on

N=23,215

Excluded (N=7,998)
eGFR not available before July 2003 (N=4,350)  
Angiographically normal or ND catheteriza�on (N=2,294)
No catheteriza�on 2 years before (N=629)
Did not qualify for the CR program (N=570)
No eGFR 2 years before or 1-8 weeks a�er catheteriza�on (N=79)
No link to AKDN dataset (N=76)

Referred to the CR program (N=10,762)

Started the CR program (N=7,886)

Completed the CR program (N=4,777)

Did not start the CR program (N=2,876)

Did not complete CR program (N=3,109)
Did not complete (N=2,862)
Medically discharged (N=241)
Death (N=6)

Did not complete 8 weeks of follow-up (N=2,669)
Cardiovascular event or hospitaliza�on (N=2,601)
Non-medical discharge (N=34)
Death (N=31)
Medical discharge (N=2)
Other (N=1)

CKD
N=1,786

No CKD
N=13,431

Did not complete 8 weeks of follow-up (N=464)
Cardiovascular event or hospitaliza�on (N=441)
Non-medical discharge (N=14)
Death (N=6)
Medical discharge (N=0)
Other (N=3)

Referred to the CR program (N=1,322)

Started the CR program (N=730)

Completed the CR program (N=425)

Did not complete CR program (N=305)
Did not complete (N=251)
Medically discharged (N=52)
Death (N=2)

Did not start the CR program (N=592)

Figure 2. Participant flow diagram. AKDN ¼ Alberta Kidney Disease Network; APPROACH ¼ Alberta Provincial Project for Outcomes
Assessment in Coronary Heart Disease; CKD ¼ chronic kidney disease; CR ¼ cardiac rehabilitation; eGFR ¼ estimated glomerular filtration rate;
ND ¼ non-diagnostic; RRT ¼ renal replacement therapy.
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referred to CR, 29% did not start the program, 28%
started but did not complete the program, and 43%
completed the program. Older age, rural residence,
social assistance, later era, smoking, and alcohol misuse
were characteristics associated with a higher propor-
tion (>65%) of people not completing the program.

Characteristics independently associated with CR
utilization are shown in Figure 3. CKD was indepen-
dently associated with not starting CR (OR 0.73 [95%
CI 0.64–0.83]). Other predictors of not starting CR were
older age (OR 0.66 per 10 years [95% CI 0.63–0.69]),
female gender (OR 0.81 [95% CI 0.73–0.90]), South
Asian ethnicity (OR 0.72 [95% CI 0.61–0.84]), rural
residence (OR 0.46 [95% CI 0.38–0.55]), social assis-
tance (OR 0.53 [95% CI 0.41–0.69]), residing in a low-
income neighborhood (OR 0.64 [95% CI 0.57–0.70]),
current smoking (OR 0.57 [95% CI 0.51–0.62]), albu-
minuria (OR 0.78 [95% CI 0.66–0.92]), or any comorbid
condition with the exception of atrial fibrillation,
metastatic cancer, chronic depression, hyperlipidemia,
obesity, or peripheral vascular disease. People with a
Kidney International Reports (2021) 6, 1537–1547
referral for an acute coronary syndrome and those in
the most recent era had a higher odds of starting the CR
program (OR 1.40 [95% CI 1.27–1.54] and OR 1.77
[95% CI 1.55–2.01], respectively).

Many of the same demographic and socioeconomic
factors that predicted not starting CR were associated
with not completing: CKD (OR 0.83 [95% CI 0.70–
0.99]), rural residence (OR 0.70 [95% CI 0.54–0.91]),
social assistance (OR 0.64 [95% CI 0.46–0.91]), residing
in a low-income neighborhood (OR 0.81 [95% CI 0.71–
0.92]), most recent era (OR 0.14 [95% CI 0.12–0.16]),
current smoking (OR 0.60 [95% CI 0.54–0.68]), alcohol
misuse (OR 0.62 [95% CI 0.47–0.81]), chronic obstruc-
tive pulmonary disease (OR 0.84 [95% CI 0.72–0.98]),
diabetes (OR 0.77 [95% CI 0.68–0.87]), and stroke (OR
0.75 [95% CI 0.58–0.99]).

Clinical Outcomes by CKD Status

Associations between CR attendance and clinical out-
comes did not significantly differ between participants
with and without CKD (Figure 4a; P values for
1541



Table 1. Demographic and clinical characteristics by CKD and CR status

Characteristic

Referred to CR but did not start Started CR but did not complete Completed CR

No CKD CKD No CKD CKD No CKD CKD

N 2876 (82.9) 592 (17.1) 3109 (91.1) 305 (8.9) 4777 (91.8) 425 (8.2)

Age, yr 63 [55–71]a 74 [68–80]a 59 [52–66]a 71 [64–77]a 59 [53–67]a 71 [64–77]a

Female sex 630 (21.9) 187 (31.6)a 595 (19.1)a 83 (27.2)a 791 (16.6)a 94 (22.1)a

South Asian 257 (8.9) 40 (6.8) 264 (8.5)a 15 (4.9)a 375 (7.9)a 21 (4.9)a

Distance to CR center 10 [5–30] 10 [5–30] 15 [10–25] 15 [10–25] 15 [10–25]a 10 [10–15]a

Rural 187 (6.6) 36 (6.1) 129 (4.2) 11 (3.6) 132 (2.8) 10 (2.4)

Social assistance 106 (3.7) 17 (2.9) 78 (2.5) 11 (3.6) 63 (1.3) 4 (0.9)

Low-income neighborhood 732 (25.5) 137 (23.1) 629 (20.2) 49 (16.1) 756 (15.8)a 51 (12.0)a

Era

1996–2005 440 (15.3)a 99 (16.7)a 172 (5.5) 16 (5.2) 913 (19.1)a 86 (20.2)a

2006–2010 1433 (49.8)a 251 (42.4)a 660 (21.2) 76 (24.9) 2033 (42.6)a 204 (48.0)a

2011–2016 1003 (34.9)a 242 (40.9)a 2277 (73.2) 213 (69.8) 1831 (38.3)a 135 (31.8)a

Smoker 1046 (36.4)a 106 (17.9)a 1035 (33.3)a 50 (16.4)a 1166 (24.4)a 45 (10.6)a

Days from catheterization to program referral 6 [2–32]a 18 [5–62]a 4 [2–9]a 7 [3–23]a 5 [3–15]a 9 [3–47]a

Referral due to ACS 1966 (68.4)a 341 (57.6)a 2370 (76.2)a 192 (63.0)a 3612 (75.6)a 272 (64.0)a

Days from catheterization to program start — — 54 [34–97]a 77 [42–138]a 74 [39–111]a 94 [62–147]a

Days from catheterization to follow-up — — 120 [92–165]a 133 [95–181]a 130 [95–168]a 150 [118–203]a

CAD severity

1-vessel 1011 (35.2)a 129 (21.8)a 1222 (39.3)a 83 (27.2)a 1860 (38.9)a 132 (31.1)a

2-vessel 874 (30.4)a 171 (28.9)a 1001 (32.2)a 94 (30.8)a 1472 (30.8)a 120 (28.2)a

3-vessel 757 (26.3)a 216 (36.5)a 775 (24.9)a 101 (33.1)a 1188 (24.9)a 134 (31.5)a

Left main 234 (8.1)a 76 (12.8)a 111 (3.6)a 27 (8.9)a 257 (5.4)a 39 (9.2)a

Exercise capacity (METs) — — 7.0 [5.7–8.7]a 5.1 [3.8–7.0]a 7.7 [6.4–9.0]a 6.4 [5.0–7.7]a

eGFR, mL/min/1.73 m2 87 [76–97]a 49 [40–56]a 91 [80–100]a 50 [42–55] 89 [78–98]a 52 [45–56]a

45–59 — 377 (63.7) — 206 (67.5) — 320 (75.3)

30–44 — 145 (24.5) — 68 (22.3) — 79 (18.6)

15–29 — 38 (6.4) — 13 (4.3) — 13 (3.1)

<15 or RRT — 32 (5.4) — 18 (5.9) — 13 (3.1)

Comorbidity

Albuminuria 205 (7.1)a 126 (21.3)a 171 (5.5)a 69 (22.6)a 196 (4.1)a 68 (16.0)a

Alcohol misuse 160 (5.6) 22 (3.7) 140 (4.5) 11 (3.6) 110 (2.3) 6 (1.4)

Atrial fibrillation 245 (8.5)a 126 (21.3)a 163 (5.2)a 40 (13.1)a 308 (6.4)a 52 (12.2)a

Metastatic cancer 142 (4.9)a 42 (7.1)a 118 (3.8)a 21 (6.9)a 154 (3.2)a 26 (6.1)a

Chronic heart failure 244 (8.5)a 145 (24.5)a 149 (4.8)a 53 (17.4)a 238 (5.0)a 57 (13.4)a

COPD 462 (16.1)a 151 (25.5)a 361 (11.6)a 53 (17.4)a 477 (10.0)a 75 (17.6)a

Depression 296 (10.3) 62 (10.5) 293 (9.4) 27 (8.9) 397 (8.3) 34 (8.0)

Diabetes 766 (26.6)a 244 (41.2)a 708 (22.8)a 107 (35.1)a 861 (18.0)a 110 (25.9)a

Hypertension 1961 (68.2)a 500 (84.5)a 1860 (59.8)a 234 (76.7)a 2864 (60.0)a 333 (78.4)a

Hyperlipidemia 2081 (72.4) 432 (73.0) 2007 (64.6) 198 (64.9) 3312 (69.3) 295 (69.4)

Obesity 790 (28.2) 141 (24.9) 927 (31.3) 84 (28.2) 1304 (28.4) 118 (28.6)

PVD 188 (6.5)a 60 (10.1)a 150 (4.8)a 25 (8.2)a 179 (3.7)a 35 (8.2)a

Stroke 148 (5.1)a 61 (10.3)a 92 (3.0)a 29 (9.5)a 121 (2.5)a 25 (5.9)a

ACS, acute coronary syndrome; CAD, coronary artery disease; CKD, chronic kidney disease; CR, cardiac rehabilitation; COPD, chronic obstructive pulmonary disease; eGFR, estimated
glomerular filtration rate; MET, metabolic equivalent of task; PVD, peripheral vascular disease; RRT, renal replacement therapy.
Data shown as n (%) or median [interquartile range].
aIndicates that Fisher exact or Kruskal-Wallis test was significant (P < 0.05).
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interaction $ 0.10). For the primary outcome, partici-
pants without CKD who started CR had a lower hazard
of death (HR 0.29 [95% CI 0.19–0.44]) compared with
nonstarters. The HR for death in the CKD group was
also consistent with a lower mortality risk associated
with starting CR but did not reach statistical signifi-
cance (HR 0.56 [95% CI 0.29–1.10]). Except for the
outcome of myocardial infarction, starting versus not-
starting CR was associated with a lower hazard for
each of the specified secondary outcomes among those
1542
without CKD and a nonsignificant trend toward a lower
risk of events in those with CKD.

Associations between completion of CR and clinical
outcomes did not significantly differ between partici-
pants with and without CKD (Figure 4b; P values for
interaction$ 0.08) except for heart failure. Participants
who completed CR had a lower hazard of death than
those who did not complete CR in those with or
without CKD (CKD: HR 0.24 [95% CI 0.06–0.91]; no
CKD: HR 0.19 [95% CI 0.09–0.43]). In the no CKD
Kidney International Reports (2021) 6, 1537–1547
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Figure 3. Cardiac rehabilitation program attendance and completion in those who started versus those who were referred but did not start, and
in those who completed versus those who started but did not complete. ACS ¼ acute coronary syndrome; CKD ¼ chronic kidney disease;
COPD ¼ chronic obstructive pulmonary disease; PVD ¼ peripheral vascular disease.
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group, completers had a lower hazard of cardiovascular
death (HR 0.25 [95% CI 0.08–0.76]) and all-cause hos-
pitalization (HR 0.73 [95% CI 0.62–0.86]) than non-
completers. Participants with CKD who completed CR
had a lower hazard of heart failure than those who did
not complete CR in the no CKD group, but not in the no
CKD group (CKD: HR 0.26 [95% CI 0.10–0.73]; no CKD:
HR 1.08 [95% CI 0.72–1.64]; P ¼ .001 for interaction).
The results of the full Cox regression for the hazard of
starting and completing CR on the primary outcome of
mortality are shown in Supplementary Table 2.
Sensitivity Analysis

Results from the propensity-weighted analysis were
similar to the primary analysis (Supplementary
Table S3). For example, the HR for death for those
who started the CR program with CKD and without
CKD was 0.61 (95% CI 0.30–1.26) and 0.19 (95% CI
0.09–0.41), respectively. The HR for CV death for CR
starters with CKD and without CKD was 0.66 (95% CI
0.23–1.91) and 0.33 (95% CI 0.17–0.66). Standardized
Kidney International Reports (2021) 6, 1537–1547
differences from the weighted analysis are shown in
Supplementary Table S4.

DISCUSSION

In this observational cohort study we examined the
associations between CR and clinical outcomes
including death from all causes, CV death, hospitali-
zation, and CV events and whether these associations
differed by CKD status. We also examined the relation
between CKD and CR utilization. Overall, and like those
with and without CKD, there was a lower risk of death
in people who started CR versus those who did not,
and even lower risk for those with and without CKD
who completed CR versus those who did not. There
were nonsignificant associations of CR completion with
lower CV death and other nonfatal CV events among
those with CKD who completed CR. These findings are
important because CKD was also a predictor of not
starting and not completing CR.

Our finding that CR participation was associated
with a lower risk of hospital admissions, all-cause
1543
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Figure 4. (A) Cardiac rehabilitation in chronic kidney disease (CKD) outcomes in those who started but did not complete versus those who were
referred but did not start. (B) Cardiac rehabilitation in CKD outcomes in those who completed versus those who started but did not complete.
CI ¼ confidence interval; HR ¼ hazard ratio; TIA ¼ transient ischemic attack.
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and CV mortality, but not myocardial infarction in
those without CKD is consistent with findings from
a previous meta-analysis of randomized trials.7 In a
more recent review, a comparable effect on CV
mortality was reported (relative risk 0.74 [95% CI
0.64–0.86]) but the relation between CR participa-
tion and all-cause mortality was not significant
(relative risk 0.96 [95% CI 0.88–1.04]).6 This dif-
ference was attributed to the inclusion of trials
conducted in the era of optimized medical manage-
ment of CV disease. However, the underrepresenta-
tion of older, higher-risk populations with major
comorbidities remains a recognized limitation of CR
1544
trials. It is conceivable that in unselected pop-
ulations where the delivery of optimized medical
therapy is more variable, the opportunity for a
reduction in mortality with CR remains. In a meta-
analysis of contemporary studies that mainly
included observational studies with mixed pop-
ulations, CR was associated with reduced all-cause
mortality (HR 0.37 [95% CI 0.20–0.69]).26 This is
highly relevant to our findings, because it is known
that people with CKD are less likely to receive
guideline recommended therapy.27

There was an association between CR and CV death in
attenders with CKD and without CKD. The non–
Kidney International Reports (2021) 6, 1537–1547
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statistically significant association between CR comple-
tion and CV death in those with CKD is likely related to
the low number of CV events. That said, although the
association between higher physical activity and lower
mortality in people with CKD has been reported in pre-
vious studies, the effect on CV events and CV death is not
known.28–31 In an analysis of the Chronic Renal Insuffi-
ciency Cohort Study, a high level of self-reported phys-
ical activity (defined as moderate exercise$150 minutes/
week, vigorous $75 minutes/week, or moderate plus
vigorous $150 minutes/week) was associated with a
lower risk of death but not CV events.29 One potential
explanation for this finding is that physical activity alone
cannot modify the nontraditional risk factors (e.g., posi-
tive calcium balance, uremic toxins, abnormal bone
mineral metabolism, and anemia) that contribute to the
elevated CV risk in CKD. However, from an analysis of the
Cardiovascular Health Study, traditional CV risk factors
had larger associations with CV death than nontraditional
risk factors in those with CKD.28 Importantly, 4 of the 6
main CV risk factors that were examined in that study
were modifiable (i.e., smoking, physical inactivity, sys-
tolic hypertension, and alcohol consumption), suggesting
thatmultimodal behavioral approaches such as CRmaybe
more effective than physical activity alone in reducing
CV events in CKD. Furthermore, in 1 study that was
limited to patients with advanced kidney disease
requiring dialysis, CR participation after coronary artery
bypass graft was associated with a reduced risk for both
all-cause and cardiac death, compared with patients who
did not participate.32

We observed an association between CR completion
and reduction in risk of an episode of heart failure in
those with CKD but not those without CKD. Compared
with those with normal kidney function, even mildly
impaired eGFR is independently associated with inci-
dent heart failure in people with or without CAD.33

Although studies evaluating the efficacy of self-
management strategies in lifestyle changes in patients
with CKD are limited,34 it is plausible that the lower
risk associated with heart failure could be attributed to
the disease management aspect of CR, i.e., management
of volume status through education on sodium reduc-
tion and medication adherence.

Dialysis dependence has been identified as a pre-
dictor of reduced CR utilization in other studies,35–37

but to our knowledge this is the first report of this
association in a cohort with earlier stages of CKD.
Higher comorbidity and older age are 2 factors associ-
ated with delayed CR referral and attendance.38,39

Therefore, although it is unclear whether this finding
is caused by CKD itself or whether this association is
caused by confounding from higher unmeasured
morbidity, we have identified a population that could
Kidney International Reports (2021) 6, 1537–1547
be targeted using established strategies for improving
CR attendance.40 These strategies include inpatient
referral, appointments for CR within 10 days of hos-
pital discharge, as well as motivational letters or tele-
phone contact.41,42 Notably, from other registry cohort
data in CAD populations, the prevalence of CKD was
significantly higher than our CR cohort at 20% to
43%.5,43,44 Although we do not have data on those who
were not referred to CR, we speculate that this differ-
ence is likely because the presence of CKD, and
particularly more advanced CKD, may influence de-
cisions to refer to CR.

We are aware of only 1 previous study that exam-
ined the relationship between CR participation and
death in CKD.32 In that study, Medicare claims were
used to identify hemodialysis-dependent patients who
had participated in CR post–coronary artery bypass
graft. We extend these findings by examining the
relation between CR and clinically important endpoints
in a cohort including more moderate stage CKD. In
addition, compared with previous studies of lifestyle
factors in people with CKD that used self-report to
measure exposure status, we used data collected on
program attendance and completion. To address secular
changes in CR eligibility for CAD over the study
period, we considered the indication for the angiogram
in the analysis. Other strengths of this study include
the use of data sources based on validated algorithms to
ascertain comorbidities and outcomes. Our study also
has limitations that are important to consider in inter-
preting and generalizing the results, which should be
considered as hypothesis generating. First, our findings
are likely influenced by treatment selection bias; spe-
cifically, the healthy user effect, which would result in
an overestimation of the effect of CR. Although we
applied 2 approaches to mitigate confounding caused
by unmeasured differences in illness severity, health
utilization, and behavioral and socioeconomic factors
between those who did and did not participate in CR,
our adjusted results remain vulnerable to residual
confounding from treatment selection bias. Second,
although program completion was associated with a
greater reduction in mortality than program atten-
dance, we did not have complete data on the number of
sessions attended to estimate a dose-response relation-
ship. In attempt to address this limitation, we used data
on exercise capacity to verify the exposure among
completers. Exercise capacity is an independent pre-
dictor of all-cause mortality in people with CAD,45

which also supports the biological plausibility of our
findings. Third, to define CKD we used a single mea-
surement of eGFR, a method that may have led to
misclassification of exposure. This limitation may have
led to an underestimation of risk in the CKD group. In
1545
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addition, a large proportion of people from earlier years
of the study were excluded because they underwent
angiography before eGFR measurements were routinely
captured in the AKDN database. Fourth, it is unclear
how the benefits of CR would be modified in the era of
newer therapies that lower CV risk such as the sodium-
glucose cotransporter 2 inhibitors. Fifth, as we focused
on a selected population that was referred for CR, there
were a limited number of events, so some estimates
lacked precision. Finally, this cohort was largely
composed of those with moderate severity CKD who
survived to CR and results may not therefore generalize
to later stages of CKD with more frailty and a higher
risk of adverse CV outcomes.

In conclusion, in this observational study, we found
that CR participation was associated with a lower risk
of death in people with CAD, with or without CKD.
CKD was also associated with not starting CR despite
referral. Given that CV risk factors amenable to lifestyle
modification contribute to the burden of CV disease in
CKD, our findings suggest that future research and
program investments should target the implementation
and evaluation of interventions to improve the atten-
dance of eligible patients with CKD in CR programs.
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