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Heart Rate Recovery and Risk of Cardiovascular Events and All-Cause
Mortality: A Meta-Analysis of Prospective Cohort Studies

Shanhu Qiu, MD; Xue Cai, MSc; Zilin Sun, PhD; Ling Li, MD; Martina Zuegel, PhD; Juergen Michael Steinacker, MD; Uwe Schumann, PhD

Background—Heart rate recovery (HRR) is a noninvasive assessment of autonomic dysfunction and has been implicated with risk
of cardiovascular events and all-cause mortality. However, evidence has not been systematically assessed. We performed a meta-
analysis of prospective cohort studies to quantify these associations in the general population.

Methods and Results—A literature search using 3 databases up to August 2016 was conducted for studies that reported hazard
ratios with 95% Cls for the association between baseline HRR and outcomes of interest. The overall hazard ratios were calculated
using a random-effects model. There were 9 eligible studies in total, with 5 for cardiovascular events enrolling 1061 cases from
34 267 participants, and 9 for all-cause mortality enrolling 2082 cases from 41 600 participants. The pooled hazard ratios
associated with attenuated HRR versus fast HRR that served as the referent were 1.69 (95% Cl 1.05-2.71) for cardiovascular
events and 1.68 (95% ClI 1.51-1.88) for all-cause mortality. For every 10 beats per minute decrements in HRR, the hazard ratios
were 1.13 (95% Cl 1.05-1.21) and 1.09 (95% Cl 1.01-1.19), respectively. Further analyses suggested that the associations
observed between attenuated HRR and risk of fatal cardiovascular events and all-cause mortality were independent of traditional
metabolic factors for cardiovascular disease (all P<0.05).

Conclusions—Attenuated HRR is associated with increased risk of cardiovascular events and all-cause mortality, which supports
the recommendation of recording HRR for risk assessment in clinical practice as a routine. (/ Am Heart Assoc. 2017;6:¢005505.

DOI: 10.1161/JAHA.117.005505.)
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eart rate recovery (HRR) is defined as the rate at which

heart rate decreases within the following minutes after
the cessation of physical exercise, " and reflects the dynamic
balance and coordinated interplay between parasympathetic
reactivation and sympathetic withdrawal.>* As a simple and
noninvasive assessment of autonomic nervous system func-
tion that is capable of indicating one’s ability to get adaptation
to exercise stimuli, HRR has received substantial interest and
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is widely used as a guide to monitor changes in physical
fitness and training status.*®

In recent years, there has been a large body of epidemi-
ological evidence that HRR might also be a potential
prognostic marker for predicting health outcomes including
cardiovascular disease (CVD),”'" since autonomic dysfunc-
tion as signified by attenuated HRR has been suggested to be
a precursor to hyperglycemia as well as an indicator of
cardiovascular dysfunction.’> " In addition, evidence has
also indicated that HRR may assist in predicting the risk of
all-cause mortality.”'®?" However, findings regarding its
prognostic power from current available studies varied
substantially among the studies. For instance, some studies
observed that attenuated HRR might be associated with an
increased risk of incident CVD and all-cause mortality,”"?°
whereas others stated that the strength of the associations
was diluted or even became no longer statistically significant
after controlling for confounders.®?° Furthermore, differences
in the target populations (eg, healthy versus diseased adults)
and variations in the recovery time points following the
cessation of exercise (eg, 1-minute versus 2-minute HRR)
might also contribute to the inconsistent findings.? Although
previous narrative reviews have provided important insights
into the understanding of these issues and highlighted the
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clinical significance of HRR,>?%?% their conclusions are

somehow largely subjective and importantly, they did not
systematically or comprehensively quantify the magnitude of
the association between HRR and the risk of the aforemen-
tioned related health outcomes.

In order to enrich the understanding of the prognostic
value of HRR for future clinical decision making, we conducted
a meta-analysis of prospective cohort studies with dose—
response analysis to determine the relationship between
attenuated HRR and the risk of cardiovascular events and all-
cause mortality in the general population, as well as to
identify the potential modifiers.

Methods

This meta-analysis was conducted using a preregistered
protocol (PROSPERO CRD42016048172) and reported in
accordance with the MOOSE (Meta-analysis Of Observational
Studies in Epidemiology) guideline (Table S1).2*

Data Sources and Search Strategy

A comprehensive literature search of PubMed, Cochrane
Library, and Web of Science for English-language studies was
performed through its inception to August 2016 with the use
of search terms modified from published systematic review or
meta-analysis?>?¢ as follows: (“heart rate recovery”) and (risk
or cox or hazard or “survival analysis” or odds) (Table S2).
Bibliographies of selected articles and related reviews were
manually checked to identify additional studies.

Study Selection

Studies were included if they met the following criteria: (1) the
study design was a prospective cohort; (2) the study group
was the general population with a mean age >18 years at
entry; (3) the exposure of interest was HRR, which was
assessed using an exercise stress test and expressed as 1- or
2-minute HRR (representing fast-phase and slow-phase of
HRR, respectively)?; (4) the outcome of interest was cardio-
vascular events (include coronary heart disease, myocardial
infarction, and stroke) or all-cause mortality; and (5) the study
reported hazard ratio (HR) with the corresponding 95% Cls or
provided sufficient data to calculate them. The reasons for
choosing only 1- or 2-minute HRR for analysis are because of
the fact that they are most widely used compared with other
time points of HRR, and to minimize the heterogeneity across
studies. To avoid double-counting of a single observational
cohort (eg, the Lipid Research Clinics Prevalence Study) that
had generated multiple publications and reported the same
outcome of interest, the first priority of selection was given to
the study with the longest follow-up duration, and then to the

study that provided the most completely analyzed outcome or
covered the largest number of participants.

Studies were excluded if they limited the target popula-
tions to those with confirmed pre-existing diseases such as
diabetes mellitus, had overlaps in the target populations (eg,
studies conducted in the Cleveland Clinic Foundation), or
enrolled patients who were referred to exercise stress tests
mainly for clinical reasons such as chest pain or other
symptoms suspected to be attributable to coronary heart
disease.

Data Extraction and Quality Assessment

Data extraction was performed by 2 independent authors and
disagreements were resolved by discussion. The following
information was collected: name of first author, year of
publication, country of origin, mean age of participants,
proportion of men, number of participants and outcome of
cases, duration of follow-up, number of person-years (for
dose-response analysis), assessment of HRR, adjusted
covariates, and HR with the 95% Cls. For studies that
provided several adjustment models for potential con-
founders, the most completely adjusted HR was used.

Study quality was assessed using the validated 9-star
Newcastle-Ottawa Scale,?” which assigns a maximum of 4
stars to the selection category, 2 stars for the comparability
category, and 3 stars for the outcome category. Studies with
Newcastle-Ottawa Scale scores >7 were considered to be of
high quality; otherwise, they were of low quality.

Data Synthesis and Statistical Analysis

HR was chosen as the major effect size. For studies that
reported odds ratio instead of HR, HR was computed using
the odds ratio directly, because the incidence of the outcome
of interest is very low. For studies that provided results
stratified by sex, they were analyzed as separate studies; and
for studies that utilized both 1- and 2-minute HRR as different
exposures, 1-minute HRR was chosen for the primary
analyses. However, sensitivity analysis was performed to
assess the potential influences on the overall HRs by
replacing 1-minute HRR with 2-minute HRR.

In order to obtain the summary HRs with 95% Cls regarding
the association of HRR with the risk of the outcome of
interest, 2 approaches that used a random-effects model were
applied. First, categorical analysis was conducted between
the HRs for attenuated HRR versus fast HRR. For this, if
studies reported stratum-specific HRs from at least 2 different
attenuated HRR groups compared with the same fastest HRR
category that serves as the referent, these groups were
combined into a single one and a combined HR was then
calculated using a fixed-effects model for the primary analysis
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as previously suggested.?®?? In this case, the newly gener-
ated group was assigned as the attenuated HRR group,
whereas the fastest one was assigned as the fast HRR group.
For studies reporting HRs using the attenuated HRR group as
the referent, the HRs and 95% Cls were recalculated as
inverses. Secondly, dose—response analysis was performed by
computing the HRs with 95% Cls for every 10-beats-per-
minute (bpm) decrement in HRR, with the assumption that
there exists a linear relationship of the natural logarithm of HR
with decreasing HRR and 95% Cls. For studies that reported
the association with categories of HRR instead, the method
described by Greenland and Longnecker was applied to
estimate the HRs with 95% Cls for 10-bpm decrements in
HRR.%° For studies that reported categories of HRR with the
upper and lower boundaries, the medians were imputed using
their midpoint values. For studies that provided open-ended
highest or lowest categories of HRR, the widths of these
categories were assumed to be the same as their closest
adjacent categories.?®

Statistical heterogeneity between studies was evaluated
with the I? statistic. To test the robustness of the results,
sensitivity analyses were conducted by removing a single study
each time.?' To assess the potential sources of heterogeneity,
subgroup analyses on the basis of adjustment for smoking,
maximal oxygen consumption, or at least 3 metabolic factors
related to obesity, diabetes mellitus, hypertension, or dyslipi-
demia, exercise stress testing, and testing equipment, as well
as the meta-regression analyses of baseline BMI, age, sex,
resting heart rate, and follow-up duration were performed if
possible. Publication bias was assessed using the Egger test
with P<0.10 indicative of significance. All the statistical
analyses were performed using STATA software (V. 12.0,
College Station, TX), and the statistical significance was
defined as 2-sided P<0.05 unless otherwise stated.

Results

Literature Search

Our initial search identified 1049 potentially relevant citations,
and a total of 9 articles met the inclusion criteria and were
included in the analysis (Figure 1).”"""®2" Among these
articles, 5 provided results for cardiovascular events.”'" Since
1 article reported sex-stratified results on all-cause mortality,?’
the number of studies for all-cause mortality was 9 (from 8
articles).” 111821

Study Characteristics

The main characteristics of included studies are summarized
in Table 1. The large majority of them were conducted in the
United States, enrolling middle-aged populations. For

cardiovascular events, a total of 1061 incident cases were
identified from 34 267 participants during a mean follow-up
period of 16.5 years. For all-cause mortality, a total of 2082
incident cases were identified from 41 600 participants
during a mean follow-up period of 15 years.

Almost all studies utilized Bruce or modified Balke
protocol for HRR assessment, yet only 1 study clearly
indicated the use of an active cool-down protocol.'® None
of the studies specified the position (eg, supine or standing)
for counting heart rate during the recovery periods
following the cessation of exercise. The reference cate-
gories of HRR and the number of adjusted confounding
factors generally varied across studies. Yet most studies
included age, smoking, maximal oxygen consumption, and a
group of conventional metabolic factors related to obesity,
diabetes mellitus, or dyslipidemia in their multivariable-
adjusted models. All studies were judged to be of high
quality (Table 1).

Heart Rate Recovery and Risk of Cardiovascular
Events

The random-effects meta-analyses revealed that pooled HR of
cardiovascular events related to attenuated HRR was 1.69
(95% Cl 1.05-2.71; 1°=60.9%, Pheterogeneity=0.05; Figure 2) in
comparison to the referent, and the HR was 1.13 (95% ClI
1.05-1.21; 1>=4.0%, Pheterogeneity=0-35; Figure 3) for every 10-
bpm decrement in HRR.

Results from the subgroup or meta-regression analysis
were generally consistent between categorical and dose—
response analyses (Table 2). There was a trend that the
magnitude of the associations became smaller among studies
using 1-minute HRR as exposure compared with those using
2-minute HRR (Pfor interaction=0-07 for categorical analysis, and
0.16 for dose—response analysis). Although the overall HRs
were attenuated after controlling for multiple metabolic
factors, results for risk of fatal cardiovascular events
remained significant (HR 1.78, 95% ClI 1.17-2.72 for
categorical analysis; and HR 1.20, 95% CI 1.04-1.38 for
dose—response analysis). Studies employing maximal exercise
testing protocols resulted in significant outcomes. Meta-
regression analysis did not identify any significant moderator
for the associations (Table 3).

Heart Rate Recovery and Risk of All-Cause
Mortality

Results from the meta-analyses using a random-effects model
indicated that the overall HR of all-cause mortality associated
with attenuated HRR was 1.68 (95% CI 1.51-1.88; I2<1%,
Preterogeneity=0.61; Figure 2) compared with the referent, and
it was pooled to be 1.09 (95% ClI 1.01-1.19; 1°=44.8%,
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1049 articles identified in total
305 from PubMed
346 from Web of SCI
398 from Cochrane Library
0 from other sources

A4

275 duplicates removed

A 4

774 articles screened on titles/abstracts

A\ 4

671 articles excluded
213 not focused on the general population
278 not related to the main topic
35 reviews/meta-analysis/commentaries
30 conference abstracts
71 not prospective cohort studies
44 articles conducted in children

Y

103 articles identified for full review

Y

94 articles excluded

4 reviews/meta-analysis/commentaries
6 not related to the main topic

16 no data of interest

15 population overlap

27 not prospective cohort studies

23 not focused on the general population
3 on diabetes only

A4

9 articles included in total
5 on cardiovascular events
9 on all-cause mortality”

Figure 1. Flow diagram of literature search. *The study by Wandell et al?" had results
stratified by sex, and were treated as separate studies.

Preterogeneity=0.12; Figure 3) per every 10-bpm decrement in
HRR.

Subgroup analysis showed that 2-minute HRR did not differ
substantially from 1-minute HRR in the observed associations
(Pror interaction=0.41 for categorical analysis, and 0.38 for
dose—response analysis, Table 4). The strength of the asso-
ciations remained statistically significant with adjustment for
potential confounders such as smoking and metabolic factors
in the categorical analyses. Yet only studies utilizing maximal
exercise testing protocols yielded significant results for
predicting the risk of all-cause mortality (HR 1.72, 95% CI
1.53—1.93 for categorical analysis; and HR 1.15, 95% CI 1.08—
1.23 for dose-response analysis). Meta-regression analysis
showed consistently that none of the prespecified variables
predicted the changes in the observed associations (all
P>0.30, Table 5).

Sensitivity Analysis and Publication Bias

Sensitivity analyses by omitting a single study at a time or re-
analyzing the data upon the replacement of 1-minute HRR
with 2-minute HRR”?° did not substantially affect the overall
HRs of all the outcomes of interest in the categorical or dose—
response analyses. No significant evidence of publication bias
was detected for all-cause mortality (P=0.85 for categorical
analysis and 0.49 for dose-response analysis), except for
cardiovascular events (P=0.29 for categorical analysis and
0.08 for dose—response analysis).

Discussion

Our meta-analysis of prospective cohort studies showed that
attenuated HRR was associated with a higher risk of
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CRP indicates C-reactive protein; CVD, cardiovascular diseases; DBP, diastolic blood pressure; HDL-C, high-density lipoprotein cholesterol; HR, heart rate; HRR, heart rate recovery; LDL-C, low-density lipoprotein cholesterol; Mis, myocardial

ischemia; NS, not specified; SBP, systolic blood pressure; TC, total cholesterol; TG, triglyceride.

cardiovascular events and all-cause mortality in comparison
to the references among the general population. For every 10-
bpm decrement in HRR, the risk was increased by 13% and
9%, respectively. Our meta-analysis also showed that 2-
minute HRR made no significant difference from 1-minute
HRR in predicting the risk of all-cause mortality, but it seems
likely that 2-minute HRR was more sensitive in predicting the
risk of cardiovascular events. Our meta-analysis further
showed that the inverse associations observed between
attenuated HRR and risk of fatal cardiovascular events and all-
cause mortality were independent of traditional metabolic
factors for CVD.

Interpretations

It is biologically plausible that attenuated HRR may lead to a
spectrum of poor health outcomes as shown in our study,
although the exact underlying mechanisms are unclear. First,
evidence suggests that there is a strong and direct dose—
response association between HRR and cardiorespiratory
fitness,! while the latter was demonstrated to be closely
related to the incident risk of cardiovascular events as well
as all-cause mortality.®? Secondly, it is well recognized that
the autonomic nervous system is essential in the mainte-
nance of glycemic homeostasis, in which parasympathetic
fibers stimulate the B cells to release insulin in response to
elevated glucose levels, and sympathetic activation inhibits
insulin secretion.®® Dysfunction of the autonomic nervous
system that is signified by attenuated HRR would then result
in declined insulin secretion but raised glucose levels,
leading subsequently to the development of diabetes
mellitus and disorders such as CVD through multiple
mechanisms including glucose toxicity,>* inflammation,*°
and endothelial dysfunction.®® Thirdly, a recent cross-
sectional study by Kuo et al noted that chronic inflammation
and insulin resistance were inversely related to HRR,*” while
both factors are believed to be hallmarks of CVD. Finally,
since HRR may reflect parasympathetic nervous system
function, and given that increased parasympathetic tone has
antiarrhythmic effects,38 it is conceivable that attenuated
HRR would predict death because of the possibly increased
risk of cardiac arrhythmias.

In agreement with some results from our meta-analysis,
several narrative reviews pointed out that attenuated HRR has
great promise in predicting cardiac events or all-cause
mortality.>?>3? However, the enrolled participants varied
substantially from healthy populations to patients with type 2
diabetes mellitus, myocardial infarction, or heart failure
among these reviews, making their conclusions difficult to
apply to the general population. Moreover, the lack of critical
analyses such as subgroup or dose—response analyses further
limits their depths in investigating the prognostic value of
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Source

Cardiovascular events

Ho et al. 20107 25 642/94
Mora et al. 20033 2994/147
Morshedi-Meibodi ef al. 2002°  2967/312
Park et al. 2015'* 897/200

Overall (2= 60.9%, Pjerogenciry = 0-05)

All-cause mortality

Ho et al. 20107 25 642/392
Mora et al. 20033 2994/427
Morshedi-Meibodi er al. 2002°  2967/167
Aktas et al. 2004'8 3554/114
Johnson et al. 2012'° 2082/196
Savonen et al. 201120 1102/238
Wandell ef al. 2010-Men?! 463/119
Wandell ef al. 2010-Women?! 472/78

Overall (7 <1%, Pjerogenciny = 0-61)

No. of subjects/events

HR (95% CI)
1.70 (1.10, 2.80)
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Figure 2. Meta-analysis of cardiovascular events and all-cause mortality for attenuated vs fast heart rate recovery. HR indicates hazard ratio.
*The study by Park et al'® reported separate data on ischemia and silent myocardial ischemia, which were combined together using a fixed-

effects model.

HRR. Our current meta-analysis therefore provides more
robust findings on these issues.

However, one should be aware of the fact that measure-
ment of HRR has not been recommended as a routine
examination in the guidelines for risk stratification of CVD or
mortality*®*' until recently, when an updated clinical
recommendation was proposed.*?> Yet the concern still
remains regarding the validation issues of HRR, which
primarily include the standardization of exercise or recovery
protocol and the criterion for abnormality.>** Noteworthy,
the results from our meta-analysis might assist at least
partly in addressing these uncertainties for the following
reasons. First, as also suggested by Peganha et al,? it seems
likely that the maximal workloads using the Bruce or Balke
protocol might be superior to the submaximal workloads in
predicting the risk of cardiovascular events and all-cause

mortality as evidenced by our subgroup analyses. Secondly,
the HRs of all-cause mortality related to attenuated HRR
were comparable for studies involving active cool-down
protocols versus others employing passive ones (Pror interac
tion=0.78), although this comparison was indirect and the
number of included studies was limited. Thirdly, the criteria
of abnormal HRR (or attenuated HRR) varied from each
individual study in general, which might limit the interpre-
tation of such findings. Yet the dose—response analysis using
HRR as a continuous variable in our meta-analysis would
help to overcome this limitation, which suggests the
possibility of “the faster the HRR, the better the outcome.”
Moreover, our results showed that both 1- and 2-minute
HRR were effective in predicting cardiovascular events and
all-cause mortality, indicating that the efficacy of HRR in
predicting health outcomes might be independent of
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Source
Cardiovascular events No. of subjects/events
Mora et al. 20038 2994/147
Morshedi-Meibodi et al. 2002° 2967/312
Newman et al. 2006™ 1767/308
Overall ( = 4%, Py, erpgenciry = 0.35)
All-cause mortality
Mora et al. 20038 2994/427
Morshedi-Meibodi et al. 2002° 2967/167
Newman ef al. 2006 2324/351
Johnson ef al. 20121? 2082/196
Savonen ef al. 201120 1102/238
Overall (7 = 45%, P yeropenciry = 0.12)

HR (95% CI)

120 (1.04, 1.38) s
1.06 (0.95, 1.19) T
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Figure 3. Meta-analysis of cardiovascular events and all-cause mortality for every 10-beats-per-minute decrement in heart rate recovery. HR

indicates hazard ratio.

recovery time points, which are recognized to contribute to
the different criteria of abnormal HRR.

There is evidence that attenuated HRR coexists with
metabolic risk factors such as obesity and dyslipidemia,'® and
individuals with attenuated HRR are prone to unhealthy
lifestyle behaviors such as smoking,'® which raises the
concern of whether attenuated HRR is an independent
predictor. As a minimum response, our results indicated that
attenuated HRR was able to predict the risk of fatal
cardiovascular events and all-cause mortality when adjusting
for these risk factors. On the other hand, given that Jolly et al
observed that patients with attenuated HRR at baseline but
normalized HRR after rehabilitation exhibited similar survival
rates to those with normal HRR at baseline and after
rehabilitation,** it might be safe to conclude that attenuated
HRR is an independent risk predictor, at least for all-cause
mortality.

Strengths and Limitations

Our study has several strengths. First, it is to date the
most comprehensive meta-analysis on this topic. Secondly,
it included only prospective cohort studies, which were

found to be of high quality with long periods of follow-up.
Thirdly, it applied strict selection criteria to enroll only a
general population and employed dose-response analyses
to complement the results from categorical analyses.

Our study has also some limitations. First, although most
of the included studies reported outcomes controlling for
various known risk factors, we cannot exclude the possibility
of residual confounding by dietary or behavioral factors.
Secondly, the measurement of HRR may be affected by
some factors in addition to the aforementioned ones, such
as the position adopted (eg, supine)? and the use of heart
rate—lowering medication (eg, [B—blockers).43 However, the
majority of included studies failed to specify them and might
not have had proper controls. Thirdly, because of the
relatively small number of studies, we were unable to
identify a particular population (eg, participants with poor
physical fitness, or not taking B-blockers*®) who might be
more susceptible to the observed associations, or to employ
the restricted cubic splines that have been widely used in
the epidemiology literature to account for any potential
nonlinearity in these relationships.*>*’  Fourthly, some
evidence of heterogeneity and publication bias was detected
in our meta-analysis. Yet the generally consistent results
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Table 2. Subgroup Analysis of Attenuated HRR and Risk of Cardiovascular Events

Attenuated HRR vs Fast HRR

Per 10 bpm Decrement in HRR

Variable N HR (95% Cl) | 1% (%) | Pheterogeneity N HR (95% Cl) 12 (%) | Pheterogeneity
Recovery time point
2 minutes 2 2.65 (1.51, 4.67) <1 0.69 2 1.18 (1.07, 1.30) <1 0.73
1 minute 2 1.30 (0.78, 2.16) 61.8 0.11 1 1.06 (0.95, 1.19) NA NA
Exercise stress testing workloads
Maximal 2 1.78 (1.17, 2.72) <1 0.63 1 1.20 (1.04, 1.38) NA NA
Submaximal 2 1.64 (0.59, 4.56) 84.6 0.01 1 1.06 (0.95, 1.19) NA NA
Other 0 NA NA NA 1 1.16 (1.01, 1.31) NA NA
Country
USA 4 1.69 (1.05, 2.71) 60.9 0.05 3 1.13 (1.05, 1.21) 4.0 0.45
Others 0 NA NA NA 0 NA NA NA
Cardiovascular events
Fatal 2 1.78 (1.17, 2.72) <1 0.63 1 1.20 (1.04, 1.38) NA NA
Nonfatal 2 1.64 (0.59, 4.56) 84.6 0.01 2 1.10 (1.01, 1.20) 5.2 0.3
Adjusting for:
Smoking
Yes 4 1.69 (1.05, 2.71) 60.9 0.05 3 1.13 (1.05, 1.21) 4.0 0.45
No 0 NA NA NA 0 NA NA NA
VO02max
Yes 0 NA NA NA 0 NA NA NA
No 4 1.69 (1.05, 2.71) 60.9 0.05 3 1.13 (1.05, 1.21) 4.0 0.45
At least 3 metabolic factors
Yes 3 1.41 (0.90, 2.19) 45.7 0.16 2 1.12 (0.99, 1.26) 447 0.18
No 1 2.87 (1.45, 5.68) NA NA 1 1.16 (1.02, 1.32) NA NA

bpm indicates beats per minute; HR, hazard ratio; HRR, heart rate recovery; NA, not applicable; VO,max, maximal oxygen consumption.

across subgroups or from the sensitivity analyses indicated
the robustness of our main findings. Fifthly, it should be
mentioned that cardiovascular events cover a wide spectrum
of diseases such as coronary heart disease, myocardial
infarction, and stroke. Although subgroup analyses

restricting to fatal or nonfatal cardiovascular events were
performed in our study to lower the chance of existing
heterogeneity by definition, the generalization of such results
to a certain cardiovascular event like stroke or heart failure
might be somehow limited. Moreover, none of the included

Table 3. Meta-Regression Analysis of Attenuated HRR and Risk of Cardiovascular Events

Attenuated HRR vs Fast HRR Per 10 bpm Decrement in HRR
Variable N Beta-Coefficient P Value N Beta-Coefficient P Value
BMI 4 091 0.79 3 1.01 0.94
Age* 4 37.84 0.13 3 1.10 0.71
Proportion of men 4 1.00 0.76 3 1.00 0.51
Follow-up 4 1.03 0.48 3 1.00 0.98
Resting heart rate 3 1.05 0.23 NA NA NA

bpm indicates beats per minute; HRR, heart rate recovery; NA, not applicable.
*Age data were log-transformed for analysis.
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Table 4. Subgroup Analysis of Attenuated HRR and Risk of All-Cause Mortality

Attenuated HRR vs Fast HRR Per 10 bpm Decrement in HRR
Variable N HR (95% Cl) | 12 (%) | Preterogeneity N HR (95% Cl) | 12 (%) Preterogeneity
Recovery time point
2 minutes 2 1.50 (1.07, 2.08) 201 0.26 2 1.14 (1.06, 1.23) <1 0.45
1 minute 6 1.74 (1.54, 1.96) <1 0.77 3 1.06 (0.92, 1.23) 59.2 0.09
Exercise stress testing workloads
Maximal 6 1.72 (1.53, 1.93) <1 0.57 3 1.15 (1.08, 1.23) <1 0.73
Submaximal 1 1.22 (0.71, 2.09) NA NA 1 0.93 (0.80, 1.08) NA NA
Other 1 1.59 (1.04, 2.42) NA NA 1 1.08 (0.91, 1.27) NA NA
Treadmill
Yes 5 1.74 (1.54, 1.97) <1 0.64 3 1.09 (0.94, 1.27) 71.9 0.03
No 3 1.49 (1.19, 1.88) <1 0.45 2 1.09 (0.98, 1.22) <1 0.87
Country
USA 5 1.74 (1.54, 1.97) <1 0.64 4 1.09 (0.98, 1.22) 58.6 0.07
Others 3 1.49 (1.19, 1.88) <1 0.45 1 1.10 (0.96, 1.27) NA NA
Sex
Men 2 1.50 (1.07, 2.12) 22.2 0.26 1 1.10 (0.96, 1.27) NA NA
Women 2 1.86 (1.21, 2.85) <1 0.68 1 1.16 (1.07, 1.26) NA NA
Combined 4 1.73 (1.53, 1.96) <1 0.52 3 1.06 (0.91, 1.22) 56.5 0.10
Adjusting for:
Smoking
Yes 5 1.79 (1.47, 2.19) <1 0.64 3 1.06 (0.93, 1.22) 69.1 0.04
No 3 1.62 (1.39, 1.89) 15.4 0.31 2 1.14 (1.02, 1.27) <1 0.46
V0zmax
Yes 2 1.86 (1.21, 2.87) <1 0.66 1 1.08 (0.91, 1.28) NA NA
No 6 1.67 (1.49, 1.87) <1 0.41 4 1.10 (0.99, 1.21) 58 0.07
At least 3 metabolic factors
Yes 6 1.75 (1.46, 2.10) <1 0.73 3 1.06 (0.93, 1.22) 69.1 0.04
No 2 1.59 (1.26, 2.01) 57.3 0.13 2 1.14 (1.02, 1.27) <1 0.46
HR indicates hazard ratio; HRR, heart rate recovery; NA, not applicable; VO, ., maximal oxygen consumption.
Table 5. Meta-Regression Analysis of Attenuated HRR and Risk of All-Cause Mortality
Attenuated HRR vs Fast HRR Per 10 bpm Decrement in HRR
Variable N Beta-Coefficient P Value N Beta-Coefficient P Value
BMI 6 1.08 0.47 5 1.02 0.79
Age* 8 1.03 0.96 5 113 0.68
Proportion of men 8 1.00 0.38 5 1.00 0.75
Follow-up 8 0.99 0.47 5 1.00 0.90
Resting heart rate 3 1.03 0.46 3 1.01 0.49

bpm indicates beats per minute; HRR,

heart rate recovery.

*Age data were log-transformed for analysis.
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studies had specifically assessed the value of HRR in
predicting such outcomes. Further studies are required to
address these issues. Finally, our meta-analysis did not
assess the efficacy or cut-off point of HRR in diagnosing
CVD, which also call for further investigations.

Conclusions

In conclusion, findings from our meta-analysis provided
evidence that attenuated HRR is consistently associated
with increased risk of cardiovascular events and all-cause
mortality in the general population. These results support
the recommendation of recording HRR for risk assessment
in routine clinical practice, which would enable the
implementation of timely preventive interventions. Future
studies are required to determine the normal reference
range of HRR across different recovery time points among
ethnic-specified populations, to evaluate the cost-effective-
ness of exercise stress testing for assessing HRR with
regard to the primary prevention of chronic disease
morbidity and mortality, and to assess whether HRR has
any therapeutic implications.
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Table S1. Meta-analysis Of Observational Studies in Epidemiology checklist.

Reported on

Item No Recommendation Page No
Reporting of background should include
1 Problem definition 3-4
2 Hypothesis statement 4
3 Description of study outcome(s) 4
4 Type of exposure or intervention used 4
5 Type of study designs used 4
6 Study population 4

Reporting of search strategy should include

7 Qualifications of searchers (eg, librarians and investigators) Investigators

8 Search strategy, including time period included in the synthesis and key words 5, Table S2

9 Effort to include all available studies, including contact with authors 5

10 Databases and registries searched 5

11 Search software used, name and version, including special features used (eg, explosion) Endnote

12 Use of hand searching (eg, reference lists of obtained articles) 5

13 List of citations located and those excluded, including justification 5

14 Method of addressing articles published in languages other than English 5

15 Method of handling abstracts and unpublished studies 6

16 Description of any contact with authors Nor;i:tea i(:etg be

Reporting of methods should include

17 Description of relevance or appropriateness of studies assembled for assessing the hypothesis to 56
be tested

18 Rationale for the selection and coding of data (eg, sound clinical principles or convenience) 6

19 Do_cum_entation of how data were classified and coded (eg, multiple raters, blinding and interrater 7
reliability)

20 Assessment of confounding (eg, comparability of cases and controls in studies where appropriate) 7

21 Assessment of study quality, including blinding of quality assessors, stratification or regression on 6
possible predictors of study results

22 Assessment of heterogeneity 8
Description of statistical methods (eg, complete description of fixed or random effects models,

23 justification of whether the chosen models account for predictors of study results, dose-response 7-8
models, or cumulative meta-analysis) in sufficient detail to be replicated

24 Provision of appropriate tables and graphics Tablzealr;dFisgure

Reporting of results should include

25 Graphic summarizing individual study estimates and overall estimate Figure 2 and 3

26 Table giving descriptive information for each study included Table 1

27 Results of sensitivity testing (eg, subgroup analysis) 10-11

28 Indication of statistical uncertainty of findings 10-11




Item No Recommendation RePp;greteNdoon

Reporting of discussion should include

29 Quantitative assessment of bias (eg, publication bias) 11

30 Justification for exclusion (eg, exclusion of non-English language citations) 11

31 Assessment of quality of included studies Table 1
Reporting of conclusions should include

32 Consideration of alternative explanations for observed results 12-14

33 Gen(_eralization of the conclusions (ie, appropriate for the data presented and within the domain of 15-16

the literature review)

34 Guidelines for future research 16

35 Disclosure of funding source No funding
From:

Stroup DF, Berlin JA, Morton SC, et al, for the Meta-analysis Of Observational Studies in Epidemiology (MOOSE) Group. Meta-analysis of
Observational Studies in Epidemiology. A Proposal for Reporting. JAMA. 2000; 283: 2008-2012.



Table S2. Search strategy

Search strategy in PubMed

#1 heart rate recovery [Text Word]

#2 risk [Title/Abstract] OR risk [Text Word] OR cox [Title/Abstract] OR cox [Text Word] OR hazard [Title/Abstract] OR hazard [Text
Word] OR (survival analysis) [Title/Abstract] OR (survival analysis) [Text Word] OR odds [Title/Abstract] OR odds [Text Word]

#3 #1 AND #2

#4 #3 Filter: Publication data to August 29, 2016; Language: English

Search strategy in Web of SCI

#1 heart rate recovery [Title] OR heart rate recovery [Topic]
#2 risk [Title] OR risk [Topic] OR cox [Title] OR cox [Topic] OR hazard [Title] OR hazard [Topic] OR (survival analysis) [Title] OR
(survival analysis) [Topic] OR odds [Title] OR odds [Topic]
#3 #1 AND #2
#4 #3 Filter: Publication data to August 29, 2016;
Language: English;

Document type: Article.

Search strategy in the Cochrane Library

#1 heart rate recovery [All Text]

#2 risk [Title/Abstract/Key word] OR cox [Title/Abstract/Key word] OR hazard [Title/Abstract/Key word] OR (survival analysis)
[Title/Abstract/Key word] OR odds [Title/Abstract/Key word]

#3 #1 AND #2

#4 #3 Filter: Publication data to August 29, 2016



