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Abstract Background and aim: Epidemiological studies have reported increased risk of cardio-
vascular disease, cancer and all-cause mortality with greater resting heart rate, however, the ev-
idence is not consistent. Differences by gender, adjustment for confounding factors, as well as the
potential impact of subclinical disease are not clear. A previous meta-analysis missed a large
number of studies, and data for atrial fibrillation have not been summarized before. We therefore
aimed to clarify these associations in a systematic review and meta-analysis of prospective
studies.
Methods and results: PubMed and Embase were searched up to 29 March 2017. Summary RRs and
95% confidence intervals (CIs) were calculated using random effects models. Eighty seven studies
were included. The summary RR per 10 beats per minute increase in resting heart rate was 1.07
(95% CI: 1.05e1.10, I2 Z 61.9%, n Z 31) for coronary heart disease, 1.09 (95% CI: 1.00e1.18,
I2 Z 62.3%, n Z 5) for sudden cardiac death, 1.18 (95% CI: 1.10e1.27, I2 Z 74.5%, n Z 8) for heart
failure, 0.97 (95% CI: 0.92e1.02, I2 Z 91.4%, n Z 9) for atrial fibrillation, 1.06 (95% CI: 1.02e1.10,
I2 Z 59.5%, n Z 16) for total stroke, 1.15 (95% CI: 1.11e1.18, I2 Z 84.3%, nZ 35) for cardiovascular
disease, 1.14 (95% CI: 1.06e1.23, I2 Z 90.2%, n Z 12) for total cancer, and 1.17 (95% CI: 1.14e1.19,
I2 Z 94.0%, n Z 48) for all-cause mortality. There was a positive doseeresponse relationship for
all outcomes except for atrial fibrillation for which there was a J-shaped association.
Conclusion: This meta-analysis found an increased risk of coronary heart disease, sudden cardiac
death, heart failure, atrial fibrillation, stroke, cardiovascular disease, total cancer and all-cause
mortality with greater resting heart rate.
ª 2017 The Italian Society of Diabetology, the Italian Society for the Study of Atherosclerosis, the
Italian Society of Human Nutrition, and the Department of Clinical Medicine and Surgery, Feder-
ico II University. Published by Elsevier B.V. All rights reserved.
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Introduction

Cardiovascular disease and cancer remain the two most
common causes of death worldwide and accounted for
25.5 million deaths in 2013 [1]. Resting heart rate is known
to be a sensitive indicator of the autonomic nervous sys-
tem, and elevations in resting heart rate has been associ-
ated with increased risk of cardiovascular disease, cancer
and total mortality in several previous studies [2,3]. It is
plausible that an imbalance between parasympathetic and
sympathetic activity (in favour of the latter) might
contribute to the associations observed between a raised
resting heart rate and increased chronic disease risk [2,3].
A recent meta-analysis suggested an association between
high resting heart rate and increased risk of type 2 dia-
betes [4], an established risk factor for cardiovascular
disease, several cancers and all-cause mortality [5].
Moreover, elevations in resting heart rate may increase
myocardial oxygen consumption, fatigue, and fracture of
elastic fibres within the arterial wall, further advancing the
formation of atherosclerotic lesions as a consequence [2].

In spite of these conjectures, epidemiological data
regarding the association between resting heart rate and
cardiovascular disease, cancer and all-cause mortality have
not been entirely consistent with some studies reporting a
significant positive association between resting heart rate
and coronary heart disease [6e20], sudden cardiac death
[8,21e24], heart failure [19,25e31], stroke [15,19,20,32e35],
cardiovascular disease [3,7,9,12,13,15,17,19,20,28,33,34,
36e50], total cancer [3,10,11,46,51,52], and mortality
[3,7,9e13,17,19,20,23,28,31,36e38,40e43,46e49,53e73],
however, other studies reported no association [9,11,
16,23,32e34,36,37,45,54,55,72,74e80] or associations only
in men [53,60,81], while a few studies on atrial fibrillation
suggested inverse [82,83], U-shaped [71], positive [48] or no
associations [84e86].

The magnitude of the risk estimates has varied consid-
erably between studies (hazard ratios ranging from 1.1 to
4.8 for mortality) and it is possible that part of this variation
may be due to differences in the range of heart rate, gender,
or detail of adjustment for confounding factors in each
study. Although a recent meta-analysis reported a positive
association between resting heart rate and mortality and
cardiovascular disease [87] it either missed or excluded 19
studies on resting heart rate and all-cause mortality
[3,7,16,31,32,40,46e48,53,54,56,59,61e64,66,68,70e72,
78,80], and in addition 7 studies have since been published
[31,47e49,71e73]. Altogether these additional studies
included more than 84,000 deaths and almost one million
participants. Another meta-analysis on resting heart rate
andheart failure [29] only conducted analyses of the highest
versus lowest category and questions therefore remainwith
regard to the strength or shape of the doseeresponse rela-
tionship between resting heart rate and heart failure.
Therefore to provide a more up-to-date and complete
assessment of the available evidence in relation to a range of
different health outcomes we conducted a systematic re-
view and meta-analysis of prospective studies examining
the relationship between resting heart rate and risk of
coronary heart disease, sudden cardiac death, heart failure,
atrial fibrillation, stroke, cardiovascular disease, total can-
cer, and all-cause mortality. We specifically aimed to clarify
1) the direction, strength and shape of the doseeresponse
relationship between resting heart rate and these out-
comes, 2) whether potential confounding could explain the
associations, 3) aswell as potential sources of heterogeneity
in the results.

Methods

Search strategy and inclusion criteria

We searched the PubMed and Embase from inception to
25.10.2016 and the search was later updated to 29.03.2017.
The search terms used for the PubMed search are found in
Supplementary Table 1 and a similar search was conducted
in Embase. Prospective studies of resting heart rate and
risk coronary heart disease, sudden cardiac death, heart
failure, atrial fibrillation, stroke, cardiovascular disease,
total cancer and overall mortality were included. Cross-
sectional studies were not included because of the diffi-
culty in drawing causal inferences from such studies and
caseecontrol studies were excluded because of the greater
potential for selection bias in such studies. For all out-
comes except all-cause mortality both studies of incidence
and mortality were included. Adjusted relative risk (RR)
estimates and 95% confidence intervals (CIs) had to be
available in the publication. We followed standard criteria
(Moose criteria) for reporting meta-analyses [88]. Addi-
tional details are found in the Supplementary Methods. A
list of the excluded studies and the exclusion reason is
found in Supplementary Table 2.

Data extraction

Main study characteristics and results were extracted from
each study, including name of first author, publication
year, country, the name of the study, follow-up period,
sample size and number of cases/deaths, gender, age, the
resting heart rate level, RRs and 95% CIs and variables
adjusted for in the analysis and outcome. Data were
extracted by one author (DA) and checked for accuracy by
a second author (AS).

Statistical methods

We calculated summary relative risks of cardiovascular
disease, cancer and mortality for the highest vs. the lowest
level and for the doseeresponse analysis of resting heart
rate (per 10 beats per minute, bpm) using the random-
effects model by DerSimonian and Laird [89] which takes
into account heterogeneity. The average of the natural
logarithm of the RRs was estimated and the RRs from each
study were weighted using random effects weighting. A
two-tailed p-value <0.05 was considered statistically
significant.

Doseeresponse analyses were conducted using the
method by Greenland and Longnecker [90] to calculate



Figure 1 Flow-chart of study selection.
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RRs and 95% CIs from the natural logarithm of the risk
estimates across categories of exposure. For each category
of resting heart rate we used the mean or median if re-
ported and the midpoint of the upper and lower bound
was estimated for the remaining studies. When extreme
categories were open-ended or had extreme ranges we
used the width of the adjacent interval to calculate an
upper or lower cut-off value. A potential nonlinear dos-
eeresponse relationship was examined using fractional
polynomial models and the best-fitting second-order
fractional polynomial regression model defined as the one
with the lowest deviance was determined [91].

Heterogeneity between studies was evaluated using Q
and I2 statistics [92]. I2 values of approximately 25%, 50%,
and 75% were considered to indicate low, moderate and
high heterogeneity, respectively. To explore potential
sources of heterogeneity we conducted subgroup analyses
by study characteristics such as duration of follow-up,
gender, geographic location, number of cases, study qual-
ity and adjustment for confounding factors. Study quality
was assessed using the NewcastleeOttawa scale, which
awards a score from 0 to 9 based on the selection,
comparability, and outcome assessment [93].

Publication bias was assessed using Egger’s test [94]
and Begg’s test [95] and by inspection of the funnel plots
for analyses with 6 or more studies. We used the trim and
fill method of Duval to assess the possible impact of
publication bias on the results [96]. To explore the
robustness of the findings we conducted sensitivity ana-
lyses excluding one study at a time from the analyses. All
statistical analyses were conducted using Stata, version
12.0 software (StataCorp, Texas, US).

Results

Eighty eight publications [3,6e86,97e102] with data from
87 prospective studies were included in the analyses
(Fig. 1, Supplementary Tables 3e9). Thirty five studies
were from Europe, 22 studies were from the US, and 27
studies were from Asia (including a pooled analysis of 12
Asian cohort studies [19]), one study was from Australia,
and two studies were international studies
(Supplementary Tables 3e9).

Coronary heart disease

Fourty two prospective studies (31 publications, 31 risk es-
timates) [6e21,23,32e34,40,45,54,55,70,74,97] were
included in the doseeresponse analysis of resting heart rate
and coronary heart disease and included >26,950 cases
among 1,225,633 participants (Supplementary Table 3). The
summary RR for a 10 beat per minute increase in resting
heart rate was 1.07 (95% CI: 1.05e1.10, I2 Z 61.9%,
pheterogeneity < 0.0001) (Fig. 2a), and 1.30 (95% CI: 1.19e1.42,
I2 Z 71.9%, pheterogeneity < 0.0001) [7e9,11,13e20,22,23,
33,34,45,54,55,70] (Supplementary Fig. 1) when comparing
high vs. low resting heart rate. There was no evidence of
publication bias with Egger’s test, p Z 0.61 or with Begg’s
test, p Z 0.63 (Supplementary Fig. 2). Although the test for
nonlinearity was significant, pnonlinearity < 0.0001, the asso-
ciation was approximately linear when inspected visually
(Fig. 2b, Supplementary Table 10).

Sudden cardiac death

Five prospective studies [8,21,23,24,75] were included in
the doseeresponse analysis of resting heart rate and sud-
den cardiac death and included 746 cases among 35,897
participants (Supplementary Table 3). The summary RR for
a 10 beat per minute increase in resting heart rate was 1.09
(95% CI: 1.00e1.18, I2 Z 62.3%, pheterogeneity Z 0.03)
(Supplementary Fig. 3) and 2.15 (95% CI: 1.50e3.09,
I2 Z 47.3%, pheterogeneity Z 0.13 (Supplementary Fig. 4)
[8,22e24] for a high vs. low heart rate. There was no evi-
dence of a nonlinear association between resting heart
rate and sudden cardiac death, pnonlinearity Z 0.30
(Supplementary Fig. 5, Supplementary Table 10).

Heart failure

Twenty one prospective studies (8 publications, 8 risk esti-
mates, including one combined analysis of three cohort
studies [29] and a pooled analysis [19]) [19,25e29,31,81]
were included in the analysis of resting heart rate and
heart failure and included >4338 cases among 164,143 par-
ticipants (Supplementary Table 4). The summary RR for a 10



Figure 2 Resting heart rate and coronary heart disease.
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Figure 3 Resting heart rate and heart failure.
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beat per minute increase in resting heart rate was 1.18 (95%
CI: 1.10e1.27, I2Z 74.5%, pheterogeneity< 0.0001) (Fig. 3a) and
1.46 (95% CI: 1.20e1.77, I2 Z 64.6%, pheterogeneity Z 0.009)
(Supplementary Fig. 6) [19,25e27,81] for high vs. low resting
heart rate. There was some suggestion of publication bias,
Egger’s test, pZ 0.10, and Begg’s test, pZ 0.11, and therewas
some indication of asymmetry in the funnel plot with small
negative studies missing (Supplementary Fig. 7). Three
studies were added with the trim and fill method, however,
the association remained significant, summary RR Z 1.12
(95% CI: 1.04e1.21). Although the test for nonlinearity was
significant, pnonlinearity< 0.0001, the association appeared to
be approximately linear (Fig. 3b, Supplementary Table 10).

Atrial fibrillation

Nine prospective studies (six publications)
[48,71,82e84,86] were included in the doseeresponse
analysis of resting heart rate and atrial fibrillation and
included 20,474 cases among 649,188 participants
(Supplementary Table 5). The summary RR per 10 bpm
increase in resting heart rate was 0.97 (95% CI: 0.92e1.02,
I2 Z 91.4%, pheterogeneity < 0.0001) (Supplementary Fig. 8)
and 1.09 (95% CI: 0.91e1.30, I2 Z 68.0%,
pheterogeneity Z 0.01) (Supplementary Fig. 9) [48,71,83e85]
for high vs. low resting heart rate. There was no evidence
of publication bias with Egger’s test, p Z 0.11, or with
Begg’s test, p Z 0.92 (Supplementary Fig. 10). The test for
nonlinearity was significant, p < 0.0001, and there was
some indication of a slight J-shaped association between
heart rate and atrial fibrillation (Supplementary Fig. 11,
Supplementary Table 10).

Stroke

Twenty seven prospective studies (16 risk estimates, 16
publications) [9,11,13e16,19,20,28,32e34,45,55,74,98]
were included in the doseeresponse analysis of resting
heart rate and stroke and included 10,753 cases among
969,150 participants (Supplementary Table 6). The sum-
mary RR for a 10 beat per minute increase in resting heart
rate was 1.06 (95% CI: 1.02e1.10, I2 Z 59.5%,
pheterogeneity Z 0.001) (Fig. 4a) and the summary RR for
high vs. low resting heart rate was 1.17 (95% CI: 1.03e1.32,
I2 Z 47.7%, pheterogeneity Z 0.03) (Supplementary Fig. 12)
[9,11,13e16,19,20,33,34,45,55]. There was no evidence of
publication bias with Egger’s test, p Z 0.42 or with Begg’s
test, p Z 0.50 (Supplementary Fig. 13). The test for
nonlinearity was significant, pnonlinearity < 0.0001, and the
association was slightly stronger at the lower range
compared to the higher range of resting heart rate (Fig. 4b,
Supplementary Table 10).

Cardiovascular disease

Fourty six prospective studies (35 risk estimates, 35 publi-
cations) [3,7,9,13,15,17,19,20,28,32e34,36e50,54,55,74,
98,100e103] were included in the doseeresponse analysis
of resting heart rate and cardiovascular disease and included
33,489 cases among 1,565,028 participants (Supplementary
Table 7). The summary RR for a 10 beat per minute increase
in resting heart rate was 1.15 (95% CI: 1.11e1.18, I2 Z 84.3%,
pheterogeneity < 0.0001) (Fig. 5a) and 1.52 (95% CI: 1.37e1.70,
I2Z83.8%, pheterogeneityZ<0.0001, nZ25) (Supplementary
Fig.14) [3,7,9,13,15,17,19,20,33,34,37e40,43,44,46e50,54,55,
77,102] for high vs. low resting heart rate. There was indi-
cation of publication bias with Begg’s test, pZ 0.06, but not
with Egger’s test, p Z 0.10 (Supplementary Fig. 15). Eight
studies were added with the trim and fill method and the
association remained statistically significant, summary RR
1.11 (95% CI: 1.07e1.14). Although the test for nonlinearity
was significant, pnonlinearity < 0.0001, the association
appeared to be approximately linear across the range of
resting heart rate (Fig. 5b, Supplementary Table 10).

Total cancer

Twelve prospective studies [3,10,11,16,36,37,46,51,52,54,
55,100] were included in the doseeresponse analysis of
resting heart rate and total cancer and included 10,938
cases among 615,790 participants (Supplementary Table
8). The summary RR for a 10 beat per minute increase in
resting heart rate was 1.14 (95% CI: 1.06e1.23, I2 Z 90.2%,
pheterogeneity < 0.0001) (Fig. 6a) for total cancer and for
high vs. low resting heart rate was 1.43 (95% CI: 1.12e1.82,
I2 Z 87.2%, pheterogeneity < 0.0001, n Z 9) (Supplementary



Figure 4 Resting heart rate and total stroke.
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Fig. 16) [3,11,16,37,46,51,52,54,55]. There was no evidence
of publication bias with Egger’s test, p Z 0.89 or with
Begg’s test, pZ 0.37 (Supplementary Fig. 17). Although the
test for nonlinearity was significant, pnonlinearity < 0.0001,
the association was approximately linear (Fig. 6b,
Supplementary Table 10).

All-cause mortality

Fifty nine prospective studies (48 risk estimates, 48
publications) [3,7,9e13,16,17,19,20,28,31,32,36e38,40e43,
46e49,53e56,59,61e68,70e73,78,80,98,100e102] were
included in the analysis of resting heart rate and all-cause
mortality and included >134,183 deaths among 1,810,695
participants (Supplementary Table 9). The summary RR for
a 10 beat per minute increase in resting heart rate was 1.17
(95% CI: 1.14e1.19, I2 Z 94.0%, pheterogeneity < 0.0001) for
all-cause mortality (Fig. 7a). The summary RR for high vs.
low resting heart rate was 1.69 (95% CI: 1.52e1.87,
I2 Z 91.6%, pheterogeneity < 0.0001, n Z 39) (Supplementary
Fig. 18) [3,7,9,11e13,16,17,19,20,31,37,38,40,43,46e48,
54e56,58e62,64,65,67,68,70e72,77e80,102]. There was
evidence of publication bias with Begg’s test, p Z 0.02, but
not with Egger’s test, p Z 0.93 (Supplementary Fig. 19).



Figure 5 Resting heart rate and cardiovascular disease.
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Eleven studies were added with the trim and fill method
and the summary RR became 1.13 (95% CI: 1.11e1.16).
Although the test for nonlinearity was significant,
pnonlinearity < 0.0001, the association was approximately
linear (Fig. 7b, Supplementary Table 10).
Subgroup and sensitivity analyses

With meta-regression analyses there was indication of
heterogeneity between studies when stratified by duration
of follow-up for coronary heart disease (p Z 0.02), heart



Figure 6 Resting heart rate and total cancer.
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failure (p Z 0.08), cardiovascular disease (p Z 0.05), and
mortality (p Z 0.001) with weaker associations among
studies with longer duration of follow-up (Supplementary
Tables 11 and 12). There was suggestion of heterogeneity
for coronary heart disease (p Z 0.09), heart failure
(p Z 0.01) and stroke (p Z 0.05), when stratified by
geographic location, with stronger associations among
Asian studies than among European and American studies,
and for stroke the positive association was restricted to the
Asian studies (Supplementary Table 11). For mortality
(p Z 0.006) there was heterogeneity by number of deaths
with a weaker association among studies with �1000
deaths than among studies with <500 deaths
(Supplementary Table 12). There was heterogeneity by
adjustment for: smoking for stroke (p Z 0.002) and car-
diovascular disease (pZ 0.004), systolic blood pressure for
coronary heart disease (p Z 0.05), total cancer (p Z 0.04),
and mortality (p Z 0.003), cholesterol for total cancer
(p Z 0.04), and mortality (p Z 0.03), with weaker asso-
ciations among studies with such adjustment than in
studies without such adjustment (Supplementary Tables
11 and 12).

The results persisted in influence analyses when
excluding one study at a time (Supplementary Figs.
20e26).
Discussion

In this meta-analysis of prospective studies there was a
positive association between resting heart rate and risk of
cardiovascular disease, total cancer and all-cause mortal-
ity. In the linear doseeresponse analysis we found in-
creases in the relative risk of 7% for coronary heart disease,
9% for sudden cardiac death, 18% for heart failure, 6% for
total stroke, 15% for cardiovascular disease, 14% for total
cancer and 17% for all-cause mortality for each 10 beats per
minute increase in resting heart rate, respectively, but
there was no association between heart rate and atrial
fibrillation. Although the test for nonlinearity was signifi-
cant in most analyses, there was a clear doseeresponse
relationship and little evidence of a threshold effect with
the exception of atrial fibrillation, for which there was
some indication of a J-shaped association with increased
risk at very low and high resting heart rate. The present
findings further support as well as extend prior studies
that examined changes in resting heart rate whereby
increasing resting heart rate over time increased risk of
coronary heart disease and mortality [36,68,104,105]. The
findings are also consistent with a previous meta-analysis
of resting heart rate and cardiovascular disease and mor-
tality [87] in finding an increased risk, however, the cur-
rent meta-analysis found a stronger association with a 17%
increase in the RR per 10 bpm increase in resting heart rate
compared to 9% for the same increment in the previous
meta-analysis. The current meta-analysis on all-cause
mortality included 57 studies and >134,000 deaths and
1.8 million participants compared to 37 studies and 78,000
deaths and 1.25 million participants in the previous meta-
analysis, thus the 20 additional studies included in this
analysis could have contributed to a stronger association in
the present meta-analysis. Our results are also consistent
with a previous meta-analysis of resting heart rate and
heart failure which only conducted a high versus low
analysis [29], however, the current analysis provides clear
evidence of a doseeresponse relationship between
increasing heart rate and heart failure risk.

Our meta-analysis may have some limitations. Although
meta-analyses gain increasedstatistical powerbycombining
studies from different populations, it also results in signifi-
cant heterogeneity. Therewas high heterogeneity inmost of
the analyses, but this appeared drivenmore by differences in
the strength of the association, rather than a disparity in the
presence or absence of an association. Also, we cannot
exclude the possibility that some of the heterogeneity may
bedue to differences bygender, ethnicity, duration of follow-
up, and differences in the detail of adjustment for con-
founding factors. We conducted several subgroup and
sensitivity analyses to investigate potential sources of het-
erogeneity, and found heterogeneity by duration of follow-
up and number of cases or deaths. There was a weaker as-
sociation among studies with a longer follow-up, compared
to studies with a short follow-up. The reason for this differ-
ence is not entirely clear, but it is possible that regression
dilution bias may have attenuated the associations among
studies with a longer follow-up. It is also possible that the
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association between high heart rate and mortality and car-
diovascular disease is attenuated with age because of
changes in biology or due to increased prevalence of undi-
agnosed chronic conditions in old age that may lower the
heart rate, but increase mortality risk, including cardiovas-
cular disease, sinus node dysfunction or hypothyroidism
[106e108].

The association between resting heart rate and all-
cause mortality was stronger in men than in women
(pheterogeneity Z 0.03), and associations for cardiovascular
disease and cancer also appeared to be stronger among
men than women, although between subgroup heteroge-
neity was not significant in the latter analyses. It’s not clear
if any difference might be due to sex hormones as studies
on the relation between sex hormones and resting heart
rate have been mixed [109,110].

Significant heterogeneity was observed by geographic
location for coronary heart disease, heart failure, and
stroke, with stronger associations reported among the
Asian studies than among the European and American
studies, and for stroke the association was confined to
Asian studies. Although the reason for this difference is
unclear, rates of stroke tend to be higher and comprise a
larger portion of the cardiovascular diseases in Asia
compared with western countries. Nonetheless, risk esti-
mates for overall cardiovascular disease as well as all-
cause mortality appeared similar between geographic lo-
cations, thus it is possible that the differences for coronary
heart disease, heart failure and stroke may be an artifact
due to a more limited number of studies or as a conse-
quence of a not entirely overlapping group of studies in the
separate analyses.

There was also some evidence of heterogeneity by
adjustment for confounding factors. However, the results
persisted in most subgroups of studies with such adjust-
ment suggesting that confounding only partly may explain
the observed associations. Some of the studies may have
over-adjusted by including potential intermediate factors
in the models, including fasting glucose or diabetes, blood
pressure or hypertension, triglycerides and cholesterol,
however, most of the associations persisted even in sub-
groups with such adjustment. Resting heart rate is corre-
lated with both BMI and smoking. Notably, smoking is
reported to have an unfavourable effect on arterial stiff-
ness, and with time may influence the resting heart rate
[111,112]. However, we found that the associations per-
sisted in studies that adjusted for these factors. Physical
activity is also known to influence the resting heart rate,
however, most of the associations persisted in the sub-
group that adjusted for physical activity. Residual con-
founding by other risk factors cannot be entirely excluded.

As a meta-analysis of published literature the analysis
may have been affected by publication bias, and we found
some indication of publication bias in the analyses of heart
failure, cardiovascular disease and all-cause mortality.
However, when using the trim and fill method as a
sensitivity analysis, the associations were only slightly
attenuated, but all remained significant. Measurement
error and regression dilution bias may have affected the
results in light of intra-individual variation and changes in
resting heart rate during follow-up. However, such errors
would most likely lead to an underestimation of the as-
sociation between resting heart rate and cardiovascular
disease, cancer and mortality.

Resting heart rate is considered a sensitive indicator of
autonomic nervous system activity and an increase likely
reflects sympathetic overactivity. This imbalance is known
to stimulate the renineangiotensinealdosterone system,
leading to increased release of angiotensin 2, which has an
adverse effect on the cardiovascular system by promoting
the development and progression of atherosclerosis [113].
Chronic activation of the sympathetic system can produce
a state of insulin resistance [114,115] which is associated
with hypertriglyceridemia, low HDL-cholesterol, and hy-
peruricemia [116]. Indeed, a faster resting heart rate has
been associated with increased risk of type 2 diabetes [4],
and both insulin resistance and diabetes increases the risk
of cardiovascular disease, cancer and all-cause mortality
[5]. Elevated heart rate may additionally be involved in the
formation of atherosclerotic lesions due to increased
myocardial oxygen consumption, fatigue, and fracture of
elastic fibres within the arterial wall [117]. Further, a high
resting heart rate may provoke coronary vasoconstriction
in subjects with atherosclerosis [118] and may be accom-
panied with greater arterial stiffening [119,120]. Increased
resting heart rate has been shown to be positively related
to progression of coronary atherosclerosis in humans
[121,122] and this may contribute to coronary heart dis-
ease mortality by increasing case fatality, particularly as
the current meta-analysis found an increased risk of sud-
den cardiac death with increasing heart rate. It has further
been speculated that a high resting heart rate may lead to
low-grade inflammation or be a consequence of subclinical
conditions that may cause inflammation. Nevertheless, the
positive association between elevated resting heart rate
and heart failure, cardiovascular disease and all-cause
mortality persisted in two studies after adjusting for
various inflammatory markers [123,124], suggesting an
independent association. Albeit, the precise pathophysio-
logical mechanisms that could explain the association
between high resting heart rate and cancer risk are not
fully understood, it has been speculated that the associa-
tion might be explained by residual confounding by
smoking or physical activity, or that it perhaps is mediated
by psychological stress [51,52], but further clarification of
the mechanisms at play is needed. Resting heart rate may
also be a marker of subclinical disease, and elevated
glucose levels, even in the non-diabetic range, can damage
peripheral nerve fibres, leading to increased sympathetic
activity and reduced parasympathetic control [125e127].
However, although there was some indication of hetero-
geneity between subgroup analyses stratified by duration
of follow-up for coronary heart disease, heart failure, car-
diovascular disease, and all-cause mortality with slightly
weaker associations among studies with 10 or more
compared to less than 10 years of follow-up, most of the
associations persisted, thus it seems less likely that sub-
clinical disease explains the entire association between



514 D. Aune et al.
resting heart rate and cardiovascular disease, cancer and
all-cause mortality. Further, in support of a causal inter-
pretation of the available evidence is the results of a
genome-wide association study which found that a ge-
netic risk score consisting of 64 loci associated with resting
heart rate was associated with increased mortality. For
each 5 bpm increase in the genetically predicted resting
heart rate there was a 20% increase in mortality [128].

Strengths of this analysis include the large number of
studies, cases and deaths, which provided increased sta-
tistical power to detect even moderate associations, the
detailed doseeresponse analyses and the numerous sub-
group and sensitivity analyses which showed that the re-
sults persisted among most subgroups of study
characteristics and were robust to the influence of any
single study. In addition, the quality of the studies were in
general high and the results persisted in the subgroup of
the studies with the highest study quality. Any further
studies should clarify the association between resting
heart rate and less common causes of death and further
clarify the underlying mechanisms.

In conclusion we found positive associations between
greater resting heart rate and risk of coronary heart dis-
ease, sudden cardiac death, heart failure, stroke, cardio-
vascular disease, total cancer, and mortality, and a J-
shaped association with atrial fibrillation. As resting heart
rate is an easily measured risk factor, and can be modified
by lifestyle changes and medical treatment, the present
findings suggest lowering resting heart rate may be a po-
tential target to reduce risk of cardiovascular disease and
premature mortality.
Conflict of interest

None of the authors have any conflict of interest to declare
with regard to this manuscript.
Contribution statement

MrAune had full access to all of the data in the study and
takes responsibility for the integrity of the data and the
accuracy of the data analysis.

Study concept and design: Aune, Tonstad, Vatten.
Acquisition, analysis, or interpretation of data: Aune,

Sen, ó’Hartaigh, Janszky, Romundstad, Tonstad, Vatten.
Drafting of the manuscript: Aune.
Critical revision of the manuscript for important intel-

lectual content: Aune, Sen, ó’Hartaigh, Janszky, Romund-
stad, Tonstad, Vatten.

Statistical analysis: Aune.
Obtained funding: Aune, Tonstad, Vatten.
Study supervision: Tonstad, Vatten.
Funding/support

This project has been funded by Liaison Committee be-
tween the Central Norway Regional Health Authority
(RHA) and the Norwegian University of Science and
Technology (NTNU) and by “Olav og Gerd Meidel Raa-
gholt’s Stiftelse for Medisinsk Forskning”.
Role of the sponsors

The sponsors of the study had no role in the design and
conduct of the study; collection, management, analysis,
and interpretation of the data; preparation, review, or
approval of the manuscript; and decision to submit the
manuscript for publication.
Acknowledgements

The authors thank Darren C. Greenwood for the Stata code
for the nonlinear doseeresponse analysis.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.numecd.2017.04.004.
References

[1] GBD 2013 Mortality and Causes of Death Collaborators. Global,
regional, and national age-sex specific all-cause and cause-
specific mortality for 240 causes of death, 1990-2013: a system-
atic analysis for the Global Burden of Disease Study 2013. Lancet
2015;385(9963):117e71.

[2] Perret-Guillaume C, Joly L, Benetos A. Heart rate as a risk factor
for cardiovascular disease. Prog Cardiovasc Dis 2009;52(1):6e10.

[3] Jouven X, Escolano S, Celermajer D, Empana JP, Bingham A,
Hermine O, et al. Heart rate and risk of cancer death in healthy
men. PLoS One 2011;6(8):e21310.

[4] AuneD,HartaighO, Vatten LJ. Resting heart rate and the risk of type
2diabetes: a systematic reviewanddose-responsemeta-analysis of
cohort studies. Nutr Metab Cardiovasc Dis 2015;25(6):526e34.

[5] Seshasai SR, Kaptoge S, Thompson A, Di AE, Gao P, Sarwar N, et al.
Diabetes mellitus, fasting glucose, and risk of cause-specific
death. N Engl J Med 2011;364(9):829e41.

[6] Garcia-Palmieri MR, Sorlie PD, Havlik RJ, Costas Jr R, Cruz-
Vidal M. Urban-rural differences in 12 year coronary heart dis-
ease mortality: the Puerto Rico Heart Health Program. J Clin
Epidemiol 1988;41(3):285e92.

[7] Gillum RF, Makuc DM, Feldman JJ. Pulse rate, coronary heart
disease, and death: the NHANES I Epidemiologic Follow-up
Study. Am Heart J 1991;121(1 Pt 1):172e7.

[8] Shaper AG, Wannamethee G, Macfarlane PW, Walker M. Heart
rate, ischaemic heart disease, and sudden cardiac death in
middle-aged British men. Br Heart J 1993;70(1):49e55.

[9] Benetos A, Rudnichi A, Thomas F, Safar M, Guize L. Influence of
heart rate on mortality in a French population: role of age,
gender, and blood pressure. Hypertension 1999;33(1):44e52.

[10] Greenland P, Daviglus ML, Dyer AR, Liu K, Huang CF,
Goldberger JJ, et al. Resting heart rate is a risk factor for cardio-
vascular and noncardiovascular mortality: the Chicago Heart
Association Detection Project in Industry. Am J Epidemiol 1999;
149(9):853e62.

[11] Kado DM, Lui LY, Cummings SR. Rapid resting heart rate: a simple
and powerful predictor of osteoporotic fractures and mortality in
older women. J Am Geriatr Soc 2002;50(3):455e60.

[12] Okamura T, Hayakawa T, Kadowaki T, Kita Y, Okayama A, Elliott P,
et al. Resting heart rate and cause-specific death in a 16.5-year
cohort study of the Japanese general population. Am Heart J
2004;147(6):1024e32.

[13] Tverdal A, Hjellvik V, Selmer R. Heart rate and mortality from
cardiovascular causes: a 12 year follow-up study of 379,843 men
and women aged 40-45 years. Eur Heart J 2008;29(22):2772e81.

http://dx.doi.org/10.1016/j.numecd.2017.04.004
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref1
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref1
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref1
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref1
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref1
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref1
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref2
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref2
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref2
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref3
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref3
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref3
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref4
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref4
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref4
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref4
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref5
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref5
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref5
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref5
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref6
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref6
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref6
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref6
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref6
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref7
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref7
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref7
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref7
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref8
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref8
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref8
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref8
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref9
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref9
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref9
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref9
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref10
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref10
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref10
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref10
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref10
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref10
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref11
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref11
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref11
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref11
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref12
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref12
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref12
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref12
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref12
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref13
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref13
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref13
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref13


Resting heart rate and the risk of cardiovascular disease, total cancer, and all-cause mortality 515
[14] Hsia J, Larson JC, Ockene JK, Sarto GE, Allison MA, Hendrix SL,
et al. Resting heart rate as a low tech predictor of coronary events
in women: prospective cohort study. BMJ 2009;338:b219.

[15] Mao Q, Huang JF, Lu X, Wu X, Chen J, Cao J, et al. Heart rate in-
fluence on incidence of cardiovascular disease among adults in
China. Int J Epidemiol 2010;39(6):1638e46.

[16] Batty GD, Shipley MJ, Kivimaki M, Marmot M, Davey SG. Walking
pace, leisure time physical activity, and resting heart rate in
relation to disease-specific mortality in London: 40 years follow-
up of the original Whitehall study. An update of our work with
professor Jerry N. Morris (1910-2009). Ann Epidemiol 2010;
20(9):661e9.

[17] Cooney MT, Vartiainen E, Laatikainen T, Juolevi A, Dudina A,
Graham IM. Elevated resting heart rate is an independent risk
factor for cardiovascular disease in healthy men and women. Am
Heart J 2010;159(4):612e9.

[18] Nauman J, Nilsen TI, Wisloff U, Vatten LJ. Combined effect of
resting heart rate and physical activity on ischaemic heart dis-
ease: mortality follow-up in a population study (the HUNT study,
Norway). J Epidemiol Community Health 2010;64(2):175e81.

[19] Woodward M, Webster R, Murakami Y, Barzi F, Lam TH, Fang X,
et al. The association between resting heart rate, cardiovascular
disease and mortality : evidence from 112,680 men and women
in 12 cohorts. Eur J Prev Cardiol 2014;21(6):719e26.

[20] Wang A, Chen S, Wang C, Zhou Y, Wu Y, Xing A, et al. Resting
heart rate and risk of cardiovascular diseases and all-cause
death: the Kailuan study. PLoS One 2014;9(10):e110985.

[21] Jouven X, Zureik M, Desnos M, Guerot C, Ducimetiere P. Resting
heart rate as a predictive risk factor for sudden death in middle-
aged men. Cardiovasc Res 2001;50(2):373e8.

[22] Jouven X, Empana JP, Schwartz PJ, Desnos M, Courbon D,
Ducimetiere P. Heart-rate profile during exercise as a predictor of
sudden death. N Engl J Med 2005;352(19):1951e8.

[23] Adabag AS, Grandits GA, Prineas RJ, Crow RS, Bloomfield HE,
Neaton JD. Relation of heart rate parameters during exercise test
to sudden death and all-cause mortality in asymptomatic men.
Am J Cardiol 2008;101(10):1437e43.

[24] Cuddy TE, Halli PS, Tate RB. QT dispersion and heart rate predict
the risk of sudden unexpected cardiac death in men: the Man-
itoba Follow-Up Study. Prev Cardiol 2009;12(1):27e33.

[25] Mazza A, Tikhonoff V, Casiglia E, Pessina AC. Predictors of
congestive heart failure mortality in elderly people from the
general population. Int Heart J 2005;46(3):419e31.

[26] Pfister R, Michels G, Sharp SJ, Luben R, Wareham NJ, Khaw KT.
Resting heart rate and incident heart failure in apparently
healthy men and women in the EPIC-Norfolk study. Eur J Heart
Fail 2012;14(10):1163e70.

[27] Opdahl A, Ambale VB, Fernandes VR, Wu CO, Nasir K, Choi EY,
et al. Resting heart rate as predictor for left ventricular
dysfunction and heart failure: MESA (Multi-Ethnic Study of
Atherosclerosis). J Am Coll Cardiol 2014;63(12):1182e9.

[28] Ho JE, Larson MG, Ghorbani A, Cheng S, Coglianese EE, Vasan RS,
et al. Long-term cardiovascular risks associated with an elevated
heart rate the Framingham Heart Study. J Am Heart Assoc 2014;
3(3):e000668.

[29] Khan H, Kunutsor S, Kalogeropoulos AP, Georgiopoulou VV,
Newman AB, Harris TB, et al. Resting heart rate and risk of
incident heart failure: three prospective cohort studies and a
systematic meta-analysis. J Am Heart Assoc 2015;4(1):
e001364.

[30] Kalogeropoulos A, Georgiopoulou V, Kritchevsky SB, Psaty BM,
Smith NL, Newman AB, et al. Epidemiology of incident heart failure
in a contemporary elderly cohort: the health, aging, and body
composition study. Arch Intern Med 2009;169(7):708e15.

[31] Parikh KS, Greiner MA, Suzuki T, DeVore AD, Blackshear C,
Maher JF, et al. Resting heart rate and long-term outcomes
among the African American population: insights from the
Jackson Heart Study. JAMA Cardiol 2017;2(2):172e80.

[32] Kikuya M, Ohkubo T, Metoki H, Asayama K, Hara A, Obara T, et al.
Day-by-day variability of blood pressure and heart rate at home
as a novel predictor of prognosis: the Ohasama study. Hyper-
tension 2008;52(6):1045e50.

[33] Hisamatsu T, Miura K, Ohkubo T, Yamamoto T, Fujiyoshi A,
Miyagawa N, et al. High long-chain n-3 fatty acid intake atten-
uates the effect of high resting heart rate on cardiovascular
mortality risk: a 24-year follow-up of Japanese general popula-
tion. J Cardiol 2014;64(3):218e24.

[34] Makita S, Onoda T, Ohsawa M, Tanno K, Tanaka F, Omama S, et al.
Bradycardia is associated with future cardiovascular diseases and
death in men from the general population. Atherosclerosis 2014;
236(1):116e20.

[35] O’Neal WT, Qureshi WT, Judd SE, Meschia JF, Howard VJ,
Howard G, et al. Heart rate and ischemic stroke: the REasons for
Geographic And Racial Differences in Stroke (REGARDS) study.
Int J Stroke 2015;10(8):1229e35.

[36] Mensink GB, Hoffmeister H. The relationship between resting
heart rate and all-cause, cardiovascular and cancer mortality. Eur
Heart J 1997;18(9):1404e10.

[37] Kristal-Boneh E, Silber H, Harari G, Froom P. The association of
resting heart rate with cardiovascular, cancer and all-cause
mortality. Eight year follow-up of 3527 male Israeli employees
(the CORDIS Study). Eur Heart J 2000;21(2):116e24.

[38] Seccareccia F, Pannozzo F, Dima F, Minoprio A, Menditto A, Lo NC,
et al. Heart rate as a predictor of mortality: the MATISS project.
Am J Public Health 2001;91(8):1258e63.

[39] Kizilbash MA, Daviglus ML, Dyer AR, Garside DB,
Hankinson AL, Yan LL, et al. Relation of heart rate with car-
diovascular disease in normal-weight individuals: the Chicago
Heart Association Detection Project in Industry. Prev Cardiol
2008;11(3):141e7.

[40] Legeai C, Jouven X, Tafflet M, Dartigues JF, Helmer C, Ritchie K,
et al. Resting heart rate, mortality and future coronary heart
disease in the elderly: the 3C Study. Eur J Cardiovasc Prev Rehabil
2011;18(3):488e97.

[41] Jensen MT, Marott JL, Jensen GB. Elevated resting heart rate is
associated with greater risk of cardiovascular and all-cause
mortality in current and former smokers. Int J Cardiol 2011;
151(2):148e54.

[42] Johansen CD, Olsen RH, Pedersen LR, Kumarathurai P,
Mouridsen MR, Binici Z, et al. Resting, night-time, and 24 h heart
rate as markers of cardiovascular risk in middle-aged and elderly
men and women with no apparent heart disease. Eur Heart J
2013;34(23):1732e9.

[43] Saxena A, Minton D, Lee DC, Sui X, Fayad R, Lavie CJ, et al. Pro-
tective role of resting heart rate on all-cause and cardiovascular
disease mortality. Mayo Clin Proc 2013;88(12):1420e6.

[44] Sadeghi M, Talaei M, Zand I, Oveisgharan S, Iranipour R, Esteki GF,
et al. Heart rate and cardiovascular events: a nested case-control
in Isfahan Cohort Study. Arch Iran Med 2014;17(9):633e7.

[45] Zhong C, Zhong X, Xu T, Peng H, Li H, Zhang M, et al. Combined
effects of hypertension and heart rate on the risk of stroke and
coronary heart disease: a population-based prospective cohort
study among Inner Mongolians in China. Hypertens Res 2015 Aug
20. http://dx.doi.org/10.1038/hr.2015.90 [Epub ahead of print].

[46] Ganna A, Ingelsson E. 5 year mortality predictors in 498,103 UK
Biobank participants: a prospective population-based study.
Lancet 2015;386(9993):533e40.

[47] Ryu M, Bayasgalan G, Kimm H, Nam CM, Ohrr H. Association of
resting heart rate and hypertension stages on all-cause and car-
diovascular mortality among elderly Koreans: the Kangwha
Cohort Study. J Geriatr Cardiol 2016;13(7):573e9.

[48] Sharashova E, Wilsgaard T, Mathiesen EB, Lochen ML, Njolstad I,
Brenn T. Resting heart rate predicts incident myocardial infarc-
tion, atrial fibrillation, ischaemic stroke and death in the general
population: the Tromso Study. J Epidemiol Community Health
2016;70(9):902e9.

[49] Li K, Yao C, Yang X, Dong L. Effect of resting heart rate on all-
cause mortality and cardiovascular events according to age. J
Am Geriatr Soc 2016 Dec 30. http://dx.doi.org/10.1111/jgs.14714
[Epub ahead of print].

[50] ZhangM, Han C,Wang C,Wang J, Li L, Zhang L, et al. Association of
resting heart rate and cardiovascular disease mortality in hyper-
tensive and normotensive rural Chinese. J Cardiol 2017;69(5):
779e84.

[51] Wannamethee G, Shaper AG, Macfarlane PW. Heart rate, physical
activity, and mortality from cancer and other noncardiovascular
diseases. Am J Epidemiol 1993;137(7):735e48.

[52] Cerhan JR, Pavuk M, Wallace RB. Positive association between
resting pulse and cancer incidence in current and former
smokers. Ann Epidemiol 1999;9(1):34e44.

http://refhub.elsevier.com/S0939-4753(17)30085-6/sref14
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref14
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref14
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref15
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref15
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref15
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref15
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref16
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref16
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref16
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref16
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref16
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref16
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref16
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref17
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref17
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref17
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref17
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref17
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref18
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref18
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref18
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref18
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref18
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref19
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref19
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref19
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref19
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref19
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref20
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref20
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref20
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref21
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref21
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref21
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref21
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref22
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref22
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref22
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref22
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref23
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref23
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref23
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref23
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref23
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref24
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref24
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref24
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref24
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref25
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref25
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref25
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref25
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref26
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref26
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref26
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref26
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref26
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref27
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref27
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref27
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref27
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref27
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref28
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref28
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref28
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref28
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref29
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref29
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref29
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref29
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref29
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref30
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref30
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref30
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref30
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref30
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref31
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref31
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref31
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref31
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref31
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref32
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref32
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref32
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref32
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref32
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref33
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref33
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref33
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref33
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref33
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref33
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref34
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref34
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref34
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref34
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref34
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref35
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref35
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref35
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref35
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref35
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref36
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref36
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref36
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref36
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref37
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref37
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref37
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref37
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref37
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref38
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref38
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref38
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref38
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref39
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref39
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref39
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref39
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref39
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref39
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref40
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref40
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref40
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref40
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref40
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref41
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref41
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref41
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref41
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref41
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref42
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref42
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref42
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref42
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref42
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref42
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref43
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref43
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref43
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref43
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref44
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref44
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref44
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref44
http://dx.doi.org/10.1038/hr.2015.90
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref46
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref46
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref46
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref46
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref47
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref47
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref47
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref47
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref47
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref48
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref48
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref48
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref48
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref48
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref48
http://dx.doi.org/10.1111/jgs.14714
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref50
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref50
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref50
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref50
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref50
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref51
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref51
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref51
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref51
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref52
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref52
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref52
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref52


516 D. Aune et al.
[53] Hoes AW, Grobbee DE, Valkenburg HA, Lubsen J, Hofman A.
Cardiovascular risk and all-cause mortality; a 12 year follow-up
study in The Netherlands. Eur J Epidemiol 1993;9(3):285e92.

[54] Dekker JM, Crow RS, Folsom AR, Hannan PJ, Liao D, Swenne CA,
et al. Low heart rate variability in a 2-minute rhythm strip pre-
dicts risk of coronary heart disease and mortality from several
causes: the ARIC Study. Atherosclerosis Risk in Communities.
Circulation 2000;102(11):1239e44.

[55] Reunanen A, Karjalainen J, Ristola P, Heliovaara M, Knekt P,
Aromaa A. Heart rate and mortality. J Intern Med 2000;247(2):
231e9.

[56] Fujiura Y, Adachi H, Tsuruta M, Jacobs Jr DR, Hirai Y, Imaizumi T.
Heart rate and mortality in a Japanese general population: an 18-
year follow-up study. J Clin Epidemiol 2001;54(5):495e500.

[57] Chang M, Havlik RJ, Corti MC, Chaves PH, Fried LP, Guralnik JM.
Relation of heart rate at rest and mortality in the Women’s
Health and Aging Study. Am J Cardiol 2003;92(11):1294e9.

[58] Perk G, Stessman J, Ginsberg G, Bursztyn M. Sex differences in the
effect of heart rate on mortality in the elderly. J Am Geriatr Soc
2003;51(9):1260e4.

[59] Tice JA, Kanaya A, Hue T, Rubin S, Buist DS, Lacroix A, et al. Risk
factors for mortality in middle-aged women. Arch Intern Med
2006;166(22):2469e77.

[60] Theobald H, Wandell PE. Effect of heart rate on long-term mor-
tality among men and women. Acta Cardiol 2007;62(3):275e9.

[61] Kuzuya M, Enoki H, Iwata M, Hasegawa J, Hirakawa Y. J-shaped
relationship between resting pulse rate and all-cause mortality
in community-dwelling older people with disabilities. J Am
Geriatr Soc 2008;56(2):367e8.

[62] Nabi H, Kivimaki M, Empana JP, Sabia S, Britton A, Marmot MG,
et al. Combined effects of depressive symptoms and resting heart
rate on mortality: the Whitehall II prospective cohort study. J Clin
Psychiatry 2011;72(9):1199e206.

[63] Puddu PE, Menotti A, Tolonen H, Nedeljkovic S, Kafatos AG. De-
terminants of 40-year all-cause mortality in the European co-
horts of the Seven Countries StudY. Eur J Epidemiol 2011;26(8):
595e608.

[64] Pittaras AM, Faselis C, Doumas M, Myers J, Kheirbek R,
Kokkinos JP, et al. Heart rate at rest, exercise capacity, and mor-
tality risk in veterans. Am J Cardiol 2013;112(10):1605e9.

[65] Jensen MT, Suadicani P, Hein HO, Gyntelberg F. Elevated resting
heart rate, physical fitness and all-cause mortality: a 16-year
follow-up in the Copenhagen Male Study. Heart 2013;99(12):
882e7.

[66] Stessman J, Jacobs JM, Stessman-Lande I, Gilon D, Leibowitz D.
Aging, resting pulse rate, and longevity. J Am Geriatr Soc 2013;
61(1):40e5.

[67] Hartaigh BO, Allore HG, Trentalange M, McAvay G, Pilz S,
Dodson JA, et al. Elevations in time-varying resting heart rate
predict subsequent all-cause mortality in older adults. Eur J Prev
Cardiol 2014;22(4):527e34.

[68] Hartaigh O, Gill TM, Shah I, Hughes AD, Deanfield JE, Kuh D, et al.
Association between resting heart rate across the life course and
all-cause mortality: longitudinal findings from the Medical
Research Council (MRC) National Survey of Health and Develop-
ment (NSHD). J Epidemiol Community Health 2014;68(9):883e9.

[69] Ryu M, Gombojav B, Nam CM, Lee Y, Han K. Modifying effects of
resting heart rate on the association of binge drinking with all-
cause and cardiovascular mortality in older Korean men: the
Kangwha Cohort Study. J Epidemiol 2014;24(4):274e80.

[70] Aladin AI, Whelton SP, Al-Mallah MH, Blaha MJ, Keteyian SJ,
Juraschek SP, et al. Relation of resting heart rate to risk for all-
cause mortality by gender after considering exercise capacity
(the Henry Ford exercise testing project). Am J Cardiol 2014;
114(11):1701e6.

[71] Skov MW, Bachmann TN, Rasmussen PV, Olesen MS, Pietersen A,
Graff C, et al. Association between heart rate at rest and incident
atrial fibrillation (from the Copenhagen Electrocardiographic
study). Am J Cardiol 2016;118(5):708e13.

[72] Custodis F, Roggenbuck U, Lehmann N, Moebus S, Laufs U,
Mahabadi AA, et al. Resting heart rate is an independent pre-
dictor of all-cause mortality in the middle aged general popula-
tion. Clin Res Cardiol 2016;105(7):601e12.

[73] Alhalabi L, Singleton MJ, Oseni AO, Shah AJ, Zhang ZM,
Soliman EZ. Relation of higher resting heart rate to risk of
cardiovascular versus noncardiovascular death. Am J Cardiol
2017;119(7):1003e7.

[74] Menotti A, Giampaoli S. A single risk factor measurement pre-
dicts 35-year mortality from cardiovascular disease. G Ital Cardiol
1998;28(12):1354e62.

[75] Kannel WB, Gagnon DR, Cupples LA. Epidemiology of sudden
coronary death: population at risk. Can J Cardiol 1990;6(10):
439e44.

[76] Xu T, Bu X, Li H, Zhang M, Wang A, Tong W, et al. Smoking, heart
rate, and ischemic stroke: a population-based prospective cohort
study among Inner Mongolians in China. Stroke 2013;44(9):
2457e61.

[77] HozawaA, Inoue R,OhkuboT, KikuyaM,MetokiH, AsayamaK, et al.
Predictive value of ambulatory heart rate in the Japanese general
population: the Ohasama study. J Hypertens 2008;26(8):1571e6.

[78] Fisher AA, Davis MW, Srikusalanukul W, Budge MM. Does heart
rate predict mortality in older, low-level care residents? Am J
Geriatr Cardiol 2006;15(4):208e16.

[79] Cacciatore F, Mazzella F, Abete P, Viati L, Galizia G, D’Ambrosio D,
et al. Mortality and heart rate in the elderly: role of cognitive
impairment. Exp Aging Res 2007;33(2):127e44.

[80] Korshoj M, Lidegaard M, Kittel F, Van Herck K, De Backer G, De
Bacquer D, et al. The relation of ambulatory heart rate with all-
cause mortality among middle-aged men: a prospective cohort
study. PLoS One 2015;10(3):e0121729.

[81] NanchenD, LeeningMJ, Locatelli I, Cornuz J,Kors JA,Heeringa J, et al.
Resting heart rate and the risk of heart failure in healthy adults: the
Rotterdam Study. Circ Heart Fail 2013;6(3):403e10.

[82] Thelle DS, Selmer R, Gjesdal K, Sakshaug S, Jugessur A, Graff-
Iversen S, et al. Resting heart rate and physical activity as risk
factors for lone atrial fibrillation: a prospective study of 309,540
men and women. Heart 2013;99(23):1755e60.

[83] O’Neal WT, Almahmoud MF, Soliman EZ. Resting heart rate and
incident atrial fibrillation in the elderly. Pacing Clin Electro-
physiol 2015;38(5):591e7.

[84] Wilhelmsen L, Rosengren A, Lappas G. Hospitalizations for atrial
fibrillation in the general male population: morbidity and risk
factors. J Intern Med 2001;250(5):382e9.

[85] Grundvold I, Skretteberg PT, Liestol K, Erikssen G, Engeseth K,
Gjesdal K, et al. Low heart rates predict incident atrial fibrillation
in healthy middle-aged men. Circ Arrhythm Electrophysiol 2013;
6(4):726e31.

[86] Alonso A, Krijthe BP, Aspelund T, Stepas KA, Pencina MJ, Moser CB,
et al. Simple risk model predicts incidence of atrial fibrillation in a
racially and geographically diverse population: the CHARGE-AF
consortium. J Am Heart Assoc 2013;2(2):e000102.

[87] Zhang D, Shen X, Qi X. Resting heart rate and all-cause and
cardiovascular mortality in the general population: a meta-
analysis. CMAJ 2016;188(3):E53e63.

[88] Stroup DF, Berlin JA, Morton SC, Olkin I, Williamson GD, Rennie D,
et al. Meta-analysis of observational studies in epidemiology: a
proposal for reporting. Meta-analysis of Observational Studies in
Epidemiology (MOOSE) group. JAMA 2000;283(15):2008e12.

[89] DerSimonian R, Kacker R. Random-effects model for meta-
analysis of clinical trials: an update. Contemp Clin Trials 2007;
28(2):105e14.

[90] Greenland S, Longnecker MP. Methods for trend estimation from
summarized dose-response data, with applications to meta-
analysis. Am J Epidemiol 1992;135(11):1301e9.

[91] Bagnardi V, Zambon A, Quatto P, Corrao G. Flexible meta-
regression functions for modeling aggregate dose-response
data, with an application to alcohol and mortality. Am J Epi-
demiol 2004;159(11):1077e86.

[92] Higgins JP, Thompson SG. Quantifying heterogeneity in a meta-
analysis. Stat Med 2002;21(11):1539e58.

[93] Wells G, Shea B, O’Connell D, Peterson J,WelchV, LososM, et al. The
Newcastle-Ottawa Scale (NOS) for assessing the quality of non-
randomised studies in meta-analyses. 2013. http://www.ohri.ca/
programs/clinical_epidemiology/oxford.asp [accessed 16.05.17.].

[94] Egger M, Davey SG, Schneider M, Minder C. Bias in meta-analysis
detected by a simple, graphical test. BMJ 1997;315(7109):
629e34.

[95] Begg CB, Mazumdar M. Operating characteristics of a rank cor-
relation test for publication bias. Biometrics 1994;50(4):
1088e101.

http://refhub.elsevier.com/S0939-4753(17)30085-6/sref53
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref53
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref53
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref53
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref54
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref54
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref54
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref54
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref54
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref54
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref55
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref55
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref55
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref55
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref56
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref56
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref56
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref56
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref57
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref57
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref57
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref57
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref58
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref58
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref58
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref58
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref59
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref59
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref59
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref59
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref60
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref60
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref60
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref61
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref61
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref61
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref61
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref61
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref62
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref62
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref62
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref62
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref62
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref63
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref63
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref63
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref63
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref63
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref64
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref64
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref64
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref64
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref65
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref65
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref65
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref65
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref65
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref66
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref66
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref66
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref66
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref67
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref67
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref67
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref67
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref67
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref68
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref68
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref68
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref68
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref68
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref68
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref69
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref69
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref69
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref69
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref69
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref70
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref70
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref70
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref70
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref70
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref70
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref71
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref71
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref71
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref71
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref71
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref72
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref72
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref72
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref72
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref72
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref73
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref73
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref73
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref73
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref73
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref74
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref74
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref74
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref74
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref75
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref75
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref75
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref75
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref76
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref76
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref76
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref76
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref76
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref77
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref77
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref77
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref77
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref78
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref78
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref78
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref78
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref79
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref79
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref79
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref79
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref80
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref80
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref80
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref80
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref81
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref81
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref81
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref81
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref82
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref82
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref82
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref82
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref82
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref83
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref83
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref83
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref83
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref84
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref84
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref84
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref84
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref85
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref85
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref85
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref85
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref85
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref86
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref86
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref86
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref86
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref87
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref87
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref87
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref87
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref88
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref88
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref88
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref88
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref88
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref89
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref89
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref89
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref89
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref90
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref90
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref90
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref90
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref91
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref91
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref91
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref91
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref91
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref92
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref92
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref92
http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref94
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref94
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref94
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref94
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref95
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref95
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref95
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref95


Resting heart rate and the risk of cardiovascular disease, total cancer, and all-cause mortality 517
[96] Duval S, Tweedie R. Trim and fill: a simple funnel-plot-based
method of testing and adjusting for publication bias in meta-
analysis. Biometrics 2000;56(2):455e63.

[97] Floyd JS, Sitlani CM, Wiggins KL, Wallace E, Suchy-Dicey A,
Abbasi SA, et al. Variation in resting heart rate over 4 years and
the risks of myocardial infarction and death among older adults.
Heart 2015;101(2):132e8.

[98] Hansen TW, Thijs L, Boggia J, Li Y, Kikuya M, Bjorklund-
Bodegard K, et al. Prognostic value of ambulatory heart rate
revisited in 6928 subjects from 6 populations. Hypertension
2008;52(2):229e35.

[99] Sandvik L, Erikssen J, Ellestad M, Erikssen G, Thaulow E,
Mundal R, et al. Heart rate increase and maximal heart rate
during exercise as predictors of cardiovascular mortality: a 16-
year follow-up study of 1960 healthy men. Coron Artery Dis
1995;6(8):667e79.

[100] Nilsson PM, Nilsson JA, Hedblad B, Berglund G. Sleep disturbance
in association with elevated pulse rate for prediction of mortal-
ityeconsequences of mental strain? J Intern Med 2001;250(6):
521e9.

[101] Savonen KP, Lakka TA, Laukkanen JA, Halonen PM, Rauramaa TH,
Salonen JT, et al. Heart rate response during exercise test and
cardiovascular mortality in middle-aged men. Eur Heart J 2006;
27(5):582e8.

[102] Leistner DM, Klotsche J, Palm S, Pieper L, Stalla GK, Lehnert H,
et al. Resting heart rate as a tool for risk stratification in primary
care: does it provide incremental prognostic information? Eur J
Prev Cardiol 2012;19(2):275e84.

[103] Sandvik L, Erikssen J, Thaulow E, Erikssen G, Mundal R, Rodahl K.
Physical fitness as a predictor of mortality among healthy,
middle-aged Norwegian men. N Engl J Med 1993;328(8):533e7.

[104] Nauman J, Janszky I, Vatten LJ, Wisloff U. Temporal changes in
resting heart rate and deaths from ischemic heart disease. JAMA
2011;306(23):2579e87.

[105] Jouven X, Empana JP, Escolano S, Buyck JF, Tafflet M, Desnos M,
et al. Relation of heart rate at rest and long-term (>20 years)
death rate in initially healthy middle-aged men. Am J Cardiol
2009;103(2):279e83.

[106] Hinkle Jr LE, Carver ST, Plakun A. Slow heart rates and increased
risk of cardiac death in middle-aged men. Arch Intern Med 1972;
129(5):732e48.

[107] Wannamethee G, Shaper AG. The association between heart rate
and blood pressure, blood lipids and other cardiovascular risk
factors. J Cardiovasc Risk 1994;1(3):223e30.

[108] Hak AE, Pols HA, Visser TJ, Drexhage HA, Hofman A, Witteman JC.
Subclinical hypothyroidism is an independent risk factor for
atherosclerosis and myocardial infarction in elderly women: the
Rotterdam study. Ann Intern Med 2000;132(4):270e8.

[109] Lundberg U, Wallin L, Lindstedt G, Frankenhaeuser M. Steroid sex
hormones and cardiovascular function in healthy males and fe-
males: a correlational study. Pharmacol Biochem Behav 1990;
37(2):325e7.

[110] Ramesh S, Wilton SB, Holroyd-Leduc JM, Turin TC, Sola DY,
Ahmed SB. Testosterone is associated with the cardiovascular
autonomic response to a stressor in healthy men. Clin Exp
Hypertens 2015;37(3):184e91.

[111] Kim JW, Park CG, Hong SJ, Park SM, Rha SW, Seo HS, et al. Acute
and chronic effects of cigarette smoking on arterial stiffness.
Blood Press 2005;14(2):80e5.

[112] Caro CG, Lever MJ, Parker KH, Fish PJ. Effect of cigarette smoking
on the pattern of arterial blood flow: possible insight into
mechanisms underlying the development of arteriosclerosis.
Lancet 1987;2(8549):11e3.

[113] Rubin J, Blaha MJ, Budoff MJ, Rivera JJ, Shaw LJ, Blankstein R, et al.
The relationship between resting heart rate and incidence and
progression of coronary artery calcification: theMulti-Ethnic Study
of Atherosclerosis (MESA). Atherosclerosis 2012;220(1):194e200.

[114] Deibert DC, DeFronzo RA. Epinephrine-induced insulin resistance
in man. J Clin Investig 1980;65(3):717e21.

[115] Jamerson KA, Julius S, Gudbrandsson T, Andersson O, Brant DO.
Reflex sympathetic activation induces acute insulin resistance in
the human forearm. Hypertension 1993;21(5):618e23.

[116] Bonora E, Capaldo B, Perin PC, Del Prato S, De Mattia G, Frittitta L,
et al. Hyperinsulinemia and insulin resistance are independently
associated with plasma lipids, uric acid and blood pressure in
non-diabetic subjects. The GISIR database. Nutr Metab Cardiovasc
Dis 2008;18(9):624e31.

[117] Palatini P. Heart rate as a cardiovascular risk factor: do women
differ from men? Ann Med 2001;33(4):213e21.

[118] Nabel EG, Selwyn AP, Ganz P. Paradoxical narrowing of athero-
sclerotic coronary arteries induced by increases in heart rate.
Circulation 1990;81(3):850e9.

[119] Mircoli L, Mangoni AA, Giannattasio C, Mancia G, Ferrari AU.
Heart rate-dependent stiffening of large arteries in intact and
sympathectomized rats. Hypertension 1999;34(4 Pt 1):598e602.

[120] Franklin SS, Gustin W, Wong ND, Larson MG, Weber MA,
Kannel WB, et al. Hemodynamic patterns of age-related changes
in blood pressure. The Framingham Heart Study. Circulation
1997;96(1):308e15.

[121] Perski A, Olsson G, Landou C, de Faire U, Theorell T, Hamsten A.
Minimum heart rate and coronary atherosclerosis: independent
relations to global severity and rate of progression of angio-
graphic lesions in men with myocardial infarction at a young age.
Am Heart J 1992;123(3):609e16.

[122] Heidland UE, Strauer BE. Left ventricular muscle mass and
elevated heart rate are associated with coronary plaque disrup-
tion. Circulation 2001;104(13):1477e82.

[123] Jensen MT, Marott JL, Allin KH, Nordestgaard BG, Jensen GB.
Resting heart rate is associated with cardiovascular and all-cause
mortality after adjusting for inflammatory markers: the Copen-
hagen City Heart Study. Eur J Prev Cardiol 2012;19(1):102e8.

[124] Nanchen D, Stott DJ, Gussekloo J, Mooijaart SP, Westendorp RG,
Jukema JW, et al. Resting heart rate and incident heart failure and
cardiovascular mortality in older adults: role of inflammation
and endothelial dysfunction: the PROSPER study. Eur J Heart Fail
2013;15(5):581e8.

[125] Vanninen E, Uusitupa M, Lansimies E, Siitonen O, Laitinen J. Ef-
fect of metabolic control on autonomic function in obese patients
with newly diagnosed type 2 diabetes. Diabet Med 1993;10(1):
66e73.

[126] Emdin M, Gastaldelli A, Muscelli E, Macerata A, Natali A,
Camastra S, et al. Hyperinsulinemia and autonomic nervous
system dysfunction in obesity: effects of weight loss. Circulation
2001;103(4):513e9.

[127] Van De Borne P, Hausberg M, Hoffman RP, Mark AL, Anderson EA.
Hyperinsulinemia produces cardiac vagal withdrawal and
nonuniform sympathetic activation in normal subjects. Am J
Physiol 1999;276(1 Pt 2):R178e83.

[128] Eppinga RN, Hagemeijer Y, Burgess S, Hinds DA, Stefansson K,
Gudbjartsson DF, et al. Identification of genomic loci associated
with resting heart rate and shared genetic predictors with all-
cause mortality. Nat Genet 2016;48(12):1557e63.

http://refhub.elsevier.com/S0939-4753(17)30085-6/sref96
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref96
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref96
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref96
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref97
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref97
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref97
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref97
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref97
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref98
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref98
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref98
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref98
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref98
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref99
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref99
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref99
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref99
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref99
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref99
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref100
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref100
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref100
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref100
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref100
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref100
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref101
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref101
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref101
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref101
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref101
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref102
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref102
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref102
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref102
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref102
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref103
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref103
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref103
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref103
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref104
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref104
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref104
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref104
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref105
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref105
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref105
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref105
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref105
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref105
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref106
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref106
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref106
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref106
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref107
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref107
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref107
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref107
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref108
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref108
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref108
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref108
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref108
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref109
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref109
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref109
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref109
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref109
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref110
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref110
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref110
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref110
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref110
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref111
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref111
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref111
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref111
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref112
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref112
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref112
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref112
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref112
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref113
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref113
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref113
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref113
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref113
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref114
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref114
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref114
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref115
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref115
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref115
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref115
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref116
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref116
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref116
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref116
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref116
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref116
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref117
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref117
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref117
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref118
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref118
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref118
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref118
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref119
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref119
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref119
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref119
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref120
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref120
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref120
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref120
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref120
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref121
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref121
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref121
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref121
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref121
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref121
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref122
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref122
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref122
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref122
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref123
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref123
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref123
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref123
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref123
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref124
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref124
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref124
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref124
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref124
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref124
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref125
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref125
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref125
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref125
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref125
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref126
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref126
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref126
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref126
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref126
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref127
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref127
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref127
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref127
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref127
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref128
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref128
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref128
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref128
http://refhub.elsevier.com/S0939-4753(17)30085-6/sref128

	Resting heart rate and the risk of cardiovascular disease, total cancer, and all-cause mortality – A systematic review and  ...
	Introduction
	Methods
	Search strategy and inclusion criteria
	Data extraction
	Statistical methods

	Results
	Coronary heart disease
	Sudden cardiac death
	Heart failure
	Atrial fibrillation
	Stroke
	Cardiovascular disease
	Total cancer
	All-cause mortality
	Subgroup and sensitivity analyses

	Discussion
	Conflict of interest
	Contribution statement
	Funding/support
	Role of the sponsors
	Acknowledgements
	References




