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Cumulative Resting Heart Rate 
Exposure and Risk of All-Cause 
Mortality: Results from the Kailuan 
Cohort Study
Quanhui Zhao1,2,*, Haibin Li3,4,*, Anxin Wang5,*, Jin Guo3,4, Junxing Yu1,2, Yanxia Luo3,4, 
Shuohua Chen2, Lixin Tao3,4, Yuqing Li6, Aiping Li7, Xiuhua Guo3,4 & Shouling Wu2

The relationship between cumulative exposure to resting heart rate (cumRHR) and mortality 
remain unclear in the general population. In the Kailuan cohort study, resting heart rate (RHR) was 
repeatedly measured at baseline and at years 2 and 4 by electrocardiogram among 47,311 adults 
aged 48.70 ± 11.68. The cumRHR was defined as the summed average RHR between two consecutive 
examinations multiplied by the time interval between with two examinations [(beats/min) * year]. A 
higher RHR was defined as ≥80 beats/min, and the number of visits with a higher RHR was counted. 
During a median of 4.06 years of follow-up, a total of 1,025 participants died. After adjusting for major 
traditional cardiovascular risk factors and baseline RHR, the hazard ratio for the highest versus lowest 
quartile of cumRHR was 1.39 (95% CI: 1.07–1.81) for all-cause mortality. Each 1-SD increment in 
cumRHR was associated with a 37% (HR: 1.37, 95% CI: 1.23–1.52) increased risk of death and displayed 
a J-shaped relationship. Compared with no exposure, adults who had a higher RHR at all 3 study visits 
were associated with a 1.86-fold higher risk (95% CI: 1.33–2.61) of mortality. In summary, cumulative 
exposure to higher RHR is independently associated with an increased risk of mortality.

Observational epidemiological study findings consistent with clinical trial findings have found that an elevated 
resting heart rate (RHR) is significantly associated with cardiovascular disease (CVD) and all-cause mortality 
both in healthy populations1 and patients with chronic heart failure (CHF)2–5, atrial fibrillation (AF)6–8, ischaemic 
stroke9,10, acute myocardial infarction11, chronic obstructive pulmonary disease12 and type 2 diabetes mellitus13. 
Two recent meta-analyses have also suggested that an elevated RHR increases the risk of cardiovascular mortality 
in the general population14,15. However, most studies have only focused on the prognostic value of the baseline 
RHR measured at only a single point time. However, a few studies have investigated the relationship between 
repeated measurements of RHR and the risk of all-cause mortality by treating RHR as a time-dependent vari-
able16, including the Cardiovascular Health Study17, ORBIT-AF Study6, the Framingham Heart Study18 and the 
Copenhagen City Heart Study19.

However, information on how cumulative exposure to higher RHR increases the risk of death remains 
unknown. Cumulative exposure of measurements could be quantified and may yield additional information 
because the duration and intensity of exposure could be considered together20. Zemaitis et al.21 demonstrated 
that cumulative exposure to higher systolic blood pressure (cumSBP) was associated with increased risk of urine 
albumin-to-creatinine ratio (UACR) progression among adults without type 2 diabetes. Kishi et al.22 found that 
cumulative blood pressure exposure in early adulthood was associated with left ventricular dysfunction in middle 
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age. Nikpour et al.23 compared “summary measures” of cumulative exposure to total cholesterol (TC), systolic 
blood pressure (SBP), and diastolic blood pressure (DBP) in terms of the ability to quantify coronary artery 
disease risk in patients with systemic lupus erythematosus (SLE). This analytical framework—using repeated 
measurements over a period of several years to estimate the cumulative exposure to resting heart rate (cumRHR) 
for each person—has not yet been applied to evaluate the association between cumRHR and the risk of all-cause 
mortality in the general population. Further, the association between the number of visits with a higher RHR  
(≥ 80 beats/min24) with the risk of mortality has not been well described.

In the current analysis, we used data from the baseline to the third examination in the Kailuan cohort study 
to calculate the cumRHR and to explore the association between cumRHR, the number of visits with a higher 
RHR and any cause of death. We also test whether there were sex-related differences. We hypothesise that higher 
cumRHR and the number of visits with a higher RHR are associated with a higher risk of all-cause mortality.

Results
Baseline characteristics. Of a total of 101,510 individuals in the original cohort, 57,927 participants com-
pleted the second and third examinations consecutively. For the remaining participants, 1,686 participants who 
experienced myocardial infarction, atrial fibrillation or started taking beta blockers as well as 8,930 participants 
with missing information on RHR on any occasion from the baseline to the third examination were excluded 
(Fig. 1). Thus in the current analysis, 47,311 participants were included. The study population consisted of 78.2% 
men and 21.8% women, with a mean age ±  standard deviation (SD) of 48.70 ±  11.68 years. The baseline char-
acteristics of the 8,930 subjects with missing RHR data were different from the remaining 47,311 adults. The 
excluded participants were slightly older, more female, had a lower baseline systolic blood pressures, and had a 
lower proportion of smokers, alcohol users, hypertensives and diabetics (all P <  0.01) compared with the partici-
pants included in this study (Supplemental Table 1).

The average cumRHR ±  SD was 298.66 ±  46.79 [(beats/min) * year], with a range from 156 to 698 [(beats/
min) * year]. The baseline characteristics of the participants stratified by the quartile of cumRHR are summarized 
in Table 1. Participants in the highest quartile of cumRHR (Q4) were more likely to have a higher systolic BP, 
diastolic BP, BMI, fasting blood glucose, TC, and LDL-C, and they had a higher proportion of participants who 
engaged in physical activity, smoking, or drinking, or who had hypertension, diabetes mellitus, hyperlipidaemia, 
stroke or cancer compared with the participants in the lowest cumRHR quartile (Q1) (all P <  0.05, Table 1).

Association with cumRHR. During a median of 4.06 years of follow-up from the third examination, a 
total of 1,025 (2.17%) participants died any of cause. The mortality rate was 54.44 per 10,000 person-years for the 
overall study population. The number of death events and risk of mortality in each quartile of cumRHR and the 
number of visits with a higher RHR are presented in Table 2. From the lowest cumRHR quartile to the highest, the 
mortality rate increased from 35.60 to 42.05, 52.94 and 90.91 per 10,000 person-years, respectively. Figure 2(a) 
shows the Kaplan-Meier mortality rate by the quartile of cumRHR. The log-rank test revealed that there was a 
significant difference between each quartile (χ 2 =  149.69, P <  0.001). In the univariate Cox model, subjects in the 
highest cumRHR quartile had a higher mortality risk compared with the lowest quartile (unadjusted HR: 2.54, 
95% CI: 2.12–3.04). After accounting for sociodemographic and cardiovascular risk factors, similar associations 
between the cumRHR categories and all-cause mortality were attenuated but remained statistically significant in 
model 3 (Table 2, adjusted HR:1.42, 95% CI: 1.13–1.78). Further adjustment for baseline RHR level did not sub-
stantially change the associations (model 4). Individuals in the highest cumRHR quartile had a 39% increased risk 

Figure 1. Flowchart of Kailuan cohort study. 
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of all-cause mortality (Table 2, adjusted HR: 1.39, 95% CI: 1.07–1.81). There was a significant positive linear trend 
in all-cause mortality across incremental levels of cumRHR (P trend <  0.05 for all models). When regarding cum-
RHR as a continuous variable, the results were similar. In model 4, each 1-SD [46.78 (beats/min * year)] increase 
in cumRHR was associated with a 37% increased risk of mortality (adjusted HR: 1.37, 95% CI: 1.23–1.52).

We also investigated interactions between sex and cumRHR. Table 3 displays the hazard ratios (95% CI) for 
all-cause mortality stratified by sex. Similar results were obtained both for men and women when treating cum-
RHR as either a continuous or categorical variable. Every 1-SD of cumRHR was associated with a 1.35-fold (95% 
CI: 1.21–1.51) increased risk of mortality for men and 1.62-fold (95% CI: 1.08–2.44) increased risk of mortality 

Characteristic Total

Quartiles of cumulative resting heart rate [(beats/min) * year]

PQ1 (<267.90) Q2 (267.90–292.84) Q3 (292.85–322.84) Q4 (≥322.85)

No. of subjects 47311 11828 11832 11823 11828

Age, year 48.70 ±  11.68 46.09 ±  10.58 47.07 ±  11.37 49.70 ±  11.68 51.92 ±  12.15 < 0.001 * 

Men sex, n (%) 37010 (78.2) 9185 (77.7) 9276 (78.4) 9245 (78.2) 9304 (78.7) 0.285#

Current smoker, n (%) 14480 (30.6) 3381 (28.6) 3703 (31.3) 3670 (31.0) 3724 (31.5) < 0.001#

Current drinker, n (%) 8471 (17.9) 1868 (15.8) 2118 (17.9) 2206 (18.7) 2279 (19.3) < 0.001#

Physical activity, n (%) 6424 (13.6) 1279 (10.8) 1456 (12.3) 1683 (14.2) 2006 (17.0) < 0.001#

SBP, mmHg 128.61 ±  19.90 124.55 ±  18.64 127.21 ±  19.09 129.46 ±  19.77 133.21 ±  20.99 < 0.001*

DBP, mmHg 82.73 ±  11.40 80.87 ±  10.86 82.20 ±  11.08 83.11 ±  11.35 84.74 ±  11.94 < 0.001*

RHR, beats/min 73.41 ±  9.83 67.74 ±  7.35 71.86 ±  7.67 74.41 ±  8.87 79.63 ±  11.00 < 0.001*

BMI, kg/m2 25.06 ±  3.47 24.95 ±  3.37 25.12 ±  3.46 25.06 ±  3.49 25.09 ±  3.55 0.002*

FBG, mmol/L 5.40 ±  1.54 5.18 ±  1.25 5.30 ±  1.36 5.46 ±  1.56 5.67 ±  1.86 < 0.001*

TC, mmol/L 4.94 ±  1.14 4.83 ±  1.11 4.88 ±  1.14 4.95 ±  1.14 5.09 ±  1.14 < 0.001*

HDL-C, mmol/L 1.56 ±  0.40 1.56 ±  0.39 1.56 ±  0.40 1.55 ±  0.40 1.56 ±  0.41 0.462*

LDL-C, mmol/L 2.30 ±  0.92 2.22 ±  0.90 2.30 ±  0.92 2.31 ±  0.92 2.38 ±  0.94 < 0.001*

Hypertension, n (%) 19170 (40.5) 3890 (32.9) 4461 (37.7) 4963 (42.0) 5860 (49.5) < 0.001#

Diabetes mellitus, n (%) 461 (10.2) 842 (7.1) 1072 (9.1) 1292 (10.9) 1610 (13.6) < 0.001#

Hyperlipidemia, n (%) 22045 (46.6) 4901 (41.1) 5332 (45.1) 5647 (47.8) 6165 (52.1) < 0.001#

Stroke, n (%) 628 (1.3) 88 (0.7) 113 (1.0) 180 (1.5) 247 (2.1) < 0.001#

Cancer, n (%) 126 (0.3) 20 (0.2) 26 (0.2) 33 (0.3) 47 (0.4) 0.002#

Table 1.  Baseline characteristics of 47,311 men and women by cumulative resting heart rate quartiles. 
Data shown as mean ±  SD or frequency (percentage). Key: SBP, systolic blood pressure; DBP, Diastolic blood 
pressure; RHR, resting heart rate; BMI, body mass index; FBG, fasting blood glucose; TC, total cholesterol; 
HDL-C, higher-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol. *Analysis of 
variance test (ANOVA) or Kruskal-Wallis test used for continuous variables. #χ 2 test used for categorical 
variables.

cumRHR (bmp*year)
Participants 

(No.)
Death 
(No.)

Mortality 
rate*

Hazard ratio (95% CI)#

Model 1† Model 2‡ Model 3§ Model 4||

Change per SD (46.78) 47311 1025 54.44 1.35 (1.29–1.42) 1.38 (1.28–1.49) 1.27 (1.17–1.37) 1.37 (1.23–1.52)

Quartiles

 Q1:< 267.90 11828 176 35.60 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference)

 Q2:267.90–292.84 11832 203 42.05 1.18 (0.96–1.44) 1.08 (0.88–1.33) 1.08 (0.87–1.35) 1.07 (0.86–1.34)

 Q3:292.85–322.84 11823 246 52.94 1.47 (1.21–1.79) 1.12 (0.91–1.38) 1.09 (0.88–1.37) 1.09 (0.87–1.36)

 Q4:≥ 322.85 11828 400 90.91 2.54 (2.12–3.04) 1.70 (1.38–2.10) 1.42 (1.13–1.78) 1.39 (1.07–1.81)

P for trend < 0.001 < 0.001 0.004 0.027

The number of visits with a higher RHR

 Never 29690 542 44.34 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference)

 At 1 study visit 11105 280 63.35 1.37 (1.19–1.59) 1.43 (1.24–1.65) 1.31 (1.12–1.52) 1.35 (1.15–1.59)

 At 2 study visits 4816 142 74.27 1.63 (1.35–1.96) 1.78 (1.48–2.15) 1.52 (1.25–1.85) 1.62 (1.30–2.02)

 At 3 study visits 1700 61 91.30 1.99 (1.53–2.60) 2.07 (1.59–2.70) 1.66 (1.25–2.21) 1.86 (1.33–2.61)

P for trend < 0.001 < 0.001 < 0.001 < 0.001

Table 2.  Hazard ratios (95% CI) for all-cause mortality according to the cumulative resting heart rate or 
the number of visits with a higher RHR. #Hazard ratio (95% CI) was calculated from Cox models. *Mortality 
rate per 10, 000 person-years. †Univariate analysis. ‡Adjusted for age, sex, time1–2 and time2–3. §Adjusted for 
age, sex, time1–2, time2–3, mean systolic blood pressure, smoking, drinking, physical activity, body mass index, 
hypertension, diabetes mellitus, hyperlipidemia, stroke and cancer. ||Adjusted for risks factor in model 3 plus 
baseline resting heart rate.
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for women. Men in the highest quartile of cumRHR had a 1.40-fold (95% CI: 1.07–1.84) greater risk of all-cause 
mortality versus the lowest cumRHR quartile. However, the association was not statistically significant among 
women. The trend was statistically significant only in men (P trend =  0.037). There was no significant interaction 
between cumRHR and sex in relation to all-cause mortality as either a continuous or categorical variable (P inter-
action for both >  0.1).

The HR (95% CI) for all-cause mortality was estimated using multivariable Cox regression model with the 
restricted cubic spline for cumRHR. The results are plotted in Fig. 3. The HR for cumRHR with all-cause mortal-
ity initially decreased at the lowest quartile, then increased somewhat in the second-lowest quartile, with a higher 
degree of increase at the upper distributions of cumRHR, producing a J-shaped relationship. There was significant 
non-linear term for cumRHR (P <  0.001), and a threshold value was detected at 300 [(beats/min) * years] as the 
reference (HR =  1).

Association with the number of visits with a higher RHR. The baseline characteristics of subjects 
are summarized by the number of visits with a higher RHR (Supplemental Table 2). Subjects who had a higher 
RHR status at all 3 study visits were more likely to smoke, drink, be diabetic, and have a higher SBP and TC than 
individuals who were not higher RHR status. Figure 2(b) shows the Kaplan-Meier morality rate stratified by the 
number of visits with a higher RHR. There was a progressively increasing risk of morality with the number of 
visits with a higher RHR, and a dose-response pattern was apparent (log-rank test: χ 2 =  53.19, P <  0.001). In the 

Figure 2. Cumulative mortality rate of all-cause according to quartile of cumRHR (a) and the number of visits 
with a higher RHR (b) estimating by Kaplan-Meier curve. cumRHR quartiles are as follows: Q1, < 267.90; Q2, 
267.90–292.84; Q3, 292.85–322.84; Q4, ≥ 322.85 (beats/min) * year. Higher RHR was defined as ≥ 80 beats/
min. The number of visits with a higher RHR are as follows: never, at 1 study visit, at 2 study visits and at 3 study 
visits. Key: RHR, resting heat rate; CumRHR, cumulative resting heart rate exposure.

Adjusted Hazard ratio* (95% CI)

P for interactionMen (n = 37010) Women (n = 10301)

Cumulative Resting Heart Rate

 Change per SD 1.35 (1.21–1.51) 1.62 (1.08–2.44) 0.857

 Quartiles 0.902

  Q1:< 267.90 1 (Reference) 1 (Reference)

  Q2:267.90–292.84 1.09 (0.87–1.37) 0.94 (0.43–2.07)

  Q3:292.85–322.84 1.10 (0.86–1.39) 0.95 (0.41–2.19)

  Q4:≥ 322.85 1.40 (1.07–1.84) 1.28 (0.47–3.48)

P for trend 0.037 0.830

The number of visits with a higher RHR 0.180

  Never 1 (Reference) 1 (Reference)

  At 1 study visit 1.37 (1.16–1.62) 1.11 (0.59–2.08)

  At 2 study visits 1.57 (1.25–1.97) 2.54 (1.20–5.40)

  At 3 study visits 1.72 (1.22–2.49) 3.39 (1.14–10.08)

 P for trend < 0.001 0.038

Table 3.  Hazard ratios (95% CI) of all-cause mortality stratified analysis by sex. *Adjusted for age, 
sex, time1–2, time2–3, mean systolic blood pressure, smoking, drinking, physical activity, body mass index, 
hypertension, diabetes mellitus, hyperlipidemia, stroke, cancer and baseline resting heart rate by multivariate 
Cox models.
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univariate analysis (model 1), compared with no higher RHR exposure, the hazard ratio for all-cause mortality 
ranged from 1.37 (95% CI: 1.19–1.59) for 1 study visit with higher RHR to 1.99 (95% CI: 1.53–2.60) for all 3 study 
visits with higher RHR exposure. After adjustment for all covariates (model 4), the association was reduced, but 
it still remained statistically significant. Subjects who had a higher RHR at all 3 study visits had a 1.86-fold higher 
HR (95%CI: 1.33–2.61) for all-cause mortality. There was a significant positive linear trend with the number of 
visits with a higher RHR (all model P trend <  0.001).

Subgroup analysis was followed by stratification of the population by sex, where women who had a higher RHR 
exposure at all 3 study visits were at greater risk for all-cause mortality (adjusted HR: 3.39, 95% CI: 1.14–10.08)  
compared with women without higher RHR exposure. And the adjusted HR was 1.72 (95% CI: 1.22–2.49) 
was fund in men. A positive linear association between the number of visits with a higher RHR and the risk of 
all-cause mortality was found both in the men and women (P trend <  0.001). The relationship between the num-
ber of visits with a higher RHR and death was similar regardless of sex (P for interaction =  0.18).

Sensitivity analysis. We found that the results were robust after considering the influence of each subject’s 
visits time interval. In the fully adjusted model, each 1-SD change in time-weighted cumRHR was associated with 
1.22-fold greater risk (95% CI: 1.15–1.30) of all-cause mortality. Compared with participants in the lowest quan-
tile, those subjects in the highest quantile of time-weighted cumRHR had a 77% (HR, 1.77, 95% CI: 1.41–2.21) 
increased risk of mortality (Supplemental Table 3). Hazard ratios (95% CI) for all-cause mortality according to 
baseline resting heart rate are displayed in Supplemental Table 4. We found that subjects in the highest cumRHR 
quartile had a 37% (adjusted HR: 1.37, 95% CI: 1.23–1.52) increased risk of mortality compared with subjects in 
the lowest cumRHR quartile. Those subjects in the highest baseline RHR quartile also had a 23% (adjusted HR: 
1.23, 95% CI: 1.03–1.48) increased risk when using baseline RHR.

Discussion
In this study of 47,311 subjects from the Kailuan cohort study without a history of myocardial infarction and 
atrial fibrillation who were followed for 4.06 years, we confirmed that not only does an elevated cumRHR 
increase the risk of mortality but also the number of visits with a higher RHR increase the risk of mortality 
in a dose-responsive manner. The association remained highly significant even after adjusting for conventional 
risk factors and baseline RHR. Importantly, we found that cumRHR had a J-shaped relationship with all-cause 
mortality.

Our findings were consistent with the results of large population-based epidemiological studies showing that 
elevated RHR was associated with an increased risk of all-cause mortality19,24,25. However, in most studies, RHR 
was measured only once at baseline, and comparisons were made using the highest quartile versus the lowest 
quartile, which would result in bias when estimating the association. Recent studies have used multiple RHR 
measurements as a time-varying or time-dependent covariate to predict all-cause mortality6,17–19,24. For example, 
Hartaigh et al.17 found that each 10 beats/min increment in RHR over the course of six years increased the risk of 
death by 33% (HR: 1.33, 95% CI: 1.26–1.40) among older adults. Paul et al.26 found that hypertensive patients with 
a consistently high RHR over time had a 78% (HR: 1.78, 95% CI: 1.31–2.41) increased risk of all-cause mortality. 
In our study, we evaluated the cumulative exposure to RHR over time derived from multiple measurements to 
predict all-cause mortality, which may be a better measure to quantify the relationship of RHR with the risk of 
death. Summary measures of cumulative exposure that capture both the duration and intensity of RHR could be 

Figure 3. Hazard ratios and 95% confidence intervals for cumRHR with all-cause mortality by using 
restricted cubic spline regression with three knots with placed at the 25th, 50th, and 75th percentiles of 
cumRHR, and the red line represented HR and blue lines represented 95% CI. Histogram of cumRHR 
distribution was shown below graph. Key: CumRHR, cumulative resting heart rate exposure.
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a more accurate estimate of the effects of RHR over several decades23. Both cumRHR exposure and the number of 
visits with a higher RHR were independent risk factors for all-cause mortality. Our results can extend the associ-
ation between RHR and death and highlight the importance of cumulative exposure to higher RHR with respect 
to all-cause mortality.

There are few data assessing the association between cumulative exposure to higher RHR and all-cause mor-
tality. However, cumulative exposure to elevate cholesterol and blood pressure associated with the risk of adverse 
health outcomes have been reported21–23. Navar-Boggan et al.27 suggested that the risk of CHD increases as the 
number of individuals exposed to hyperlipidaemia increases in a dose-dependent pattern. Yaffe et al.28 found 
that cumulative exposure to cardiovascular risk factors from early to middle adulthood was associated with 
worse cognition in midlife. Similarly, our study showed that the hazard ratio for subjects who had a higher RHR  
(≥ 80 beats/min) at all 3 study visits was 1.86 (95% CI: 1.33–2.61) compared with subject who did not have a 
higher RHR exposure. A positive linear relationship was found between the number of visits with a higher RHR 
and all-cause mortality. The Paris Prospective Study found that subjects with increased RHR over 5 years had a 
19% increased risk of mortality compared with subjects whose RHR was unchanged29, which was in agreement 
with our findings.

Our findings align with previous studies that reported a J-shaped relationship for baseline RHR with all-cause 
mortality30,31. Similarly, we found that cumRHR also demonstrated a J-shaped relationship with increased risk 
of mortality.

The mechanisms by which cumRHR increases the risk of mortality remain uncertain. A higher RHR is a 
marker of autonomic nervous system function and is associated with the development of inflammation, ather-
osclerosis progression, myocardial ischaemia and ventricular arrhythmias32. Long-term cumulative exposure to 
higher RHR may increase the risk of atherosclerosis33, hyperinsulinaemia34 and hypertension35, which can be lead 
to the development of chronic diseases and death after long-term exposure. We found that elevated cumRHR 
and the number of visits with a higher RHR were associated with all-cause mortality both in men and women 
after adjustment for CVD risk factors and baseline RHR. There was no evidence of interaction between sex and 
cumRHR or the number of higher visits with a higher RHR in association with all-cause mortality. This result was 
in-line with the findings from the Copenhagen City Heart Study, which similarly found no gender relationship 
between RHR and mortality19.

This study has several strengths, including its large population sample with approximately 4 years of follow-up 
data. In addition, the RHR was repeatedly measured, and we were able to calculate the cumRHR and the number 
of visits with a higher RHR, which could more accurately capture long-term effects. Assessment of cumulative 
exposure could be especially useful for a younger adult with a normal RHR and could confer additional infor-
mation beyond a single measured RHR at baseline. However, one of the limitations of our study was the unbal-
anced distribution of gender in the Kailuan cohort study, and most of the participants were male coal miners. 
Demographic characteristics and cardiac risk factors may differ; therefore, the findings may not be generalised 
directly to the general Chinese population. In addition, whether this association with all-cause mortality for 
an overall cohort is causal cannot be determined from this observational study design. Although we carefully 
adjusted for potential CVD risks factors and baseline RHR, the possibility of residual confounding still remained. 
The use of cardio-protective medications should also be noted. Subjects who reported using beta-blockers from 
the baseline to the third study visit were excluded from the current analysis. Information on anti-arrhythmia 
drugs as well as medications for asthma or COPD was not recorded. Some of the drugs in these classes of medi-
cation are related to RHR. Thus, the relationship between cumRHR and the number of visits with a higher RHR 
and all-cause mortality needs to be validated in other races/ethnic populations.

Conclusions
We conclude that cumulative exposure to a higher RHR is associated with an increased risk of all-cause mortality 
in the general population. RHR is a simple clinical measurement, and cumRHR has important prognostic value 
for predicting all-cause mortality.

Methods
Study population. Data were derived from the Kailuan cohort study, a large, observational, prospective 
and population-based cohort study that was carried out from June 2006 to October 2007 with an enrolment of 
101,510 men and women (referred to as the “original cohort”) in Tangshan city in northern China36,37. The design, 
methods, rationale and examination details of the Kailuan cohort study were previously published elsewhere38. 
Briefly, all of the participants were visited approximately every two years to obtain information via face-to-face 
interviews with medical staff and trained research nurses38,39. Information on routine medical examinations, 
which included physical examination, electrocardiography and routine blood, urine, and biochemical tests were 
collected every two years from 11 hospitals38. For our investigation, participants were eligible if they attended two 
consecutive examinations between the second (2008 to 2009) and the third (2010 to 2011) examinations. The 
exclusion criteria were as follows: history of myocardial infarction or atrial fibrillation, use of heart rate-lowering 
medications (β -blockers, etc.), or incomplete data on RHR at any of the examinations. A flowchart of the present 
cohort study is shown below (Fig. 1). All of the participants provided written informed consent, and the study 
protocol was approved by the Ethics Committee of both Kailuan General Hospital and Beijing Tiantan Hospital 
and in accordance with the standards set forth by the Declaration of Helsinki. All methods were in-line with 
approved guidelines.

Assessment of cumRHR. RHR was measured via a 12-lead electrocardiogram at baseline and at years 2 and 4 
with participants resting in the supine position for at least 5 minutes, as previously reported35. We calculated the cumu-
lative exposure of RHR (cumRHR) for each subject from the baseline to the third examination [(beats/min) * year]  
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to evaluate long-term exposure to RHR levels. The cumRHR was defined as the summed average RHR for each 
pair of consecutive examinations multiplied by the time interval between two consecutive examinations in years 
in reference to the cumSBP21:

+ × + + ×– –[(RHR RHR )/2 time ] [(RHR RHR )/2 time ]1 2 1 2 2 3 2 3

where RHR1, RHR2, and RHR3 indicate the RHR at the baseline, second and third examinations, and time1–2 and 
time2–3 indicate the participant-specific time intervals between consecutive examinations in years. The means of 
time1–2 and time2–3 were 2.08 years and 1.97 years.

The number of visits with a higher RHR. According to the Aerobics Center Longitudinal Study (ACLS), 
adults with a higher RHR (≥ 80 beats/min) experience an increased risk of all-cause mortality24. Therefore, in the 
current analysis, subjects with a RHR ≥ 80 beats/min at each study visit were identified to be in the higher RHR 
status group. The number of visits with a higher RHR was defined as a score ranging from 0 (never had higher 
RHR) to 3 (had a higher RHR at all three study visits). The cumulative risk of a higher RHR was quantified, and 
participants were stratified according to the number of visits with a higher RHR: never, at 1 study visit, at 2 study 
visits and at all 3 study visits.

Assessment of potential confounding variables. A detailed face-to-face interview, physical exami-
nation, anthropometry, and medical history were collected at each examination, as described previously40. Data 
on baseline variables including age, sex, smoking habits, drinking status and physical activity were ascertained 
from a standard questionnaire38. Body mass index (BMI) was calculated as weight in kilograms divided by height 
in metres squared. Blood pressure was measured with a standard mercury sphygmomanometer by a physician 
or trained nurse. Blood samples were biochemically measured for serum total cholesterol, low density lipopro-
tein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C) and fasting blood glucose (FBG)38. 
Hypertension was defined as self-reported use of antihypertensive medication, history of hypertension, systolic 
blood pressure ≥ 140 mmHg or diastolic blood pressure ≥ 90 mmHg. Diabetes mellitus was defined as a fasting 
blood glucose ≥ 7.0 mmol/L, taking oral hypoglycaemic agents or insulin or having a self-reported physician diag-
nosis. Dyslipidaemia was diagnosed as serum total cholesterol ≥ 5.17 mmol/L, LDL cholesterol ≥ 3.62 mmol/L, or 
HDL cholesterol ≤ 1.04 mmol/L, or using antihyperlipidaemic medications, or self-reported history of dyslipidae-
mia. History of stroke and cancer was ascertained by self-reported physician diagnosis.

Outcome. The primary outcome of this study was all-cause mortality. Follow-up began at the third study 
visit. Participants underwent a clinic examination every two years, and any fatal events were collected through 
review of death certificates from the provincial vital statistics offices, hospital records, medical insurance data, 
and interviews with next of kin, relatives, or eyewitnesses, where such undertakings were possible. Vital status was 
determined by the review committee by December 31, 2014.

Statistical analysis. The cumRHR was considered both as a continuous and categorical variable. According 
to the distribution of cumRHR in the general population, cumRHR was categorised into four groups based on 
quartile: Q1 group, < 267.90 (beats/min) * year; Q2 group, 267.90–292.84 (beats/min) * year; Q3 group, 292.85–
322.84 (beats/min) * year; Q4 group, 18≥ 322.85 (beats/min) * year. The baseline characteristics of the study 
participants were first described according to the cumRHR quartile. Continuous variables were reported as 
the mean ±  standard derivation (SD), and categorical data were summarized using frequency and percentage. 
Analysis of variance test (ANOVA) or the Kruskal-Wallis test was conducted for continuous variables, and the χ 2 
test was used for categorical variables for global comparisons between the four cumRHR groups.

First, the mortality rate per 10,000 person-years of follow-up was calculated for each quartile of cumRHR and 
the number of visits with a higher RHR. In addition, analysis of the cumulative mortality rate was performed by 
the Kaplan-Meier method across cumRHR quartiles and the number of visits with a higher RHR. The log-rank 
test was used to compare cumulative mortality rate curves. Lastly, Cox proportional hazards model was used to 
separately estimate the association between cumRHR categorically (first quartile as the reference category) or 
the number of visits with a higher RHR (no exposure as the reference) and all-cause mortality. Hazard ratios 
(HR) and 95% confidence intervals (CI) was calculated. The assumption of proportionality was tested by plotting 
scaled Schoenfeld residuals41. Several multivariable Cox proportional hazard models were built to adjust for the 
effects of confounding covariates: (1) Model 1: a univariate analysis; (2) Model 2: adjusted for age, sex, time1–2 and 
time2–3. (3) Model 3: using Model 2 and adding mean systolic blood pressure, smoking, drinking, physical activity, 
body mass index, hypertension, diabetes mellitus, hyperlipidaemia, and history of stroke and cancer. (4) Model 
4: adjusted for the traditional risk factors in Model 3 and adding baseline RHR. We also assessed the relationship 
between cumRHR when treated as a continuous variable and all-cause mortality per standard deviation (SD) 
change in the above four models. Subgroup analysis was performed by stratifying the study participants according 
to sex. Thus, an interaction term for sex and cumRHR or the number of visits with a higher RHR was included 
in the final model. Further analysis to explore the nonlinear relationships between cumRHR as a continuous 
variable and all-cause mortality, we used restricted cubic splines with 3 knots at the 25th, 50th, and 75th percentiles 
of the cumRHR distribution42.

Sensitivity analysis was conducted as follows. First, because the time interval was related to the cal-
culation of cumRHR exposure for each subject, a time-weighted cumRHR was calculated as follows: 
[(RHR1 +  RHR2)/2 ×  time1–2] +  [(RHR2 +  RHR3)/2 ×  time2–3]/(time1–2 +  time2–3). Second, to compare with our 
results with the baseline RHR, we assessed the relationship between baseline RHR and all-cause mortality.
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All analyses were performed using SPSS version 22 (IBM, Armonk, New York, USA), except for the analysis of 
restricted cubic splines, which was performed with the statistical package R version 3.1.2 (https://www.r-project.
org/). All tests were two-sided, and a P value of <  0.05 was considered to be statistically significant.
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