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Abstract

The aim of this study was to investigate the association between average 24-hour ambula-
tory heart rate and all-cause mortality, while adjusting for resting clinical heart rate, cardiore-
spiratory fitness, occupational and leisure time physical activity as well as classical risk
factors. A group of 439 middle-aged male workers free of baseline coronary heart disease
from the Belgian Physical Fitness Study was included in the analysis. Data were collected
by questionnaires and clinical examinations from 1976 to 1978. All-cause mortality was col-
lected from the national mortality registration with a mean follow-up period of 16.5 years,
with a total of 48 events. After adjustment for all before mentioned confounders in a Cox pro-
portional hazards regression analysis, a significant increased risk for all-cause mortality
was found among the tertile of workers with highest average ambulatory heart rate com-
pared to the tertile with lowest ambulatory heart rate (Hazard ratio = 3.21, 95% confidence
interval: 1.22-8.44). No significant independent association was found between resting clin-
ic heart rate and all-cause mortality. The study indicates that average 24-hour ambulatory
heart rate is a strong predictor of all-cause mortality independent from resting clinic heart
rate, cardiorespiratory fitness, occupational and leisure time physical activity and other clas-
sical risk factors among healthy middle-aged workers.

Introduction

Resting heart rate measured at the clinic is shown to be a strong predictor of cardiovascular [1-
2] and all-cause mortality [3-8]. Because it is a rather quick and easy measure, it has recently
received considerable attention as a mean to stratify risk for hypertension, cardiovascular dis-
ease and all-cause mortality. The role of resting heart rate is therefore emphasized in the Euro-
pean guidelines for treating hypertension and cardiovascular disease [9].

The strain on the cardiovascular system is generally acknowledged to be better investigated
by repeated ambulatory measurements throughout daily living than during standardized rest
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in an artificial and often more stressful environment, as in the clinic [7, 10-11]. Moreover, am-
bulatory heart rate, continuously measured during a day, is shown to have a better reproduc-
ibility than resting clinical heart rate [12]. Therefore, ambulatory heart rate should
theoretically be a stronger predictor for cardiovascular and all-cause mortality than resting
clinic heart rate. However, studies investigating the predictive role of ambulatory heart rate for
cardiovascular and all-cause mortality have found contrasting results [13-15].

The contrasting results may be caused by lacking adjustment for potential confounding fac-
tors like cardiorespiratory fitness and occupational and leisure time physical activity, previous-
ly shown to be related to ambulatory heart rate [11, 16] and mortality [17-20]. Another
explanation of the conflicting results may be that most of the existing studies on ambulatory
heart rate are not based on continuous measurements of heart rate throughout a day, but on
relatively few measurements over short periods throughout the day [3, 13, 15]. Moreover, we
are not aware of previous studies investigating if average ambulatory heart rate is associated
with all-cause mortality, independent from resting clinical heart rate. Therefore, the aim of the
study was to investigate the association between 24-hours continuously measured ambulatory
heart rate and all-cause mortality adjusted for resting clinic heart rate, cardiorespiratory fitness,
occupational and leisure time physical activity as well as classical risk factors.

Materials and Methods
Study design and population

The Belgian Physical Fitness Study (BELFIT) was a prospective cohort study among 2,363
male workers, the study protocol and the main results were described previously [21]. The
baseline study was conducted in 1976-1978, the data collection included standardized exami-
nations of bio-clinical measurements, a submaximal graded exercise test and various question-
naires; the response rate was 75%. Data collection was carried out by trained researchers at the
Occupational Medicine Departments of the participating companies. At the enrolled compa-
nies all men who were regularly employed and aged 40-55 years old were invited to participate.
Ambulatory ECG recordings were obtained in only a subsample of participants, but this selec-
tion was based on a choice of factories where it was feasible to fit all workers with an ambulato-
ry ECG monitor for a 24-h period. An informed consent was obtained from all participants
before inclusion in the study. The study was approved by the ethics committees of Ghent Uni-
versity and the Free University of Brussels.

Inclusion in the present analysis was based on the following criteria: no history of coronary
heart disease, not medically treated for coronary heart disease or arterial hypertension and
availability of data on resting heart rate and mean diurnal heart rate from the ECG recordings.
An additional inclusion criterion for the analysis was completion of the cardiorespiratory fit-
ness test. This selection resulted in a final study population of 439 individuals (Fig. 1).

Questionnaire data

Several self-administered questionnaires were completed by the participants, including infor-
mation about age, smoking behavior and education. Those stating to regularly smoke were de-
fined as current smokers. Primary school was classified as a low educational level, secondary
school as a medium educational level, and high school or university as a high educational level.
Two additional questionnaires assessing occupational physical activity and leisure time physi-
cal activity were administered by the interviewer. Level of leisure time physical activity (LTPA)
was collected by the validated Minnesota leisure time physical activity questionnaire [22], esti-
mating the individual participants’ mean energy expenditure during leisure hours. Activity
metabolic index was calculated in three categories with following intensity codes; light activity
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(n=158)

—
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Fig 1. Flow chart of the study population. The complete BELFIT population included 2,363 men. Inclusion criteria for the present study (availability of
resting heart rate and diurnal heart rate data from ECG recordings, no history of coronary heart disease and no medical treatment for coronary heart disease
or arterial hypertension) reduced the number to 597 participants, with 439 men having completed the exercise test on a bicycle ergometer.

doi:10.1371/journal.pone.0121729.g001

metabolic index of 2.0-4.0, moderate activity metabolic index of 4.5-5.5 and heavy activity
metabolic index of > 6.0. Additionally total activity metabolic index was calculated. The calcu-
lated activity metabolic index expresses the accumulated energy expenditure in kcal during the
previous three months. For the current analysis, we used LTPA of heavy intensity during the
past 3 months as the exposure variable, in line with international guidelines regarding the
health impact of physical activity [23]. Occupational physical activity (OPA) was estimated by
detailed information concerning attitudes, postures and movements on a regular working day
and derived caloric expenditure values for various activities in occupation. Thereby the occupa-
tional energy expenditure was calculated in kcal/hour, including a fixed basal metabolism on
73 kcal/hour [21]. Both LTPA and OPA were divided into tertiles, defined as low, medium and
high level of physical activity.

Ambulatory ECG monitoring

Heart rate was collected by 24-hour ambulatory ECG recordings during a regular working day.
For measuring continuous ambulatory ECG, bipolar electrodes were placed in the V5-V5R po-
sition and connected to a phase-locked loop speed control tape recorder at 2 mm/s (Medilog
type I, Oxford Medical). The Syne Tec software (version 2.00 ELA medical, F-Le Plessis-Robin-
son) was used for digitally sampling and analysis of the ECG recordings. From the ECG record-
ings the mean heart rate over 24-hour (beats per minute (bpm)) was calculated. Only
recordings with >90% of qualiWed sinus beats for at least a 23-hour period were included in
the analysis of heart rate. The average duration of the ECG recordings was 23.3 hours.

Bio-clinical examination

Anthropometrics (height, weight) and cardiovascular risk factors (blood pressure, total choles-
terol and electrocardiographic recording) were collected following standardized measurement
protocols [21]. Body mass index (BMI) was calculated by dividing body weight (kg) by the
square of the height (m). Total cholesterol was centrally measured in a laboratory.

Exercise test

To estimate physical working capacity a submaximal graded exercise test was performed on a
bicycle ergometer [21]. The initial workload was fixed at 75 watts, every 2.5 minutes 25 watts
increments were put on. The target intensity was 80% of the predicted maximal heart rate, in

PLOS ONE | DOI:10.1371/journal.pone.0121729 March 26, 2015 3/10



@’PLOS | ONE

Ambulatory Heart Rate and All-Cause Mortality

the study population this corresponds to a heart rate of 150 bpm. The cardiorespiratory fitness
was calculated by interpolation, by the definition of a workload expressed in watts at a heart
rate of 150 bpm. Exclusion criteria for cardiorespiratory fitness testing were based on medical
history, resting blood pressure (>170/105 mmHg), and resting electrocardiograms following
the Minnesota Code readings [21].

Mortality follow-up

Mortality follow-up was conducted from vital status based on information from the National
Registry of the Belgian population. All events of mortality were linked to the National Institute
for Statistics for the coded death certificates [24]. The mean mortality follow-up time was 16.5
years (SD 3.3) and median 17.7 years (IQR 17.5-18.1).

Statistical analysis

Descriptive statistics are presented by numbers and percentages, mean values and standard de-
viation (SD), or median values and inter-quartile range (IQR). Tertile groups of heart rate
(resting or ambulatory) were compared by means of analysis of variance F-test in normally dis-
tributed continuous variables, Kruskal-Wallis test in skewed continuous variables, or Chi*-test
in categorical variables.

The following potential confounding variables were treated as continuous variables: age,
BMLI, systolic blood pressure, total cholesterol and cardiorespiratory fitness. Since systolic and
diastolic blood pressure were highly correlated (Pearson r = 0.67), only systolic blood pressure
was included in the model as a confounder. The following potential confounding variables
were treated as categorical variables: education, heavy LTPA during the past 3 months and
OPA.

Cox proportional hazard ratio was used to assess the prospective association between aver-
age heart rate and time to all-cause mortality. Average diurnal and resting heart rate were treat-
ed in the statistical models as both continuous variables and as categorical variables (tertiles).
Covariates were stepwise included with forced-entry in the models. The first model included
age, the second model included age, education, BMI, LTPA, smoking, systolic blood pressure,
total cholesterol, OPA and cardiorespiratory fitness, and the third model was additionally mu-
tually adjusted for resting/ambulatory heart rate. In the sample of 597 men in whom no com-
plete data on cardiorespiratory fitness were available, an additional sensitivity analysis was
conducted repeating the fully adjusted Cox regression analysis with the exception of cardiore-
spiratory fitness as confounder. A p-value of 0.05 was considered statistically significant. All
analyses were conducted in IBM SPSS Statistics version 20.

Results

During a mean follow-up time of 16.5 years, 48 participants (10.9%) died from all-causes. Base-
line characteristics of the study population are shown in Table 1. Compared with the entire
BELFIT population, the sub-population of 439 performing the fitness test was significantly
younger, included fewer smokers and had a lower BMI and systolic/diastolic blood pressure,
however no significant differences in terms of resting heart rate or mortality were observed.

Significant differences between the tertile groups of average ambulatory heart rate were
found for smoking and cardiorespiratory fitness. Participants with high average ambulatory
heart rate generally had a higher proportion of smokers and a lower cardiorespiratory fitness
than participants with low ambulatory heart rate.

Significant differences between the tertile groups of resting clinic heart rate were found for
systolic blood pressure, OPA and cardiorespiratory fitness. Participants with high resting clinic
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Table 1. Description of baseline characteristics in 439 men.

% (N) or mean (SD) or median

(IQR)
Age in years: mean (SD) 46.4 (4.2)
Educational level: % (N)
Low 22.5 (98)
Medium 65.5 (285)
High 12.0 (52)
Occupational class: % (N)
White-collar 75.2 (330)
Blue-collar 24.8 (109)
Current smoker: % (N) 41.9 (184)
Body mass index (kg/m?): mean (SD) 25.3 (2.7)
Weight group: % (N)
Normal weight (BMI<25kg/m?) 45.8 (201)
Overweight (25kg/m2<BMI<30kg/m?) 49.9 (219)
Obesity (BMI>30kg/m?) 4.3 (19)
Systolic blood pressure (mmHg): mean (SD) 132.2 (13.5)
Diastolic blood pressure (mmHg): mean (SD) 81.9 (10.6)
Total cholesterol (mg/dl): mean (SD) 234.7 (33.6)
HDL cholesterol (mg/dl): mean (SD) 54.7 (14.3)
Cardiorespiratory fitness (watts/kg): mean (SD) 1.46 (0.27)
Occupational physical activity: median kcal/working hour (IQR) 1,567 (1,221-2,184)
Groups of occupational physical activity: median kcal/working hour (IQR)
Low (n = 147; 33.5%) 1,114 (1,023-1,222)
Medium (n = 145; 33.0%) 1,567 (1,435—-1,814)
High (n = 147; 33.5%) 2,484 (2,184-2,940)

Heavy leisure time physical activity: median total kcal in last 3 months 1,080 (0-5,280)
(IQR)

Groups of heavy leisure time physical activity: median total kcal in last 3 months (IQR)

Low (n = 183; 41.7%) 0 (0-0)

Medium (n = 123; 28.0%) 1,584 (1,056—2,560)

High (n = 133; 30.3%) 7,920 (5,760—13,524)
Resting clinical heart rate: mean beats/min (SD) 69.7 (11.1)
Groups of resting clinical heart rate: mean beats/min (SD)

Low (n = 141; 32.1%) 58.1 (4.4)

Medium (n = 152; 34.6%) 68.5 (2.7)

High (n = 146; 33.3%) 82.1(7.7)
Ambulatory 24-hour heart rate: mean beats/min (SD) 81.8(8.9)
Groups of ambulatory 24-hour heart rate: mean beats/min (SD)

Low (n = 146; 33.3%) 72.3 (4.8)

Medium (n = 146; 33.3%) 81.8 (2.0)

High (n = 147; 33.5%) 91.1 (5.6)

SD, standard deviation; BMI, body mass index; IQR, inter-quartile range.

doi:10.1371/journal.pone.0121729.t001
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Table 2. Associations between continuous and categorized resting clinical and average continuously measured 24-hour ambulatory heart rate

and all-cause mortality in 439 men.

All-cause mortality

HR 2 (95% Cl)

HR ® (95% CI)

HR °© (95% ClI)

N of events (%) P chi?
Ambulatory Heart Rate in tertiles <0.001
Low 7 (4.8)
Medium 14 (9.6)
High 27 (18.4)
Ambulatory Heart Rate (continuous per single beat) - -
Ambulatory Heart Rate (continuous per 10 beats) - -
Resting Heart Rate in tertiles <0.01
Low 9 (6.4)
Medium 13 (8.6)
High 26 (17.8)

Resting Clinical Heart Rate (continuous per single beat) - -
Resting Clinical Heart Rate (continuous per 10 beats) - -

1
2.22 (0.89-5.50)
4.57 (1.98-10.51)
1.06 (1.03-1.09)
1.77 (1.32-2.37)

1
1.24 (0.53-2.91)
3.00 (1.40-6.41)
1.04 (1.02-1.07)
1.49 (1.18-1.89)

1
1.98 (0.78-5.04)
3.46 (1.39-8.61)
1.03 (1.00-1.07)
1.39 (1.00-1.94)

1
1.09 (0.45-2.65)
1.94 (0.78-4.84)
1.03 (1.00-1.06)
1.34 (0.98-1.83)

;
1.94 (0.74-5.10)
3.21 (1.22-8.44)
1.02 (0.99-1.06)
1.27 (0.88-1.84)

-
0.87 (0.35-2.17)
1.26 (0.48-3.31)
1.02 (0.99-1.06)
1.22 (0.86-1.74)

Significant results at the 0.05 level are in bold
& Cox proportional hazards regression analysis: adjusted for age

P Cox proportional hazards regression analysis: adjusted for age, education, body mass index, leisure time physical activity, smoking, systolic blood

pressure, total cholesterol, occupational physical activity and cardiorespiratory fithess

¢ Cox proportional hazards regression analysis: adjusted for age, education, body mass index, leisure time physical activity, smoking, systolic blood
pressure, total cholesterol, occupational physical activity, cardiorespiratory fitness and resting clinical heart Rate/ diurnal heart rate, respectively.

doi:10.1371/journal.pone.0121729.t002

heart rate generally had a higher systolic blood pressure, a lower OPA and a lower cardiorespi-
ratory fitness compared with participants with a low resting clinic heart rate.

Table 2 shows the associations of both continuous and categorical (in tertiles) resting clini-
cal and average ambulatory diurnal heart rate with all-cause mortality. The continuous mea-
sure of resting heart rate and average ambulatory diurnal heart rate was significantly related to
all-cause mortality in the first model adjusted for age: each increase of 1 bpm in heart rate was
associated with an elevated risk for all-cause mortality by 4% and 6% (95%CI: 1.02-1.07; 1.03-
1.09) for resting clinical heart rate and ambulatory diurnal heart rate, respectively. In the fully
adjusted model, tendencies for significant associations were found for both resting heart rate
and average ambulatory diurnal heart rate.

Based on categorized measures of average ambulatory diurnal heart rate, those with a high
average heart rate had an increased risk for all-cause mortality in the fully adjusted model
(HR:3.21, 95%CI: 1.22-8.44) compared to those with a low average ambulatory heart rate.

For resting clinic heart rate, a significantly increased risk for all-cause mortality was found
for the tertile with highest resting clinical heart rate compared with the lowest in the age-ad-
justed model (HR:3.00, 95%CI: 1.40-6.41). However, the association did not remain significant
and materially reduced the hazard ratio in the fully adjusted model (HR: 1.26, 95%CI: 0.48-
3.31).

In the sample of 597 men without complete data on cardiorespiratory fitness, we repeated
the fully adjusted Cox regression analysis (model ¢ from Table 2) with the exception of cardio-
respiratory fitness as confounder. This additional sensitivity analysis yielded very similar con-
clusions about the independent relations of resting vs. ambulatory heart rate with total
mortality. Hazard rates for ambulatory heart rate were 1.63 (95% CI: 0.79-3.36) for the medi-
um category and 2.45 (95% CI: 1.19-5.05) for the highest tertile group. No significant
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independent associations were observed for resting heart rate, with hazard rates in the fully ad-
justed model being 1.12 (95% CI: 0.58-2.15) for the medium group and 1.32 (95% CI: 0.69-
2.53) for the highest tertile group.

Discussion

In this study conducted within a group of male workers free of coronary heart disease at base-
line, average continuously measured ambulatory heart rate was shown to be significantly asso-
ciated with all-cause mortality while adjusting for resting clinical heart rate, cardiorespiratory
fitness, OPA and LTPA, as well as for classical risk factors. After adjusting for all these potential
confounders, those with high average ambulatory heart rate had more than three times in-
creased risk for all-cause mortality compared to those with low average ambulatory heart rate.
Those with medium ambulatory heart rate did not have a significantly increased risk for all-
cause mortality, although the effect sizes indicate a dose-response relationship between ambu-
latory heart rate and all-cause mortality. In the fully adjusted model we mutually adjusted for
resting vs. diurnal heart rate, in order to investigate whether or not both measures were related
to mortality over and above each other. Resting clinic heart rate did not significantly predict
all-cause mortality independent from cardiorespiratory fitness, OPA and LTPA, average ambu-
latory heart rate as well as classical risk factors. These findings support that average heart rate
throughout the day, more than resting heart rate, is a strong independent predictor for all-
cause mortality in healthy middle-aged working men.

Previous studies have shown that resting clinic heart rate is a relatively strong predictor for
all-cause mortality [3-8]. Moreover, it was shown that the significant association between rest-
ing clinic heart rate and all-cause mortality remains after adjustments for ambulatory heart
rate [7, 13-14]. In the Copenhagen Male Study, elevated resting heart rate was a risk factor for
mortality independent of physical fitness and LTPA [8]. However, we are not aware of previous
studies on the association between resting clinic heart rate and mortality also adjusting simulta-
neously for cardiorespiratory fitness, OPA, LTPA, average ambulatory heart rate, and classical
risk factors.

Previous studies investigating the predictive role of ambulatory heart rate for cardiovascular
and all-cause mortality have found contrasting results, observing both significant positive asso-
ciations and some zero findings [13-15]. This may be due to lacking or insufficient adjustments
of relatively strong potential confounders in the association between heart rate and mortality
like cardiorespiratory fitness, physical activity and resting clinic heart rate [13-15]. Another ex-
planation may be that different measures of ambulatory heart rates are applied [13-15], or that
the previous studies have used measurement of ambulatory heart rate with relatively few mea-
surements over short periods throughout the day [3, 13, 15] instead of continuous measure-
ments of heart rate throughout a day like in this study.

One potential physiological mechanism for the relation between average ambulatory heart
rate throughout a day and all-cause mortality is the association between heart rate and blood
pressure. An elevated heart rate will shorten time spent in systole and prolong time spent in di-
astole, leading to a longer period with greater turbulence and less laminar blood flow in the
lumen, which leads to suboptimal shear stress [25-26]. Suboptimal shear stress can potentially
initiate endothelial damage in the arteries, absorption of lipids in the arterial wall, and finally
inflammation which may lead to arteriosclerosis [27]. Other possible underlying mechanisms
that could account for the observed association are insulin resistance, systemic low-grade in-
flammation and increased sympathetic activation, factors which are known to increase the risk
for cancer mortality [28].
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The findings of this study suggest that average ambulatory heart rate is an independent pre-
dictor—over and above resting clinic heart rate—of premature mortality when adjusting for
potential confounders including measures of fitness and physical activity. Because average am-
bulatory heart rate is easy to measure and analyze with relatively inexpensive monitors, it
seems to stand out as an appropriate clinical measure of cardiovascular strain.

Strengths and limitations

Strengths of this study are the ambulatory measurement of heart rate throughout a day, adjust-
ment for OPA, LTPA and cardiorespiratory fitness, as well as the long-term registration of
complete all-cause mortality following rigorous follow-up procedures. Moreover, the ambula-
tory heart rate was measured by ambulatory ECG recordings, making beat by beat analysis of
heart rate throughout the entire measurement period available. Additionally, this study popula-
tion was free from history of cardiovascular disease.

A limitation of the study is the insufficient sample size and follow-up time for investigating
less incident outcomes like cardiovascular mortality. Another limitation is the lacking informa-
tion about working time, leisure time and sleep time throughout the day, not permitting time/
setting specific analyses between heart rate and all-cause mortality. Additionally, there could
be a bias from the healthy worker selection, increased by the inclusion criteria of a completed
fitness test. The population is exclusively male and thus information on these associations
among women is lacking.

Conclusion

The present study indicates that average 24-hour continuously measured ambulatory heart
rate is a strong predictor of all-cause mortality independent from resting clinic heart rate,
cardiorespiratory fitness, OPA and LTPA, and other classical risk factors in healthy middle-
aged working men.
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