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ORIGINAL RESEARCH

Prospective Associations of Accelerometer- 
Assessed Physical Activity With Mortality 
and Incidence of Cardiovascular Disease 
Among Adults With Hypertension: The UK 
Biobank Study
Borja del Pozo Cruz , PhD; Matthew Ahmadi, PhD; Elif Inan- Eroglu, PhD; Bo- Huei Huang , MSc;  
Emmanuel Stamatakis, PhD

BACKGROUND: Despite the well- established capacity of physical activity to reduce blood pressure, the associations between 
physical activity with cardiovascular disease (CVD) incidence and mortality in people living with hypertension are not well un-
derstood. We examine the dose- response associations of device- assessed physical activity with all- cause and CVD mortality 
and CVD incidence (total, stroke, and coronary heart disease) in adults with hypertension.

METHODS AND RESULTS: This prospective study included data from 39 294 participants with hypertension in the UK Biobank 
study who had valid accelerometry data and for whom mortality and CVD followed- up data were available. We categorized 
moderate- to- vigorous physical activity and total physical activity volume into 4 categories based on the 10th, 50th, and 90th 
percentiles and used Cox regressions to estimate their associations with CVD mortality and incidence outcomes. Splines 
were used to assess the dose- response associations. During a median follow- up of 6.25 years (241 418 person- years), 1518 
deaths (549 attributable to CVD) and 4933 CVD (fatal and nonfatal) incident events were registered. Compared with the lowest 
category of moderate- to- vigorous physical activity, the relative risks (hazard ratios and 95% CIs) of all- cause mortality for in-
creasing categories were 0.53 (0.46– 0.61), 0.41 (0.34– 0.49), and 0.36 (0.26– 0.49). We found associations of similar magnitude 
for total CVD incidence, stroke, and coronary heart disease; and for total physical activity volume across all outcomes. For all 
outcomes, there were linear or nearly linear inverse dose- response relationships with no evidence of harms with high levels of 
physical activity. Results were robust to removing participants who died within the first 2 years.

CONCLUSIONS: Our findings underscore the importance of physical activity for people living with hypertension and provide 
novel insights to support the development of physical activity guideline recommendations for this high- risk group.
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Hypertension is the leading modifiable cause of 
cardiovascular disease (CVD) and premature 
death worldwide.1 Globally, hypertension affects 

>1 billion people and is responsible for 10.4  million 
deaths each year.2 The prevalence of hypertension 
and adverse impact on CVD morbidity and mortality 

are increasing.3,4 It is therefore critical to find cost- 
effective strategies to reduce the large- scale burden 
of hypertension.4

Several studies have documented the potential 
benefits of physical activity to prevent hypertension.5,6 
For example, a meta- analysis of 24 cohort studies and 
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330 222 individuals reported a 6% reduction in the risk 
of hypertension among adults meeting the physical 
activity guidelines when compared with inactive indi-
viduals, with further risk reductions observed at higher 
levels of physical activity.7 Evidence stemming from ex-
perimental and observational studies also shows the 
beneficial associations of regular participation in phys-
ical activities to lower the levels of blood pressure.5,6 
Not surprisingly, clinical4 and public health8,9 guidelines 
often recommend physical activity for the prevention 
and management of hypertension.

Fewer studies have investigated the associations 
of physical activity with CVD incidence and mortality 
in people with hypertension. A study conducted in 
26  643 Finnish men and women with hypertension 
concluded that moderate or high levels of physical 
activity reduced CVD mortality.10 More recently, an-
other study in a sample of 18 974 men and women 
concluded that higher levels of self- reported physi-
cal activity reduced all- cause mortality and CVD in-
cidence, independent of baseline blood pressure 
levels.11 Despite its relevance, the current evidence 
relies almost exclusively on self- reported physical ac-
tivity assessments. The dose- response association 
of physical activity with CVD incidence and mortal-
ity in this population remains largely unknown. This 
gap was flagged by the World Health Organization’s 
physical activity and sedentary behavior Guidelines 
Development Group in 202012 and the 2018 US 
Physical Activity Guidelines Advisory Committee.5 
Both initiatives concluded that the current evidence is 
insufficient and recommended robust cohort studies 
examining the dose- response relationship between 
physical activity and key clinical end points in people 
with hypertension.

Capitalizing on a large prospective sample of adults 
assessed with accelerometers, the aim of the current 
study was to examine the dose- response associations 
of device- assessed physical activity with all- cause 

and CVD mortality and CVD incidence in people with 
hypertension.

METHODS
Data, Materials, and Code Disclosure 
Statement
Data and material used in this study are publicly avail-
able and can be accessed at https://www.ukbio bank.
ac.uk/. The code used to analyze the data in this arti-
cle is accessible on request from the corresponding 
author.

Study Design and Sample
This prospective investigation used data from the 
UK Biobank study. Briefly, the UK Biobank recruited 
502  547 participants, aged 40 to 69  years, from 22 
centers across the United Kingdom between 2006 
and 2010. All participants provided consent for ac-
cess to their national health- related hospital and 
death records. The National Health Service and the 
National Research Ethics Service have approved the 
UK Biobank (reference 11/NW/0382). Further details 
about the UK Biobank are available elsewhere.13 For 
the purpose of this study, we included participants 
with valid accelerometer data and who were consid-
ered to have hypertension according to hospitalization 
records (International Classification of Diseases, Tenth 
Revision [ICD- 10], codes I10.0– I15.9), blood pressure 
results (ie, >90/140  mm  Hg for diastolic and systolic 
blood pressure, respectively), or self- reported hyper-
tension medication. Participants with missing data on 
any covariates were excluded.

Assessment of Physical Activity
Between June 2013 and December 2015, 103  684 
UK Biobank participants wore an Axivity AX3 (Axivity, 
York, UK) accelerometer on their dominant wrist 
for 7 consecutive days. The Axivity AX3 is a small 
(23×32.5×8.9 mm) and lightweight (11 g) monitor that 
measures acceleration along 3 orthogonal axes. 
The sampling rate is configurable between 12.5 and 
3200 Hz, and the dynamic range is between ±2 and 
±16 g. For the current study, the accelerometers were 
initialized to collect data at 100  Hz with a dynamic 
range of ±8  g. Participants were excluded if the ac-
celerometer could not be calibrated because of a lack 
of sufficient orientation changes or if they had implau-
sible acceleration values, defined as an average vector 
magnitude acceleration >100 milligravities or <10 mil-
ligravities. Participants were also excluded if they wore 
the monitors for <3 days or did not have data for every 
1- hour period from midnight to midnight over the 
course of the 7- day wear period.

CLINICAL PERSPECTIVE

What Is New?
• For the first time, we assessed the dose- 

response associations of accelerometer- 
derived physical activity with disease incidence 
and all- cause and specific mortality in people 
with hypertension.

What Are the Clinical Implications?
• We found no minimal or upper threshold for the 

beneficial effect of device- assessed physical 
activity on risk of cardiovascular mortality and 
disease incidence.

https://www.ukbiobank.ac.uk/
https://www.ukbiobank.ac.uk/


J Am Heart Assoc. 2022;11:e023290. DOI: 10.1161/JAHA.121.023290 3

del Pozo Cruz et al Hypertension, Physical Activity, and CVD Outcomes

As previously described, total time spent in light, 
moderate, and vigorous intensity was derived from 
time spent in 45 to 100 milligravities, 100 to 400 milli-
gravities, and >400 milligravities, respectively.14,15 Time 
spent in sedentary behavior was obtained by subtract-
ing the time spent <45 milligravities from the partici-
pants’ reported duration spent sleeping per night. Total 
physical activity was estimated as the average acceler-
ation while awake in milligravities as the time between 
8 am and 8 pm over the 7- day wear period.

Assessment of Mortality and CVD
The date and the cause of death (both primary and con-
tributory) were obtained through the data linkage with 
either the National Health Service Digital of England and 
Wales or the National Health Service Central Register 
and National Records of Scotland. The inpatient hos-
pitalization data were provided by the Hospital Episode 
Statistics for England, the Patient Episode Database for 
Wales, or the Scottish Morbidity Record for Scotland. 
Both the cause of death and the inpatient admission 
were coded with ICD- 10. We defined CVD (codes I00– 
I99) as diseases of the circulatory system, except for 
hypertensive diseases. Two CVD subtypes were fur-
ther identified: stroke (codes I60– I64) and coronary 
heart disease (CHD) (codes I20– I25). Participants were 
followed up from the baseline measurement (between 
June 2013 and December 2015) until an event (death 
or incident disease) or the censoring date, whichever 
came first. Because of the nature of rolling updates of 
the data linkage, censoring dates varied between re-
sources and outcomes: for mortality outcomes, cen-
soring dates were February 12, 2021, March 21, 2021, 
and March 6, 2021, for Wales, Scotland, and England, 
respectively. Correspondent dates for hospitaliza-
tion records were February 11, 2021, for Wales and 
December 14, 2020, for Scotland and England.

Covariates
Covariates in the fully adjusted models included age, 
sex, education, device- assessed sedentary behavior, 
sleep pattern, obesity, smoking status, and alcohol 
use. Additional models were also adjusted for diet,16,17 
blood pressure, and preexisting CVD/hemoglobin A1c 
(Figure  S1). Education was dichotomized by whether 
a participant had a college/university degree. Sleep 
pattern was calculated as the count of healthy char-
acteristics: morning chronotype, adequate sleep dura-
tion (7– 8 h/night), never or rare insomnia, never or rare 
snoring, and infrequent daytime sleepiness; and cat-
egorized into 3 groups (healthy, ≥4; intermediate, 2– 3; 
and poor, ≤1).18,19 Obesity was defined as body mass 
index ≥30  kg/m2.20 Smoking status was categorized 
as never, previous, or current smoker. Alcohol use 
was categorized on the basis of drinking habits and 

the UK recommendation (14 units=140 mL of alcohol 
per week) into 6 groups: never, previous, occasional, 
within guidelines, double guidelines, and above double 
guidelines.21

Statistical Analysis
We categorized total physical activity volume and time 
spent in moderate- to- vigorous physical activity into 4 
categories on the basis of the 10th, 50th, and 90th 
percentiles of their distribution in the analytic samples 
(ie, the knots used in our spline regressions,22 as de-
scribed below). We described the sample by catego-
ries of total physical activity volume using the mean 
(SD) and percentages for continuous and categorical 
variables, respectively. For reference, we only com-
puted descriptive statistics for the analytical sample 
pertaining to mortality outcomes (ie, the larger sam-
ple; Table  S1 shows descriptive characteristics for 
moderate- to- vigorous physical activity categories).

We used multivariable- adjusted Cox proportional 
hazard regressions to estimate the hazard ratios (HRs) 
and 95% CIs for the associations of categories of time 
spent in moderate- to- vigorous physical activity and 
total physical activity volume (with lowest category as 
the reference) with mortality and incidence outcomes. 
We found no violation of the proportional hazards 
function assumptions (ie, P values for Schonfeld global 
tests were all >0.05). For cause- specific mortality (ie, 
CVD, stroke, and CHD) and disease incidence (ie, total 
CVD, stroke, and CHD), we used Fine and Grey mod-
els to account for competing risks.23

We assessed the dose- response associations of 
time spent in moderate- to- vigorous physical activity 
and total physical activity volume with all- cause and 
cause- specific mortality and CVD (total, stroke, and 
CHD) incidence outcomes using a restricted cubic 
spline model to allow for potential nonlinearity. For 
the purpose of this analysis, we trimmed observa-
tions <5% and >95% of the distribution. We prespec-
ified knots placed at the 10th, 50th (reference), and 
90th percentiles of the exposure distribution.22 We 
assumed linearity for values <10th percentile and for 
values >90th percentile. Departure from linearity was 
assessed by a Wald test examining the null hypothesis 
that the coefficient of the second spline was equal to 
zero. When spline models suggested nonlinear asso-
ciations, we estimated the minimal dose (ie, exposure 
value at which the risk reduction was statistically sig-
nificant), the maximal dose (ie, exposure value at which 
the maximum significant risk reduction was observed), 
and the optimal dose (ie, exposure value at which the 
risk reduction was 50% of the observed maximum sig-
nificant risk reduction).

To test the robustness of our estimates to reverse 
causation, we repeated the main mortality and CVD 
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incidence outcomes models after excluding partici-
pants who died within the first 2 years of follow- up.24 
Additional models were also adjusted for diet, hyper-
tension medication, and preexisting CVD/hemoglobin 
A1c. Two additional models were conducted, estimat-
ing total physical activity as the average acceleration 
while awake in milligravities as the time between 7 am 
to 9 pm and 6 am to 10 pm over the 7- day wear period.

We used R 4.2.1 (R Core Team, 2017) with pack-
age rms to conduct spline regressions and survival to 
conduct Cox regressions. We did all statistical testing 
at a 2- tailed α level of 0.05. This study was reported as 
per the Strengthening the Reporting of Observational 
Studies in Epidemiology guidelines (Table S2).

RESULTS
For mortality outcomes, the final analytic sample con-
sisted of 39 294 participants with a median follow- up 
of 6.25 years (241 418 person- years). Of these, 1518 
participants died during the follow- up period, 549 of 
whom died of CVD causes (93 were attributable to 
stroke and 251 were attributable to CHD) and 969 
died of other causes. For CVD incidence, we further 
excluded participants with preexisting major CVD con-
ditions at baseline (CHD and stroke). For total CVD 
incidence, the final sample consisted of 31 968 partici-
pants with complete data who entered the study free 
of CVD. Correspondent samples for stroke and CHD 
incidence analyses were 38 978 and 36 669 partici-
pants without stroke and CHD at study entry, respec-
tively. The flow diagram of the participants in this study 
is shown in Figure S2.

The Table outlines the core baseline sample char-
acteristics (n=39 294) stratified by category of the total 
volume of physical activity. All the selected covariates 
showed significant differences (P<0.001) between cat-
egories. Participants who were older, were men, were 
obese, had a university/college degree, had more sed-
entary time, experienced poorer sleep, smoked, and 
drank alcohol at least occasionally were more likely to 
have lower physical activity levels.

Mortality Outcomes
Compared with the lowest category of moderate- to- 
vigorous physical activity, the relative risks (HR and 
95% CI) of all- cause mortality for increasing catego-
ries were 0.53 (0.46– 0.61), 0.41 (0.34– 0.49), and 0.36 
(0.26– 0.49) (Figure 1). Corresponding values for total 
physical activity volume were 0.56 (0.48– 0.64), 0.41 
(0.34– 0.50), and 0.30 (0.21– 0.41) (Figure 1). We found 
similar trends for CVD mortality for both moderate- to- 
vigorous physical activity and total physical activity vol-
ume (Figure 1). The dose- response analysis revealed 
a nonlinear association between moderate- to- vigorous 

physical activity and all- cause mortality (minimal dose, 
676  min/wk; maximal dose, 1147  min/wk; optimal 
dose, 804 min/wk) and linear dose- response associa-
tions between moderate- to- vigorous physical activity 
and total physical activity volume with CVD mortality 
(Figure 2). We did not detect an association between 
moderate- to- vigorous physical activity and stroke mor-
tality (Figure 1 and Figure S3). In contrast, we found 
linear associations of total physical activity volume with 
stroke and CHD mortality and between moderate- to- 
vigorous physical activity and CHD mortality (Figure 1 
and Figure S3).

CVD Incidence Outcomes
During a median follow- up of 5.9 years (492 person- 
years; n=31 968), 4933 participants developed CVD. 
Compared with participants categorized in the lowest 
category of moderate- to- vigorous physical activity, the 
relative risks (HR and 95% CI) of CVD incidence for in-
creasing categories were 0.77 (0.71– 0.84), 0.65 (0.59– 
0.72), and 0.57 (0.49– 0.67) (Figure 3). Corresponding 
values for total physical activity volume were 0.77 
(0.70– 0.84), 0.66 (0.59– 0.74), and 0.61 (0.52– 0.71) 
(Figure  3). In both instances, the dose- response as-
sociations were linear (Figure 4). Linear dose- response 
associations were also found for moderate- to- vigorous 
physical activity and stroke and CHD incidence 
(Figure 3 and Figure S4). In contrast, a nonlinear asso-
ciation was detected for total physical activity volume 
and stroke incidence (minimal dose, 36 milligravities; 
maximal dose, 47 milligravities; optimal dose, 41 mil-
ligravities; Figure 3 and Figure S4).
After excluding participants in the study who died within 
the first 24 months of follow- up (n=317), results did not 
materially differ from the main analysis (Figure S5) but 
the dose- response association between moderate- to- 
vigorous physical activity and all- cause mortality be-
came linear. Results including diet (Figure S6), blood 
pressure (Figure S7), and preexisting CVD/hemoglobin 
A1c (Figure S8) yielded consistent results. Results were 
also robust to total physical activity estimated for the 
time between 7 am to 9 pm and 6 am to 10 pm (Figure S9).

DISCUSSION
This is, to our knowledge, the largest examination of 
the associations of device- measured physical activ-
ity and CVD incidence and mortality in a population 
sample of adults living with hypertension. We found 
a linear inverse dose- response association between 
accelerometry- assessed moderate- to- vigorous phys-
ical activity and CVD incidence and mortality. A lin-
ear inverse association of similar magnitude was also 
found for total physical activity volume. Our findings 
address an important evidence gap identified by 
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Table. Baseline Characteristics of the Participants in the Study by Categories Based on the 10th, 50th, and 90th 
Percentiles of Accelerometer- Measured Total Volume of PA Distribution (n=39 294)

Variable Total <26.28 mg 26.28– <39.04 mg 39.04– <56.23 mg ≥56.23 mg P value*

Total No. 39 294 3930 15 716 15 718 3930

Sedentary behavior, min/wk 4994.02 (676.76) 5833.86 
(542.95)

5267.30 (496.98) 4711.65 (504.31) 4190.70 
(558.23)

<0.001

MVPA, min/wk 716.56 (320.88) 284.64 
(114.26)

532.20 (132.75) 862.03 (172.65) 1303.88 
(273.29)

<0.001

Total volume of PA, mg 40.50 (12.52) 22.22 (3.14) 33.21 (3.55) 46.04 (4.71) 65.73 (10.66) <0.001

Sleep patterns, n (%)† <0.001

Poor 916 (2.3) 189 (4.8) 372 (2.4) 300 (1.9) 55 (1.4)

Intermediate 15 437 (39.3) 1856 (47.2) 6569 (41.8) 5697 (36.2) 1315 (33.5)

Healthy 22 941 (58.4) 1885 (48.0) 8775 (55.8) 9721 (61.8) 2560 (65.1)

Age, y 58.39 (7.13) 60.36 (6.75) 59.16 (6.98) 57.83 (7.07) 55.53 (7.25) <0.001

Male sex, n (%) 19 857 (50.5) 2403 (61.1) 8048 (51.2) 7453 (47.4) 1953 (49.7) <0.001

Obesity=yes, n (%)‡ 10 454 (26.6) 1842 (46.9) 4997 (31.8) 3162 (20.1) 453 (11.5) <0.001

Education=university/college, 
n (%)

23 878 (60.8) 2528 (64.3) 9440 (60.1) 9549 (60.8) 2361 (60.1) 0.001

Smoking, n (%) <0.001

Never 21 230 (54.0) 1877 (47.8) 8451 (53.8) 8694 (55.3) 2208 (56.2)

Previous 15 582 (39.7) 1611 (41.0) 6245 (39.7) 6194 (39.4) 1532 (39.0)

Current 2482 (6.3) 442 (11.2) 1020 (6.5) 830 (5.3) 190 (4.8)

Diet score, n (%)§ <0.001

Poor 9650 (25.0) 748 (19.5) 3716 (24.0) 4061 (26.2) 1125 (29.1)

Reasonable 2142 (5.5) 329 (8.6) 897 (5.8) 740 (4.8) 176 (4.6)

Good 26 850 (69.5) 2759 (71.9) 10 857 (70.2) 10 672 (69.0) 2562 (66.3)

Alcohol use, n (%)|| <0.001

Never 1104 (2.8) 153 (3.9) 463 (2.9) 402 (2.6) 86 (2.2)

Previous 1054 (2.7) 173 (4.4) 449 (2.9) 355 (2.3) 77 (2.0)

Occasional 7457 (19.0) 1045 (26.6) 3124 (19.9) 2649 (16.9) 639 (16.3)

Within guidelines 13 264 (33.8) 1075 (27.4) 5349 (34.0) 5547 (35.3) 1293 (32.9)

Double guidelines 9530 (24.3) 839 (21.3) 3627 (23.1) 4012 (25.5) 1052 (26.8)

Above double guidelines 6885 (17.5) 645 (16.4) 2704 (17.2) 2753 (17.5) 783 (19.9)

HbA1c, mmol/mol 36.21 (6.23) 38.20 (8.39) 36.54 (6.77) 35.69 (5.22) 34.97 (4.29) <0.001

Preexisting CVD=yes, n (%) 13 686 (34.8) 1963 (49.9) 5978 (38.0) 4785 (30.4) 960 (24.4) <0.001

Hypertension medication=yes, 
n (%)

12 938 (32.9) 1877 (47.8) 5838 (37.1) 4435 (28.2) 788 (20.1) <0.001

Arterial pressure, mm Hg 109.06 (10.19) 108.69 (11.16) 109.04 (10.36) 109.11 (9.92) 109.27 (9.50) 0.071

Diastolic blood pressure, 
mm Hg

87.61 (9.79) 87.33 (10.46) 87.65 (9.91) 87.59 (9.61) 87.76 (9.27) 0.238

Systolic blood pressure, 
mm Hg

151.96 (16.24) 151.42 (17.65) 151.82 (16.50) 152.16 (15.85) 152.30 
(15.24)

0.028

Values represent mean (SD) unless specified otherwise. CVD indicates cardiovascular disease; HbA1c, hemoglobin A1c; mg, milligravities; MVPA, moderate- 
to- vigorous PA; and PA, physical activity.

*One- way ANOVA for continuous variables and χ2 test for categorical variables.
†Participants were categorized by how many healthy sleep characteristics (morning chronotype, adequate sleep duration [7– 8 h/d], never or rare insomnia, 

never or rare snoring, and infrequent daytime sleepiness) they displayed into 3 groups (healthy, ≥4; intermediate, 2– 3; poor, ≤1).16,17

‡Obesity was ascertained on the basis of body mass index (ie, participants with a body mass index ≥30 kg/m2 were considered obese).
§Dietary intake was collected using a touchscreen questionnaire that collected information on food frequency consumption.18 Dietary pattern was classified 

on the basis of the UK’s latest- available National Health Service Eatwell Guide and a previously applied scoring procedure that considered consumption of 
fruits, vegetables, fish, red meats (unprocessed), and processed meats. One point was awarded for each of the following conditions that were met in each 
participant’s diet, with possible scores ranging from 0 to 4 points: total fruit and vegetable intake ≥4.5 pieces or servings/d (one serving of vegetables was 
considered to be 3 tablespoons of vegetables); total fish intake ≥2 times/wk; red meat (unprocessed) intake ≤5 times/wk; and processed meat intake ≤2 times/
wk. Diets were categorized as poor (0), reasonable (1), and good (2– 4).19

||Guidelines for alcohol use in the United Kingdom recommend no more than 14 units of alcohol per week for both men and women.
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World Health Organization physical activity and sed-
entary behavior Guidelines Development Group12 and 
the 2018 US Physical Activity Guidelines Advisory 

Committee,5 and underscore the importance of 
physical activity for prevention of CVD among people 
living in this prevalent population group.

Figure 1. Adjusted hazard ratios (HRs) for mortality outcomes by categories of average accelerometer- measured total 
volume and moderate- to- vigorous intensity physical activity in adults with hypertension (n=39 294).
Models adjusted for age, sex, education, sedentary behavior (only models for moderate- to- vigorous physical activity), sleep pattern, 
obesity, smoking, and alcohol use. Lines represent 95% CI and circle is the estimate (hazard ratio). HRs are in logarithmic scale. CHD 
indicates coronary heart disease; CVD, cardiovascular disease; mg, milligravities; and Ref., reference.
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The results of this study expand on the existing 
limited and methodologically weaker evidence base, 
which has suggested some beneficial associations of 
physical activity with all- cause and CVD among adults 
with hypertension.10,11,25 More important, our study of-
fers unique and novel insights in several ways. First, 
we used accelerometry to assess physical activity, 
thus overcoming a major limitation of previous stud-
ies that relied on subjective self- report methods that 
are prone to recall and social desirability bias.26,27 This 
may partially explain why our observed associations 

were markedly stronger than those previously re-
ported in the self- reported physical activity literature.7 
Second, we report for the first time on the detailed 
dose- response associations between physical activity 
and all- cause and CVD mortality and incidence among 
adults with hypertension, a population with an elevated 
risk for major CVD events.

All- Cause Mortality
We found a nonlinear dose- response association 
between moderate- to- vigorous physical activity and 

Figure 2. Dose- response association (adjusted hazard ratios [HRs] and associated 95% CI band) between accelerometer- 
measured moderate- to- vigorous physical activity (MVPA) and total volume of physical activity with all- cause (n=39 294; 
events=1518) and cardiovascular disease (CVD) mortality (n=39 294; events=549).
Models adjusted for age, sex, education, sedentary behavior (only models for MVPA), sleep pattern, obesity, smoking, and alcohol 
use. Dose- response associations were assessed with restricted cubic splines with knots at 10th, 50th, and 90th centiles of the 
distribution of the exposure of interest (reference category=675.36 min/wk of MVPA; and 39.04 milligravities [mg] for total volume of 
physical activity). HRs are in logarithmic scale. Dashed line (the line that goes along y=1) represents the reference value. Solid line is 
the estimate (hazard ratio) and dotted lines is the 95% CI.



J Am Heart Assoc. 2022;11:e023290. DOI: 10.1161/JAHA.121.023290 8

del Pozo Cruz et al Hypertension, Physical Activity, and CVD Outcomes

total physical activity volume with all- cause mortal-
ity. However, this association became linear after 
excluding participants who died in the first 2  years 

of follow- up. These results contrast with recent find-
ings reported for the general population using accel-
erometry,28 where the dose- response was nonlinear 

Figure 3. Adjusted hazard ratios (HRs) for incident cardiovascular disease (CVD) outcomes (total, coronary heart disease 
[CHD], and stroke) by categories of average accelerometer- measured total volume and moderate- to- vigorous intensity 
physical activity in adults with hypertension (total CVD, n=31 968; stroke, n=38 978; and CHD, n=36 669).
Models adjusted for age, sex, education, sedentary behavior (only models for moderate- to- vigorous physical activity), sleep pattern, 
obesity, smoking, and alcohol use. Lines represent 95% CI and circle is the estimate (hazard ratio). HRs are in logarithmic scale. Mg 
indicates milligravities; and Ref., reference.



J Am Heart Assoc. 2022;11:e023290. DOI: 10.1161/JAHA.121.023290 9

del Pozo Cruz et al Hypertension, Physical Activity, and CVD Outcomes

(L- shape), and highlight the differences between the 
general population and people with hypertension, for 
whom no low or high physical activity threshold was 
revealed (ie, any activity is better than none; and the 
more the better).

Total CVD Incidence and Mortality
We also uncovered a linear inverse dose- response 
association between physical activity and total CVD 
incidence and mortality. Although not directly compa-
rable, these findings concur with those from a previous 
study that reported gradually stronger associations 
between nonfatal CVD events and self- reported 
physical activity intensity.11 More important, we did 
not detect any evidence for increased risk among 
participants with hypertension who engaged in large 
amounts of physical activity. This finding contrasts 
with the results observed in a large population- based 
study of British women with self- reported measures 
of physical activity,29 which found that an increased 
participation in physical activity was associated with 
higher risk of CHD, cerebrovascular disease, and ve-
nous thromboembolic events. These differences may 
underscore the importance of using accelerometers 
and 24- hour continuous measures of physical activity 
to derive more precise estimates28,30– 32 and may also 
indicate that hypertension does not seem to add a 
major risk for engaging in large amounts of physical 
activity.

Stroke and CHD Incidence and Mortality
We did not detect a statistically significant associa-
tion between physical activity and stroke mortality. 
However, the point estimates for both moderate- 
to- vigorous physical activity and total volume were 
remarkably similar to those obtained for total CVD 
mortality, suggesting that the lack of significance 
may be attributable to the compromised statistical 
power and the wide 95% CIs. In contrast, we found 
linear inverse dose- response associations between 
total volume and moderate- to- vigorous physical ac-
tivity with stroke incidence and CHD incidence and 
mortality. These unique findings are highly relevant to 
clinical practice, as they highlight potential benefits of 
physical activity for preventing 2 of the most common 
causes of death and disability among people with 
hypertension.33,34

Another novel and clinically relevant result of our 
study was the similar in magnitude associations 
for moderate- to- vigorous physical activity and total 
physical activity volume, a finding similar to what 
was recently reported in the general population.35 A 
possible explanation is that participants who accu-
mulated more total volume of physical activity also 
engaged in more moderate- to- vigorous physical ac-
tivity in our study. It is unclear if this finding reflects a 
genuine behavioral pattern in the UK Biobank sam-
ple, or it is driven by how moderate to vigorous phys-
ical activity is calculated in studies using wrist- worn 

Figure 4. Dose- response association (adjusted hazard ratios [HRs] and associated 95% CI band) between 
accelerometer- measured moderate- to- vigorous physical activity (MVPA) and total volume of physical activity with 
incidence of cardiovascular disease (CVD) (n=31 968; events=4933).
 .Models adjusted for age, sex, education, sedentary behavior (only models for MVPA), sleep pattern, obesity, smoking, and 
alcohol use. Dose- response associations were assessed with restricted cubic splines with knots at 10th, 50th, and 90th centiles 
of the distribution of the exposure of interest (reference category=695.52 min/wk of MVPA; and 39.65 milligravities [mg] for total 
volume of physical activity). HRs are in logarithmic scale. Dashed line (the line that goes along y=1) represents the reference value. 
Solid line is the estimate (hazard ratio) and dotted lines is the 95% CI.
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accelerometry. Several previous studies have shown 
cardiometabolic benefits of light intensity activi-
ties36,37 and added benefits for vigorous intensity 
physical activity.38

Strengths and Limitations
Our study had several strengths. First, this is the larg-
est analysis of device- based measurement of physi-
cal activity in participants with hypertension to date. 
Accelerometers have several distinct advantages over 
self- reports, including minimal recall bias and the abil-
ity to capture both structured exercise and incidental 
physical activity of light intensity.28,36 It is nonetheless 
important to note the differences between device- 
assessed and self- reported physical activity estimates. 
For example, we found that our participants spent 
≈700 min/wk of moderate- to- vigorous physical activ-
ity level, which is much higher than the recommended 
level of physical activity (ie, 150  min/wk). A previous 
study has shown that 150  min/wk of self- reported 
moderate- to- vigorous physical activity corresponded 
to ≈1000  min/wk of device- assessed physical activ-
ity.39 We envisage that future guidelines will be informed 
by device- assessed physical activity studies such as 
ours to reconcile future recommendations with newer 
types of evidence.39 Another key strength is that the 
UK Biobank relies on registry- based prospectively col-
lected data, which increases the internal validity of our 
estimates. Unlike analogous previous studies in people 
with hypertension, we used methods to account for 
the presence of competing risk factors in our cause- 
specific outcome analyses.23

Our study has several limitations also. Physical 
activity may not be stable over time, particularly after 
developing chronic disease, such as hypertension.40 
Therefore, the lack of repeated physical activity mea-
sures in this study limits our ability to make strong 
causal claims. Accelerometry measurement in this 
study may be biased because of reproducibility issues 
(eg, seasonal reproducibility, weekday- holiday repro-
ducibility, and weather reproducibility) and reactivity 
issues (ie, participants may have modified their activity 
levels in response to wearing an accelerometer). An 
intrinsic limitation to this data is that covariate mea-
surement was not undertaken at the present study 
baseline (ie, accelerometer wear date). Nonetheless, 
the responses have been shown to be generally sta-
ble over time and therefore the associations between 
accelerometer- assessed physical activity and health 
outcomes are valid.41 Despite the consistency of our 
estimates after removing participants who died within 
the first 2 years of follow- up, some potential for reverse 
causation may still exist. Although we were able to ac-
count for several factors known to influence the as-
sociations between physical activity and mortality and 

morbidity outcomes, residual (unmeasured) confound-
ing may still be present. The UK Biobank had a low 
response rate, and participants are not representative 
of the overall UK population (ie, participants in our 
study were majority White race, educated, and from 
less socially disadvantaged areas).42 Nonetheless, re-
cent studies have demonstrated that the lack of rep-
resentativeness in the UK Biobank does not materially 
affect the associations of physical activity and mor-
tality outcomes, including CVD.43,44 Last, the number 
of events for some narrow CVD outcomes analyses 
was low, compromising our ability to make meaningful 
inference.

Clinical Implications
Our results have 2 main implications for clinical and pub-
lic health practice. First, we found no minimal or upper 
threshold for the beneficial effect of device- assessed 
physical activity on risk of cardiovascular mortality and 
disease incidence, which echoes the “any physical ac-
tivity counts, a little is better than nothing campaign of 
the recent 2020 WHO Guidelines on Physical Activity 
and Sedentary Behaviour”8 and highlights the lack of 
risks associated with high amounts of physical activity 
in people with hypertension. The second main practi-
cal implication was that the beneficial associations for 
total physical activity volume and for time in moderate- 
to- vigorous activity were comparable. If confirmed in 
other cohorts, our findings could support the use of 
physical activity among people with hypertension not 
only for the management of high blood pressure,45 but 
for primary prevention of CVD events.

CONCLUSIONS
In this large- scale study of device- based physical ac-
tivity in people with hypertension, we found a linear 
dose- response association with all- cause and cardio-
vascular mortality and morbidity. The risk reduction 
associated with total physical activity volume was sim-
ilar to that observed for moderate- to- vigorous physi-
cal activity. Future clinical and public health guidelines 
aimed at people living with hypertension may use our 
findings to support the prevention of serious CVD 
consequences associated with the ever- increasing 
prevalence of high blood pressure.
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SUPPLEMENTAL MATERIAL 



Table S1. Baseline characteristics of the participants in the study by categories 

based on the 10th, 50th, and 90th percentiles of accelerometer-measured moderate-

to-vigorous physical activity distribution (n=39,294). 

 

Variable Total 
<342.72 

min/day 

342.72 -

<675.36 

min/day 

675.36 -

<1139.04 

min/day 

≥ 1139.04 

min/day 

p-

value|| 

Number 39294 4067 15739 15589 3899  

Sedentary behaviour 

(min/week) 

4994.02 

(676.76) 

5749.63 

(565.47) 

5249.43 

(525.76) 

4749.78 

(518.95) 

4151.41 

(531.41) 
<0.001 

MVPA (min/week) 
716.56 

(320.88) 

254.84 

(69.39) 

524.64 

(92.66) 

868.87 

(126.91) 

1363.94 

(225.11) 
<0.001 

Total volume of PA 

(mg) 
40.50 (12.52) 23.55 (4.28) 33.74 (4.97) 46.09 (7.23) 

63.08 

(11.57) 
<0.001 

Sleep patterns* (%)      <0.001 

   Poor 916 (2.3) 371 (2.4) 297 (1.9) 56 (1.4) 192 (4.7)  

   Intermediate 15437 (39.3) 6536 (41.5) 5653 (36.3) 1341 (34.4) 1907 (46.9)  

   Healthy 22941 (58.4) 8832 (56.1) 9639 (61.8) 2502 (64.2) 1968 (48.4)  

Age (years) 58.39 (7.13) 61.81 (5.83) 59.35 (6.82) 57.30 (7.18) 55.25 (7.27) <0.001 

Sex = male (%) 19857 (50.5) 2196 (54.0) 8179 (52.0) 7703 (49.4) 1779 (45.6) <0.001 

Obesity†  = yes (%) 10454 (26.6) 1796 (44.2) 4891 (31.1) 3224 (20.7) 543 (13.9) <0.001 

Education = 

university/college 

(%) 

23878 (60.8) 2654 (65.3) 9544 (60.6) 9273 (59.5) 2407 (61.7) 0.001 

Smoking (%)      <0.001 

   Never 21230 (54.0) 1962 (48.2) 8452 (53.7) 8643 (55.4) 2173 (55.7)  

   Previous 15582 (39.7) 1692 (41.6) 6263 (39.8) 6103 (39.1) 1524 (39.1)  

   Current 2482 (6.3) 413 (10.2) 1024 (6.5) 843 (5.4) 202 (5.2)  

Diet score‡ (%)      <0.001 

  Poor 9650 (25.0) 795 (20.0) 3739 (24.1) 3996 (26.0) 1120 (29.3)  

  Reasonable 2142 (5.5) 295 (7.4) 902 (5.8) 768 (5.0) 177 (4.6)  

   Good 26850 (69.5) 2885 (72.6) 
10847 

(70.0) 

10594 

(69.0) 
2524 (66.1)  

Alcohol use§ (%)      <0.001 

   Never 1104 (2.8) 162 (4.0) 451 (2.9) 401 (2.6) 90 (2.3)  

   Previous 1054 (2.7) 170 (4.2) 437 (2.8) 353 (2.3) 94 (2.4)  

   Occasional 7457 (19.0) 1049 (25.8) 3089 (19.6) 2631 (16.9) 688 (17.6)  

   Within guidelines 13264 (33.8) 1187 (29.2) 5425 (34.5) 5375 (34.5) 1277 (32.8)  

   Double guidelines 9530 (24.3) 845 (20.8) 3709 (23.6) 3971 (25.5) 1005 (25.8)  

   Above double 

guidelines 
6885 (17.5) 654 (16.1) 2628 (16.7) 2858 (18.3) 745 (19.1)  

HbA1c (mmol/mol) 36.21 (6.23) 38.32 (8.22) 36.53 (6.68) 35.58 (5.24) 35.22 (4.77) <0.001 

Pre-existing CVD = 

yes (%) 
13686 (34.8)  2119 (52.1) 5967 (37.9) 4657 (29.9) 943 (24.2) <0.001 

Hypertension 

medication = yes (%) 
12938 (32.9)  1877 (47.8) 2030 (49.9) 5800 (36.9) 4302 (27.6) <0.001 

Mean Arterial 109.06 (10.19) 108.18 109.09 109.23 109.16 <0.001 



Pressure (mmHg) (11.32) (10.37) (9.78) (9.76) 

Diastolic Blood 

Pressure (mmHg) 
87.61 (9.79) 

86.47 

(10.56) 
87.59 (9.91) 87.86 (9.52) 87.82 (9.40) <0.001 

Systolic Blood 

Pressure (mmHg) 
151.96 (16.24) 

151.60 

(18.02) 

152.07 

(16.50) 

151.98 

(15.62) 

151.82 

(15.70) 
0.412 

Values represent Mean (SD) unless specified otherwise. 

MVPA, moderate-to-vigorous physical activity. 

* Participants were categorized by how many healthy sleep characteristics (morning chronotype, 

adequate sleep duration (7-8 hr./d), never or rare insomnia, never or rare snoring, and infrequent 

daytime sleepiness) they displayed into three groups (healthy: ≥ 4; intermediate: 2-3; poor: ≤ 1)16,17. 

†Obesity was ascertained based on body mass index, BMI (i.e., participants with a BMI ≥30 were 

considered obese).  

‡Dietary intake was collected using a touchscreen questionnaire that collected information on food 

frequency consumption18. Dietary pattern was classified based on the UK’s latest-available National 

Health Service Eatwell Guide and a previously applied scoring procedure that considered consumption 

of fruits, vegetables, fish, red meats (unprocessed), and processed meats. One point was awarded for 

each of the following conditions that were met in each participant’s diet, with possible scores ranging 

from 0 to 4 points: total fruit and vegetable intake ≥ 4.5 pieces or servings/day (one serving of 

vegetables was considered to be 3 tablespoons of vegetables); total fish intake ≥ 2 times/week; red meat 

(unprocessed) intake ≤ 5 times/week; processed meat intake ≤ 2 times/week. Diets were categorised as 

poor (0), reasonable (1), and good (2-4)19.  

§Guidelines for alcohol use in the UK recommend no more than 14 units of alcohol per week for both 

men and women. 

||One-way ANOVA for continuous variables and Chi Square Test for categorical variables 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S2. STROBE checklist.  

 
 

 

Section and Item 

  

Item 

  

Recommendation 

   

Reported on 

  

          

           

    

No. 

     

Page No. 

  

            

 

Title and Abstract 

 

1 

  

(a) Indicate the study’s design with a commonly used term in the title or the 

     

         

       abstract   1   

                           
       

(b) Provide in the abstract an informative and balanced summary of what was 

     

            

       done and what was found   2   

              

              

 Introduction             

 Background/Rationale  2   Explain the scientific background and rationale for the investigation being      

       reported   3   

            

              

 Objectives  3   State specific objectives, including any prespecified hypotheses   3   

              

 Methods             

 Study Design  4   Present key elements of study design early in the paper      

         3,4   

 

Setting 

 

5 

  

Describe the setting, locations, and relevant dates, including periods of 

     

         

       recruitment, exposure, follow-up, and data collection   3,4   

                          
 

Participants 

 

6 

  

(a) Cohort study—Give the eligibility criteria, and the sources and methods of 

     

         

       selection of participants. Describe methods of follow-up   3,4   

       

Case-control study—Give the eligibility criteria, and the sources and methods of 

     

            

            

       case ascertainment and control selection. Give the rationale for the choice of   NA   

       cases and controls      

       

Cross-sectional study—Give the eligibility criteria, and the sources and methods of 

     

            

       selection of participants   NA   

             

                          
       (b) Cohort study—For matched studies, give matching criteria and number of      

       exposed and unexposed   NA   

       

Case-control study—For matched studies, give matching criteria and the number 

     

            

            

       of controls per case   NA   

      

 

 

                    



 

Variables 

 

7 

  

Clearly define all outcomes, exposures, predictors, potential confounders, and 

     

         

       effect modifiers. Give diagnostic criteria, if applicable   3-5   

              

               
 

Section and Item 
  

Item 

  

Recommendation 

  

Reported on 

  

         

          

    
No. 

    
Page No. 

  

           

 Data Sources/  8*   For each variable of interest, give sources of data and details of methods of     

 Measurement      assessment (measurement). Describe comparability of assessment methods if     

       there is more than one group  3-5   

             

 Bias  9   Describe any efforts to address potential sources of bias     

        5,6    
Study Size 

 
10 

  
Explain how the study size was arrived at 

    
     3,4   

           

 

Quantitative Variables 

 

11 

  

Explain how quantitative variables were handled in the analyses. If applicable, 

    

        

       describe which groupings were chosen and why  3-5   

           

 

Statistical Methods 

 

12 

  

(a) Describe all statistical methods, including those used to control for 

    

        

       confounding  5,6   

            

             

       (b) Describe any methods used to examine subgroups and interactions  5,6   

            

       (c) Explain how missing data were addressed  NA   

            

       (d) Cohort study—If applicable, explain how loss to follow-up was addressed     

       Case-control study—If applicable, explain how matching of cases and controls was  NA   

       addressed     

       

Cross-sectional study—If applicable, describe analytical methods taking account of 

 NA              
           

       sampling strategy     

         NA   

             

       (e) Describe any sensitivity analyses     

          5,6   

 Results            

          

 Participants  13*   (a) Report numbers of individuals at each stage of study—eg numbers potentially     

       eligible, examined for eligibility, confirmed eligible, included in the study,     

       completing follow-up, and analysed  

Supplementa

l Figure 1; 

3,4   

            

             

       (b) Give reasons for non-participation at each stage  

Supplementa

l Figure 1; 

3,4   

            



       (c) Consider use of a flow diagram     

        

Supplementa

l Figure     
Descriptive Data 

 
14* 

  
(a) Give characteristics of study participants (eg demographic, clinical, social) and 

    
        

       information on exposures and potential confounders  Table 1   

            

             

       (b) Indicate number of participants with missing data for each variable of interest  NA   

            

       (c) Cohort study—Summarise follow-up time (eg, average and total amount)  

6,7; Figures 

1 and 2   

           

 

Outcome Data 

 

15* 

  

Cohort study—Report numbers of outcome events or summary measures over 

    

        

       time  

6,7; Figures 

1 and 2   

            

                         
       Case-control study—Report numbers in each exposure category, or summary  NA   

       measures of exposure     

            

             

       Cross-sectional study—Report numbers of outcome events or summary measures  NA   

              
 

Section and Item 
  

Item 

  

Recommendation 

  

Reported on 

  

         

          

    
No. 

    
Page No. 

  

           

 Main Results  16   (a) Give unadjusted estimates and, if applicable, confounder-adjusted estimates     

       and their precision (eg, 95% confidence interval). Make clear which confounders  

Figures 1-4; 

5,6   

       were adjusted for and why they were included     

            

             

       (b) Report category boundaries when continuous variables were categorized  4-6   

            

       

(c) If relevant, consider translating estimates of relative risk into absolute risk for a 

    

           

       meaningful time period  NA   

           

 

Other Analyses 

 

17 

  

Report other analyses done—eg analyses of subgroups and interactions, and 

    

        

       sensitivity analyses  

6,7; Sup 

Figures 3-8    

             

             

 Discussion            

          

 Key Results  18   Summarise key results with reference to study objectives     

        7    

Limitations 

 

19 

  

Discuss limitations of the study, taking into account sources of potential bias or 

            
        

       imprecision. Discuss both direction and magnitude of any potential bias  8-9   

           

             

 Interpretation  20   Give a cautious overall interpretation of results considering objectives, limitations,  7-9   



        

       multiplicity of analyses, results from similar studies, and other relevant evidence     

           

             

 Generalisability  21   Discuss the generalisability (external validity) of the study results     

          9   

 Other Information            

          

 Funding  22   Give the source of funding and the role of the funders for the present study and, if     

       applicable, for the original study on which the present article is based  9   

             

              

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S1. DAG diagram of included covariates in the study. 

We used an online software package to generate this figure from Dagitty.net. 

SES, social economical status; CVD, cardiovascular disease 



Figure S2. Flow diagram of participants in the study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Participants with accelerometer data 

(n=103,684) 

Participants with valid accelerometer 

data and hypertension at baseline 

(n=47472) 

Participants with valid accelerometer 

data  

(n=96460) 

Participants with valid accelerometer 

data, hypertension at baseline, and 

who had complete data on covariates 

(mortality outcomes analysis) 

(n=39294) 

Participants without prevalent 

CVD 

(CVD incidence analysis) 

(n=31968) 

Participants without prevalent 

CHD 

(CHD incidence analysis) 

(n=36669) 

Participants without prevalent 

stroke 

(stroke incidence analysis) 

(n=38978) 

Participants in the UKBB 

(n=502,547) 



Figure S3. Dose–response association (Adjusted* hazard ratios and associated 95% 

confidence interval band) between accelerometer-measured moderate-to-vigorous 

physical activity and total volume of physical activity with stroke (n=39294; 

events=93) and CHD (n=39294; events=251) mortality. 

 

 
 
*Adjusted for age, sex, education, sedentary behaviour (only models for moderate-to-

vigorous physical activity), sleep pattern, obesity, smoking, and alcohol use. CVD, 

cardiovascular disease. Dose-response associations were assessed with restricted cubic 

splines with knots at 10th, 50th, and 90th centiles of the distribution of the exposure of 

interest (reference category = 675.36 minutes/week of moderate-to-vigorous physical 

activity; and 39.04 milligravities (mg) for total volume of physical activity). Hazard 

ratios are in logarithmic scale. 

 

 

 

 

 

 

 

 

 

 



Figure S4. Dose–response association (Adjusted* hazard ratios and associated 95% 

confidence interval band) between accelerometer-measured moderate-to-vigorous 

physical activity and total volume of physical activity with incidence of stroke 

(n=38978; events=527) and CHD (n=36669; events=1493). 

 

 
 
*Adjusted for age, sex, education, sedentary behaviour (only models for moderate-to-

vigorous physical activity), sleep pattern, obesity, smoking, and alcohol use. CHD, 

coronary heart disease. Dose-response associations were assessed with restricted cubic 

splines with knots at 10th, 50th, and 90th centiles of the distribution of the exposure of 

interest (reference category = 675.36 and 685.44 minutes/week of moderate-to-vigorous 

physical activity for stroke and CHD respectively; and 39.09 and 39.38 milligravities 

(mg) for total volume of physical activity for stroke and CHD respectively). Hazard 

ratios are in logarithmic scale. 

 

 

 

 

 

 

 

 

 



Figure S5. Dose–response association (Adjusted* hazard ratios and associated 95% 

confidence interval band) between accelerometer-measured moderate-to-vigorous 

physical activity and total volume of physical activity with all-cause (n=38977; 

events=12201), CVD mortality (n=38977; events=430), and CVD incidence 

(n=31768; events=4845) excluding participants that died within the first 2 years of 

follow-up (317; note, for CVD incidence we also excluded 7209 with previous CVD 

disease).  

 

 
 



*Adjusted for age, sex, education, sedentary behaviour (only models for moderate-to-

vigorous physical activity), sleep pattern, obesity, smoking, and alcohol use. CVD, 

cardiovascular disease. Dose-response associations were assessed with restricted cubic 

splines with knots at 10th, 50th, and 90th centiles of the distribution of the exposure of 

interest (reference category = 675.36 and 695.52 minutes/week of moderate-to-vigorous 

physical activity for mortality outcomes and CVD incidence respectively; and 39.10 and 

39.70 milligravities (mg) for total volume of physical activity for mortality outcomes 

and CVD incidence respectively). Hazard ratios are in logarithmic scale. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S6. Dose–response association (Adjusted* hazard ratios and associated 95% 

confidence interval band) between accelerometer-measured moderate-to-vigorous 

physical activity and total volume of physical activity with all-cause and CVD 

mortality with additional adjustment for diet.  

 

 
 
*Adjusted for age, sex, education, sedentary behaviour (only models for moderate-to-

vigorous physical activity), sleep pattern, obesity, smoking, alcohol use, and diet. CVD, 

cardiovascular disease. Dose-response associations were assessed with restricted cubic 

splines with knots at 10th, 50th, and 90th centiles of the distribution of the exposure of 

interest. Hazard ratios are in logarithmic scale. 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S7. Dose–response association (Adjusted* hazard ratios and associated 95% 

confidence interval band) between accelerometer-measured moderate-to-vigorous 

physical activity and total volume of physical activity with all-cause and CVD 

mortality with additional adjustment for blood pressure.  

 

 
 
*Adjusted for age, sex, education, sedentary behaviour (only models for moderate-to-

vigorous physical activity), sleep pattern, obesity, smoking, alcohol use, and mean 

arterial pressure. CVD, cardiovascular disease. Dose-response associations were 

assessed with restricted cubic splines with knots at 10th, 50th, and 90th centiles of the 

distribution of the exposure of interest. Hazard ratios are in logarithmic scale. 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S8. Dose–response association (Adjusted* hazard ratios and associated 95% 

confidence interval band) between accelerometer-measured moderate-to-vigorous 

physical activity and total volume of physical activity with all-cause and CVD 

mortality with additional adjustment for pre-existing CVD and Hb1Ac.  

 

 
 
*Adjusted for age, sex, education, sedentary behaviour (only models for moderate-to-

vigorous physical activity), sleep pattern, obesity, smoking, alcohol use, and pre-

existing CVD and Hb1Ac. CVD, cardiovascular disease. Dose-response associations 

were assessed with restricted cubic splines with knots at 10th, 50th, and 90th centiles of 

the distribution of the exposure of interest. Hazard ratios are in logarithmic scale. 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S9. Dose–response association (Adjusted* hazard ratios and associated 95% 

confidence interval band) between total volume of physical activity while awake 

(7am to pm and 6am to 10pm) with all-cause mortality.  

 

 
 

 
*Adjusted for age, sex, education, sedentary behaviour (only models for moderate-to-

vigorous physical activity), sleep pattern, obesity, smoking, and alcohol use. Dose-

response associations were assessed with restricted cubic splines with knots at 10th, 

50th, and 90th centiles of the distribution of the exposure of interest. Hazard ratios are 

in logarithmic scale. 

 

 

 


