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Abstract
Background
Higher levels of physical activity (PA) are associated with a lower risk of cardiovascular disease (CVD). However, uncertainty exists on whether the inverse relationship between PA
and incidence of CVD is greater at the highest levels of PA. Past studies have mostly relied
on self-reported evidence from questionnaire-based PA, which is crude and cannot capture
all PA undertaken. We investigated the association between accelerometer-measured moderate, vigorous, and total PA and incident CVD.

Methods and findings
We obtained accelerometer-measured moderate-intensity and vigorous-intensity physical
activities and total volume of PA, over a 7-day period in 2013–2015, for 90,211 participants
without prior or concurrent CVD in the UK Biobank cohort. Participants in the lowest category of total PA smoked more, had higher body mass index and C-reactive protein, and
were diagnosed with hypertension. PA was associated with 3,617 incident CVD cases during 440,004 person-years of follow-up (median (interquartile range [IQR]): 5.2 (1.2) years)
using Cox regression models. We found a linear dose–response relationship for PA,
whether measured as moderate-intensity, vigorous-intensity, or as total volume, with risk of
incident of CVD. Hazard ratios (HRs) and 95% confidence intervals for increasing quarters
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of the PA distribution relative to the lowest fourth were for moderate-intensity PA: 0.71
(0.65, 0.77), 0.59 (0.54, 0.65), and 0.46 (0.41, 0.51); for vigorous-intensity PA: 0.70 (0.64,
0.77), 0.54 (0.49,0.59), and 0.41 (0.37,0.46); and for total volume of PA: 0.73 (0.67, 0.79),
0.63 (0.57, 0.69), and 0.47 (0.43, 0.52). We took account of potential confounders but
unmeasured confounding remains a possibility, and while removal of early deaths did not
affect the estimated HRs, we cannot completely dismiss the likelihood that reverse causality
has contributed to the findings. Another possible limitation of this work is the quantification
of PA intensity-levels based on methods validated in relatively small studies.

Conclusions
In this study, we found no evidence of a threshold for the inverse association between objectively measured moderate, vigorous, and total PA with CVD. Our findings suggest that PA is
not only associated with lower risk for of CVD, but the greatest benefit is seen for those who
are active at the highest level.

Author summary
Why was this study done?
• There is an inverse association between self-reported physical activity (PA) and occurrence of cardiovascular disease (CVD). However, there is uncertainty about the strength
of this association as self-reported questionnaires are subject to differential measurement error.
• Accelerometers are small lightweight motion sensors that are typically worn on the
wrist. They more reliably measure PA status and thus could improve understanding of
associations with CVD.

What did the researchers do and find?
• We used data from 90,211 UK Biobank participants without prior CVD who agreed to
wear an accelerometer to measure their PA status over 7 days.
• Higher levels of PA were associated with lower risk for CVD that was similar across
total, moderate- and vigorous-intensity PA.

What do these findings mean?
• Our findings suggest that individuals who engage in higher levels of PA have lower risk
for CVD throughout the range of PA measured.
• The lowest risk for CVD in the UK Biobank cohort is seen at the highest level of PA,
whether total, moderate-intensity, or vigorous-intensity.
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Introduction
Higher levels of physical activity (PA) have been found to be inversely associated with the risk
of cardiovascular disease (CVD) [1–5]. However, most of this evidence has relied on questionnaires that measure PA relatively imprecisely and with different validity in population subgroups defined by age, sex, and socioeconomic status [6]. Further, questionnaire-based
methods are not well suited to capture incidental activity that occurs throughout the day and
therefore do not validly measure all movement that occurs in a specified time period [7]. This
could, therefore, lead to uncertainty in the estimation of the strength of the association
between PA and CVD and in estimating its shape, i.e., are increasing levels of activity associated with additional cardiovascular benefit?
Objective measures, such as wrist-worn accelerometers, are able to incorporate all components of PA—frequency, intensity, and duration—as a continuous score and thus validly capture all PA undertaken [7]. This is likely to be important since total energy expenditure is
conceivably the primary pathway through which PA reduces risk of disease [8]. While an
increasing number of studies have examined the association of objectively measured PA and
mortality, few have assessed its association with incident CVD [9–12]. We investigated the
association of moderate-intensity and vigorous-intensity PAs and total volume of PA, measured objectively by accelerometer, with incident CVD in 90,211 UK Biobank participants.

Methods
The UK Biobank, a large population-based cohort study, was established to enable research
into genetic and nongenetic risk factors for diseases of middle and old age through longitudinal follow-up of participants throughout the UK. The UK Biobank recruited over 500,000 people aged between 40 and 69 years in 2006 to 2010 from across the UK. These participants
provided blood, urine, and saliva samples for future analysis and detailed information about
themselves and agreed to be followed for multiple health-related outcomes [13–15]. Ethical
approval was obtained by the UK Biobank from the North West Multicentre Research Ethics
Committee, the National Information Governance Board for Health and Social Care in
England and Wales, and the Community Health Index Advisory Group in Scotland. All participants provided written informed consent.

Assessment of physical activity
Data from a subsample of 103,687 participants who wore an Axivity AX3 triaxial accelerometer on their dominant wrist were collected over a 7-day period in 2013 to 2015. It has been
found that wrist-worn accelerometers can explain about 44% to 47% of the variation in PA
energy expenditure as measured by doubly labelled water [16]. We only included participants
whose accelerometer data could be successfully calibrated, meaning that different devices provide comparable data outputs [14]. We excluded participants with >1% clipped values, which
occur when the sensor’s dynamic range of ±8 g is exceeded before or after calibration [14]. In
addition, we excluded participants with implausibly high activity values, defined as average
vector magnitude scores of >100 mg. We also excluded participants with insufficient weartime, defined as the unavailability of at least 72 hours of data or who lacked data for every
1-hour period of the 24-hour cycle (scattered over multiple days) [14]. This resulted in 96,675
participants with accelerometer data for the analysis (see S1 Fig for flowchart of study
participants).
We extracted total volume of PA, measured as the average vector magnitude in milli-gravity
(mg) units. The metric, average vector magnitude, has demonstrated good face validity in the
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UK Biobank (activity: 7.5% lower per decade of age) [14] and has been validated against doubly labelled water which is a gold-standard measure for energy expenditure [16]. We estimated
minutes of moderate and vigorous PA per week from percentage of time spent in 100 mg to
400 mg and above 400 mg, respectively [17,18]. The total volume, and each intensity of PA,
were categorised into the equal quarters of their distributions in the analytic sample.

Assessment of cardiovascular disease
Incident CVD was defined as the first hospital admission or death from CVD, defined as
ischaemic heart disease (IHD; International Classification of Diseases (ICD)-10 codes: I20-25)
or cerebrovascular disease (ICD codes: I60-I69), identified from linkages to the national death
index and Hospital Episode Statistics [15]. In secondary analyses, we analysed IHD and cerebrovascular disease separately.

Statistical analysis
This study did not have a prespecified analysis plan, and no data-driven analyses were
included.
We excluded participants who had been diagnosed with CVD from follow-up hospital records, before the end of their accelerometer wear (prevalent cases) resulting in 91,040 participants (S1 Fig). Follow-up time was calculated as person-time in months for each participant
from the final date of accelerometer wear to the first occurrence of CVD or the end of study
(31 March 2020, 29 February 2016, and 31 October 2016 for participants from England,
Wales, and Scotland, respectively). The analytic sample consisted of 90,211 participants who
had complete data for PA, age, sex, ethnicity, age completed full time education, Townsend
Deprivation Index, smoking, and alcohol consumption.
We computed descriptive statistics—mean (standard deviation)/median (interquartile
range (IQR)) for continuous measures and percentage for categorical variables—by categories
of total volume of PA. We used multivariable-adjusted Cox proportional hazards regression
models to estimate hazard ratios (HRs) for the association between total volume, moderateand vigorous PAs, and risk of CVD. Cox regression was also used for subgroup and sensitivity
analyses. Analyses were adjusted for age (stratified by 5-year age-at-risk intervals to satisfy the
proportional hazards assumption within each age-at-risk group), sex, ethnicity (white and
nonwhite), age completed full time education (years), area-based social deprivation using the
Townsend Deprivation Index [19] (categorised into quarters), smoking (never, former, and
current), and alcohol (never, less than 3 times/week, and �3 times/week) which were collected
at baseline (2006 to 2010). The proportional hazards assumption was assessed using log (-log)
survival plots and covariate-by-(log) time interaction terms [20], and none of the analysed variables violated this assumption. We conducted competing risk analysis using cause-specific
and Fine and Gray methods [21]. There was no material difference between the estimates from
these models and the models that did not account for competing risks. Therefore, we have presented the results from the latter.
We assessed the shape of the relationship between moderate-intensity and vigorous-intensity, total volume of PA, and incident CVD using a restricted cubic spline model. For this purpose, we trimmed observations less than 5% and greater than 95% of the distribution. We
specified the knots at the 25th, 50th, and 75th centiles that were used for the categorisation of
the variables for total volume, moderate-intensity, and vigorous-intensity of PA.
To address reverse causation, we repeated the Cox regression analyses after removing CVD
events that occurred within the first year and then 2 years of follow-up. We conducted sensitivity analysis by adjusting for 4 groups of comorbid conditions that may affect participants’
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ability to engage in PA—cancer (ICD codes: C01-C26, C30-C58, C60-C97, and D00-D48), diabetes mellitus (ICD codes: E10-E14), hypertension (ICD code: I10), and chronic lower respiratory disease (ICD codes: J43 and J44.9). We conducted prespecified subgroup analysis by sex.
For subgroup analyses by sex, we categorised total volume and each intensity of PA into equal
quarters of their distributions that were sex-specific. Furthermore, we examined the change in
HR for each level of PA and CVD after sequential adjustment of variables not included in the
main Cox regression analyses. These variables were hypertension (ICD code: I10); self-rated
health (good/excellent versus fair/poor); body mass index (BMI) (categorised as underweight
(<18.5 kg/m2), normal weight (18.5 to 24.9 kg/m2), overweight (25.0 to 29.9 kg/m2), and obese
(�30.0 kg/m2)); total cholesterol (mmol/L), high-density lipoprotein (HDL, mmol/L); lowdensity lipoprotein (LDL, mmol/L); triglycerides (mmol/L); log-transformed C-reactive protein (mg/L); glycated haemoglobin (HbA1c) (mmol/mol) categorised into <42 mmol/mol, 42
to 47 mmol/mol, and �48 mmol/mol; red and processed meat (times/week); fresh fruit (serving/day); and cooked vegetable (serving/day).
Data were analysed using SAS 9.4 (SAS Institute, Cary, North Carolina, United States of
America) and STATA 14.0 (StataCorp. 2015, College Station, Texas, USA), and statistical testing was conducted at a 2-tailed alpha level of 0.05.
This study was reported as per the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) guidelines [22] (S1 STROBE Checklist).

Results
For the 90,211 participants included in the current study, 3,617 were diagnosed with CVD
(3,305 nonfatal and 312 fatal) during 440,004 person-years of follow-up (median (IQR): 5.2
(1.2) years). Out of 6,614 participants without prevalent CVD who were excluded due to poor
wear time, 262 (4.0%) were diagnosed with incident CVD during a median follow-up of 62.6
months (compared with 4.0% cases during a median follow-up of 61.9 months for the study
participants). Participants in the highest category of total PA engaged in more moderate and
vigorous accelerometry-measured PA. Compared with participants in the highest category of
total PA, participants in the lowest category also had a higher BMI, smoked more, drank
slightly more alcohol, were diagnosed with hypertension, and had higher levels of C-reactive
protein and HbA1c (Table 1).
We found a linear dose–response relationship between moderate and vigorous PAs and
risk of incident CVD (Figs 1, 2B and 2C). The findings for total PA were very similar (Figs 1
and 2A). Compared with the lowest category of moderate-intensity PA, the HRs and 95% CIs
for increasing quarters were 0.71 (0.65, 0.77), 0.59 (0.54, 0.65), and 0.46 (0.41, 0.51) (Fig 1),
and the corresponding values for vigorous activity were 0.70 (0.64, 0.77), 0.54 (0.49, 0.59), and
0.41 (0.37, 0.46). We found similar trends in HRs for total PA and incident CVD (Fig 1).

Subgroup, secondary, and sensitivity analyses
During the study period, 2,220 men and 1,397 women developed CVD. There were minimal
differences between the sexes in risk of CVD for moderate and total volume of PAs. However,
for vigorous PA, compared with men, a stronger inverse association was observed for women
(Fig 3) (Pinteraction < 0.001) especially for second quarter of vigorous PA compared with the
first.
For analyses by type of CVD, there were 2,773 participants who were diagnosed with IHD
and 844 with cerebrovascular disease. The HRs by categories of moderate, vigorous, and total
PAs did not differ substantially from the overall CVD estimates (Fig 4).
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Table 1. Baseline characteristics of the participants in 2006–2010 by quarters of accelerometer-measured total volume of PA (N = 90,211).
�22.7 mg

22.8–27.3 mg

27.4–32.7 mg

>32.7 mg

Total

Follow-up, months, median (IQR)

61.5 (14.5)

62.0 (14.0)

62.0 (14.0)

62.5 (13.9)

61.9 (14.1)

CVD event, n (%)

1,385 (6.1)

924 (4.1)

758 (3.4)

550 (2.4)

3,617 (4.0)

64.6 (7.4)

62.7 (7.7)

61.3 (7.7)

59.3 (7.6)

62.0 (7.8)

Moderate activity

405.6 (124.2)

628.9 (103.0)

816.7 (124.5)

1,122.0 (261.6)

743.2 (310.6)

Vigorous activity

10.1 (10.1)

10.1 (10.1)

20.2 (30.2)

50.4 (60.5)

20.2 (30.2)

Female

11,831 (52.4)

13,212 (58.6)

13,600 (60.4)

13,548 (60.1)

52,191 (57.9)

Male

10,736 (47.6)

9,348 (41.4)

8,932 (39.6)

9,004 (39.9)

38,020 (42.1)

18.5 (2.5)

18.7 (2.4)

18.8 (2.4)

18.8 (2.4)

18.7 (2.4)

Least deprived (Q1)

5,378 (23.8)

5,761 (25.5)

5,829 (25.9)

5,622 (24.9)

22,590 (25.0)

Second quarter

5,582 (24.7)

5,703 (25.3)

5,623 (25.0)

5,645 (25.0)

22,553 (25.0)

Third quarter

5,633 (25.0)

5,597 (24.9)

5,628 (25.0)

5,647 (25.0)

22,505 (25.0)

Most deprived (Q4)

5,974 (26.5)

5,499 (24.4)

5,452 (24.2)

5,638 (25.0)

22,563 (25.0)

White

22,025 (97.6)

21,913 (97.1)

21,812 (96.8)

21,707 (96.2)

87,457 (97.0)

Nonwhite

542 (2.4)

647 (2.9)

720 (3.2)

845 (3.8)

2,754 (3.0)

Age at accelerometer measurement—mean (SD)
PA-related factors (min/week)—mean (SD)a

Sex (%)

Age completed full time education—mean (SD)
Area deprivation (%)

Ethnicity (%)

Smoking status (%)
Never

12,304 (54.5)

13,053 (57.9)

13,357 (59.3)

13,561 (60.1)

52,275 (58.0)

Former

8,296 (36.8)

8,007 (35.4)

7,803 (34.6)

7,661 (34.0)

31,767 (35.2)

Current

1,967 (8.7)

1,500 (6.7)

1,372 (6.1)

1,330 (5.9)

6,169 (6.8)

Never

1,501 (6.6)

1,164 (5.2)

1,133 (5.0)

1,156 (5.1)

4,954 (5.5)

<3× per week

10,217 (45.3)

11,174 (49.5)

11,305 (50.2)

11,464 (50.8)

44,160 (48.9)

�3× per week

10,849 (48.1)

10,222 (45.3)

10,094 (44.8)

9,932 (44.0)

41,097 (45.6)

Fair/poor

5,762 (25.6)

3,808 (16.9)

3,117 (13.9)

2,437 (10.8)

15,124 (16.8)

Good/excellent

16,743 (74.4)

18,708 (83.1)

19,389 (86.1)

20,089 (89.2)

74,929 (83.2)

Hypertension (%)

548 (2.4)

424 (1.9)

352 (1.6)

251 (1.1)

1,575 (1.8)

BMI (kg/m2)—mean (SD)

28.3 (5.1)

26.8 (4.4)

26.1 (4.1)

25.1 (3.7)

26.6 (4.5)

Alcohol drinking frequency (%)

Self-rated health (%)

BMI category (kg/m2) (%)
Underweight (<18.5)

83 (0.4)

94 (0.4)

127 (0.6)

220 (1.0)

524 (0.6)

Normal (18.5–24.9)

5,947 (26.5)

8,302 (36.9)

9,611 (42.7)

11,979 (53.2)

35,839 (39.8)

Overweight (25.0–29.9)

9,628 (42.8)

9,697 (43.0)

9,398 (41.8)

8,147 (36.2)

36,870 (41.0)

Obese (�30.0)

6,826 (30.4)

4,431 (19.7)

3,361 (14.9)

2,185 (9.7)

16,803 (18.7)

Total cholesterol

5.7 (1.2)

5.8 (1.1)

5.8 (1.1)

5.7 (1.0)

5.8 (1.1)

HDL cholesterol

1.4 (0.4)

1.5 (0.4)

1.5 (0.4)

1.6 (0.4)

1.5 (0.4)

LDL cholesterol

3.6 (0.9)

3.6 (0.8)

3.6 (0.8)

3.5 (0.8)

3.6 (0.8)

Triglycerides

1.8 (1.0)

1.7 (1.0)

1.6 (0.9)

1.5 (0.9)

1.6 (1.0)

C-reactive protein (mg/L)—mean (SD)

2.9 (4.5)

2.3 (3.7)

2.0 (3.7)

1.7 (3.3)

2.2 (3.9)

Cholesterol (mmol/L)—mean (SD)

HbA1c (mmol/mol) (%)
<42

19,203 (91.2)

20,009 (95.1)

20,258 (96.1)

20,538 (97.3)

80,008 (94.9)

42–47

909 (4.3)

605 (2.9)

495 (2.3)

388 (1.8)

2,397 (2.8)

�48

955 (4.5)

433 (2.1)

335 (1.6)

193 (0.9)

1,916 (2.3)

Red and processed meat (times/week) (%)
<2

6,867 (30.4)

7,705 (34.2)

8,108 (36.0)

8,666 (38.4)

31,346 (34.8)

2.0–2.9

5,754 (25.5)

5,880 (26.1)

5,728 (25.4)

5,591 (24.8)

22,953 (25.4)

3.0–3.9

1,366 (6.1)

1,279 (5.7)

1,275 (5.7)

1,221 (5.4)

5,111 (5.7)

�4.0

8,576 (38.0)

7,694 (34.1)

7,416 (32.9)

7,071 (31.4)

30,757 (34.1)

Fresh fruit (serving/day) (%)

(Continued )
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Table 1. (Continued)
�22.7 mg

22.8–27.3 mg

27.4–32.7 mg

>32.7 mg

Total

<2

8,503 (37.7)

7,586 (33.6)

6,991 (31.0)

6,524 (28.9)

29,604 (32.8)

2.0–2.9

6,537 (29.0)

6,698 (29.7)

6,806 (30.2)

6,610 (29.3)

26,651 (29.5)

3.0–3.9

4,337 (19.2)

4,872 (21.6)

4,871 (21.6)

5,088 (22.6)

19,168 (21.3)

�4.0

3,190 (14.1)

3,404 (15.1)

3,864 (17.2)

4,330 (19.2)

14,788 (16.4)

<2

18,100 (80.2)

18,011 (79.8)

18,104 (80.3)

17,831 (79.1)

72,046 (79.9)

2.0–2.9

3,514 (15.6)

3,587 (15.9)

3,431 (15.2)

3,640 (16.1)

14,172 (15.7)

3.0–3.9

618 (2.7)

615 (2.7)

627 (2.8)

646 (2.9)

2,506 (2.8)

�4.0

335 (1.5)

347 (1.5)

370 (1.6)

435 (1.9)

1,487 (1.7)

Cooked vegetable (serving/day) (%)

a

For vigorous PA, the values are median and IQR.

Column percentages displayed unless specified otherwise. Some percentages do not add to 100.0 due to rounding.
BMI, body mass index; CVD, cardiovascular disease; HbA1c, glycated haemoglobin; HDL, high-density lipoprotein; IQR, interquartile range; LDL, low-density
lipoprotein; PA, physical activity; SD, standard deviation.
https://doi.org/10.1371/journal.pmed.1003487.t001

Fig 1. HRsa for incident CVD by quarters of average accelerometer-measured total volume, moderate-intensity and
vigorous-intensity physical activities in 90,211 UK Biobank participants. aAdjusted for age (stratified by 5-year age-at-risk
intervals), sex, ethnicity, education, Townsend Deprivation Index, smoking, and alcohol consumption. CI, confidence
interval; CVD, cardiovascular disease; HR, hazard ratio.
https://doi.org/10.1371/journal.pmed.1003487.g001
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Fig 2. Dose–response association (HRs and associated 95% confidence interval band) between accelerometermeasured (A) total volume of PA, (B) moderate-intensity PA, and (C) vigorous-intensity PA and incident CVD using
restricted cubic splines with knots at 25th, 50th, and 75th centiles of the distribution of PA (reference category = 17
milligravities (mg) for total volume of PA; 302. 4 minutes/week for moderate intensity PA; 10.08 week for vigorous
intensity PA). Also shown are histograms of PA for total volume of PA in milligravities and for moderate-intensity and
vigorous-intensity PA in minutes/week. CVD, cardiovascular disease; HR, hazard ratio; PA, physical activity.
https://doi.org/10.1371/journal.pmed.1003487.g002

During the first year of follow-up, 607 participants were diagnosed with CVD. After excluding participants during the first year of follow-up, there were minimal changes to the HRs (S1
Table). Furthermore, 1,244 participants were diagnosed with CVD within first 2 years of follow-up. After removal of participants within the first 2 years of follow-up, the strong

Fig 3. HRsa for incident CVD by quarters of accelerometer-measured total volume, moderate, and vigorous physical
activities stratified by sex in 90,211 UK Biobank participants. aAdjusted for age (stratified by 5-year age-at-risk intervals),
ethnicity, education, Townsend Deprivation Index, smoking, and alcohol consumption.
https://doi.org/10.1371/journal.pmed.1003487.g003
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Fig 4. HRsa for incident CVD by quarters of average accelerometer-measured total volume, moderate, and vigorous
physical activities for IHD and cerebrovascular disease in 90,211 UK Biobank participants. aAdjusted for age (stratified
by 5-year age-at-risk intervals), sex, ethnicity, education, Townsend Deprivation Index, smoking, and alcohol consumption.
CI, confidence interval; CVD, cardiovascular disease; HR, hazard ratio; IHD, ischaemic heart disease.
https://doi.org/10.1371/journal.pmed.1003487.g004

association of total volume of PA with CVD incidence persisted (S1 Table) across both moderate- intensity and vigorous-intensity and total volume of PAs.
The analyses that excluded participants with comorbid conditions such as cancer, diabetes
mellitus, hypertension, or chronic lower respiratory disease did not substantially alter the findings (S2 Fig). Furthermore, sensitivity analyses conducted to examine the inclusion of additional covariates (hypertension, self-rated health, BMI, total cholesterol, HDL, LDL,
triglycerides, C-reactive protein, HbA1c, red and processed meat, fresh fruit, and cooked vegetables) to the multivariable Cox models utilised in the main analyses attenuated the HRs by
just 6.6% to 18.0% (S2–S4 Tables).
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Discussion
In this large population-based cohort study in adults, we found a linear inverse dose–response
association between accelerometer-measured moderate and vigorous PA, as well as total PA
and incident CVD, with no threshold of effect at low or high levels. We found broadly similar
associations within each subcomponent of CVD, and the associations were comparable for
men and women, with the exception of vigorous activity where there was a 23% lower risk for
incident CVD among men compared with 36% lower risk among women for the second quarter compared to the first.
The inverse association that we found for accelerometer-measured PA and incident CVD is
much stronger than that reported from questionnaire-based studies [1,2,23,24]. Notably, we
saw no evidence of a higher risk of CVD, particularly stroke, in those engaging in high levels of
PA, including vigorous, in contrast to an observation of greater risk in such individuals in 1
large British cohort [25]. In our study, there were minimal differences in the HRs for total,
moderate, and vigorous PAs. In contrast to these findings, the protective effect reported by
questionnaire-based studies is about 26% for total PA, 20% to 25% for moderate volume/intensity of PA, and 30% to 35% for high amounts/intensity of PA [1,2]. However, the results of the
current study concur with the findings from a harmonised meta-analysis with mortality as the
outcome that found the protective effect of accelerometer-measured PA to be much greater
than that reported in the literature for questionnaire-based studies [10].
We found a linear dose–response association between accelerometer-measured PA and
incident CVD with no threshold effect. This is in contrast to the curvilinear dose–response
associations observed in studies based on leisure time PA measured via questionnaires [26,27],
but similar to those observed in accelerometer-based studies [12,28]. It is noteworthy that Shiroma and Lee [2] found the curvilinear dose–response relationship between self-reported PA
and CVD to be present among men whereas in women the shape of the curve appears to be
more linear. In contrast, our study found no threshold effect in either men or women.
In our study we found that, using objective measurement, the magnitude of association for
total volume of PA was similar to that for moderate and vigorous PAs, which is important for
clinical and public health practice. One explanation for this finding is that the participants in
the highest level of total volume of PA engaged in higher amounts of moderate-intensity and
vigorous-intensity PAs. In support of the contention that the total PA might have the central
role in lower risk of CVD, a recent individual-level meta-analysis of 8 studies of accelerometer-assessed PA found that higher levels of total volume of PA irrespective of intensity had an
inverse association with mortality from all causes [10]. Future research may need to concentrate on the components of total volume of PA using validated measures of activity intensity
[29] in a large sample to unravel the contribution of each.
There is insufficient evidence in the literature to demonstrate that PA confers differential
benefits for men and women for CVD. The similarity of findings between men and women for
total volume of PA is in accordance with a study from the China Kadoorie Biobank study that
used questionnaire data [23]. However, Sattelmair and colleagues found the protective effect to
be greater among women than men (36% versus 21%) [1]. Similarly, a review by Shiroma and
Lee [2] reported a median risk reduction of 40% and 30%, respectively, for coronary heart disease/CVD among women compared with men, when comparing highest versus lowest total
PA. This could conceivably be explained by a different balance of the components of total PA
across the different studies. In other words, if moderate and vigorous PA did have different
effects on risk, then differences in observed associations of total PA with risk across studies
could be explained by a disparity in the contribution of vigorous versus moderate PA to total
PA across study samples.
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Strengths and limitations
The major strengths of this study are its large sample size and prospectively collected data on
CVD events. In addition, PA was measured objectively by an accelerometer which can capture
leisure and non-leisure PAs across multiple domains [28] and minimises the potential for
recall bias associated with PA assessed with questionnaires. The UK Biobank cohort consists
of mostly white participants living in less socioeconomically deprived areas. Even though the
characteristics of the participants may not be generalisable to other populations, it can be used
to provide valid estimates of exposure–disease relationships due to its large sample size and
multitude of exposures [30,31].
There is currently a lack of robust evidence on whether a 7-day measurement is representative of habitual PA. A previous validation study showed a 7-day measure is strongly associated
with PA over a period of up to 3.7 years [9]. In contrast, a recent study found that moderateto-vigorous PA measured by hip-worn accelerometers is moderately stable over time, but
there is considerable within-subject variability [32]. It is therefore possible that if the measurement error is random, our findings are attenuated and have underestimated the true association between PA and CVD.
The mean levels of moderate PA in this study, 743.2 min/week, are much higher than the
recommended 150 minutes/week of moderate-to-vigorous activity [33]. However, it is important to note that current guidelines are based on self-reported data on ‘sustained’ participation
in moderate-to-vigorous intensity PA undertaken in bouts of 10 minutes or more. It is suggested that approximately 750 to 1,000 minutes/week of moderate PA is to be expected when
using devices that can capture all forms of incidental activity and removing the arbitrary bout
criteria [34,35]. In addition, the accurate quantification of levels of moderate PA from accelerometers remains an active challenge, as we have had to rely on methods validated in relatively
small validation studies [17,36]. There is a future need for large-scale validation studies in both
healthy and diseased individuals [37]. In light of these considerations, we have pragmatically
measured mean participant levels of moderate PA in this study.
Given that this is observational data, we also cannot rule out concerns around reverse causality [38] where incipient CVD, not yet detected clinically, might lead to reduced PA because
it makes it more difficult for an individual to undertake PA. To address this possibility we
removed the first 1 and 2 years following measurement by accelerometry in sensitivity analyses, and the inverse associations for all 3 types of PA persisted. Our adjustment for potentially
important confounders (age, sex, ethnicity, education, smoking, alcohol consumption, and
deprivation) only had a modest impact on the associations, although we recognise that residual
confounding cannot be ruled out entirely.

Conclusions and implications
In this large population-based cohort, higher levels of moderate- intensity and vigorous intensity PAs as well as total volume were inversely associated with risk of incident CVD with no
evidence for a threshold effect. The finding of no threshold effect aligns with the recommendations of the UK Chief Medical Officer’s report on PA that “some physical activity is good but
more is better” [33].
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S3 Table. HRs for the association between quarters of moderate PA (minutes/week) and
incident CVD with sequential adjustment for potential confounders and mediators. CVD,
cardiovascular disease; HR, hazard ratio; PA, physical activity.
(PDF)
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(PDF)
S2 Fig. HRsa for incident CVD by quarters of average accelerometer measured total volume, moderate, and vigorous physical activities after excluding participants who had
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sex, ethnicity, education, Townsend Deprivation Index, smoking, and alcohol consumption.
b
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