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Background. Excess sedentary time (ST) is recog-
nized as an important modifiable risk factor for
coronary heart disease (CHD). However, whether
the associations of genetic susceptibility with CHD
incidence can be modified by replacing wearable-
device-measured ST with physical activity (PA) is
unknown.

Objectives. To examine the associations of wearable-
device-measured ST replaced by PA with incident
CHD across strata of genetic susceptibility.

Methods. This study included 77,500 White British
(57% female) with valid wrist-worn accelerome-
try and without prevalent CHD/stroke from UK
Biobank. Genetic susceptibility to CHD was quan-
tified through weighted polygenic risk scores for
CHD based on 300 single-nucleotide polymor-
phisms. Wrist-worn accelerometer data were used
to derive ST, light PA, and moderate-to-vigorous PA
(MVPA).

Results. Reallocation of 60 min/day of ST into the
same amount of MVPAwas associated with approx-
imately

9% lower relative risk of CHD for all partici-
pants and across strata of genetic risk: replace-
ment of 1 min/day of ST associated with <1%
lower relative risk of CHD. No evidence of inter-
action (p: 0.784) was found between genetic risk
and ST for CHD risk. Reallocating 60 min/day
of ST into the same MVPA time was associated
with greater absolute CHD risk reductions at
high genetic risk (0.27%) versus low genetic risk
(0.15%).

Conclusions. Replacing any amount of ST with
an equal amount of MVPA time is associated
with a lower relative risk of CHD, irrespective
of genetic susceptibility to CHD. Reductions in
CHD absolute risk for replacing ST with MVPA
are greater at high genetic risk versus low genetic
risk.
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Introduction

Preventing the onset of coronary heart disease
(CHD) is a clinical priority [1]. Development

of CHD is attributable to both genetic and
nongenetic lifestyle behaviors. The underlying
genetic etiology of CHD has been characterized
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through genome-wide association studies (GWAS),
which have identified an expansive list of single-
nucleotide polymorphisms (SNPs) associated with
risk of CHD [2, 3]. This methodological advance
allows the estimation of an individual’s unique
genetic susceptibility to CHD through the calcu-
lation of polygenic risk scores (PRS) based upon
the known SNPs [4, 5], thereby facilitating the
possibility of personalized approaches to CHD
prevention [6, 7].

Of nongenetic, lifestyle behaviors, reducing time
spent sedentary and replacing it with more active
time have been recognized as a major behavioral
target for the prevention of cardiovascular events,
including CHD [8]. Compelling evidence indicates
that greater sedentary time (ST) is associated with
an increased risk of cardiovascular disease [9–12],
and reallocation of ST into physical activity (PA) is
known to be associated with a reduced risk of car-
diovascular mortality [13–15] and cardiometabolic
risk markers [16–18]. As such, current public
health guidelines [19] specifically recommend
replacing ST with PA time. However, to the best
of our knowledge, no previous research has taken
into account an individual’s genetic susceptibil-
ity to CHD in understanding the associations of
wearable-device-measured ST with incident CHD
outcomes [20]. Little is also known about the
prospective associations of ST in conjunction with
other time-use movement behaviors (moderate-to-
vigorous PA [MVPA] [21–24], light physical activity
[light PA] [25, 26], and sleep [27]) with risk of
cardiovascular disease including CHD in the con-
text of genetics. Given these mutually exclusive
movement behaviors (e.g., ST, light PA, MVPA,
and sleep) occur over a confined, 24-hour period,
changes in time spent in one movement behavior
(e.g., ST) necessarily entail changes in time spent
in other behaviors. This codependent nature of
ST relative to the other movement behaviors is,
therefore, critical to consider when understanding
the contribution of ST and replacement of it by PA
toward the development of cardiovascular disease
[28]. Currently, whether replacing ST with PA time
benefits CHD prevention to a greater degree in
individuals at high genetic risk of CHD compared
with those at low genetic risk of CHD is unknown.
Our study aims to determine the associations of
wearable-device-measured ST and its replacement
by light PA or MVPA with incident CHD, across
varying levels of genetic susceptibility to CHD
using compositional isotemporal substitution
modeling [29, 30].

Methods

Study design and participants

This study utilizes data from UK Biobank, an ongo-
ing prospective cohort of >500,000 UK adults aged
40–69 years at recruitment. The inclusion criteria
were being registered within the National Health
Service and living in a place <25 mi away from 1
of 22 assessment centers across the United King-
dom. Baseline measurements (2006–2010) col-
lected genetic, biological, and behavioral infor-
mation, including smoking, dietary intake, activ-
ity, and sleep. Invitations to take part in the
accelerometry sub-study of UK Biobank (2013–
2015) were sent to 236,519 participants who had
provided an email address. A subset of 103,711
individuals received a mail package, containing
an accelerometer device (Axivity AX3) to measure
triaxial acceleration, preconfigured to a sampling
rate of 100 Hz and a dynamic range of ±8 g.
Participants were instructed to start wearing the
accelerometer device on the dominant wrist for
full 24 hours over the subsequent 7 days. Partic-
ipants were asked to send the accelerometer back
to the coordinating center after the 7-day moni-
toring period. Information about the UK Biobank
and accelerometry sub-study is provided elsewhere
[31, 32]. The UK Biobank study was approved by
the Northwest Multi-Centre Research Ethics Com-
mittee. The present analysis included 77,500 indi-
viduals (Fig. S1) who met the following inclusion
criteria: sufficient valid accelerometry data, self-
identifying as “White British” (European ancestry),
not being removed from principal component anal-
ysis as an ethnic outlier, no prevalence of cardio-
vascular disease before the analytical baseline (i.e.,
start of the accelerometry sub-study) (Supplemen-
tal Text 1 and Fig. S1), no missing covariates, and
incident CHD cases accrued after the first year
follow-up.

Exposures

Genetic susceptibility to CHD. In the UK Biobank,
genotyping was performed on all participants
using the UK Biobank Axiom Array and UK
BiLEVE Axiom Array, with imputation to a refer-
ence panel of HRC in combination with UK10K
[33]. We estimated genetic susceptibility to CHD
in the form of weighted PRS for CHD [3]. Detailed
information about the procedure is described
elsewhere [3]. Briefly, the construction of PRS was
based on 300 uncorrelated SNPs [2] for CHD risk
(Table S1). The 300 SNPs are a combination of
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genome-wide significant SNPs and uncorrelated
SNPs at a false discovery rate of 5%, the latter
of which were identified through a meta-analysis
of the CARDIoGRAMplusC4D 1000 Genomes-
imputed GWAS or MIGen/CARDIoGRAM Exome
chip study and interim UK Biobank genotype
data [3]. A weighted PRS for each participant was
quantified by summing the number of risk alleles,
multiplied by the established respective effect esti-
mates [2, 3]. The calculated weighted PRS showed
a normal distribution (Fig. S2) and was categorized
into low, middle, and high genetic risk of CHD,
according to the tertiles. The present study did not
include any ambiguous palindromic variants.

Wearable-device-measured movement behaviors.
Raw accelerometry data collected were calibrated
to local gravity (1g) with temperature compensa-
tion [34] and filtered to dampen machine noise
using a fourth-order Butterworth low-pass filter
with a cut-off (3 dB) frequency of 20 Hz. To isolate
the movement-related acceleration from gravita-
tional acceleration, the Euclidean NormMinus One
(ENMO) metric was calculated as the Euclidean
Norm of acceleration in three axes minus one grav-
itational unit, with negative values truncated to
zero. Previous research has demonstrated a valid
estimation of activity intensity [35] and energy
expenditure [36, 37], and their association with
mortality [38] through wrist accelerometry. Com-
pared with waist accelerometry, wrist accelerom-
etry is being increasingly adopted as a more
common method for monitor wear and tends to
better capture upper body movements (e.g., weight
lifting), whereas parameter estimation methods
have yet to be standardized [39]. Non-wear was
identified as time periods of ≥60 min where stan-
dard deviations of the three axes were all <13.0 mg
(1 mg= 0.001 g) [40]. ENMO was classified into
ST (<30 mg, excluding self-reported sleep time,
assessed through a question, “About how many
hours sleep do you get in every 24 hours? (please
include naps)”), light PA (30–125 mg) and MVPA
(≥125 mg) [26, 38, 41–43]. The present analysis
was restricted to participants with >72 hours
of wear time (across the 7 days), mean ENMO
<500 mg, or ENMO values recorded in each 1-hour
time block of the 24-hour cycle [42, 44]. Three sets
of isometric log-ratio pivot coordinates (ILRs) (e.g.,
ST, light PA, and MVPA) were computed to quan-
tify the contribution of one compositional behavior
relative to other compositional behaviors (Supple-
mental Methods 1) [30, 45, 46]. Sleep was used for
computing the coordinates but not included in the

statistical models given its nonlinear, U-shaped
association with cardiovascular disease [47].

Incidence of CHD

Sources of CHD incident data included the national
death registry and hospital episode statistics.
Codes of International Classification of Diseases
(ICD) were used to adjudicate CHD cases (ICD-9:
410–411, 412.X, ICD-10: I21–I24, I25.2) accrued
until December 9, 2022 for individuals in England
and Wales and December 19, 2022 for individu-
als in Scotland. Incident CHD was defined as the
first observation of CHD events that occurred over
a median 8.1-year follow-up (interquartile range:
7.6–8.7 years), resulting in 1421 incident CHD
cases.

Confounders

We included the following confounders [48]: sex,
smoking status (never, previous, current), alco-
hol consumption (never, previous, currently <3
times/week, currently ≥3 times/week), diet (a
combined score based on the number of intake of
vegetable, fruit, fish, and processed and red meat
[inverted], with a greater score indicating a more
favorable dietary habit), Townsend Deprivation
Index (a composite score of deprivation based on
four variables: unemployment, non-car ownership,
nonhome ownership, and household overcrowding,
with a greater score indicating a greater degree of
deprivation), use of antihypertensive medication,
use of blood-glucose lowering medication, use of
cholesterol-lowering medication, genotyping array
type (UK Biobank Axiom Array, UK BiLEVE Axiom
Array), and the first 10 principal components of
ancestry (to control for population stratification)
[49].

Statistical analyses

Cox regression with age (at the start of the
accelerometry sub-study) as the underlying
timescale (not as a confounder) using compo-
sitional isotemporal substitution modeling was
used to (1) estimate the associations of ST relative
to other movement behaviors with incident CHD
and (2) explore how reallocation of time spent
in ST into light PA or MVPA is associated with
changes in hazard of CHD [29, 46], given the
interpretation of raw parameter estimates for ILRs
is not intuitive [30, 45]. Each ILR pivot coordinate
(e.g., ST, light PA, and MVPA; except sleep) was
included in the model [46]. Plots were generated
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using the parameter estimates from compositional
isotemporal substitution to show changes in pre-
dicted estimates of CHD risk resulting from the
reallocation of ILRs of ST into ILRS of MVPA or
light PA. A ternary heat map plot was used to
describe the simplex space, with the composi-
tional center placed at the center of the plot. Total
variance within the matrices was calculated by
dividing the sum of the variances on either side
of the diagonal by D = 4 [50, 51]. Cox regression
models using PRS as a continuous variable and a
3-level categorical variable were fit to estimate the
association of genetic risk with incident CHD with
adjustment for sex, genotyping array type, and the
first 10 principal components; we used PRS not
only as a continuous variable to ensure sufficient
statistical power, but also as a 3-level categorical
variable to show CHD risk that may vary across
levels of genetic risk of CHD. Cumulative hazards
of CHD were estimated for each category of genetic
risk at all ages. Multiplicative interaction among
three compositional parts, including ST and PRS
for CHD, was tested in the models adjusted for
confounders. Models were stratified by genetic
susceptibility to CHD. Estimates of 8-year abso-
lute risk of CHD were calculated for all participants
and across the three genetic risk categories for
no replacement of ST and replacement of ST by
MVPA, separately; absolute risk reduction was
calculated as a difference between estimates of
8-year absolute risk for no replacement of ST and
those for replacement of ST by MVPA. All mod-
els were fit adjusting for second-degree genetic
relatedness (defined as kinship coefficients of
0.0442–0.0884) [52] by estimating cluster-robust
standard errors [33]. Log–log plots showed that
the proportional hazards assumption was met for
each covariate. The following six sensitivity anal-
yses were performed: (1) excluding an additional
1 year of follow-up to address the potential for
reverse causality, (2) excluding individuals with
the second-degree genetic relatedness, (3) using
alternative movement intensity (ENMO) cutpoints
to define movement behaviors (e.g., ≤25 mg for
ST and ≥125 mg for MVPA; and ≤35 mg for ST
and ≥125 mg for MVPA), (4) using missing values
imputed using multiple imputation by chained
equations, (5) using PRS calculated based on 46
lead SNPs after applying a more stringent LD
cut-off point [53] of 0.001 in order to minimize
overestimation of effect size of SNPs [54, 55] (Table
S1), and (6) excluding individuals with cancer at
baseline. The estimation of the weighted PRS was
performed using PLINK2.0. Statistical analyses

Fig. 1 Cumulative hazards of coronary heart disease
(CHD) for each genetic risk category by age. Notes: Cox
regression models using age (at the start of the accelerom-
etry sub-study) as the underlying timescale (not as a con-
founder) were adjusted for sex, genotype array type, and
first 10 principal components of genetic ancestry.

were performed using R Studio and Stata/MP
Version 16.0 (StataCorp LP).

Results

Participants’ demographic information(n = 77,500;
57% female; mean age of 56.3 years) is presented
in Table S2. The arithmetic geometric means of
ST, light PA, and MVPA were 633.0, 287.2, and
64.2 min/day, respectively.

Figure S3 shows the distribution of individuals
for relative proportions of time allocated across
three movement behaviors (including ST, light PA,
and MVPA) within an equilateral triangle. The vast
majority (74.5%) of observations lay around the
bottom right corner of the plot where the relative
time was greater than 40% for ST, less than 50%
for light PA, and less than 20% for MVPA.

Figure 1 shows cumulative hazard functions of
CHD for each category of genetic risk by age. Haz-
ards of CHD were higher for high or intermediate
genetic risk compared with low genetic risk at all
ages. Table 1 shows the associations of genetic risk
of CHD and ST (relative to other movement behav-
iors) with incident CHD. The hazard ratio (HR) of
CHDwas 1.30 (95% confidence interval; 1.02–1.68)
for ST relative to other movement behaviors after
adjusting for all confounders. An additional adjust-
ment for PRS (Model 2) slightly attenuated the HR
to 1.29 (1.01–1.66). The HR of CHD per one-unit

4 © 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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Table 1. Associations of genetic risk of coronary heart disease (CHD), sedentary time, moderate-to-vigorous physical activity,
and light physical activity with incidence of CHD.

Hazard ratio of coronary heart disease (95% CI)

Model 1 Model 2

Polygenic risk scores (PRS) for CHD 1.63 (1.49, 1.78)
Tertiles of PRS for CHD
Low genetic risk 1.00 (reference)
Intermediate genetic risk 1.34 (1.16, 1.54)
High genetic risk 1.88 (1.65, 2.15)

ST relative to all other behaviors 1.30 (1.02, 1.68) 1.29 (1.01, 1.66)
Light PA relative to all other behaviors 1.41 (1.10, 1.80) 1.43 (1.11, 1.83)
MVPA relative to all other behaviors 0.87 (0.83, 0.91) 0.87 (0.82, 0.92)

Notes: Model 1 using PRS for CHD as exposure treating it as either a continuous variable or a categorical variable:
adjusted for sex, genotype array type, and first 10 principal components of genetic ancestry. Model 1 using ST, light PA,
or MVPA as exposure: adjusted for sex, smoking status (never, previous, current), alcohol consumption (never, previous,
currently <3 times/week, currently 3 times/week), diet (a combined score based on the number of increased intake
of vegetable, fruit, and fish and decreased intake of processed and red meat, with a greater score indicating a more
favorable dietary habit), Townsend Deprivation Index (a composite score of employment, car ownership, home ownership,
and household overcrowding; based on postcode, with higher values indicating a higher degree of deprivation), use of
antihypertensive medication, use of blood-glucose lowering medication, and use of cholesterol-lowering medication, with
mutual adjustment of the three compositional variables. Model 2 using ST as exposure: adjusted for all confounders in
Model 1 with an additional adjustment for polygenic risk scores (the genotype array type and first 10 principal components
of genetic ancestry).
Abbreviations: CI, confidence interval; Light PA, light physical activity; MVPA, moderate-to-vigorous physical activity;
PRS, polygenic risk scores; ST, sedentary time.

increment in PRS was 1.63 (1.49–1.78). The HRs of
CHD were 1.34 (1.16–1.54) for intermediate genetic
risk and 1.88 (1.65–2.15) for high genetic risk,
compared with low genetic risk. There was no evi-
dence of interaction between PRS and ST relative to
other movement behaviors (p: 0.784). Greater time
spent in MVPA relative to other movement behav-
iors was associated with a lower hazard ratio of
CHD (HR: 0.87, 0.82–0.92) after adjusting for con-
founders and PRS (Table 1). There was an incon-
sistent association for light PA with adjustment for
confounders and PRS (HR: 1.43; 1.11–1.83). There
was no evidence of interaction between PRS and
light PA (p: 0.316) or MVPA (p: 0.417).

Figure 2 shows the implications of reallocating ST
into light PA or MVPA, and vice versa, on CHD
hazards. Reallocating time spent sedentary into an
equivalent amount of MVPA was associated with
lower hazards of CHD overall, and across strata of
genetic risk. However, there was no evidence that
the replacement of ST with light PA time was asso-
ciated with lower CHD hazards. Similarly, reallo-
cating MVPA time (not light PA time) into an equal
amount of ST was associated with increased CHD
hazards across genetic risk strata. Similar patterns
of associations were observed from the sensitivity

analyses (Figs. S4–S9). Replacing any amount of ST
with the corresponding amount of MVPA time was
associated with lower hazards of CHD overall and
across strata of genetic risk, including high genetic
risk (Fig. 3). For example, although the CHD haz-
ard was approximately 9% lower for reallocation of
60min/day of ST into 60min/day of MVPA, replac-
ing as little as 1 min/day of ST was also associated
with <1% lower CHD hazards.

Figure 4 shows estimated 8-year absolute risk of
CHD, and absolute risk reductions in CHD with
no replacement of ST versus replacement of 1, 5,
10, 15, 30, and 60 min/day of ST by the same
amount of MVPA overall and across genetic risk
strata. For all participants, the 8-year absolute risk
of CHD was 1.31% which was reduced to 1.11% (an
absolute risk reduction of 0.20%) by substituting
60 min/day of ST into 60 min/day of MVPA, with
smaller absolute risk reductions in CHD through
smaller amounts of ST replaced by MVPA. The
absolute risk reductions in CHD resulting from the
replacement of 60 min/day of ST by 60 min/day of
MVPA were greater at high genetic risk (an abso-
lute risk reduction of 0.27%; from 1.83% to 1.56%)
compared with low (an absolute risk reduction of
0.15%; from 0.96% to 0.81%) or intermediate (an

© 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
Journal of Internal Medicine, 2023, 0; 1–13
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Fig. 2 Reallocating sedentary time into physical activity for coronary heart disease. Notes: Cox regression models using
age (at the start of the accelerometry sub-study) as the underlying timescale (not as a confounder) were adjusted for sex,
smoking status, alcohol consumption, diet, Townsend Deprivation Index, use of antihypertensive medication, use of blood-
glucose lowering medication, use of cholesterol-lowering medication, genotype array type, and first 10 principal components
of genetic ancestry, with mutual adjustment for the 3 ILR terms. Light PA, light physical activity; MVPA, moderate-to-vigorous
physical activity; ST, sedentary time.

absolute risk reduction of 0.20%; from 1.31% to
1.11%) genetic risk.

Discussion

This study is the first to investigate the potential
role of replacing ST with physically active time in

CHD prevention using integrated datasets of geno-
type and phenotype data including accelerometer-
derived activity profiles. Greater time spent
sedentary relative to other movement behav-
iors was associated with increased risk of CHD
across varying levels of genetic susceptibility to
CHD. Importantly, reallocating any amount of ST

6 © 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
Journal of Internal Medicine, 2023, 0; 1–13
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Fig. 3 Potential impacts of replacing sedentary time with physical activity time. Notes: Cox regression models using age (at
the start of the accelerometry sub-study) as the underlying timescale (not as a confounder) were adjusted for sex, smoking
status, alcohol consumption, diet, Townsend Deprivation Index, use of antihypertensive medication, use of blood-glucose
lowering medication, use of cholesterol-lowering medication, genotype array type, and first 10 principal components of
genetic ancestry, with mutual adjustment of the three 3 terms. CI, confidence interval; HR, hazard ratio; MVPA, moderate-
to-vigorous physical activity; and ST, sedentary time.

into an equal amount of MVPA time was associ-
ated with lower CHD risk in individuals with high
genetic susceptibility, as well as those with low
genetic susceptibility.

Our study findings provide novel insights into the
implications of reducing time spent sedentary in
CHD prevention in individuals of different genetic
susceptibilities. No previous research of ST as well
as its replacement by active time took into con-
sideration an individual’s unique genetic predis-
position and the codependent relationship of ST
with other time-use movement behaviors [13–15,
20]. The strong positive associations of ST with
CHD risk (albeit effect estimates slightly modi-
fied by genetic susceptibility) imply that reduced

time spent sedentary may benefit CHD preven-
tion in individuals with high inherited CHD risk.
There is compelling evidence that individuals with
higher genetic susceptibility to CHD, as quantified
through PRS [5], have a higher risk of developing
CHD, as also shown in this study [3, 6, 7]. Hence,
there will be a considerable clinical and public
health benefit if individuals at high genetic risk can
have a reduced risk of CHD simply by replacing ST
with more active time [56].

Notably, our compositional isotemporal substitu-
tion modeling analyses demonstrated the poten-
tial benefits of any amount of ST replaced by the
same amount of MVPA in CHD prevention across
genetic risk strata. As large as a 9% lower CHD risk

© 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
Journal of Internal Medicine, 2023, 0; 1–13
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Fig. 4 Estimated 8-year absolute risk of coronary heart disease (CHD) and absolute risk reduction of CHD for sedentary
time replacement. Notes: Cox regression models using age (at the start of the accelerometry sub-study) as the underlying
timescale (not as a confounder) were adjusted for sex, genotype array type, and the first 10 principal components of genetic
ancestry. Two individuals who recorded less than 60min/day of sedentary time are excluded in this analysis. CI, confidence
interval; HR, hazard ratio; MVPA, moderate-to-vigorous physical activity; and ST, sedentary time.

could be observed when substituting 60 min/day
of ST with 60 min/day of MVPA across strata
of genetic risk. However, reallocating as little as
1 min/day of ST into 1 min/day of MVPA was also
associated with lower hazards of CHD. Of note,
although the estimates of 8-year CHD absolute
risk were generally small, the replacement of ST
by the same amount of MVPA was associated with
a greater 8-year CHD absolute risk reduction at
high genetic risk (0.27% for 60-min/day realloca-
tion) compared with low (0.15% for 60-min/day
reallocation) or intermediate genetic risk (0.20% for
60-min/day reallocation). This finding is similar to
previous research that reported on larger reduc-
tions in absolute CHD risk corresponding to a per-
unit decrease in a lifestyle measure (e.g., lifestyle
adherence and TV viewing) [7, 57]. This finding
suggests that individuals at high genetic risk of
CHD but replacing 60 min/day of ST with the same

amount of MVPA may have greater reductions in
absolute risk of developing CHD within the next
8 years compared with individuals at low genetic
risk of CHDmaking the same 60-min/day realloca-
tion of ST into MVPA. Although the magnitude of 8-
year CHD absolute risk reductions observed herein
may not be considered considerably large, the
potential CHD absolute risk reductions through ST
replaced by MVPA might likely be greater over an
extended period of time (e.g., 20 years as opposed
to 8 years), and, importantly, such implications
might be more pronounced at high genetic risk
than at low genetic risk. These findings are distin-
guishable from previous research that found favor-
able impacts of reallocating ST into MVPA time on
intermediate cardiometabolic risk markers [16, 18,
58, 59], incident cardiovascular disease [60], or
mortality [13, 61, 62] without taking into account
genetic susceptibility. Taken together, our study

8 © 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
Journal of Internal Medicine, 2023, 0; 1–13
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informs future clinical trials of individuals with
high genetic susceptibility to CHD aiming to reduce
ST from a CHD-prevention perspective.

The present study found no evidence of associa-
tion for the replacement of ST by light PA for CHD
incidence. This observation is consistent with the
current evidence base that there is disease and
mixed evidence on the association of light PA with
cardiovascular mortality risk. For example, recent
meta-analysis and systematic review studies [25,
63] revealed that there was inconsistent evidence
of benefits of reallocating ST into light PA or light
PA alone relative to 14 out of 19 intermediate car-
diometabolic risk markers [25], and in 18 out of
23 original studies included [63]. Another recent
meta-analysis of six prospective cohort datasets
using compositional data analysis found ST and
MVPA (but not light PA) to be associated with all-
cause mortality risk after mutual adjustment for
each other [26]. Similar associations were observed
in previous research using data from the National
Health and Nutrition Examination Survey: no evi-
dence of associations for light PA (albeit strong
associations for ST and MVPA) in relation to mor-
tality [64, 65]. A recent study using data from
UK Biobank has also provided mixed findings that
there was no evidence of association between inci-
dent CVD and light PA replaced proportionally by
all other behaviors, but lower CVD incidence when
replacing ST with light PA [60]. Nonetheless, no
previous research [25, 26, 60, 63–65] has provided
evidence on replacing ST with light PA for CHD
incidence using compositional isotemporal substi-
tution modeling across varying levels of genetic
susceptibility, making it challenging to make a
direct comparison with the present study. Further
research is needed to determine the extent to which
risk of CHD is prevented through replacement of ST
by light PA as opposed to MVPA, and whether such
associations vary by genetic susceptibility.

Limitations

Several limitations of this research need to be
considered. First, no causal inference can be made
as this was an observational study. Moreover, this
study is of European descendants who participated
in the accelerometry sub-study (Table S3), and UK
Biobank participants have higher socioeconomic
status and more favorable metabolic profiles, in
general, than the average UK population [66].
Hence, findings may not be generalized to indi-
viduals of other ethnic groups or with subclinical

symptoms. In addition, there may be reverse cau-
sation, but the sensitivity analysis, excluding the
first 1 year of follow-up, revealed similar findings
as the main analysis. Another limitation is the
inclusion of confounders assessed at baseline
(between 2006 and 2010) in our analyses where
the start of the accelerometry sub-study (between
2013 and 2015) was used as the analytical base-
line, a method used in previous research [38].
However, the confounders assessed at baseline
remained generally stable (except medication use
which increased with time) in a subset of 20,343
individuals who participated in both the baseline
and first repeat-assessment between 2012 and
2013, and in another subset of 56,014 individuals
who participated in both the baseline and second
repeat-assessment in 2014 and thereafter (see
Table S3). This observation is consistent with the
observation of previous research [38]. Further-
more, unmeasured confounders or measurement
error in the self-reported confounders may mean
that there is some residual confounding.

Conclusion

Irrespective of genetic susceptibility to CHD, more
time spent sedentary was associated with a higher
risk of developing CHD. However, replacing any
amount of ST (as little as 1 min/day) with the same
amount of MVPA time was associated with lower
risk of developing CHD across strata of genetic
risk of CHD. Reductions in absolute risk of CHD
from replacement of ST with MVPA were relatively
greater at high versus low or intermediate genetic
risk. Replacing time-spent sedentary with MVPA
should be a key behavioral target for the preven-
tion of CHD in all individuals, particularly among
those with high genetic susceptibility to CHD.

Author contributions

Conceptualization; data curation; funding acqui-
sition; investigation; methodology; project admin-
istration; resources; software; supervision;
visualization; writing—original draft; writing—
review and editing: Youngwon Kim. Conceptualiza-
tion; data curation; formal analysis; investigation;
methodology; software; validation; visualization;
writing—review and editing: Haeyoon Jang. Data
curation; formal analysis; investigation; project
administration; resources; visualization; writing—
review and editing: Mengyao Wang. Investigation;
project administration; resources; visualization;
writing—review and editing: Qiaoxin Shi. Investiga-
tion; validation; writing—review and editing: Tessa

© 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
Journal of Internal Medicine, 2023, 0; 1–13

9

 13652796, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/joim

.13715, W
iley O

nline L
ibrary on [27/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Sedentary time and coronary heart disease / Y. Kim et al.

Strain. Formal analysis; investigation; method-
ology; visualization; writing—review and editing:
Stephen J. Sharp. Data curation; investigation;
methodology; resources; writing—review and edit-
ing: Shan Luo. Funding acquisition; investigation;
writing—review and editing: Simon Griffin. Con-
ceptualization; methodology; writing—review and
editing: Katrien Wijndaele.

Acknowledgments

YK designed this study and drafted the
manuscript. HJ performed the statistical analyses.
MW helped perform the sensitivity analyses and
create the figures and tables. All authors helped
interpret the study findings, critically reviewed
and approved the final version of the manuscript,
and agreed to be responsible for all facets of this
work. YK is a guarantor. This research has been
conducted using the UK Biobank Resource under
Application Number 43528.

Conflict of interest statement

All authors declare that there are no other conflicts
of interest. All authors can take responsibility for
the integrity of the data and the accuracy of the
data analysis.

Funding information

YK was supported by the U.S. National Academy
of Medicine (NAM), Health and Medical Research
Fund (HMRF) Research Fellowship [grant num-
ber 06200087], and Seed Grants of The Uni-
versity of Hong Kong Li Ka Shing Faculty of
Medicine. NW, TS, KW, SJS, and SB are supported
by UK Medical Research Council [grant num-
bers MC_UU_00006/1, MC_UU_00006/4, and
MC_UU_12015/3]. NW and SB are supported by
the NIHR Biomedical Research Centre in Cam-
bridge (IS-BRC-1215-20014). The NIHR Cambridge
Biomedical Research Centre (BRC) is a partner-
ship between Cambridge University Hospitals NHS
Foundation Trust and the University of Cam-
bridge, funded by the National Institute for Health
Research (NIHR). The views expressed are those of
the author(s) and not necessarily those of the NHS,
the NIHR, or the Department of Health and Social
Care. The funding body played no role in the col-
lection, analysis, and interpretation of data; in the
writing of the report; and in the decision to submit
the article for publication.

References

1 Roth GA, Mensah GA, Johnson CO, Addolorato G, Ammirati
E, Baddour LM, et al. Global burden of cardiovascular dis-
eases and risk factors, 1990–2019: Update from the GBD
2019 study. J Am Coll Cardiol. 2020;76(25):2982–3021.

2 Nelson CP, Goel A, Butterworth AS, Kanoni S, Webb TR,
Marouli E, et al. Association analyses based on false discov-
ery rate implicate new loci for coronary artery disease. Nat
Genet. 2017;49(9):1385–91.

3 Ntalla I, Kanoni S, Zeng L, Giannakopoulou O, Danesh J,
Watkins H, et al. Genetic risk score for coronary disease iden-
tifies predispositions to cardiovascular and noncardiovascu-
lar diseases. J Am Coll Cardiol. 2019;73(23):2932–42.

4 Erdmann J, Kessler T, Munoz Venegas L, Schunkert H.
A decade of genome-wide association studies for coro-
nary artery disease: the challenges ahead. Cardiovasc Res.
2018;114(9):1241–57.

5 Lewis CM, Vassos E. Polygenic risk scores: from research
tools to clinical instruments. Genome Med. 2020;12(1):44.

6 Khera AV, Chaffin M, Aragam KG, Haas ME, Roselli C, Choi
SH, et al. Genome-wide polygenic scores for common diseases
identify individuals with risk equivalent to monogenic muta-
tions. Nat Genet. 2018;50(9):1219–24.

7 Khera AV, Emdin CA, Drake I, Natarajan P, Bick AG, Cook
NR, et al. Genetic risk, adherence to a healthy lifestyle, and
coronary disease. N Engl J Med. 2016;375(24):2349–58.

8 Young DR, Hivert MF, Alhassan S, Camhi SM, Ferguson JF,
Katzmarzyk PT, et al. Sedentary behavior and cardiovascular
morbidity and mortality: a science advisory from the Ameri-
can Heart Association. Circulation. 2016;134(13):e262–79.

9 Patterson R, McNamara E, Tainio M, de Sá TH, Smith AD,
Sharp SJ, et al. Sedentary behaviour and risk of all-cause,
cardiovascular and cancer mortality, and incident type 2 dia-
betes: a systematic review and dose response meta-analysis.
Eur J Epidemiol. 2018;33(9):811–29.

10 Grontved A, Hu FB. Television viewing and risk of type 2
diabetes, cardiovascular disease, and all-cause mortality: a
meta-analysis. JAMA. 2011;305(23):2448–55.

11 Pandey A, Salahuddin U, Garg S, Ayers C, Kulinski J, Anand
V, et al. Continuous dose-response association between
sedentary time and risk for cardiovascular disease: a meta-
analysis. JAMA Cardiol. 2016;1(5):575–83.

12 Ford ES, Caspersen CJ. Sedentary behaviour and cardiovas-
cular disease: a review of prospective studies. Int J Epidemiol.
2012;41(5):1338–53.

13 Stamatakis E, Gale J, Bauman A, Ekelund U, Hamer M, Ding
D. Sitting time, physical activity, and risk of mortality in
adults. J Am Coll Cardiol. 2019;73(16):2062–72.

14 Matthews CE, Moore SC, Sampson J, Blair A, Xiao Q,
Keadle SK, et al. Mortality benefits for replacing sitting
time with different physical activities. Med Sci Sports Exerc.
2015;47(9):1833–40.

15 Rees-Punia E, Evans EM, Schmidt MD, Gay JL, Matthews
CE, Gapstur SM, et al. Mortality risk reductions for replac-
ing sedentary time with physical activities. Am J Prev Med.
2019;56(5):736–41.

16 Whitaker KM, Pettee Gabriel K, Buman MP, Pereira MA,
Jacobs jr DR, Reis JP, et al. Associations of accelerometer-
measured sedentary time and physical activity with prospec-
tively assessed cardiometabolic risk factors: the CARDIA
study. J Am Heart Assoc. 2019;8(1):e010212.

10 © 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
Journal of Internal Medicine, 2023, 0; 1–13

 13652796, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/joim

.13715, W
iley O

nline L
ibrary on [27/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Sedentary time and coronary heart disease / Y. Kim et al.

17 Whitaker KM, Buman MP, Odegaard AO, Carpenter KC,
Jacobs jr DR, Sidney S, et al. Sedentary behaviors and car-
diometabolic risk: an isotemporal substitution analysis. Am
J Epidemiol. 2018;187(2):181–9.

18 Buman MP, Winkler EA, Kurka JM, Hekler EB, Baldwin CM,
Owen N, et al. Reallocating time to sleep, sedentary behav-
iors, or active behaviors: associations with cardiovascular dis-
ease risk biomarkers, NHANES 2005–2006. Am J Epidemiol.
2014;179(3):323–34.

19 WHO. WHO guidelines on physical activity and sedentary
behaviour. Geneva: World Health Organization; 2020.

20 Grgic J, Dumuid D, Bengoechea EG, Shrestha N, Bauman A,
Olds T, et al. Health outcomes associated with reallocations of
time between sleep, sedentary behaviour, and physical activ-
ity: a systematic scoping review of isotemporal substitution
studies. Int J Behav Nutr Phys Act. 2018;15(1):69.

21 Dempsey PC, Strain T, Khaw KT, Wareham NJ, Brage
S, Wijndaele K. Prospective associations of accelerometer-
measured physical activity and sedentary time with incident
cardiovascular disease, cancer, and all-cause mortality. Cir-
culation. 2020;141(13):1113–5.

22 Ballin M, Nordstrom P, Niklasson J, Nordstrom A. Associ-
ations of objectively measured physical activity and seden-
tary time with the risk of stroke, myocardial infarction or all-
cause mortality in 70-year-old men and women: a prospective
cohort study. Sports Med. 2021;51(2):339–49.

23 Ekelund U, Tarp J, Steene-Johannessen J, Hansen BH,
Jefferis B, Fagerland MW, et al. Dose-response associations
between accelerometry measured physical activity and seden-
tary time and all cause mortality: systematic review and har-
monised meta-analysis. BMJ—Brit Med J. 2019;366:l4570.

24 Wahid A, Manek N, Nichols M, Kelly P, Foster C, Webster P,
et al. Quantifying the association between physical activity
and cardiovascular disease and diabetes: a systematic review
and meta-analysis. J Am Heart Assoc. 2016;5(9):e002495.

25 Amagasa S, Machida M, Fukushima N, Kikuchi H, Takamiya
T, Odagiri Y, et al. Is objectively measured light-intensity
physical activity associated with health outcomes after
adjustment for moderate-to-vigorous physical activity in
adults? A systematic review. Int J Behav Nutr Phy.
2018;15(1):65.

26 Chastin S, McGregor D, Palarea-Albaladejo J, Diaz KM,
Hagströmer M, Hallal PC, et al. Joint association between
accelerometry-measured daily combination of time spent
in physical activity, sedentary behaviour and sleep and
all-cause mortality: a pooled analysis of six prospective
cohorts using compositional analysis. Br J Sports Med.
2021;55(22):1277–85.

27 Cappuccio FP, Cooper D, D’Elia L, Strazzullo P, Miller MA.
Sleep duration predicts cardiovascular outcomes: a system-
atic review and meta-analysis of prospective studies. Eur
Heart J. 2011;32(12):1484–92.

28 Migueles JH, Aadland E, Andersen LB, Brønd JC, Chastin
SF, Hansen BH, et al. GRANADA consensus on analyti-
cal approaches to assess associations with accelerometer-
determined physical behaviours (physical activity, sedentary
behaviour and sleep) in epidemiological studies. Br J Sports
Med. 2022;56(7):376–84.

29 Dumuid D, Stanford TE, Martin-Fernandez JA, Pedišić Ž,
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Supplementary Figure 5. Hazard ratios of coro-
nary heart disease estimated from reallocating
sedentary time into physical activity time and
physical activity time into sedentary time, while
keeping the remaining components constant after
excluding individuals with the 2nd-degree genetic
relatedness.
Supplementary Figure 6. Hazard ratios of coro-
nary heart disease estimated from reallocating
sedentary time into physical activity time and
physical activity time into sedentary time, while
keeping the remaining components constant,
using a different set of ENMO cut#x02010;offs
to define the movement behaviors (Left panel:
milli#x02010;g ≤25 for ST and milli#x02010;g
≥125 for MVPA; Right panel: milli#x02010;g ≤35
for ST and milli#x02010;g ≥125 for MVPA).

Supplementary Figure 7. Hazard ratios of
coronary heart disease estimated from reallocat-
ing sedentary time into physical activity time
and physical activity time into sedentary time,
while keeping the remaining components con-
stant, usingmissing values imputed usingmultiple
imputation by chained equations.
Supplementary Figure 8. Hazard ratios of coro-
nary heart disease estimated from reallocat-
ing sedentary time into physical activity time
and physical activity time into sedentary time,
while keeping the remaining components constant,
using a weighted polygenic risk score calculated
based only on 46 lead SNPs from 46 loci after apply-
ing a more stringent LD cut#x02010;off point of
0.001 in order to minimize over#x02010;estimation
of effect size of SNPs.
Supplementary Figure 9. Hazard ratios of coro-
nary heart disease estimated from reallocating
sedentary time into physical activity time and
physical activity time into sedentary time, while
keeping the remaining components constant after
excluding individuals with prevalent cancer at
baseline
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