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Abstract 

Background  Cardiovascular disease (CVD) is a major global health burden, particularly among overweight and obese 
individuals. We aimed to investigate associations between different physical activity patterns (concentrated activity vs. 
regularly active) and incident CVD, and to compare their effects in this specific population.

Methods  Data were from the UK Biobank, with 49,368 overweight and obese individuals (63.50 ± 7.73 years; 51.4% 
women) included in this study from 2006–2010. Participants were categorized into three physical activity patterns: 
inactive (< 150 min/week of moderate-to-vigorous physical activity (MVPA)), regularly active (≥ 150 min/week of MVPA, 
with ≥ 50% of activity distributed over > 2 days/week), and concentrated activity (≥ 150 min/week of MVPA, with ≥ 50% 
concentrated on 1–2 days/week).

Results  In fully adjusted models, both the concentrated activity and regularly active patterns had a similar mag-
nitude of CVD risk reduction compared with inactive individuals, overall CVD (concentrated activity: HR [95% CI]: 
0.79 [0.74–0.85]; regularly active: 0.76 [0.70–0.83]), myocardial infarction (concentrated activity: 0.77 [0.67–0.88]; regu-
larly active: 0.64 [0.53–0.76]), atrial fibrillation (concentrated activity: 0.81 [0.73–0.89]; regularly active: 0.84 [0.75–0.94]), 
heart failure (concentrated activity: 0.60 [0.52–0.70]; regularly active: 0.61 [0.50–0.73]), and stroke (concentrated activ-
ity: 0.79 [0.66–0.94]; regularly active: 0.81 [0.65–1.00]).

Conclusions  Concentrated MVPA over 1–2 days (the concentrated activity pattern) was associated with reduced 
CVD risk in individuals with overweight or obesity, with a magnitude of risk reduction similar to that observed 
for regularly distributed activity.
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Background
Cardiovascular disease (CVD) remains a global health 
challenge [1, 2], accounting for approximately 19.91 
million deaths worldwide in 2021 [3]. Elevated body 
mass index (BMI), an established modifiable risk factor 
for CVD, demonstrated an etiological association with 
3.69 million attributable deaths in the same year, rep-
resenting a 46.7% increase compared to 2010 [3]. CVD 
encompasses subtypes, including myocardial infarc-
tion (MI), atrial fibrillation (AF), heart failure (HF), and 
stroke, with higher prevalence among individuals with 
overweight or obesity [4, 5].

Physical activity (PA) has been well-established as a 
critical modifiable determinant in reducing or poten-
tially offsetting excess CVD risk in overweight or obese 
individuals [6, 7]. The World Health Organization, 
along with clinical guidelines from both the United 
States and Europe, recommend engagement of adult 
populations in a minimum of 150  min of moderate-
intensity aerobic PA or 75 min of vigorous-intensity PA 
per week (or an equivalent combination of both) [8, 9]. 
These guidelines advocate both progressive dose-esca-
lation of aerobic exercise for enhanced health benefits 
and consistent distribution of PA throughout the week, 
ideally over 4–5 days or daily [10]. Despite the recom-
mendations and public health efforts to promote PA, 
approximately three-quarters of adults exhibit subopti-
mal adherence [9]. A key barrier to guideline adherence 
is perceived time constraints [9].

One promising behavioral strategy is the concentrated 
activity approach [11–13] that is, individuals may engage 
in structured PA regimens, primarily within 1–2  days. 
Prior analyses of the UK Biobank have shown that con-
centrated activity pattern confers similar reductions 
in CVD risk as regularly distributed activity [14, 15]. 
Similarly, the NHANES data indicate that concentrated 
activity pattern can lead to comparable improvements 
in adiposity markers, including waist circumference and 
BMI [16]. However, these studies largely excluded or 
underrepresented individuals with overweight or obesity. 
Consequently, whether concentrated activity pattern is 
associated with CVD risk specifically in high-risk popula-
tion remains unexamined. Addressing this evidence gap 
is critical, as demonstrating the efficacy of concentrated 
activity in adults with overweight or obesity could inform 
more inclusive and adherence-friendly public health 
strategies.

In this study, we examined the longitudinal associa-
tion of different PA patterns, with a specific focus on the 
concentrated activity pattern, with the incidence of CVD 
among overweight and obese individuals. This prospec-
tive cohort study used accelerometer-based PA data from 
the UK Biobank, providing a more objective and precise 

assessment of PA levels than self-reported data that is 
prone to recall bias and measurement error [17].

Methods
We adhered to the Strengthening the Reporting of Obser-
vational Studies in Epidemiology (STROBE) reporting 
guidelines for observational research.

Study design and participants
We analyzed data from the UK Biobank, a large prospec-
tive cohort comprising 502,629 participants aged 40–73 
years recruited from 2006–2010. The UK Biobank initially 
invited 9.2 million individuals residing within 25 miles 
of 22 assessment centers across the United Kingdom, 
achieving a baseline response proportion of 5.4%. For our 
analysis, we included participants as overweight/obese 
per WHO criteria (BMI ≥ 25  kg/m2). Ethics approval 
was granted by the North‒West Multicenter Research  
Ethics Committee (Reference No. R21/NW/0157), with 
all participants providing written informed consent. The 
UK Biobank data processing scripts used for the analy-
ses described in this study are publicly available on the  
website (https://​github.​com/​shaan​khurs​hid/​weeke​nd_​
warri​or_​phewas).

Outcomes
The primary outcome was a composite of incident fatal 
and non-fatal CVD, including MI,AF, HF and stroke. 
Outcomes were ascertained through linkage to national 
hospital inpatient records databases (Hospital Episode 
Statistics for England, Patient Episode Database for 
Wales, Scottish Morbidity Record) and death registra-
tions (NHS Digital for England/Wales, NHS Central 
Register and National Records of Scotland). Incident 
cases were identified using ICD-10 codes (Additional 
file  1: Table  S1). The UK Biobank hospital data have 
shown > 95% accuracy for cardiovascular outcomes [18, 
19]. Outcomes were ascertained exclusively from hospital 
admissions and death certificates but not from primary 
care records, which ensured consistent definitions across 
regions and capturing clinically significant events. Fol-
low-up began at the accelerometer assessment and con-
tinued until the first CVD diagnosis, death, or November 
30, 2022, whichever came first.

Physical activity measurement
Accelerometry data were collected in a subsample 
(n = 103, 661) who wore a wrist-based Axivity AX3 (New-
castle upon Tyne, UK) triaxial accelerometer for one 
week. The accelerometers continuously recorded motion 
data at 100  Hz with a dynamic range of ± 8  g (units 
of gravity) [18]. Raw acceleration signals underwent 
gravitational calibration using manufacturer-specified 

https://github.com/shaankhurshid/weekend_warrior_phewas
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algorithms and processed to calculate the mean vector 
magnitude for 5-s intervals (epochs). Valid accelerom-
eter wear-time was defined by two criteria: (1) a mini-
mum of 72 h (3 days) total wear time with representative 
24-h sampling, and (2) < 60 consecutive minutes of zero 
counts, indicating device non-wear. Non-wear peri-
ods were identified using a validated algorithm that 
detects ≥ 60 consecutive minutes with standard devia-
tion < 13 mg across all three axes.

Time spent in different movement behaviors was esti-
mated using a machine-learning algorithm trained on an 
independent free-living cohort of 152 individuals [19]. 
The algorithm previously demonstrated a mean accuracy 
of 0.88 and a Cohen’s kappa of 0.80 [19].

Participants were excluded if they had insufficient valid 
wear time (n = 6,992), inadequate data for non-wear 
imputation (n = 1,194), or unrealistic acceleration values 
(n = 13). Unrealistic values were defined as: single-epoch 
readings exceeding the device’s physical range (± 8 g), or 
acceleration patterns inconsistent with human move-
ment (e.g., ≥ 12 consecutive hours of zero counts despite 
device active wear timestamps). These criteria were 
applied to identify probable device malfunction or data 
corruption rather than true activity patterns. Although 
PA measured during a single week may not capture all 
seasonal or long-term behavioral variation, nor individ-
ual year-to-year changes in activity habits, this approach 
represents the standard protocol in accelerometer-based 
epidemiological studies and has been validated in the 
UK Biobank study involving over 100,000 participants 
[20]. Accelerometer-based assessment provides a more 
objective measure than self-report, which is susceptible 
to recall bias and social-desirability bias. Moreover, any 
non-differential measurement error arising from the sin-
gle-week assessment would generally bias effect estimate 
toward the null, meaning that the observed reductions in 
CVD risk likely represent conservative estimates of the 
true associations.

Covariate selection and definitions
Covariates were selected based on established prior 
knowledge and previous analyses of concentrated activ-
ity pattern using the UK Biobank data [2, 14]. Detailed 
definitions for all covariates are provided (Additional 
file 1: Table S2). The following variables were considered: 
(1) demographic factors: age at the end of accelerometer 
wear (years), sex (women and men), and race/ethnic-
ity (White and non-White); (2) socioeconomic factors: 
Townsend deprivation index (TDI, a composite measure 
of area-level socioeconomic status) [21], education level 
(college or university degree, advanced level (A level)/
Advanced Subsidiary level (AS level) or equivalent, Ordi-
nary level (O level)/General Certificate of Secondary 

Education (GCSE) or equivalent, Certificate of Second-
ary Education (CSE) or equivalent, National Vocational 
Qualification (NVQ) or Higher National Diploma (HND) 
or Higher National Certificate (HNC) or equivalent, and 
others), and employment status (employed and unem-
ployed); (3) lifestyle factors: smoking status (never, ever, 
and current), alcohol drinking (never, ≤ 1–2 times/week, 
and ≥ 3 times/week), sleep duration (< 7, 7–8, and > 8  h/
day), and a healthy diet score (range 0–7 points, based 
on intake of fruits, vegetables, fish, processed and unpro-
cessed red meats, whole grains, and refined grains) [22]; 
(4) cardiometabolic factors: body mass index (BMI, kg/
m2), SBP/DBP (mmHg), glycated hemoglobin (HbA1c, 
mmol/mol), triglycerides (TG, mmol/L), low-density 
lipoprotein cholesterol (LDL-C, mmol/L), high-density 
lipoprotein cholesterol (HDL-C, mmol/L), and use of 
antihypertensive, antihyperglycemic, and lipid-lowering 
medications (yes and no). Because cardiometabolic fac-
tors (including BMI, SBP, DBP, HbA1c, TG, LDL-C, 
HDL-C, and use of related medications) are considered 
potential mediators in the pathway between PA patterns 
and CVD, they were not included in the primary analy-
ses. Instead, these variables were examined in sensitivity 
analyses to explore potential mechanistic pathways.

Follow‑up and censoring
Follow-up commenced post-accelerometer assess-
ment, with entry time defined as the completion of 
PA measurements via accelerometers and ended at 
the first occurrence of a CVD event, death, or the 
last available follow-up date, whichever was first. We 
excluded those with prevalent CVD ascertained from 
baseline records. The follow-up duration varied on the 
basis of data availability, with the final follow-up date 
being November 30, 2022.

Categorization of physical activity patterns
For the primary analyses, we applied the guideline-rec-
ommended threshold of at least 150  min of MVPA per 
week. Based on accelerometer-derived MVPA, par-
ticipants were divided into three groups as follows [14]: 
the inactive group (MVPA < 150  min/week), the regu-
larly active group (MVPA ≥ 150  min/week with ≥ 50% 
distributed over > 2  days/week), and the concentrated 
activity group (MVPA ≥ 150  min/week with ≥ 50% con-
centrated on 1–2  days/week). We also performed sen-
sitivity analyses to assess the robustness of our findings 
using additional MVPA thresholds to define PA patterns 
[14], including ≥ 25th percentile (100.8 min/week), ≥ 50th 
percentile (201.6 min/week) of the total MVPA volume in 
our study population.
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Statistical analysis
Baseline data are presented as mean (SD) for con-
tinuous variables and n (%) for categorical variables. 
Multivariable Cox proportional hazards models were 
used to estimate associations between PA patterns 
and CVD outcomes in overweight or obese individu-
als with results presented as hazard ratios (HRs) and 
95% confidence intervals (CIs). Time-to-event was cal-
culated from accelerometer assessment date until the 
first occurrence of a CVD endpoint, death, or the end 
of follow-up (November 30, 2022). Separate Cox pro-
portional hazards models were fitted for the compos-
ite CVD outcome and for each subtype (MI, AF, HF, 
stroke). Three hierarchically adjusted models were con-
structed using the inactive group as reference. Model 
1 was adjusted for age, sex, and race/ethnicity. Model 
2 was additionally adjusted for the Townsend Depriva-
tion Index, education, and employment status. Model 
3 (primary model) was further adjusted for smoking 
status, alcohol consumption, sleep duration, and diet 
quality. Missing covariate data were primarily handled 
using a complete-case (listwise deletion) analysis, with 
multiple imputation by chained equations (MICE) with 
random forest implemented as a sensitivity analysis.

Subgroup analyses were conducted according to the 
following factors: weight status (overweight vs. obesity), 
age (< 65 vs. ≥ 65  years), sex (female vs. male), smoking 
status (never vs. ever/current), alcohol consumption (< 1 
time/week vs. ≥ 1 time/week), baseline medication use 
(antihypertensive, antihyperglycemic, lipid-lowering), 
presence of baseline metabolic conditions (hypertension, 
diabetes, dyslipidemia, or any combination thereof ), and 
self-reported health status (excellent/good vs. fair/poor).

Pre-specified sensitivity analyses were performed to 
assess the robustness of the primary findings: (1) exclu-
sion of CVD events that occurred within the first 2 years 
after accelerometer assessment; (2) adjusting for potential 
mediators, BMI, SBP, DBP, LDL-C, HDL-C, HbA1c, anti-
hyperglycemic medication, antihypertensive medication, 
and lipid-lowering medication; (3) reclassifying those 
with incomplete accelerometer data to inactive. (4) fur-
ther stratifying the regularly active group into moderately 
regular (≥ 150 min/week across 3 days) and highly regu-
lar (≥ 150  min/week across ≥ 4  days) subgroups; and (5) 
calculating E-values to quantify the minimum strength of 
association, an unmeasured confounder would need to 
have with both the exposure and the outcome to explain 
away the observed effects. E-values were derived for both 
point estimates and the lower limits of the 95% confi-
dence interval, providing a transparent metric for assess-
ing robustness to unmeasured confounding. The required 
strengths of association were compared with those of 
known confounders reported in the literature.

Statistical analyses were performed via R software 
version 4.1.3 (R Foundation for Statistical Computing, 
Vienna, Austria). The statistical significance was set as 
P < 0.05 (two-sided test).

Results
Study population and follow‑up
Following exclusion of those with insufficient wear time 
(n = 6,992), unrealistic acceleration values (n = 13), miss-
ing daily physical activity data (n = 1,194), preexisting 
cardiovascular disease (n = 5,144),  and missing informa-
tion on covariates (n = 1077), 49,368 participants with 
overweight or obesity were included in analyses (Addi-
tional file 1: Fig. S1). Among these, 15,402 (31.2%) were 
classified as obese, and 33,966 (68.8%) were classified 
as overweight. Based on the guideline-recommended 
threshold of ≥ 150  min/week MVPA, 20,110 (40.7%) 
were classified as concentrated activity, 10,567 (21.4%) as 
regularly active, and 18,691 (37.9%) as inactive (Table 1). 
Median follow-up was 7.94 years (IQR 7.37–8.48). Base-
line characteristics showed no significant differences 
between included and excluded participants (Additional 
file 1: Table S3).

Physical activity patterns and CVD risk
The inactive group demonstrated the highest cumulative 
incidence of cardiovascular events, whereas both con-
centrated activity and regularly active groups presented 
similar risk reductions (Fig.  1). In fully adjusted model 
(Model 3), both concentrated activity and regularly active 
patterns were associated with reduced CVD risk com-
pared with inactive individuals (Fig. 2). For the compos-
ite CVD, concentrated activity demonstrated a 21% lower 
risk (HR 0.79, 95% CI 0.74–0.85) and regularly active 
individuals a 24% lower risk (HR 0.76, 95% CI 0.70–0.83), 
with substantially overlapping confidence intervals.

For specific cardiovascular outcomes, both patterns 
demonstrated significant protective associations. The 
regularly active group showed a 36% risk reduction for 
MI compared with 23% for the concentrated activity 
group. For stroke outcome, although the regularly active 
group did not show a statistically significant association 
(HR 0.81, 95% CI 0.65–1.00), the concentrated activity 
pattern was associated with a significant 21% reduction 
in risk, suggesting that concentrated PA may be particu-
larly relevant for stroke prevention in this population. A 
direct comparison of the two active patterns (Additional 
file 1: Table S4) indicated comparable risks for most out-
comes, except for myocardial infarction, where concen-
trated activity showed a trend toward a higher risk (HR 
1.19, 95% CI 1.00–1.42, P = 0.053).
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Table 1  Baseline characteristics of study population stratified by physical activity pattern

Data are showed as mean (SD) for continuous variables and n (%) for categorized variables

Abbreviations: AS Advanced Subsidiary, GCSEs General Certificate of Secondary Educations, CSE Certificate of Secondary Education, NVQ National Vocational 
Qualification, HND Higher National Diploma, HNC Higher National Certificate, BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, HbA1c 
hemoglobin A1c, HDL high-density lipoprotein, LDL low-density lipoprotein, SMD standardized mean difference; an SMD ≥ 0.10 is considered to indicate a meaningful 
imbalance. SMD is the recommended metric for assessing covariate balance in observational studies

Characteristic Concentrated activity Regularly active Inactive group P value SMD

N (%) 20,110 (40.73) 10,567 (21.40) 18,691 (37.86)

Age (years) 62.22 (7.63) 61.31 (7.81) 63.18 (7.69) < 0.001 0.161

Sex < 0.001 0.302

  Female 8705 (43.29) 4536 (42.93) 12,136 (64.93)

  Male 11,405 (56.71) 6031 (57.07) 6555 (35.07)

Ethnicity < 0.001 0.048

  White 19,579 (97.36) 10,152 (96.07) 18,008 (96.35)

  Other 531 (2.64) 415 (3.93) 683 (3.65)

Townsend deprivation index −1.91 (2.70) −1.29 (3.02) −1.70 (2.81) < 0.001 0.145

Education < 0.001 0.176

  College or university degree 8665 (43.09) 4736 (44.82) 6254 (33.46)

  A levels/AS levels or equivalent 2693 (13.39) 1401 (13.26) 2435 (13.03)

  O levels/GCSEs or equivalent 4119 (20.48) 2020 (19.12) 4554 (24.36)

  CSE or equivalent 800 (3.98) 460 (4.35) 983 (5.26)

  NVQ or HND or HNC or equivalent 1206 (6.00) 635 (6.01) 1158 (6.20)

  Others 2627 (13.06) 1315 (12.44) 3307 (17.69)

Employed status < 0.001 0.065

  Employed 19,192 (95.44) 10,000 (94.63) 17,414 (93.17)

  Unemployed 918 (4.56) 567 (5.37) 1277 (6.83)

Smoking status < 0.001 0.06

  Never 11,284 (56.11) 5811 (54.99) 10,095 (54.01)

  Ever 7612 (37.85) 4079 (38.60) 7061 (37.78)

  Current 1214 (6.04) 677 (6.41) 1535 (8.21)

Frequency of alcohol drinking < 0.001 0.165

  Never 831 (4.13) 512 (4.85) 1347 (7.21)

  ≤ 1–2 times a week 8984 (44.67) 4673 (44.22) 9834 (52.61)

  ≥ 3 times a week 10,295 (51.19) 5382 (50.93) 7510 (40.18)

Sleep duration < 0.001 0.087

  7–8 h/day 14,504 (72.12) 7560 (71.54) 12,603 (67.43)

  < 7 h/day 4416 (21.96) 2451 (23.19) 4634 (24.79)

  > 8 h/day 1190 (5.92) 556 (5.26) 1454 (7.78)

Healthy diet score 3.32 (1.31) 3.36 (1.32) 3.28 (1.29) < 0.001 0.042

BMI (kg/m2) 28.62 (3.20) 28.59 (3.23) 30.21 (4.47) < 0.001 0.278

SBP (mmHg) 139.46 (17.31) 138.81 (17.29) 139.74 (17.62) < 0.001 0.035

DBP (mmHg) 83.91 (9.60) 83.86 (9.63) 84.06 (9.54) 0.169 0.014

HbA1c (mmol/mol) 35.38 (5.29) 35.42 (5.55) 36.50 (6.81) < 0.001 0.122

HDL cholesterol (mmol/L) 1.40 (0.34) 1.41 (0.35) 1.39 (0.34) 0.010 0.026

LDL cholesterol (mmol/L) 3.69 (0.83) 3.66 (0.84) 3.68 (0.87) 0.006 0.026

Antihypertensive medications use < 0.001 0.119

  No 16,766 (83.37) 8877 (84.01) 14,385 (76.96)

  Yes 3344 (16.63) 1690 (15.99) 4306 (23.04)

Antihyperglycemic medication use < 0.001 0.084

  No 19,697 (97.95) 10,341 (97.86) 17,899 (95.76)

  Yes 413 (2.05) 226 (2.14) 792 (4.24)

Lipid-lowering medication use < 0.001 0.079

  No 17,514 (87.09) 9243 (87.47) 15,573 (83.32)

  Yes 2596 (12.91) 1324 (12.53) 3118 (16.68)
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Subgroup analyses
Protective associations were consistent across the 
overweight and obese subgroups (Additional file  1: 
Table  S5) and across key demographic strata includ-
ing age, sex, smoking status, and alcohol consumption 
(Table  2). Furthermore, stratified analyses based on 
baseline medication use (antihypertensive, antihyper-
glycemic, lipid-lowering), health status (hypertension, 
diabetes, dyslipidemia), and self-reported health (excel-
lent/good or fair/poor) demonstrated consistent pro-
tective associations in all subgroups (Additional file  1: 
Table  S6). These findings indicate that baseline medi-
cation use and prevalent metabolic conditions did not 
substantially modify the observed associations between 
PA patterns and incident CVD.

Sensitivity analyses
Multiple sensitivity analyses confirmed the robustness 
of primary findings. First, a lag-period analysis that 
excluded CVD events within 2  years of accelerometer 
assessment yielded consistent results (composite CVD: 
concentrated activity HR 0.79, 95% CI 0.73–0.85; regu-
larly active HR 0.75, 95% CI 0.68–0.83) (Additional file 1: 
Table  S7). Second, analyses using population-specific 
MVPA thresholds (Additional file  1: Table  S8-S9) and 
examining temporal patterns (consecutive days) (Addi-
tional file 1: Table S10) vs. weekend-specific (Additional 
file  1: Table  S11) yielded concordant results. Third, 
results remained consistent when adjusting for potential 
mediators and reclassifying incomplete data (Additional 
file  1: Tables S12-S13). Fourth, sensitivity analysis using 
multiple imputation yielded results consistent with the 
complete-case analysis (Additional file  1: Table  S14). 

Fig. 1  Cumulative Incidence of Cardiovascular Events by Physical Activity Pattern in Individuals with Overweight or Obesity. Note. Kaplan–Meier 
curves illustrate the cumulative event probability over up to 10 years of follow-up among participants with overweight or obesity. Curves represent 
three physical activity patterns: inactive (yellow), regularly active (gray), and concentrated activity (blue). Shaded bands indicate 95% confidence 
intervals. Across all outcomes (A Composite CVD, B Myocardial infarction, C Atrial fibrillation, D Heart failure, E Stroke), the inactive group shows 
the highest cumulative incidence. For clinical context, absolute event rates (events per 1,000 person-years) are provided in the table below each 
panel
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Fifth, refined stratification of regularly active pattern 
showed consistent results (Additional file 1: Table S15).

E-value analysis demonstrated considerable robust-
ness to unmeasured confounding (Additional file  1: 
Table S16). For the composite CVD endpoint, the E-val-
ues for the lower 95% confidence limits were 1.63 for 
concentrated activity and 1.70 for regularly active indi-
viduals. These suggest that an unmeasured confounder 
would need to be associated with both the PA pattern 
and incident CVD by relative risks of at least 1.63–1.70 
to fully nullify the observed protective associations, a 
strength of association that exceeds that of most estab-
lished cardiovascular risk factors.

Discussion
Principal findings
Our analyses revealed that both concentrated activ-
ity and regularly active patterns, when meeting 

guideline-recommended PA levels, are associated with 
a substantially lower risk of cardiovascular disease 
compared to inactivity. For the composite CVD out-
come, concentrated activity showed a 21% risk reduc-
tion (HR 0.79, 95% CI 0.74–0.85), while regularly active 
individuals showed a 24% risk reduction (HR 0.76, 95% 
CI 0.70–0.83), with broadly overlapping 95% confi-
dence intervals. Protective associations were observed 
for all specific cardiovascular outcomes examined: 
myocardial infarction, atrial fibrillation, heart failure, 
and stroke. Notably, the risk reduction for myocardial 
infarction appeared more pronounced in the regularly 
active group (HR 0.64) than in the concentrated activ-
ity group (HR 0.77); this difference approached, but did 
not reach, conventional statistical significance in direct 
comparison (P = 0.053). For the other outcomes, the 
magnitude of risk reduction was similar between the 
two activity patterns. These findings suggest that, in 

Fig. 2  Association Between Physical Activity Patterns and Incident Cardiovascular Disease in Participants with Overweight or Obesity. Note. 
Forest plot showing hazard ratios (HRs) and 95% confidence intervals (CIs) for the association between physical activity patterns and incident 
cardiovascular disease outcomes among 49,368 UK Biobank participants with overweight or obesity. The concentrated activity pattern was defined 
as achieving ≥ 150 min/week of moderate-to-vigorous physical activity (MVPA) with ≥ 50% concentrated within 1–2 days. The regularly active 
pattern was defined as achieving ≥ 150 min/week of MVPA distributed across ≥ 3 days. The inactive group served as the reference category. Model 
1 was adjusted for age, sex, and ethnicity; Model 2 was additionally adjusted for Townsend deprivation index, education, and employment status; 
Model 3 was further adjusted for smoking status, alcohol consumption, sleep duration, and diet quality. Numbers represent incident cases/total 
participants at risk. Incidence rates are expressed per 1,000 person-years. For stroke in the regularly active group (Model 3), the 95% CI crosses 1.00, 
indicating that the association was not statistically significant at α = 0.05
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this high-risk population, the cardiovascular benefits of 
MVPA were comparable whether the activity is concen-
trated within 1–2  days or distributed throughout the 
week.

Our findings contrast with Lars et al. [23] who reported 
that higher levels of self-reported PA may not fully off-
set the negative effects on CVD in overweight or obese 
adults, which differ from the findings of our study. This 
discrepancy could be due to the methodology used to 

measure PA (self-report) and the study’s relatively small 
sample size. Compared with self-reported methods, 
accelerometers usually offer a more precise assessment of 
PA, as they minimize recall bias and reduce misclassifi-
cation of activity intensity. With a larger sample size and 
accelerometer-based PA data, we observed significant 
associations between PA and a reduced risk of overall 
CVD and its four subtypes. Additionally, we applied mul-
tiple thresholds to test the consistency of our findings, 

Table 2  Subgroup analyses of the associations between physical activity pattern and incident cardiovascular disease

CVD 
outcome/PA 
pattern

Age Sex Smoking status Alcohol drinking

< 65 years ≥ 65 years Female Male Never Ever or 
current

< 1 time/
week

≥ 1 time/week

Overall CVD
  Concen-
trated activity

0.79 (0.69–
0.89)

0.76 (0.69–
0.82)

0.76 (0.68–
0.86)

0.81 (0.74–
0.89)

0.81 (0.72–
0.89)

0.77 (0.70–
0.85)

0.72 
(0.63–0.84)

0.81 (0.75–0.88)

  Regularly 
active

0.65 (0.55–
0.76)

0.78 (0.70–
0.87)

0.79 (0.68–
0.92)

0.75 (0.68–
0.84)

0.78 (0.69–
0.89)

0.73 (0.65–
0.83)

0.81 
(0.68–0.95)

0.75 (0.67–0.83)

  Inactive Reference Reference Reference Reference Reference Reference Reference Reference

  P for interac-
tion

0.029 0.478 0.74 0.089

MI
  Concen-
trated activity

0.75 (0.60–
0.93)

0.74 (0.62–
0.89)

0.63 (0.49–
0.82)

0.83 (0.71–
0.99)

0.82 (0.67–
1.00)

0.71 (0.59–
0.85)

0.63 
(0.47–0.83)

0.80 (0.68–0.94)

  Regularly 
active

0.49 (0.37–
0.65)

0.72 (0.58–
0.90)

0.51 (0.36–
0.74)

0.70 (0.57–
0.86)

0.69 (0.54–
0.90)

0.57 (0.45–
0.74)

0.78 
(0.57–1.06)

0.59 (0.47–0.73)

  Inactive Reference Reference Reference Reference Reference Reference Reference Reference

  P for interac-
tion

0.066 0.086 0.425 0.023

AF
  Concen-
trated activity

0.79 (0.66–
0.94)

0.77 (0.69–
0.86)

0.79 (0.68–
0.93)

0.82 (0.72–
0.92)

0.82 (0.71–
0.94)

0.79 (0.69–
0.90)

0.79 
(0.65–0.96)

0.81 (0.73–0.91)

  Regularly 
active

0.67 (0.54–
0.83)

0.86 (0.75–
0.98)

0.85 (0.70–
1.04)

0.83 (0.72–
0.96)

0.83 (0.70–
0.98)

0.84 (0.72–
0.99)

0.86 
(0.69–1.09)

0.83 (0.73–0.95)

  Inactive Reference Reference Reference Reference Reference Reference Reference Reference

  P for interac-
tion

0.082 0.902 0.785 0.803

HF
  Concen-
trated activity

0.70 (0.52–
0.94)

0.54 (0.45–
0.64)

0.56 (0.43–
0.72)

0.63 (0.52–
0.76)

0.54 (0.43–
0.67)

0.64 (0.53–
0.78)

0.60 
(0.45–0.80)

0.61 (0.51–0.73)

  Regularly 
active

0.60 (0.42–
0.85)

0.57 (0.46–
0.71)

0.54 (0.39–
0.76)

0.64 (0.51–
0.81)

0.56 (0.42–
0.74)

0.63 (0.49–
0.80)

0.53 
(0.36–0.76)

0.64 (0.51–0.79)

  Inactive Reference Reference Reference Reference Reference Reference Reference Reference

  P for interac-
tion

0.142 0.489 0.534 0.786

Stroke
  Concen-
trated activity

0.75 (0.55–
1.03)

0.76 (0.61–
0.94)

0.85 (0.65–
1.12)

0.74 (0.59–
0.94)

0.80 (0.61–
1.04)

0.77 (0.60–
0.97)

0.61 
(0.43–0.88)

0.85 (0.69–1.05)

  Regularly 
active

0.70 (0.49–
1.02)

0.80 (0.61–
1.04)

0.83 (0.58–
1.18)

0.79 (0.60–
1.04)

0.90 (0.66–
1.24)

0.73 (0.54–
0.98)

0.76 
(0.51–1.15)

0.83 (0.64–1.07)

  Inactive Reference Reference Reference Reference Reference Reference Reference Reference

  P for interac-
tion

0.789 0.833 0.702 0.138
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further enhancing the reliability of the results. Such flex-
ibility is particularly important for encouraging sustained 
participation and addressing barriers to regular exercise 
in this high-risk population.

Regression dilution bias may arise if a single week of 
accelerometer monitoring inadequately captures long-
term PA patterns. However, studies using multi-week 
accelerometer data in middle-aged and older adult popu-
lations have demonstrated substantial stability in meas-
urements taken over 4–7  days. For example, Troiano 
et  al. showed that 4–7 days of monitoring provides sta-
ble estimates of habitual PA in the NHANES data [24]. 
Similarly, Masse et  al. showed that when four distinct 
data-processing algorithms were applied to the same 
single-week accelerometer data, key outcome variables 
remained reasonably consistent, supporting the ability of 
a one-week protocol to reflect habitual patterns [25]. This 
evidence supports the validity of our single-week assess-
ment for classifying activity patterns. Furthermore, any 
non-differential misclassification resulting from single-
week measurement would typically bias risk estimates 
toward the null, meaning that the observed reductions 
in CVD risk represent conservative estimates of the true 
associations. Follow-up duration from accelerometer 
assessment was shorter than studies examining baseline 
PA questionnaire data from 2006–2010.

Strengths and limitations
This study has several important strengths. First, objec-
tive accelerometer measurement eliminated recall bias 
and misclassification inherent in self-reported PA. Sec-
ond, by examining multiple CVD-specific endpoints, 
including MI, AF, HF and stroke, rather than only com-
posite outcomes, we could assess whether different 
activity patterns exert distinct effects on individual car-
diovascular phenotypes. Third, our focus on adults with 
overweight or obesity addresses a critical evidence gap in 
a population that experiences a disproportionate burden 
of CVD. Fourth, the large sample size (n = 49,368) and 
substantial median follow-up (7.94 years) allowed precise 
estimations of associations. Fifth, comprehensive sensi-
tivity analyses, including lag-analysis exclusions, E-value 
assessments, multiple imputation, and alternative activity 
thresholds, demonstrated the robustness of the findings.

However, several limitations should be acknowl-
edged. First, as an observational study, our findings 
demonstrate association and do not establish causality 
between PA patterns and CVD risk in individual with 
overweight or obesity. Definitive causal inference would 
require randomized controlled trials. Second, the UK 
Biobank cohort is characterized by a substantial selec-
tion bias, with a participation rate of only 5.4%. Partici-
pants are predominantly health-conscious individuals 

of higher socioeconomic status and educational attain-
ment [26, 27]. Third, the generalizability of our findings 
to less health-engaged populations and to other ethnic 
or socioeconomic groups may be limited. Fourth, PA was 
assessed using accelerometry over only a single week, 
which may not fully reflect long-term behavioral pat-
terns or account for seasonal variation. However, this 
approach represents a standard and well-validated proto-
col in large-scale population studies. Prior research has 
demonstrated that 4–7 days of accelerometer wear pro-
vides stable estimates of habitual activity in comparable 
populations [24, 25]. Moreover, any resulting non-differ-
ential misclassification would typically bias risk estimates 
toward the null; thus, the observed reductions in CVD 
risk are likely conservative. The reliability of this method 
is supported by the UK Biobank accelerometer sub-
study, in which a median wear time of 6.9  days proved 
feasible and reproducible for epidemiological analyses 
[20]. Although one week of accelerometer monitoring is 
a well-validated and widely adopted proxy for habitual 
activity, we acknowledge that longer monitoring periods 
would further improve the precision of activity pattern 
classification. Fifth, reverse causation remains a consid-
eration, as undetected subclinical disease could lower PA. 
However, sensitivity analyses that excluded early events 
(first 2  years) and stratified by baseline health status 
showed consistently protective associations, suggesting 
that reverse causation is unlikely to explain our findings.

Conclusions
In conclusion, our data provides observational evidence 
that concentrated and regularly active patterns are asso-
ciated with a similarly reduced risk of CVD in overweight 
or obese adults. The flexibility of the concentrated activ-
ity patterns offers opportunities for the promotion of PA 
in ways that are feasible and sustainable in this high-risk 
population. Our results suggest that healthcare providers 
and physical activity guidelines could consider incorpo-
rating flexible exercise schedules, highlighting that health 
benefits can still be achieved with limited weekly exer-
cise sessions. This approach could be particularly ben-
eficial for individuals who struggle to maintain regular 
workouts due to work or family commitments, ultimately 
leading to reduced CVD risk.
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