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Abstract
Introduction  Current physical activity guidelines recommend 150 min of moderate-to-vigorous physical activity 
(MVPA) for health benefits, regardless of the pattern of MVPA. However, MVPA that occurs in sessions (MVPA-S) may 
have different health implications compared to MVPA that is not accumulated in sessions (MVPA-nonS). This study 
aimed to investigate the associations of MVPA-S and MVPA-nonS with mortality.

Methods  We conducted a cohort study of the National Health and Nutrition Examination Survey 2003–2006 
(n = 5,658) with accelerometer-measured physical activity at baseline and mortality followed through December 
31, 2019. A session was defined as a time window of 30 min or longer where the average intensity was at or above 
2020 counts/minute. MVPA accumulated within such sessions was quantified as MVPA-S, while MVPA accumulated 
outside the sessions was quantified as MVPA-nonS. We examined the joint association of MVPA-S and MVPA-nonS 
by classifying the participants into four groups (both < 75 min/week [referent], MVPA-S ≥ 75 and MVPA-nonS < 75, 
MVPA-S < 75 and MVPA-nonS ≥ 75, and both ≥ 75). We used 75 min as the cut-point because it is half of the guideline-
recommended MVPA volume where a strong MVPA-mortality association has been observed in previous studies, and 
because it was close to the median of MVPA-nonS (75 min/week was the 54th percentile), allowing a sufficient sample 
size in each group for testing statistical significance. The hazard ratios and 95% confidence intervals were estimated 
with adjustment for important confounders.

Results  During 13.9 years of follow-up (74,988 person-years), there were 1,424 deaths, out of which 472 were related 
to cardiovascular diseases (CVD). Compared to the referent combination (both < 75), the hazard ratios in the other 
three combinations were 0.48 (0.33–0.69), 0.85 (0.71–1.01), and 0.45 (0.30–0.67) for all-cause mortality; and were 0.34 
(0.17–0.70), 0.96 (0.69–1.33), and 0.40 (0.17–0.90) for CVD mortality, respectively. Results were largely consistent in 
the spline-based models, age- and sex-stratified analyses, complete-case analysis, competing risk analysis, and the 
analysis excluding deaths within two years of follow-up.

Conclusion  In conclusion, MVPA accumulated in sessions that lasted at least 30 min was associated with significant 
reductions in all-cause and CVD-specific mortality risks. The health implications of MVPA that were not accumulated in 
such sessions warrant further investigation.
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Introduction
The numerous benefits of engaging in regular physical 
activity have been demonstrated in compelling evidence 
from epidemiological research and randomized clinical 
trials (RCTs) [1]. Promoting an active, healthy lifestyle 
has become crucial in mitigating the escalating burden 
of chronic diseases and associated premature mortality. 
While the health-enhancing effect of increased physi-
cal activity volume is well-established, there is limited 
knowledge concerning the ideal pattern for accumulating 
physical activity.

Both the current American and the World Health 
Organization guidelines recommend a minimum of 
150  min of moderate-to-vigorous physical activity 
(MVPA) per week to obtain health benefits, regardless of 
the MVPA pattern [2, 3]. The 2018 edition of the Physi-
cal Activity Guidelines for Americans [2], in contrast to 
its 2008 predecessor, specifically states that “adults are no 
longer required to engage in physical activity in bouts of 
at least 10 minutes”. This recommendation is primarily 
supported by epidemiological studies, which suggested 
that MVPA was associated with various health benefits 
irrespective of the bout length [4]. On the other hand, the 
most compelling evidence supporting the cause-effect 
relationship between physical activity and disease pre-
vention is built on RCTs of exercise training, which were 
typically supervised MVPA sessions that lasted between 
30 and 90 min [5–7]. The RCTs that did not emphasize 
sessions of MVPA seldom report improvements in hard 
clinical endpoints [8, 9]. This discrepancy between epi-
demiological studies and RCTs concerning the bout con-
cept has not been appropriately addressed.

Since the inaugural statement that physical activity 
of any duration is beneficial, there was a surge of pilot 
studies comparing brief, intermittent physical activ-
ity versus isoenergetic continuous physical activity [10]. 
These small-scale clinical trials are predominantly short-
term studies, focusing on biomarkers that are respon-
sive to acute stimulus, such as glucose and triglycerides. 
However, few studies have indicated a cause-effect link 
between the brief bouts of MVPA and chronic disease 
prevention. Thus far, there isn’t consistent evidence sup-
porting the plausibility that brief, sporadic MVPA could 
induce equivalent cellular responses (e.g., mitochondria 
biogenesis) and physiological adaptations (e.g., improved 
cardiac contractile function) that are observed in exer-
cise training [11, 12], potentially due to a lack of substan-
tial and sustained upregulation of aerobic metabolism. 
Therefore, it remains inconclusive whether the acute 
changes in biomarkers triggered by brief bouts of MVPA 
would result in long-term benefits on clinical endpoints.

The lack of coherent sets of evidence in the relevant lit-
erature indicates a need to revisit the concept of MVPA 
bouts. Traditionally, a bout of MVPA is defined as con-
secutive ten minutes of physical activity at moderate 
intensity or higher with no more than two minutes of 
interruption [13]. This definition does not accommo-
date intermittent sports with brief episodes of strenuous 
exertion interspaced by low-intensity activities, such as 
soccer and basketball. The traditional algorithm might 
not be able to differentiate those sports sessions from 
brief walking episodes that occur sporadically in the 
workplace.

While emerging evidence indicates potential cardio-
metabolic health benefits of light-intensity physical activ-
ity (LIPA), most physical activity guidelines does not 
include specific recommendations for LIPA due to the 
lack of high-quality experimental studies [14]. Thus, our 
study focused on MVPA while treating LIPA as a con-
founding variable. This study developed a novel algorithm 
to capture MVPA accumulated in sessions (MVPA-S) and 
MVPA not accumulated in sessions (MVPA-nonS) from 
accelerometer data and investigated the associations of 
MVPA-S and MVPA-nonS with all-cause and cardiovas-
cular disease (CVD)-specific mortality. We hypothesized 
that MVPA that occurs in sessions (30  min or longer) 
would confer greater health benefits compared to MVPA 
that occurs in a brief, sporadic manner.

Method
The National Health and Nutrition Examination Sur-
vey (NHANES) is a cross-sectional survey of a nation-
ally representative sample of the non-institutionalized 
population in the United States [15]. The vital status of 
NHANES participants was ascertained by a data link-
age program between the survey participants and the 
death record in the National Death Index by matching 
their social security number, age, date of birth, etc. In 
this cohort study, we analyzed the association between 
baseline measures in the NHANES 2003–2006 cycles 
and mortality outcomes followed through December 31, 
2019. After excluding participants aged < 20 years and 
those without valid data on vital status or accelerometer-
measured physical activity, we had an eligible sample of 
5,658 for the main analysis (sample diagram in Addi-
tional Fig. 1). We also conducted a complete-case analy-
sis (n = 4,869) after excluding participants with missing 
covariates (See Fig. 1). 

Accelerometer data processing
Participants were instructed to wear a uniaxial accel-
erometer (AM-7164, ActiGraph, FL, USA) for seven 
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consecutive days except for sleep, bathing, and swim-
ming. The intensity of human movement was saved as 
activity counts per minute (CPM) in the time-series 
file. We removed non-wear time defined as consecutive 
60 min of zero CPM allowing for no more than two min-
utes above zero but below 100 CPM [13]. The remaining 
time was considered wear time. A valid day of acceler-
ometer wear must have more than 10 h of wear time. To 
accurately reflect the habitual physical activity levels, we 
only included participants with four or more valid days 
of wear with at least one weekend day. We applied pre-
viously validated cut-off points for the categorization of 
intensity levels (< 100 CPM for sedentary behaviors [SB], 
100–2019 CPM for LIPA, and ≥ 2020 CPM for MVPA) 
[16].

Exposures
Landmark clinical trials on physical activity interven-
tions predominantly involve supervised exercise ses-
sions lasting at least 30 min. Examples include the 45- to 
60-minute supervised sessions in the Diabetes Preven-
tion Program [17], the 30- to 35-minute training sessions 
in the HF-ACTION trial [7], and the 60-minute group 

exercise in the trial comparing angioplasty with exercise 
interventions [6]. Furthermore, the American College 
of Sports Medicine’s Guidance for Prescribing Exercise 
recommends a daily session of 30–60 min of moderate-
intensity aerobic training [18]. The high-quality evi-
dence collectively suggests that an active, healthy lifestyle 
should include a minimum of a 30-minute session of 
activities per day at moderate intensity or higher.

To capture such sessions in free-living accelerometer 
data, we applied a sliding window algorithm to identify 
any periods of 30 min or longer where the average inten-
sity within the window exceeded the moderate threshold 
(i.e., 2020 CPM). Also, the first and the last minute of a 
session must be at or above 2020 CPM to exclude the 
rest periods surrounding the MVPA sessions. The aver-
age intensity of the sliding window reflected the overall 
physical effort within the session. All MVPA accumulated 
within those captured windows was quantified as MVPA-
S (MVPA accumulated in sessions). Conversely, MVPA 
accumulated outside of those windows was quantified 
as MVPA-nonS (MVPA not accumulated in sessions). 
During this process, one minute of vigorous-intensity 
physical activity (VPA) was equated to two minutes of 

Fig. 1  Illustration of MVPA-S and MVPA-nonS. Panel A: An individual with no MVPA accumulated in structured sessions. Panel B: An individual with MVPA 
predominantly accumulated in structured sessions. The intensity of physical activity (y-axis) represents the rolling mean of a ten-minute sliding window 
(average counts/minute over ten minutes). This was done to enhance the readability of the figure
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moderate-intensity physical activity (MPA), in accor-
dance with current guidelines [2, 3]. We developed an R 
algorithm using an adjustable sliding window to capture 
MVPA-S from the one minute-epoch, time-series data 
of accelerometry in the public NHANES database (see 
Additional Code).

Furthermore, we examined the validity of the proposed 
algorithm against ground-truth camera data. We found 
that the proposed algorithm outperformed the traditional 
algorithm in capturing MVPA sessions. The validation 
was conducted in a sample of 151 free-living individuals 
whose physical activity ground truth was verified using 
wearable camera data in the Capture-24 study [19]. Each 
individual worn the accelerometer for 24  h. We chose 
this dataset because it is, thus far, the largest of its kind 
that included concurrent accelerometer and ground-
truth camera data. Although the Capture-24 study used 
wrist-worn accelerometers and the NHANES study 
placed accelerometers on the waist, our algorithm is not 
device-specific. It operates under the general assumption 
that higher acceleration indicates greater physical activ-
ity intensity, making the algorithm potentially applicable 
across different devices.

In the Capture-24 study, our algorithm captured 76 
sessions of MVPA in leisure and transportation settings. 
We did not examine occupational MVPA or household 
MVPA because controversy exists regarding the health 
benefits of physical activities in those two settings [20–
22]. The ground truth annotations for the captured ses-
sions were in Additional Table  1. The median duration 
of ground truth MVPA within a single session is 38 min 
(interquartile range: 27–52  min), supporting that the 
algorithm captured what it purports to capture. Out of 
the 76 sessions, only 30 sessions were captured by the 
traditional algorithm, suggesting that the proposed algo-
rithm was more effective than the traditional algorithm 
in capturing MVPA sessions (Table 1).

We presented three specific examples from the Cap-
ture-24 study to explain the reason why some sessions of 
MVPA were not recognized by the traditional algorithm 
(Additional Fig.  2). In the first example, an individual 
engaged in 90  min of hiking, which displayed a fluctu-
ating pattern with many short LIPA/SB breaks. Because 
only 66% of the time was spent in MVPA, the traditional 
algorithm did not capture this hiking session. In the sec-
ond example, an individual spent 80 min on a session of 
transportation walking, with several noticeable breaks 
lasting 2–5 min each. Because 71% of the time was spent 
in MVPA, the traditional algorithm did not capture this 
walking session. In the third example, an individual par-
ticipated in 45 min of sports at a gym, following a high-
intensity interval training style. This sport session was 
not captured by the traditional algorithm due to the fre-
quent breaks of intermittent sports (See Fig. 2).

Table 1  Baseline characteristics across the joint classification 
of MVPA-S and MVPA-nonS. Data are mean (standard deviation) 
for continuous variables and number (percent) for categorical 
variables

MVPA (minutes/week)
MVPA-S < 75
MVPA-
nonS < 75
n = 2,973

≥ 75
< 75
n = 230

< 75
≥ 75
n = 1,962

≥ 75
≥ 75
n = 673

P-
value

Sociodemographic factors
Age (years) 56.9 (17) 53.7 

(15.5)
42.9 (13.1) 42.1 

(13.1)
< 0.01

Female (%) 1,706 (65.4) 148 
(70.6)

805 (41.8) 209 
(34.8)

< 0.01

Race/Ethnicity
Non-Hispanic 
White (%)

1,606 (76.3) 156 
(84.4)

961 (72.3) 351 
(73.9)

< 0.01

Non-Hispanic 
Black (%)

540 (10.5) 23 (5.1) 375 (9.6) 116 (7.9)

Mexican 
American (%)

490 (5.8) 36 (2.8) 483 (9.5) 148 (8.5)

Other His-
panic (%)

47 (1.8) 6 (3.9) 64 (3.4) 26 (4.7)

Other (%) 110 (5.6) 9 (3.9) 79 (5.2) 32 (5)
Education
Less than 
High School 
(%)

847 (19.6) 41(9.1) 476 (13.8) 149 
(11.9)

< 0.01

High School 
Diploma (%)

745 (29.2) 44(19.9) 461 (24.5) 115 
(15.7)

College Edu-
cation (%)

1,197 (51.1) 144 
(70.8)

1,025 
(61.7)

409 
(72.4)

Missing (%) 4 (0.1) 1 (0.2) NA (NA) NA (NA)
Behavioral variables
Healthy Eat-
ing Index

56.2 (14.2) 62.2 
(13.9)

54.9 (13.6) 57.9 
(13.9)

< 0.01

Tobacco Use (serum cotinine, ng/dL), %
None (< 10) 2,126 (73.8) 203 

(87.3)
1,430 
(71.6)

528 
(79.6)

< 0.01

Light (10–99) 107 (3.4) 7 (3.1) 114 (5.5) 44 (6.3)
Moderate 
(100–299)

285 (12.4) 8 (4.3) 248 (14.1) 60 (8.4)

Heavy (≥ 300) 171 (7.6) 3 (1.8) 118 (6.6) 30 (4.2)
Missing (%) 104 (2.9) 9 (3.5) 52 (2.2) 11 (1.6)
Alcohol Intake (grams/day), %
Never (< 0.1) 2190 (77.3) 171 (73) 1367 (67.6) 421 

(58.5)
< 0.01

Light (M < 28; 
F < 14)

207 (6.9) 16 (5.4) 176 (9.3) 76 (11.8)

Moderate 
(M 28–56; F 
14–28)

138 (5.7) 21 (9.3) 173 (9.6) 71 (14.2)

Heavy 
(M ≥ 56; 
F ≥ 28)

145 (6.7) 16 (8) 171 (10.2) 74 (11.9)

Missing (%) 113 (3.4) 6 (4.3) 75 (3.4) 31 (3.6)
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Mortality Outcomes
The National Center for Health Statistics has released 
the most current Public-use Linked Mortality Files for 
NHANES 2003–2006 [23]. All-cause mortality was 
defined as death due to any reason. CVD-specific mortal-
ity was defined as death due to heart diseases (I00-I09, 
I11, I13, I20-I51) or cerebrovascular diseases (I60-I69) 
according to the International Classification of Diseases 
10th version (ICD-10) in the NHANES mortality data-
base. The duration of follow-up was calculated from the 
date of baseline examination measure to the date of death 
or December 31, 2019, whichever came first.

Covariates
We selected covariates based on a previous investiga-
tion of NHANES 2003–2006 [24]. Demographic and 

behavioral confounders were assessed by question-
naires, including age in years at recruitment, sex (male/
female), ethnicity (Non-Hispanic White, Non-Hispanic 
Black, Hispanic, and other), education level (less than 
high school, high school, and college or higher), smok-
ing status (serum cotinine: <10, 10–100, 100–300, ≥ 300 
ng/dL), alcohol consumption (males: <0.1, 0.1–28, 28–56, 
and ≥ 56; females: <0.1, 0.1–14, 14–28, and ≥ 28  g/day), 
healthy eating index (0-100 scale) [25], and LIPA (quar-
tiles). Body mass index (BMI) (< 18.5, 18.6–24.9, 25-29.9, 
and ≥ 30 Kg/m2) and blood pressure were measured in 
the mobile examination centers. Self-reported medical 
history, such as physician-diagnosed chronic disease, was 
assessed during the in-person interview at home, includ-
ing CVD (yes/no), diabetes (yes if diagnosed by physi-
cian, hemoglobin A1c ≥ 48 mmol/mol, or anti-diabetic 

Fig. 2  Joint association of MVPA-S and MVPA-nonS with mortality. The solid lines, dash lines and long dash lines are hazard ratios of mortality. The shaded 
areas are 95% confidence intervals. Adjusted for age, sex, ethnicity, education, diet quality, smoking, alcohol intake, light-intensity physical activity, body 
mass index, systolic blood pressure, emphysema, mobility disability, general health status, and diagnoses of diabetes, cardiovascular disease, and cancer. 
Panel A: All-cause mortality. Panel B: CVD mortality. Panel C: Histogram of MVPA-nonS
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medication usage), cancer (yes/no), emphysema (yes/no), 
mobility disability (yes/no), and self-rated general health 
(excellent, very good, good, fair, and poor).

Statistical analysis
We fitted Cox proportional hazards models to investigate 
the joint association of MVPA-S and MVPA-nonS with 
mortality outcomes adjusting for confounders. Model 
zero was unadjusted. Model one adjusted for age, sex, 
ethnicity, education, diet quality, smoking, alcohol intake, 
and LIPA. Model two adjusted for model one plus BMI, 
systolic blood pressure, emphysema, mobility disability, 
general health status, and diagnoses of diabetes, CVD, 
and cancer.

We jointly classified the participants into four groups 
according to MVPA-S and MVPA-nonS levels (both 
< 75  min/week [referent], MVPA-S ≥ 75 and MVPA-
nonS < 75, MVPA-S < 75 and MVPA-nonS ≥ 75, and both 
≥ 75). We used 75 min as the cut-point because it is half 
of the guidelines-recommended MVPA volume where a 
strong MVPA-mortality association has been observed 
in previous studies [26], and because it was close to the 
median of MVPA-nonS (75 min/week was the 54th per-
centile), allowing a sufficient sample size in each group 
for testing statistical significance. Age- and sex-stratified 
analyses were conducted to examine whether the associa-
tions were modified by age (< 65 and ≥ 65 years) or sex.

In secondary analyses, we treated MVPA-nonS as a 
spline-based continuous variable with three knots at 
25th, 50th, and 75th percentiles to explore a potential 
dose-response relationship. We did not treat the MVPA-
S as a continuous variable using restricted cubic spline 
because 65% of participants accumulated zero minutes of 
MVPA-S, making it challenging to apply the spline func-
tion. Thus, we categorized MVPA-S into three groups to 
explore a dose-response trend (0, 30–150, and ≥ 150 min/
week).

In sensitivity analyses, we repeated the main analysis in 
the complete-case sample (n = 4,869). We also excluded 
deaths within two years of follow-up to account for the 
reverse causality bias. Additionally, we conducted com-
peting risk analysis for CVD mortality based on the 
Fine & Gray model to account for the bias of competing 
events [27]. Given the growing evidence on the detrimen-
tal effects of SB on human health, we further adjusted 
for time spent on SB. Lastly, we further adjusted for total 
MVPA (MVPA-S plus MVPA-nonS) in the main analysis 
and applied a bout definition of at least 30 min with up to 
6-minute interruptions (a scaled-up version of the stan-
dard 10-minute bout definition). The proportional haz-
ards assumption was tested by visual inspections of the 
Schoenfeld residuals. Missing covariates were imputed 
using multiple imputations by chained equations (five 
imputations) [28]. Results were pooled according to the 

Rubin’s rule [29]. Statistical significance was determined 
at a two-sided alpha value of 0.05 for all tests. Analyses 
were conducted using R Studio survey package in June 
2024.

Results
MVPA-S presented a right-skewed distribution with a 
median of 0 min/week (interquartile range: 0 to 34 min/
week). MVPA-nonS also followed a right-skewed dis-
tribution with a median of 68  min/week (interquartile 
range: 25 to 139  min/week) (Additional Figs.  3 and  4). 
There was a weak correlation between MVPA-S and 
MVPA-nonS (r = 0.25, P < 0.001) (Additional Fig.  5). In 
participants whose MVPA-S was above zero, the median 
number of MVPA sessions over the seven days of accel-
erometer wear was two. The median length of an entire 
session was 34 min. The overall composition of captured 
sessions was 69.1% MVPA, 24.2% LIPA, and 6.7% SB.

The baseline characteristics across the joint classifi-
cations of MVPA-S and MVPA-nonS are presented in 
Table 1. Age was inversely associated with both MVPA-
S and MVPA-nonS. Participants in the group with lower 
MVPA-S and lower MVPA-nonS were older than those 
in other groups. There were more females than males 
among those with higher MVPA-S and lower MVPA-
nonS. On the other hand, there were less females than 
males among those with higher MVPA-nonS and lower 
MVPA-S.

Table 1 is larger than one A4 or Letter page in length 
and it is placed at the end of the document.

During 13.9 years of follow-up (74,988 person-years), 
there were 1,424 deaths, out of which 472 were CVD-
specific. In model one (Table  2), compared to the com-
mon reference (MVPA-S < 75 and MVPA-nonS < 75 min/
week), accumulating 75 min/week of MVPA-S was asso-
ciated with greater reductions in all-cause and CVD 
mortality compared to accumulating 75  min/week of 
MVPA-nonS. In model two (Table  2), further adjust-
ment for biomarkers and chronic conditions attenuated 
the observed associations, especially for the group with 
lower MVPA-S and higher MVPA-nonS. However, the 
group with higher MVPA-S and lower MVPA-nonS was 
less affected.

In the dose-response analyses, higher levels of MVPA-S 
were consistently associated with a lower risk of all-cause 
mortality regardless of the level of MVPA-nonS. On the 
other hand, the beneficial association between MVPA-
nonS and all-cause mortality was mainly evident among 
those with zero MVPA-S, but not among those who had 
at least one session of MVPA-S. Similarly, the beneficial 
association between MVPA-nonS and CVD mortality 
was also only observed among those with zero MVPA-
S. The lowest hazard of CVD mortality was observed in 
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those achieving ≥ 150  min/week of MVPA-S combined 
with minimal levels of MVPA-nonS.

In age- and sex-stratified analyses, accumulating 
75  min/week of MVPA-S was consistently associated 
with greater reductions in mortality risks compared 
to accumulating 75  min/week of MVPA-nonS (Addi-
tional Tables  2 and  3). In sensitivity analyses, outcomes 
remained largely unchanged when performing complete-
case analysis (Additional Table  4), excluding deaths 
within two years of follow-up (Additional Table  5), and 
conducting competing risk analyses (Additional Table 6). 
Further adjusting for time spent on SB did not change 
the outcomes (Additional Table  7). Further adjusting 
for total MVPA substantially attenuated most associa-
tions, but the group with higher levels of MVPA-S and 
lower levels of MVPA-nonS was less affected (Additional 
Table 8). Applying the algorithm of 30 min with 6-min-
ute interruptions enhanced the cardiovascular benefits of 
combining higher levels of MVPA-S and lower levels of 
MVPA-nonS (Additional Table 9).

Discussion
In this population-based cohort study, we introduced 
an innovative method of categorizing total MVPA into 
MVPA accumulated in sessions and brief, sporadic 
MVPA that did not constitute sessions. These two forms 
of MVPA exhibited a weak correlation (r = 0.25, P < 0.001), 
indicating that they represent distinct types of human 
movement. Our findings highlight the beneficial associa-
tion between MVPA accumulated in sessions and mor-
tality risks. Meeting half of the guideline-recommended 
volume through MVPA-S (i.e., 75 min/week) was associ-
ated with a 52–55% reduction in all-cause mortality and 
a 60–66% reduction in CVD mortality, irrespective of the 
amount of MVPA-nonS. However, meeting half of the 

guideline-recommended volume through MVPA-nonS 
alone was not associated with significant reductions in 
mortality risks. In the secondary analyses, we found that 
the benefits of MVPA-nonS were mainly evident in those 
who had zero minutes of MVPA-S, while MVPA-nonS 
did not provide discernible benefits among those who 
already adhered to the current physical activity guidelines 
through MVPA-S (≥ 150  min/week). Interestingly, we 
found that achieving the current physical activity guide-
lines through MVPA-S while accumulating minimal lev-
els of MVPA-nonS (e.g., less than 50 min/week) appeared 
to be the optimal pattern for cardiovascular health, which 
was associated with more than 80% reductions in CVD 
mortality compared to those accumulating zero minutes 
of any types of MVPA.

When applying the traditional algorithm of 30  min 
with 6-minute interruptions, the favorable CVD out-
come of combining higher MVPA-S and lower MVPA-
nonS was further enhanced, resulting in a nearly 90% risk 
reduction in CVD mortality in this group compared to 
the group with lower MVPA-S and lower MVPA-nonS. 
This evidence supports the selection of 30  min as the 
time window for capturing MVPA sessions. A major dif-
ference between the two algorithms is that the traditional 
algorithm requires 80% of all minutes stay above 2020 
CPM, whereas the novel algorithm is more flexible and 
more capable of capturing a diverse range of MVPA ses-
sions. As observed in the Capture-24 study, many MVPA 
sessions in free-living environments exhibited greater 
variability and complexity than the traditional 80% rule-
of-thumb allows. It appears that, unlike lab-based tread-
mill walking or stationary cycling, free-living MVPA does 
not necessarily maintain a constant speed or physical 
effort during sessions of hiking, gym sports, or transpor-
tation walking.

Table 2  Joint associations of MVPA-S and MVPA-nonS with mortality. Data for mortality are hazard ratios and 95% confidence intervals. 
Model 0 was unadjusted. Model 1 adjusted for age, sex, ethnicity, education, diet quality, smoking, alcohol intake, and light-intensity 
physical activity. Model 2 adjusted for model 1 plus body mass index, systolic blood pressure, emphysema, mobility disability, general 
health status, and diagnoses of diabetes, cardiovascular disease, and cancer. * total MVPA equals the sum of MVPA-S and MVPA-nonS
MVPA (minutes/week) All-cause mortality CVD mortality
MVPA
session

MVPA
non-session

MVPA*
total

Model 0 Model 1 Model 2 Model 0 Model 1 Model 2

Category
(Median)

Category
(Median)

(Median) No. of events / n
1,424 / 5,658

No. of events / n
472 / 5,658

< 75
(0)

< 75
(30)

(32) 1 (ref )
1,143/2,793

1 (ref ) 1 (ref ) 1 (ref )
384/2,793

1 (ref ) 1 (ref )

≥ 75
(148)

< 75
(49)

(195) 0.30
0.22–0.41
46/230

0.47
0.34–0.64

0.48
0.33–0.69

0.20
0.10–0.39
13/230

0.33
0.17–0.67

0.34
0.17–0.70

< 75
(0)

≥ 75
(140)

(157) 0.20
0.17–0.23
201/1,962

0.76
0.62–0.93

0.85
0.71–1.01

0.18
0.13–0.24
64/1,962

0.83
0.58–1.18

0.96
0.69–1.33

≥ 75
(151)

≥ 75
(175)

(361) 0.09
0.06–0.13
34/673

0.38
0.26–0.56

0.45
0.30–0.67

0.06
0.03–0.13
11/673

0.31
0.14–0.68

0.40
0.17–0.90
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Our findings agree with the landmark clinical trials in 
the prevention of diabetes and the secondary preven-
tion of cardiovascular events. Those large-scale clinical 
trials on diabetes prevention have provided convincing 
and promising evidence of a cause-effect relationship 
between physical activity sessions and reductions in 
diabetes incidence [5, 30]. While the impact of physical 
activity sessions on reducing cardiovascular incidence 
among healthy individuals has not been tested in RCTs, a 
meta-analysis of RCTs involving patients with pre-exist-
ing coronary heart disease supported the effectiveness of 
physical activity sessions in reducing cardiovascular mor-
tality [31].

To explore the mechanism of our findings, we tested 
the impact of MVPA-S and MVPA-nonS on cardiore-
spiratory fitness, as measured by sub-maximal exercise 
testing. Among participants with data on estimated max-
imal oxygen consumption (VO2Max) (n = 598), the par-
tial correlation between MVPA-S and VO2Max (r = 0.17, 
P < 0.01) was stronger than that between MVPA-nonS 
and VO2Max (r = 0.05, P = 0.2) adjusting for age, sex, and 
BMI. We speculate that the strong associations between 
MVPA-S and mortality outcomes may be mediated by 
the improved fitness resulting from regular engagement 
in MVPA sessions. This speculation is supported by the 
comparison between our model one and model two: the 
benefits of higher MVPA-S and lower MVPA-nonS on 
mortality risks were less attenuated (only a 1% change 
in hazard ratios) by further adjustment for biomarkers, 
suggesting that MVPA-S had additional health benefits 
beyond the modification of risk factors such as systolic 
blood pressure, lipids, BMI, etc. Although performing 
brief, sporadic MVPA to interrupt sedentary time has 
been shown to reduce glucose, triglycerides, and blood 
pressure [10], whether it can increase VO2Max remains 
to be researched. Sufficiently powered, multicenter, ran-
domized clinical trials are needed to directly compare the 
effects of MVPA-S and MVPA-nonS on fitness and clini-
cal endpoints.

We found that MVPA-S consisted of 95% MPA and 
5% VPA, while MVPA-nonS contained 99% MPA and 
1% VPA. However, we believe that the difference in VPA 
proportions is unlikely to be the main mechanism for 
the observed outcomes. First, the proportions of VPA 
were low in both types of MVPA. Furthermore, previ-
ous research has indicated that MPA and VPA may offer 
comparable benefits in reducing mortality risk when the 
total volume of activity is equivalent [32].

An example of higher MVPA-S combined with lower 
MVPA-nonS is an office worker with a sedentary job 
who regularly participates in leisure-time physical activ-
ity, such as several games of tennis per week. According 
to the mortality outcomes in our analysis, this lifestyle 
would be more beneficial for health than spending a high 

amount of time on brief, sporadic MVPA but engaging in 
limited MVPA sessions. Notably, the group with higher 
MVPA-S and lower MVPA-nonS spent more time on SB 
than the other groups (Additional Table  7). We specu-
late that engaging in MVPA-S may counteract the det-
rimental effects of SB [33]. Our findings provide a novel 
perspective on promoting physical activity: an active, 
healthy lifestyle for benefiting human health may not 
strictly depend on the total volume of MVPA. Instead, 
MVPA accumulated in sessions could be a better metric 
of health-enhancing physical activity than the traditional 
total MVPA.

We found that MVPA-nonS was beneficially linked 
to all-cause and CVD mortality only in the absence of 
MVPA-S. Our findings align well with a recent study 
of the UK Biobank cohort, which suggested that inter-
mittent, brief episodes of MVPA lasting a few minutes 
were associated with a decreased risk of cardiovascular 
incidence and mortality among participants reporting 
no structured exercise [34]. An added insight from our 
analysis is that the maximal benefits of MVPA-nonS was 
observed at approximately 100  min/week. Performing 
additional MVPA-nonS beyond this point provided no 
further reductions in mortality risks.

Our findings do not contradict the previous evidence 
that bouts are not essential for eliciting health benefits 
[4]. Indeed, bouts and sessions are two separate concepts 
in this context. Bouts primarily concern the continuity of 
MVPA, while sessions focus on the overall physical effort 
of MVPA that is concentrated within a specific time 
frame to allow sufficient utilization of aerobic metabo-
lism and activate the molecular pathways for favorable 
adaptations [11]. A session does not necessarily have to 
be continuous or bouted. For example, high-intensity 
interval training, which is non-bouted, can enhance car-
diorespiratory fitness [35], supporting the rationale of 
our algorithm. The well-documented health benefits of 
intermittent sports also favor the plausibility of our find-
ings [36].

Limitations of our study include the relatively small 
sample size compared to other cohorts and the lack of 
repeated measures of physical activity during the follow-
up period. The estimates in our study were based on the 
assumption that the effect of physical activity does not 
change over time, known as the proportional hazards 
assumption. Although we did not identify statistical 
violations of this assumption, it is still possible that the 
effects of the two types of MVPA, along with their impact 
on health, may change during the 14-year follow-up 
period. Another limitation of our study is the paucity of 
information from accelerometry data regarding the pur-
pose of MVPA and the environment in which MVPA was 
performed. Physical activity can be categorized into four 
domains based on its purpose, including recreational, 
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occupational, transportation, and domestic physical 
activity. Previous studies suggest that recreational and 
transportation physical activities are health-enhancing 
while occupational and domestic activities are ineffectual 
or even detrimental [20–22]. Additionally, environmental 
factors such as air pollution have been shown to increase 
oxidative stress and inflammation which can counteract 
the benefits of physical activity [37]. Therefore, it war-
rants further investigation to determine whether the 
favorable health outcome of MVPA-S is driven by the 
physical activity pattern per se or driven by it being con-
ducted as leisure-time activity, avoiding the potential 
psychological stress of work-related physical activity and/
or negative environmental factors.

Another limitation of our study is the small sample 
size in the group with higher MVPA-S and lower MVPA-
nonS (n = 230), resulting in wider confidence intervals in 
the estimation of mortality outcomes. This group was 
predominantly Non-Hispanic White females. The repre-
sentativeness of the group and the generalizability of our 
findings need further investigations. Notably, this group 
had the highest education level, the highest diet quality, 
and the lowest smoking rates, depicting an overall health-
ier lifestyle than other groups. Whether the observed 
association is driven by a synergistic association of com-
bining multiple healthy behaviors or just the pattern of 
MVPA also needs further clarifications. Causal inference 
cannot be drawn from epidemiological research. It is 
impossible to completely rule out all confounders in the 
causal path by conducting statistical adjustment. Addi-
tionally, reverse causality also cannot be ruled out, as it 
could well be that healthy individuals are more inclined 
to participate in MVPA sessions rather than MVPA ses-
sions being the cause of their good health.

In conclusion, MVPA accumulated in sessions that 
lasted at least 30  min was associated with significant 
reductions in mortality risks, while the benefits of MVPA 
not accumulated in such sessions were mainly evident in 
those who had zero MVPA sessions. Whether the health 
implications of the two types of MVPA are substantially 
different warrants further investigation. If confirmed, 
future guidelines may consider providing separate rec-
ommendations for MVPA accumulated in sessions and 
MVPA not accumulated in sessions.
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