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Effects of accelerometer-based sedentary
time and physical activity on DEXA-
measured fat mass in 6059 children

Andrew O. Agbaje 1,2 , Wei Perng3 & Tomi-Pekka Tuomainen1

Globally, childhood obesity is on the rise and the effect of objectively mea-
sured movement behaviour on body composition remains unclear. Long-
itudinal and causal mediation relationships of accelerometer-based sedentary
time (ST), light physical activity (LPA), and moderate-to-vigorous physical
activity (MVPA) with dual-energy X-ray absorptiometry-measured fat mass
were examined in 6059 children aged 11 years followed-up until age 24 years
from the Avon Longitudinal Study of Parents and Children (ALSPAC), UK birth
cohort. Over 13-year follow-up, eachminute/day of STwas associatedwith 1.3 g
increase in fat mass. However, eachminute/day of LPAwas associated with 3.6
g decrease in fat mass and eachminute/day of MVPA was associated with 1.3 g
decrease in fat mass. Persistently accruing ≥60min/day of MVPA was asso-
ciated with 2.8 g decrease in fat mass per each minute/day of MVPA, partly
mediated by decrease insulin and low-density lipoprotein cholesterol. LPA
elicited similar and potentially stronger fat mass-lowering effect than MVPA
and thus may be targeted in obesity and ST prevention in children and ado-
lescents, who are unable or unwilling to exercise.

Childhood obesity remains a global epidemic and the latest World
Health Organization (WHO) physical activity (PA) guideline recom-
mended at least 60min/day of moderate-to-vigorous PA (MVPA) on
average in children and adolescents less than 18 years as a way to
maintain a healthy weight1–4. Most of the objectively measured move-
ment behaviour studies in paediatric populations on which the PA
guidelines are based are cross-sectional or short-term longitudinal
reports, and the rest are questionnaire-based evidence1,5. More than
140 randomized controlled trials have reported little or no effect of
school-based PA interventions on children and adolescent’s bodymass
index (BMI)6,7. Identified knowledge gaps in the paediatric population
include the lack of long-term longitudinal evidence on the relation-
ships of objectively measured sedentary time (ST), light PA (LPA),
and MVPA on progressive changes in objectively measured body
composition1,3,5–8.

Moreover, whether movement behaviours exert their effect on
body composition directly or via metabolic pathways is not fully
known5,9–12. A few biological pathways on the associations between ST
and adiposity identified in an experimental animal model and small
sample-sized human studies include elevated inflammation, altered
lipid and glucose metabolism, and muscular atrophy8–12. It remains
unclear whether movement behaviours may causally influence body
composition during growth and development or whether the asso-
ciation is due to other health determinants or reverse causation bias5.
Clarifying potential causal temporal associations among movement
behaviours and body composition is an important enquiry that has
implications for mounting effective childhood obesity prevention
programs4. Longitudinal evidence on the importance of timing for PA
intervention effect in the growing paediatric population is limited1,5.
It is known that males generally engage in PA more than females,
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potentially yielding better health among males1,5. However, it is
important to clarify whether exposure to the amount of ST or PA
typical of a particular sex, significantly influences body composition
during growth from childhood through young adulthood.

In this work, we examine the longitudinal associations of cumu-
lative accelerometer-measured ST, LPA, and MVPA, with repeated
measures of BMI, waist circumference, total fat mass, trunk fat mass,
and lean mass at ages 11, 15, and 24 years in the total cohort of 6059
children and according to sex. Next, we assess the extent to which the
associations of movement behaviours with body composition are
mediated by glucose, insulin, lipid indices, and inflammation. Fur-
thermore, we examine potential causal and temporal interrelations
(potential reverse causality) among activity levels and body composi-
tion across the follow-up using data from the Avon Longitudinal Study
of Parents and Children (ALSPAC) birth cohort, England, UK. We
identify that during growth from childhood to young adulthood, ST
increased from 6 to 9 h/day, LPA decreased from 6 to 3 h per day, and
MVPA had a U-shaped increase, averaging ~50min/day. Over the 13-
year follow-up, each minute/day of ST was associated with 1.3 g
increase in fat mass. However, each minute/day of LPA was associated
with 3.6 g decrease in fat mass and each minute/day of MVPA was
associated with 1.3 g decrease in fat mass. Persistently accruing
≥60min/day of MVPA was associated with 2.8 g decrease in fat mass
per each minute/day of MVPA when compared with children who
persistently had MVPA< 40min/day. Higher fat mass at age 11 years
may potentially lead to lower MVPA by mid-adolescence, whereas
higher MVPA in mid-adolescence may lead to lower fat mass in young
adulthood, thus ≥60min/day of MVPA should be prioritized in early
childhood. MVPA may potentially lower fat mass via a decrease in
insulin and low-density lipoprotein cholesterol. These findings present
promising evidence for updating future health guidelines. Decreasing
ST by at least 3 h/day and increasing LPA by the same amount during
growth from childhood through young adulthood should be strongly
recommendedwith specific emphasis onmid-adolescence timing. LPA
elicited a similar effect as MVPA and thus may be targeted in obesity
prevention in children and adolescents, who are unable or unwilling to
exercise.

Results
Of 14,901 children who were alive at 1 year of age, 7159 children par-
ticipated in the age 11-year clinic visit, 5509 adolescents participated in
the age 15-year clinic visit and 4026 young adults participated in
the age 24-year clinic visits (Supplementary Fig. 1). Altogether 6059
participants who had at least one timepoint measure of body com-
position and movement behaviour during ages 11–24 years were
included in the primary analyses. Moreover, 2457 participants had at
least one time-point ST, LPA, andMVPAmeasure and completed three
time-point measures of body composition, whereas 917 participants
had complete body composition measures at ages 11, 15, and 24 years
with at least two time-point measures of ST, LPA, andMVPA. From age
11 through 24 years, females had higher total and trunk fat mass but
lower lean mass than males (Table 1). ST increased from 6 to 9 h/day
while LPA decreased 6 to 3 h/day fromages 11 through 24 years in both
males and females (Table 1 and Fig. 1). MVPA in min/day had a J or
U-shaped increase in both males and females, with males accruing
more ≥60min/day of MVPA across the 13-year follow-up period than
females (Table 1 and Fig. 1). Other characteristics and results are pre-
sented in Table 1 and Supplementary Tables 1–14.

Longitudinal associations of ST, LPA, and MVPA with body
composition in 6059 participants
Cumulative ST from childhood through young adulthood was directly
associated with increased BMI, total fat mass, trunk fat mass, and lean
mass but decreased waist circumference cumulatively measured from
ages 11–24 years, after full adjustments for cardiometabolic and

lifestyle factors including LPAandMVPA (Table 2). Cumulative LPAwas
associated with decreased BMI, waist circumference, total fat mass,
trunk fat mass, and lean mass (Table 2). Cumulative MVPA was asso-
ciated with decreased BMI, total fat mass, and trunk fat mass but with
increased waist circumference and lean mass (Table 2). Persistently
engaging in MVPA of ≥60min/day from childhood through young
adulthood was associated with decreased BMI, total fatmass, trunk fat
mass, but with increased leanmass (Table 2). Cumulative ST, LPA, and
MVPA were not associated with the lean mass-to-total fat mass ratio.

Among males, cumulatively ST from childhood was associated
with increasedBMI and leanmassbut not total or trunk fatmassduring
growth from ages 11 through 24 years (Table 3). In females, cumulative
ST was associated with increased BMI, total fat mass, trunk fat mass,
and lean mass but decreased waist circumference (Table 3). In both
males and females, cumulative LPA was associated with decreased
BMI, waist circumference, total fatmass, trunk fatmass, and leanmass
(Table 3). In both males and females, cumulative MVPA and persis-
tently engaging in MVPA of ≥60min/day was associated with
decreased total fatmass, trunk fatmass during growth fromchildhood
through young adulthood (Table 3).

The reduced cohort of 2457 participants
The characteristics of the 2457 participants who had at least one valid
ST and PA variable and complete total fat mass and lean mass are
described in Supplementary Tables 10 and 11. The included 2457 par-
ticipants were similar in characteristics to the 3905 participants
excluded from the study who also had at least one valid ST and PA but
incomplete dual-energyXray absorptiometry (DEXA)measures of total
fat mass and lean mass across all time points (Supplementary
Table 10). The baseline characteristics of the 6059 participants were
similar to the 2457 participants who had at least one ST and PA vari-
ables and complete total fat mass, lean mass, BMI, and waist cir-
cumference variables throughout the follow-up period and the 917
participants who had at least two ST and PA variables and complete
total fat mass, lean mass, BMI, and waist circumference variables
throughout the follow-up period (Table 1 and Supplementary Tables 1,
2, 10, and 11).

In the confounding-based analyses, cumulative ST was directly
associated with increased BMI, waist circumference, total fat mass,
trunk fat mass, and lean mass, after full adjustments for cardiometa-
bolic and lifestyle factors including LPA and MVPA (Table 4). Cumu-
lative LPA was inversely associated with increased total fatmass, trunk
fat mass, and lean mass. Cumulative MVPA was inversely associated
with increased BMI, waist circumference, total fatmass, trunk fatmass,
and lean mass (Table 4). Persistent MVPA of 40 – <60min/day and
≥60min/day from ages 11 to 24 years were inversely associated with
increased waist circumference, total fat mass, and trunk fat mass
(Table 4). In both males and females, cumulative MVPA was inversely
associatedwith increased BMI,waist circumference, total fatmass, and
trunk fat mass (Table 5).

The reduced cohort of 917 participants
Among 917 participants who had at least two time-point measures of
movement behaviour and complete body composition at all three
time-point measurements, cumulative ST was directly associated with
increased BMI, total fat mass, and lean mass but decreased waist cir-
cumference cumulatively measured from ages 11–24 years, after full
adjustments for cardiometabolic and lifestyle factors including LPA
and MVPA (Supplementary Table 3). Cumulative ST was directly
associatedwith increased trunk fatmasswhich significantly attenuated
after adjusting for LPA and MVPA (Supplementary Table 3). Cumula-
tive LPA was inversely associated with increased total and trunk fat
mass, and lean mass but directly associated with increased waist cir-
cumference (Supplementary Table 3). CumulativeMVPAwas inversely
associated with increased lean mass but the inverse associations with
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Table 1 | Descriptive characteristics of 6059participantswhohad at least one time-pointmeasure ofmovement behaviour and
dual-energy Xray absorptiometry-measured fat mass and lean mass at either 11, 15, or 24 years clinic visits

Age at clinic visits/follow-up 11 years 15 years 24 years

Variables Male
(n = 2881)

Female
(n = 3178)

P-value Male
(n = 2881)

Female
(n = 3178)

P-value Male
(n = 2881)

Female
(n = 3178)

P-value

Anthropometry

Age at clinic visit (years),
mean (SD)

11.74 (0.23) 11.74 (0.24) 0.340 15.41 (0.27) 15.44 (0.30) 0.019 24.53 (0.78) 24.44 (0.78) 0.003

Height (m), mean (SD) 1.50 (0.07) 1.51 (0.07) <0.0001 1.74 (0.08) 1.65 (0.06) <0.0001 1.80 (0.07) 1.66 (0.06) <0.0001
*Weight (kg) 40.70 (9.8) 42.0 (12.2) <0.0001 62.45 (11.0) 57.40 (10.6) <0.0001 79.20 (16.02) 64.50 (16.45) <0.0001

Body composition
*Total fat mass (kg) 8.05 (6.46) 10.89 (7.35) <0.0001 8.26 (5.99) 17.07 (8.42) <0.0001 18.42 (10.80) 21.34 (11.34) <0.0001
*Trunk fat mass (kg) 3.01 (2.82) 4.44 (3.61) <0.0001 3.68 (2.84) 7.76 (4.29) <0.0001 9.18 (6.40) 9.51 (6.62) <0.0001
*Lean mass (kg) 29.67 (5.09) 28.82 (6.11) <0.0001 50.24 (8.19) 37.01 (4.97) <0.0001 57.05 (10.16) 41.02 (6.40) <0.0001

Lean mass/fat mass ratio,
mean (SD)

4.01 (2.25) 2.80 (1.29) <0.0001 6.33 (3.47) 2.29 (0.93) <0.0001 3.25 (1.33) 1.89 (0.63) <0.0001

*Body mass index (kg/m2) 17.88 (3.10) 18.32 (3.80) <0.0001 20.27 (2.79) 20.95 (3.69) <0.0001 24.46 (4.40) 23.23 (5.42) 0.021
*Waist circumference (cm) 65.56 (9.5) 64.90 (9.3) 0.088 74.95 (8.1) 75.05 (10.4) 0.573 83.63 (11.48) 74.6 (13.49) <0.0001

Vascular measures

Heart rate (beat/min),mean (SD) 74 (11) 78 (11) <0.0001 71 (12) 77 (12) <0.0001 65 (11) 68 (10) <0.0001

Systolic blood pressure
(mmHg), mean (SD)

105 (9) 106 (10) <0.0001 126 (10) 120 (11) <0.0001 123 (11) 112 (10) <0.0001

Diastolic blood pressure
(mmHg), mean (SD)

58 (6) 59 (6) <0.0001 68 (9) 67 (8) <0.0001 68 (8) 66 (8) <0.0001

Lifestyle and sociodemographic factors

Smoked in the last 30 days (n,%) 34 (1.4)† 85 (3.2)† <0.0001 253 (12.7) 457 (19.6) <0.0001 316 (28.6) 491 (26.9) 0.174

Family history of H-D-C-V (n,%) 468 (29.2) 653 (30.9) 0.140 NA NA

Sedentary time (min/day),
mean (SD)

345 (76) 361 (72) <0.0001 460 (93) 482 (81) <0.0001 527 (83) 523 (85) 0.602

Light physical activity (min/day),
mean (SD)

367 (62) 363 (60) 0.037 286 (71) 270 (63) <0.0001 147 (60) 149 (54) 0.578

MVPA (min/day), mean (SD) 68 (33) 46 (22) <0.0001 55 (30) 41 (34) <0.0001 54 (33) 47 (28) 0.001

MVPA < 40min/day (n,%) 460 (16.5) 1302 (42.6) <0.0001 331 (33.2) 695 (56.3) <0.0001 100 (39.5) 227 (47.9) 0.011

MVPA 40 – <60min/day (n,%) 773 (27.8) 1040 (44.1) <0.0001 276 (27.7) 326 (26.4) <0.0001 65 (25.7) 122 (25.7) 0.011

MVPA ≥60min/day (n,%) 1551 (55.7) 711 (23.3) <0.0001 391 (39.2) 213 (17.3) <0.0001 88 (34.8) 125 (26.4) 0.011

Ethnicity-White (n,%) 2523 (96.1) 2765 (96.5) 0.262 NA NA

Maternal social economic sta-
tus (n,%)

0.887 NA NA

Professional 79 (6.1) 57 (4.1)

Managerial and technical 465 (35.9) 510 (37.0)

Skilled non-manual 479 (37.0) 532 (38.6)

Skilled manual 17 (1.3) 28 (2.0)

Partly skilled 207 (16.0) 205 (14.9)

Unskilled 47 (3.6) 47 (3.4)

Fasting plasma metabolic
indices

15 years 17 years 24 years

High-density lipoprotein (mmol/
L), mean (SD)

1.21 (0.27) 1.36 (0.30) <0.0001 1.19 (0.26) 1.35 (0.32) <0.0001 1.40 (0.37) 1.65 (0.43) <0.0001

Low-density lipoprotein (mmol/
L), mean (SD)

1.99 (0.52) 2.17 (0.56) <0.0001 2.00 (0.57) 2.21 (0.63) <0.0001 2.47 (0.77) 2.43 (0.75) 0.150

*Triglyceride (mmol/L) 0.73 (0.35) 0.75 (0.37) <0.0001 0.75 (0.37) 0.74 (0.36) 0.044 0.95 (0.56) 0.80 (0.41) <0.0001

Glucose (mmol/L), mean (SD) 5.30 (0.39) 5.14 (0.38) <0.0001 5.16 (0.68) 4.91 (0.38) <0.0001 5.48 (0.82) 5.20 (0.52) <0.0001
*Insulin (mU/L) 7.94 (4.71) 9.67 (5.53) <0.0001 5.73 (3.79) 7.15 (4.31) <0.0001 7.41 (4.77) 7.71 (4.98) <0.0001
*High sensitivity C-reactive pro-
tein (mg/L)

0.39 (0.62) 0.32 (0.53) 0.491 0.46 (0.62) 0.65 (1.30) <0.0001 0.63 (0.88) 0.95 (1.86) <0.0001

The values are means (standard deviations) and *median (interquartile range) except for lifestyle factors and ethnicity. Differences between sexes were tested using Student’s t test for normally
distributed continuous variables, Mann–Whitney U test for skewed continuous variables, Chi-square test for dichotomous variable, and analysis of covariance for multicategory variable. A 2-sided
P-value < 0.05 is considered statistically significant.
†Smoking status at age 13 years since there was no smoking data at age 11 years clinic visit.
H-D-C-V hypertension/diabetes/high cholesterol/vascular disease,MVPA moderate-to-vigorous physical activity, NA not available/applicable, p-value for sex differences.
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BMI, waist circumference, total fat mass, and trunk fat mass were not
statistically significant (Supplementary Table 3). Cumulative ST, LPA,
and MVPA were not associated with the lean mass-to-total fat mass
ratio. Cumulative MVPA was associated with decreased total fat mass,
trunk fat mass, and BMI in females but not in males (Supplementary
Tables 3 and 4). The complete case analysis of the longitudinal asso-
ciations of ST, LPA, and MVPA with total fat mass, trunk fat mass, and
lean mass from ages 11 to 24 years were consistent in the unadjusted
model (Supplementary Table 9).

Mediatingor suppressing effects of glucose, insulin, and lipids in
the longitudinal associations of ST, LPA, and MVPA with total
and trunk fat mass and lean mass
In 917 participants with at least two time-point movement behaviour
measures and three time-point body composition measures during
growth from ages 11–24 years, cumulative glucose had no statistically
significantmediating effect on the direct associations of cumulative ST
with increased total fat mass, trunk fat mass and lean mass, while
cumulative lean mass partially mediated (4.4%) the positive associa-
tions of ST with total fat mass (Supplementary Table 5 and Fig. 2).
Cumulative increased insulin and low-density lipoprotein cholesterol
partially suppressed (3.5–7.5%) the positive associations of increased
ST with total and trunk fat mass (Supplementary Table 5 and Fig. 2).
Cumulative glucose and lipid indices had no mediating effect on the
inverse associations of cumulative LPA with increased total fat mass,
trunk fat mass and lean mass (Supplementary Table 6 and Fig. 3).
Cumulative insulin had a partial mediation effect (5.3–5.7%) on the
associations of cumulative LPAwith decreased total fatmass and trunk
fat mass (Fig. 3). Cumulative high-sensitivity C-reactive protein had a
partial mediation effect (7.6%) on the associations of cumulative LPA
with decreased total fat mass (Supplementary Table 6). Cumulative
glucose had a partial suppression effect (5%) on the associations of

cumulative MVPA with decreased total fat mass and trunk fat mass
and a partial mediating effect (19.5%) on the positive associations of
MVPA with increased lean mass (Fig. 4). Cumulative insulin had a
partial mediation effect (8.7%) on the associations of cumulative
MVPA with decreased trunk fat mass (Fig. 4). Total fat mass partially
suppressed (14.6%) the positive associations of cumulative MVPA
with lean mass, while insulin partially mediated (8.5%) the associa-
tions of MVPA with decreased total fat mass (Fig. 1 and Supplemen-
tary Table 7). For sensitivity analyses, additional mediation analyses
were conducted for available blood samples measured only at 15 and
24 years withMVPA and fatmass at 15 and 24 years. The results of the
two follow-up time-point analyses were consistent with the above
three time-point analyses, except that increased low-density lipo-
protein cholesterol from 15 to 24 years mediated the associations
betweenMVPA and decreased total fat mass from ages 15 to 24 years
by 12.8% (Supplementary Table 8).

In the mediation analyses among 2457 participants with at least
one time-point movememt behaviour measure and three time-point
body composition measures during growth from ages 11–24 years,
cumulative glucose, insulin, high-density lipoprotein cholesterol,
low-density lipoprotein cholesterol, and triglyceride, had no med-
iating effect on the positive associations of cumulative ST with
increased total fat mass (Supplementary Table 12). Cumulative lean
mass and high-sensitivity C-reactive protein partially mediated
(2.3–3.9%) the positive associations of ST with total fat mass (Sup-
plementary Table 12). Cumulatively increased insulin, high-density
lipoprotein cholesterol, low-density lipoprotein cholesterol, and tri-
glyceride, had no mediating effect on the associations of cumulative
LPA with decreased total fat mass. Cumulative increased high-
sensitivity C-reactive protein partially mediated (3.7%) the associa-
tions of LPA with decreased total fat mass (Supplementary Table 12).
Cumulative increased high-density lipoprotein cholesterol, lean

Total Fat Mass
Age 11 years

Total Fat Mass
Age 15 years

MVPA
Age 11 years

MVPA
Age 15 yearsβ = 0.19, P<0.0001

Total Fat Mass
Age 24 years

MVPA
Age 24 yearsβ = 0.71, P<0.0001

β = 0.62, P<0.0001 β = 0.68, P<0.0001

Temporal causal longitudinal associa�ons between moderate-to-vigorous physical ac�vity (MVPA) and total body fat mass

Fig. 1 | Mean trajectories of movement behaviours from ages 11 through 24
years in 6059 participants and temporal causal longitudinal associations
between moderate-to-vigorous physical activity and total fat mass with the
mediating effect of cumulative fasting insulin. Trajectory data are presented as
mean values ± SD. (All participants, n = 6059; Male, n = 2881; Female, n = 3178). In
the temporal analysis, the blue arrowdenotes autoregressive associationswhile red
arrow denotes cross-lagged associations. Mediation structural equation model
estimatingnatural direct and indirect effects of the relationshipbetweenmoderate-
to-vigorous physical activity and total fat mass with the mediating effect of insulin

in 917 participants was adjusted for sex, family history of hypertension/diabetes/
high cholesterol/vascular disease, and socioeconomic status, in addition to time-
varying covariates such as age, high sensitivity C-reactive protein, heart rate, sys-
tolic blood pressure, smoking status, sedentary time, light physical activity, high-
density lipoprotein cholesterol, low-density. lipoprotein cholesterol, triglyceride,
lean mass, and glucose. β is standardized regression co-efficient with 95% con-
fidence interval. Two-sided p-value < 0.05 was considered statistically significant.
MVPA, moderate-to-vigorous physical activity.
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mass, and glucose partially suppressed (3–3.4%) the associations of
MVPA with decreased total fat mass (Supplementary Table 12).
Cumulatively increased insulin partially mediated (7.4%) the asso-
ciations of MVPA with decreased total fat mass from ages 11 to 24

years (Supplementary Table 12). These results were consistent in the
sensitivity mediational analyses conducted for available blood sam-
ples measured only at 15 and 24 years with MVPA and fat mass at 15
and 24 years (Supplementary Table 13).

Table 2 | Longitudinal associations of cumulative sedentary time and physical activity with body composition from ages 11
through 24 years (n = 6059)

N = 6059 Body mass index (z-score) Waist circumference (z-score) Trunk fat mass (z-score)

β (95% CI) p-value β (95% CI) p-value β (95% CI) p-value

Continuous cumulative predictor variables from ages 11–24 years

Sedentary Time (min/day)

Model 1 0.142 (0.135–0.150) <0.0001 0.144 (0.134–0.153) <0.0001 0.131 (0.123–0.138) <0.0001

Model 2 0.027 (0.021–0.032) <0.0001 −0.011 (−0.017–−0.006) <0.001 0.026 (0.020–0.032) <0.0001

Model 3 0.020 (0.015–0.025) <0.001 −0.019 (−0.024–−0.014) <0.001 0.020 (0.014–0.025) <0.001

Model 4 0.019 (0.014–0.024) <0.001 −0.017 (−0.022–−0.012) <0.001 0.017 (0.012–0.023) <0.001

Light Physical Activity (min/day)

Model 1 −0.162 (−0.170–−0.155) <0.0001 −0.215 (−0.225–−0.204) <0.0001 −0.149 (−0.156–−0.141) <0.0001

Model 2 −0.035 (−0.040–−0.030) <0.0001 −0.031 (−0.037–−0.026) <0.0001 −0.033 (−0.039–−0.028) <0.0001

Model 3 −0.031 (−0.036–−0.025) <0.0001 −0.035 (−0.041–−0.030) <0.0001 −0.029 (−0.035–−0.024) <0.0001

Model 4 −0.030 (−0.035–−0.025) <0.0001 −0.036 (−0.042–−0.031) <0.0001 −0.028 (−0.034–−0.023) <0.0001

Moderate-to-Vigorous Physical Activity (min/day)

Model 1 −0.048 (−0.057–−0.039) <0.0001 −0.009 (−0.019–0.001) 0.076 −0.061 (−0.070–−0.051) <0.0001

Model 2 −0.014 (−0.020–−0.008) <0.001 0.019 (0.014–0.024) <0.001 −0.027 (−0.034–−0.020) <0.001

Model 3 −0.011 (−0.017–−0.005) <0.001 0.018 (0.013–0.023) <0.001 −0.025 (−0.031–−0.018) <0.001

Model 4 −0.010 (−0.015–−0.004) <0.001 0.019 (0.014–0.024) <0.001 −0.024 (−0.030–−0.017) <0.001

Categorical cumulative predictor variable from ages 11–24 years

Moderate-to-Vigorous Physical Activity ( <40min/day as reference)

40 – <60min/day −0.011 (−0.026–0.003) 0.117 −0.007 (−0.019–0.006) 0.288 −0.053 (−0.068–−0.038) <0.001

≥60min/day −0.020 (−0.036–−0.005) 0.011 0.012 (−0.002–0.026) 0.081 −0.097 (−0.114–−0.080) <0.0001

N =6059 Total fat mass (z-score) Lean mass (z-score) Lean mass/fat mass ratio (z-score)

β (95% CI) p-value β (95% CI) p-value β (95% CI) p-value

Continuous cumulative predictor variables from ages 11–24 years

Sedentary Time (min/day)

Model 1 0.120 (0.113–0.128) <0.0001 0.225 (0.217–0.233) <0.0001 −0.064 (−0.593–0.465) 0.813

Model 2 0.029 (0.023–0.035) <0.0001 0.040 (0.035–0.045) <0.0001 −0.071 (−0.735–0.593) 0.833

Model 3 0.022 (0.016–0.027) <0.001 0.032 (0.027–0.037) <0.0001 −0.189 (−0.814–0.437) 0.554

Model 4 0.019 (0.013–0.024) <0.001 0.033 (0.028–0.038) <0.0001 −0.174 (−0.776–0.429) 0.572

Light Physical Activity (min/day)

Model 1 −0.140 (−0.148–−0.133) <0.0001 −0.237 (−0.245–−0.229) <0.0001 −0.330 (−0.933–0.273) 0.283

Model 2 −0.038 (−0.044–−0.032) <0.0001 −0.042 (−0.048–−0.037) <0.0001 −0.490 (−1.083–0.103) 0.105

Model 3 −0.033 (−0.039–−0.028) <0.0001 −0.035 (−0.040–−0.031) <0.0001 −0.531 (−1.078–0.015) 0.057

Model 4 −0.032 (−0.038–−0.027) <0.0001 −0.036 (−0.041–−0.031) <0.0001 −0.537 (−1.072–−0.001) 0.050

Moderate-to-Vigorous Physical Activity (min/day)

Model 1 −0.056 (−0.065–−0.046) <0.0001 −0.055 (−0.067–−0.044) <0.0001 0.081 (−0.439–0.602) 0.760

Model 2 −0.031 (−0.038–−0.024) <0.001 0.000 (−0.006–0.005) 0.902 0.125 (−0.428–0.677) 0.659

Model 3 −0.028 (−0.035–−0.021) <0.001 0.004 (−0.001–0.010) 0.110 0.118 (−0.396–0.623) 0.653

Model 4 −0.027 (−0.034–−0.020) <0.001 0.006 (0.000–0.011) 0.038 0.138 (−0.365–0.641) 0.591

Categorical cumulative predictor variable from ages 11–24 years

Moderate-to-Vigorous Physical Activity (<40min/day as reference)

40 – <60min/day −0.048 (−0.063–−0.033) <0.001 0.012 (−0.001–0.025) 0.061 0.809 (−1.009–2.627) 0.383

≥60min/day −0.090 (−0.107–−0.073) <0.0001 0.017 (0.002–0.032) 0.025 1.366 (−0.218–2.951) 0.091

For continuous variable analyses,model 1 was unadjusted.Model 2 was adjusted for sex, family history of hypertension/diabetes/high cholesterol/vascular disease, socioeconomic status, and other
time-varying covariates measured at both baseline and follow-up such as age, low-density lipoprotein cholesterol, triglyceride, high sensitivity C-reactive protein, high-density lipoprotein
cholesterol, heart rate, systolic bloodpressure, glucose, insulin, smoking status, and fatmass or leanmass, depending on theoutcome.Model 3was an additional adjustment for sedentary time (LPA
andMVPAmodel) or light physical activity (Sedentary timemodel).Model 4wasan additional adjustment for light physical activity (MVPAmodel) ormoderate-to-vigorousphysical activity (Sedentary
time and LPAmodel). For categorical predictor variable analyses, all the above-listed covariates were adjusted for in onemodel. Skewed covariates were logarithmically transformed. Standardized
regression coefficients (β) were computed from the generalized linear mixed-effect model for repeated measures, direct effect estimates are presented; CI, confidence interval. A 2-sided P-
value < 0.05 is considered statistically significant. Multiple testing was corrected with Sidak correction. Multiple imputations were used to account for missing variables. For continuous variable
predictors (ST, LPA andMVPA), a 1-standard deviation change is associated with a 1-standard deviation change in the outcome. For categorical variable predictor (MVPA), time spent in a category in
relation to the reference is associated with 1-standard deviation change in the outcome.
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Temporal causal (cross-lagged) and inter-relational (auto-
regressive) associations of ST, LPA, and MVPA with total fat
mass and lean mass
ST, LPA, MVPA, total fat mass, and lean mass at age 11 years were
directly associated with their individual variables at age 15 years;
however, onlyMVPA, total fatmass, and leanmass at age 15 years were
directly associated with their individual variables at age 24 years
(Table 6 and Fig. 1). There were no bidirectional relationships between
movement behaviours and body composition either at 11–15 years or
15–24 years observation period (Table 6 and Fig. 1). Higher total fat
mass at 11 years was associatedwith lowerMVPA at 15 years, but higher

MVPA at 15 years was associated with lower total fat mass at 24 years
(Table 6 and Fig. 1). Higher lean mass at 11 years was associated with
higher ST at 15 years, but higher ST at 15 years was associated with
lower lean mass at 24 years (Table 6). Higher MVPA at 15 years was
associated with higher lean mass at 24 years. All other relationships
were not statistically significant (Table 6).

Compositional data analysis of the longitudinal associations of
ST, LPA, andMVPA with body composition in 6059 participants
Cumulative ST relative to LPA andMVPA was associated with increased
total fat mass and trunk fatmass (Supplementary Table 14). Cumulative

Table 3 | Sex-specific longitudinal associations of cumulative sedentary timeandphysical activitywith body composition from
ages 11 through 24 years of 6059 participants (Male; n = 2881; Female; n = 3178)

Body mass index (z-score) Waist circumference (z-score) Trunk fat mass (z-score)

β (95% CI) p-value β (95% CI) p-value β (95% CI) p-value

Male (n = 2881)

Continuous cumulative predictor variables from ages 11–24 years

ST (min/day) 0.012 (0.005–0.020) 0.001 −0.013 (−0.021–−0.006) <0.001 −0.004 (−0.013–0.005) 0.400

LPA (min/day) −0.026 (−0.033–−0.018) <0.001 −0.032 (−0.040–−0.023) <0.001 −0.012 (−0.021–−0.021) 0.012

MVPA (min/day) −0.019 (−0.026–−0.011) <0.001 0.002 (−0.005–0.009) 0.628 −0.026 (−0.035–−0.017) <0.001

Categorical cumulative predictor variable from ages 11–24 years

Moderate-to-Vigorous Physical Activity ( <40min/day as reference)

40 – <60min/day −0.038 (−0.062–0.015) 0.001 −0.008 (−0.029–0.014) 0.482 −0.027 (−0.055–0.000) 0.051

≥60min/day −0.071 (−0.095–−0.046) <0.001 0.000 (−0.022–0.022) 0.980 −0.037 (−0.066–0.008) 0.012

Female (n =3178)

Continuous cumulative predictor variables from ages 11–24 years

ST (min/day) 0.025 (0.018–0.032) <0.001 −0.020 (−0.027–−0.014) <0.001 0.030 (0.024–0.036) <0.0001

LPA (min/day) −0.028 (−0.035–−0.021) <0.001 −0.033 (−0.040–−0.026) <0.0001 −0.032 (−0.038–−0.026) <0.0001

MVPA (min/day) −0.005 (−0.014–0.003) 0.224 0.019 (0.012–0.012) <0.001 −0.016 (−0.023–−0.008) <0.001

Categorical cumulative predictor variable from ages 11–24 years

Moderate-to-Vigorous Physical Activity ( <40min/day as reference)

40 – <60min/day −0.001 (−0.019–0.017) 0.893 −0.031 (−0.046–0.016) <0.001 −0.046 (−0.062–−0.031) <0.001

≥60min/day −0.009 (−0.019–0.017) 0.433 −0.041 (−0.060–0.023) <0.001 −0.077 (−0.096–0.058) <0.001

Total fat mass (z-score) Lean mass (z-score) Lean mass/fat mass ratio (z-score)

Male (n = 2881)

Continuous cumulative predictor variables from ages 11–24 years

ST (min/day) 0.001 (−0.009–0.010) 0.907 0.049 (0.042–0.057) <0.0001 −0.052 (−1.405–1.300) 0.940

LPA (min/day) −0.018 (−0.028–−0.009) <0.001 −0.057 (−0.065–−0.050) <0.0001 −1.472 (−2.704–−0.241) 0.019

MVPA (min/day) −0.028 (−0.038–−0.019) <0.001 0.006 (−0.002–0.013) 0.160 0.337 (−0.634–1.309) 0.496

Categorical cumulative predictor variable from ages 11–24 years

Moderate-to-Vigorous Physical Activity ( <40min/day as reference)

40 – <60min/day −0.071 (−0.099–−0.044) <0.001 0.014 (−0.010–0.038) 0.253 0.607 (−4.226–5.440) 0.805

≥60min/day −0.141 (−0.170–−0.112) <0.0001 0.046 (0.021–0.071) <0.001 0.975 (−2.793–4.743) 0.612

Female (n =3178)

Continuous cumulative predictor variables from ages 11–24 years

ST (min/day) 0.026 (0.020–0.032) <0.0001 0.029 (0.024–0.034) <0.0001 −0.247 (−0.534–0.040) 0.091

LPA (min/day) −0.035 (−0.041–−0.029) <0.0001 −0.026 (−0.031–−0.021) <0.0001 −0.150 (−0.578–0.277) 0.490

MVPA (min/day) −0.015 (−0.022–−0.007) <0.001 0.009 (0.003–0.015) 0.006 0.309 (−0.149–0.767) 0.186

Categorical cumulative predictor variable from ages 11–24 years

Moderate-to-Vigorous Physical Activity ( <40min/day as reference)

40 – <60min/day −0.050 (−0.066–−0.035) <0.001 0.028 (0.015–0.041) <0.001 0.714 (−0.552–1.979) 0.269

≥60min/day −0.090 (−0.108–−0.071) <0.0001 0.045 (0.029–0.061) <0.001 1.200 (−0.250–2.650) 0.105

Model was adjusted for family history of hypertension/diabetes/high cholesterol/vascular disease and socioeconomic status, and time-varying covariates measured at both baseline and follow-up
such as age, low-density lipoprotein cholesterol, triglyceride, high sensitivity C-reactive protein, high-density lipoprotein cholesterol, heart rate, systolic blood pressure, glucose, insulin, smoking
status, and fat mass, lean mass, depending on outcome with additional adjustments for both sedentary time (ST) and light physical activity (LPA) or moderate-to-vigorous physical activity (MVPA)
depending on the predictor. Skewed covariates were logarithmically transformed. Standardized regression coefficients (β)were computed fromgeneralized linear mixed-effect model for repeated
measures, direct effect estimates are presented; CI, confidence interval. A 2-sided P-value <0.05 is considered statistically significant. Multiple testingwas correctedwith Sidak correction. Multiple
imputationswere used to account formissing variables. A 1-standarddeviation change in ST, LPA, andMVPA is associatedwith a 1-standarddeviation change in the outcome. For categorical variable
predictor (MVPA), time spent in a category in relation to the reference is associated with 1-standard deviation change in the outcome.
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LPA relative to ST and MVPA was associated with decreased total fat
mass and trunk fat mass. Cumulative MVPA relative to ST and LPA was
associatedwith decreased total fatmass and trunk fatmass. Cumulative
LPAorMVPA relative to STwas associatedwith decreased total fatmass
and trunk fat mass (Supplementary Table 14).

Discussion
In the largest and longest follow-up study of children with objectively
measured movement behaviour and DEXA-measured body composi-
tion to date, we showed that movement behaviours may be an inde-
pendent and potential causal risk factor for increased fat mass from
childhood through young adulthood. We thus conclude because first,
in the confounding-based longitudinal analyses, we observed that
cumulative ST was independently and directly associated with
increased BMI, total fat mass, and trunk fat mass, whereas cumulative
LPA and persistent ≥60min/day of MVPA were associated with
decreased BMI, total fat mass, and trunk fat mass. Next, in the

mediation analyses, we reported that cumulative glucose had no
mediating effect on the longitudinal relationships of ST, LPA, and
MVPAwith fatmass, however, cumulative insulin and lipids had partial
mediating roles. Lastly, using cross-lagged temporal causal path ana-
lyses, we observed that higher total fat mass in childhood temporally
preceded lowerMVPA in adolescence, but higherMVPA inadolescence
temporally preceded lower total fat mass in young adulthood.

The consistency in the direct longitudinal associations of ST and
increased adiposity irrespective ofmodel strategy and independent of
LPA and MVPA strongly suggests that ST is deleterious for paediatric
population health1,3,13. Although we did not observe a potential tem-
poral relationship between ST and fat mass it likely exerted its influ-
ence through different pathways such as a decrease in lipoprotein
lipase activity, decreased oxidative stress regulation as experimented
in mice, and an increase in insulin level8,14–16. The mediation analyses
showed that a higher insulin concentration which could reflect
hyperinsulinemia was associated with higher total body fat mass.

Table 4 | Longitudinal associations of cumulative sedentary time and physical activity with body composition from ages 11
through 24 years of 2457 participants with at least one time-point measure of movement behaviour and three time-point
measures of body composition (n = 2457)

N = 2457 Body mass index (z-score) Waist circumference (z-score) Trunk fat mass (z-score)

β (95% CI) p-value β (95% CI) p-value β (95% CI) p-value

Continuous cumulative predictor variables from ages 11–24 years

Sedentary Time (min/day)

Model 1 0.235 (0.224–0.247) <0.0001 0.240 (0.228–0.253) <0.0001 0.225 (0.213–0.237) <0.0001

Model 2 0.020 (0.014–0.027) <0.001 0.010 (0.002–0.018) 0.020 0.018 (0.011–0.026) <0.001

Light Physical Activity (min/day)

Model 1 −0.269 (−0.280–−0.258) <0.0001 −0.258 (−0.270–−0.245) <0.0001 −0.261 (−0,273–−0.250) <0.0001

Model 2 −0.004 (−0.011–0.003) 0.231 −0.006 (−0.015–0.002) 0.141 −0.012 (−0.020–−0.004) 0.003

Moderate-to-Vigorous Physical Activity (min/day)

Model 1 −0.052 (−0.067–−0.038) <0.001 −0.081 (−0.096–−0.096) <0.0001 −0.063 (−0.079–−0.047) <0.001

Model 2 −0.010 (−0.018–−0.003) 0.005 −0.015 (−0.024–−0.006) <0.001 −0.022 (−0.032–−0.012) <0.001

Categorical cumulative predictor variable from ages 11–24 years

Moderate-to-Vigorous Physical Activity (<40min/day as reference)

40 – <60min/day −0.006 (−0.024–0.012) 0.501 −0.031 (−0.054–−0.008) 0.008 −0.029 (−0.050–−0.009) 0.005

≥60min/day −0.021 (−0.037–−0.004) 0.018 −0.034 (−0.055–−0.012) 0.002 −0.050 (−0.070–−0.031) <0.001

N = 2457 Total fat mass (z-score) Lean mass (z-score) Lean mass/fat mass ratio (z-score)

β (95% CI) p-value β (95% CI) p-value β (95% CI) p-value

Continuous cumulative predictor variables from ages 11–24 years

Sedentary Time (min/day)

Model 1 0.210 (0.198–0.222) <0.0001 0.357 (0.344–0.370) <0.0001 −0.057 (−0.068–−0.045) <0.0001

Model 2 0.021 (0.013–0.029) <0.001 0.047 (0.040–0.054) <0.001 0.002 (−0.007–0.011) 0.660

Light Physical Activity (min/day)

Model 1 −0.251 (−0.262–−0.239) <0.0001 −0.374 (−0.386–−0.362) <0.0001 0.092 (0.081–0.104) <0.0001

Model 2 −0.013 (−0.021–−0.005) <0.001 −0.018 (−0.025–−0.012) <0.001 0.005 (−0.004–0.014) 0.296

Moderate-to-Vigorous Physical Activity (min/day)

Model 1 −0.053 (−0.068–−0.037) <0.001 −0.104 (−0.124–−0.084) <0.0001 0.005 (−0.007–0.018) 0.401

Model 2 −0.021 (−0.031–−0.011) <0.001 −0.031 (−0.039–−0.024) <0.001 0.006 (−0.005–0.017) 0.291

Categorical cumulative predictor variable from ages 11–24 years

Moderate-to-Vigorous Physical Activity ( <40min/day as reference)

40 – <60min/day −0.029 (−0.049–−0.009) 0.005 −0.016 (−0.035–0.003) 0.095 0.023 (−0.001–0.048) 0.060

≥60min/day −0.047 (−0.067–−0.028) <0.001 −0.067 (−0.085–−0.049) <0.001 0.016 (−0.007–0.040) 0.174

For continuous variable analyses,model 1 was unadjusted.Model 2 was adjusted for sex, family history of hypertension/diabetes/high cholesterol/vascular disease, socioeconomic status, and other
time-varying covariates measured at both baseline and follow-up such as age, low-density lipoprotein cholesterol, triglyceride, high sensitivity C-reactive protein, high-density lipoprotein
cholesterol, heart rate, systolic blood pressure, glucose, insulin, smoking status, and fat mass or lean mass, depending on the outcome and additional adjustment for both sedentary time and light
physical activity or moderate-to-vigorous physical activity depending on the predictor. For categorical predictor variable analyses, all the above-listed covariates were adjusted for in one model.
Skewed covariates were logarithmically transformed. Standardized regression coefficients (β)were computed from the generalized linear mixed-effect model for repeated measures, direct effect
estimates are presented; CI, confidence interval. A 2-sided P-value <0.05 is considered statistically significant. Multiple testingwas correctedwith Sidak correction. Multiple imputations were used
to account formissingvariables. Forcontinuousvariable predictors (ST, LPAandMVPA), a 1-standarddeviation change is associatedwith a 1-standarddeviationchange in theoutcomeForcategorical
variable predictor (MVPA), time spent in a category in relation to the reference is associated with 1-standard deviation change in the outcome.
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However, higher ST was associated with decreased insulin concentra-
tion. Evidence suggests that a 6-day period of physical inactivity
reduces insulin action, through the reduction in Glut-4 levels in
endurance-trained runners’ skeletal muscle10,11. ST has been associated
with increased endoplasmic reticulum oxidative stress, inflammation,
and mitochondrial dysfunction, which could result in beta cell insuf-
ficiency and decreased insulin secretion8,11,17. It is however plausible
that optimal insulin levels in relatively healthy young populations may
offer minimal protection against the deleterious effect of ST on body
fat since the magnitude of the suppression effect of insulin on the
relationship between ST and fat mass was 7.5%.

We observed that increased ST was associated with increased fat
mass via an increase in muscle mass. While the pathophysiological
mechanism may not be fully understood, it is known that skeletal
musclemass regulationof lipoprotein lipase activity is impairedduring
physical inactivity8,9,11. Lipoprotein lipase influences cholesterol meta-
bolism, the partitioning of triglyceride-derived fatty acid uptake
between different tissues, downstream intracellular effects related to
lipid availability, alterations in muscle glucose, and fatty acid
metabolism8,9. Glucose had no mediating effect while low-density
lipoprotein cholesterol had a partial suppression role in the relation-
ship of STwith fatmass. A study recently reported that accelerometer-
based ST from ages 11 to 15 years was not associated with adiposity at
age 17 years18. The contrast in our findings with this study18 may be due
to longer follow-up and accounting for the dynamic changes in fat
mass during growth from childhood through young adulthood. In this
study, ST steadily increased from ~6 h/day in childhood to ~9 h/day by
young adulthood. We observed that every 1min/day spent in ST was
associatedwith a 1.3 g increase in total fatmass and that bothmale and
female children gained approximately 10 kg of fatmass during growth
fromchildhooduntil young adulthood. This implies that STpotentially
contributed 700 g to 1 kg of fat mass (approximately 7–10%) of the
total fat mass gained during growth from childhood until young

adulthood. Among adults, >10 h/day of ST has been associated with an
increased risk of incident cardiovascular events15,19. These findings
provide answers to the American Academy of Pediatrics, the European
Childhood Obesity Group’s and systematic reviews and meta-analysis
identified gaps in knowledge on the independent impact of ST on
adiposity from childhood through young adulthood3,4,6,7. Of note,
cumulative STwas associatedwith increased total and trunk fatmass in
females but not in males. This might be related to males accumulating
fewer minutes in ST and physiologically had lesser fat mass.

There is a substantial lack of longitudinal evidence on the inten-
sity of accelerometer-measured PA in relation to body composition
outcomes in the paediatric population, especially, for those who lack
motivation or are unable to achieve the recommended guideline of at
least 60min/day of MVPA1,5,13,20. A meta-analysis of cross-sectional
studies concluded that reallocating ST with LPA was not significantly
associated with any adiposity outcomes20. In the present longitudinal
study, cumulative LPA was associated with decreased total fat mass
and trunk fat mass from childhood through young adulthood.
Although this association may be partially suppressed by increased
insulin levels, the paediatric population especially those with chronic
diseases or mobility challenges could benefit from LPA. Obesity has
been strongly associated with metabolic syndrome and our finding
may suggest that an LPA-induced decrease in total and truncal adip-
osity may lower the risk of metabolic syndrome in the paediatric
population21. The mediation analyses revealed that LPAmay not lower
fat mass via glucose or lipid pathway but partly by decreasing low-
grade inflammation22 but further experimental and mechanistic stu-
dies are warranted. Among adults, LPA has been associated with a
reduced risk of all-cause mortality23,24. In our cohort we observed that
each 1min/day spent in LPA was associated with a 3.6 gram reduction
in total fat mass which may be clinically significant1,3. This implies that
cumulative LPAdecreased total body fatmass by 950 g to 1.5 kg during
growth from childhood to young adulthood, approximately 9.5–15%

Table 5 | Sex-specific longitudinal associations of cumulative sedentary time andphysical activitywith body composition from
ages 11 through 24 years of 2457 participants with at least one time-point measure of movement behaviour and three time-
point measures of body composition. (Male; n = 964; Female; n = 1493)

Body mass index (z-score) Waist circumference (z-score) Trunk fat mass (z-score)

β (95% CI) p-value β (95% CI) p-value β (95% CI) p-value

Male (n =964)

ST (min/day) 0.008 (−0.002–0.017) 0.102 0.000 (−0.012–0.013) 0.949 0.007 (−0.007–0.021) 0.309

LPA (min/day) 0.000 (−0.011–0.010) 0.961 0.003 (−0.010–0.016) 0.639 −0.004 (−0.019–0.011) 0.621

MVPA (min/day) −0.013 (−0.023–0.002) 0.020 −0.015 (−0.027–−0.004) 0.010 −0.022 (−0.038–−0.006) 0.008

Female (n = 1493)

ST (min/day) 0.026 (0.017–0.035) <0.001 0.005 (−0.005–0.016) 0.309 0.020 (0.013–0.028) <0.001

LPA (min/day) 0.000 (−0.009–0.008) 0.938 −0.006 (−0.016–0.005) 0.292 −0.009 (−0.017–−0.001) 0.024

MVPA (min/day) −0.014 (−0.024–−0.003) 0.011 −0.020 (−0.033–−0.007) 0.003 −0.024 (−0.034–−0.014) <0.001

Total fat mass (z-score) Lean mass (z-score) Lean mass/fat mass ratio (z-score)

Male (n =964)

ST (min/day) 0.008 (−0.006–0.022) 0.247 0.066 (0.054–0.0) <0.0001 0.043 (0.026–0.061) <0.001

LPA (min/day) −0.003 (−0.018–0.013) 0.736 −0.029 (−0.040–−0.018) <0.001 −0.020 (−0.038–−0.002) 0.026

MVPA (min/day) −0.025 (−0.042–−0.009) 0.003 −0.014 (−0.026–−0.001) 0.031 0.021 (0.004–0.037) 0.015

Female (n = 1493)

ST (min/day) 0.020 (0.012–0.027) <0.001 0.033 (0.027–0.040) <0.0001 −0.019 (−0.027–−0.011) <0.001

LPA (min/day) −0.008 (−0.016–−0.001) 0.033 −0.015 (−0.022–−0.009) <0.001 0.008 (−0.001–0.016) 0.066

MVPA (min/day) −0.023 (−0.032–−0.014) <0.001 0.000 (−0.023–0.010) 0.979 0.024 (0.015–0.034) <0.001

Model was adjusted for family history of hypertension/diabetes/high cholesterol/vascular disease and socioeconomic status, and time-varying covariates measured at both baseline and follow-up
such as age, low-density lipoprotein cholesterol, triglyceride, high sensitivity C-reactive protein, high-density lipoprotein cholesterol, heart rate, systolic blood pressure, glucose, insulin, smoking
status, and fat mass, lean mass, depending on outcome with additional adjustments for both sedentary time (ST) and light physical activity (LPA) or moderate-to-vigorous physical activity (MVPA)
depending on the predictor. Skewed covariates were logarithmically transformed. Standardized regression coefficients (β)were computed fromgeneralized linear mixed-effect model for repeated
measures, direct effect estimates are presented; CI, confidence interval. A 2-sided P-value <0.05 is considered statistically significant. Multiple testingwas correctedwith Sidak correction. Multiple
imputations were used to account for missing variables. A 1-standard deviation change in ST, LPA, and MVPA is associated with a 1-standard deviation change in the outcome.

Article https://doi.org/10.1038/s41467-023-43316-w

Nature Communications |         (2023) 14:8232 8



decrease in overall 10 kg gain in fat mass during the 13-year observa-
tion period. Exposure to LPA appears to have a higher fat mass-
lowering effect than MVPA in consonance with a previous report on
the longitudinal relationships between movement behaviour and
inflammation but more studies across different ethnic and racial
groups are needed22. We observed that while LPA decreased from 6h/
day in childhood to 3 h/day in young adulthood, ST increased from6h/
day in childhood to 9 h/day in young adulthood. The significant loss in
time spent in LPA was gained by ST, thus, these findings could con-
tribute to updating future PA guidelines which currently largely focus
on anaverage of 60min/day ofMVPAwhich80%of adolescents do not
meet1,25. A paradigm shift towards increasing and sustaining LPA of at
least 3 h/day may yield several health benefits but more longitudinal
evidence is warranted22.

To accumulate at least 60min/dayofMVPAon average in children
and adolescents has been recommended by the WHO, however, the
guideline is largely based on iso-temporal accelerometer cross-
sectional studies and a few short-term longitudinal studies1,5.
Persistently accruing ≥60min/day of MVPA throughout the 13-year
follow-up period was associated with decreasing waist circumference,
total fat mass, and trunk fat mass from childhood through young
adulthood. We observed that each 1min/day spent in MVPA was
associated with a 1.3 gram reduction in total fatmass. When compared
to children who persistently spent <40min/day in MVPA, participants
who persistently accumulated 40 to 59.9min/day in MVPA had a 1.4
gram reduction in total fat mass per each minute/day of MVPA, but
those who persistently spent ≥60min/day of MVPA from childhood
through young adulthood had a 2.8 gram reduction in total fat mass
per each minute/day of MVPA. Time spent in MVPA including at least
60 min/day of MVPA during growth from childhood through young
adulthood was associated with 70 to 170 g (approximately 0.7–1.7%)

reduction in 10 kg gain in total body fat mass from childhood through
young adulthood. Thus, MVPA intensity of ≥60min/day may be
necessary to significantly attenuate total and truncal adiposity in the
long term. MVPA may lower fat mass via decreased low-density lipo-
protein cholesterol and insulin pathways. Earlier, in the same cohort, a
2-year change in MVPA as a continuous variable measured between
ages 11.8 and 13.9 years was significantly and inversely associated with
a 2-year change in total fat mass, without accounting for changes in
plasma lipid, glucose, insulin, and inflammation26.

Importantly, MVPA in mid-adolescence may potentially lower
total fat mass in young adulthood but increase lean mass via an
increased glucose pathway. There was a significant drop in MVPA in
mid-adolescence compared to childhood and young adulthood
resulting in a U or J-shaped curve. This drop in MVPA in mid-
adolescencemay be related to a high total fatmass in childhoodwhich
was associated with reduced MVPA by mid-adolescence in the tem-
poral causal path, suggesting that obesity may decrease a child’s
interest in participating in MVPA1,5,13. Hence, at least 60min of MVPA
before age 11 years should be highly prioritized to prevent childhood
obesity, since a higher BMI z-score in childhood has been associated
with an increased risk of premature death by age 40 years1,5,13,27.
Another explanation for the U or J-shaped curve may be due to dif-
ferent cutpoints used in adolescence (MVPA > 2296 counts per min-
ute) and young adulthood (MVPA > 2020 counts perminute), since the
average count per minute in the entire cohort steadily declined across
the 13-year follow-up period28–30. While the results in 917 participants
with at least two time-point valid accelerometer measures suggested
that MVPA was associated with lower total fat mass in females but not
inmales, the analyses using a larger sample size of both 2457 and 6059
participants with less strict inclusion criteria of at least one time-point
accelerometer measure indicates that increased MVPA was associated

Fig. 2 |Mediating or suppressing role of cumulative fasting plasmaglucose and
insulin on the longitudinal associations of cumulative sedentary time (ST) and
total fat mass, trunk fat mass, and leanmass from ages 11 through 24 years of
917 participants. A Sedentary time with total fat mass and glucose as a mediator.
B Sedentary time with total fat mass and insulin as a mediator. C Sedentary time
with trunk fatmass and glucose as amediator.D Sedentary timewith trunk fatmass
and insulin as a mediator. E Sedentary time with lean mass and glucose as a med-
iator. F Sedentary time with lean mass and insulin as a mediator. When the mag-
nitude of the longitudinal association between the predictor and outcome is
increased upon inclusion of a third variable, a suppression is confirmed, However,

when decreased it is mediation. Mediation structural equation model estimating
natural direct and indirect effects was adjusted for sex, family history of hyper-
tension/diabetes/high cholesterol/vascular disease, and socioeconomic status, in
addition to time-varying covariates such as age, high-sensitivity C-reactive protein,
heart rate, systolic blood pressure, smoking status, light physical activity,
moderate-to-vigorous physical activity, high-density lipoprotein cholesterol, low-
density. lipoprotein cholesterol, triglyceride, total fat mass, lean mass, glucose or
insulin depending on the mediator and outcome. β is standardized regression co-
efficient. Two-sided p-value < 0.05 were considered statistically significant.
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with lower total fat mass in both males and females. This disparity in
findings is likely due to a lower sample size, i.e 334 males of 917 par-
ticipants in comparison with 964 males of 2457 participants or 2881
males of 6059 participants. These consistent sex-specific findings
suggest that PA is beneficial to both males and females irrespective of
the exposure time to PA which might depend on inherent biological
characteristics.

The ALSPAC dataset provides an extensive array of gold-standard
and repeated measures of movement behaviours, body composition,
and covariates throughout the follow-up period in a large paediatric
population. Using advanced statistical models, we tested the like-
lihood of reverse causality, temporality, potential causal explanatory
pathway, and consistency of the findings for the first time in a pae-
diatric population. Our findings aptly fill several knowledge gaps
recently identified in movement behaviour research and would be
useful in updating future PA guidelines1,3–7. On the other hand, our
study has some limitations. Our participants were mostly White;
therefore, we are unable to generalize our findings to other racial and
ethnic groups. Moreover, as with all observational studies, residual
biases due to unmeasured confounders may distort observed asso-
ciations such as the unavailability of quantitative sleep variables. Also,
cohort attrition could lead to bias, however, participants who lacked
certain movement behaviour and body composition variables had
similar characteristics to those included in the analyses. The non-
availability of fasting blood samples at baseline measures of ST, PA,
and fat mass at age 11 years may limit the mediation analyses. More-
over, the misalignment between data collection of blood samples at
the 17-year clinic visit with accelerometer and adiposity data at either
15 or 24-year clinic visit may bias the mediation analysis results.
However, we conducted additional mediating analyses only with
accelerometer and adiposity data and blood samples using only 2-time
point measures at ages 15 and 24 years for predictor, mediator, and

outcomes, and the results were substantially similar to the original
analysis involving accelerometer and adiposity data at 11, 15 and 24
years with blood samples at 15, 17 and 24 years. Furthermore, we
repeated themediation analyses in the cohort of 2457participantswho
had at least one PA validmeasure and the results were consistent. Also,
we repeated the 15 and 24-year specific mediation analyses including
only blood samples at 15 and 24 yearswith PA and fatmass at 15 and 24
years in the expanded cohort of 2457 participants and the results were
similar to previous findings. These consistencies in findings support
the validity of the mediation analyses.

In conclusion, ST increased from6 to9 h/day, LPAdecreased from
6 to 3 h/day, and MVPA had a U-shaped increase from childhood
through young adulthood. ST increase was associated with increased
total fat mass and truncal fat mass while cumulative LPA and MVPA
were associated with lower total fat mass and truncal fat mass. Over a
13-year follow-up period, persistent exposure to ≥60min/day ofMVPA
was associated with decreased total fat mass and truncal fat mass and
MVPAmaypotentially lower total fatmass via a decrease in insulin and
low-density lipoprotein cholesterol. Each minute/day of ST was asso-
ciated with 1.3 g increase in total fat mass. However, each minute/day
of LPA was associated with 3.6 g decrease in total fat mass and each
minute/day of MVPA was associated with 1.3 g decrease in total fat
mass. LPA elicited a similar effect asMVPA and thusmay be targeted in
obesity prevention in children and adolescents, who are unable or
unwilling to exercise. Accumulating 3-4 h/day of LPA may lower
total fat mass ten times more than accumulating 60min/day of MVPA.
Higher total fat mass at age 11 years may potentially lead to lower
MVPA by mid-adolescence, thus ≥60min/day of MVPA should
be prioritized in early childhood. Further experimental and interven-
tion studies are needed to clarify the mechanisms through which
movement behaviours alter body composition in a growing asymp-
tomatic paediatric population. Future guidelines could emphasize

Fig. 3 |Mediating or suppressing role of cumulative fasting plasmaglucose and
insulin on the longitudinal associations of cumulative light physical activity
(LPA) with cumulative total fat mass, trunk fat mass, and leanmass from ages
11 through 24 years of 917 participants. A Light physical activity with total fat
mass and glucose as a mediator. B Light physical activity with total fat mass and
insulin as a mediator. C Light physical activity with trunk fat mass and glucose as a
mediator. D Light physical activity with trunk fat mass and insulin as a mediator.
E Light physical activity with lean mass and glucose as a mediator. F Light physical
activity with lean mass and insulin as a mediator. When the magnitude of the
longitudinal association between the predictor and outcome is increased upon

inclusion of a third variable, a suppression is confirmed, However, when decreased
it is mediation. Mediation structural equation model estimating natural direct and
indirect effects was adjusted for sex, family history of hypertension/diabetes/high
cholesterol/vascular disease, and socioeconomic status, in addition to time-varying
covariates such as age, high-sensitivity C-reactive protein, heart rate, systolic blood
pressure, smoking status, sedentary time, moderate-to-vigorous physical activity,
high-density lipoprotein cholesterol, low-density. lipoprotein cholesterol, trigly-
ceride, total fat mass, leanmass, glucose or insulin depending on themediator and
outcome. β is standardized regression co-efficient. Two-sided p-value < 0.05 were
considered statistically significant.
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the importance of early LPA and MVPA intervention before mid-
adolescence for optimal obesity prevention. Decreasing ST by at least
3 h/day and increasing LPA by the same amount during growth from
childhood through young adulthood should be strongly recom-
mended with specific emphasis on mid-adolescence timing.

Methods
Study cohort
Data were from the ALSPAC birth cohort, which investigates factors
that influence childhood development and growth. Pregnant women
resident in Avon, UK with expected dates of delivery between 1st
April 1991 and 31st December 1992 were invited to take part in the
study. Altogether 20,248 pregnancies were eligible, and 14,541
pregnancies were initially enroled. Of the initial pregnancies, there
were 14,676 foetuses, 14,062 live births and 13,988 childrenwhowere
alive at 1 year of age. An attempt was made to bolster the initial
sample with eligible cases who had failed to join the study originally
when the oldest children were approximately 7 years of age. As a
result, when considering variables collected from the age of seven
onwards (and potentially abstracted from obstetric notes) there are
data available for more than the 14,541 pregnancies mentioned
above. By the age of 24-year clinic visits, 906 new pregnancies not in
the initial sample (known as Phase I enrolment) have been added,
resulting in an additional 913 children being enroled (456, 262 and
195 recruited during Phases II, III and IV respectively). Thus, the total
sample size for analyses using any data collected after the age of
seven is therefore 15,447 pregnancies, resulting in 15,658 foetuses
and 14,901 children who were alive at age 1 year. At age 7 years,
regular clinic visits of the children were commenced and are still
ongoing into adulthood. Using the REDCap electronic data capture

tools, study data at age 24 years clinic visit were collected and
managed31. In this study, 6059 participants who had at least one time-
point valid measure of ST and PA and one time-point DEXA body
composition measure were included in the analyses. Moreover, 2457
participants had at least one time-point valid measure of ST and PA
with complete DEXA measures at three time-points during the 13-
year follow-up (Supplementary Fig. 1). However, 917 participants had
complete measures of total fat mass, trunk fat mass and lean mass,
BMI, and waist circumference at age 11, 15, and 24 years clinic visits,
and at least two time-point valid ST, LPA, andMVPAmeasurements at
either age 11, 15, or 24 years clinic visit (Supplementary Fig. 1). The
excluded participants who had at least two timepoint measures of
ST and PA and incomplete body composition measures during the
13-year-long follow-up study had similar characteristics to those
included in the study (Supplementary Table 1). Further details
regarding participant selection are presented in the supplementary
information file. Ethical approval for the studywas obtained from the
ALSPAC Ethics and Law Committee and the Local Research Ethics
Committees. Informed consent for the use of data collected via
questionnaires and clinics was obtained from participants following
the recommendations of the ALSPAC Ethics and Law Committee at
the time32–34. Consent for biological samples has been collected in
accordance with the Human Tissue Act (2004). All participants were
asked to complete one clinic visit that lasted about 2–3 h. As com-
pensation for participating in the study, participants received a £40
e-voucher valid at most online retailers or high street stores in
the UK. Please note that the study website contains details of all the
data that is available through a fully searchable data dictionary and
variable search tool (http://www.bristol.ac.uk/alspac/researchers/
our-data/).

Fig. 4 |Mediatingor suppressing role of cumulative fasting plasmaglucose and
insulin on the longitudinal associations of cumulative moderate-to-vigorous
physical activity (MVPA) with cumulative total fat mass, trunk fat mass, and
lean mass from ages 11 through 24 years of 917 participants. A Moderate-to-
vigorous physical activity with total fat mass and glucose as a mediator.
B Moderate-to-vigorous physical activity with total fat mass and insulin as a
mediator. C Moderate-to-vigorous physical activity with trunk fat mass and glu-
cose as a mediator. DModerate-to-vigorous physical activity with trunk fat mass
and insulin as amediator. EModerate-to-vigorous physical activity with leanmass
and glucose as a mediator. F Moderate-to-vigorous physical activity with lean
mass and insulin as a mediator. When the magnitude of the longitudinal

association between the predictor and outcome is increased upon inclusion of a
third variable, a suppression is confirmed, However, when decreased it is med-
iation. Mediation structural equation model estimating natural direct and indir-
ect effects was adjusted for sex, family history of hypertension/diabetes/high
cholesterol/vascular disease, and socioeconomic status, in addition to time-
varying covariates such as age, high-sensitivity C-reactive protein, heart rate,
systolic blood pressure, smoking status, sedentary time, light physical activity,
high-density lipoprotein cholesterol, low-density. lipoprotein cholesterol, tri-
glyceride, total fatmass, leanmass, glucose or insulin depending on themediator
and outcome. β is standardized regression co-efficient. Two-sided p-value < 0.05
were considered statistically significant.
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Exposures: Sedentary time and physical activity assessment
With an ActiGraphTM (LLC, Fort Walton Beach, FL, USA) accelerometer
worn on the waist for 7 consecutive days, ST, LPA, and MVPA were
assessed at 11- and 15-year clinic visits, whereas at 24 years movement
behaviour was assessed using ActiGraph GT3X+ accelerometer device
worn for four consecutive days22,35. Strong absolute agreement
between the ActigraphTM models (intraclass correlation coefficient
0.99 (95% CI = 0.98–0.99) has been reported, thus it is acceptable to
use different models within a study29. Providing data for at least 10 h
per day (excluding sequences of 10 or more minutes with consecutive
zero counts) was considered a valid day and children were only
included in the analyses if they provided at least 3 valid days of
recording. The devices capturemovement in termsof acceleration as a
combined function of frequency and intensity. Data are recorded as
counts that result from summing postfiltered accelerometer values
(raw data at 30Hz) into 60-second epoch units. Data were processed
using Kinesoft software, version 3.3.75 (Kinesoft), according to estab-
lished protocol28. Activity counts per minute threshold validated in
children and adolescents were used to calculate the amount of time
spent; the Evenson cutpoint MVPA, >2296 counts per minute; for LPA,
100–2296 counts per minute; and for ST, 0 – <100 counts per minute
was used at ages 11 and 15 years whereas, at the 24-year clinic assess-
ment, the 2020 counts per minute Troiano cut point was used28,30,36.
The Evenson cutpoint used in stratifying activity threshold has been
suggested as the most appropriate cut point for youth having shown
the best overall performance across all intensity levels30,36. Pearson bi-
variate correlations (r2) between cumulative 11, 15, and 24 years ST and
LPA are (−0.70), ST and MVPA (−0.33), LPA and MVPA (0.19), p-
value < 0.001 for all. For each age clinic visit, at age 11 years, the cor-
relations between ST and LPA are (−0.59), ST and MVPA (−0.27), LPA
and MVPA (0.12), p-value < 0.001 for all. At age 15 years clinic visit, the
correlations between ST and LPA are (−0.47), ST and MVPA (−0.35),
LPA andMVPA (0.35), p-value < 0.001 for all. At age 24 years clinic visit,
the correlations between ST and LPA are (−0.18), p =0.009, ST and
MVPA (−0.22), p = 0.002, LPA and MVPA (0.14), p =0.043. These cor-
relation matrices are similar to a meta-analysis of cross-sectional
accelerometer report37. MVPA was classified as <40min/day as low
(reference), 40 – <60min/day as moderate, and ≥60min/day as high.
The 40 – <60min/day of MVPA was based on the lowest tertile cut-
point (39.95min) for MVPA in the total population. The cut point
between the middle and highest MVPA tertile was 59.8min/day in line
with the current PA guideline1.

Outcomes: anthropometry and body composition
Height was measured to the nearest 0.1 cm with Harpenden wall-
mounted stadiometer (Holtain Ltd, Crosswell, Crymych, UK), weight to
the nearest 0.1 kgwasmeasured using (Tanita TBF-401Model A, Tanita
Corp., Tokyo, Japan electronic scale), waist circumference to the
nearest 1mm at the midpoint between the lower ribs and the pelvic
bone with a flexible tape was assessed, and BMI was computed as
weight in kilograms per height in metres squared38,39. Body composi-
tion (total fat mass, trunk fat mass, and lean mass) was assessed using
DEXA scanner (GE Medical Systems, Madison, Wisconsin) at 11, 15, and
24-year clinic visits38–41. RepeatedDEXAmeasurements for 122 children
were performed on the same day, and the repeatability coefficient
(twice the standard deviation of the difference between measurement
occasions) for body fat mass was 0.5 kg39,40,42. Lean mass-to-total fat
mass ratio was computed at all three-time points.

Confounders and covariates: Cardiometabolic, socioeconomic,
and lifestyle factors
Heart rate and systolic and diastolic blood pressure were measured
with Dinamap 9301 Vital Signs Monitor (Morton Medical, London,
United Kingdom) at ages 11 and 15, and Omron M6 monitor at age 24
years38,39. Fasting blood samples at ages 15, 17, and 24 years were

collected, spun, and frozen at –80 °C, using standard protocols, and a
detailed assessment of fasting glucose, insulin, high-sensitivity C-
reactive protein, low-density lipoprotein cholesterol, high-density
lipoprotein cholesterol, and triglycerides has been reported (coeffi-
cient of variation was <5%)38–40. Fasting insulin was measured using an
ultrasensitive automated microparticle enzyme immunoassay (Mer-
codia),whichdoes not cross-reactwith proinsulin and the sensitivity of
the immunoassay was 0.07mU/L42,43. Participants were briefly asked
about their personal and family (mother, father, and siblings) medical
history such as a history of hypertension, diabetes, high cholesterol,
and vascular disease at the 17-year clinic visit. Biological sex variable
was collected by ALSPAC staff at delivery, from medical records, or
birth notifications. All participants had attained puberty at the 17-year
clinic visitwhichwasestimated from time inyears to age at peakheight
velocity objective assessment derived from Superimposition by
Translation And Rotation mixed-effects growth curve analysis39,43,44.
The participant’s mother’s socioeconomic status was grouped
according to the 1991 BritishOffice of Population andCensus Statistics
classification45. Questionnaires to assess smoking behaviour were
administered at the 13, 15, and 24-year clinic visits. A specific question
regarding whether participants smoked in the last 30 days was used as
an indicator of current smoking status.

Handling of missing covariates and multiple imputations
Eligible sample size varied by covariates and exclusions via listwise
deletion of missing values ranging from 27.6% to 50.1% for covariates
at either 11, 15, or 24-year clinic visits. The study participants were
those who had at least one time-point measure at ages either 11, 15, or
24 years (N = 6059) and repeated the analyses among participants
who met with more strict inclusion criteria. A Little’s missing com-
pletely at random (MCAR) test was conducted to ascertain data
missingness46. With Little’s MCAR test: Chi-Square = 1159.60, degree
of freedom = 260, p-value < 0.0001, we concluded that the variables
were not missing completely at random. Regression-modelled mul-
tiple imputations were conducted using SPSS version 27 (IBM Corp,
Armonk, NY, USA). 20 cycles of imputation with 10 iterations gener-
ated 20 imputed data sets and the specified constraints for the
imputation process were the observed minimum and maximum
values. In line with previous evidence38, the percentage of missing
values would be sufficiently addressed with 20 imputations: the
variable with the highest missing value (50.1%, maternal socio-
economic status) had an estimate that was 98% efficient after 20
imputations (computed using Rubin’s formula)46. The distributions of
imputed variables were similar to the observed data when checked
with histogram normality plot. Presenting pooled imputed results
after conductingmultiple imputations is preferred to presenting non-
imputed results47.

Statistical analysis
The descriptive characteristics of the participants were summarized
as frequencies and percentages, means and standard deviation, or
medians and interquartile ranges. We explored sex differences using
independent t tests, Mann–Whitney U tests, or Chi-square tests for
normally distributed, skewed, or dichotomous variables, respec-
tively. Multicategory variables were analysed using a one-way analy-
sis of variance. Normality was assessed by quantile-quantile plot,
histogram curve, and Kolmogorov-Smirnov tests with p-value > 0.05.
We conducted a logarithmic transformation of skewed model resi-
duals and confirmed normality prior to further analysis (mediation
and temporal analysis).

Analyses of longitudinal associations. We examined the separate
longitudinal associations of each of the 13-year ST, LPA, and MVPA
progression (11 through 24 years) with each of BMI, waist cir-
cumference, total fatmass, trunk fatmass, leanmass, and leanmass to
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fat mass ratio measured at ages 11, 15, and 24 years using generalized
linear mixed-effectmodels (GLMM)with an identity link. The GLMM is
robust for handling highly correlated variables such as ST and LPA48.
The optimal model with the lowest Bayesian Information Criteria was
one with sex as a main effect, a random intercept modelled for the
participants and family cluster to account for within-individual corre-
lations. Whilst the GLMM with a full information maximum likelihood
is robust for handlingmissing at random predictor and covariate data,
we elected to additionally conduct 20 cycles of multiple imputations
to account for missing data. The GLMM accounted for baseline ST,
LPA, MVPA predictors, body composition outcomes, and covariates
and their repeated measures. Model 1 was unadjusted. Model 2 was
adjusted for sex, family history of hypertension/diabetes/high cho-
lesterol/vascular disease, socioeconomic status, and other time-
varying covariates measured at three time-points such as age, low-
density lipoprotein cholesterol, triglyceride, high-sensitivity C-reactive
protein, high-density lipoprotein cholesterol, heart rate, systolic blood
pressure, glucose, insulin, smoking status, and total fat mass or lean
mass depending on the outcome. Model 3 was an additional adjust-
ment for ST or LPA, depending on the predictor. Model 4 was an
additional adjustment for LPAorMVPA, depending on the predictor to
mutually adjust for activity levels.AdifferentGLMMwas conducted for
each sex and sex-specific analyses were not adjusted for sex. BMI and
lean mass-to-fat mass ratio outcomes were not adjusted for total fat
mass and lean mass.

Mediation path analyses. Mediating path analyses using structural
equation models separately examined the mediating role of cumu-
lative glucose and insulin on the longitudinal associations of cumu-
lative ST, LPA, or MVPA with each of cumulative total fat mass, trunk
fatmass, and leanmass. Themediation analysis was conducted in line
with the Guideline for Reporting Mediation Analyses of Randomized
Trials and Observational Studies (AGReMA)49. The examined media-
tionmechanismbetweenPA andbody composition is partly based on
previous studies in which higher PA was associated with a better
metabolic profile with the latter, in turn, associated with a reduced
risk of obesity1,5,11,50. The natural direct and indirect effects were
estimated and presented51,52. Analyses were adjusted for age, sex,
high-density lipoprotein cholesterol, low-density lipoprotein cho-
lesterol, triglyceride, high-sensitivity C-reactive protein, family his-
tory of hypertension and cardiovascular diseases, smoking status,
heart rate, glucose, insulin, ST, LPA, MVPA, total fat mass, or lean
mass depending on the mediator, predictor, or outcome. The rela-
tionships between exposures, outcomes, and confounders are por-
trayed in the directed acyclic graph in Supplementary Fig. 2. The path
models had three equations per regression analysis: the longitudinal
associations of cumulative ST, LPA, orMVPAwith cumulative glucose
or insulin (Equation 1); the longitudinal associations of cumulative
glucose or insulin with total fat mass, trunk fat mass, or lean mass
(Equation 2); and the longitudinal associations of cumulative ST,
LPA, and MVPA with cumulative total fat mass, trunk fat mass or lean
mass (Equation 3, total effect), and Equation 3’ (direct effect)
accounted for the mediating role of glucose or insulin on the long-
itudinal associations of cumulative ST, LPA, and MVPA with cumu-
lative total fat mass, trunk fat mass or lean mass. The proportion of
mediating or suppressing roles was estimated as the ratio of the
difference between Equation 3 and Equation 3’ or the multiplication
of Equations 1 and 2 divided by Equation 3 and expressed in per-
centage. A mediating or indirect role is confirmed when there are
statistically significant associations between (a) the predictor and
mediator, (b) the predictor and outcome, (c) the mediator and out-
come, and when (d) the longitudinal association between the pre-
dictor and outcome variable was attenuated upon inclusion of the
mediator53. However, when the magnitude of the longitudinal asso-
ciation between the predictor and outcome is increased upon

inclusion of a third variable, a suppression is confirmed53. This means
that suppression occurs when the mediational path has an opposite
effect, i.e. instead of a decrease in the point estimate of the direct
effect between an exposure and an outcome in relation to the total
effect, there is rather an increase in the direct effect above the total
effect’s point estimate53. We additionally examined the mediating or
suppressing role of lipids, an inflammatory marker, and either total
fat mass or lean mass depending on the outcome variable on the
longitudinal associations of cumulative ST, LPA, and MVPA with
cumulative total fatmass and leanmass. We considered a statistically
significant mediation or suppression of <1% as minimal, and ≥1%
as partial. Path analyses were conducted with 1000 bootstrapped
samples54,55.

Temporal causal path analyses. Lastly, we used structural equation
modelling with autoregressive cross-lagged design to examine the
separate temporal associations of ST, LPA, andMVPAwith eachof total
fat mass and lean mass. The cross-lagged models first tested the
separate associations of ST, LPA, and MVPA at 11 years with each of
total fatmass and leanmass at 15 years. Next, the separate associations
of total fat mass and leanmass at 11 years with ST, LPA, andMVPA at 15
years were examined. Thereafter, we examined the separate associa-
tions of ST, LPA, and MVPA at 15 years with each of total fat mass and
leanmass at 24 years. Lastly, the separate associations of total fatmass
and lean mass at 15 years with ST, LPA, and MVPA at 24 years were
examined. Thesemodelswere adjusted for all the covariatesmeasured
at 11 and 15 years or 15 and 17 years for metabolic factors. In the cross-
lagged design, the potential association could be; ST, LPA, and MVPA
leading to obesity risks, obesity risks leading to ST, LPA, and MVPA, or
bidirectional associations of ST, LPA, and MVPA with obesity risks. If a
path from ST, LPA, and MVPA at time t-1 (11 years) to each of total fat
mass and lean mass at time t-2 (15 years) reach significant (p-value <
0.05), changes in the earlier variables are considered to temporally
precede changes in the later, and viceversa. Likewise, if a path fromST,
LPA, and MVPA at time t-2 (15 years) to each of total fat mass and lean
mass at time t-3 (24 years) reach significant (p-value < 0.05), changes in
the earlier variables are considered to temporally precede changes in
the later, and vice versa. A stronger predictive effect is determinedby a
larger standardized regression coefficient. Error terms were included
in the cross-lagged model.

Collinearity diagnoses were performed and accepted results with
a variance inflation factor <5, considered differences and associations
with a 2-sided p-value < 0.05 as statistically significant, and made
conclusions based on effect estimates and their confidence intervals
(CI). Covariates were identified based on previous studies and
are portrayed in the directed acyclic graph (Supplementary
Fig. 2)1,5,40,42,43,45,50,56–58. We applied Sidak-correction for potential mul-
tiple comparisons. To ascertain the robustness of the results, we
conducted additional analyses among 2457 participants who had at
least a one-time point measure of ST and PA and complete DEXA
measure of total fat mass and lean mass and among 917 participants
who had at least a two-time-point measure of ST, PA, and complete
three time-pointmeasure of total fatmass and leanmass during the 13-
year follow-up. We also presented compositional data analyses with
the isometric log-ratio transformation of movement behaviour in
relation to body composition outcomes in the supplementary infor-
mation file59. Analyses involving 50% of a sample of 10,000 ALSPAC
children at 0.8 statistical power, 0.05 alpha, and 2-sided p-value would
show aminimum detectable effect size of 0.048 standard deviations if
they had relevant exposure for a normally distributed quantitative
variable60. All statistical analyses were performed using SPSS statistics
software, Version 27.0 (IBMCorp, Armonk, NY, USA), whilst mediation
analyses and auto-regressive cross-lagged temporal causal path
structural equation modelling were conducted using AMOS version
27.0. Chicago: IBM SPSS.

Article https://doi.org/10.1038/s41467-023-43316-w

Nature Communications |         (2023) 14:8232 14



Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All individual-level data analysed in this study can be accessed via an
approved application to ALSPAC Executive. The informed consent
obtained fromALSPACparticipants does not allow thedata to bemade
freely available through any third-party maintained public repository -
ALSPAC access policy (PDF, 614kB), Section 6.7.1.1b. Summary statis-
tics of the data supporting the key findings of this study are available in
the article and in its Supplementary Data files. The ALSPAC data
management plandescribes in detail the policy regarding data sharing,
which is through a system of managed open access. Full instructions
for applying for data access can be found here: http://www.bristol.ac.
uk/alspac/researchers/access/. The ALSPAC study website contains
details of all the data that are available (http://www.bristol.ac.uk/
alspac/researchers/our-data/). To access data, please submit your
research proposal (https://proposals.epi.bristol.ac.uk/) for considera-
tion by the ALSPAC Executive Committee. You will receive a response
within 10 working days to advise you whether your proposal has been
approved.Onceyour researchproposal hasbeen approved, youwill be
assigned a data buddywhowill help you at every stage of your project.
They will send you the relevant paperwork and documentation for
accessing the data and samples. Please read the ALSPAC access policy
(PDF, 614kB) which describes the process of accessing the data and
samples in detail, and outlines the costs associated with doing so. If
you have any questions about accessing data, please email alspac-
data@bristol.ac.uk. The data points which were used to plot the tra-
jectories in Fig. 1 are provided in the Source Data file. Source data are
provided with this paper.

Code availability
Only publicly available tools (SPSS statistics software, Version 27.0
(IBM Corp, Armonk, NY, USA) and AMOS version 27.0. Chicago: IBM
SPSS) were used in data analysis and the parameters have been
described wherever relevant in Methods and Reporting Summary.

References
1. Bull, F. C. et al. World Health Organization 2020 guidelines on

physical activity and sedentary behaviour. Br. J. Sports Med. 54,
1451–1462 (2020).

2. Di Cesare, M. et al. The epidemiological burden of obesity in
childhood: a worldwide epidemic requiring urgent action. BMC
Med. 17, 212 (2019).

3. Hampl, S. E. et al. Clinical practice guideline for the evaluation and
treatment of children and adolescents with obesity. Pediatrics 151.
https://doi.org/10.1542/peds.2022-060640 (2023).

4. Hanssen H., et al. Lifestyle interventions to change trajectories of
obesity-related cardiovascular risk from childhood onset to mani-
festation in adulthood: a joint scientific statement of the task force
for childhood health of the European Association of Preventive
Cardio. Eur. J. Prev. Cardiol. 30 (2023).

5. DiPietro, L. et al. Advancing the global physical activity agenda:
recommendations for future research by the 2020 WHO physical
activity and sedentary behavior guidelines development group. Int.
J. Behav. Nutr. Phys. Act. 17, 143 (2020).

6. Neil-Sztramko, S. E., Caldwell, H. & Dobbins, M. School-based
physical activity programs for promoting physical activity and fit-
ness in children and adolescents aged 6 to 18. Cochrane Database
Syst. Rev. 9, CD007651 (2021).

7. Hodder, R. K. et al. Interventions to prevent obesity in school-aged
children 6-18 years: An update of aCochrane systematic review and
meta-analysis including studies from 2015-2021. EClinicalMedicine
54, 101635 (2022).

8. Pinto, A. J. et al. The physiology of sedentary behavior. Physiol. Rev.
103, 2561–2622 (2023).

9. Bey, L. & Hamilton, M. T. Suppression of skeletalmuscle lipoprotein
lipase activity during physical inactivity: a molecular reason to
maintain daily low-intensity activity. J. Physiol.551, 673–682 (2003).

10. Bunprajun, T., Henriksen, T. I., Scheele, C., Pedersen, B. K. & Green,
C. J. Lifelong physical activity prevents aging-associated insulin
resistance in human skeletal muscle myotubes via increased glu-
cose transporter expression. PLoS ONE 8, e66628 (2013).

11. Yaribeygi, H., Maleki, M., Sathyapalan, T., Jamialahmadi, T. &
Sahebkar, A. Pathophysiology of physical inactivity-dependent
insulin resistance: a theoretical mechanistic review emphasizing
clinical evidence. J. Diabetes Res. 2021, 7796727 (2021).

12. Burini, R. C., Anderson, E., Durstine, J. L. & Carson, J. A. Inflamma-
tion, physical activity, and chronic disease: an evolutionary per-
spective. Sport Med. Heal Sci. 2, 1–6 (2020).

13. Wyszyńska, J. et al. Physical activity in the prevention of childhood
obesity: The Position of the EuropeanChildhoodObesityGroup and
the European Academy of Pediatrics. Front. Pediatr. 8,
535705 (2020).

14. Hamilton, M. T., Hamilton, D. G. & Zderic, T. W. Exercise physiology
versus inactivity physiology: an essential concept for under-
standing lipoprotein lipase regulation. Exerc. Sport. Sci. Rev. 32,
161–166 (2004).

15. Lavie, C. J., Ozemek, C., Carbone, S., Katzmarzyk, P. T. & Blair, S. N.
Sedentary behavior, exercise, and cardiovascular health. Circ. Res.
124, 799–815 (2019).

16. Pulsford, R. M., Blackwell, J., Hillsdon, M. & Kos, K. Intermittent
walking, but not standing, improves postprandial insulin and
glucose relative to sustained sitting: a randomised cross-over
study in inactive middle-aged men. J. Sci. Med. Sport. 20,
278–283 (2017).

17. Slentz, C. A. et al. Effects of exercise training intensity onpancreatic
beta-cell function. Diabetes Care. 32, 1807–1811 (2009).

18. Kwon, S., Ekelund, U., Kandula, N. R. & Janz, K. F. Joint associations
of physical activity and sedentary time with adiposity during ado-
lescence: ALSPAC. Eur. J. Public Health 32, 347–353 (2022).

19. Chau, J. Y. et al. Daily sitting time and all-cause mortality: a meta-
analysis. PLoS ONE 8, e80000 (2013).

20. García-Hermoso, A., Saavedra, J. M., Ramírez-Vélez, R., Ekelund, U.
& Del Pozo-Cruz, B. Reallocating sedentary time to moderate-to-
vigorous physical activity but not to light-intensity physical activity
is effective to reduce adiposity among youths: a systematic review
and meta-analysis. Obes. Rev. J. Int. Assoc. Study Obes. 18,
1088–1095 (2017).

21. Weiss, R. et al. Obesity and themetabolic syndrome in children and
adolescents. N. Engl. J. Med. 350, 2362–2374 (2004).

22. Agbaje A. O. Longitudinal mediating effect of fatmass and lipids on
sedentary time, light PA, and MVPA with inflammation in youth. J.
Clin. Endocrinol. Metab. 108 (2023).

23. Ekelund, U. et al. Dose-response associations between accel-
erometry measured physical activity and sedentary time and all
cause mortality: systematic review and harmonised meta-analysis.
BMJ 366, l4570 (2019).

24. Banach M., et al. The association between daily step count and all-
cause and cardiovascular mortality: a meta-analysis. Eur. J. Prev.
Cardiol. https://doi.org/10.1093/eurjpc/zwad229 (2023).

25. Guthold, R., Stevens, G. A., Riley, L. M. & Bull, F. C. Global trends in
insufficient physical activity among adolescents: a pooled analysis
of 298 population-based surveys with 1·6 million participants. Lan-
cet Child Adolesc. Heal. 4, 23–35 (2020).

26. Riddoch, C. J. et al. Prospective associations between objective
measuresof physical activity and fatmass in 12−14 year old children:
theAvon Longitudinal Studyof Parents andChildren (ALSPAC).BMJ
339, b4544 (2009).

Article https://doi.org/10.1038/s41467-023-43316-w

Nature Communications |         (2023) 14:8232 15

http://www.bristol.ac.uk/alspac/researchers/access/
http://www.bristol.ac.uk/alspac/researchers/access/
http://www.bristol.ac.uk/alspac/researchers/our-data/
http://www.bristol.ac.uk/alspac/researchers/our-data/
https://proposals.epi.bristol.ac.uk/
https://doi.org/10.1542/peds.2022-060640
https://doi.org/10.1093/eurjpc/zwad229


27. Jacobs, D. R. et al. Childhood cardiovascular risk factors and adult
cardiovascular events. N. Engl. J. Med. 386, 1877–1888 (2022).

28. Troiano, R. P. et al. Physical activity in the United States measured
by accelerometer. Med. Sci. Sports Exerc. 40, 181–188 (2008).

29. Robusto, K. M. & Trost, S. G. Comparison of three generations of
ActiGraphTM activity monitors in children and adolescents. J. Sports
Sci. 30, 1429–1435 (2012).

30. Migueles, J. H. et al. Accelerometer data collection and processing
criteria to assess physical activity and other outcomes: a systematic
review and practical considerations. Sport Med. 47,
1821–1845 (2017).

31. Harris, P. A. et al. The REDCap consortium: building an international
community of software platform partners. J. Biomed. Inform. 95,
103208 (2019).

32. Boyd, A. et al. Cohort profile: the’Children of the 90s’—the index
offspring of the avon longitudinal study of parents and children. Int
J. Epidemiol. 42, 111–127 (2013).

33. Fraser, A. et al. Cohort profile: the avon longitudinal study of par-
ents and children: ALSPAC mothers cohort. Int J. Epidemiol. 42,
97–110 (2013).

34. Northstone, K. et al. The Avon Longitudinal Study of Parents and
Children (ALSPAC): an update on the enrolled sample of index
children in 2019. Wellcome Open Res. 4, 51 (2019).

35. Agbaje, A. O. Associations of accelerometer-based sedentary time,
light physical activity and moderate-to-vigorous physical activity
with resting cardiac structure and function in adolescents accord-
ing to sex, fatmass, leanmass, BMI, andhypertensive status.Scand.
J. Med. Sci. Sports 33, 1399–1411 (2023).

36. Trost, S. G., Loprinzi, P. D., Moore, R. & Pfeiffer, K. A. Comparison of
accelerometer cut points for predicting activity intensity in youth.
Med Sci. Sports Exerc. 43, 1360–1368 (2011).

37. Wijndaele, K. et al. Substituting prolonged sedentary time and
cardiovascular risk in children and youth: ameta-analysis within the
International Children’s Accelerometry database (ICAD). Int J.
Behav. Nutr. Phys. Act. 16, 96 (2019).

38. Agbaje, A. O., Barker, A. R. & Tuomainen, T. P. Effects of arterial
stiffness andcarotid intima-media thicknessprogressionon the risk
of overweight/obesity andelevatedbloodpressure/hypertension: a
Cross-Lagged Cohort Study. Hypertension 79, 159–169 (2022).

39. Agbaje, A. O., Barker, A. R. & Tuomainen, T. P. Cumulative muscle
mass and blood pressure but not fat mass drives arterial stiffness
and carotid intima-media thickness progression in the young
population and is unrelated to vascular organ damage. Hypertens.
Res. 46, 984–999 (2023).

40. Agbaje, A. O., Barker, A. R., Mitchell, G. F. & Tuomainen, T. P. Effect
of arterial stiffness and carotid intima-media thickness progression
on the risk of dysglycemia, insulin resistance, and dyslipidaemia: a
temporal causal longitudinal study. Hypertension 79,
667–678 (2022).

41. Agbaje, A. O. Arterial stiffness preceding metabolic syndrome in
3862 adolescents: A Mediation and Temporal Causal Longitudinal
Birth Cohort Study. Am. J. Physiol. Heart Circ. Physiol. 324,
H905–H911 (2023).

42. Agbaje, A. O. Mediating role of body composition and insulin
resistance on the association of arterial stiffness with blood pres-
sure among adolescents: the ALSPAC study. Front. Cardiovasc.
Med. 9, 939125 (2022).

43. Agbaje, A. O., Zachariah, J. P., Bamsa, O., Odili, A. N. & Tuomainen,
T. P. Cumulative insulin resistance and hyperglycaemiawith arterial
stiffness and carotid IMT progression in 1779 adolescents: a 9-Year
Longitudinal Cohort Study. Am. J. Physiol. Endocrinol. Metab. 324,
E268–E278 (2023).

44. Frysz, M., Howe, L. D., Tobias, J. H. & Paternoster, L. Using SITAR
(Superimposition by translation and rotation) to estimate age at
peak height velocity in avon longitudinal study of parents and

children [version 2; referees: 2 approved]. Wellcome Open Res. 3,
90 (2018).

45. Agbaje, A. O., Barker, A. R. & Tuomainen, T. P. Cardiorespiratory
fitness, fat mass, and cardiometabolic health with endothelial
function, arterial elasticity, and stiffness.Med. Sci. Sport Exerc. 54,
141–152 (2022).

46. Rubin, D. B. An overview of multiple imputation. Proc. Surv. Res
methods Sect. Am. Stat. Assoc. 16, 79–84 (1988).

47. Mackinnon, A. The use and reporting of multiple imputation in
medical research—a review. J. Intern. Med. 268, 586–593 (2010).

48. Schielzeth, H. et al. Robustness of linear mixed-effects models to
violations of distributional assumptions. Methods Ecol. Evol. 11,
1141–1152 (2020).

49. Lee, H. et al. A guideline for reporting mediation analyses of ran-
domized trials and observational studies: The AGReMA Statement.
JAMA 326, 1045–1056 (2021).

50. Hill, J. O. & Wyatt, H. R. Role of physical activity in preventing and
treating obesity. J. Appl. Physiol. 99, 765–770 (2005).

51. VanderWeele, T. J. Controlled direct and mediated effects: defini-
tion, identification and bounds. Scand. Stat. Theory Appl. 38,
551–563 (2011).

52. Richiardi, L., Bellocco, R. & Zugna, D. Mediation analysis in epide-
miology: methods, interpretation and bias. Int. J. Epidemiol. 42,
1511–1519 (2013).

53. MacKinnon, D. P., Krull, J. L. & Lockwood, C. M. Equivalence of the
mediation, confounding and suppression effect. Prev. Sci. 1,
173–181 (2000).

54. Preacher, K. J. & Hayes, A. F. Asymptotic and resampling strategies
for assessing and comparing indirect effects in multiple mediator
models. Behav. Res. Methods 40, 879–891 (2008).

55. Preacher, K. J. & Hayes, A. F. SPSS and SAS procedures for esti-
mating indirect effects in simple mediation models. Behav. Res.
Methods Instrum. Comput. 36, 717–731 (2004).

56. Agbaje, A. O. et al. Temporal longitudinal associations of carotid-
femoral pulse wave velocity and carotid intima-media thickness
with resting heart rate and inflammation in youth. J. Appl. Physiol.
134, 657–666 (2023).

57. Agbaje, A. O., Lloyd-Jones, D.M.,Magnussen, C. G. & Tuomainen, T.
P. Cumulative dyslipidemia with arterial stiffness and carotid IMT
progression in asymptomatic adolescents: a simulated intervention
longitudinal study using temporal inverse allocation model. Ather-
osclerosis 364, 39–48 (2023).

58. Agbaje, A. O., Zachariah, J. P. & Tuomainen, T. P. Arterial stiffness
but not carotid intima-media thickness progression precedes pre-
mature structural and functional cardiac damage in youth: A 7-year
temporal and mediation longitudinal study. Atherosclerosis 380,
117197 (2023).

59. Egozcue, J., Pawlowsky-Glahn, V., Mateu-Figueras, G. & Barcelo-
Vidal, C. Isometric logratio transformations for compositional data
analysis. Math. Geol. 35, 279–300 (2003).

60. Golding, G., Pembrey, P. & Jones, J. ALSPAC—The Avon Long-
itudinal Study of Parents and Children I. Study methodology. Pae-
diatr. Perinat. Epidemiol. 15, 74–87 (2001).

Acknowledgements
We are extremely grateful to all the families who took part in this study,
the midwives for their help in recruiting them, and the whole ALSPAC
team, which includes interviewers, computer and laboratory techni-
cians, clerical workers, research scientists, volunteers, managers,
receptionists and nurses. The UK Medical Research Council and Well-
come (Grant ref: 217065/Z/19/Z) and the University of Bristol provide
core support for ALSPAC. The British Heart Foundation grant (CS/15/6/
31468) funded blood pressure, carotid-femoral pulse wave velocity, and
Actigraph activity monitoring device measurement at 24 years. The
Medical Research Council grant (MR/M006727/1) supported smoking

Article https://doi.org/10.1038/s41467-023-43316-w

Nature Communications |         (2023) 14:8232 16



data collection. A comprehensive list of grant funding is available on the
ALSPACwebsite (http://www.bristol.ac.uk/alspac/external/documents/
grant-acknowledgements.pdf); A.O.A’s research group (UndeRstanding
FITness and Cardiometabolic Health In Little Darlings: urFIT-child) was
funded by the Jenny and Antti Wihuri Foundation (Grant no: 00180006),
the North Savo regional and central Finnish Cultural Foundation (Grants
no: 65191835, 00200150and00230190),OrionResearch Foundation sr,
Aarne Koskelo Foundation, Antti and Tyyne Soininen Foundation, Paulo
Foundation, Paavo Nurmi Foundation, Yrjö Jahnsson Foundation (Grant
no: 20217390), Ida Montin Foundation (Grant no: 20230289), Eino
Räsänen Fund, Matti and Vappu Maukonen Fund, Foundation for
Pediatric Research, the Finnish Foundation for Cardiovascular Research
(Grant no: 220021 and 230012) and the Alfred Kordelin Foundation
(230082). W.P., and T-P.T., have no funding to disclose. The funders had
no role in the design and conduct of the study; collection,management,
analysis, and interpretation of the data; preparation, review, or approval
of the manuscript; and decision to submit the manuscript for
publication.

Author contributions
A.O.A. is theprincipal investigator in this studywhoconceived the study,
obtained financial support, and take responsibility for the integrity of the
data and the accuracy of the data analysis and supervised the entire
study. A.O.A. had full access to all the data in the study acquired from
the Avon Longitudinal Study of Parents andChildren (ALSPAC). A.O.A. is
responsible for the study design, data curation, performed all statistical
analyses, interpreted the results, and drafted initial manuscript. A.O.A.,
W.P. and T-P.T. critically revised the manuscript for important intellec-
tual content: A.O.A. responded to all reviewers’ concerns. All authors
approved the final report for publication.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-43316-w.

Correspondence and requests for materials should be addressed to
Andrew O. Agbaje.

Peer review information Nature Communications thanks Heinz Freisl-
ing, AndrewGray and Jo Salmon for their contribution to the peer review
of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-43316-w

Nature Communications |         (2023) 14:8232 17

http://www.bristol.ac.uk/alspac/external/documents/grant-acknowledgements.pdf
http://www.bristol.ac.uk/alspac/external/documents/grant-acknowledgements.pdf
https://doi.org/10.1038/s41467-023-43316-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Effects of accelerometer-based sedentary time and physical activity on DEXA-measured fat mass in 6059 children
	Results
	Longitudinal associations of ST, LPA, and MVPA with body composition in 6059 participants
	The reduced cohort of 2457 participants
	The reduced cohort of 917 participants
	Mediating or suppressing effects of glucose, insulin, and lipids in the longitudinal associations of ST, LPA, and MVPA with total and trunk fat mass and lean�mass
	Temporal causal (cross-lagged) and inter-relational (auto-regressive) associations of ST, LPA, and MVPA with total fat mass and lean�mass
	Compositional data analysis of the longitudinal associations of ST, LPA, and MVPA with body composition in 6059 participants

	Discussion
	Methods
	Study�cohort
	Exposures: Sedentary time and physical activity assessment
	Outcomes: anthropometry and body composition
	Confounders and covariates: Cardiometabolic, socioeconomic, and lifestyle factors
	Handling of missing covariates and multiple imputations
	Statistical analysis
	Analyses of longitudinal associations
	Mediation path analyses
	Temporal causal path analyses
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




