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Considering physical activity (PA) volume and intensity may provide novel in-
sights into the relationships of PA with bone, lean, and fat mass. This study aimed 
to assess the associations of PA volume, PA intensity distribution, including 
moderate- to- vigorous PA (MVPA) with total- body- less- head bone mineral con-
tent (BMC), lean, and fat mass in children. A population sample of 290 Finnish 
children (158 females) aged 9– 11 years from the Physical Activity and Nutrition 
in Children (PANIC) Study was studied. PA, including MVPA, was assessed 
with a combined heart rate and movement sensor, and the uniaxial acceleration 
was used to calculate average- acceleration (a proxy metric for PA volume) and 
intensity- gradient (reflective of PA intensity distribution). Linear regression ana-
lyzed the associations of PA volume, PA intensity and MVPA with BMC, lean 
mass, and fat mass assessed by dual- energy X- ray absorptiometry. PA volume was 
positively associated with BMC in females (unstandardised regression coefficient 
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1  |  INTRODUCTION

Physical activity (PA) is positively associated with bone 
mineral content (BMC) and lean mass and inversely as-
sociated with fat mass in children and adolescents.1,2 PA 
increases BMC by increasing mechanical loads on bones, 
and the skeleton adapts in response to these strains.3 PA 
may also indirectly influence BMC via lean and fat mass, 
as greater lean and fat mass increase mechanical load-
ing on bones.3 During childhood and adolescence, BMC, 
lean mass, and fat mass increase with linear growth, 
with the amount of bone accrued during growth poten-
tially determining the risk of osteoporosis in later life.4,5 
BMC tracks throughout childhood and adolescence, and 
as such, the interrelationships between BMC, body com-
position and PA in pre-  and early- puberty are of partic-
ular interest.4,5

Few studies have considered bone, muscle, and fat out-
comes together when investigating the association be-
tween PA and BMC. In children aged 11 years, 
device- measured moderate- to- vigorous PA (MVPA) was 
positively associated with total- body- less- head (TBLH) 
BMC, controlling for lean and fat mass, though this asso-
ciation was not significant when only controlling for lean 
mass.6 Females and males* with greater levels of MVPA 
from age 5 to 17 years had greater leg lean mass and greater 
proximal femur areal bone mineral density (aBMD) at age 
17, with 29%– 49% of the relationship between MVPA and 
aBMD mediated via lean mass, though fat mass was not 
considered.2 Although these studies support the impor-
tance of considering body composition when investigating 
the association between PA and bone mass, previous re-
search has focused on MVPA as a summary measure of PA 
intensity, which is related to energy expenditure.2,6 

Applying cut- points to categorize PA intensity condenses 
the PA intensity continuum into broad categories, vali-
dated against oxygen consumption, which may not be rel-
evant for muscle and bone strengthening activities.2,7,8 
Further, as movement is accumulated across an intensity 
continuum, rather than focusing on specific intensities of 
activity, the whole intensity spectrum should be consid-
ered when examining the relationships of PA with BMC, 
lean mass, and fat mass.7

To address the limitations of applying cut- points to 
PA data, Rowlands et al.9 proposed using two acceler-
ometer metrics to capture the volume and intensity 
distribution of the PA profile. PA volume is reflected in 
the average- acceleration and intensity distribution and 
can be characterized by the gradient of the relationship 
between intensity and time accumulated at that inten-
sity.9 In adolescents and young adults, PA volume and 
intensity distribution were positively associated with 
TBLH BMC, indicating that accumulating PA volume at 
any intensity, or increasing intensity without increasing 
volume, could be beneficial for BMC.7 However, the as-
sociations of PA volume and intensity distribution with 
BMC, lean mass, and fat mass, compared with the tradi-
tional approach of summarizing MVPA based on energy 
expenditure, in pre-  and early- pubertal children remain 
unknown.

This study aimed to: (1) assess the associations of PA 
volume (average- acceleration) and intensity distribution 
(intensity- gradient) with TBLH BMC, lean mass, and fat 
mass in a population sample of pre-  and early- pubertal 
children aged 9– 11 years; (2) repeat the analysis with 
MVPA as the PA exposure variable, to check whether the 
findings differ based on accelerometer metrics used; and 
(3) apply translational metrics to illustrate the profile of 
the PA volume and intensity distribution associated with 
improved BMC and lean mass, and reduced fat mass in 
this cohort.

 *When referring to the sex or gender of participants in previous studies, 
we have used the terminology presented in the previous studies.

Tutkimussäätiö; Paavo Nurmen 
Säätiö; Paulon Säätiö; Research 
Committee of the Kuopio University 
Hospital Catchment Area; Sosiaali-  
ja Terveysministeriö; Suomalainen 
Lääkäriseura Duodecim; Suomen 
Kulttuurirahasto

[ß] = 0.26) and males (ß = 0.47), and positively associated with lean (ß = 7.33) 
and negatively associated with fat mass in males (ß = −20.62). PA intensity was 
negatively associated with BMC in males (ß = −0.13). MVPA was positively as-
sociated with lean mass in females and males (ß = 0.007 to 0.012), and negatively 
associated with fat mass in females and males (ß = −0.030 to −0.029). PA volume 
may be important for improving BMC in females and males, and increasing lean 
and reducing fat mass in males, whereas MVPA may be important for favorable 
lean and fat outcomes in both sexes.

K E Y W O R D S

accelerometry, adiposity, bone mineral content, DXA, intensity gradient, pediatrics
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2  |  MATERIALS AND METHODS

2.1 | Study design and participants

This study used cross- sectional data from the 2- year fol-
low- up of the Physical Activity and Nutrition in Children 
(PANIC) Study, an 8- year controlled lifestyle intervention 
study in a population sample of Finnish children (Clini 
calTr ials.gov registration number NCT01803776) that 
continues as a follow- up study.10 Children aged 6– 9 years 
who were registered for the first grade in public school in 
the city of Kuopio, Finland were invited to participate in 
baseline examinations between 2007 and 2009. Children 
were eligible to participate if they had no disability that 
could prevent their participation in the assessments or 
the intervention and if both the child and their custodian 
were able to communicate in Finnish to fill out the ques-
tionnaires and participate in the intervention. Of the 736 
children invited to participate at baseline, 512 attended 
the baseline examinations, of which 504 were included 
in the final baseline sample. At 2- year follow- up, 438 at-
tended examinations. Additional information about the 
PANIC study is presented elsewhere.10 Given the impor-
tance of the pre-  and early- pubertal period for bone de-
velopment, the 2- year follow- up data were used in these 
analyses, when children were aged 9– 11 years, in order to 
capture this potentially critical period for bone accrual.4,5

For the present analyses, we excluded children who 
used oral corticosteroids, as they could influence BMC,5 
and children with musculoskeletal injuries and diseases. 
Complete and valid data on the main variables used 
in the present analyses were available for 290 children 
(158 females). Of these children, 99% were Caucasian. 
The children included in these analyses did not differ in 
age, stature, pubertal status, weight status, TBLH BMC, 
lean mass, or fat mass to the children who did not have 
complete data (Appendix S1, Table S1). Inclusion and ex-
clusion criteria are displayed in Figure 1. The study pro-
tocol was approved by the Research Ethics Committee 
of the Hospital District of Northern Savo, and the study 
was conducted according to the ethical guidelines of the 
Declaration of Helsinki. The parents or caregivers of the 
children provided their written informed consent, and the 
children provided their assent to participation.

2.2 | Assessment of general health and 
pubertal status

General health was assessed by a questionnaire including 
items on children's chronic diseases and allergies diag-
nosed by a physician and information on children's medi-
cation use, completed by caregivers. Pubertal status was 

assessed by a research physician and determined as breast 
development at Tanner stage ≥2 for females and testicular 
volume ≥4 ml assessed by an orchidometer for males.11

2.3 | Anthropometry

Stature was measured three times to an accuracy of 0.1 cm. 
Body weight was measured twice using the InBody 720 
bioelectrical impedance analysis (BIA) device (Biospace) 
to an accuracy of 0.1 kg, with children in a fasted state, 
having emptied the bladder. For stature and body weight, 
the mean of the values was used in analyses. Body mass 
index (BMI) (kg/m2) was calculated, and the BMI cut- offs 
were applied to classify children as thin, normal weight, 
or living with overweight or obesity as it related to their 
weight status.12

2.4 | Assessment of bone mineral 
content and body composition

TBLH BMC (kg), total lean mass (kg), and total fat mass 
(kg) were measured using the Lunar Prodigy Advance 
dual- energy X- ray absorptiometry (DXA) device (GE 
Medical Systems) and the Encore software, Version 
10.51.006 (GE Company). Lower- limb and upper- limb 
BMC, lean mass, and fat mass were automatically defined 
from whole body DXA scans using Encore software (GE 
Company), and a mean of both sides was used. TBLH 
BMC, lower- limb BMC, upper- limb BMC were used as the 
bone outcomes of interest, as evidence indicates that for 
pre-  and early- pubertal children BMC is a more accurate 
and reliable measure than aBMD.13 DXA provides valid 
and reliable data on BMC and body composition in chil-
dren (coefficient of variation = 0.01%– 4.37%).14

2.5 | Assessment of physical activity

Physical activity was assessed using Actiheart 
(CamNtech Ltd), a combined heart rate and movement 
sensor,8,15 using methods described previously in this 
cohort.16 Heart rate and acceleration were recorded 
in 60- s epochs. Participants were instructed to wear 
the monitor continuously across the day for a mini-
mum of four consecutive days, although some children 
wore the monitor for up to 9 days. As PA patterns dif-
fer between weekdays and weekends, the wear period 
was scheduled to include an entire weekend.17 MVPA 
was modeled from the combined sensing signal using 
a branched equation framework.16,18 The acceleration 
data were summarized in counts, and converted to the 
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International System of Units unit of m/s2 by multiply-
ing Actiheart counts by 0.003.15 Non- wear time was clas-
sified as zero- acceleration lasting >90 min combined 
with non- physiological heart rate.16 Diurnal imbalance 
in non- wear was minimized when summarizing the 
data to reduce bias and error as previously described, 
and PA data were expressed as the fraction of time spent 
at a given intensity to account for differences in wear 
time.16,19 A valid PA measurement was defined as ≥48 h 
of good- quality data with ≥32 h of weekday data and 
≥16 h of weekend data as well as ≥12 h of morning, noon, 
afternoon, and evening wear time to protect against bias 
from over- representation from specific times of day and 
to optimize the diurnal bias minimisation procedure.16,19

For the present analysis, we primarily used the uniax-
ial acceleration signal as the PA exposure, as mechanical 
loading is more relevant to bone than PA energy expen-
diture.20 The combined sensing data were used to assess 
MVPA based on energy expenditure, as is traditionally 
used in PA research.21,22 MVPA was categorized as time 
spent ≥4 metabolic equivalents, with 3.5  ml O2/min/kg 
used to define resting metabolic rate.21,22

2.5.1 | Intensity distribution

The process for calculating the intensity- gradient is 
provided in Appendix  S2 and is based on the method 

F I G U R E  1  Participant flow chart. 
DXA, dual- energy X- ray absorptiometry; 
PA, physical activity; PANIC, physical 
activity and nutrition in children.
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previously described elsewhere.9 Briefly, the acceleration 
signal was summarized as a fraction of wear time spent 
in 25 acceleration incremental bands (m/s2) across the 
movement intensity continuum. The negative curvilin-
ear relationship between intensity and time accumulated 
at that intensity was described with the gradient from a 
natural log– log regression, providing a measure of a par-
ticipant's PA intensity distribution (Figure 2). The R2 (in-
dicative of goodness of fit of the linear model), gradient 
(b1), 95% confidence intervals (CI) for the gradient, and 
intercept (b0) of the regression equation were recorded for 
each participant.9

2.5.2 | Average- acceleration

The average- acceleration is calculated as the mean accel-
eration across wear time, adjusted for diurnal imbalance 
in non- wear, providing a proxy for the daily volume of 
PA.9

2.5.3 | Translational Metrics

Translational metrics were calculated as the intensity 
above which a child's most active 2, 5, 10, 15, 30, 60, 
120, 240, and 480 min (MX metrics, whereby X = time in 
minutes) were accumulated. These metrics provide an 
illustration of how PA is accumulated.23 Levels of accel-
eration associated with different activities were applied 
to allow interpretation of MX metrics. Activities such 

as skipping, running, and soccer were characterized as 
acceleration >4  m/s2, based on data in children aged 
8 years,20 13 years,22 and 6– 16 years.24 Brisk walking 
(5.2  km/h) was characterized as acceleration ~1.5  m/
s2, and slow walking (3.2  km/h) was characterized as 
acceleration ~0.75 m/s2, based on data in children aged 
13 years.22

2.6 | Statistical analysis

Analyses were performed with Stata/SE for Mac software, 
Version 16.1 (StataCorp LLC), and radar plots created in 
R software.25 As there were no differences between the 
included and excluded children in terms of age, stature, 
body weight, BMI categories, pubertal status, and TBLH 
BMC, lean, and fat mass, we proceeded with a complete- 
case analysis (Appendix  S1, Table S1). The means and 
standard deviations (SDs) or the medians and interquar-
tile ranges (IQR) were calculated for the total study sam-
ple and stratified by sex. Independent samples t- tests, 
Mann– Whitney U tests, and Fisher's exact tests were used 
to test for sex differences in participant characteristics. We 
stratified all further analyses by sex, based on the biologi-
cal differences between females and males in the studied 
age group.4

Linear regression was used to assess the associations 
of average- acceleration and intensity- gradient with TBLH 
BMC, lean mass, and fat mass. Activity variables were 
mean- centred for analysis. Model 1 included the activity 
variable (average- acceleration or intensity- gradient) ad-
justed for age, stature, pubertal status, and accelerometer 
wear time. Adjusting for age, stature and pubertal status 
is recommended when examining BMC in pediatric pop-
ulations.26 Model 2 included additional adjustment for the 
alternate activity metric (average- acceleration or intensity- 
gradient), and Model 3 additionally included the interac-
tion term for average- acceleration by intensity- gradient.26 
For BMC as the outcome, Models 4 and 5 included addi-
tional adjustment for lean and fat mass, respectively, and 
Model 6 included adjustment for lean and fat mass.6 For 
lean mass as the outcome, the final model (Model 5) in-
cluded adjustment for fat mass, and for fat mass at the out-
come, the final model (Model 4) included adjustment for 
lean mass. Analysis was repeated with MVPA as the PA 
exposure variable. Although the PANIC study included a 
lifestyle intervention, there were no differences between 
the intervention and control group in terms of TBLH BMC, 
lower- limb BMC, upper- limb BMC, lean mass, fat mass, 
average- acceleration, intensity- gradient, and MVPA. We 
therefore did not adjust for the intervention in our analy-
ses. Unstandardised regression coefficients (ß), their 95% 
CIs and p- values were reported. The alpha was set as 0.05.

F I G U R E  2  Example of the fitted regression line of log- 
transformed intensity and fraction of wear time. These examples 
are from a 24- h protocol and adjusted for diurnal imbalance in non- 
wear, based on two participant's intensity distributions. Participant 
A (solid line) spent less of their total wear time at a high intensity of 
physical activity, resulting in a lower intensity- gradient (b = −1.54) 
compared to participant B (dotted line) who has a higher intensity- 
gradient (b = −1.20).
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To present descriptive MX metrics, the females 
and males were stratified into four groups based on 
the sex-  specific means for average- acceleration and 
intensity- gradient. Children were split into (1) low- 
volume (average- acceleration < mean) and low- intensity 
(intensity- gradient < mean), (2) low- volume (average- 
acceleration < mean) and high- intensity (intensity- 
gradient ≥ mean), (3) high- volume (average- acceleration ≥ 
mean) and low- intensity (intensity- gradient < mean), and 
(4) high- volume (average- acceleration ≥ mean) and high- 
intensity (intensity- gradient ≥ mean). This allows the de-
scription of PA patterns in children with a similar volume 
but varying intensity distribution, and vice versa. The 
mean and standard error of the group MX metrics based 
on the raw data and standardized based on the sex- specific 
mean were visualized on radar plots, using an openly ac-
cessible R script.23,27 To demonstrate how PA could be 
accumulated for a 1 SD greater average- acceleration, we 
applied the calculation by Rowlands and colleagues, as-
suming that the introduced activity would replace time 
spent at the average- acceleration: 1440 × (SD of average- 
acceleration)/(acceleration associated with a specific ac-
tivity − average- acceleration) (Appendix S3).9

3  |  RESULTS

3.1 | Descriptive characteristics

In this study, females were younger, shorter, and lighter, 
with lower levels of BMC, lean mass, MVPA, and lower 
average- acceleration compared to males (Table  1). The 
proportion of pubertal children was greater in females 
than males, whereas more males were pre- pubertal. 
The correlations (data not shown) between the average- 
acceleration and intensity- gradient was 0.66 (p  < 0.001), 
between the average- acceleration and MVPA was 0.62 
(p  < 0.001), and between the intensity- gradient with 
MVPA was 0.39 (p < 0.001).

3.2 | Associations between physical 
activity volume (average- acceleration), 
physical activity intensity distribution 
(intensity- gradient) and bone 
mineral content

In females, average- acceleration was positively associated 
with TBLH BMC (Table 2, Model 1), though this associa-
tion became non- significant after adjustment for intensity- 
gradient (Model 2), the product term of intensity- gradient 
by average- acceleration (Model 3), and lean mass (Model 
4). When adjusting for fat mass (Model 5), and lean and fat 

mass (Model 6), average- acceleration was positively asso-
ciated with TBLH BMC. Intensity- gradient, and the prod-
uct of intensity- gradient by average- acceleration, were not 
associated with TBLH BMC in females. Associations in 
the fully- adjusted model (Model 6) were non- significant 
in lower- limb BMC and in upper- limb BMC in females.

In males, average- acceleration was not associated with 
TBLH BMC (Table  2) in the minimally- adjusted model 
(Model 1), though this association became significant 
after adjustment for intensity- gradient (Model 2). After 
adjustment for the product term of intensity- gradient by 
average- acceleration (Model 3), and for lean mass (Model 
4) this association was non- significant. When adjusting for 
fat mass (Model 5), and for lean and fat mass (Model 6), 
average- acceleration was positively associated with TBLH 
BMC. Intensity- gradient was not associated with TBLH 
BMC (Table 2) in the minimally- adjusted model (Model 
1), or after adjustment for average- acceleration (Model 
2). When adjusting for the product of intensity- gradient 
by average- acceleration (Model 3), lean mass (Model 
4), fat mass (Model 5), and lean and fat mass (Model 6), 
intensity- gradient was negatively associated with TBLH 
BMC. The product of intensity- gradient by average- 
acceleration was not associated with TBLH BMC in any 
model in males. Site- specific analyses showed that in the 
fully- adjusted model (Model 6), average- acceleration was 
positively associated with lower- limb BMC, and the asso-
ciation between intensity- gradient with lower- limb BMC 
was non- significant. In the fully- adjusted model (Model 
6), average- acceleration was not associated with upper- 
limb BMC, and intensity- gradient was negatively associ-
ated with upper- limb BMC (Appendix S1, Table S3).

3.3 | Associations between physical 
activity volume (average- acceleration), 
physical activity intensity distribution 
(intensity- gradient) and lean mass

In females, average- acceleration was positively associated 
with TBLH lean mass (Table 2), and this association per-
sisted after adjustment for intensity- gradient (Model 2), 
though became non- significant after adjustment for the 
product term of intensity- gradient by average- acceleration 
(Model 3), and fat mass (Model 5). Intensity- gradient, and 
the product of intensity- gradient by average- acceleration 
were not associated with TBLH lean mass in any model. 
Associations in the upper- limb and lower- limb were also 
non- significant in the fully- adjusted model (Model 5; 
Appendix S1, Table S2).

In males, average- acceleration was positively associ-
ated with TBLH lean mass (Table 2), and this association 
persisted after adjustment for intensity- gradient (Model 
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2). The association became non- significant when adjust-
ing for the product term of intensity- gradient by average- 
acceleration (Model 3) but was significant when adjusting 
for fat mass (Model 5). Intensity- gradient, and the product 
of intensity- gradient by average- acceleration were not as-
sociated with TBLH lean mass in any model. Associations 

in the fully- adjusted model (Model 5) were non- significant 
in lower- limb lean mass (Appendix S1, Table S3). In the 
upper- limb, average- acceleration was positively associated 
with lean mass and intensity- gradient was negatively asso-
ciated with lean mass in the fully- adjusted model (Model 
5) (Appendix S1, Table S3).

T A B L E  1  Descriptive characteristics of children

Total (n = 290) Females (n = 158) Males (n = 132)
p- Value for sex 
difference

Age (years) 9.8 (0.4) 9.7 (0.4) 9.8 (0.5) 0.02

Stature (cm) 140.8 (6.1) 140.1 (6.3) 141.7 (5.7) 0.03

Body weight (kg) 32.9 (29.5 to 38.7) 32.2 (28.8 to 35.9) 34.3 (30.1 to 39.5) 0.01

BMI- SDS −0.2 (1) −0.2 (1) −0.1 (1.1) 0.34

Pubertal status (n, %)

Prepubertal 218 (75.2) 103 (65.2) 115 (87.1) <0.001

Pubertal 72 (24.8) 55 (34.8) 17 (12.9)

IOTF definition (n, %)

Thin 31 (10.7) 15 (9.5) 16 (12.1) 0.52

Normal weight 216 (74.5) 123 (77.9) 93 (70.5)

Overweight 33 (11.4) 16 (10.1) 17 (12.9)

Obese 10 (3.4) 4 (2.5) 6 (4.5)

TBLH BMC (kg) 0.9 (0.2) 0.9 (0.2) 1 (0.2) 0.002

TBLH lean mass (kg) 21.8 (2.9) 20.8 (2.7) 23.0 (2.7) <0.001

TBLH fat mass (kg) 6.7 (4.4 to 10.3) 6.7 (5 to 10.9) 6.7 (3.8 to 10) 0.16

MVPA (min/day) 89.7 (57.1 to 127.3) 71.5 (51.3 to 99.2) 115.2 (78.9 to 161.9) <0.001

PA guidelinesa (n, %)

< mean 60 min MVPA/day 77 (26.7) 54 (34.4) 23 (17.6) 0.001

≥ mean 60 min MVPA/day 211 (73.3) 103 (65.6) 108 (82.4)

Average- acceleration (m/s2) 0.20 (0.06) 0.19 (0.06) 0.22 (0.07) 0.002

Intensity- gradient −1.67 (0.16) −1.69 (0.14) −1.65 (0.18) 0.07

Wear time (h) 103.2 (14.8) 103.0 (13.5) 103.5 (16.3) 0.79

MX metrics (m/s2)

M2 4.13 (3.50 to 4.75) 4.00 (3.50 to 4.75) 4.25 (3.50 to 5.00) 0.53

M5 3.50 (2.75 to 4.00) 3.25 (2.75 to 4.00) 3.50 (3.00 to 4.13) 0.21

M10 2.75 (2.25 to 3.25) 2.75 (2.25 to 3.25) 2.75 (2.50 to 3.50) 0.09

M15 2.50 (2.00 to 3.00) 2.50 (2.00 to 2.75) 2.50 (2.25 to 3.00) 0.06

M30 2.00 (1.50 to 2.25) 1.75 (1.50 to 2.25) 2.00 (1.75 to 2.50) 0.005

M60 1.25 (1.00 to 1.50) 1.25 (1.00 to 1.50) 1.50 (1.25 to 1.75) <0.001

M120 0.75 (0.75 to 1.00) 0.75 (0.50 to 1.00) 1.00 (0.75 to 1.00) <0.001

M1/3 0.08 (0.08 to 0.25) 0.08 (0.08 to 0.25) 0.08 (0.08 to 0.25) 0.66

Note: The values are means (standard deviations), medians (interquartile ranges) or numbers (percentages) of children, and p- values are for the differences 
between females and males. Differences between females and males were tested with independent samples t test for continuous variables with normal 
distributions, with Mann– Whitney U test for continuous variables with skewed distributions, and with Fishers exact test for categorical variables. Bold 
emphasis indicates statistical significance at p < 0.05.
Abbreviations: BMC, bone mineral content; BMI- SDS, Body mass index standard deviation score; IOTF, International Obesity Task Force; M1/3, the intensity 
above which a child's most active 480 min are accumulated; M10, the intensity above which a child's most active 10 min are accumulated; M120, the intensity 
above which a child's most active 120 min are accumulated; M15, the intensity above which a child's most active 15 min are accumulated; M2, the intensity 
above which a child's most active 2 min are accumulated; M30, the intensity above which a child's most active 30 min are accumulated; M5, the intensity above 
which a child's most active 5 min are accumulated; M60, the intensity above which a child's most active 60 min are accumulated; MVPA, moderate to vigorous 
physical activity; MX, the intensity above which a child's most active X minutes are accumulated; TBLH, total body less head.
aFor PA guidelines, n = 288 (157 females) due to poor heart rate recordings for two participants preventing the application of the branched equation modeling.

 16000838, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sm

s.14255 by T
est, W

iley O
nline L

ibrary on [17/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 |   SKINNER et al.

T
A

B
L

E
 2

 
A

ss
oc

ia
tio

ns
 o

f p
hy

si
ca

l a
ct

iv
ity

 v
ol

um
e 

(a
ve

ra
ge

- a
cc

el
er

at
io

n)
 a

nd
 in

te
ns

ity
 d

is
tr

ib
ut

io
n 

(in
te

ns
ity

- g
ra

di
en

t)
 w

ith
 to

ta
l b

od
y 

le
ss

 h
ea

d 
bo

ne
 m

in
er

al
 c

on
te

nt
, l

ea
n 

m
as

s, 
an

d 
fa

t 
m

as
s (

n 
=

 29
0)

.

M
od

el
 1

 (a
dj

us
te

d 
fo

r 
ag

e,
 s

ta
tu

re
, 

pu
be

rt
al

 s
ta

tu
s,

 a
nd

 
w

ea
r 

ti
m

e)

M
od

el
 2

 (M
od

el
 

1 
+

 al
te

rn
at

e 
ac

ti
vi

ty
 

m
et

ri
c)

M
od

el
 3

 (M
od

el
 

2 
+

 in
te

ns
it

y ×
 vo

lu
m

e 
in

te
ra

ct
io

n)
M

od
el

 4
 (M

od
el

 3
 +

 le
an

 
m

as
s)

M
od

el
 5

 (M
od

el
 3

 +
 fa

t 
m

as
s)

M
od

el
 6

 (M
od

el
 

3 
+

 le
an

 m
as

s 
an

d 
fa

t 
m

as
s)

ß 
(9

5%
 C

I)
p

ß 
(9

5%
 C

I)
p

ß 
(9

5%
 C

I)
p

ß 
(9

5%
 C

I)
p

ß 
(9

5%
 C

I)
p

ß 
(9

5%
 C

I)
p

TB
LH

 B
M

C

Fe
m

al
es

In
te

ns
ity

a
0.

09
2 

(−
0.

03
2 

to
 0

.2
16

)
0.

14
5

0.
00

9 
(−

0.
14

4 
to

 0
.1

63
)

0.
90

5
0.

01
9 

(−
0.

13
7 

to
 

0.
17

5)
0.

80
9

0.
03

4 
(−

0.
09

9 
to

 
0.

16
7)

0.
61

4
0.

04
1 

(−
0.

07
6 

to
 

0.
15

7)
0.

49
0

0.
05

0 
(−

0.
04

8 
to

 0
.1

49
)

0.
31

7

V
ol

um
eb

0.
35

4 
(0

.0
53

 
to

 0
.6

54
)

0.
02

1
0.

34
0 

(−
0.

03
5 

to
 0

.7
16

)
0.

07
5

0.
37

2 
(−

0.
01

3 
to

 
0.

75
7)

0.
05

8
0.

20
1 

(−
0.

13
1 

to
 

0.
53

3)
0.

23
3

0.
40

2 
(0

.1
14

 to
 

0.
68

9)
0.

00
7

0.
26

4 
(0

.0
19

 to
 

0.
51

0)
0.

03
5

In
te

ns
ity

 ×
 vo

lu
m

e
−

0.
81

0 
(−

2.
87

8 
to

 
1.

25
8)

0.
44

0
−

1.
56

0 
(−

3.
33

8 
to

 0
.2

19
)

0.
08

5
−

0.
59

7 
(−

2.
14

4 
to

 0
.9

51
)

0.
44

7
−

1.
20

9 
(−

2.
52

5 
to

 0
.1

06
)

0.
07

1

M
al

es

In
te

ns
ity

a
−

0.
04

3 
(−

0.
16

7 
to

 
0.

08
0)

0.
48

7
−

0.
16

7 
(−

0.
33

6 
to

 
0.

00
3)

0.
05

4
−

0.
17

1 
(−

0.
34

0 
to

 
−

0.
00

1)
0.

04
8

−
0.

16
4 

(−
0.

30
6 

to
 −

0.
02

2)
0.

02
4

−
0.

13
3 

(−
0.

25
9 

to
 −

0.
00

8)
0.

03
7

−
0.

13
4 

(−
0.

24
1 

to
 −

0.
02

7)
0.

01
5

V
ol

um
eb

0.
16

0 
(−

0.
16

2 
to

 0
.4

83
)

0.
32

7
0.

46
4 

(0
.0

20
 

to
 0

.9
08

)
0.

04
1

0.
38

9 
(−

0.
06

9 
to

 
0.

84
8)

0.
09

5
0.

14
3 

(−
0.

24
8 

to
 

0.
53

4)
0.

47
1

0.
69

8 
(0

.3
54

 to
 

1.
04

1)
0.

00
0

0.
47

1 
(0

.1
70

 to
 

0.
77

3)
0.

00
2

In
te

ns
ity

 ×
 vo

lu
m

e
0.

85
7 

(−
0.

49
1 

to
 

2.
20

4)
0.

21
1

0.
77

1 
(−

0.
36

0 
to

 
1.

90
3)

0.
18

0
−

0.
03

7 
(−

1.
04

6 
to

 0
.9

73
)

0.
94

3
0.

03
9 

(−
0.

82
5 

to
 0

.9
03

)
0.

92
8

TB
LH

 le
an

 m
as

s

Fe
m

al
es

In
te

ns
ity

a
1.

10
4 

(−
0.

58
2 

to
 2

.7
90

)
0.

19
8

−
0.

15
3 

(−
2.

23
2 

to
 

1.
92

6)

0.
88

4
−

0.
38

6 
(−

2.
48

7 
to

 
1.

71
4)

0.
71

7
−

0.
30

2 
(−

2.
37

1 
to

 1
.7

67
)

0.
77

4

V
ol

um
eb

4.
93

5 
(0

.8
67

 
to

 9
.0

03
)

0.
01

8
5.

15
8 

(0
.0

76
 

to
 1

0.
24

1)
0.

04
7

4.
39

8 
(−

0.
78

8 
to

 
9.

58
4)

0.
09

6
4.

51
2 

(−
0.

59
5 

to
 

9.
61

9)
0.

08
3

In
te

ns
ity

 ×
 vo

lu
m

e
19

.2
70

 (−
8.

59
6 

to
 

47
.1

37
)

0.
17

4
20

.1
03

 (−
7.

34
2 

to
 4

7.
54

9)
0.

15
0

M
al

es

In
te

ns
ity

a
1.

43
5 

(−
0.

14
8 

to
 3

.0
18

)
0.

07
5

−
0.

15
1 

(−
2.

32
6 

to
 

2.
02

5)

0.
89

1
−

0.
16

0 
(−

2.
34

6 
to

 
2.

02
5)

0.
88

5
0.

02
7 

(−
2.

09
4 

to
 

2.
14

9)
0.

98
0

 16000838, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sm

s.14255 by T
est, W

iley O
nline L

ibrary on [17/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



   | 9SKINNER et al.

M
od

el
 1

 (a
dj

us
te

d 
fo

r 
ag

e,
 s

ta
tu

re
, 

pu
be

rt
al

 s
ta

tu
s,

 a
nd

 
w

ea
r 

ti
m

e)

M
od

el
 2

 (M
od

el
 

1 
+

 al
te

rn
at

e 
ac

ti
vi

ty
 

m
et

ri
c)

M
od

el
 3

 (M
od

el
 

2 
+

 in
te

ns
it

y ×
 vo

lu
m

e 
in

te
ra

ct
io

n)
M

od
el

 4
 (M

od
el

 3
 +

 le
an

 
m

as
s)

M
od

el
 5

 (M
od

el
 3

 +
 fa

t 
m

as
s)

M
od

el
 6

 (M
od

el
 

3 
+

 le
an

 m
as

s 
an

d 
fa

t 
m

as
s)

ß 
(9

5%
 C

I)
p

ß 
(9

5%
 C

I)
p

ß 
(9

5%
 C

I)
p

ß 
(9

5%
 C

I)
p

ß 
(9

5%
 C

I)
p

ß 
(9

5%
 C

I)
p

V
ol

um
eb

5.
69

4 
(1

.6
18

 
to

 9
.7

70
)

0.
00

7
5.

96
9 

(0
.2

73
 

to
 1

1.
66

4)
0.

04
0

5.
79

4 
(−

0.
12

2 
to

 
11

.7
10

)
0.

05
5

7.
33

3 
(1

.5
13

 to
 

13
.1

53
)

0.
01

4

In
te

ns
ity

 ×
 vo

lu
m

e
2.

00
4 

(−
15

.3
77

 to
 

19
.3

86
)

0.
82

0
−

2.
45

7 
(−

19
.5

51
 

to
 1

4.
63

7)
0.

77
6

TB
LH

 fa
t m

as
s

Fe
m

al
es

In
te

ns
ity

a
−

1.
82

8 
(−

6.
28

6 
to

 
2.

63
0)

0.
41

9
−

1.
32

6 
(−

6.
89

4 
to

 
4.

24
2)

0.
63

9
−

1.
18

5 
(−

6.
84

4 
to

 
4.

47
3)

0.
68

0
−

0.
98

4 
(−

6.
55

8 
to

 4
.5

89
)

0.
72

8

V
ol

um
eb

−
3.

99
0 

(−
14

.8
94

 to
 

6.
91

3)

0.
47

1
−

2.
05

9 
(−

15
.6

72
 to

 
11

.5
54

)

0.
76

5
−

1.
59

9 
(−

15
.5

72
 

to
 1

2.
37

3)
0.

82
1

−
3.

88
4 

(−
17

.7
69

 
to

 1
0.

00
1)

0.
58

1

In
te

ns
ity

 ×
 vo

lu
m

e
−

11
.6

40
 (−

86
.7

20
 

to
 6

3.
44

0)
0.

76
0

−
21

.6
51

 
(−

96
.0

32
 to

 
52

.7
29

)

0.
56

6

M
al

es

In
te

ns
ity

a
−

5.
01

7 
(−

9.
46

9 
to

 
−

0.
56

6)

0.
02

7
−

1.
76

8 
(−

7.
93

3 
to

 
4.

39
7)

0.
57

1
−

1.
99

7 
(−

8.
10

1 
to

 
4.

10
7)

0.
51

8
−

1.
88

0 
(−

7.
79

4 
to

 4
.0

35
)

0.
53

0

V
ol

um
eb

−
15

.4
50

 
(−

27
.0

15
 to

 
−

3.
88

5)

0.
00

9
−

12
.2

31
 

(−
28

.3
71

 to
 

3.
91

0)

0.
13

6
−

16
.3

76
 (−

32
.8

97
 

to
 0

.1
45

)
0.

05
2

−
20

.6
24

 
(−

36
.8

72
 to

 
−

4.
37

5)

0.
01

3

In
te

ns
ity

 ×
 vo

lu
m

e
47

.4
58

 (−
1.

08
2 

to
 

95
.9

99
)

0.
05

5
45

.9
89

 (−
1.

05
3 

to
 9

3.
03

0)
0.

05
5

N
ot

e: 
Th

e 
va

lu
es

 a
re

 u
ns

ta
nd

ar
di

se
d 

re
gr

es
si

on
 c

oe
ffi

ci
en

ts
 (ß

), 
th

ei
r 9

5%
 c

on
fid

en
ce

 in
te

rv
al

s (
C

I)
, a

nd
 p

 v
al

ue
s f

ro
m

 li
ne

ar
 re

gr
es

si
on

 m
od

el
s. 

M
od

el
 1

 in
cl

ud
ed

 th
e 

ac
tiv

ity
 v

ar
ia

bl
e 

(a
ve

ra
ge

- a
cc

el
er

at
io

n 
or

 
in

te
ns

ity
- g

ra
di

en
t)

 a
dj

us
te

d 
fo

r a
ge

, s
ta

tu
re

, p
ub

er
ta

l s
ta

tu
s, 

an
d 

ac
ce

le
ro

m
et

er
 w

ea
r t

im
e,

 M
od

el
 2

 in
cl

ud
ed

 a
dd

iti
on

al
 a

dj
us

tm
en

t f
or

 th
e 

al
te

rn
at

e 
ac

tiv
ity

 m
et

ri
c 

(a
ve

ra
ge

- a
cc

el
er

at
io

n 
or

 in
te

ns
ity

- g
ra

di
en

t)
, M

od
el

 3
 

ad
di

tio
na

lly
 in

cl
ud

ed
 th

e 
in

te
ra

ct
io

n 
te

rm
 fo

r a
ve

ra
ge

- a
cc

el
er

at
io

n 
by

 in
te

ns
ity

- g
ra

di
en

t. 
Fo

r B
M

C
 a

s t
he

 o
ut

co
m

e,
 M

od
el

 4
 in

cl
ud

ed
 a

dd
iti

on
al

 a
dj

us
tm

en
t f

or
 le

an
 m

as
s, 

M
od

el
 5

 in
cl

ud
ed

 a
dd

iti
on

al
 a

dj
us

tm
en

t f
or

 
fa

t m
as

s, 
an

d 
M

od
el

 6
 in

cl
ud

ed
 a

dj
us

tm
en

t f
or

 le
an

 a
nd

 fa
t m

as
s. 

Fo
r l

ea
n 

m
as

s a
s t

he
 o

ut
co

m
e,

 th
e 

fin
al

 m
od

el
 (M

od
el

 5
) i

nc
lu

de
d 

ad
ju

st
m

en
t f

or
 fa

t m
as

s, 
an

d 
fo

r f
at

 m
as

s a
t t

he
 o

ut
co

m
e,

 th
e 

fin
al

 m
od

el
 (M

od
el

 4
) 

in
cl

ud
ed

 a
dj

us
tm

en
t f

or
 le

an
 m

as
s. 

Bo
ld

 e
m

ph
as

is
 in

di
ca

te
s s

ta
tis

tic
al

 si
gn

ifi
ca

nc
e 

at
 p

 <
 0.

05
. A

ct
iv

ity
 v

ar
ia

bl
es

 w
er

e 
m

ea
n-

 ce
nt

re
d 

be
fo

re
 e

nt
ry

 in
to

 a
na

ly
si

s, 
w

ith
 in

te
ra

ct
io

n 
te

rm
s c

om
pu

te
d 

fr
om

 th
e 

ce
nt

re
d 

sc
or

es
.

A
bb

re
vi

at
io

ns
: B

M
C

, b
on

e 
m

in
er

al
 c

on
te

nt
; T

BL
H

, T
ot

al
 b

od
y 

le
ss

 h
ea

d.
a In

te
ns

ity
 is

 re
fle

ct
ed

 in
 th

e 
in

te
ns

ity
- g

ra
di

en
t, 

ca
lc

ul
at

ed
 fr

om
 d

at
a 

co
lle

ct
ed

 w
ith

 a
 2

4-
 h 

pr
ot

oc
ol

, a
dj

us
te

d 
fo

r d
iu

rn
al

 im
ba

la
nc

e 
in

 n
on

- w
ea

r, 
as

 th
e 

re
gr

es
si

on
 li

ne
 fr

om
 lo

g–
 lo

g 
pl

ot
 o

f i
nt

en
si

ty
 (x

) a
nd

 fr
ac

tio
n 

of
 

w
ea

r t
im

e 
ac

cu
m

ul
at

ed
 (y

).
b V

ol
um

e 
is

 re
fle

ct
ed

 in
 th

e 
av

er
ag

e-
 ac

ce
le

ra
tio

n 
ac

ro
ss

 d
at

a,
 c

ol
le

ct
ed

 w
ith

 a
 2

4-
 h 

pr
ot

oc
ol

, a
dj

us
te

d 
fo

r d
iu

rn
al

 im
ba

la
nc

e 
in

 n
on

- w
ea

r.

T
A

B
L

E
 2

 
(C

on
tin

ue
d)

 16000838, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sm

s.14255 by T
est, W

iley O
nline L

ibrary on [17/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10 |   SKINNER et al.

3.4 | Associations between physical 
activity volume (average- acceleration), 
physical activity intensity distribution 
(intensity- gradient) and fat mass

In females, average- acceleration, intensity- gradient, and 
the product of intensity- gradient by average- acceleration 
were not associated with TBLH fat mass in any model. 
This was also the case with lower- limb and upper- limb fat 
mass (Appendix S1, Table S2).

In males, average- acceleration was negatively associ-
ated with TBLH fat mass (Model 1) (Table 2). Although 
this association was not significant after adjustment for 
intensity- gradient (Model 2), after additional adjustment 
for the product term of intensity- gradient by average- 
acceleration (Model 3) and for lean mass (Model 4) the 
negative association became significant again. Intensity- 
gradient was negatively associated with TBLH fat mass 
(Model 1), though this association was not independent 
of average- acceleration and lean mass (Model 2– 4). The 
product of intensity- gradient by average- acceleration 
were not associated with TBLH fat mass in any model. 
In the lower- limb, the associations between average- 
acceleration, intensity- gradient, and the product of 
intensity- gradient by average- acceleration were simi-
lar in terms of significance and direction to those with 
TBLH fat mass. In the upper- limb, average- acceleration 
was negatively associated with fat mass, and the product 
of intensity- gradient by average- acceleration was posi-
tively associated with fat mass (Appendix S1, Table S3). 
The adjusted main effects of average- acceleration and 
intensity- gradient with TBLH BMC, lean, and fat mass 
are illustrated in Figure 3.

3.5 | Associations between MVPA with 
bone mineral content, lean, and fat mass

When repeating our analysis with MVPA as the exposure 
variable, there was no association with TBLH BMC in 
females or males when adjusting for lean and fat mass. 
MVPA was positively associated with TBLH lean mass, 
adjusted for fat mass, and negatively associated with 
TBLH fat mass, adjusted for lean mass, in females and 
males (Appendix S1, Table S4).

3.6 | Translation to physical 
activity patterns

The raw and standardized MX metrics for low and high 
volume and intensity profiles are presented in Figure 4 for 
females and in Figure 5 for males. On average, all profiles 

accumulated 60 min at an intensity equivalent to slow 
to brisk walking. In the high- volume and high- intensity 
group this included 5 min of high- intensity activity, and 
in the high- volume and low- intensity and the low- volume 
and high- intensity groups this included 2  min of high 
intensity activity. The high- volume groups, with either 
low- intensity or high- intensity, accumulated more light 
activity compared to the low- volume groups, with 2 h at 
an intensity equivalent to slow walking in females and 
males. The most active third of the day was accumulated 
at a high intensity by the high- volume groups compared to 
the low- volume groups in females and males.

4  |  DISCUSSION

This study is the first to examine the associations of average- 
acceleration, as a measure of PA volume, and intensity- 
gradient, as a measure of PA intensity distribution, with 
TBLH BMC, lean mass, and fat mass deriving from DXA 
in a population sample of pre-  and early- pubertal chil-
dren, alongside assessing the associations between MVPA 
and these outcomes. Greater PA volume was associated 
with increased BMC in females, and with increased BMC 
and lean mass, and reduced fat mass, in males. A higher 
intensity distribution was associated with reduced BMC 
in males. Although the novel approach revealed unique 
relationships for bone outcomes, MVPA was positively 
associated with lean mass and negatively associated with 
fat mass in females and males and was potentially better 
than our new approach at capturing activity relevant to 
lean and fat mass in females. Even so, it remains unclear 
whether it was volume or intensity of MVPA driving these 
associations, highlighting the utility of independent met-
rics which capture both the volume and intensity of PA. 
Adjusting for lean and fat mass altered the relationships 
between PA with BMC, emphasizing the importance of 
considering lean and fat mass alongside bone. The high- 
volume PA profiles included short periods of high inten-
sity activity, with several hours of light activity, suggesting 
that increasing PA at any intensity may improve BMC and 
lean mass and reduce fat mass in children.

Compared to reference values for children aged 9 years, 
the children in our study had typical median levels of 
TBLH aBMD and lean mass,28– 30 though our study had a 
lower proportion of children living with obesity than the 
International Study of Childhood Obesity, Lifestyle and the 
Environment (ISCOLE).31 It is difficult to compare PA lev-
els between study samples as the amount of PA reported 
is dependent on accelerometer protocol and placement, 
epoch lengths, wear time algorithms, and intensity cut- 
points.32 Even so, the children in our sample may be more 
active than children aged 9– 11 years in ISCOLE study.31
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4.1 | Bone mineral content

We did not observe an association between MVPA and 
TBLH BMC, adjusting for lean and fat mass, which high-
lights the importance of considering PA exposures relat-
ing to mechanical loading rather than energy expenditure 
when examining the relationship between PA and bone 
mass. Our findings indicated that a greater volume of PA 
is associated with favorable bone outcomes in pre-  and 
early- pubertal children, and this association is partially 
explained by lean mass. However, for a given volume of 
PA, males accumulating the volume at a lower intensity 
had greater TBLH BMC, though this was likely driven by 
the association at the upper- limb only. The inverse rela-
tionship between intensity distribution and BMC in males 
we observed is unexpected, given that bone responds 
positively to strains brought about by high impact load-
ing cycles.3 This observation may be because the types of 
osteogenic activities that males were engaging in were 
not captured in the high end of the intensity spectrum.3 
In children ages 6– 11 years, accelerometer counts during 
jumping, captured in 15 s epochs, were lower than those 
observed during running, despite ground reaction forces 
being greater.20 This disassociation between accelerom-
eter counts and ground reaction forces during jumping 

may be further magnified with longer epoch lengths, and 
therefore, the use of the 60- s epoch length may not have 
captured high impact activity. This may have been more 
apparent in males, due to potential sex and gender differ-
ences in engagement in PA types, with girls in Finland par-
ticipating in less high intensity activity than boys, which 
is likely to result in differences in osteogenic responses.33 
Therefore, the types of activities which are positively as-
sociated with BMC may not have been reflected within 
the intensity- gradient, and sex and gender differences in 
activity participation may explain why the inverse rela-
tionship between intensity with BMC was only observed 
in males.

The Iowa Bone Development Study (IBDS) found that 
in participants age 17– 23 years, both average- acceleration 
and intensity- gradient were positively associated with 
TBLH BMC, after adjustment for similar covariates to 
those used in our analysis.7 Although lean and fat mass 
were not separated as covariates, total mass was adjusted 
for, meaning our final models are comparable.7 The IBDS 
used a 5- s epoch to calculate the intensity- gradient, so 
may have been more likely to capture osteogenic activ-
ity, and therefore more likely to find positive associations 
between intensity- gradient with bone outcomes. In addi-
tion, PA levels may account for the different findings, as 

F I G U R E  3  Main associations 
between average- acceleration and 
intensity- gradient with TBLH BMC, lean 
mass and fat mass. *Indicates statistical 
significance (p < 0.05). Values are 
predicted for a female and a male with 
mean levels of covariates from the fully 
adjusted models. All models are adjusted 
for age, stature, pubertal status, wear 
time, alternate activity metric and the 
product term for average acceleration 
by intensity gradient. A and B are 
additionally adjusted for lean mass and fat 
mass (model 6), C and D are additionally 
adjusted for fat mass (model 5), and E and 
F are additionally adjusted for lean mass 
(model 4). BMC, bone mineral content; 
TBLH, Total body less head.
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we observed higher levels of mean daily MVPA compared 
to the IBDS sample, and our MVPA levels are likely an 
underestimation due to the 60- s epoch used to capture the 
accelerometer data, compared to the 5- s epoch used in the 
IBDS.34 Further, our participants were younger than those 
from the IBDS sample, which may contribute to the differ-
ent observations, as maturation may moderate the skeletal 
response to mechanical loading.5 Therefore, the differ-
ences in maturity status and PA levels may account for the 
different findings between our study and the IBDS.7

In our study and the IBDS, the high- volume activity 
profiles were characterized by relatively low amounts of 
high- intensity activity, at least 60 min of MVPA, and sev-
eral hours of being lightly active.7 Our findings indicate 
that for active children, greater PA volume may elicit pos-
itive bone outcomes, and accruing several hours of light- 
intensity, weight- bearing activity may also be beneficial 
for BMC.

4.2 | Lean mass

The positive association between average- acceleration 
and lean mass was evident in males only when control-
ling for intensity- gradient. However, the association in 
females was approaching statistical significance, so is 

likely due to reduced statistical power, lower lean mass 
and lower average- acceleration in females compared 
to males. Further, MVPA was positively associated 
with lean mass in females and males. Previous studies 
have not examined average- acceleration and intensity- 
gradient in relation to lean mass, though research has 
found that more active children and adolescents have 
greater lean mass, similar to the positive associations we 
observed between MVPA with lean mass.2,35 However, 
these studies have been unable to separate the associa-
tions of PA volume and intensity, as all summary inten-
sities of PA should not be included in the same model 
due to issues with multicollinearity.2,35 This further 
highlights the potential benefits of using the acceler-
ometer metrics proposed by Rowlands and colleagues,9 
as it allows the full intensity spectrum to be character-
ized and analyzed without issues of multicollinearity, 
though other methods have been proposed which also 
account for this.36 Our findings indicate that PA volume 
and MVPA are important for lean mass.

4.3 | Fat mass

Of the previous studies that have examined the as-
sociations between average- acceleration and 

F I G U R E  4  Illustration of the physical activity profile for raw (left) and standardized (right) MX metrics in females. Profiles are 
presented for four groups, (1) high- volume and high- intensity, (2) high- volume and low- intensity, (3) low- volume and high- intensity, and (4) 
low- volume and low- intensity. High- volume was defined as average- acceleration ≥ mean, low- volume was defined as average- acceleration 
< mean, high- intensity was defined as intensity- gradient ≥ mean, low- intensity was defined as intensity- gradient < mean. Values are the 
mean; error ribbons are the standard error of the mean. Standardized metrics were standardized based on the sex- specific mean. The MX 
metrics show the acceleration above which a child's most active X minutes are accumulated. Each plot shows (clockwise) M1/3, the intensity 
above which a child's most active 480 min are accumulated; M120, the intensity above which a child's most active 120 min are accumulated; 
M60, the intensity above which a child's most active 60 min are accumulated; M30, the intensity above which a child's most active 30 min are 
accumulated; M15, the intensity above which a child's most active 15 min are accumulated; M10, the intensity above which a child's most 
active 10 min are accumulated; M5, the intensity above which a child's most active 5 min are accumulated; M2, the intensity above which a 
child's most active 2 min are accumulated.
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intensity- gradient with measures of adiposity in chil-
dren, ours is the only one to observe an independent 
relationship between average- acceleration and a meas-
ure of adiposity, albeit only in males. It is unclear what 
accounts for the null finding we observed in females. 
Levels of fat mass and the prevalence of overweight 
and obesity did not differ between females and males, 
though the females were less active in terms of PA vol-
ume and MVPA than the males. It is therefore possible 
that the females were not accumulating enough weight- 
bearing PA to observe an association with fat mass, as 
we did observe a negative association between MVPA 
with fat mass in females and males.

Intensity- gradient was independently negatively as-
sociated with BIA- assessed body fat percentage in ado-
lescent girls,9 and with waist- to- height ratio in primary 
school children.37 Furthermore, multivariate pattern 
analysis demonstrated that PA at vigorous intensities 
had the strongest relationship with waist- to- height 
ratio in children ages 5– 18 years, emphasizing the im-
portance of accruing PA at the high end of the intensity 
spectrum.38 Although our sample had a lower preva-
lence of children living overweight and obesity com-
pared to these previous studies, differences in epoch 
length, which are discussed below, likely account for the 

differences in findings.9,37,38 Our findings suggest that 
greater PA volume is important for reducing fat mass in 
males in this cohort, while MVPA may reduce fat mass 
in females and males in this cohort, with a relatively low 
prevalence of children living with overweight and obese 
weight status.

4.4 | Considerations

The accelerometry methodology may explain the differ-
ences between our findings and those which have found 
PA intensity to be equally or more important than vol-
ume for both BMC and fat mass.7,9,37 In our study, ac-
celerometer data was averaged over 60- s, whereas data 
in more recent studies examining intensity- gradient has 
been averaged over 5- s.7,9,37 As high intensity activity is 
accrued in short bursts in children (typically in bouts 
<10- s), it is impossible to capture these short bursts of 
high- intensity activity with a 60- s epoch.34 As such, our 
intensity- gradient metric may be blunted, limiting our 
ability to detect an effect. This is supported by multivari-
ate pattern analysis of the associations between PA in-
tensity signature of varying epoch lengths with metabolic 
health, which has shown that the intensity most strongly 

F I G U R E  5  Illustration of the physical activity profile for raw (left) and standardized (right) MX metrics in males. Profiles are presented 
for four groups, (1) high- volume and high- intensity, (2) high- volume and low- intensity, (3) low- volume and high- intensity, and (4) low- 
volume and low- intensity. High- volume was defined as average- acceleration ≥ mean, low- volume was defined as average- acceleration < 
mean, high- intensity was defined as intensity- gradient ≥ mean, low- intensity was defined as intensity- gradient < mean. Values are the 
mean; error ribbons are the standard error of the mean. High- volume was defined as average- acceleration ≥ mean, low- volume was defined 
as average- acceleration < mean, high- intensity was defined as intensity- gradient ≥ mean, low- intensity was defined as intensity- gradient < 
mean. The MX metrics show the acceleration above which a child's most active X minutes are accumulated. Each plot shows (clockwise) 
M1/3, the intensity above which a child's most active 480 min are accumulated; M120, the intensity above which a child's most active 
120 min are accumulated; M60, the intensity above which a child's most active 60 min are accumulated; M30, the intensity above which a 
child's most active 30 min are accumulated; M15, the intensity above which a child's most active 15 min are accumulated; M10, the intensity 
above which a child's most active 10 min are accumulated; M5, the intensity above which a child's most active 5 min are accumulated; M2, 
the intensity above which a child's most active 2 min are accumulated.
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14 |   SKINNER et al.

associated with metabolic health is lower the longer the 
epoch, reflecting the dilution over longer epoch lengths.39 
Given that many large longitudinal studies,1,2 as well as 
the International Children's Accelerometry Database,38 
have accelerometer data in 60- s epochs, investigating 
the effect of epoch length on intensity- gradient should 
be a priority before this metric is applied in research 
using longer epochs. Further, given the high levels of PA 
and low levels of fat mass in our sample, it is unknown 
whether these findings extend to less active children and 
to children living with overweight and obesity. Although 
we adjusted for important covariates, residual confound-
ing remains a potential limitation in all observational 
studies, and causality cannot be assumed as bidirectional 
relationships are possible.

The strengths of our study include the population- based 
sample of children, device- measured PA, the comparison 
of novel accelerometer metrics with MVPA estimates 
based on energy expenditure, and the measurement of 
BMC, lean mass, and fat mass by DXA. The application of 
novel accelerometer metrics to characterize volume and 
intensity allowed the independent contributions of each 
of these aspects of PA to be examined. The translation of 
the findings with MX metrics makes the findings easy to 
understand and apply to TBLH BMC, lean mass, and fat 
mass, and we have been able to provide clinically relevant 
recommendations.

4.5 | Clinical relevance

A 1 SD greater average- acceleration was independently as-
sociated with 0.02 kg greater TBLH BMC in females, and 
with 0.03 kg greater TBLH BMC and 0.51 kg greater TBLH 
lean mass in males. This equates to ~2% of the annual 
growth in TBLH BMC in females and males, and ~18% of 
the annual growth in TBLH lean mass in males.28,40 Given 
that ~40% of adult total body BMC is accrued in the 4 years 
surrounding peak height velocity, accruing more bone dur-
ing this period is important for increasing peak bone mass 
in young adulthood.41 A 1 SD greater average- acceleration 
was associated with 1.4 kg lower TBLH fat mass in males, 
which equates to ~4% lower body fat percentage. It is there-
fore likely that our findings are clinically meaningful.

In females, a 1 SD (0.0579 m/s2) increase in average- 
acceleration could be achieved by replacing time per day 
spent at the average- acceleration level with an accumula-
tion of:

1. 22 min of high- intensity activities such as running, 
jumping, and skipping OR

2. 64 min of brisk walking OR
3. 2.5 h of slow walking/light activity OR

4. any combination of the above such that the sum of 
the increases is equal to 0.0579 m/s2, as described in 
Materials and methods.

In males, a 1 SD (0.0696 m/s2) increase in average- 
acceleration could be achieved by replacing time per day 
spent at the average- acceleration level with:

1. 27 min of high- intensity activities such as running, 
jumping, and skipping OR

2. 78 min of brisk walking OR
3. 3 h of slow walking/light activity OR
4. any combination of the above such that the sum of 

the increases is equal to 0.0705 m/s2, as described in 
Materials and methods.

This demonstrates the practical applications of our 
findings.

5  |  CONCLUSION

A higher volume of PA was associated with greater BMC 
in females, and with greater BMC and lean mass, and re-
duced fat mass in males, while more MVPA was associated 
with greater lean mass and lower fat mass in females and 
males, in a population sample of children aged 9– 11 years. 
The relationship between PA volume and BMC was in-
fluenced by lean and fat mass, and body composition 
should be considered in future research to better under-
stand the association between PA and BMC. The high- 
volume PA profiles were characterized by at least 2 min 
of high- intensity activity, as well as several hours of light 
activity. These findings support the current World Health 
Organization recommendations to increase total activity, 
though our analyses need replicating with accelerometer 
data averaged over shorter epochs.21 These intricacies 
would have been missed if only MVPA was explored as 
the exposure of interest. This highlights the importance of 
using methods that account for the whole PA profile and 
which align PA with mechanical loading rather than en-
ergy expenditure when considering bone as an outcome.

5.1 | Perspectives

In the current study, we investigated the associations be-
tween PA volume, PA intensity, and MVPA with BMC, 
lean mass and fat mass in children aged 9– 11 years. We 
found that high PA volume was important for improved 
BMC in females, and for improved BMC and lean mass, 
and reduced fat mass in males, while high levels of MVPA 
were important for greater lean mass and lower fat mass 
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   | 15SKINNER et al.

in females and males, in a population sample of children 
aged 9– 11 years. Our results confirm findings from previ-
ous studies indicating the importance of PA for bone, lean 
and fat mass in children, and extend the current literature 
by considering both the volume and the full spectrum of 
PA intensity alongside MVPA, highlighting importance of 
using methods that account for whole PA profile. Further, 
we translated our findings to provide a meaningful descrip-
tion of the PA profile associated with more favorable BMC, 
lean and fat mass, which included short periods of high 
intensity activity as well as several hours of light activity.
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in the Supporting Information section at the end of this 
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