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Abstract 
Two accelerometer metrics (intensity-gradient and average-accel-
eration) can be used to determine the relative contributions of 
physical activity (PA) volume and intensity for health, but it is 
unknown whether epoch length influences the associations de-
tected. This is important when considering bone health, as bone 
is particularly responsive to high intensity PA, which may be un-
derestimated by longer epochs. This study aimed to assess the as-
sociations between average-acceleration, a proxy measure of PA 
volume, and intensity-gradient, reflective of PA intensity distri-
bution, from PA data from 1-s to 60-s epochs at age 17 to 23 years 
with bone outcomes at age 23 years. This is a secondary analysis 
of 220 participants (124 females) from the Iowa Bone Develop-
ment Study, a longitudinal study of bone health from childhood 
to early adulthood. Accelerometer-assessed PA data, captured at 
age 17 to 23 years, were summarised over 1-s, 5-s, 15-s, 30-s, and 
60-s epochs, to generate average-acceleration and intensity-gra-
dient from each epoch length, averaged across ages. Regression 
analysed associations between mutually adjusted average-accel-
eration and intensity-gradient with dual-energy X-ray absorp-
tiometry assessed total-body-less-head (TBLH) bone mineral 
content (BMC), spine areal bone mineral density (aBMD), hip 
aBMD, and femoral neck cross-sectional area and section modu-
lus at age 23 years. Intensity-gradient was positively associated 
with TBLH BMC in females, with spine aBMD in males, and 
with hip aBMD and geometry in both sexes, when a 1 to 5-s epoch 
was used. Average-acceleration was positively associated with 
TBLH BMC, spine aBMD and hip aBMD in males, generally 
when the adjustment for intensity-gradient was from > 1-s 
epochs. Intensity and volume were important for bone outcomes 
in both sexes and males, respectively. A 1 to 5-s epoch length was 
most appropriate to assess the mutually adjusted associations of 
intensity-gradient and average-acceleration with bone outcomes 
in young adults.  
 
Key words: Intensity gradient; average acceleration; volume; ac-
celerometer; adolescents; young adults. 

 
 

Introduction 
 
Accelerometers are now widely used to assess physical ac-
tivity (PA) for research purposes (Troiano et al., 2014). 
Traditionally, outcomes from accelerometer-assessed PA 
have  been  defined  based on  cut-points applied to accel- 

erometer counts to classify time spent in different intensi-
ties (i.e. light, moderate and vigorous), typically based on 
the metabolic equivalents of task (METs) framework 
(Troiano et al., 2014). Validation studies have related the 
energy expenditure of various tasks to accelerometer 
counts in order to classify PA intensity based on accel-
erometer counts (Trost et al., 2011). The application of cut-
points to categorize PA intensity condenses the PA inten-
sity continuum into three or four broad categories validated 
against METs (Colley and Tremblay, 2011; Janz et al., 
2014; Rowlands et al., 2020; Trost et al., 2011; Zymbal et 
al., 2019). However, as movement is accumulated across 
an intensity continuum, rather than focusing on specific in-
tensities of activity, it has been proposed that the whole in-
tensity spectrum should be considered when examining the 
relationships between PA with health outcomes (Rowlands 
et al., 2020). Further, various cut-points have been pro-
posed to define PA intensities, and as such the amount of 
time spent in different intensities is highly dependent on 
the applied cut-points (Migueles et al., 2019a). 

To overcome some of the limitations with the cut-
point based approach to summarising PA data, Rowlands 
and colleagues have previously proposed using metrics 
which capture both the volume and intensity of the PA pro-
file (Rowlands et al., 2018). The total volume of PA is re-
flected in the average-acceleration over the waking day or 
24-hour period, providing a proxy measure of PA volume 
that is not dependent on cut-points (Rowlands et al., 2018). 
The intensity distribution of PA can be characterised with 
the intensity-gradient; the slope of a log-log regression be-
tween intensity and time accumulated in each intensity bin 
(Rowlands et al., 2018). Together, these metrics can be 
used to provide a description of the PA profile (Rowlands 
et al., 2018). 

These metrics have been applied in children and 
adults, to assess the associations between PA with a range 
of health outcomes, including body mass index, metabolic 
health, physical function, bone density and well-being 
(Fairclough et al., 2019; Rowlands et al., 2018; Rowlands 
et al., 2020; Skinner at al., 2023). However, most studies 
to date have calculated the intensity-gradient from high-
resolution data, averaged over 5-s epochs (Fairclough et 
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al., 2019; Rowlands et al., 2018; Rowlands et al., 2020). It 
is widely acknowledged that accelerometer data should be 
collected over the shortest epoch possible, to reflect the 
transient and intermittent nature of PA (Baquet et al., 2007; 
Heil et al., 2012). However, as some longitudinal cohort 
studies have been collecting accelerometry data for many 
years, there is a wealth of longitudinal accelerometry data 
captured in 60-s epochs (Haapala et al., 2017; Heil et al., 
2012; Janz et al., 2010; Loprinzi et al., 2012; Ness et al., 
2007). Furthermore, the harmonisation of datasets, as with 
the International Children’s Accelerometry Database 
which includes data collected from 1997 to 2007, necessi-
tates the application of 60-s epochs in order for PA data 
from different studies and protocols to be combined for 
analysis (Sherar et al., 2011). Therefore, it is important to 
test whether the associations between intensity-gradient 
with health outcomes are influenced by epoch length to in-
form whether these metrics have utility when applied to PA 
data with varying epoch lengths, and to understand whether 
the observed associations when using shorter epochs are 
reflected when using longer epochs, thereby informing the 
use of intensity-gradient in PA data averaged over longer 
epochs. 

Longer epochs underestimate the time spent in high 
intensity PA, and therefore epoch length may have a 
greater influence on the associations between intensity and 
health when considering health outcomes which are partic-
ularly responsive to high intensity PA, such as bone 
(Brailey et al., 2022; Nilsson et al., 2001). Understanding 
the relationships between PA with bone outcomes is im-
portant, as osteoporosis risk in later life is influenced by 
both peak bone mass achieved in young adulthood, and 
subsequent age-related bone loss (Bonjour et al., 2009). 
PA, through impact loading forces, stimulates bone for-
mation by exposing the skeleton to mechanical strains 
(Gunter et al., 2012; Tobias, 2014). Accelerometer-as-
sessed high intensity PA has been positively associated 
with measures of bone health in children and adolescents 
(Brailey et al., 2022), pre- and post-menopausal women 
(Stiles et al., 2017), and older adults (Parsons et al., 2022). 
However, there is limited research considering the influ-
ence of epoch length on the associations between PA and 
bone outcomes during the years around peak bone mass, 
though in post-menopausal women the relationship be-
tween moderate-to-vigorous PA with bone outcomes did 
not differ between 10-s and 60-s epoch (Gabriel et al., 
2010). 

Previous research has found contradictory associa-
tions between intensity-gradient with bone outcomes 
(Rowlands et al., 2020; Rowlands et al., 2019b). Rowlands 
and colleagues found both intensity-gradient and average-
acceleration were important for total-body-less-head bone 
mineral content (TBLH BMC) in adolescents and adults in 
the Iowa Bone Development Study (IBDS) cohort 
(Rowlands et al., 2020). However, in an analysis of UK Bi-
obank data, both intensity-gradient and average-accelera-
tion were positively associated with bone density T-score 
in premenopausal women, but neither were independent of 
the other, and only intensity-gradient was positively asso-
ciated with bone density T-score in post-menopausal 
women (Rowlands et al., 2019b). Aside from differences 

in the study populations, although both used data from raw 
acceleration sensors, the PA data from the IBDS were av-
eraged over 5-s epochs, and the data from UK Biobank 
were averaged over 1-s epochs (Rowlands et al., 2020; 
Rowlands et al., 2019b). However, as the associations be-
tween intensity-gradient from varying epoch lengths with 
bone outcomes have yet to be assessed within the same 
sample, the influence of epoch length on the associations 
between intensity-gradient with bone is not yet understood. 

The IBDS study analysed by Rowlands and col-
leagues captured PA using raw acceleration accelerometers 
(Rowlands et al., 2020). Therefore, extending the previous 
analyses by Rowlands and colleagues by averaging the ac-
celerometer data over various epoch lengths would facili-
tate examination of whether the relationship between in-
tensity-gradient and average-acceleration with bone out-
comes is dependent on the epoch used, thus informing the 
application of these novel accelerometer metrics in histor-
ical datasets. 

The primary aim of this study was to assess the mu-
tually adjusted associations between average-acceleration 
and intensity-gradient from PA data averaged over 1-s, 5-
s, 15-s, 30-s, and 60-s epochs at age 17 to 23 years with 
bone outcomes (TBLH BMC, spine areal bone mineral 
density (aBMD), total hip aBMD, femoral neck cross-sec-
tional area, femoral neck section modulus) at age 23 years. 
We hypothesised that the associations between intensity-
gradient with bone outcomes would decrease as epoch 
length increased, and that the associations between aver-
age-acceleration with bone outcomes would decrease when 
adjusting for intensity-gradient from shorter epoch lengths. 
The secondary aim of this study was to apply translational 
metrics, in order to describe the PA profile as assessed by 
the 1-s, 5-s, 15-s, 30-s, and 60-s epoch PA data. 
 
Methods 
 
Study Design and Participants 
This study is a secondary analysis of data from IBDS, an 
ongoing longitudinal study, tracking bone development, 
PA, and lifestyle measures from childhood into adulthood 
(Janz et al., 2001; Metcalf et al., 2020). Beginning in 1998 
(wave 1), participants aged 5 years were invited to partici-
pate. Follow-up measurements occurred when participants 
were aged 8 (wave 2), 11 (wave 3), 13 (wave 4), 15 (wave 
5), 17 (wave 6), 19 (wave 7), 21 (wave 8) and 23 (wave 9) 
years, with approximately 400 to 500 participants in each 
wave. Further details of the IBDS and participant de-
mographics have been previously published (Janz et al., 
2001). 

The present analyses used data from wave 6 (at age 
17 years), to wave 9 (at age 23 years), when PA was cap-
tured using raw acceleration accelerometers. Data for raw 
acceleration accelerometers were available for approxi-
mately 60% of participants at wave 6, and for waves 7 to 9 
(Rowlands et al., 2020). PA exposures were averaged from 
available data from waves 6 to 9, and anthropometric 
measures and bone outcomes were taken wave 9 at age 23 
years. 

The IBDS received ethical approval from the Uni-
versity of Iowa Institutional Review Board (IRB ID 
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#:199112665). Legal caregivers and participants aged 18 
or over provided written informed consent, and partici-
pants provided written informed assent when they were 
younger than 18 years. 
 
Anthropometrics and maturation 
Stature was measured using a Harpenden stadiometer (Hol-
tain Ltd., Crosswell, UK), and body weight was measured 
using a Healthometer physician’s scale (Continental, 
Bridgeview, IL). Biological age, as the estimated number 
of years since peak height velocity, was estimated from 
height, sitting height, leg length, and age, using the Mir-
wald equation (Mirwald et al., 2002). As the equation is 
most precise when the measures used in the prediction 
equation are taken close to the actual age of peak height 
velocity, for each participant the predicted peak height ve-
locity age that was closest to chronological age of assess-
ment was used (e.g., in wave 2 or 3) (Mirwald et al., 2002). 
 
Bone measures 
TBLH BMC (g), lumbar spine (L1 to L4) aBMD (g/cm2) 
and left total hip aBMD (g/cm2) were measured using the 
Hologic QDR 4500A dual-energy X-ray absorptiometry 
(DXA) (Delphi upgrade) device, with software V.12.3 in 
the fan beam mode, as described elsewhere (Janz et al., 
2014; Saint-Maurice et al., 2018; Ward et al., 2019). The 
boundaries of the hip and spine images were specified us-
ing software-specific Global Regions of Interest (ROI). Af-
ter review and editing of the bone within the ROI box, 
aBMD was determined. Hip structural geometry was esti-
mated from the hip DXA scans, as described by Ward and 
colleagues (2019), with the Hip Structure Analysis pro-
gram (Hologic Apex 3.0 software). The Hip Structure 
Analysis program locates cross-sections traversing the 
femoral neck at its narrowest point (Ward et al., 2019). 
Femoral neck cross-sectional area (cm2) and cross-sec-
tional moment of inertia (cm4) for bending in the image 
plane were calculated, and from this section modulus (cm3) 
was derived (Ward et al., 2019). The scans were carried out 
by one of three technicians, certified by the International 
Society of Clinical Densitometry. Daily quality control 
scans were performed using the Hologic spine phantom. 
The precision error for BMC measurements was low in the 
laboratory, with a coefficient of variation <1% for quality 
control scans using the phantom (Janz et al., 2004; Janz et 
al., 2014). 
 
Physical Activity 
PA was measured using hip worn ActiGraph GT3X+ 
(ActiGraph, Pensacola, FL) accelerometers. Participants 
were requested to wear the monitors for five consecutive 
days, including both weekend days to account for differ-
ences in weekday and weekend activity patterns (Scheers 
et al., 2012). For waves 6 and 7, the protocol was waking 
day only, and for waves 8 and 9 24-hour wear was optional. 
Data were captured with 30 Hz sampling frequency, apart 
from approximately one third of files in wave 7 where data 
were captured with 100 Hz sampling frequency. There is a 
high correlation between PA outcomes from data collected 
at 30 Hz and 100 Hz (correlation coefficient for vector 
magnitude acceleration = 0.999, bias = -0.06), suggesting 

the data were comparable despite differences in sampling 
rate (Clevenger et al., 2019). 

Accelerometer data were processed as described 
previously (Rowlands et al., 2020). Data were initialised 
and downloaded from the ActiGraphs using the most recent 
release of ActiLife available at the time of data collection 
(versions 6.0.0-6.13.3; ActiGraph, Pensacola, FL). Data 
were converted from raw format GT3X files to raw csv 
files for signal processing and were processed and analysed 
with R-package GGIR version 2.4 - 0 (http:// cran.r-pro-
ject.org) (Migueles et al., 2019b). In GGIR, signal pro-
cessing includes autocalibration using local gravity as a 
reference (van Hees et al., 2014), detection of sutained ab-
normally high values, detection of nonwear, and calcula-
tion of the average magnitude of dynamic acceleration cor-
rected for gravity (Euclidean Norm minus 1g, ENMO) 
(Rowlands et al., 2020). Data were averaged over 1-s, 5-s, 
15-s, 30-s, and 60-s epochs, and expressed in milligravita-
tional units (mg). Non-wear was imputed by the average at 
similar time-points on different days of the week, and for 
the waking day only data non-wear during the night was 
imputed as zeros, as 24-hour data are required for the cal-
culation of the intensity-gradient (Rowlands et al., 2020). 
Following exclusion criteria outlined previously, partici-
pants were excluded if their accelerometer file showed 
post-calibration error greater than 0.01 g (Rowlands et al., 
2020). For data to be considered valid, participants had to 
have at least 3 days with > 16 hour per day (after imputing 
non-wear during the night) and wear data had to be present 
for each 15-min period of the 24 - h cycle (after imputation 
for non-wear during the night) (Rowlands et al., 2020). Pre-
vious analyses on this dataset have shown that the included 
participations did not differ from those excluded for the 
majority of wave 9 outcomes (Rowlands et al., 2020). For 
more details see Rowlands et al. (Rowlands et al., 2020).  

Average-acceleration was calculated as the mean 
acceleration across the 24-hour day and is a proxy for the 
daily volume of PA and is therefore consistent across 
epoch lengths (Rowlands et al., 2018). Intensity-gradient 
reflects the distribution of intensity across the 24 hour day, 
characterising the negative curvilinear relationship be-
tween PA intensity and time accumulated at that intensity 
(Rowlands et al., 2020). The process for calculating the in-
tensity-gradient has been described in detail elsewhere, and 
this approach was followed in the present study, with the 
intensity-gradient generated in GGIR (Migueles et al., 
2019b; Rowlands et al., 2018). Briefly, the time accumu-
lated in each intensity bin was regressed on intensity, with 
both variables log-transformed to linearise the curvilinear 
relationship. An R2, a constant and a slope were calculated 
for each participant. The slope is always negative, with a 
more negative coefficient reflecting less time in higher in-
tensities, and a less negative coefficient reflecting more 
time in higher intensities (Rowlands et al., 2020). Intensity-
gradient was calculated for the accelerometer data aver-
aged over each of the different epoch lengths to provide an 
intensity-gradient from 1-s (intensity-gradient1-S), 5-s (in-
tensity-gradient5-S), 15-s (intensity-gradient15-S), 30-s (in-
tensity-gradient30-S), and 60-s (intensity-gradient60-S) data. 
Translational metrics were calculated in GGIR as the in-
tensity above which a participant’s most active 2, 5, 10, 15, 
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30, 60, 120, 240 and 480 minutes (MX minutes, whereby 
X = time in minutes) were accumulated (Migueles et al., 
2019b; Rowlands et al., 2019c). The MX metrics (M2, M5, 
M10, M15, M30, M60, M120, M240 and M480) were gen-
erated from 1-s, 5-s, 15-s, 30-s, and 60-s epoch PA data. 

All PA outcome variables were averaged over 
waves 6 to 9, to yield a mean intensity-gradient and aver-
age-acceleration for each participant, providing an estimate 
of PA patterns in late adolescence and early adulthood 
(Rowlands et al., 2020). Participants were included if at 
least one measurement was available from the four waves, 
under the assumption that data were missing at random 
(Rowlands et al., 2020). The mean age of the included PA 
outcomes was calculated to include as a covariate in anal-
yses. 
 

Statistical Analysis 
Analyses were performed with Stata (v17.0) (StataCorp 
LLC, College Station, TX) and radar plots created in RStu-
dio, using an openly available code that can be accessed on 
GitHub (Maylor et al., 2021; R Core Team, 2021). 

Descriptive statistics (mean and standard deviation) 
were calculated for the total study sample, and for females 
and males separately, with independent samples t-tests 
used to test for sex differences. Further analyses were split 
by sex, due to the sex-specific patterns of bone accrual dur-
ing adolescence (Baxter-Jones and Jackowski, 2021). Pear-
son’s correlation coefficients were used to investigate the 
association between average-acceleration with intensity-
gradient for each epoch length, to assess whether the cor-
relation between the metrics varied by epoch. 

Multiple linear regression analyses were used to as-
sess the associations between average-acceleration and in-
tensity-gradient for each epoch length with TBLH BMC, 
spine aBMD, total hip aBMD, hip femoral neck cross-sec-
tional area, and hip femoral neck section modulus, all taken 
from wave 9. Analyses were adjusted for age at scan in 
wave 9, stature, body mass, years from peak height veloc-
ity (all from wave 9), the proportion of the 24-hour cycle 
that the accelerometer was worn, and the mean age of the 
included PA waves. Model 1 included either average-ac-
celeration or intensity-gradient, adjusted for covariates, 
and Model 2 included both average-acceleration and inten-
sity-gradient. The analysis was repeated with intensity-gra-
dient1-S, intensity-gradient5-S, intensity-gradient15-S, inten-
sity-gradient30-S, and intensity-gradient60-S as the intensity-
gradient variables. Activity metrics were standardised prior 
to entry into the regression analysis, so the regression co-
efficients show the change in the dependent variable per 
SD (standard deviation) change in metric. The variance in-
flation factor remained less than 2 in all models, and less 
than 1.5 in most cases, indicating multicollinearity was not 
a problem. Regression coefficients (ß) and their 95% con-
fidence intervals (CI) are presented. The alpha level for sig-
nificance was set at 0.05. 

For the presentation of descriptive MX metrics, 
mean MX values were calculated from each epoch length. 
Both raw MX values and MX values standardised based on 
the 1-s epoch length data were used. The mean and stand-
ard error of the MX metrics from each epoch length were 
visualised on radar plots (Maylor et al., 2021; Rowlands et  

al., 2019a). 
 
Results 
 
Descriptive characteristics 
Descriptive statistics are presented in Table 1 for the total 
sample and for females and males separately. Anthropo-
metric, maturation and bone measures are from wave 9 at 
age 23 years, and PA data are an average of waves 6 to 9. 
As the epoch length increased from 1-s to 60-s, the inten-
sity-gradient increased from -2.92 to -2.28 for females and 
from -2.90 to -2.24 for males. The R2 for the linear fit of 
the intensity-gradient remained similar across epoch 
lengths (~ 0.9). The correlations between the average-ac-
celeration and the intensity-gradient increased as epoch 
length increased from 0.48 to 0.70 in females and from 
0.29 to 0.45 in males (Table 2). 
 
Females 
Average-acceleration was not associated with TBLH BMC 
(g) when entered separately into the regression (see Table, 
Supplementary Content 1), or when adjusted for intensity-
gradient across all epoch lengths (Table 3). Intensity-gra-
dient from all epoch lengths were positively associated 
with TBLH BMC (see Table, Supplementary Content 1), 
but this association only persisted for intensity-gradient1-S 
and intensity-gradient5-S after adjustment for average-ac-
celeration (Table 3). 

There were no associations between average-accel-
eration or intensity-gradient of any epoch length with spine 
aBMD (g/cm2), when the activity variables were entered 
separately (see Table, Supplementary Content 1), or to-
gether (Table 3). The results for spine BMC (g) were sim-
ilar to those for aBMD in the fully-adjusted models in 
terms of significance and direction (see Table, Supplemen-
tary Digital Content 1). 

Average-acceleration was not associated with total 
hip aBMD (g/cm2) when entered separately into the regres-
sion, (see Table, Supplementary Content 1), and after ad-
ditional adjustment for intensity-gradient (Table 3). Inten-
sity-gradient calculated from all epochs was positively as-
sociated with total hip aBMD (see Table, Supplementary 
Content 1), but only the association between intensity-gra-
dient1-S with total hip aBMD remained significant when ad-
justing for average-acceleration (Table 3). The results for 
total hip BMC (g) were similar to those for aBMD in the 
fully-adjusted models in terms of significance and direc-
tion (see Table, Supplementary Content 1). 

Average-acceleration was not associated with fem-
oral neck cross-sectional area (cm2) when entered sepa-
rately into the regression (see Table, Supplementary Con-
tent 1) or when adjusted for intensity-gradient (Table 3). 
Intensity-gradient1-S, intensity-gradient5-S and intensity-
gradient15-S were positively associated with femoral neck 
cross-sectional area (see Table, Supplementary Content 1). 
The association remained significant for intensity-gradi-
ent1-S only after adjustment for average-acceleration (Table 
3). There were no associations between average-accelera-
tion or intensity-gradient with femoral neck section modu-
lus (cm3) (Table 3). 
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Table 1. Descriptive characteristics of participants 

a For anthropometric variables, maturation, and bone measures, n = 220 (females = 124, males =96). For physical activity data, n = 217 (females = 121, 
males = 96). * indicates sex difference with p < 0.05 from independent samples t-tests. Intensity-gradient was calculated from accelerometer data 
averaged over a 1-s epoch (intensity-gradient1-S), a 5-s epoch (intensity-gradient5-S), a 15-s epoch (intensity-gradient15-S), a 30-s epoch (intensity-gradi-
ent30-S), and a 60-s epoch (intensity-gradient60-S). SD, standard deviation; DXA, dual-energy X-ray absorptiometry; TBLH, total body less head; BMC, 
bone mineral content; aBMD, areal bone mineral density. 
 

                    Table 2. Correlations between average-acceleration and intensity-gradient. 
 Total sample (n = 217) Females (n = 121) Males (n = 96) 
 Average-acceleration Average-accelera-

tion 
Average-acceleration 

Intensity-gradient1-S 0.40 0.48 0.29 
Intensity-gradient5-S 0.43 0.51 0.33 
Intensity-gradient15-S 0.47 0.54 0.38 
Intensity-gradient30-S 0.52 0.62 0.38 
Intensity-gradient60-S 0.60 0.70 0.45 
Values are Pearson’s correlation coefficient. Intensity-gradient was calculated from accelerometer data averaged over a 
1-s epoch (intensity-gradient1-S), a 5-s epoch (intensity-gradient5-S), a 15-s epoch (intensity-gradient15-S), a 30-s epoch 
(intensity-gradient30-S), and a 60-s epoch (intensity-gradient60-S). 

 

Males 
Average-acceleration was positively associated with 
TBLH BMC (g) when entered separately into the regres-
sion (see Table, Supplementary Content 2), and when ad-
justed for intensity-gradient across all epoch lengths (Table 
4). Intensity-gradient from all epoch lengths were posi-
tively associated with TBLH BMC (see Table, Supplemen-
tary Content 2), but this association did not persist after ad-
justment for average-acceleration (Table 4). 

Average-acceleration was positively associated 
with spine aBMD (g/cm2) when entered separately into the 
regression (see Table, Supplementary Content 2), and 
when adjusted for intensity-gradient across all epoch 
lengths (Table 4). Intensity-gradient from all epoch lengths 
were positively associated with spine aBMD (see Table, 
Supplementary Content 2). Only the association with in-
tensity-gradient1-S and intensity-gradient5-S remained sig-
nificant after adjustment for average-acceleration (Table 
4). The results for spine BMC (g) were similar to those for 
aBMD in the fully-adjusted models in terms of significance 

and direction, though intensity-gradient across all epoch 
lengths remained significantly associated with spine BMC 
(see Table, Supplementary Content 2). 

Average-acceleration was positively associated 
with total hip aBMD (g/cm2) when entered separately into 
the regression (see Table, Supplementary Content 2), and 
the association remained significant after adjustment for 
intensity-gradient (Table 4), with the exception of inten-
sity-gradient1-S. Intensity-gradient1-S and intensity-gradi-
ent5-S were positively associated with total hip aBMD (see 
Table, Supplementary Content 2). Only the association be-
tween intensity-gradient1-S with total hip aBMD remained 
significant when adjusting for average-acceleration (Table 
4). The results for total hip BMC (g) were also similar to 
those for aBMD in the fully-adjusted models in terms of 
significance and direction, though intensity-gradient1-S was 
not associated with total hip BMC, and average-accelera-
tion was associated with total hip BMC in all models (see 
Table, Supplementary Content 2). 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 Total samplea Femalesa Malesa 
 Mean SD Mean SD Mean SD 
Age at DXA scan at wave 9 (years) 23.4 0.5 23.4 0.5 23.4 0.6 
Years from peak height velocity at wave 9 10.7 1.3 11.5* 0.8 9.7* 1.0 
Body weight at wave 9 (kg) 81.5 22.6 74.0* 20.0 91.3* 22.2 
Stature at wave 9 (cm) 171.9 9.8 166.0* 7.0 179.5* 7.5 

Bone measures at wave 9
TBLH BMC (g) 2100 481 1826* 311 2454* 428 
Spine aBMD (g/cm2) 1.085 0.120 1.069* 0.127 1.105* 0.108 
Total hip aBMD (g/cm2) 1.080 0.151 1.031* 0.128 1.143* 0.157 
Femoral neck cross-sectional area (cm2) 3.63 0.77 3.26* 0.58 4.11* 0.72 
Femoral neck section modulus (cm3) 1.80 0.53 1.49* 0.35 2.20* 0.46 

Physical Activity from mean of available waves
Mean age of physical activity measurements (years) 21.3 1.5 21.2 1.5 21.3 1.5 
Proportion of 24-hour wear 0.87 0.08 0.87 0.08 0.86 0.07 
Average-acceleration 15.30 3.95 14.96 3.92 15.74 3.96 
1-s epoch                        Intensity-gradient1-S -2.91 0.20 -2.92 0.21 -2.90 0.19 
                                                 R2 for linear fit 0.90 0.04 0.89* 0.04 0.91* 0.03 
5-s epoch                        Intensity-gradient5-S -2.62 0.21 -2.62 0.22 -2.62 0.19 
                                                 R2 for linear fit 0.89 0.04 0.89 0.05 0.90 0.04 
15-s epoch                    Intensity-gradient15-S -2.41 0.22 -2.42 0.23 -2.40 0.20 
                                                 R2 for linear fit 0.90 0.04 0.90 0.05 0.90 0.04 
30-s epoch                    Intensity-gradient30-S -2.33 0.24 -2.35 0.25 -2.32 0.22 
                                                 R2 for linear fit 0.91 0.04 0.91 0.05 0.91 0.03 
60-s epoch                    Intensity-gradient60-S -2.27 0.25 -2.28 0.27 -2.24 0.23 
                                                 R2 for linear fit 0.91 0.04 0.92 0.04 0.91 0.04 
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Table 3. The mutually adjusted associations of physical activity volume (average-acceleration) and intensity distribution (intensity-gradi-
ent) with bone outcomes in females (n = 121). 
 1-s epoch 5-s epoch 15-s epoch 30-s epoch 60-s epoch 
 ß (95% CI) ß (95% CI) ß (95% CI) ß (95% CI) ß (95% CI) 

TBLH BMC (g)
aAverage-acceleration 2.54 (-36.46 to 41.53) 8.39 (-29.33 to 46.11) 5.71 (-35.88 to 47.29) 4.44 (-41.06 to 49.95) 3.54 (-48.14 to 55.23) 
bIntensity-gradient 46.47** (18.4 to 74.55) 32.43* (0.2 to 64.66) 33.6 (-2.33 to 69.53) 31.5 (-8.54 to 71.54) 28.45 (-16.01 to 72.91)

Spine aBMD (g/cm2)
aAverage-acceleration 0.00 (-0.02 to 0.03) 0.00 (-0.02 to 0.03) 0.00 (-0.02 to 0.03) 0.00 (-0.02 to 0.03) 0.01 (-0.03 to 0.04) 
bIntensity-gradient 0.01 (-0.01 to 0.03) 0.01 (-0.01 to 0.03) 0.01 (-0.01 to 0.04) 0.01 (-0.02 to 0.04) 0.01 (-0.03 to 0.04) 

Total hip aBMD (g/cm2)
aAverage-acceleration 0.01 (-0.01 to 0.03) 0.01 (-0.01 to 0.03) 0.01 (-0.02 to 0.03) 0.01 (-0.02 to 0.04) 0.01 (-0.03 to 0.04) 
bIntensity-gradient 0.02* (0.00 to 0.04) 0.02 (0.00 to 0.04) 0.02 (0.00 to 0.04) 0.02 (-0.01 to 0.05) 0.02 (-0.01 to 0.05) 

Femoral neck cross-sectional area (cm2)
aAverage-acceleration 0.02 (-0.06 to 0.09) 0.02 (-0.06 to 0.1) 0.01 (-0.07 to 0.09) 0.02 (-0.07 to 0.11) 0.02 (-0.08 to 0.13) 
bIntensity-gradient 0.06* (0.01 to 0.12) 0.06 (0.00 to 0.12) 0.06 (-0.01 to 0.13) 0.05 (-0.03 to 0.13) 0.03 (-0.06 to 0.13) 

Femoral neck section modulus (cm3)
aAverage-acceleration 0.03 (-0.02 to 0.07) 0.03 (-0.02 to 0.08) 0.02 (-0.03 to 0.08) 0.03 (-0.03 to 0.09) 0.02 (-0.04 to 0.09) 
bIntensity-gradient 0.02 (-0.03 to 0.06) 0.00 (-0.04 to 0.05) 0.02 (-0.03 to 0.06) 0.00 (-0.05 to 0.06) 0.02 (-0.04 to 0.07) 
Values are regression coefficients (ß) and their 95% confidence intervals (CI) from linear regression models. Regression coefficients are adjusted for age at wave 9, 
stature at wave 9, mass at wave 9, years from peak height velocity at wave 9, the proportion of the 24-hour cycle the accelerometer was worn, the mean age for 
physical activity measures, and the alternate activity metric (intensity-gradient or average-acceleration). Activity metrics were standardised before entry into analysis, 
so values represent the change in the outcome associated with a 1 standard deviation change in the activity metric.  
aAverage-acceleration (average of waves 6 to 9) is the mean acceleration across wear-time. 
bIntensity-gradient (average of waves 6 to 9) calculated, with imputing zeros for non-wear during the night, as the regression line from log-log plot of intensity (x) 
and time accumulated (y). * p <  0.05. ** p  < 0.01. TBLH, total body less head; BMC, bone mineral content; aBMD, areal bone mineral density. 

 
Table 4. The mutually adjusted associations of physical activity volume (average-acceleration) and intensity distribution (intensity-gradient) with 
bone outcomes in males (n = 96). 

 1-s epoch 5-s epoch 15-s epoch 30-s epoch 60-s epoch 
 ß (95% CI) ß (95% CI) ß (95% CI) ß (95% CI) ß (95% CI) 

TBLH BMC (g)
aAverage-acceleration 78.11* (18.54 to 137.69) 78.31** (19.68 to 136.95) 80.82** (24.36 to 137.27) 79.96** (23.96 to 135.95) 71.77* (14.03 to 129.51)
bIntensity-gradient 56.23 (-10.85 to 123.3) 49.8 (-19 to 118.59) 35.57 (-32.41 to 103.54) 37.39 (-29.82 to 104.6) 50.17 (-24.25 to 124.6)

Spine aBMD (g/cm2) 
aAverage-acceleration 0.02* (0.01 to 0.04) 0.03** (0.01 to 0.04) 0.03** (0.01 to 0.05) 0.03** (0.01 to 0.04) 0.02** (0.01 to 0.04) 
bIntensity-gradient 0.04** (0.01 to 0.06) 0.03* (0.00 to 0.05) 0.02 (0.00 to 0.04) 0.02 (0.00 to 0.04) 0.02 (0.00 to 0.04) 

Total hip aBMD (g/cm2)
aAverage-acceleration 0.03 (0.00 to 0.06) 0.03* (0.00 to 0.06) 0.03* (0.01 to 0.06) 0.04* (0.01 to 0.06) 0.03* (0.00 to 0.06) 
bIntensity-gradient 0.04* (0.01 to 0.07) 0.03 (-0.01 to 0.06) 0.02 (-0.02 to 0.05) 0.01 (-0.02 to 0.05) 0.01 (-0.02 to 0.05) 

Femoral neck cross-sectional area (cm2)
aAverage-acceleration 0.12 (-0.01 to 0.25) 0.12 (0.00 to 0.25) 0.12* (0.00 to 0.25) 0.12 (-0.01 to 0.24) 0.1 (-0.03 to 0.22) 
bIntensity-gradient 0.13 (0.00 to 0.27) 0.11 (-0.03 to 0.25) 0.09 (-0.04 to 0.23) 0.11 (-0.02 to 0.24) 0.14* (0.01 to 0.28) 

Femoral neck section modulus (cm3)
aAverage-acceleration 0.06 (-0.02 to 0.14) 0.07 (-0.01 to 0.14) 0.07 (-0.01 to 0.15) 0.07 (-0.01 to 0.14) 0.05 (-0.03 to 0.13) 
bIntensity-gradient 0.09* (0.01 to 0.17) 0.07 (-0.01 to 0.16) 0.06 (-0.02 to 0.13) 0.06 (-0.02 to 0.13) 0.09* (0.01 to 0.17) 
Values are regression coefficients (ß), their 95% confidence intervals (CI), and p values from linear regression models. Regression coefficients are adjusted for age at wave 9, 
stature at wave 9, mass at wave 9, years from peak height velocity at wave 9, the proportion of the 24-hour cycle the accelerometer was worn, the mean age for physical activity 
measures, and the alternate activity metric (intensity-gradient or average-acceleration). Activity metrics were standardised before entry into analysis, so values represent the change 
in the outcome associated with a 1 standard deviation change in the activity metric.  
aAverage-acceleration (average of waves 6 to 9) is the mean acceleration across wear-time. 
bIntensity-gradient (average of waves 6 to 9) calculated, with imputing zeros for non-wear during the night, as the regression line from log-log plot of intensity (x) and time 
accumulated (y). * p < 0.05. ** p < 0.01. TBLH, total body less head; BMC, bone mineral content; aBMD, areal bone mineral density. 

 
Average-acceleration was positively associated 

with femoral neck cross-sectional area (cm2) when entered 
separately into the regression (see Table, Supplementary 
Digital Content 2), but the association did not remain sig-
nificant when adjusted for intensity-gradient, with excep-
tion of for intensity-gradient15-S (Table 4). Intensity-gradi-
ent from all epoch lengths were positively associated with 
femoral neck cross-sectional area (see Table, Supplemen-
tary Digital Content 2), but the association only remained 
significant for intensity-gradient60-S after adjustment for 
average-acceleration (Table 4). 

Average-acceleration was positively associated 
with femoral neck section modulus (cm3) when entered 
separately into the regression (see Table, Supplementary 
Digital Content 2), but the association did not remain sig-
nificant when adjusted for intensity-gradient (Table 4).  In-
tensity-gradient from all epoch lengths were positively as-
sociated with femoral neck section modulus (see Table, 
Supplementary Digital Content 2), but the association only 
remained significant for intensity-gradient1-S and intensity-
gradient60-S after adjustment for average-acceleration (Ta-
ble 4). 
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Figure 1. Illustration of the physical activity profile for raw (left) and standardised (right) MX metrics in females and males 
across 5 different epoch lengths. Profiles are presented for physical activity data averaged over 1-s, 5-s, 15-s, 30-s, and 60-s epoch lengths. Values 
are the mean; error ribbons are the standard error of the mean. Standardised metrics were standardised based on the 1-s epoch data. The MX metrics 
show the acceleration above which an individual’s most active X minutes are accumulated. Each plot shows (clockwise) M480, the intensity above 
which an individual’s most active 480 minutes are accumulated; M120, the intensity above which an individual’s most active 120 minutes are accumu-
lated; M60, the intensity above which an individual’s most active 60 minutes are accumulated; M30, the intensity above which an individual’s most 
active 30 minutes are accumulated; M15, the intensity above which an individual’s most active 15 minutes are accumulated; M10, the intensity above 
which an individual’s most active 10 minutes are accumulated; M5, the intensity above which an individual’s most active 5 minutes are accumulated; 
M2, the intensity above which an individual’s most active 2 minutes are accumulated. 

 
Translational Metrics 
The raw and standardised MX metrics for the total sample 
for the PA data averaged from 1-s, 5-s, 15-s, 30-s, and 60-
s epoch lengths are presented in Figure 1. For M2, M5, 
M10, M15, M30 and M60, the acceleration level decreased 
as the epoch length increased. M120 was similar across all 
epoch lengths. For M480, the acceleration level increased 
as the epoch length increased.  
 
Discussion 
 
This study examined the associations between average-ac-
celeration and intensity-gradient calculated from accel-
erometer data averaged over 1-s, 5-s, 15-s, 30-s, and 60-s 
epochs with DXA-assessed bone measures in young adults 
in the IBDS cohort. Intensity-gradient became less nega-
tive as epoch length increased. The correlation between av-
erage-acceleration and intensity-gradient increased as 
epoch length increased, indicating that the metrics had in-
creasing shared variance, suggesting they reflected similar 
properties of PA when averaged over longer epochs. In fe-
males and males, greater PA intensity was associated with 
more favourable bone outcomes, though the associations 
were dampened when data were averaged over epochs 
longer than 1-s to 5-s, and when adjusted for volume. PA 
volume was not associated with bone outcomes in females. 
In males, greater PA volume was associated with more fa-
vourable bone outcomes, though the associations were not 
consistently independent of intensity, particularly when 
shorter epochs were used. Overall, our findings indicate 
that associations between volume and intensity with bone 
health are influenced by epoch length, though generally    

intensity was important for bone outcomes in females, and 
both volume and intensity were important for bone out-
comes in males. 

The associations of intensity-gradient and average-
acceleration with bone outcomes (from 5-s epoch) have 
previously been reported and discussed in this sample 
(Rowlands et al., 2020). The current study extends the pre-
vious work by considering these associations across vari-
ous epoch lengths. As the novelty of the present study is 
the varying epoch lengths, and the associations of volume 
and intensity with bone in this sample have been discussed 
previously, this discussion will primarily focus on the in-
fluence of epoch length (Rowlands et al., 2020). 

Although this is, to the best of our knowledge, the 
first study to assess the influence of epoch length on inten-
sity-gradient, previous research has assessed the influence 
of epoch length in time spent in summary measures of PA 
intensity (Sanders et al., 2014). We found that the intensity-
gradient metric became less negative as epoch length in-
creased. This was reflected in the MX metrics. The PA data 
averaged over shorter epoch lengths had greater values for 
M2 to M60 and lower values for M480 compared to the PA 
data averaged over longer epochs, with little to no differ-
ences in M120 values between epoch lengths. This reflects 
the dilution of activity at both extremes of the intensity 
continuum when activity is averaged over longer epochs, 
as the smoothing effect of the longer epoch shifts the data 
towards the middle of the intensity continuum. 

Similar to our findings, in adolescents age 12 to 16 
years, epoch length (5-s, 15-s, 30-s and 60-s) had a signif-
icant effect on time spent in vigorous PA, light PA (LPA) 
and rest, and no effect on moderate PA (MPA) (Edwardson 
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and Gorely, 2010). Time spent in vigorous PA and rest de-
creased and time spent in light PA increased with increas-
ing epoch lengths, again reflecting the dilution of PA at 
both extremes of the intensity continuum (Edwardson and 
Gorely, 2010). Likewise in adults, light PA increased and 
vigorous PA decreased as epoch length increased from 4-
s, to 20-s, to 60-s (Ayabe et al., 2013), and time spent in 
moderate-to-vigorous PA has been found to be lower with 
longer epoch lengths, from 5-s to 60-s (Orme et al., 2014). 
Although the bout length of PA and sedentary time would 
determine the extent to which the intensity-gradient is im-
pacted by longer epoch lengths, the findings from previous 
studies indicate that in children and adults longer epochs 
consistently under-estimate activity at very high and very 
low intensities, and over-estimate light activities, with 
some intensities towards the middle of the intensity contin-
uum unlikely to be affected (Ayabe et al., 2013; Edwardson 
and Gorely, 2010; Orme et al., 2014). These over- and un-
der-estimations of time spent in different intensities ex-
plain the increase in intensity-gradient over longer epoch 
lengths that we observed. Our findings indicate that, like 
the influence of epoch length on summary measures of PA 
intensity, epoch length influences the intensity-gradient 
metric in adolescents and young adults, and this should be 
considered by researchers when using the intensity-gradi-
ent metric. 

Given that epoch length influences intensity-gradi-
ent, it is not surprising that our findings also indicate that 
epoch length influences the associations between intensity-
gradient and average-acceleration with bone outcomes, 
particularly as bone is responsive to high intensity activity 
(Hart et al., 2017). In females, fewer independent associa-
tions between intensity-gradient with bone outcomes were 
significant with epoch lengths greater than 1-s, and no in-
dependent associations were significant with epochs 
greater than 5-s. In males, some independent associations 
between intensity-gradient with bone outcomes remained 
significant with 1-s, 5-s, 15-s, and 60-s epoch lengths, 
though similarly to the females, the most significant asso-
ciations were observed when a 1-s epoch was used. This 
indicates that the associations between intensity-gradient 
and bone outcomes in females and males are influenced by 
epoch length, and significant independent associations may 
be missed when PA is averaged over epoch lengths greater 
than 1-s. This may also reflect the degree to which inten-
sity-gradient and average-acceleration become less inde-
pendent as epoch length increases. At longer epoch lengths 
intensity-gradient retained a significant relationship with 
bone outcomes more often when entered without adjust-
ment for average-acceleration, but when both intensity-
gradient and average-acceleration were mutually adjusted, 
intensity-gradient became non-significant when epoch 
length increased beyond 5 to 15-s. Further, when consider-
ing the associations between volume with bone outcomes 
in males, more independent associations between volume 
and bone were observed when the adjustment for intensity 
was from epochs longer than 1-s. This indicates that in ad-
dition to potentially underestimating the relationships be-
tween intensity and bone when using longer epochs, the in-
dependent relationships between volume and bone may be 
overestimated with longer epochs. 

To the best of our knowledge, this is the first study 
to examine whether relationships between PA intensity-
gradient and bone are influenced by epoch. However, pre-
vious studies have compared accelerometer counts and raw 
acceleration to ground reaction forces, and ground reaction 
forces reflect how osteogenic an activity is (Janz et al., 
2003). One study found that with a 15-s epoch, accelerom-
eter counts were positively correlated with ground reaction 
forces during walking and running, but no correlations 
were observed during drop jumps in children (Janz et al., 
2003). This indicates that when accelerometer data are av-
eraged over 15-s, the output is not reflective of the high-
intensity impact loading which is likely important for bone 
(Janz et al., 2003). However, accelerometer data collected 
with a 1-s epoch and raw acceleration data with a sampling 
frequency of 80 Hz and 100 Hz were positively correlated 
with ground reaction forces across walking, running and 
jumping in adults (Rowlands and Stiles, 2012). Similarly, 
in children and adolescents, accelerometer data captured 
with 100 Hz sampling frequency was positively associated 
with ground reaction forces across walking, running, jump-
ing, skipping and dancing (Meyer et al., 2015). Taken to-
gether, these findings suggest that accelerometer data are 
more predictive of osteogenic activity when captured in 
shorter epochs. This agrees with our findings that intensity-
gradient was more often associated with bone outcomes 
when calculated from accelerometer data averaged over 
shorter epochs. Further, although considering metabolic ra-
ther than bone health, Aadland and colleagues found that 
the level of intensity most strongly associated with meta-
bolic health decreased as epoch length increased from 1-s, 
to 10-s, to 60-s in children aged 10 years (Aadland et al., 
2020). This demonstrates that epoch length influences the 
associations between PA intensity and metabolic health, 
similar to our findings relating PA intensity to bone out-
comes. However, bone only adapts in response to strain 
magnitudes above a certain threshold (Hart et al., 2017). 
Although this threshold can be adapted up or down based 
on other strain characteristics, as high intensity weight-
bearing PA is particularly important for bone health, epoch 
length may have a greater influence on the associations be-
tween PA and bone than between PA and metabolic health 
(Hart et al., 2017). Our findings emphasise the importance 
of considering the relationships between PA intensity and 
bone in context of the epoch used. 

Overall, the results of the present study suggest that 
exploring the independent associations of intensity and 
volume with bone health becomes more challenging with 
longer epoch lengths, generally greater than 1 to 5-s, as in-
tensity-gradient and average-acceleration reflect more sim-
ilar information over longer epochs. It is difficult to suggest 
an upper epoch length threshold with which to use these 
metrics, as the extent to which intensity-gradient is im-
pacted by longer epochs will depend on PA and sedentary 
behaviour bout lengths, which may be specific to the stud-
ied population. Within our sample, whilst a 1-s epoch ap-
pears best-suited for capturing associations between inten-
sity-gradient with bone outcomes, a 5-s epoch also appears 
adequate. However, researchers applying these metrics 
should check the correlation between average-acceleration 
and intensity-gradient, and be aware of the potential impact 
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of epoch length on observed independent associations be-
tween intensity-gradient and average-acceleration with 
health outcomes. 

Although the associations between intensity-gradi-
ent and average-acceleration with bone were dependent on 
epoch length, the positive relationships between PA inten-
sity and volume with bone that we observed when using a 
1 to 5-s epoch are consistent with previous analyses of the 
IBDS cohort (Janz et al., 2014). Children who accumulated 
more moderate-to-vigorous PA (MVPA) from age 5 to age 
17 years had more favourable bone mass and geometry at 
age 17 years (Janz et al., 2014). Similarly, in the Avon Lon-
gitudinal Study of Parents and Children cohort, females 
who accumulated greater amounts of MVPA in adoles-
cence had greater hip aBMD at age 25 years compared to 
those with lower levels of MVPA in adolescence but higher 
levels in adulthood, and to those with consistently low lev-
els of MVPA (Elhakeem et al., 2020). Males who accumu-
lated greater amounts of MVPA from age 12 to 25 years 
had greater hip aBMD compared to those with consistently 
lower amounts of MVPA (Elhakeem et al., 2020). How-
ever, as MVPA and total PA volume are closely related 
(correlation coefficient = 0.91) (Kwon et al., 2019), previ-
ous studies have not been able to investigate the relative 
importance of PA intensity and volume. Our findings add 
to previous studies by suggesting that increasing PA inten-
sity, whilst maintaining a similar total PA volume, is ben-
eficial for hip aBMD and geometry in both sexes, for 
TBLH BMC in females, and for spine aBMD in males. Fur-
ther, increasing PA volume, without increasing intensity, 
may be beneficial for TBLH BMC, spine aBMD and hip 
aBMD in males. 

Strengths of this study included the longitudinal 
study design with bone outcomes assessed by DXA and re-
peated measures of PA with raw acceleration accelerome-
ters. The high-resolution accelerometer data allowed the 
aggregation of PA data over varying epoch lengths, thus 
allowing the associations between intensity-gradient from 
varying epoch lengths with bone outcomes to be assessed. 
Further, the placement of the accelerometer at the hip 
means that the measure of PA in this study reflected im-
pact-loading activity, which influences adaptive bone mod-
elling, at the clinically relevant skeletal site of the hip 
(Gunter et al., 2012). 

There are some limitations related to this study 
which should be considered. As the accelerometer wear 
protocol changed from waking day for waves 6 and 7 to 
optional 24-hour wear for waves 8 and 9, night-time non-
wear was imputed for the non-24-hour data, based on the 
assumption this activity would be minimal intensity. Fur-
ther, the use of metrics which cover the whole spectrum of 
PA across the day led to a relatively high proportion of in-
valid accelerometer data, though there were limited differ-
ences between included and excluded participants for wave 
9 outcomes as reported previously (Rowlands et al., 2020). 
Although the use of average-acceleration and intensity-
gradient facilitate the examination of PA intensity and vol-
ume as it relates to bone, it should be highlighted that there 
are other aspects of PA behaviour which are likely associ-
ated with bone health, such as the type and pattern of PA, 
which cannot be explored with these metrics. Finally, as 

with all observational studies, residual confounding re-
mains a potential limitation. 

 
Conclusion 
 
The associations between intensity-gradient and average-
acceleration from age 17 to 23 years with bone outcomes 
at age 23 years were influenced by epoch length, though 
generally intensity was important for bone outcomes in fe-
males, and both volume and intensity were important for 
bone outcomes in males. Our findings indicate that a 5-s 
epoch is adequate to detect associations with bone com-
pared to longer epochs, though a 1-s epoch may increase 
sensitivity, and increase the amount of complementary in-
formation provided by these metrics. Future studies apply-
ing these metrics should consider that metrics are influ-
enced by epoch length, and this may ultimately influence 
the associations with health outcomes. Furthermore, the 
MX metrics we examined are likely to be underestimated 
at high intensities by longer epochs and overestimated at 
light intensities by longer epochs. Researchers should con-
sider this when applying MX metrics to characterise the PA 
profile. Considering both the volume and intensity of PA 
with methods that account for PA accumulated across the 
spectrum of intensity is important for better understanding 
the associations between PA with health outcomes, but re-
searchers should consider the appropriateness of the inten-
sity-gradient metric when PA data is collected over longer 
epochs. 
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Key points 
 

 Novel accelerometer metrics can be used to assess the mu-
tually-adjusted associations of physical activity volume and 
intensity distribution with bone health, but it is unknown 
whether these associations are dependent on accelerometer 
epoch length. 

 Intensity-gradient, reflective of physical activity intensity 
distribution, was positively associated with total body less 
head bone mineral content in females, with spine areal bone 
mineral density in males, and with hip areal bone mineral 
density and geometry in both sexes, when a 1 to 5-s epoch 
was used, indicating physical activity intensity was im-
portant for bone outcomes in both sexes. 

 Average-acceleration, a proxy measure for physical activity 
volume, was positively associated with total body less head 
bone mineral content, spine areal bone mineral density and 
hip areal bone mineral density in males, though this was 
generally when the adjustment for intensity-gradient was 
from > 1-s epochs, indicating physical activity volume was 
important for bone outcomes in males. 

 A 1 to 5-s epoch length was most appropriate to assess the 
mutually adjusted associations of intensity-gradient and av-
erage-acceleration with bone outcomes in young adults. Fu-
ture studies applying these metrics should consider that met-
rics are influenced by epoch length, and this may ultimately 
influence the associations with health outcomes. 
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Supplementary Contents 
 

Supplementary Content 1. Associations of physical activity volume (average-acceleration) and intensity distribution (intensity-gradient) with bone outcomes in females (n = 121). 
 1-s epoch 5-s epoch 15-s epoch 30-s epoch 60-s epoch 
 Model 1  Model 2  Model 1  Model 2  Model 1  Model 2  Model 1  Model 2  Model 1  Model 2  
 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 

TBLH BMC (g) 
Average-
accelera-
tion 

25.61 (-10.02 
to 61.25) 

0.16 2.54 (-36.46  
to 41.53) 

0.90 25.61 (-10.02 
to 61.25) 

0.16 8.39 (-29.33
 to 46.11) 

0.66 25.61 (-10.02 
to 61.25) 

0.16 5.71 (-35.88 
to 47.29) 

0.79 25.61 (-10.02 to 
61.25) 

0.16 4.44 (-41.06 
to 49.95) 

0.85 25.61 (-10.02 
to 61.25) 

0.16 3.54 (-48.14 
 to 55.23) 

0.89 

Intensity-
gradient 

47.64 (24.11  
to 71.17) 

< 0.001 46.47 (18.40 
to 74.55) 

0.001 36.32 (6.67 
to 65.96) 

0.02 32.43 (0.20 
to 64.66) 

0.05 36.47 (7.14 
to 65.81) 

0.02 33.60 (-2.33 
to 69.53) 

0.07 34.14 (3.95 to 
64.32) 

0.03 31.50 (-8.54
to 71.54) 

0.12 30.77 (1.27
to 60.27) 

0.04 28.45 (-16.01 
to 72.91) 

0.21 

Spine aBMD (g/cm2) 
Average-
accelera-
tion 

0.01 (-0.01  
to 0.03) 

0.40 0.00 (-0.02  
to 0.03) 

0.74 0.01 (-0.01 
to 0.03) 

0.40 0.00 (-0.02 
to 0.03) 

0.78 0.01 (-0.01 
to 0.03) 

0.40 0.00 (-0.02  
to 0.03) 

0.77 0.01 (-0.01 to 
0.03) 

0.40 0.00 (-0.02 
to 0.03) 

0.75 0.01 (-0.01 
to 0.03) 

0.40 0.01 (-0.03  
to 0.04) 

0.75 

Intensity-
gradient 

0.01 (-0.01  
to 0.03) 

0.17 0.01 (-0.01  
to 0.03) 

0.24 0.01 (-0.01 
to 0.04) 

0.19 0.01 (-0.01 
to 0.03) 

0.24 0.01 (-0.01 
to 0.03) 

0.27 0.01 (-0.01 
 to 0.04) 

0.39 0.01 (-0.01 to 
0.03) 

0.36 0.01 (-0.02 
to 0.04) 

0.58 0.01 (-0.01 
to 0.03) 

0.40 0.01 (-0.03 
 to 0.04) 

0.70 

Spine BMC (g) 
Average-
accelera-
tion 

1.09 (-0.58  
to 2.75) 

0.20 0.57 (-1.22  
to 2.35) 

0.53 1.09 (-0.58 
to 2.75) 

0.20 0.30 (-1.39 
to 1.99) 

0.72 1.09 (-0.58 
to 2.75) 

0.20 0.21 (-1.62 
to 2.03) 

0.82 1.09 (-0.58 to 
2.75) 

0.20 0.20 (-1.88 
to 2.28) 

0.85 1.09 (-0.58 
to 2.75) 

0.20 0.43 (-1.93  
to 2.8) 

0.72 

Intensity-
gradient 

1.31 (-0.12 
to 2.73) 

0.07 1.05 (-0.05  
to 2.59) 

0.18 1.62 (0.09 
to 3.14) 

0.04 1.48 (-0.14 
to 3.09) 

0.07 1.59 (-0.02 
to 3.19) 

0.05 1.48 (-0.37 
to 3.34) 

0.12 1.44 (-0.20 to 
3.08) 

0.09 1.32 (-0.08 
to 3.44) 

0.22 1.13 (-0.48 
to 2.74) 

0.17 0.84 (-1.47  
to 3.16) 

0.47 

Total hip aBMD (g/cm2) 
Average-
accelera-
tion 

0.02 (-0.00  
to 0.04) 

0.09 0.01 (-0.01  
to 0.03) 

0.44 0.02 (-0.00 
to 0.04) 

0.09 0.01 (-0.01 
to 0.03) 

0.45 0.02 (-0.00 
to 0.04) 

0.09 0.01 (-0.02  
to 0.03) 

0.63 0.02 (-0.00 to 
0.04) 

0.09 0.01 (-0.02 
to 0.04) 

0.70 0.02 (-0.00 
to 0.04) 

0.09 0.01 (-0.03  
to 0.04) 

0.74 

Intensity-
gradient 

0.02 (0.01  
to 0.04) 

0.006 0.02 (0.00  
to 0.04) 

0.05 0.02 (0.00 
to 0.04) 

0.02 0.02 (-0.00 
to 0.04) 

0.08 0.03 (0.01 
to 0.04) 

0.009 0.02 (-0.00  
to 0.04) 

0.06 0.02 (0.00 to 
0.04) 

0.02 0.02 (-0.01 
to 0.05) 

0.15 0.02 (0.00 
to 0.04) 

0.04 0.02 (-0.01  
to 0.05) 

0.25 

Total hip BMC (g) 
Average-
accelera-
tion 

0.73 (-0.21  
to 1.67) 

0.12 0.27 (-0.77  
to 1.30) 

0.61 0.73 (-0.21 
to 1.67) 

0.12 0.37 (-0.63 
to 1.38) 

0.47 0.73 (-0.21 
to 1.67) 

0.12 0.22 (-0.91 
to 1.34) 

0.71 0.73 (-0.21 to 
1.67) 

0.12 0.28 (-1.01 
to 1.57) 

0.67 0.73 (-0.21 
to 1.67) 

0.12 0.52 (-0.94  
to 1.97) 

0.48 

Intensity-
gradient 

1.06 (0.39  
to 1.72) 

0.002 0.94 (0.17  
to 1.71) 

0.02 0.85 (0.11 
to 1.59) 

0.03 0.68 (-0.12 
to 1.47) 

0.09 0.98 (0.24 
to 1.72) 

0.01 0.87 (-0.06  
to 1.80) 

0.07 0.84 (0.05 to 
1.63) 

0.04 0.67 (-0.44 
to 1.79) 

0.24 0.62 (-0.18 
to 1.41) 

0.13 0.28 (-0.96  
to 1.52) 

0.66 

Values are regression coefficients (ß), their 95% confidence intervals (CI), and p values from linear regression models. Activity metrics were standardised before entry into analysis, so values represent the change in the outcome associated 
with a 1 standard deviation change in the activity metric. 
aAverage-acceleration (average of waves 6 to 9) is the mean acceleration across wear-time. 
bIntensity-gradient (average of waves 6 to 9) calculated, with imputing zeros for non-wear during the night, as the regression line from log-log plot of intensity (x) and time accumulated (y). 
Model 1 includes the activity variable (average-acceleration or intensity-gradient) adjusted for age at wave 9, stature at wave 9, mass at wave 9, years from peak height velocity at wave 9, the proportion of the 24-hour cycle the accelerometer 
was worn, and the mean age for physical activity measures. Model 2 includes both activity variables in the same model (average-acceleration and intensity-gradient).  
Bold emphasis indicates statistical significance at p < 0.05. 
TBLH, total body less head; BMC, bone mineral content; aBMD, areal bone mineral density. 
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Supplementary Content 1. Continued ....   
 1-s epoch 5-s epoch 15-s epoch 30-s epoch 60-s epoch 
 Model 1  Model 2  Model 1  Model 2  Model 1  Model 2  Model 1  Model 2  Model 1  Model 2  
 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 

Femoral neck cross-sectional area (cm2) 
Average-
accelera-
tion 

0.05 (-0.02  
to 0.12) 

0.17 0.02 (-0.06  
to 0.09) 

0.65 0.05 (-0.02 
to 0.12) 

0.17 0.02 (-0.06 
to 0.10) 

0.63 0.05 (-0.02 
to 0.12) 

0.17 0.01 (-0.07 
to 0.09) 

0.77 0.05 (-0.02 to 
0.12) 

0.17 0.02 (-0.07 
to 0.11) 

0.73 0.05 (-0.02 
to 0.12) 

0.17 0.02 (-0.08  
to 0.13) 

0.66 

Intensity-
gradient 

0.07 (0.02 
 to 0.13) 

0.01 0.06 (0.01  
to 0.12) 

0.03 0.07 (0.01 
to 0.13) 

0.03 0.06 (-0.00 
to 0.12) 

0.07 0.07 (0.01 
to 0.13) 

0.03 0.06 (-0.01 
to 0.13) 

0.07 0.06 (-0.01 to 
0.13) 

0.07 0.05 (-0.03 
to 0.13) 

0.23 0.05 (-0.02 
to 0.12) 

0.13 0.03 (-0.06  
to 0.13) 

0.47 

Femoral neck section modulus (cm3) 
Average-
accelera-
tion 

0.03 (-0.01  
to 0.08) 

0.14 0.03 (-0.02  
to 0.07) 

0.30 0.03 (-0.01 
to 0.08) 

0.14 0.03 (-0.02 
to 0.08) 

0.22 0.03 (-0.01 
to 0.08) 

0.14 0.02 (-0.03  
to 0.08) 

0.37 0.03 (-0.01 to 
0.08) 

0.14 0.03 (-0.03 
to 0.09) 

0.31 0.03 (-0.01 
to 0.08) 

0.14 0.02 (-0.04 
 to 0.09) 

0.52 

Intensity-
gradient 

0.03 (-0.02 
 to 0.07) 

0.20 0.02 (-0.03  
to 0.06) 

0.47 0.02 (-0.02 
to 0.06) 

0.34 0.00 (-0.04 
to 0.05) 

0.82 0.03 (-0.01 
to 0.07) 

0.16 0.02 (-0.03  
to 0.06) 

0.51 0.02 (-0.02 to 
0.06) 

0.26 0.00 (-0.05 
to 0.06) 

0.86 0.03 (-0.01 
to 0.07) 

0.13 0.02 (-0.04 
 to 0.07) 

0.59 

Values are regression coefficients (ß), their 95% confidence intervals (CI), and p values from linear regression models. Activity metrics were standardised before entry into analysis, so values represent the change in the outcome associated 
with a 1 standard deviation change in the activity metric. 
aAverage-acceleration (average of waves 6 to 9) is the mean acceleration across wear-time. 
bIntensity-gradient (average of waves 6 to 9) calculated, with imputing zeros for non-wear during the night, as the regression line from log-log plot of intensity (x) and time accumulated (y). 
Model 1 includes the activity variable (average-acceleration or intensity-gradient) adjusted for age at wave 9, stature at wave 9, mass at wave 9, years from peak height velocity at wave 9, the proportion of the 24-hour cycle the accelerometer 
was worn, and the mean age for physical activity measures. Model 2 includes both activity variables in the same model (average-acceleration and intensity-gradient).  
Bold emphasis indicates statistical significance at p < 0.05. 
TBLH, total body less head; BMC, bone mineral content; aBMD, areal bone mineral density. 
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Supplementary Content 2. Associations of physical activity volume (average-acceleration) and intensity distribution (intensity-gradient) with bone outcomes in males (n = 96). 
 1-s epoch 5-s epoch 15-s epoch 30-s epoch 60-s epoch 
 Model 1  Model 2  Model 1  Model 2  Model 1  Model 2  Model 1  Model 2  Model 1  Model 2  
 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 

TBLH BMC (g) 
Average-
acceleration 

92.17 (37.9 
to 146.44) 

0.001 78.11 (18.54  
to 137.69) 

0.01 92.17 (37.91 
to 146.44) 

0.001 78.31 (19.68 
to 136.95) 

0.009 92.17 (37.91 
to 146.44) 

0.001 80.82 (24.36  
to 137.27) 

0.006 92.17 (37.91 
to 146.44) 

0.001 79.96 (23.96 
to 135.95) 

0.006 92.17 (37.91 
to 146.44) 

0.001 71.77 (14.03 
to 129.51) 

0.02 

Intensity-
gradient 

79.16 (12.0 
to 146.34) 

0.021 56.23 (-10.85 
to 123.30) 

0.10 76.94 (10.53 
to 143.35) 

0.02 49.80 (-19.00 
to 118.59) 

0.15 67.85 (1.42 
to 134.28) 

0.05 35.57 (-32.41 
to 103.54) 

0.30 69.02 (2.97 
to 135.07) 

0.04 37.39 (-29.82 
to 104.60) 

0.27 86.53 (17.33 
to 155.74) 

0.02 50.17 (-24.25 
to 124.60) 

0.18 

Spine aBMD (g/cm2) 
Average-
acceleration 

0.03 (0.02  
to 0.05) 

< 0.001 0.02 (0.01  
to 0.04) 

0.01 0.03 (0.02 
to 0.05) 

< 0.001 0.03 (0.01 
to 0.04) 

0.005 0.03 (0.02 
to 0.05) 

<0.001 0.03 (0.01  
to 0.05) 

0.003 0.03 (0.02 
to 0.05) 

<0.001 0.03 (0.01 
to 0.04) 

0.004 0.03 (0.02 
to 0.05) 

<0.001 0.02 (0.01  
to 0.04) 

0.009 

Intensity-
gradient 

0.04 (0.02 
to 0.06) 

< 0.001 0.04 (0.01  
to 0.06) 

0.001 0.03 (0.01 
to 0.06) 

0.002 0.03 (0.00 
to 0.05) 

0.02 0.03 (0.01 
to 0.05) 

0.008 0.02 (-0.00  
to 0.04) 

0.09 0.03 (0.01 
to 0.05) 

0.004 0.02 (-0.00 to 
0.04) 

0.06 0.03 (0.01 
to 0.05) 

0.001 0.02 (-0.00  
to 0.04) 

0.06 

Spine BMC (g) 
Average-
acceleration 

3.69 (2.13  
to 5.25) 

< 0.001 2.91 (1.31  
to 4.50) 

0.001 3.69 (2.13 
to 5.25) 

< 0.001 2.89 (1.24 
to 4.53) 

0.001 3.69 (2.13 
to 5.25) 

<0.001 2.98 (1.36  
to 4.60) 

<0.001 3.69 (2.13 
to 5.25) 

<0.001 2.96 (1.34 
to 4.58) 

<0.001 3.69 (2.13 
to 5.25) 

<0.001 2.68 (1.00  
to 4.35) 

0.002 

Intensity-
gradient 

3.99 (1.86  
to 6.11) 

< 0.001 3.13 (1.15  
to 5.12) 

0.002 3.88 (1.80 
to 5.97) 

< 0.001 2.88 (0.84 
to 4.92) 

0.006 3.41 (1.32 
to 5.51) 

0.002 2.22 (0.14  
to 4.30) 

0.04 3.40 (1.34 
to 5.46) 

0.002 2.23 (0.16 
to 4.30) 

0.04 3.85 (1.91 
to 5.79) 

<0.001 2.49 (0.38  
to 4.61) 

0.02 

Total hip aBMD (g/cm2) 
Average-
acceleration 

0.04 (0.01  
to 0.07) 

0.005 0.03 (-.00  
to 0.06) 

0.06 0.04 (0.01 
to 0.07) 

0.005 0.03 (0.00 
to 0.06) 

0.04 0.04 (0.01 
to 0.07) 

0.005 0.03 (0.01  
to 0.06) 

0.02 0.04 (0.01 
to 0.07) 

0.005 0.04 (0.01 
to 0.06) 

0.02 0.04 (0.01 
to 0.07) 

0.005 0.03 (0.00  
to 0.06) 

0.03 

Intensity-
gradient 

0.05 (0.02  
to 0.08) 

0.002 0.04 (0.01  
to 0.07) 

0.02 0.04 (0.01 
to 0.07) 

0.02 0.03 (-0.01 
to 0.06) 

0.11 0.03 (-0.00 
to 0.07) 

0.076 0.02 (-0.02  
to 0.05) 

0.34 0.03 (-0.01 
to 0.06) 

0.11 0.01 (-0.02 to 
0.05) 

0.46 0.03 (-0.00 
to 0.06) 

0.05 0.01 (-0.02  
to 0.05) 

0.41 

Total hip BMC (g) 
Average-
acceleration 

2.54 (0.93  
to 4.14) 

0.002 2.19 (0.47  
to 3.91) 

0.013 2.54 (0.93 
to 4.14) 

0.002 2.34 (0.66 
to 4.02) 

0.007 2.54 (0.93 
to 4.14) 

0.002 2.42 (0.79  
to 4.05) 

0.004 2.54 (0.93 
to 4.14) 

0.002 2.36 (0.69 
to 4.02) 

0.006 2.54 (0.93 
to 4.14) 

0.002 2.19 (0.47  
to 3.92) 

0.013 

Intensity-
gradient 

2.05 (0.32  
to 3.78) 

0.02 1.41 (-0.28 
to 3.10) 

0.10 1.52 (-0.36 
to 3.41) 

0.11 0.71 (-1.18 
to 2.60) 

0.46 1.33 (-0.47 
to 3.14) 

0.15 0.36 (-1.39  
to 2.12) 

0.68 1.49 (-0.30 
to 3.27) 

0.10 0.55 (-1.20 to 
2.31) 

0.53 1.96 (0.21 
to 3.70) 

0.03 0.85 (-1.01  
to 2.70) 

0.37 

Values are regression coefficients (ß), their 95% confidence intervals (CI), and p values from linear regression models. Activity metrics were standardised before entry into analysis, so values represent the change in the outcome associated 
with a 1 standard deviation change in the activity metric. 
aAverage-acceleration (average of waves 6 to 9) is the mean acceleration across wear-time. 
bIntensity-gradient (average of waves 6 to 9) calculated, with imputing zeros for non-wear during the night, as the regression line from log-log plot of intensity (x) and time accumulated (y). 
Model 1 includes the activity variable (average-acceleration or intensity-gradient) adjusted for age at wave 9, stature at wave 9, mass at wave 9, years from peak height velocity at wave 9, the proportion of the 24-hour cycle the accelerometer 
was worn, and the mean age for physical activity measures. Model 2 includes both activity variables in the same model (average-acceleration and intensity-gradient).  
Bold emphasis indicates statistical significance at p < 0.05. 
TBLH, total body less head; BMC, bone mineral content; aBMD, areal bone mineral density. 
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Supplementary Content 2. Continued ....   
 1-s epoch 5-s epoch 15-s epoch 30-s epoch 60-s epoch 
 Model 1  Model 2  Model 1  Model 2  Model 1  Model 2  Model 1  Model 2  Model 1  Model 2  
 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 𝛃 (95% CI) p 

Femoral neck cross-sectional area (cm2) 
Average- 
acceleration 

0.15 (0.04  
to 0.27) 

0.008 0.12 (-0.01  
to 0.25) 

0.06 0.15 (0.04 
to 0.27) 

0.008 0.12 (-0.00 
to 0.25) 

0.06 0.15 (0.04 
to 0.27) 

0.008 0.12 (0.00  
to 0.25) 

0.05 0.15 (0.04 
to 0.27) 

0.008 0.12 (-0.01 
to 0.24) 

0.06
 

0.15 (0.04 
to 0.27) 

0.008 0.10 (-0.03  
to 0.22) 

0.13 

Intensity- 
gradient 

0.17 (0.04  
to 0.29) 

0.01 0.13 (-0.00  
to 0.27) 

0.06 0.15 (0.02 
to 0.28) 

0.02 0.11 (-0.03 
to 0.25) 

0.13 0.14 (0.02 
to 0.27) 

0.02 0.09 (-0.04  
to 0.23) 

0.17 0.16 (0.04 
to 0.28) 

0.01 0.11 (-0.02 
to 0.24) 

0.09
 

0.19 (0.07 
to 0.31) 

0.002 0.14 (0.01  
to 0.28) 

0.04 

Femoral neck section modulus (cm3) 
Average- 
acceleration 

0.09 (0.01  
to 0.16) 

0.03 0.06 (-0.02  
to 0.14) 

0.11 0.09 (0.01 
to 0.16) 

0.03 0.07 (-0.01 
to 0.14) 

0.10 0.09 (0.01 
to 0.16) 

0.03 0.07 (-0.01  
to 0.15) 

0.09 0.09 (0.01 
to 0.16) 

0.03 0.07 (-0.01 
to 0.14) 

0.09 0.09 (0.01 
to 0.16) 

0.03 0.05 (-0.03  
to 0.13) 

0.21 

Intensity- 
gradient 

0.11 (0.03  
to 0.19) 

0.01 0.09 (0.01  
to 0.17) 

0.03 0.10 (0.01
to 0.18) 

0.02 0.07 (-0.01 
to 0.16) 

0.09 0.08 (0.01 
to 0.16) 

0.03 0.06 (-0.02  
to 0.13) 

0.14 0.09 (0.01
 to 0.16) 

0.02 0.06 (-0.02
 to 0.13) 

0.12 0.11 (0.04 
to 0.19) 

0.004 0.09 (0.01  
to 0.17) 

0.03 

Values are regression coefficients (ß), their 95% confidence intervals (CI), and p values from linear regression models. Activity metrics were standardised before entry into analysis, so values represent the change in the outcome associated 
with a 1 standard deviation change in the activity metric. 
aAverage-acceleration (average of waves 6 to 9) is the mean acceleration across wear-time. 
bIntensity-gradient (average of waves 6 to 9) calculated, with imputing zeros for non-wear during the night, as the regression line from log-log plot of intensity (x) and time accumulated (y). 
Model 1 includes the activity variable (average-acceleration or intensity-gradient) adjusted for age at wave 9, stature at wave 9, mass at wave 9, years from peak height velocity at wave 9, the proportion of the 24-hour cycle the accelerometer 
was worn, and the mean age for physical activity measures. Model 2 includes both activity variables in the same model (average-acceleration and intensity-gradient).  
Bold emphasis indicates statistical significance at p < 0.05. 
TBLH, total body less head; BMC, bone mineral content; aBMD, areal bone mineral density. 

 

 
 




