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Abstract
Summary Physical activity is essential for optimal bone strength accrual, but we know little about interactions between physical
activity, sedentary time, and bone outcomes in older adolescents. Physical activity (by accelerometer and self-report) positively
predicted bone strength and the distal and midshaft tibia in 15-year-old boys and girls. Lean body mass mediated the relationship
between physical activity and bone strength in adolescents.
Purpose To examine the influence of physical activity (PA) and sedentary time on bone strength, structure, and density in older
adolescents.
Methods We used peripheral quantitative computed tomography to estimate bone strength at the distal tibia (8% site; bone
strength index, BSI) and tibial midshaft (50% site; polar strength strain index, SSIp) in adolescent boys (n = 86; 15.3 ± 0.4 years)
and girls (n = 106; 15.3 ± 0.4 years). Using accelerometers (GT1M, Actigraph), we measured moderate-to-vigorous PA
(MVPAAccel), vigorous PA (VPAAccel), and sedentary time in addition to self-reported MVPA (MVPAPAQ-A) and impact PA
(ImpactPAPAQ-A). We examined relations between PA and sedentary time and bone outcomes, adjusting for ethnicity, maturity,
tibial length, and total body lean mass.
Results At the distal tibia, MVPAAccel and VPAAccel positively predicted BSI (explained 6–7% of the variance, p < 0.05). After
adjusting for lean mass, only VPAAccel explained residual variance in BSI. At the tibial midshaft, MVPAAccel, but not VPAAccel,
positively predicted SSIp (explained 3% of the variance, p = 0.01). Lean mass attenuated this association. MVPAPAQ-A and
ImpactPAPAQ-A also positively predicted BSI and SSIp (explained 2–4%of the variance, p < 0.05), but only ImpactPAPAQ-A explained
residual variance in BSI after accounting for lean mass. Sedentary time did not independently predict bone strength at either site.
Conclusion Greater tibial bone strength in active adolescents is mediated, in part, by lean mass. Despite spending most of their
day in sedentary pursuits, adolescents’ bone strength was not negatively influenced by sedentary time.
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Introduction

Adolescence is a complex period of accelerated growth and
maturation that marks the transition from childhood to adult-
hood. During adolescence, 39% of adult bone mass is accrued
within 5 years around peak height velocity [1]. Rate of bone
accrual peaks about a year after peak height velocity, around
age 12.8 years for girls and 14.3 years for boys [2], followed
by diminished gains in bone mass and strength during late
adolescence. Importantly, weight-bearing physical activity
has profound osteogenic effects during pre- and early puberty
[3] and is fundamental to develop and maintain a strong skel-
eton. However, as few studies focused on the older adolescent
(> 15 years) skeleton [3], we know relatively little about how
bone adapts structurally to mechanical challenges imposed
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through weight-bearing physical activity during this period of
growth.

This knowledge gap is due, in part, to the reliance on
two-dimensional dual energy X-ray absorptiometry in previ-
ous studies of adolescent bone health, such as those that ex-
amined determinants of femoral bone geometry [4, 5]. As a
planar instrument, DXA is unable to capture subtle adapations
in bone structure and geometry in the adolescent skeleton in
response to physical activity. More recently, three-dimensional
imaging tools such as peripheral quantitative computed to-
mography (pQCT) and high-resolution pQCT (HR-pQCT)
were used to investigate the influence of physical activity on
bone (micro) structure, bone mineral density (BMD), and es-
timates of bone strength. However, only three studies used
either of these imaging tools to investigate the relation be-
tween physical activity and bone strength, structure, and den-
sity at the tibia in recreationally active older adolescents (≥
15 years) [6–8].

Given the central role of weight-bearing PA as the mechan-
ical stimulus necessary to promote bone strength accrual, it is of
concern that adolescents have become less physically active and
increasingly sedentary. Specifically, a global report concluded
that only about 20% of adolescents aged 13 to 15 years currently
meet PA guidelines of 60 min/day of moderate-to-vigorous PA
(MVPA) [9]. In addition, sedentary behaviors are on the rise;
today’s youth spend 62% of their waking hours being sedentary
[10]. The deleterious effects of sedentary time on adolescent
bone strength, structure, and density have yet to be fully eluci-
dated as results of previous studies are mixed [11–15].
Variability in results across studies is likely due, in part, to dif-
ferences inmethods used to assess both sedentary time and bone
outcomes.

Mechanostat theory suggests that muscle contractions,
such as those that occur during PA, incur high physiolog-
ical loads on bone and may enhance bone formation, while
low loads may enhance bone formation, while low loads
from being sedentary (less muscle activity) may increase
bone resorption [16]. In previous studies of children and
adolescents, the relation between physical activity, bone
mass, and estimates of bone strength were diminished
[17] or disappeared [18] when muscle mass, a surrogate
of muscle force, was added to prediction models.
Therefore, we deem it essential to also consider the mod-
ulating role of muscle (mass/force) to better understand the
relation between physical activity and bone outcomes.

Hence, we conducted a cross-sectional study of healthy
adolescent boys and girls aged 15 years, on average, to
ascertain the following: (1) associations between MVPA
and tibial bone strength, structure, and BMD (bone out-
comes); (2) whether lean body mass, as a surrogate for
muscle force, mediates the relationship between MVPA
and bone outcomes; and (3) whether sedentary time atten-
uates the relationship between MVPA and bone outcomes.

We hypothesized that positive associations between MVPA
and bone outcomes would be mediated by lean mass and
that sedentary time would attenuate associations between
MVPA and bone outcomes.

Methods

Study design and participants

In this cross-sectional study, we included baseline data for a
convenience sample of participants from the Health
Promoting Secondary Schools (HPSS) study [19]. Briefly,
HPSS was a ‘whole school’ program that aimed to improve
PA and healthy eating behaviors of Grade 10 students in
British Columbia, Canada. We recruited secondary schools
from the Greater Vancouver and southern Vancouver Island
school districts in fall, 2010. Of 48 eligible schools (offered
physical education beyond grade 10), nine schools agreed to
participate in the HPSSBone Health Study.We acquired base-
line measures between September and November 2011.
Measurements were conducted in the Centre for Hip Health
and Mobility’s Mobile Research Laboratory that is equipped
with pQCT and DXA systems and an anthropometry station.
The University of British Columbia’s Clinical and
Behavioural Research Ethics Boards (H10-01917),
University of Victoria’s Human Research Ethics Board
(10-168), and participating school districts approved all study
procedures.

From a possible 1914 Grade 10 students who attended
nine volunteer schools, 210 (11%; 94 boys, 116 girls) pro-
vided written informed assent and parental consent to par-
ticipate in the HPSS Bone Health Study. Of those, we ex-
cluded seven participants who declined to have pQCT
scans due to concerns regarding additional radiation expo-
sure beyond the dose received during recent clinical exam-
inations. We also excluded a participant who did not com-
plete the physical activity questionnaire, one whose limb
length was measured incorrectly, and two participants who
reported taking medication known to influence bone me-
tabolism. Thus, we included 199 participants (89 boys, 110
girls) in our analyses.

Based on baseline information from the health history
questionnaire, we considered participants white (n = 106)
if both parents or three out of four grandparents were born
in North America or Europe and Asian (n = 74) if both
parents or three out of four grandparents were born in
Asia (i.e., East Asia, South Asia, South-east Asia). We
considered participants from other ethnic origins (e.g.,
Pacific Islanders) and those of mixed ethnicity as Bother^
(n = 19). We used this method to determine ethnicity in
previous trials [11, 12].
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Anthropometry and body composition

We measured stature to the nearest 0.1 cm with a
wall-mounted digital stadiometer (Seca model 242; Seca,
Hanover, MD) and body mass to the nearest 0.1 kg using an
electronic scale (Tanita BWB 800, Japan). We assessed tibial
length to the nearest 0.1 cm as the distance from the distal
edge of the medial malleolus to the tibial plateau. We obtained
twomeasures for each variable.We obtained a thirdmeasure if
differences between measures for stature or tibial length dif-
fered by 0.4 cm or by 0.2 kg for bodymass. We used the mean
of two or the median of three measures for our analyses.

We usedDXA (Hologic Discovery A, USA) to obtain mea-
sures of total body lean mass (kg) and fat mass (kg) from a
standard whole body scan. A single technician conducted dai-
ly calibrations and obtained and analyzed all DXA scans
(Apex 2.3 software). In our laboratory, short-term precision
(CV%) for lean and fat mass with repositioning was 1.9 and
0.3, respectively, as determined in young adults (UBC Bone
Health Research Group, unpublished data).

Maturity and dietary calcium

We used our recently revised sex-specific prediction equations
[20] to estimate age at peak height velocity (APHV, years) in
boys and girls. We calculated maturity offset (years) as chro-
nological age—APHV, to generate a continuous measure of
biological age. We also assessed girls’ maturity using
self-reported menarcheal status, as menarche is a reliable in-
dicator of sexual maturity that is related to peak bone mineral
accrual [2] and accurately reported [21]. We asked girls to
recall the date of their first menstrual period; we used prompts
such as season (i.e., winter, spring), celebrations (i.e.,
Christmas, Thanksgiving) and school terms (i.e., exams, se-
mester break), and grade in school to aid recall. We recorded
day, month, and year. For girls who could recall the month and
year only (85%), we used the 15th of the month as the date of
menarche. All participants completed a valid food frequency
questionnaire [22] to estimate dietary intake of calcium (mg/
day).

Physical activity

As in our previous studies [11, 12], we measured physical
activity and sedentary time objectively using ActiGraph
GT1M uniaxial accelerometers (Actigraph, USA), which de-
tect vertical accelerations of 0.05 to 2.00 g. We attached each
accelerometer to an elastic belt that participants wore with the
accelerometer positioned anteriorly at their right iliac crest.
Accelerometer data were collected in 15-s epochs. We asked
participants to wear the accelerometer during waking hours
for seven consecutive days and to remove the device during
showering and water-based activities. We provided

participants with a log sheet to record accelerometer on and
off times each day and activities they partook of while the
accelerometer was off.

We defined non-wear time as 60 min of continuous zero
counts [8]. The same technician downloaded and analyzed all
accelerometer data using Kinesoft version 3.3.67
(Sasketchewan, Canada). We included data from participants
who had a minimum of three valid days of wear (at least 10 h/
day of wear time). Using validated cut-points [23], we classi-
fied VPAAccel (≥ 6 METs) as ≥ 4012 counts per minute (cpm),
MVPAAccel (≥ 4METs) as ≥ 2296 cpm, and sedentary time (<
1.5 METs) as < 100 cpm. We had 127 participants (45 boys,
82 girls) who agreed to wear an accelerometer for 7 days.

We also administered a modified version of the validated
Physical Activity Questionnaire for Adolescents (PAQ-A)
[24], a 7-day recall questionnaire used to estimate habitual
PA. We report three outcomes from the PAQ-A: (1) a general
PA score (1–5 Likert scale with 1 = low active and 5 = highly
active); (2) MVPA (MVPAPAQ-A; min/day), based on frequen-
cy and duration of time spent in common activities (item 1 of
the questionnaire); and (3) impact-loading physical activity
(ImpactPAPAQ-A, h/week), based on frequency and duration
of time spent in sports and activities designated as impact
loading (impact > walking).

Bone strength, structure, and BMD

We used pQCT (XCT3000, Stratec Medizintechnik,
Germany) to assess bone strength, structure, and BMD of
the left distal tibia (8% site) and tibia midshaft (50% site)
as in previous studies. The 8% site is a primarily trabecular
bone site that does not span the growth plate [25]; the 50%
site is a primarily cortical bone site that experiences high
bending and torsional forces during loading [26]. Briefly,
one experienced technologist first conducted a scout scan
over the ankle joint to locate the distal end of the tibial
plafond, the standard anatomical reference. Moving prox-
imally from the reference line, we acquired a 2.3-mm slice
at a scan speed of 30 mm/s with a voxel size of 0.4 mm at
the 8% (distal) and 50% (midshaft) tibial sites. In the event
of movement artifacts, the technologist repeated the scan
once. We excluded eight scans due to movement at the distal
tibia (three boys, five girls) and seven scans (three boys, four
girls) at the tibial midshaft. To ensure quality control, the
technologist conducted daily calibration with a cone phantom
supplied by the manufacturer. Short-term precision (% CV)
for repeated scans in 14 participants (aged 12–27 years) was
less than 2% for all bone outcomes.

A trained technician analyzed all scans using Stratec soft-
ware (version 6.0) to generate values for the following bone
variables. At the distal tibia, we used contour mode 3 (200mg/
cm3) and peel mode 5 to determine total bone cross-sectional
area (Tt.Ar, mm2) and total bone density (Tt.Dn, mg/cm3). We
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calculated bone strength index (BSI, mg2/mm4), an estimate
of bone strength in compression, as Tt.Ar multiplied by Tt.Dn
squared [27]. At the midshaft, we used contour mode 1
(710 mg/cm3) and peel mode 2 to determine Tt.Ar, cortical
area (Ct.Ar, mm2) and cortical density (Ct.Dn, mg/cm3) and
applied separation mode 1 (480 mg/cm3) to assess the polar
stress strain index (SSIp, mm3), an estimate of bone strength in
torsion [28]. We calculated medullary area (Me.Ar, mm2) of
the tibial midshaft as the difference between Tt.Ar and Ct.Ar.

Statistical analyses

Using Stata version 10.1 (StataCorp, College Station, TX, USA),
we first summarized (means, standard deviations) descriptive
characteristics, physical activity, sedentary time, and bone out-
comes for the full cohort (n = 192) and the subset of participants
with valid accelerometer data (n = 101). We used independent
t-tests to compare descriptive characteristics and bone outcomes
between participants with and without valid accelerometer data.

We then used the xi: nestreg command in Stata to fit multi-
variable regression models to examine relations between
MVPA and bone outcomes. Dependent variables at the distal
tibia (8% site) included BSI, Tt.Ar, and Tt.Dn and at the tibial
midshaft (50% site) SSIp, Tt.Ar, Ct.Ar, Me.Ar, and Ct.Dn. To
address our objectives, we developed two or three multivariable
regression models for each dependent variable depending on
the PA predictor of interest. In model 1, we evaluated the con-
tribution of PA (MVPAAccel, VPAAccel, MVPAPAQ, or
ImpactPAPAQ) to bone strength, structure, and BMDcontrolling
for sex, ethnicity (dummy variables: 0-White, 1-Asian,
2-Other), maturity offset, and tibial length (a surrogate for mo-
ment arm in the context of mechanostat theory). In model 2, we
additionally adjusted for lean mass (as a surrogate for muscle
force). For accelerometry-derived physical activity models
(MVPA orVPA), we fit an additional model, model 3, adjusting
for sedentary time. For accelerometry-derived sedentary time,
we fit an additional model, model 3, adjusting for wear time.
All regression models met the assumptions of normal distribu-
tion and homoscedasticity of residuals, had no influential points
or variance inflation factor values > 2. We explored interaction
terms between sex, maturity offset, and PA, but did not include
them in the final model because they did not improve model fit.
We report unstandardized (B) and standardized (ß) regression
coefficients, standard errors (SE), and total variance explained
(R2). We set the significance level at p < 0.05.

Results

Descriptive characteristics

We provide descriptive characteristics of participants in
Table 1 and we summarize bone outcomes in Table 2. We

acquired valid accelerometer data (minimum of 3 days of
wear, ≥ 10 h/day) for 101 participants (74%). Descriptive
characteristics of participants with valid accelerometer data
were no different than participants from whom we did not
acquire accelerometer data (n = 91) for stature, body mass,
body composition, dietary calcium, self-reported physical ac-
tivity, or bone outcomes.

For participants with valid accelerometer data (n = 101),
MVPAAccel was moderately associated with self-reported
MVPAPAQ-A (r = 0.33, p < 0.001) and ImpactPAPAQ (r =
0.23, p = 0.02). VPAAccel was not associated with
ImpactPAPAQ (r = 0.15, p = 0.15). On average, participants
spent approximately 6% of their day in MVPAAccel, 2% of
their day in VPAAccel, and were sedentary for approximate-
ly 72% of total accelerometer wear time.

Accelerometry-derived physical activity
and sedentary time in relation to bone outcomes

At the distal tibia, MVPAAccel was a positive predictor of BSI
(6% of variance explained, p = 0.02) after controlling for co-
variates, but not after we accounted for lean mass (Table 3).
VPAAccel was also a significant predictor of BSI (explained
7% of the variance, p = 0.01), and this association remained
significant after adjusting for lean mass and sedentary time.
Sedentary time was not a significant predictor of BSI.
MVPAAccel, VPAAccel, and sedentary time were not significant
predictors of Tt.Ar or Tt.Dn at the distal tibia (Supplementary
Tables 1, 2 and 3).

At the tibial midshaft, MVPAAccel was a significant pos-
itive predictor of SSIp (explained 3% of the variance, p =
0.01) and this association remained significant after
adjusting for lean mass and sedentary time (Table 3). In
contrast, VPAAccel was not a significant predictor of SSIp.
Similarly, sedentary time was not a significant predictor of
SSIp. For bone structure and BMD outcomes, MVPAAccel

positively predicted Tt.Ar and Ct.Ar (explained 2 and 3%
of the variance, respectively, p < 0.05; Supplementary
Table 1). The association between MVPAAccel and Ct.Ar
was attenuated but remained significant after adjusting for
lean mass, but was no longer significant after adjusting for
sedentary time. VPAAccel also positively predicted Ct.Ar
(explained 2% of the variance, p = 0.04), but this associa-
tion was attenuated and no longer significant after adjusting
for lean mass (Supplementary Table 2). Sedentary time was
not associated with bone structure or BMD outcomes at the
tibial midshaft (Supplementary Table 3).

Self-reported physical activity in relation to bone
outcomes

At the distal tibia, MVPAPAQ-A was a significant predictor
of BSI after controlling for maturity, ethnicity, and tibial
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length and accounted for 4% of the variance (p = 0.006,
Table 3 and Fig. 1). However, MVPAPAQ-A was not a
significant predictor of BSI after we added lean mass to
the model (Fig. 1). In contrast, ImpactPAPAQ-A signifi-
cantly predicted BSI after controlling for all covariates

(explained 4% of the variance, p = 0.04), including lean
body mass. MVPAPAQ-A was not a significant predictor of
Tt.Ar or Tt.Dn whereas ImpactPAPAQ-A significantly pre-
dicted Tt.Dn, but not once we accounted for lean mass
(Supplementary Tables 4 and 5).

In adjusted models at the tibial midshaft, MVPAPAQ-A

and ImpactPAPAQ-A were positive predictors of SSIp and
accounted for 2% of the variance (p < 0.01, Table 3 and
Fig. 1). However, MVPAPAQ-A and ImpactPAPAQ-A were
no longer significant predictors of SSIp after adjusting
for lean mass (Fig. 1). MVPAPAQ-A and ImpactPAPAQ-A

also positively predicted Tt.Ar and Ct.Ar and accounted
for 1–4% of the variance (p < 0.01, Supplementary
Tables 4 and 5). The strength of these associations
was attenuated after adjusting for lean mass, but
MVPAPAQ-A and ImpactPAPAQ-A remained significant
predictors of Ct.Ar, but not Tt.Ar.

Comparison of bone outcomes between sexes was not
a specific objective of our study; however, we noted a
general trend across all models whereby sex was not a
significant predictor of bone strength or structure after
we adjusted for lean mass. Exceptions included models
for BSI, Tt.Dn, and Ct.Dn with accelerometry-derived
physical activity. Specifically, in the adjusted model
with MVPAAccel, sex was a significant predictor of

Table 1 Descriptive
characteristics and physical
activity levels of all participants
and the subset of participants with
valid accelerometry data. Values
are mean (standard deviation)
unless otherwise indicated

Full cohort n = 192 Subset with accelerometry n = 101

Girls/boys (n) 86/106 62/39

Age (years) 15.3 (0.04) 15.4 (0.04)

White/Asian/Other (n) 105/69/17 62/31/8

Maturity offset (years post-APHV) 2.59 (0.82) 2.58 (0.76)

Girls’ age at menarche (years) 12.4 (1.1) 12.3 (1.2)

Height (cm) 168.1 (8.4) 167.1 (8.5)

Body mass (kg) 61.1 (11.0) 61.5 (10.6)

Tibial length (cm) 386.0 (26.6) 384.5 (27.8)

Total body fat mass (kg) 13.1 (6.8) 13.6 (6.8)

Total body lean mass (kg) 40.4 (7.6) 40.4 (7.6)

Dietary calcium (mg/day) 1102 (696) 1077 (724)

PAQ-A

PA Score 2.41 (0.43) 2.44 (0.45)

MVPA (min/day) 93.2 (66.3) 96.6 (69.6)

ImpactPAPAQ-A (h/week) 6.9 (6.8) 7.2 (6.7)

Accelerometer

Total wear time (min/day) – 836.9 (52.7)

Average counts (counts/min) – 96.6 (47.1)

MVPA (min/day) – 49.6 (21.8)

Vigorous PA (min/day) – 19.5 (13.0)

Sedentary time (min/day) – 604.1 (68.0)

APHV age at peak height velocity; MCSA muscle cross-sectional area, MVPA moderate-to-vigorous physical
activity, not applicable, PA physical activity, PAQ-A physical activity questionnaire for adolescents

Table 2 Bone strength, structure, and density by pQCT in all
participants and in the subset of participants with valid accelerometer
data reported as mean and standard deviation

Full cohort Subset

8% Tibia n = 191 n = 100

BSI (mg2/mm4) 8983.2 (2184.1) 8986.2 (2043.6)

Tt.Ar (mm2) 677.2 (12.4) 676.9 (141.3)

Tt.Dn (mg/cm3) 365.2 (48.3) 366.5 (48.8)

50% Tibia n = 191 n = 59

SSIp (mm
3) 1758.9 (413.8) 1776.0 (422.6)

Tt.Ar (mm2) 424.4 (70.1) 426.4 (76.2)

Ct.Ar (mm2) 295.9 (50.2) 298.7 (50.6)

Me.Ar (mm2) 128.5 (33.5) 127.7 (35.0)

Ct.Dn (mg/cm3) 1102.3 (36.0) 1106.2 (37.9)

BSI bone strength index,Ct.Ar cortical area,Ct.Dn cortical density,Me.Ar
medullary area, SSIp polar strength strain index, Tt.Ar total area, Tt.Dn
total density
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BSI after adjusting for lean mass (girls > boys, B =
2069.6, SE = 1033.5, p = 0.048), but the sex difference
in BSI was not apparent after we added sedentary time
to the model. In contrast, in the adjusted models with
MVPAAccel, sex differences in Tt.Dn (girls > boys, B =
64.3, SE = 29.6, p = 0.03) and Ct.Dn (girls > boys, B =
31.4, SE = 13.3, p = 0.02) persisted after adjusting for
lean mass and sedentary time. A similar picture
emerged in adjusted models with VPAAccel; sex
remained a significant predictor of BSI, Tt.Dn, and
Ct.Dn (girls > boys for all 3) after adjusting for lean
mass and sedentary time. In contrast, in models with
self-reported physical activity, sex only remained a

significant predictor of Ct.Ar in the adjusted model with
MVPAPAQ-A (girls > boys, B = 24.9, SE = 11.5, p = 0.03).

Discussion

We extend a relatively scant body of literature that reports
bone strength, structure, and BMD at the distal and midshaft
tibia and their association with objectively measured physical
activity and sedentary time in older adolescents. Adolescents
who participated in more physical activity, measured objec-
tively and by self-report, had greater bone strength at the distal
and midshaft sites of the tibia. Lean mass, a surrogate for

Table 3 Beta coefficients
(unstandardized and
standardized) and model
variances for multivariable
regression analyses of bone
strength at the distal tibia (8%
site) and tibial midshaft (50% site)
in adolescents. Coefficients in
italics are significant at p < 0.05

Model N B (95%CI) β R2

8% site

BSI (mg/mm4) MVPAaccel (min/day) 1 100 23.8 (4.2, 43.4) 0.26 0.11

2 100 13.8 (− 1.1, 28.7) 0.15 0.51

3 100 13.9 (− 3.8, 31.7) 0.15 0.51

VPAaccel (min/day) 1 100 43.3 (10.6, 76.1) 0.28 0.12

2 100 33.0 (8.6, 57.4) 0.21 0.52

3 100 34.0 (6.9, 61.1) 0.22 0.52

Sedentary time (min/day) 1 100 − 2.1 (− 8.4, 4.2) 0.01 0.06

2 100 − 2.3 (− 6.9, 2.4) 0.01 0.49

3 100 − 1.8 (− 8.2, 4.5) 0.14 0.49

MVPAPAQ (min/day) 1 191 6.7 (2.0, 11.5) 0.20 0.13

2 191 3.1 (− 0.5, 6.7) 0.09 0.51

ImpactPAPAQ-A (h/week) 1 189 69.1 (23.5, 114.6) 0.20 0.15

2 189 37.4 (2.6, 72.2) 0.09 0.52

50% site

SSIp (mm3) MVPAaccel (min/day) 1 101 3.6 (0.8, 6.3) 0.18 0.58

2 101 2.2 (0.04, 4.4) 0.11 0.76

3 101 2.8 (0.3, 5.4) 0.15 0.76

VPAaccel (min/day) 1 101 4.6 (− 0.1, 9.4) 0.14 0.57

2 101 3.2 (− 0.4, 6.8) 0.10 0.75

3 101 3.6 (− 0.4, 7.6) 0.11 0.75

Sedentary time (min/day) 1 101 − 0.11 (− 1.01, 0.79) 0.02 0.55

2 101 − 0.11 (− 0.80, 0.57) − 0.02 0.75

3 101 0.17 (− 0.76, 1.09) 0.03 0.75

MVPAPAQ-A (min/day) 1 191 1.0 (0.3, 1.7) 0.16 0.50

2 191 0.5 (− 0.04, 1.0) 0.07 0.75

ImpactPAPAQ-A (h/week) 1 189 9.3 (2.6, 15.9) 0.15 0.49

2 189 4.5 (− 0.3, 9.3) 0.07 0.75

B (95% CI) unstandardized beta coefficients and 95% confidence interval, β standardized beta coefficient,
adjusted R2 total model coefficient of determination, BSI bone strength index, MVPAaccel moderate to vigorous
physical activity by accelerometry, VPAaccel vigorous physical activity by accelerometry,MVPAPAQ-A moderate to
vigorous physical activity by the Physical Activity Questionnaire for Adolescents, ImpactPAPAQ-A impact physical
activity by the Physical Activity Questionnaire for Adolescents, SSIp polar strength strain index

Model 1 adjusted for sex, ethnicity, tibial length, and maturity offset. Model 2 additionally adjusted for lean body
mass. Model 3 additionally adjusted for either sedentary time (for MVPAAccel and VPAAccel models) or wear time
(for the sedentary time model)
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muscle force, appeared to mediate the physical activity-bone
strength association. Despite spending most of their day in
sedentary pursuits, adolescents’ bone strength was not nega-
tively influenced by sedentary time.

Objective measures of physical activity and sedentary time
are unique aspects of our study. However, we acknowledge
that participation in this component of our study was limited,
as less than 50% of boys agreed to wear accelerometers for
7 days. We did not follow up with participants who chose not
to wear the accelerometer to identify barriers to wear.
However, adolescents reported barriers to wear such as bully-
ing risk, feelings of embarrassment, and concerns about size
and comfort of the devices [29]. Compliance with accelerom-
eter wear among adolescents who volunteered for this part of
the study (74%) was higher, on average, than previous studies
of this age group [30]. Our findings highlight the need to
explore the use of incentives and/or wrist-worn accelerome-
ters, which youth may prefer [31]. Wrist-worn devices and
traditional hip-worn accelerometers were similary associated
with ground-reaction forces [32].

Both objective and subjective measures of physical activity
positively predicted adolescents’ bone strength at the distal
tibia and tibial shaft. We were unable to relate the specific
physical activities participants engaged in to intensity as mea-
sured by accelerometry. However, based on participants’
PAQ-A responses, common activities included walking, soc-
cer, basketball, and volleyball and 5% of participants were
involved in weight-bearing organized sport. Overall, the phys-
ical activity-bone strength relationships we observed align
with those of our previous cross-sectional [7, 11, 33] and

longitudinal pQCTandHR-pQCTstudies [12] as well as those
of others who reported positive associations between
accelerometry-derived physical activity and bone strength
and structure in older adolescents [6, 8]. However, we extend
this literature by clarifying the role of sedentary time in this
population. Our data suggest that adolescents who are physi-
cally active counter the potential detrimental effect of large
bouts of sedentary time.

Lean mass, a surrogate for muscle force, mediated the re-
lationship between physical activity and tibial bone strength.
Interestingly, the influence of lean mass varied between skel-
etal sites and how physical activity was measured. Our find-
ings for VPA and MVPA at the distal and midshaft tibia align
with earlier DXA- and pQCT-based studies of recreationally
active adolescents [34] and non-elite gymnasts. In these stud-
ies, differences in bone outcomes between active and inactive
youth and between gymnasts and non-gymnasts did not per-
sist after indices of muscle force were accounted for. In con-
trast, our findings for VPA at the tibial midshaft align with
DXA-based results from the Iowa Bone Development Study.
In that study, residual variance in boys’ femoral neck
cross-sectional area and section modulus (by hip structure
analysis) was explained by MVPAAccel after lean mass was
accounted for [17]. Thus, physical activity influences change
in muscle forces that in turn, impart the largest loads on bone.
However, our findings suggest a possible direct link between
non-muscular factors associated with weight-bearing activity
and bone adaptation.

Importantly, within these general observations, we noted
site-specific relationships between physical activity intensity

Fig. 1 Scatterplots of
accelerometer-derived moderate-
to-vigorous physical activity
(MVPA) and VPA regression
residuals and distal tibia bone
strength index (BSI, mg2/cm4) (a,
b) and tibial midshaft polar
strength strain index (SSIp, mm3)
(c, d). Solid circles and lines
represent the relation of
MVPAaccel or VPAaccel to BSI or
SSIp adjusted for sex, tibial
length, ethnicity, and maturity
offset. Open circles and dashed
lines represent the relation of
MVPA or VPA to BSI or SSIp
additionally adjusted for lean
mass.. R2 indicate variance
explained by PA variable
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and bone strength after adjusting for leanmass. The distal tibia
experiences high compressive loads during regular locomo-
tion. Thus, the association between bone strength and
high-intensity physical activity (VPAAccel; but not
MVPAAccel) suggests that more intense stimuli are needed to
trigger bone adapation at this weight-bearing site. Further,
self-reported impact physical activity predicted bone strength
whereas moderate physical activity did not (after adjusting for
lean mass). In contrast, the tibial shaft incurs mainly tor-
sional and bending loads and moderate levels of physical
activity predicted bone strength at that site, after adjusting
for lean mass. It is not clear why intense physical activity
did not predict bone strength at that site, but it may be due
to our limited sample size or the large variability in
VPAAccel as compared with MVPAAccel. We note, however,
a positive association between VPAAccel and SSIp that
approached significance (B = − 0.1, SE = 9.4; p = 0.055).
Adequately powered longitudinal studies would clarify
the biological significance of these relationships.

Extreme and prolonged periods of bedrest may upset the
bone formation-resorption balance in adults [35]. However,
the mechanism by which sedentary time influences adolescent
bone strength is not known. Notably, participants in our cohort
were sedentary for most of their waking hours. However, this
was countered by almost 50 min/day of physical activity, on
average, which exceeds the national MVPA average of
39 min/day [10]. Thus, the influence of sedentary time on
bone outcomes appears to be offset by adolescents’ participa-
tion in moderately intense physical activity. In contrast, sed-
entary time was negatively associated with whole body bone
mineral content (BMC; by DXA) in adolescents [14] and
proximal femur BMC in children, adolescents, and young
adults [13]. Body size and maturation were not controlled
for in the DXA-based studies. Alternatively, self-reported sit-
ting time was negatively associated with bone strength (SSIp
by pQCT) at the 20% site of the tibia in 6- to 20-year olds
(mediated by lean mass). Longitudinal studies are needed to
examine how different trajectories of sedentary time across
childhood and adolescence influence bone strength accrual.

We acknowledge several limitations of our study. First,
based on its cross-sectional design, we cannot infer causality.
Second, we were unable to assess stage of maturation using
the method of Tanner due to ethical concerns raised by the
participating School Districts. Bone age assessments were al-
so not feasible in our study, as our Mobile Laboratory is not
equipped with standard X-ray technology. We therefore esti-
mated biological age using a valid prediction equation. At age
15 years, girls were 2.5 years and boys 2 years post-APHV, on
average. In our mixed longitudinal Healthy Bones III Study,
53 and 44% of girls self-reported as Tanner stage 4 and 5,
respectively, at age 15 and 57 and 36% of boys self-reported
as Tanner stage 4 and 5, respectively, at age 15 (unpublished
data). Given similarities in demographic characteristics

between cohorts, we would expect a similar distribution of
Tanner stages in the HPSS cohort. However, we acknowledge
that our results may not apply to adolescents of other ages or
stages of maturity. Third, to estimate APHV and determine
maturity offset, we used a prediction equation validated in
white youth only [20]. As Asian children are known to mature
earlier as compared with their white peers [36], we may have
underestimated APHV in Asian adolescents in our cohort.

In conclusion, beyond the critical period of peak bone ac-
crual, high-intensity physical activity continues to influence
adolescent bone strength. However, muscle force should be
considered as a potential mediator in models that investigate
physical activity-bone strength relationship. Further, interven-
tion studies that objectively evaluate physical activity dose
(frequency, duration, intensity) independent of sedentary time
(quantity, patterns) are needed to better understand their
shared and counteractive effects on bone strength in adoles-
cents. Finally, studies that more objectively and precisely dif-
ferentiate between high- versus moderate- or low-intensity
physical activity would allow us to better understand their
contributions to bone strength accrual during growth.
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