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Abstract
Summary The association between baseline physical activity and sedentary time with 2-year longitudinal bone strength was
evaluated. The effect of physical activity on bone depended on maturity status. Sedentary time did not negatively impact bone
outcomes, regardless of maturity. Maturity should be considered when developing exercise interventions to improve bone
outcomes.
Introduction Physical activity during adolescence is important to obtain peak bone mass; however, adolescents are increasingly
sedentary, potentially increasing risk for osteoporosis later in life. The aim of this study was to assess the association of physical
activity and sedentary time with 2-year longitudinal bone outcomes in adolescent females (69% Hispanic/31% non-Hispanic).
Methods Bone strength was assessed at the 66% tibia, 20% femur, and 66% radius of 9- to 12-year-old girls (n = 131) using
peripheral quantitative computed tomography at baseline and 2-year follow-up. Physical activity and sedentary time were
assessed via accelerometry. Linear regression analyses were used to assess whether baseline vigorous physical activity (VPA),
moderate physical activity (MPA), light physical activity (LPA), or sedentary time predict longitudinal bone outcomes, adjusting
for relevant confounders.
Results Significant interactions were found between maturity offset and physical activity. In weight-bearing bones, significant
interactions were primarily identified between VPA and maturity offset. Interactions indicated that VPA was associated with
favorable bone outcomes at the tibia and femur in girls further past the age of PHV. However, this favorable effect was not
observed in girls closer to the age of PHV. At the radius, interactions were primarily observed between LPA and maturity offset.
Again, LPA was more beneficial for girls further past the age of PHV. Sedentary time did not significantly influence bone
outcomes.
Conclusion The effects of physical activity on bone may be dependent on maturity. Therefore, physical activity interventions,
with attention to maturity status, may be required to optimize bone strength in girls.

Keywords Accelerometry . Adolescence . Female . Peripheral quantitative computed tomography . Physical activity . Physical
inactivity

Introduction

Adolescence is a period of rapid bone accrual, making it a
critical time to optimize peak bone mass for osteoporosis pre-
vention later in life [1]. In females, peak height velocity
(PHV) occurs around 11.8 ± 1.0 years of age and peak bone
accrual occurs around 12.5 ± 0.90 years [2, 3]. In the 4 years
surrounding peak bone accrual, approximately 39% of adult
bone mineral is gained [2–4], with the most rapid accrual of
bonemass occurring directly after the onset of PHV. Although
peak bone mass is largely influenced by genetics, lifestyle
choices (e.g., diet and physical activity) can determine up to
40% of adult peak bone mass [1]. Because of the established
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benefits of physical activity for developing bone [1, 5], the
current physical activity guidelines in the USA recommend
that children engage in at least 60 min of moderate-to-
vigorous physical activity (MVPA) per day and incorporate
high-impact activities at least 3 days per week for bone health
[6]. The guidelines also emphasize the importance of decreas-
ing time spent in sedentary activities. However, most adoles-
cent girls do not meet the physical activity guidelines and time
spent inMVPA tends to be even lower in Hispanic girls [7–9].
Lower MVPA is often accompanied by more sedentary time
during waking hours. Accelerometry data from the National
Health and Nutrition Examination Survey (NHANES) show
that adolescent girls (12–15 years old) spend 7.7 waking
hours/day engaging in sedentary behaviors [10], with even
higher rates reported in recent literature [11–13]. This is cause
for concern for both general health and bone outcomes.

There is evidence that suggests sedentary time may be det-
rimental for bone development in peri-pubertal children [11,
14]. However, studies assessing the relationship between sed-
entary time and bone outcomes are often limited by cross-
sectional design, self-reported measurements of sedentary
time, or bone measurement technique (e.g., quantitative ultra-
sound) [14]. Few studies have assessed the association be-
tween objectively measured physical activity and bone in ad-
olescents using peripheral quantitative computed tomography
(pQCT), a three-dimensional imaging tool that can analyze
bone architecture and strength [15], which cannot be
ascertained by two-dimension dual-energy x-ray absorptiom-
etry (DXA) scans. Additionally, no research studies have ex-
amined the association between sedentary time and bone out-
comes in a mainly Hispanic population. Therefore, the aim of
the current study was to assess the association of objectively
measured baseline physical activity and sedentary time with 2-
year longitudinal bone outcomes in cohort of predominantly
Hispanic adolescent females during the years surrounding
PHV, a period of rapid bone growth. Based on the previous
literature, we hypothesized that higher amounts of baseline
vigorous physical activity (VPA) and moderate physical activ-
ity (MPA) would be associated with higher longitudinal bone
strength at the tibia and femur, while a greater amount of
sedentary time would be negatively associated with longitudi-
nal tibia and femur bone strength.

Methods

Study population

The Soft Tissue and Bone Development in Young Girls
(STAR) study was a 2-year longitudinal study designed to
assess the effects of body composition and metabolic risk
factors on bone development in adolescent females (Clinical
trials #NCT02654262). Three-hundred and fifty-eight girls

aged 9–12 years old at baseline were recruited from local
schools, pediatric clinics, and wellness community events in
Tucson, AZ, between 2013 and 2018 to participate in the
cross-sectional study. In line with the primary aim of the
STAR study, a power analysis indicated that a subsample of
150 girls was required for the longitudinal study in order to
detect statistically significant differences in 2-year pQCT bone
changes between normal weight and obese girls, with and
without cardiometabolic risk factors. One-hundred and sixty
girls underwent 2-year longitudinal follow-up measures, of
which 131 had complete data and comprise the sample that
was used for the analysis reported herein (Fig. 1). The study
protocol was approved by the University of Arizona Human
Subjects Protection Committee. Written informed assent and
consent was obtained from all participants and their parents or
legal guardians, respectively. Exclusion criteria included the
following: diagnosis of diabetes, taking any medications that
alter body composition, physical disability that limits physical
activity, and learning disability that limited completion of
questionnaires or otherwise made the participant unable to
comply with assessment protocols.

Questionnaires

At enrollment and 2-year follow-up, participants’ guardians
were asked to complete a health history questionnaire, includ-
ing questions regarding the participants’ race and ethnicity.

Fig. 1 Flow diagram depicting stepwise process of sample size
determination
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Participants also completed the Harvard Youth/Adolescent
Food Frequency Questionnaire at both time points to obtain
information regarding normal dietary intake, including calci-
um intake.

Anthropometric measurements

Anthropometric measures were obtained according to stan-
dardized protocols, which have previously been described
[16, 17]. Body mass was measured to the nearest 0.1 kg using
a calibrated scale (Seca, Model 881, Hamburg, Germany).
Standing and sitting height were measured at full inhalation
to the nearest mm using a stadiometer (Shorr Height
Measuring Board, Olney, MD). Body mass index (BMI) was
calculated as weight divided by height squared (kg/m2).

Maturation

Maturation was assessed by pubertal status and somatic mat-
uration. Pubertal status was determined via self-reported ques-
tionnaire. Girls were provided pictures depicting the Tanner
stages of pubertal maturation and selected the image that rep-
resented the correct stage of maturity for both breast and pubic
hair development [18]. Maturity offset was used to assess
years from age at PHV. Maturity offset was estimated from
age and anthropometric measures (height, weight, sitting
height, leg length) using the Mirwald equation [19]. This
equation explains approximately 89% of the variance in years
from peak height velocity (PHV) [19]. A negative maturity
offset represents years prior to PHV (PRE-PHV) and a posi-
tive maturity offset signifies years after PHV (POST-PHV).

Dual-energy X-ray absorptiometry

Measures of soft tissue composition were obtained from dual-
energy x-ray absorptiometry (DXA) using GE/Lunar
Radiation Corp (Madison, WI) following standard subject po-
sitioning and data acquisition protocols on the Prodigy and
iDXA models. A single certified technician performed all
DXA scan analyses. The DXAwas calibrated daily according
to manufacturer guidelines. Within-subject variation for soft
tissue in our laboratory has been previously reported [20, 21].

Peripheral quantitative computed tomography

Measurements were taken at the 66% tibia, 20% femur, and
66% radius sites relative to the distal growth plate on the non-
dominant limb to assess cortical (diaphyseal) strength using
the STRATEC, XCT 3000 pQCT (Medizintechnik GmbH,
Pforzheim, Germany, Division of Orthometrix; White Plains,
NY). All Peripheral quantitative computed tomography
(pQCT) scans were analyzed using Stratec XCT software,
Version 6.0, and operators were trained for pQCT data

acquisition and analyses following guidelines provided by
Bone Diagnostic LLC (Spring Branch, TX). Instrument, im-
age processing, and analysis protocols used in our laboratory
have been published previously, as well as coefficients of
within-subject variation for pQCT bone measurements [22].

Briefly, pQCT slice thicknesses were 2.3 mm and voxel
sizes and scanner speed were set at 0.4 mm and 25 mm/s
respectively. As described in the Stratec XCTsoftware manual
[23], Contour, Peel, and Cort modes were used to obtain mea-
sures of bone geometry and material properties. At diaphyseal
sites, total bone area (mm2) was obtained using Contour mode
(710 mg/cm3) and measures of cortical volumetric bone min-
eral density (vBMD) (mg/cm3), cortical bone mineral content
(BMC) (mg/mm), cortical area (mm2), endosteal circumfer-
ence (mm), periosteal circumference (mm), and cortical thick-
ness (mm) were obtained using Cort mode 2 (710 mg/cm3).
Scans at each site were reviewed for participant movement
and excluded according to a visual inspection rating scale
[24].

As described elsewhere [15, 25], estimates of bone strength
were calculated using the pQCT derived measures of bone
density and geometry. A strength strain index (SSI, mm3) that
accounts for both the structural andmaterial properties of bone
was calculated using the equation described by Shedd et al. to
estimate the resistance of diaphyseal bone to bending and
torsional loading [25]. This calculated SSI predicts up to
80% of the variance in bending failure load in human tibias
[15]: SSI =Σ((dZ

2 × AV) × (cortical vBMD/ND))/dmax, where
dZ is the distance of voxel from the center of gravity, AV is the
area of the voxel (mm2), Cort vBMD is the cortical bone
density (mg/cm3), ND is the estimated normal physiological
bone density (1200 mg/cm3), and dmax is the maximum dis-
tance of a voxel from the center of gravity [25].

Physical activity and sedentary time

Physical activity and sedentary time variables were measured
using GT3X+ tri-axial accelerometers (ActiGraph, Pensacola,
FL). Participants were instructed to wear the accelerometer on
their hip for 7 consecutive days during all waking hours, ex-
cept for showering, or other water activities. The accelerome-
ters were initialized for data collection at 30 hz. Data were
saved in 1-s epochs with the “low frequency extension” option
selected and analyzed using ActiLife Software version 6.13.4
(ActiGraph, Pensacola, FL). Non-wear time was classified as
≥ 30 min of continuous zeros as this algorithm has been show
to most accurately assess sedentary time in youth [26]. Girls
who wore the accelerometer for at least 10 h/day on 3 or more
days were included in the analyses. Evenson cut points were
used to classify sedentary activity (≤ 100 counts per minute;
cpm), light physical activity (101–2295 cpm, LPA), moderate
physical activity (2296–4011 cpm), and vigorous physical
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activity (≥ 4012 cpm) [27]. Moderate and vigorous activities
were combined to estimate MVPA.

Statistical analyses

Descriptive statistics, including mean and standard deviation
for normally distributed variables or median and interquartile
range for skewed variables, were used to describe participant
characteristics. Multiple linear regression analyses were used
to test the relationship of the independent variables of interest
(baseline VPA, MPA, LPA, and sedentary time) with the pri-
mary outcome of interest, 2-year SSI, and secondary pQCT
bone outcomes. All covariates were selected a priori based on
their established association with bone strength. Covariates
included in all models were baseline bone outcome of interest,
baseline accelerometer wear time (minutes), ethnicity (non-
Hispanic or Hispanic), 2-year height (cm), 2-year lean soft
tissue mass (kg), and 2-year maturity offset (years from age
at PHV). Calcium intake was also considered as a covariate;
however, it did not improve model prediction and therefore
was not included in the final models. Due to the known impact
of maturity on the physical activity-bone relationship [28, 29],
interactions between physical activity variables and maturity
offset were tested in each model. For models with statistically
significant interactions, post-hoc contrasts were used to obtain
the simple regression slopes for the mean± 1 SD values of 2-
year maturity offset to further characterize the influence of
maturity offset on the relationships between physical activity
and sedentary time with 2-year bone outcomes. As a sensitiv-
ity analysis, we fit a second model for sedentary time that
additionally controlled for MVPA (min/day) to determine
the effect of sedentary time on bone outcomes independent
of MVPA.

Linearity between outcome variables and each covariate
was assessed with scatter plots. All models were checked for
the assumptions of linear regression: linearity, normality of
residuals, and homoscedasticity. A residual versus predictors
plot was used to visually assess the assumptions of linearity
and homoscedasticity. Normal distribution of residuals for the
model was assessed using a histogram. Collinearity of vari-
ables was assessed via variance inflation factor, with a value >
5 indicating collinearity.

All analyses were performed in R version 3.5.2 (R
Foundation for Statistical Computing, Vienna, Austria) using
the stats package lm() function for linear regression and
emmeans package to obtain estimated marginal means. A p
value of < 0.05 was considered statistically significant.

Results

Descriptive characteristics of this sample are reported in
Table 1. The majority of girls identified as white race (70%)

and Hispanic ethnicity (69%). Girls were on average 12.9 ±
1.1 years old at follow-up. There was high correlation (r =
0.98) between baseline maturity offset and 2-year maturity
offset. As expected during a period of growth, girls showed
increases in total body weight (12.1 ± 6.6 kg gain) and lean
body mass (5.86 ± 3.6 kg gain) between baseline and 2-year
follow-up. At baseline, 3% of girls were classified as under-
weight, 56% normal weight, 17% overweight, and 24% obese.
The rates of underweight and obesity stayed consistent be-
tween baseline and 2-year follow-up, but there was a slight
decline in the number of girls who were classified as normal
weight (51% at follow-up) and an increase in girls classified as
overweight (22% at follow-up).

Mean days of accelerometer wear was 5.7 ± 1.3 days with
an average of 803 ± 60 min of wear time per day. The median
time spent in MVPA was 46.6 (35.2, 57.9) minutes per day
and only 5 girls met the physical activity guidelines of at least
60 min of MVPA per day. Bone parameters are characterized
in Table 2. The greatest 2-year percent increases for tibia and
femur outcomes were evident for SSI (mm3), cortical BMC
(mg/mm), cortical area (mm2), and total area (mm2), while the
greatest increases for the radius were SSI (mm3), cortical
BMC (mg/mm), cortical area (mm2), and cortical thickness
(mm).

The results for the linear regression models for weight-
bearing bones (tibia and femur) and non-weight-bearing bone
(radius) are presented in Table 3. Significant interactions be-
tween physical activity and maturity offset were identified for
all bone sites. In the weight-bearing bones, interactions were
most common between higher intensity physical activity (i.e.,
VPA and MPA) and maturity offset. At the tibia, VPA ex-
plained ~ 1% of the variation in SSI and ~ 2% of the variation
in cortical BMC, cortical thickness, and cortical area. In sep-
arate models, MPA explained ~ 1–2% in the variance of cor-
tical BMD and cortical thickness and LPA explained < 1% of
the variance in total bone area. Similarly, at the femur, VPA
explained < 1% of variance in SSI, periosteal circumference,
and endosteal circumference and ~ 1–2% variance in cortical
BMC and cortical area. For all bone sites, the greatest amount
of variance in 2-year bone outcomes was explained by the
baseline bone measurement and total body lean mass.

At the radius, interactions were most common between
LPA and sedentary time with maturity offset. LPA ex-
plained the greatest amount of variance in bone outcomes
at the radius, explaining ~ 6% variance in cortical vBMD,
2.5% in cortical BMC, 2.3% in cortical area, 1.8% in
periosteal circumference, and ~ 1% in SSI and cortical
thickness. In separate models, sedentary time explained
the next greatest amount of variance, explaining approxi-
mately 4% of cortical vBMD and ~ 1–2% of variability in
cortical BMC, cortical area, and cortical thickness. VPA
explained ~ 1.3% of variance in cortical BMC, cortical
area, and cortical thickness.
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Simple slopes and 95% confidence intervals from post-hoc
contrasts of interactions between physical activity/sedentary
time and maturity offset on bone outcomes at the tibia, femur,
and radius are presented in Table 4 and select interactions are
depicted in Fig. 2. Since interactions between VPA, MPA, and
LPA with maturity offset were positive at all bone sites, the
primary outcome of interest (SSI) was selected to represent the
positive interactions. However, since the interaction between
sedentary time and maturity offset was not significant in any
models for SSI, the model for cortical BMC at the radius was
also included to illustrate the negative interaction observed
between sedentary time and maturity offset at the radius.
Figure 2 depicts the influence of maturity offset (± 1 standard

deviation from the mean at 2 years) on the relationship be-
tween physical activity and bone outcomes while holding all
other variables in the model constant. Since baseline bone
measurements were controlled in the models, Fig. 2 also
shows that girls with a lower maturity offset (− 1 SD from
mean) had overall greater gains in SSI at all bone sites as
compared to girls with a higher maturity offset, particularly
at lower levels of physical activity.

For the sensitivity analysis, average time spent in MVPA
was included in the sedentary time models. In all models that
showed sedentary time as a significant predictor, sedentary
time remained a significant predictor even after inclusion of
MVPA in the models. However, inclusion of MVPA in

Table 1 Characteristics of girls in
the STAR longitudinal study at 2-
year follow-up

All (n = 131) PRE-PHV (n = 50) POST-PHV (n = 81)

Mean (SD)

Age (years) 12.9 (1.1) 11.9 (0.6) 13.6 (0.9)

Height (cm) 157.5 (8.1) 151.6 (7.1) 161.1 (6.4)

Body mass (kg) 57.0 (15.9) 46.8 (10.3) 63.4 (15.4)

BMI (kg/m2) 22.8 (5.2) 20.2 (3.8) 24.3 (5.3)

Lean body mass (kg) 33.1 (6.8) 28.0 (4.4) 36.3 (5.9)

Median (IQR)

Maturity offset at baseline (years) 0.4 (− 0.5, 1.4) − 0.8 (− 1.1, − 0.4) 1.0 (0.5, 1.8)

Maturity offset at follow-up (years) 2.5 (1.6, 3.2) 1.4 (0.9, 1.7) 3.0 (2.6, 3.6)

Baseline accelerometer variables (min/day)

Sedentary time 599.4 (565.2, 638.3) 588.3 (556.9, 613.0) 607.5 (576.5, 648.5)

LPA 152.1 (130.1, 170.7) 159.6 (143.7, 173.0) 143.0 (126.8, 170.4)

MPA 27.3 (21.4, 34.2) 29.3 (24.6, 36.3) 26.7 (20.9, 33.4)

VPA 17.8 (13.5, 24.4) 21.1 (16.2, 26.8) 16.7 (12.2, 21.6)

Wear time 800.4 (771.2, 832.4) 801.6 (778.2, 830.6) 800.1 (768.7, 835.0)

n (%)

Race

Caucasian 92 (70%) 37 (74%) 55 (68%)

African American 4 (3%) 0 (0%) 4 (5%)

American Indian/Alaska Native 3 (2%) 2 (4%) 1 (1%)

Asian 3 (2%) 2 (4%) 1 (1%)

Multiple races 11 (8%) 3 (6%) 8 (10%)

Not indicated 18 (14%) 6 (12%) 12 (15%)

Ethnicity

Hispanic 91 (69%) 36 (72%) 55 (68%)

Non-Hispanic 40 (31%) 14 (28%) 26 (32%)

Tanner upper (n: 1/2/3/4/5) 3/18/49/49/12 3/15/27/4/1 0/3/22/45/11

Tanner lower (n: 1/2/3/4/5) 12/53/31/31/4 12/26/7/5/0 0/27/24/26/4

Met PA guidelines at baselinea

Yes 5 (4%) 3 (6%) 2 (2%)

No 126 (96%) 47 (94%) 79 (98%)

Variables collected at 2-year follow-up unless otherwise indicated. Girls categorize by baseline maturity offset
status: PRE-PHV (baseline maturity offset < 0) and POST-PHV (baseline maturity offset ≥ 0). LPA light physical
activity, MVPA moderate-to-vigorous physical activity, PA physical activity
aMeeting physical activity guideline for children defined as ≥ 60-minMVPA for every day of accelerometer wear
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sedentary time models lead to collinearity between sedentary
time and accelerometer wear time that was not observed in the
initial models. Therefore, only the results of the initial seden-
tary models are reported.

Discussion

The aim of this study was to assess the association of objec-
tively measured physical activity and sedentary time with 2-
year longitudinal bone outcomes at the tibia, femur, and radius
during the years surrounding PHV. In our sample comprised
primarily of Hispanic female adolescents (9–12 years old at
baseline), we found the relationship between baseline physical
activity and 2-year bone outcomes did not stay consistent
throughout maturity. In girls further past the age of PHV at
study outcome (+ 1 SD from the mean, approximately corre-
sponding to girls POST-PHV baseline), higher intensity phys-
ical activity (i.e., VPA and MPA) was favorably associated

with 2-year bone outcomes at the tibia and femur; however,
in girls earlier in maturity offset at study outcome (− 1 SD
from the mean, approximately corresponding to girls PRE-
PHV baseline), this favorable effect of physical activity was
not observed.

At the tibia, we found that baseline VPA was associated
with increased SSI in girls further past the age of PHV. The
positive relationship observed between VPA and SSI was like-
ly influenced by the positive association seen between VPA
and increased cortical BMC, cortical area, and cortical thick-
ness. Similarly, researchers have previously found that MVPA
is associated with greater longitudinal tibia bone strength as
assessed by failure load using HR-pQCT [11] and polar mo-
ment of inertia derived from pQCT [30]. Unlike our results
that showed this relationship in only the subset of the sample
POST-PHVat baseline, Gabel et al. and Janz et al. were both
able to detect these results for their entire cohorts of males and
females, potentially due to the older age and greater maturity
status of their samples at baseline (Gabel: females 14.4 ±

Table 2 pQCT bone parameters
at baseline and 2-year follow-up
(n = 131)

Baseline 2 years Change % change

66% tibia

Strength strain index (mm3) 1483.3 (388.7) 1840.8 (412.3) 357.5 (178.3) 25.9 (13.4)

Cortical vBMD (mg/cm3) 1034.5 (38.9) 1076.4 (39.9) 41.9 (28.6) 4.1 (2.9)

Cortical BMC (mg/mm) 209.0 (40.7) 252.7 (42.2) 43.7 (19.5) 21.9 (10.5)

Cortical area (mm2) 201.6 (36.1) 234.4 (36.4) 32.8 (17.7) 17.2 (9.8)

Cortical thickness (mm) 3.1 (0.5) 3.4 (0.5) 0.4 (0.3) 11.9 (9.1)

Total area (mm2) 408.1 (77.9) 464.6 (83.6) 56.5 (41.7) 14.6 (10.7)

Periosteal circumference (mm) 75.1 (7.2) 79.6 (7.0) 4.5 (3.1) 6.2 (4.3)

Endosteal circumference (mm) 55.6 (7.7) 57.9 (8.0) 2.3 (3.5) 4.3 (6.4)

20% femur

Strength strain index (mm3) 1628.5 (442.9) 2161.2 (498.0) 532.7 (250.6) 35.2 (18.3)

Cortical vBMD (mg/cm3) 1055.3 (29.0) 1082.4 (35.7) 27.1 (28.1) 2.6 (2.7)

Cortical BMC (mg/mm) 197.4 (36.2) 242.5 (38.2) 45.1 (21.2) 23.9 (12.9)

Cortical area (mm2) 186.8 (32.0) 223.7 (32.3) 36.9 (19.7) 20.9 (12.6)

Cortical thickness (mm) 2.6 (0.4) 2.8 (0.4) 0.2 (0.2) 9.5 (8.7)

Total area (mm2) 421.4 (96.9) 522.0 (112.7) 100.6 (57.8) 25.1 (14.3)

Periosteal circumference (mm) 80.5 (8.9) 88.4 (8.6) 8.0 (3.9) 10.2 (5.3)

Endosteal circumference (mm) 64.2 (9.2) 70.7 (9.2) 6.5 (3.8) 10.5 (6.4)

66% radius

Strength strain index (mm3) 170.9 (47.2) 214.1 (61.3) 43.2 (30.9) 26.4 (18.2)

Cortical vBMD (mg/cm3) 1048.4 (49.4) 1092.6 (50.9) 44.2 (38.4) 4.3 (3.8)

Cortical BMC (mg/mm) 55.5 (13.8) 70.1 (15.0) 14.6 (8.8) 29.2 (25.4)

Cortical area (mm2) 52.6 (11.6) 63.9 (12.4) 11.3 (7.7) 23.6 (21.7)

Cortical thickness (mm) 2.0 (0.4) 2.3 (0.4) 0.3 (0.2) 18.3 (13.8)

Total area (mm2) 174.0 (31.1) 195.5 (35.4) 21.4 (17.1) 12.8 (10.9)

Periosteal circumference (mm) 33.0 (3.5) 35.1 (3.5) 2.0 (2.3) 6.6 (9.2)

Endosteal circumference (mm) 20.7 (4.0) 20.6 (3.8) − 0.0 (2.3) 1.1 (16.7)

Values are presented as mean (SD). pQCT peripheral quantitative computed tomography, vBMD volumetric bone
mineral density, BMC bone mineral content
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Table 3 Standardized beta coefficients from multivariable regression analyses of 2-year longitudinal pQCT bone parameters and baseline
accelerometry variables

66% tibia 20% femur 66% radius

Physical activity β (95% CI) p value Physical activity β (95% CI) p value Physical activity β (95% CI) p value

SSI (mm3)

VPA PA*MO: 33.05 (7.22, 58.88) 0.01 PA*MO: 36.81 (0.94, 72.67) 0.046 − 1.51 (− 7.08, 4.07) 0.60

MPA 24.10 (− 5.28, 53.49) 0.11 9.27 (− 31.57, 50.11) 0.66 0.03 (− 5.35, 5.42) 0.99

LPA 26.20 (− 5.61, 58.01) 0.11 40.86 (− 2.82, 84.54) 0.07 PA*MO: 5.32 (0.67, 9.97) 0.03

Sedentary − 38.96 (− 82.41, 4.48) 0.08 − 42.55 (− 102.61, 17.51) 0.17 0.24 (− 7.71, 8.19) 0.95

Ct vBMD (mg/cm3)

VPA 0.26 (− 4.36, 4.88) 0.91 − 1.32 (− 5.67, 3.02) 0.55 − 4.51 (− 10.80, 1.79) 0.16

MPA − 1.53 (− 6.03, 2.97) 0.51 − 2.36 (− 6.61, 1.90) 0.28 − 7.42 (− 13.39, − 1.45) 0.02

LPA − 2.36 (− 7.20, 2.48) 0.34 − 2.60 (− 7.21, 2.01) 0.27 PA*MO: 6.24 (1.27, 11.21) 0.02

Sedentary 2.78 (− 3.89, 9.45) 0.42 3.76 (− 2.56, 10.08) 0.25 16.25 (7.57, 24.93) < 0.001

Ct BMC (mg/mm)

VPA PA*MO: 5.61 (2.75, 8.50) 0.0002 PA*MO: 4.02 (0.99, 7.04) 0.01 PA*MO: 1.36 (0.13, 2.59) 0.03

MPA PA*MO: 4.88 (1.90, 7.86) 0.002 0.84 (− 2.66, 4.34) 0.64 − 1.29 (− 2.71, 0.13) 0.08

LPA 1.05 (− 2.70, 4.80) 0.58 1.12 (− 2.68, 4.91) 0.57 PA*MO: 1.92 (0.73, 3.12) 0.002

Sedentary − 2.36 (− 7.44, 2.71) 0.36 − 1.48 (− 6.67, 3.70) 0.58 PA*MO: − 1.50 (− 2.87, − 0.13) 0.03

Ct area (mm2)

VPA PA*MO: 4.75 (2.24, 7.26) 0.0003 PA*MO: 3.82 (1.12, 6.52) 0.006 PA*MO: 1.18 (0.13, 2.24) 0.03

MPA PA*MO: 4.26 (1.66, 6.86) 0.002 1.34 (− 1.81, 4.49) 0.41 − 0.84 (− 2.06, 0.38) 0.18

LPA 1.31 (− 1.94, 4.56) 0.43 1.52 (− 1.88, 4.91) 0.38 PA*MO: 1.69 (0.66, 2.72) 0.002

Sedentary − 2.24 (− 6.65, 2.18) 0.32 − 2.13 (− 6.78, 2.53) 0.37 PA*MO: − 1.23 (− 2.41, − 0.04) 0.04

Tt area (mm2)

VPA − 0.43 (− 7.57, 6.70) 0.91 PA*MO: 10.15 (1.27, 19.04) 0.03 − 2.51 (− 5.62, 0.60) 0.12

MPA 1.14 (− 5.72, 8.00) 0.75 1.56 (− 8.68, 11.80) 0.77 − 0.38 (− 3.40, 2.63) 0.80

LPA PA*MO: 6.07 (0.17, 11.97) 0.045 10.64 (− 0.25, 21.54) 0.06 1.39 (− 1.87, 4.66) 0.41

Sedentary − 3.07 (− 13.18, 7.04) 0.55 − 10.65 (− 25.66, 4.36) 0.17 − 0.50 (− 4.98, 3.97) 0.83

PC (mm)

VPA − 0.14 (− 0.64, 0.36) 0.59 PA*MO: 0.74 (0.22, 1.26) 0.006 − 0.24 (− 0.62, 0.14) 0.21

MPA 0.08 (− 0.40, 0.57) 0.73 PA*MO: 0.59 (0.06, 1.13) 0.03 − 0.09 (− 0.46, 0.27) 0.62

LPA 0.19 (− 0.34, 0.73) 0.48 0.67 (0.03, 1.30) 0.04 PA*MO: 0.45 (0.13, 0.76) 0.006

Sedentary − 0.17 (− 0.90, 0.56) 0.64 − 0.62 (− 1.49, 0.26) 0.17 0.09 (− 0.45, 0.64) 0.74

EC (mm)

VPA − 0.29 (− 0.93, 0.36) 0.38 PA*MO: 0.67 (0.14, 1.20) 0.01 − 0.16 (− 0.57, 0.24) 0.43

MPA − 0.12 (− 0.74, 0.49) 0.70 0.08 (− 0.53, 0.68) 0.81 0.06 (− 0.33, 0.45) 0.76

LPA 0.03 (− 0.67, 0.73) 0.94 0.65 (0.00, 1.30) 0.05 0.16 (− 0.27, 0.60) 0.46

Sedentary 0.11 (− 0.84, 1.05) 0.83 − 0.61 (− 1.50, 0.28) 0.18 − 0.13 (− 0.71, 0.46) 0.67

Ct thickness (mm)

VPA PA*MO: 0.07 (0.03, 0.11) 0.001 − 0.00 (− 0.04, 0.04) 0.95 PA*MO: 0.04 (0.01, 0.07) 0.01

MPA PA*MO: 0.06 (0.02, 0.11) 0.003 0.00 (− 0.04, 0.04) 0.87 − 0.02 (− 0.06, 0.01) 0.20

LPA 0.01 (− 0.04, 0.07) 0.60 − 0.01 (− 0.05, 0.04) 0.74 PA*MO: 0.04 (0.00, 0.07) 0.03

Sedentary − 0.03 (− 0.10, 0.04) 0.45 0.01 (− 0.05, 0.06) 0.83 PA*MO: − 0.04 (− 0.08, − 0.01) 0.03

All models adjusted for accelerometer wear time, baseline pQCT measurement, 2-year maturity offset (years), 2-year height (cm), and 2-year lean body
mass (kg). PA*MO indicates beta coefficient for physical activity bymaturity offset interaction term. Italicized texts indicate statistical significance.BMC
bone mineral content, Ct cortical, EC endosteal circumference, LPA light physical activity, MO maturity offset, MPA moderate physical activity, PA
physical activity, PC periosteal circumference, SSIp polar strength strain index, Tt total vBMD volumetric bone mineral density, VPA vigorous physical
activity
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3.5 years old and 2.9 ± 3.6 years past the age of PHV; males
14.9 ± 2.9 years and 1.8 ± 3 years past the age of PHV) and
final follow-up (Janz: 17.5 ± 0.4 years males and females with

age at PHV 11.8 ± 0.6 and 13.7 ± 0.7 for females and males,
respectively). Previous cross-sectional results from an obser-
vational study showed that the variance explained by MVPA

Table 4 Simple regression slopes
for the relationship of physical
activity on 2-year bone outcomes,
holdingmaturity offset constant at
the mean and ± 1 SD from the
mean

Low maturity offset

(1.3 years past age PHV)

Average maturity offset

(2.4 years past age PHV)

High maturity offset

(3.5 years past age PHV)

66% tibia

VPA

SSI − 12.70 (− 51.64, 26.20) 20.70 (− 9.91, 51.30) 54.10 (12.25, 96.00)

Ct BMC − 3.45 (− 7.75, 0.85) 2.23 (− 1.19, 5.64) 7.90 (3.21, 12.59)

Ct area − 3.40 (− 7.19, 0.39) 1.4 (− 1.63, 4.43) 6.2 (2.05, 10.34)

Ct thick − 0.05 (− 0.11, 0.02) 0.02 (− 0.02, 0.07) 0.10 (0.03, 0.16)

MPA

Ct BMC − 2.15 (− 6.58, 2.29) 2.79 (− 0.51, 6.09) 7.73 (3.18, 12.27)

Ct area − 1.99 (− 5.89, 1.91) 2.32 (− 0.60, 5.22) 6.62 (2.65, 10.59)

Ct thickness − 0.04 (− 0.10, 0.03) 0.03 (− 0.02, 0.08) 0.10 (0.03, 0.16)

LPA

Tt area − 4.37 (− 14.56, 5.82) 1.77 (− 5.64, 9.19) 7.91 (− 0.95, 16.78)
20% femur

VPA

SSI − 36.90 (− 91.00, 17.20) 0.33 (− 42.5, 43.1) 37.55 (− 20.90, 96.00)
Ct BMC − 3.28 (− 7.85, 1.29) 0.78 (− 2.85, 4.41) 4.84 (− 0.12, 9.80)
Ct area − 2.79 (− 6.88, 1.30) 1.07 (− 2.20, 4.35) 4.94 (0.47, 9.40)

Tt area − 10.66 (− 24.05, 2.73) − 0.39 ( −11.02, 10.24) 9.88 (− 4.67, 24.42)
PC − 0.88 (− 1.65, − 0.11) − 0.13 (− 0.74, 0.48) 0.61 (− 0.23, 1.46)
EC − 0.79 (− 1.58, − 0.00) − 0.12 (− 0.74, 0.51) 0.57 (− 0.30, 1.43)

MPA

PC − 0.51 (− 1.30, 0.29) 0.09 (− 0.50, 0.68) 0.69 (− 0.13, 1.51)
66% radius

VPA

Ct BMC − 2.28 (− 4.13, − 0.44) − 0.91 (− 2.38, 0.56) 0.47 (− 1.55, 2.49)
Ct area − 1.88 (− 3.46, − 0.31) − 0.69 (− 1.95, 0.57) 0.51 (− 1.22, 2.24)
Ct thickness − 0.05 (− 0.09, 0.00) − 0.01 (− 0.04, 0.03) 0.04 (− 0.02, 0.09)

LPA

SSI − 6.07 (− 14.07, 1.92) − 0.69 (− 6.51, 5.13) 4.69 (− 2.31, 11.69)
Ct vBMD − 20.11 (− 28.70, − 11.48) − 13.80 (− 20.10, − 7.47) − 7.49 (− 15.10, 0.08)
Ct BMC − 3.72 (− 5.81, − 1.63) − 1.77 (− 3.30, − 0.24) 0.17 (− 1.65, 1.99)
Ct area − 2.77 (− 4.57, − 0.97) − 1.06 (− 2.37, 0.25) 0.65 (− 0.91, 2.21)
PC − 0.52 (− 1.06, 0.02) − 0.07 (− 0.46, 0.33) 0.39 (− 0.09, 0.86)
Ct thickness − 0.07 (− 0.13, − 0.02) − 0.04 (− .08, 0.00) − 0.00 (− 0.05, 0.05)

Sedentary

Ct BMC 4.32 (1.42, 7.22) 2.80 (0.62, 4.99) 1.28 (− 0.97, 3.53)
Ct area 3.03 (0.53, 5.53) 1.79 (− 0.09, 3.68) 0.56 (− 1.39, 2.50)
Ct thickness 0.10 (0.02, 0.18) 0.06 (0.00, 0.12) 0.02 (− 0.04, 0.08)

Low maturity offset is − 1 SD from mean maturity offset (MO) at 2 years and high maturity offset is + 1 SD from
mean maturity offset at 2 years. MO is years from age at peak high velocity. Only models with statistically
significant interactions between maturity offset and physical activity presented. Italicized texts indicate statistical
signficance (p < 0.05). BMC bone mineral content, Ct cortical, EC endosteal circumference, LPA light physical
activity, MO maturity offset, MPA moderate physical activity, PC periosteal circumference, PHV peak height
velocity, SSI strength strain index, Tt total vBMD volumetric bone mineral density, VPAvigorous physical activity
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on pQCT bone outcomes was relatively small (< 5%) [12].
Likewise, we found that VPA explained only about 1–2% of
the variance in 2-year tibia bone outcomes. Therefore, it is
possible that girls earlier in maturity offset (PRE-PHV at
baseline) were rapidly accruing bone, regardless of physical
activity, such that the beneficial effect of physical activity was
masked. In line with this, the interactions depicted in Fig. 2
show that after controlling for baseline SSI, girls earlier in
maturity offset have greater 2-year SSI (i.e., gained more bone
strength during 2-year follow-up) than girls later in maturity
offset at all but the highest amounts of VPA.

Ducher et al. showed that physical activity promotes peri-
osteal bone deposition in girls of similar ages to the girls in our
cohort [31]. Based on this theory that physical activity in-
creases periosteal apposition during adolescence, we hypoth-
esized that VPA and MPA would be associated with higher

total bone area and periosteal circumference at 2-year follow-
up. While we did not observe a beneficial effect of physical
activity on periosteal circumference at the tibia, we did find
that girls further past the age of PHV with higher baseline
physical activity (VPA, MPA) had a greater femur periosteal
circumference at 2-year follow-up, although this did not reach
statistical significance in post-hoc testing. There was also ev-
idence that greater VPAwas associated with larger femur bone
area, greater SSI, and greater cortical BMC for girls who were
past the age of PHV and who did more VPA at baseline.
Counter to our hypothesis, we found that girls earlier in ma-
turity offset showed a negative relationship between VPA and
femur periosteal circumference. It is possible that not all girls
earlier in maturity offset had reached the period of peak bone
mineral accretion even at 2-year follow-up, transiently show-
ing no beneficial effect of physical activity for girls earlier in

Fig. 2 Predicted regression slopes and 95% confidence intervals for the
relationship between baseline physical activity or sedentary time on 2-
year bone outcomes at the 66% tibia, 20% femur, and 66% radius at

varying levels of 2-year maturity offset (years past age of peak height
velocity–PHV), holding baseline bone, ethnicity, height, lean mass, and
accelerometer wear time constant
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maturity offset until more bone mineral is deposited. To our
knowledge there are no other studies assessing the relationship
between accelerometer derived physical activity and longitu-
dinal pQCT outcomes at the femur. However, Janz et al. sim-
ilarly found that girls who participated in more MVPA during
childhood and early adolescence had a higher DXA derived
femur cross-sectional area later in adolescence (age 17.5 ±
0.4) [30].

At the radius, we observed a general trend that LPA was
associated with less favorable bone outcomes in girls with a
lower maturity offset, but sedentary time appeared to be ben-
eficial for bone outcomes in this group. Although this finding
is counter-intuitive, we are not the first to observe a beneficial
effect of more sedentary time on bone outcomes. A longitudi-
nal study by Gabel et al. observed a favorable effect of seden-
tary time on trabecular thickness, cortical thickness, and cor-
tical BMD [11], while a cross-sectional study by Chastin et al.
reported a positive association between sedentary time and
DXA-derived BMC at the spine and proximal femur [8]. It
is currently theorized that physical activity patterns might be
important for explaining this relationship. Chastin et al. found
that clustered, short bouts of high intensity activity with longer
periods of sedentary time in between appeared to be more
osteogenic than more consistent physical activity throughout
the day [8]. Therefore, it is possible that girls in our sample
with higher amounts of sedentary time do short bouts of high
intensity activity at the arm with longer recovery periods in
between, while girls with more LPA do more continuous ac-
tivities that may not be as osteogenic. While the exact reason
for the positive relationship between sedentary time and bone
outcomes remains unclear, this association at the radius in our
sample appears to be transient. In girls further past the age of
PHV, we observed a favorable relationship between higher
baseline LPA and bone outcomes with the statistical interac-
tions. Additionally, the favorable effect of sedentary time on
bone outcomes seen in girls closer to the age of PHVappeared
to be less beneficial as girls matured. To our knowledge ,there
are no other studies that assess the relationship between LPA
and bone outcomes at the radius which limits our ability to
compare and interpret these findings. Gabel et al. did, howev-
er, assess the relationship between sedentary time and longi-
tudinal outcomes at the radius and found no relationship be-
tween sedentary time and longitudinal bone outcomes in their
cohort of males and females after controlling for relevant
covariates.

Prior studies by Ivuškāns et al. (n = 169) and Vaitkeviciute
et al. (n = 147 at 2-year follow-up) utilizing DXA imaging
showed that sedentary time was negatively associated with
areal bone mineral density at the femur in male adolescents
[32, 33]. Additionally, Gabel et al. (n = 309, 142 female and
115 male) showed sedentary time is inversely related to tibia
bone strength obtained from HR-pQCT, although this rela-
tionship did not remain statistically significant after

controlling for MVPA [11]. Unlike these studies, we did not
find sedentary time to negatively impact weight-bearing
bones, although there was a negative association between sed-
entary time and tibia SSI that approached statistical signifi-
cance (p = 0.08). It should be noted that the studies by
Ivuškāns and Vaitkeviciute assessed bone density using
DXAwhich is limited by two-dimensional imaging and there-
fore cannot ascertain the details pertaining to bone strength
and structure that were assessed in the current study.
Additionally, all of the previous studies either assessed males
only [32, 33] or combined both males and females [11] while
we only assessed adolescent females. Thus, we cannot dis-
count the possibility that there may be a sex difference or a
sex bymaturity difference for how sedentary time affects bone
development. As previously reported by Janz et al., boys have
a stronger relationship between physical activity and bone
development than girls [34], likely due to a combination of
biological differences (e.g., hormones) and differences in
physical activity between sexes.

Gunter et al. suggested that approximately 40 min of
MVPA is necessary to see beneficial effects to hip structure
and strength [35]. On average, the girls in our study partici-
pated in 46.6 (interquartile range: 35.2, 57.9) minutes MVPA
per day, indicating that as a whole, they are likely meeting the
threshold required to see the benefits of physical activity on
bone. Regardless, our observation that only about 4% of our
sample met the physical activity guideline recommending at
least 60 min/day of MVPA per day supports international
findings that adolescents are not engaging in enough MVPA
[36] and emphasizes the importance of health promotion ef-
forts designed to increase MVPA and decrease sedentary time
in youth.

We acknowledge that this study had limitations. First, due
to the nature of bone growth in adolescents, it is not possible to
measure the exact bone cross-section over time. However, the
use of anatomical landmarks allowed for measurement of the
same site relative to the growth plate over time. Additionally,
only peripheral bone sites were measured, limiting our under-
standing of howMVPA and sedentary time may affect the hip
and spine. Finally, accelerometers cannot measure ground re-
action forces, thereby failing to distinguish high-impact
MVPA from lower impact MVPAwhich affect bone strength
differently.

Our study also had many strengths including a longitudinal
study design allowing for assessment of bone development
over time, use of pQCT to assess bone strength and architec-
ture, and objective assessment of physical activity. This study
adds to the literature by showing that the effect of physical
activity and sedentary time on bone outcomes may depend on
the stage of maturity in a relatively inactive and primarily
Hispanic female population. Based on our findings, interven-
tions are needed to increase physical activity in young
Hispanic and non-Hispanic females to improve compliance
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with the physical activity guidelines and improve overall
health outcomes, including bone. Further research is needed
to better understand the relationship between maturity, physi-
cal activity, and bone outcomes to help determine whether
there is an ideal maturity stage to provide physical activity
interventions to improve bone strength.
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