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Context: The factors that govern skeletal responses to physical activity remain poorly understood.

Objective: The aim of this study was to investigate whether gender or fat mass influences rela-
tionships between cortical bone and physical activity, after partitioning accelerometer outputs into
low (0.5–2.1 g), medium (2.1–4.2 g), or high (�4.2 g) impacts, where g represents gravitational
force.

Design/Setting: We conducted a cross-sectional analysis in participants from the Avon Longitudinal
Study of Parents and Children.

Participants: We studied 675 adolescents (272 boys; mean age, 17.7 yr).

Outcome Measures: We measured cortical bone parameters from peripheral quantitative com-
puted tomography scans of the mid-tibia, adjusted for height, fat mass, and lean mass.

Results: High-impact activity was positively associated with periosteal circumference (PC) in males
but not females [coefficients (95% confidence intervals), 0.054 (0.007, 0.100) and 0.07 (�0.028,
0.041), respectively; showing SD change per doubling in activity]. There was also weak evidence that
medium impacts were positively related to PC in males but not females (P � 0.03 for gender
interaction). On stratifying by fat mass, the positive relationship between high-impact activity and
PC was greatest in those with the highest fat mass [high impact vs. PC in males, 0.01 (�0.064, 0.085),
0.045 (�0.040, 0.131), 0.098 (0.012, 0.185), for lower, middle, and upper fat tertiles, respectively;
high impact vs. PC in females, �0.041 (�0.101, 0.020), �0.028 (�0.077, 0.022), 0.082 (0.015, 0.148),
P � 0.01 for fat mass interaction]. Similar findings were observed for strength parameters, cross-
sectional moment of inertia, and strength-strain index.

Conclusions: In late adolescence, associations between high-impact activity and PC are attenuated by
female gender and low body fat, suggesting that the skeletal response to high-impact activity is
particularly reduced in young women with low fat mass. (J Clin Endocrinol Metab 97: 3734–3743, 2012)

Sexual dimorphism in skeletal development is well rec-
ognized and likely to contribute to gender differences

in fracture risk (1), such as the relatively high risk of hip
fractures in elderly women (2). At the hip, these differences

have been reported to emerge during the adolescent
growth spurt and to be comprised largely of greater peri-
osteal apposition in males, leading to greater femoral neck
width and bending strength (3). More rapid periosteal
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boneformationinmales, leadingtogreatercorticalbonesize,
has also been reported at the mid-femur (prepubertal chil-
dren and young adults combined) (4), mid-tibia (peripuber-
tal children) (5), anddistal tibiaandfemoralneck (18yrolds)
(6). Our previous cross-sectional study of hip structure in
peripubertal children from the Avon Longitudinal Study of
Parents and Children (ALSPAC) revealed that emergence of
thesedifferences coincidedwith theonsetofpuberty (7).Any
suggestion that sex steroids contribute to sexualdimorphism
of the skeleton is consistent with previous findings from ro-
dent studies suggesting that estrogens and androgens respec-
tively suppress and stimulate periosteal growth (8, 9).

Previous animal studies suggest that, as well as directly
suppressing periosteal apposition, estrogen may reduce peri-
ostealgrowthindirectlybyinhibitingtheosteogenicresponse
to externally mechanical strain (10). The latter is an impor-
tant determinant of skeletal growth and modeling, as exem-
plified by further animal studies which have demonstrated
that bone strain (i.e. deformation relative to bone length)
stimulates bone formation in proportion to its rate and mag-
nitude (11, 12). Bone strain is directly related to the strength
ofapplied force,which for the lower limbscomprises ground
reaction forces generated by the musculature during loco-
motion, with body mass serving as resistance (13, 14). Re-
cently, we examined these relationships in ALSPAC using an
Actigraph accelerometer to provide an objective measure of
habitual physical activity (PA), based on measurement of
vertical accelerations, which provide an estimate of skeletal
loading.Whereas relationshipsbetweenvigorousPAanden-
docortical resorption were equivalent in both genders, there
was some evidence that the association with periosteal
growth was stronger in males (15). This raises the possibility
that reduced periosteal apposition in response to PA con-
tributes to sexual dimorphism of the skeleton.

Actigraph accelerometers may have a limited role in
evaluating PA in this context because these are calibrated
according to maximal oxygen uptake (VO2 max), rather
than the magnitude of vertical acceleration. To provide
more detailed information about the relationship between
PA exposure and the skeleton, a Newtest accelerometer
(Newtest Oy, Oulu, Finland) was developed to measure
vertical impacts within discrete ranges of intensity as re-
flected by g (where g represents gravitational force) (16).
In our recent study where a similar device was worn by
young adults (mean age, 17.9) from ALSPAC and the out-
put was categorized as low (0.5–2.1 g), medium (2.1–4.2
g) or high impact (�4.2 g) counts, high impact showed the
strongest relationship with hip bone mineral density
(BMD) (18). In the present study, we explored whether
this approach provides more accurate assessment of pos-
sible gender differences in the way cortical bone responds
to PA, by examining relationships between low, medium,

and high impacts obtained in ALSPAC, as described
above, and peripheral quantitative computed tomography
(pQCT) measurements from the mid-tibia.

Subjects and Methods

Study participants
ALSPAC is a geographically based birth cohort study inves-

tigating factors influencing the health, growth, and development
of children. All pregnant women resident within a defined part
of the former county of Avon in southwest United Kingdom with
an expected date of delivery between April 1991 and December
1992 were eligible for recruitment, and 14,541 of them were
enrolled (17) (http://www.alspac.bristol.ac.uk). Ethical ap-
proval was obtained from the ALSPAC Law and Ethics Com-
mittee and relevant local ethics committees, written informed
consent was provided by all parents, and young people provided
written assent. Data in ALSPAC are collected by self-completion
postal questionnaires sent to parents, by linkage to computerized
records, by abstraction from medical records, and from exami-
nation of the children at research clinics. The present study was
based on the research clinic held at approximately 17 yr of age,
between December 2008 and June 2011, to whom all ALSPAC
participants were invited. A total of 5084 adolescents attended
this clinic, of whom 3925 attended the activity session where they
were asked whether they would like to wear an accelerometer
(see flowchart of participants in Fig. 1). A total of 2472 partic-
ipants agreed to wear a device, which was available for 1390
participants; 1175 subjects returned the monitor, which was
damaged or nonfunctional in 22 cases and unworn in 189 cases.
A further 232 participants were excluded because they returned
the monitors without completed diaries or indicated that the
monitors had been worn for less than 8 h/d for 2 d. This left 756
participants with valid recordings, of whom 675 (272 males) had
information about pQCT data and other covariates, who formed
the basis of the present analysis.

PA measurements
Those who agreed to participate in the accelerometer sub-

study, subject to availability, were fitted with a version of the
Newtest monitor produced for this study. This uniaxial device
records accelerations within 33 separate bands across the range
0.3–9.9 g above gravitational force (1 g), as previously described
for other research applications (16). Participants were asked to
wear the monitor for 7 consecutive days during waking hours,
recharge it overnight, and only take it off at other times for
contact sports or when it might get wet. Participants were also
asked to record a diary when the monitor was worn, a valid
recording being defined as a minimum of 8 h recording per day
for 2 d. Raw data were read into Stata 11.2 (StataCorp, College
Station, TX) using custom-designed code. Number of counts per
subject was calculated and expressed as number of counts per
day for each of three different acceleration bands as previously
described (18), namely 0.5–2.1 g (equates to low impacts), 2.1–
4.2 g (medium impacts), and above 4.2 g (high impacts). These
relate to walking, jogging/slow running (�10 km/h), and faster
running (�10 km/h)/jumping, respectively, as determined by our
previous calibration study based on a separate group of 22
school children (mean, 17.1 yr; 15 males) who were asked to
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wear Newtest monitors while performing a series of supervised
activities (19).

pQCT measurement
Cortical bone mineral content (BMCC), cortical BMD

(BMDC), and cortical bone area (BAC) were measured using the
Stratec XCT2000L (StraTec Medizintechnik, Pforzheim, Ger-
many) in 4649 participants, of which 36 participants were ex-
cluded due to scanning errors. pQCT images were analyzed with
XCT custom software version 6.00B. Periosteal circumference
(PC) and cortical thickness (CT) were derived from a circular ring
model. A threshold routine was used for defining cortical bone,
which specified a voxel with a density of more than 650 mg � cm�3

as cortical bone. Strength strain index (SSI) and cross-sectional

moment of inertia (CSMI) were derived
based on standard methods (20).

Confounders
Data on lean mass and fat mass were ob-

tained from total body dual-energy x-ray ab-
sorptiometry (DXA) scans performed on a
Lunar Prodigy at the same clinic visit. Height
was measured using a Harpenden stadiom-
eter (Holtain Ltd., Crymych, UK). Maternal
social class was derived from self-report ques-
tionnaire administered at 32 wk gestation.

Statistical methods
Participantsweredivided intoquartiles for

low-, medium-, and high-impact activity,
based on number of counts per day within
each g-band and a trend in pQCT parameters
across quartiles, and then analyzed by linear
regression. Regression analysis was subse-
quently used to examine relationships be-
tween number of counts per person per day
and pQCT parameters, after log transforma-
tion of activity data, based on numbers of
countsrecordedforeachindividualwithinthe
three different g-bands. �-Coefficients were
standardized, so as to represent an SD change
in pQCT parameter per doubling in number
of impacts. Our minimally adjusted model in-
cluded age, gender, and height, whereas our
fully adjusted model included fat and lean
mass in addition. Gender differences were ex-
plored by comparing � coefficients between
separate analyses in males and females and by
testing for gender interactions in analyses per-
formed in males and females combined. A
similar approach was used to examine inter-
actions with fat mass (height-adjusted) tertile.
All analyses were performed by K.D. in Stata
11.2 (StataCorp).

Results

Description of participants
Those included in this study had a

mean age of 17.7 yr. Fat mass was sub-
stantially higher in females compared with males, whereas
the converse held for lean mass, whereas body mass index
(BMI) was similar in both sexes (Table 1). BMDC was
greater in females, whereas BMCC, BAC, PC, and CT were
higher in males. Compared with other ALSPAC partici-
pants measured at the first research clinic held at age 9,
those included in the present study were broadly similar in
terms of height, BMI, fat mass, and lean mass (Supple-
mental Table 1, published on The Endocrine Society’s
Journals Online web site at http://jcem.endojournals.org).
However, a lower proportion of boys were included in the

Enrolled in ALSPAC
N=14521

Valid Newtest Activity data
N=756

Live births
N=14062

Attended age 17 clinic 
N=5084

Matched activity data, 
pQCT and covariates 
N=675

Attended activity session and offered a 
monitor N=3925

Monitor supplied
N=1390

Returned a monitor
N=1175

Agreed to wearing a monitor
N=2472

Maternal social class 
data available
N=549

Had a pQCT scan performed 
N=4649

Excluding scanning errors 
N=4613

Tanner stage data 
available
N=484

FIG. 1. Flow diagram showing the number of participants at each stage of the data
preparation.

3736 Deere et al. Skeletal Response to High-Impact Activity J Clin Endocrinol Metab, October 2012, 97(10):3734–3743

http://jcem.endojournals.org


present studycomparedwith theproportionwhoattended
the age 9 clinic (41.7 vs. 50.0%, respectively). Moreover,
mothers of participants had a higher socioeconomic status
at initial enrollment of the cohort in pregnancy compared
with the remainder of the cohort, as exemplified by a
greater proportion in class I and lower proportion in class
V (Supplemental Table 1). Accelerometers were worn for
a mean of 5.8 d.

Activity quartiles
Participants were divided into quartiles of low activity,

medium activity, and high activity, based on their number of
counts per day within the three corresponding g-bands. The
median number of counts per day for each quartile of low-,

medium-, and high-impact activity is shown in Table 2.
There was a profound fall in number of counts on moving
from lower to higher impact activity. The number of counts
was greater in males compared with females across all three
activitybands. Inanalysesbasedonboysandgirls combined,
there was evidence of a positive trend in BAC, PC, and CT
across quartiles of medium-impact and particularly high-im-
pact activity. A similar relationship was observed for BMCC

(P�0.013andP�0.001forassociationswithmedium-and
high-impact activity, respectively).

Regression analyses of activity vs. pQCT
In subsequent regression analyses, high-impact activity

was positively related to BAC after adjusting for age, gen-

TABLE 1. Descriptive statistics

Outcome Sex Mean SD Median p25 p75 p(diff.)
Age (yr) Males 17.7 0.3 17.7 17.6 17.8

Females 17.7 0.3 17.7 17.6 17.8 0.244
All 17.7 0.3 17.7 17.6 17.8

Height (cm) Males 178.4 6.9 177.6 174.0 182.9
Females 164.9 5.8 164.2 161.1 168.9 �0.001
All 170.3 9.1 169.5 163.2 176.3

Weight (cm) Males 70.0 10.7 69.1 63.1 76.5
Females 61.5 9.9 60.7 54.1 66.6 �0.001
All 64.9 11.0 63.9 57.2 71.4

Fat mass (kg) Males 12.5 7.8 10.0 6.9 16.1
Females 20.6 7.7 19.4 15.0 24.8 �0.001
All 17.3 8.7 16.2 10.6 22.5

Lean mass (kg) Males 54.2 5.7 54.3 50.4 58.0
Females 37.9 3.8 37.6 35.2 40.3 �0.001
All 44.5 9.3 41.5 36.9 52.7

BMI (kg/m2) Males 22.0 3.1 21.4 19.8 23.7
Females 22.6 3.4 22.2 20.2 24.3 0.012
All 22.4 3.3 21.9 20.0 24.1

BMDC (mg/cm3) Males 1105.8 30.1 1111.4 1094.9 1124.1
Females 1134.0 28.4 1137.1 1122.5 1148.9 �0.001
All 1122.7 32.2 1126.0 1109.0 1141.3

BMCC (mg) Males 371.1 50.8 371.7 336.6 404.2
Females 308.5 40.8 307.9 285.2 334.2 �0.001
All 333.7 54.5 328.7 296.7 368.1

BAC (mm2) Males 335.6 44.8 334.9 305.9 365.4
Females 272.0 35.3 271.1 250.6 295.2 �0.001
All 297.6 50.3 290.7 262.6 329.7

PC (mm) Males 76.3 4.8 76.7 72.9 79.7
Females 68.4 4.5 68.4 65.5 71.5 �0.001
All 71.6 6.0 71.1 67.2 75.9

CT (mm) Males 5.8 0.6 5.8 5.4 6.1
Females 5.2 0.6 5.2 4.8 5.6 �0.001
All 5.4 0.6 5.5 5.0 5.9

Buckling ratio Males 2.1 0.2 2.1 2.0 2.3
Females 2.1 0.2 2.1 1.9 2.2 0.094
All 2.1 0.2 2.1 2.0 2.3

CSMI (cm4) Males 1.6 0.4 1.6 1.3 1.9
Females 1.0 0.3 1.0 0.9 1.2 �0.001
All 1.3 0.4 1.2 1.0 1.5

SSI Males 1.2 0.2 1.2 1.0 1.4
Females 0.9 0.2 0.9 0.8 1.0 �0.001
All 1.0 0.3 1.0 0.8 1.2

Table showing characteristics of participants, including pQCT-derived parameters, as mean, SD, median, 25th (p25) and 75th (p75) centiles
(n � 675; males � 272; females � 403). p(diff.), Gender difference calculated with t test.
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der, and height, in males and females combined, whereas
little relationship was seen for medium or low impacts
(Table 3, model 1). Similar results were observed for PC
and BMCC [� for BMCC vs. high-impact activity, 0.049
(0.013, 0.084)]. High-impact activity was positively re-
lated to CT [� 0.044 (0.003, 0.086)], with evidence of a
weak association with medium activity [0.027 (�0.020,
0.074)]. No relationship was observed between PA and
BMDC (results not shown).

Adjustment for fat and lean mass led to partial atten-
uation of these associations, as reflected by a decrease in
� coefficients of approximately 30%, 95% confidence
limits now overlapping with zero in all instances (Table 3,
model 2). Similar relationships were observed between
impacts and derived cortical bone strength to those seen
for BAC and PC; in analyses based on model 1, high-im-
pact activity was positively related to CSMI and SSI,
whereas no relationship was seen with low or medium

TABLE 2. Median counts-per-day by quartile of g-band

g-band quartiles n Median per day Range BAC (mm2) P CT (mm) P PC (mm) P
Boys

Low
1 68 1,687 652–2,264 340.7 5.8 76.6
2 68 3,359 2,476–4,443 340.0 5.8 76.8
3 68 5,603 4,446–6,987 331.5 5.7 75.7
4 68 9,388 7,063–29,591 330.2 0.101 5.7 0.071 76.2 0.344

Medium
1 69 48 7–67 329.2 5.7 75.3
2 67 105 70–149 337.5 5.7 77.2
3 68 198 149–261 338.5 5.8 76.6
4 68 499 261–2,588 337.3 0.295 5.8 0.388 76.4 0.312

High
1 68 8 1–12 330.7 5.8 75.5
2 69 18 12–24 337.5 5.8 76.5
3 67 35 24–54 329.2 5.6 76.3
4 68 95 57–727 344.7 0.167 5.9 0.543 77.1 0.063

Girls
Low

1 101 1,649 711–2,375 273.8 5.3 68.6
2 101 3,199 2,377–3,904 273.1 5.2 68.8
3 101 4,764 3,909–6,079 271.9 5.2 68.3
4 100 8,115 6,086–22,224 269.2 0.347 5.2 0.661 68.1 0.319

Medium
1 101 33 5–52 272.3 5.2 68.8
2 101 82 53–113 270.3 5.2 68.4
3 101 154 113–229 272.3 5.3 68.3
4 100 366 229–1,768 273.0 0.800 5.3 0.194 68.3 0.444

High
1 102 5 1–7 268.8 5.2 68.3
2 101 12 8–17 271.1 5.2 68.3
3 100 25 17–35 271.3 5.3 68.0
4 100 69 35–1,605 276.9 0.120 5.3 0.147 69.2 0.244

All
Low

1 169 1,656 652–2,377 300.0 5.5 71.8
2 169 3,278 2,387–4,024 294.6 5.4 71.4
3 169 4,954 4,084–6,301 297.5 5.5 71.5
4 168 9,037 6,371–22,224 298.4 0.914 5.4 0.691 71.8 0.855

Medium
1 169 37 5–60 290.6 5.4 70.9
2 169 91 60–123 296.1 5.4 71.7
3 169 176 124–236 300.0 5.5 71.8
4 168 417 239–1,761 303.8 0.012 5.5 0.012 72.2 0.047

High
1 172 6 1–9 286.1 5.3 70.2
2 166 14 9–19 299.1 5.5 71.7
3 169 28 20–43 292.2 5.3 71.1
4 168 81 44–1,605 313.4 �0.001 5.6 0.001 73.5 �0.001

Number of impacts according to g-band quartiles in males (n � 272) and females (n � 403), expressed as median number of counts (with range)
per person per day (low � 0.5–2.1 g; medium � 2.1–4.2 g; high � 4.2 g�). P value for trend was calculated with linear regression.

3738 Deere et al. Skeletal Response to High-Impact Activity J Clin Endocrinol Metab, October 2012, 97(10):3734–3743



impacts, or for buckling ratio (Supplemental Table 2). Ad-
justment for fat and lean mass resulted in attenuation of
associations such that all 95% confidence intervals over-
lapped zero (model 2).

Activity vs. pQCT: gender interactions
Based on model 1, � coefficients for the relationship

between high-impact activity and BAC/PC were approxi-
mately twice as high in males as in females [e.g. for BAC,
0.067 (0.004, 0.129) and 0.034 (�0.004, 0.072) in males
and females, respectively), although formal gender inter-
action tests were P � 0.1 (Table 3). There was weak ev-
idence of a positive relationship between medium-impact
activity and BAC/PC in males but not females [e.g. for
medium impacts vs. BAC, � coefficients were 0.041
(�0.028, 0.110) and 0.003 (�0.041, 0.047) for males and
females, respectively]. � coefficients for the relationship
with CT were similar in males and females.

Adjustment for fat and lean mass led to partial atten-
uation of these relationships, and � coefficients now over-
lapped with zero, except for high-impact activity vs. PC in
males [0.054 (0.007, 0.100)], whereas there was little ev-
idence of an equivalent relationship in females [0.007

(�0.028, 0.041); P � 0.1 for gender interaction] (Table 3,
model 2, and Fig. 2). There was also weak evidence of a
positive relationship between medium-impact activity and
PC in males but not females [� coefficients, 0.039
(�0.013, 0.090) and �0.023 (�0.064, 0.017) in males
and females, respectively; P � 0.03 for gender interac-
tion]. Adjustment for socioeconomic status as reflected by
maternal social class led to a reduction in overall numbers
(to 549), but � coefficients were virtually identical when
comparing results between model 2 and a further model
additionally adjusted for maternal social class (results not
shown). CSMI and SSI showed equivalent results to those
for BAC and PC; with model 2, high-impact activity was
positively related to CSMI and SSI in males but not females
(Supplemental Table 2). There was evidence of a weak
positive relationship between medium impacts and CSMI
and SSI in males but not females, with evidence of a gender
interaction (P � 0.05).

Activity vs. pQCT: interactions with fat and lean
mass

To explore possible interactions with fat mass, associ-
ations were compared between high-impact activity and

TABLE 3. Association between PA and bone parameters

Outcome g-band Sex

Model 1 Model 2

R2 � 95% CI P p(int.) R2 � 95% CI P p(int.)
BAC (mm2) Low M 0.09 �0.061 �0.155 0.034 0.206 0.29 �0.071 �0.154 0.013 0.098

F 0.13 �0.008 �0.077 0.060 0.818 0.31 0.008 �0.054 0.071 0.793
All 0.45 �0.032 �0.088 0.024 0.259 0.381 0.56 �0.035 �0.085 0.016 0.180 0.222

Medium M 0.09 0.041 �0.028 0.110 0.247 0.28 0.035 �0.026 0.096 0.260
F 0.13 0.003 �0.041 0.047 0.898 0.31 �0.004 �0.045 0.038 0.860
All 0.45 0.018 �0.020 0.056 0.354 0.345 0.56 0.008 �0.027 0.042 0.663 0.160

High M 0.10 0.067 0.004 0.129 0.036 0.29 0.050 �0.005 0.106 0.076
F 0.14 0.034 �0.004 0.072 0.079 0.31 0.020 �0.015 0.055 0.260
All 0.46 0.046 0.013 0.080 0.007 0.381 0.57 0.028 �0.002 0.059 0.070 0.265

CT (mm) Low M 0.02 �0.089 �0.197 0.020 0.108 0.11 �0.097 �0.200 0.007 0.066
F 0.01 0.015 �0.075 0.105 0.739 0.07 0.026 �0.064 0.115 0.572
All 0.17 �0.033 �0.102 0.036 0.347 0.143 0.24 �0.037 �0.103 0.030 0.283 0.104

Medium M 0.01 0.027 �0.053 0.106 0.507 0.10 0.022 �0.054 0.098 0.563
F 0.01 0.028 �0.030 0.086 0.351 0.07 0.023 �0.036 0.082 0.450
All 0.17 0.027 �0.020 0.074 0.255 0.979 0.23 0.018 �0.028 0.064 0.433 0.846

High M 0.01 0.044 �0.028 0.116 0.228 0.11 0.032 �0.037 0.101 0.368
F 0.01 0.045 �0.005 0.095 0.079 0.07 0.034 �0.016 0.084 0.181
All 0.17 0.044 0.003 0.086 0.036 0.963 0.24 0.030 �0.010 0.070 0.144 0.960

PC (mm) Low M 0.17 �0.018 �0.098 0.062 0.658 0.36 �0.026 �0.097 0.044 0.462
F 0.23 �0.023 �0.092 0.045 0.507 0.41 �0.005 �0.066 0.056 0.873
All 0.53 �0.021 �0.072 0.031 0.436 0.855 0.64 �0.020 �0.066 0.026 0.390 0.913

Medium M 0.17 0.043 �0.015 0.102 0.145 0.37 0.039 �0.013 0.090 0.140
F 0.23 �0.016 �0.060 0.029 0.490 0.41 �0.023 �0.064 0.017 0.260
All 0.53 0.008 �0.028 0.043 0.667 0.107 0.63 0.000 �0.032 0.031 0.982 0.033

High M 0.19 0.068 0.015 0.121 0.011 0.37 0.054 0.007 0.100 0.024
F 0.23 0.022 �0.016 0.060 0.262 0.41 0.007 �0.028 0.041 0.707
All 0.53 0.039 0.008 0.070 0.014 0.170 0.64 0.022 �0.005 0.050 0.113 0.099

Results are shown for regression analysis between BAC, CT, PC, and PA within three bands of impact in 272 males and 403 females (low � 0.5–
2.1 g; medium � 2.1–4.2 g; high � 4.2 g�). �-Coefficient represents SD change in outcome per doubling in activity. Model 1 is adjusted for age,
gender, and height. Model 2 is additionally adjusted for fat mass and lean mass. p(int.) represents a P value for interaction of gender and activity.
M, Male; F, female; CI, confidence interval.
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PC/SSI in males and females according to tertile of height-
adjusted fat mass, based on model 2. In males, the positive
relationship between high-impact activity and PC was
most marked in those in the upper tertile for fat mass
adjusted for height (Fig. 3) (P � 0.1 for interaction with fat
mass). In females, a positive association was seen between
high-impact activity and PC in the highest fat tertile,
whereas a similar relationship was not seen for the middle
or lowest fat tertile (P � 0.01 for interaction with fat
mass). Similar results were seen for CSMI and SSI (data not
shown).

Discussion

We examined the relationship between habitual exposure
to PA graded according to level of impact, and cortical
bone parameters as assessed by pQCT of the mid-tibia, in
a population-based cohort of adolescents. Higher quar-
tiles of medium-impact and particularly high-impact ac-
tivity were associated with greater cortical bone mass and
area, reflecting increases in both PC and CT. To examine
whether these relationships persisted after adjustment for
potential confounders, regression analyses were per-
formed based on the number of counts for each individual
within the three prespecified g-bands. After adjusting for
sex, height, and age, high-impact activity was positively

related to cortical bone mass, area, PC,
and CT, whereas there was only very
weak evidence of a positive relationship
in the case of medium-impact activity.
These findings are consistent with evi-
dence from previous clinical and labo-
ratory studies that stimulation of peri-
osteal bone formation contributes to
the adaptive response of the skeleton to
increased mechanical strain (11, 12,
21). In further analyses where we ad-
justed for indirect associations via body
composition, we only observed a posi-
tive relationship between high impacts
and PC in males. Any suggestion that
the response of the periosteal envelope
to high-impact activity is attenuated in
postpubertal females could conceivably
contribute to their narrower long bones,
which becomes more pronounced after
puberty (7), and may contribute to the
relatively high fracture risk in females in
later life (1).

In our previous pQCT-based study
in the same cohort performed 2 yr pre-
viously, there was only weak evidence

to suggest that PA was associated with PC more strongly
in males compared with females (15). The different meth-
ods of ascertaining PA exposure may have been respon-
sible for this apparent discrepancy; conceivably, more pre-
cise estimates of high-impact loading as obtained in the
present study, in contrast to use of an Actigraph device
calibrated against oxygen consumption in our previous
study, enabled a more accurate characterization of skeletal
responses to PA. The present findings are consistent with
a previous cross-sectional study in prepubertal and early
pubertal children, which also found greater responsive-
ness to habitual PA in males compared with females as
assessed by measurement of hip bone mineral content
(22). In contrast, ina cross-sectional studyof childrenaged
8–15 classified according to PA participation by question-
naire, greater PA participation was associated with higher
bone mineral content to a similar extent in boys and girls,
a relationship that persisted based on repeat DXA scans
performed 15 yr later (23). Similarly, an earlier review of
studies involving weight-bearing interventions in children
and adolescents revealed some evidence that whereas
BMD gains in response to PA are reduced after puberty,
there was little evidence of a gender difference (24). Fur-
thermore, in a recent school-based PA intervention, less
BMD gains were observed after puberty, whereas no dif-
ference was observed according to gender (25).
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FIG. 2. The relationship of low (0.5–2.1 g), medium (2.1–4.2 g), and high (4.2 g�) impacts
on PC adjusted for age, height, fat mass, and lean mass in males (n � 272) and females
(n � 403). Data show � coefficient expressed as SD change in PC per doubling in impact
variable. �, P � 0.02 for activity association; �, P � 0.03 for gender interaction.
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A possible explanation for these apparently discrepant
findings is that our present observations primarily relate to
relationships between PA and bone size as reflected by PC.
There was little evidence that other parameters more
closely related to BMD as measured by DXA, such as CT
and BMDC, showed an equivalent gender difference. Con-
sistent with this conclusion, in our recent paper where we
examined equivalent associations of PA with hip BMD,
there was little evidence of a gender interaction (18). On
the other hand, in studies of the osteogenic response of the
upper limb to external loading based on comparisons be-
tween playing and nonplaying humeri of tennis players,
whereas loading appeared to elicit a response in peripu-
bertal boys but not girls, neither sex showed evidence of a
skeletal response after puberty, including measures of
overall bone size (26, 27). However, although this suggests
that the gender difference in skeletal responsiveness that
we observed may be confined to the lower limb, the small
sample sizes involved in the latter study, particularly in the
male postpubertal group (n � 8), make it difficult to draw
definitive conclusions.

A previous study in rodents revealed that pretreatment
with estrogen reduced the osteogenic response to an ex-
ternally applied load (28), suggesting that attenuation of
the skeletal response to high impacts in females may reflect
a direct influence of sex steroids on bone. In addition,
rodent studies demonstrate that estrogen and androgens
respectively suppress and stimulate periosteal bone for-

mation (8, 9), providing further evi-
dence that distinct actions of sex ste-
roids may underlie gender differences
in periosteal bone responsiveness sug-
gested by our results. Human experi-
ments of nature based on studies of in-
dividuals with estrogen and androgen
receptor mutations support this conclu-
sion (29, 30). Alternatively, in view of
the suggestion that the skeletal re-
sponse to PA may diminish after pu-
berty (24, 25), adolescent males may
have shown a stronger response to PA
given that they were closer to puberty
than females of the same age. However,
on comparing PC presented here with
that measured 2 yr previously, little
consistent change was evident in either
boys or girls (15), suggesting that we
have examined relationships with PA at
a time when age- and growth-related
changes have largely ceased, in the case
of both boys and girls. The conclusion
that periosteal expansion remains re-
sponsive to high impacts after the ces-

sation of skeletal growth, at least in males, is consistent
with the recent cross-sectional study of 833 males (mean
age, 24 yr) where increased participation in sports activ-
ities over the previous 5 yr was associated with greater
periosteal bone expansion as assessed by tibial pQCT (31).

We also investigated whether the suggestion of a re-
duced response of cortical bone to high impacts in females
reflects their greater fat mass compared with males. Inter-
estingly, we found evidence for an interaction between
high-impact activity, PC, and fat mass, such that the re-
sponse to PA was enhanced in the presence of greater fat
mass. Given their higher fat mass, this interaction would
be predicted to magnify rather than reduce the skeletal
response in females. Although the basis for this interaction
is unclear, one possible explanation is that higher fat mass
results in a greater mechanical strain resulting from a given
impact, leading to a greater osteogenic stimulus.

Because bone strength is strongly related to its cross-
sectional area, the periosteal response to high-impact ac-
tivity seen in males is likely to influence overall strength.
Consistent with this interpretation, relationships between
high-impact activity and PC closely mirrored those with
strength indices, such as CSMI and SSI. Therefore, any
deficiency in the response of cortical bone to high-impact
activity in females may adversely affect bone strength.

Our observation that high-impact PA has a stronger
association with PC compared with medium- or low-im-
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FIG. 3. The relationship of high (4.2 g�) impact activity with PC stratified by fat mass tertiles
adjusted for age, height, fat mass, and lean mass in males (n � 272) and females (n � 403).
Data show � coefficient expressed as SD change in PC per doubling in impact variable.
�, P � 0.03 (boys) and P � 0.02 (girls); �, P � 0.01 for interaction between activity and fat mass.
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pact PA, at least in males, is consistent with previous ob-
servations based on this cohort where we used an Acti-
graph device to separate PA into low, moderate and
vigorous activity, with a positive association observed for
vigorous PA only, after adjusting for other activity types
(15). A similar result was obtained in our recent study
where we analyzed relationships between low-, medium-,
and high-impact PA as defined here and hip BMD;
whereas the strongest associations were evident with high-
impact activity, there was some evidence of an association
with medium-impact PA, but the latter was completely
attenuated after adjusting for vigorous impact PA (18).
This has important implications because it suggests that
relatively high-impact PA is needed before a skeletal re-
sponse to PA is observed [e.g. impacts �4.2 g are associ-
ated with jumping and with running more than 10 km/h
(our unpublished observations)]. Although not presented
here, there was no longer any evidence to suggest a positive
association between medium-impact activity and PC in
analyses adjusted for high-impact activity, in line with our
previous findings. However, these adjusted analyses,
which suggest that impacts below 4.2 g have little positive
influence on the skeleton, need to be treated with caution
because impacts within medium and high bands are
closely correlated, and the apparent disappearance of ef-
fects may in part be due to issues related to near colinear-
ity, which may exaggerate reciprocal changes in � coeffi-
cients after adjustment for closely correlated variables.

Limitations
One of the limitations of this study is its cross-sectional

design. Although we adjusted for a range of potential con-
founders, including markers of socioeconomic status,
other potential confounders were not adjusted for, such as
dietary factors. Furthermore, although we have inter-
preted our findings as reflecting a response of cortical bone
to high-impact activity, we are unable to exclude reverse
causality whereby those with stronger bones are more
likely to participate in high-impact PA. A further limita-
tion was that compliance with home accelerometer re-
cordings in this age group was relatively poor. To ensure
that sufficient numbers were included, we used a threshold
for accepting a valid recording of only 2 d. This may have
been a particular problem in terms of obtaining represen-
tative values for rare high-impact events. However, this
limitation is likely to have reduced the power and preci-
sion of the study, rather than introducing any bias. Al-
though accelerometry provides an objective measure of PA
exposure, one limitation is the failure to capture certain
types of activity that could potentially be osteogenic, such
as contact sports necessitating the removal of the device,
which may particularly apply to boys. Participants in-

volved in this study were a selected group that are not
necessarily representative of ALSPAC as a whole. Evi-
dence that participants were of higher social class than
other ALSPAC participants who were not included is con-
sistent with this view. Finally, in view of the age of par-
ticipants, we were unable to examine relationships be-
tween PA and bone outcomes during skeletal growth,
when the skeleton may be more responsive to exercise,
leading us to underestimate the true impact of PA on bone
accrual.

Conclusions
We related habitual PA exposure, assessed by parti-

tioning outputs of an accelerometer into distinct impact
bands, to cortical bone parameters as measured by pQCT
in a population-based sample of adolescents. In analyses
adjusted for body composition, we found that high-im-
pact activity was positively related to PC and to estimated
cortical strength as reflected by CSMI and SSI in males but
not females. An interaction with fat mass was also ob-
served, such that high-impact activity was positively re-
lated to PC in females whose fat mass was in the top tertile,
whereas no association was present in those from the bot-
tom and middle tertiles. We conclude that associations
between high-impact activity and PC are attenuated by
female gender and low body fat, suggesting that response
of the skeleton to high-impact PA may be particularly re-
duced in females with low fat mass.
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