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Abstract

We examined the influence of habitual levels of physical activity on bone mass in childhood by
studying the relationship between accelerometer recordings and DXA parameters in 4457 11-year-
old children. Physical activity was positively related to both BMD and bone size in fully adjusted
models. However, further exploration revealed that this effect on bone size was modified by fat
mass.

Introduction—EXxercise interventions have been reported to increase bone mass in children, but
it is unclear whether levels of habitual physical activity also influence skeletal development.

Materials and Methods—We used multivariable linear regression to analyze associations
between amount of moderate and vigorous physical activity (MVVPA), derived from accelerometer
recordings for a minimum of 3 days, and parameters obtained from total body DXA scans in 4457
11-year-old boys and girls from the Avon Longitudinal Study of Parents and Children. The
influence of different activity intensities was also studied by stratification based on lower and
higher accelerometer cut-points for moderate (3600 counts/minute) and vigorous (6200 counts/
minute) activity, respectively.

Results—MVPA was positively associated with lower limb BMD and BMC adjusted for bone
area (aBMC; p< 0.001, adjusted for age, sex, socio-economic factors, and height, with or without
additional adjustment for lean and fat mass). MVVPA was inversely related to lower limb bone area
after adjusting for height and lean mass (p = 0.01), whereas a positive association was observed
when fat mass was also adjusted for (p < 0.001). Lower limb BMC was positively related to
MVPA after adjusting for height and lean and fat mass (p < 0.001), whereas little relationship was
observed after adjusting for height and lean mass alone (p = 0.1). On multivariable regression
analysis using the fully adjusted model, moderate activity exerted a stronger influence on lower
limb BMC compared with light activity (light activity: 2.9 [1.2-4.7, p= 0.001]; moderate activity:
13.1[10.6-15.5, p< 0.001]; regression coefficients with 95% confidence intervals and p values).

Conclusions—Habitual levels of physical activity in 11-year-old children are related to bone
size and BMD, with moderate activity exerting the strongest influence. The effect on bone size (as
reflected by DXA-based measures of bone area) was modified by adjustment for fat mass, such
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that decreased fat mass, which is associated with higher levels of physical activity, acts to reduce
bone size and thereby counteract the tendency for physical activity to increase bone mass.
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INTRODUCTION

Mecnanicacsra IS @an important determinant of skeletal growth and modeling. Therefore,
there has been considerable interest in the effect of physical activity on bone development in
childhood, and in particular, whether increased levels of activity result in higher levels of
peak bone mass that lead to a reduction in the risk of osteoporotic fracture in later life.
Several trials have examined effects of exercise interventions on skeletal development in
children, with improvements in bone mass generally observed.(1-8) However, the relevance
of these interventional studies to general populations with lower levels of habitual activity is
unclear.

To examine the role of habitual levels of physical activity in skeletal development, several
epidemiological studies have examined relationships between physical activity and bone
mass in children and young adults. These studies used questionnaires asking about habitual
physical activity patterns and participation in load-bearing and sporting activities. For
example, in one prospective cohort study, physical activity and fitness in adolescence was
positively related to lumbar and hip BMD at age 28 in 182 men and women.(9) In a
retrospective cohort study, femoral neck and whole body BMD of young adult women was
inversely related to the amount of sedentary activity before puberty.(10) In a recent cross-
sectional study, Ginty et al.(11) reported a positive association between duration of physical
activity and BMC of the whole body and hip in 143 men 16-18 years of age. In other cross-
sectional studies, time spent participating in sporting activity has been reported to be
associated with bone mass in young adult men(12) and women,(13) whereas Neville et al.
(14) found a positive relationship between sporting activity and bone mass in men but not
women.

A major limitation of these previous epidemiological studies is that traditional
epidemiological methods for assessing physical activity, such as self-report questionnaires,
perform poorly in children.(15) Physical activity in children is mostly sporadic, comprising
numerous short spontaneous bursts of activity that children cannot recall. One objective
method for assessing physical activity in children that is being used increasingly is
accelerometry. However, to our knowledge, this has only been related to BMD in childhood
in one study of 368 preschool children, when a positive association was observed between
lumbar and hip bone mass and physical activity.(16)

Recently, we defined population-specific cut-offs that can be readily applied to
accelerometer recordings, based on exercise intensity as defined by oxygen consumption (C
Mattocks, unpublished data, 2006). Because axial accelerometers detect motion in the
vertical plane, which is likely to reflect weight-bearing activity, this technique may be
particularly useful in evaluating the relationship between physical activity and skeletal
development in childhood. In this study, we aimed to clarify the relationship between
habitual level of physical activity and skeletal development in childhood by analyzing
associations between accelerometer measures and DXA measurements in 11-year-old
children from the Avon Longitudinal Study of Parents and Children (ALSPAC).
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MATERIALS AND METHODS
ALSPAC study design

This report is based on ALSPAC, which is a geographically based birth cohort study
investigating factors influencing the health, growth, and development of children. All
pregnant women resident within a defined part of the former county of Avon in South West
England with an expected date of delivery between April 1991 and December 1992 were
eligible for recruitment, of whom ~14,000 were enrolled, representing 80-90% of the target
population(17) (http://www.alspac.bristol.ac.uk). Ethical approval was obtained from the
ALSPAC Law and Ethics committee and relevant local ethics committees. Data in ALSPAC
is collected by self-completion postal questionnaires sent to parents, by linkage to
computerized records, by abstraction from medical records, and from examination of the
children at research clinics. This study is based on the Focus 11 + research clinic to which
all ALSPAC children were invited, which was held between January 2003 and January
2005.

DXA variables

Of the 7159 children who attended the Focus 11 + clinic (mean age, 11.8 years), 7057
underwent a whole body DXA scan, which was performed using a Lunar Prodigy with
pediatric scanning software. At the same time, sitting and standing height were measured
using a Harpenden Stadiometer, as was weight using a Tanita Body Fat Analyser. After
exclusion of scans with anomalies (e.g., artefacts caused by movement and jewelry), scans
were available for 7006 children (Fig. 1). These were evaluated and reanalyzed as necessary
to ensure that borders between adjacent subregions were optimally placed. DXA results
were expressed as total body less head (TBLH) bone area, BMC, and areal BMD. Results
were also analyzed for upper and lower limb separately. A more rigorous method for
adjusting for skeletal size, area-adjusted BMC (aBMC), was also derived to provide a
measure of volumetric BMD by using linear regression to adjust BMC for bone area.(18)
DXA scans, which use a relatively accurate three-compartment model of body composition,
(19) also provided measures of total body fat and lean mass.

Accelerometer recordings

All children who attended the Focus 11 + clinic were asked to wear an MTI Actigraph
accelerometer, model WAM 7164 (Manufacturing Technology, Fort Walton Beach, FL,
USA) for 7 days. The Actigraph is a small, lightweight, electronic motion sensor comprising
a single plane (vertical) accelerometer worn in an elasticated belt on the right hip.
Movement in a vertical plane is detected as a combined function of the frequency and
intensity of the movement. The Actigraph has been validated in both children and
adolescents.(20,21) Children were asked to wear the Actigraph for 7 consecutive days
during waking hours and only to take it off for showering, bathing, or any water sports. Of
the 7159 children who attended the Focus 11 + clinic, 6622 agreed to wear accelerometers,
results were available in 6124, satisfactory recordings were obtained in 5615 (defined as
minimum of 3 days of 600 minutes recording per day), and 5519 children had matching
DXA data.

Data were downloaded and imported using customized software into a Microsoft Access
2000 database. The raw accelerometer data consists of minute-by-minute activity counts
over the 7-day monitoring period, recorded in arbitrary units that represent an integrated
measure of movement frequency and intensity (as reflected by rate of acceleration). The
device uses a band-pass filter to eliminate signals <0.5 and >2.5 Hz to filter out nonhuman
motion such as car driving. The main variable used in subsequent analyses consisted of total
activity (accelerometer counts per minute), obtained by dividing the sum of accelerometer
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counts within a given frequency range by overall recording time. Further activity variables
were calculated for each activity band, such as duration of activity (minutes per day), and
mean activity (accelerometer counts per minute, obtained by dividing the sum of
accelerometer counts by duration of activity).

A cut-point of >3600 counts/minute was used to analyze the amount of moderate and
vigorous physical activity (MVPA). MVPA was further subdivided into moderate and
vigorous activity using a threshold of 6200 counts/minute. These cut-points were based on a
calibration study performed in a subgroup of 260 children, in whom these count frequencies
were associated with oxygen consumption of 4 and 6 METS for moderate and vigorous
activity respectively (CG Mattocks, S Leary, AR Ness, K Deere, J Saunders, J Kirkby, K
Tilling, SN Blair, C Riddoch, unpublished data, 2006). Although these cut-points were
primarily designed to relate activity to measures of body composition such as fat and lean
mass, they also reflect levels of exercise intensity that are likely to be relevant to the skeletal
response. For example, mean count for slow walking fell below the 3600/minute cut-point,
mean counts associated with brisk walking and hopscotch were between the 3600 and 6200/
minute cut-point, whereas jogging was associated with a mean count >6200/minute (CG
Mattocks, S Leary, AR Ness, K Deere, J Saunders, J Kirkby, K Tilling, SN Blair, C
Riddoch, unpublished data, 2006).

Other variables

Ethnicity, education, social class, and housing were obtained from self-reported
questionnaires during pregnancy completed by the mother. Ethnicity, education, and social
class were derived from information relating to both parents. Education was coded on an
ascending five-point scale as follows: 1, none/CSE; 2, vocational; 3, O-level; 4, A-level; 5,
university degree level (levels 1, 2, and 3 refer to educational qualifications generally gained
at school at age 16 years and level 4 to qualifications gained at school at age 18). Social
class was derived from occupations using the 1991 Office of Population Censuses and
Surveys (OPCS) occupation-based classification. Housing tenure was defined as mortgaged/
owned accommodation, private rental, council rental, or other.

Puberty was assessed by self-completion questionnaires using diagrams based on Tanner
staging of pubic hair distribution for boys and pubic hair distribution and breast
development for girls. These questionnaires had been completed within 16 weeks of the
DXA in 2589 children with matching accelerometer and DXA data at age 11. After
preliminary analysis, girls were classified according to Tanner stage based on breast and
pubic hair development and boys based on pubic hair development alone. Approximately
40%, 40%, 15%, and 5% of boys were found to be Tanner stages 1, 2, 3, and 4, respectively.
The equivalent breakdown in girls was 10%, 30%, 35%, 20%, and 5% for Tanner stages 1,
2, 3,4, and 5, respectively.

Statistical analysis

Student’s #test was used to explore possible differences in DXA and accelerometer data
between boys and girls. Linear regression analysis was used to examine the relationship
between DXA data and MVPA expressed as total activity as described above. Because the
accelerometer used in this study largely recorded lower limb activity, our analysis focused
on DXA parameters of the lower limb. Analysis was restricted to singleton white children.
In our basic model, analyses were adjusted for age of DXA scan and sex, as well as housing,
education, and social class; inclusion of socio-economic factors reduced the dataset to 4457
children (Fig. 1). To study possible influences of height and lean and fat mass, additional
analyses were performed adjusting for these other factors. To examine the relative influence
of different activity levels on DXA parameters, multivariable analyses were performed in
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which light, moderate, and vigorous total activity were simultaneously examined in relation
to DXA parameters. In further studies aimed at exploring possible effects of puberty on
associations between CSA and DXA data, analyses were restricted to the subset of 2589
children with pubertal stage information at the time of the DXA scan.

Characteristics of the 4457 children included in the study are shown in Table 1, according to
sex. Total MVPA was higher in boys compared with girls. Height, fat mass, bone mass, and
bone size were greater in girls compared with boys, whereas lean mass was greater in boys.
In basic and height-adjusted regression models, strong positive associations were observed
between total MVVPA and lower limb BMD, aBMC, and BMC (see Table 2 for height-
adjusted results). In contrast, no association was evident between total MVVPA and lower
limb bone area. Adjusting for lean mass or lean and fat mass had little effect on the
association between total MVPA and lower limb BMD, aBMC, and BMC, with the
exception that adjustment for lean mass alone led to attenuation of the association with
BMC. An inverse relationship was observed between total MVVPA and lower limb area after
adjustment for lean mass alone, whereas a positive association was present between total
MVPA and lower limb bone area after adjusting for both lean and fat mass. Similar
relationships were present between total MVVPA and TBLH DXA parameters to those found
for the lower limb. Although total MVPA tended to show similar relationships with upper
limb DXA parameters, these were generally weaker.

To explore the effects of fat and lean mass adjustment on the association between total
MVPA and lower limb bone area, the latter was analyzed in relation to total MVPA
quartiles. Total MVPA was associated with a weak dose-dependent decrease in lower limb
area after adjusting for height and lean mass, whereas a dose-dependent increase in lower
limb area was observed after adjustment for height and lean mass and fat mass (Fig. 2).
After adjusting for height and lean and fat mass, there was also a strong dose—response
relationship between total MVVPA and lower limb BMC (Fig. 3). In this fully adjusted
model, lower limb BMC was 4.9% (0.60 SD) greater in children with MVVPA levels in the
top versus bottom quartile in contrast to a 1.9% (0.43 SD) difference in lower limb area.

We wished to compare the influence of light, moderate, and vigorous activity on DXA
variables, characteristics of which are shown separately for boys and girls in Table 3. Total
light, moderate, and vigorous activity was greater in boys compared with girls. In the case of
light activity, this difference seemed to reflect higher mean activity levels in boys compared
with girls. In contrast, sex differences in total moderate and vigorous activity generally
reflected differences in activity duration; in the case of vigorous activity, mean activity was
actually greater in girls.

Multivariable regression analysis was subsequently performed between total light, moderate,
and vigorous activity and DXA variables, after adjustment for height and lean and fat mass.
Total moderate activity was strongly related to lower limb BMC, area, BMD, and aBMC
(Table 4). Little or no independent relationship was present between total vigorous activity
and DXA parameters of the lower limb. In contrast, there was a significant independent
association between total light activity and lower limb BMC, BMD, and BMD, although the
strength of the relationship, as reflected by regression coefficients, was considerably lower
than observed for moderate activity. Broadly similar results were obtained for TBLH. In
contrast, although total light and vigorous activity were positively related to upper limb
BMC, area, and aBMC, no relation was observed between these parameters and moderate
activity.
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In further analyses based on the subgroup of 2589 children with completed Tanner stage
questionnaires, a negative association was observed between Tanner stage and total MVPA
in girls (p=0.003), whereas no association was seen in boys. When associations between
total MVVPA and DXA parameters were reanalyzed in this subgroup with Tanner stage
information and adjusted for pubertal stage, similar results were obtained to those in the
study population as a whole. Furthermore, no interactions were observed with either sex or
puberty, with two exceptions: the association between total MVVPA and TBLH bone area
was stronger in boys compared with girls (p = 9.62 and 5.21, respectively, p for interaction
= 0.04, adjusted for height and lean and fat mass) and the positive association between total
MVPA and upper limb aBMC was attenuated by puberty (p = 0.66, 0.62, -0.39, 0.42, and
—2.13 for Tanner stages 1, 2, 3, 4, and 5, respectively, p for interaction = 0.01; adjusted for
height and lean and fat mass).

DISCUSSION

We observed a positive relationship between physical activity as assessed by accelerometer
recordings and BMD as measured by DXA, in a large population-based cohort of 11-year-
old boys and girls, after adjusting for height and lean and fat mass. These findings are
consistent with results of previous epidemiological studies in which bone mass was
positively related to physical activity as assessed by questionnaire in children and young
adults.(9-14) However, unlike previous studies based on questionnaires that generally focus
on recalled participation in weight-bearing activities, physical activity as assessed in this
study captured all movement, not just activity that the child could recall. As far as we are
aware, only one previous study has examined DXA results in relation to accelerometer
recordings in children, which was confined to analysis of preschool children.(16)

BMD measurements represent an areal BMD that is only partially corrected for skeletal size.
(22) Therefore, further analyses were performed based on aBMC, which represents a more
accurate estimate for volumetric BMD, leading to similar results. The finding that habitual
level of physical activity in children is related to size-adjusted BMC is consistent with a
previous report that participation in high-impact activities is positively associated with size-
adjusted whole body and hip BMC in 16- to 18-year-old boys.(11) It is possible that the
association between physical activity and volumetric BMD that we found represents an
influence on cortical thickness, which has previously been shown to increase after exercise
interventions such as tennis playing.(23)

Increased bone mass in response to physical activity in childhood may reduce the risk of
osteoporotic fracture in later life, particularly if associated with improvements in bone
geometry. For example, because bending strength of long bones is related to the fourth
power of their radius, greater periosteal apposition in childhood may improve bone strength
and reduce fracture risk in later life.(24) Although physical activity was unrelated to bone
area in our basic regression models, we found that lean and fat mass exerted opposite
influences on the relationship between physical activity and height-adjusted bone area,
suggesting that important inter-relationships exist as shown in Fig. 4.

The suggestion that physical activity stimulates periosteal apposition in part through changes
in lean mass is consistent with the fact that lean mass is positively related both to physical
activity and bone size, as also observed in this study (unpublished observations). However,
the positive influence of physical activity on periosteal bone growth in childhood suggested
by our results seemed to be opposed by an inverse relationship between physical activity and
fat mass. This finding is consistent with evidence that fat mass is positively associated with
skeletal size independently of lean mass,(25) as also found in the ALSPAC cohort,(26) and
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with our observation of a strong negative relationship between physical activity and fat mass
in this study population (unpublished data).

Our findings may explain discrepancies between previous studies in which exercise
interventions in children have been found to increase bone size in some studies,(3,5-7) but
not others,(4,5,8) because these may have had different effects on fat mass (although some
of these studies adjusted for effects on weight or body mass index, our findings suggest that
fat mass needs to be adjusted for independently of lean mass). Consistent with these
findings, a recent cross-sectional pQCT study of 18-year-old men found a positive
relationship between physical activity as assessed by questionnaire and bone size after
adjusting for height and weight.(12)

To explore the influence of physical activity on skeletal development, we compared the
relationship between DXA parameters and exposure to different levels of intensity of
physical activity, using movement frequency cut-offs validated against oxygen consumption.
Interestingly, the relationship between physical activity intensity and skeletal responsiveness
was represented by an inverted U-shaped curve, because the association between moderate
activity and lower limb and TBLH DXA parameters was considerably stronger than that for
either light or vigorous activity. We are not aware of any previous clinical study evaluating
the relationship between different levels of physical activity intensity and skeletal
development.

The suggestion from our results that moderate activity levels induce a greater skeletal
response compared with light activity as defined by movement frequency and intensity is
consistent with previous observations of a positive relationship between strain rate and
periosteal bone formation in animal models.(27) However, strain rate was positively related
to bone formation across the physiological dose range in the latter studies, with which our
observation that vigorous activity elicited a weaker skeletal response compared with
moderate activity would seem to be at odds. A likely explanation for this apparent
discrepancy is that our accelerometer recordings may have misclassified a substantial
proportion of vigorous as moderate activity. For example, activity recordings were averaged
out over 1-minute epochs, which may have reduced the detection of short bursts of vigorous
activity sustained for <1 minute, which are relatively frequent in children.(28) Moreover,
accelerometer devices used in this study filtered out movements with a frequency >2.5 Hz to
exclude nonhuman movement, which may have limited the detection of certain high-
intensity activities. The observation in our previous calibration study that playing hopscotch
is categorized as moderate activity in contrast to jogging, which is classified as vigorous
activity (CG Mattocks, S Leary, AR Ness, K Deere, J Saunders, J Kirkby, K Tilling, SN
Blair, C Riddoch, unpublished data, 2006), despite the fact that hopscotch consists of
intermittent high-impact jumping, is consistent with this interpretation. In contrast, upper
limb bone mass showed a greater response to vigorous compared with moderate activity,
which may reflect a stronger tendency for activities classified as vigorous, such as jogging,
to involve the upper limbs.

Nevertheless, use of a relatively precise instrument to assess habitual levels of physical
activity in children in this study enabled us to examine the association between bone
development and the broad range of activity levels present within child populations. Because
a dose-response relationship was observed between DXA parameters and total MVPA with
no evidence for a threshold or plateau effect, our results suggest that relatively minor
increments in habitual exposure to moderately intense activity (such as brisk walking)
confer beneficial effects on the skeleton in school age children. When comparing results for
lower limb BMC (adjusted for height and lean and fat mass) between children with MVPA
levels in the top versus bottom quartile, a difference of 0.60 SD was observed, suggesting
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that habitual levels of physical activity represent an important physiological influence on
skeletal development, which is likely to affect bone strength and risk of osteoporotic fracture
in later life.

In terms of weaknesses of the study, as described above, use of accelerometers as calibrated
in this study may have resulted in the misclassification of a substantial proportion of
vigorous as moderate activity. Another weakness is that accelerometers were only worn for
3-7 days. Based on our previous validation study in which 244 11- to 12-year-old children
wore the accelerometer device for 7 days four times over the course of a year, measurement
over a single time period detects ~50% of the overall variability in activity between children
as recorded by repeated measurements (CG Mattocks, S Leary, AR Ness, K Deere, J
Saunders, J Kirkby, K Tilling, SN Blair, C Riddoch, unpublished data, 2006). In addition,
biases may have arisen in the accelerometer data because of inability to measure certain
types of physical activity such as swimming, cycling, and some contact sports. However,
time sheets completed by children indicated that relatively little time was spent in these
activities. For example, 68% and 78% of the cohort reported no swimming and cycling,
respectively, during the 7-day measurement period, whereas 4% and 11% reported three or
more episodes of these activities.

In terms of other weaknesses, DXA only enables periosteal bone growth to be estimated
from height-adjusted bone area, in contrast to pQCT, which measures periosteal
circumference directly. In addition, because our analyses were based on approximately one
third of the original cohort, our results may have been influenced by bias caused by loss of
follow-up. Another limitation is that Tanner stage information was obtained by self-
completed questionnaires as opposed to physical examination and was only available in 55%
of our study population. Theoretically, exclusion of the 16% of children with insufficient
recorded data may have biased the results, if the relationship between accelerometer and
DXA data is altered in this group. However, this is considered unlikely, because DXA
parameters in children excluded for this reason were very similar to those in the remainder
of the cohort (data not shown).

In conclusion, we found that total MVPA as assessed by accelerometer recordings in 11-
year-old children is associated with a dose—response increase in BMD and aBMC. In
contrast, in analyses adjusted for height and lean mass, total MVVPA was inversely related to
bone size as reflected by DXA-based measures of bone area. On the other hand, after
adjusting for fat as well as lean mass and height, total MVVPA was positively related to bone
size. Taken together, our results suggest that habitual levels of physical activity to which
children in the wider population are generally exposed increase bone mass through
combined effects on BMD and bone size. However, the positive influence of physical
activity on bone size seems to be opposed by the tendency of physical activity to reduce fat
mass. Therefore, exercise programs may be more effective at enhancing skeletal
development in childhood when associated with a minimal reduction in fat mass.
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FIG. 1.

Derivation of the study sample from F11 + clinic attendees.
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FIG. 2.

Effect of total MVPA on lower limb bone area. Figures show mean bone area (cm?) + SE
according to quartile of total MVPA (0.02-0.74, 0.74-1.26, 1.26-2.06, 2.06-8.81 x 100 cpm
for first, second, third, and fourth quarters, respectively). Results were adjusted for age of
DXA scan, sex, and socio-economic factors and (A) height, (B) height + lean mass, and (C)
height + lean mass + fat mass (7= 4457). p=0.9, p=0.1, and p< 0.001 for A, B, and C,

respectively (Ftest for differences between quartiles).
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FIG. 3.

Effect of total MVVPA on lower limb BMC. Figure shows mean BMC (g) + SE according to
quartile of total MVVPA. Results were adjusted for age of DXA scan, sex, socio-economic
factors, and height + lean mass + fat mass (7= 4457). p< 0.001 (Ftest for difference
between quartiles).
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PHYSICAL ACTIVITY

NG

LEAN MASS FAT MASS
+ ‘ +
+ ¥ +
PERIOSTEAL BONE GROWTH VOLUMETRIC BONE DENSITY

FIG. 4.

Relationships between physical activity, skeletal development, and body composition. We
propose that physical activity exerts a direct positive effect on both periosteal bone growth
(reflected by height-adjusted bone area) and volumetric BMD (reflected by aBMC).
Moreover, physical activity indirectly stimulates periosteal bone growth as a consequence of
effects on lean mass. In contrast, the tendency of physical activity to decrease fat mass acts
to reduce periosteal bone growth.
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