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Abstract

Background Because growing bone possesses a greater
capacity to adapt to mechanical loading than does mature
bone, it is important for girls to engage in weight-bearing
activities, especially since the prevalence of osteoporosis
among older women is considerably higher than that of
older men. In recent years, the osteogenic potential of
weight-bearing activities performed by children and ado-
lescents has received increasing attention and accumulating
evidence suggests that this type of activity may improve
bone health prior to adulthood and help prevent osteopo-
rosis later in life.

Objective Because previous interventions have varied
with respect to the exercise parameters studied and some-
times produced conflicting findings, this meta-analysis was
undertaken to evaluate the impact of weight-bearing
exercise on the bone health of female children and ado-
lescents and quantify the influence of key moderating
variables (e.g. pubertal stage, exercise mode, intervention
strategy, exercise duration, frequency of exercise, pro-
gramme length and study design) on skeletal development
in this cohort.

Methods A comprehensive literature search was con-
ducted using databases such as PubMed, MEDLINE, CI-
NAHL, Web of Science, Physical Education Index,
Science Direct and ProQuest. Search terms included ‘bone
mass’, ‘bone mineral’, ‘bone health’, ‘exercise’ and
‘physical activity’. Randomized- and non-randomized
controlled trials featuring healthy prepubertal, early-
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pubertal and pubertal girls and measurement of areal bone
mineral density (aBMD) or bone mineral content (BMC)
using dual energy x-ray absorptiometry were examined.
Comprehensive Meta-Analysis software was used to
determine weighted mean effect sizes (ES) and conduct
moderator analyses for three different regions of interest
[i.e. total body, lumbar spine (LS), and femoral neck].
Results From 17 included studies, 72 ES values were
retrieved. Our findings revealed a small, but significant
influence of weight-bearing exercise on BMC and aBMD
of the LS (overall ES 0.19; 95 % confidence interval (CI)
0.05, 0.33 and overall ES 0.26, 95 % CI 0.09, 0.43,
respectively) and BMC of the femoral neck (ES 0.23; 95 %
CI 0.10, 0.36). For both aBMD and BMC, overall ES was
not affected by any moderator variables except frequency
of exercise, such that weight-bearing activity performed for
more than 3 days per week resulted in a significantly
greater ES value for LS aBMD compared with programmes
lasting 3 or fewer days per week [Cochran’s Q statistic
(Quetween) = 4.09; p < 0.05].

Conclusion The impact of weight-bearing activities
seems to be site specific, and a greater frequency of weight-
bearing activities is related to greater aBMD of LS in
growing girls. Future investigations are warranted to better
understand the dose-response relationship between weight-
bearing activity and bone health in girls and explore the
mediating role of pubertal status in promoting skeletal
development among female youth.

1 Introduction
The prevalence of osteoporosis in the US among women

aged 50 years and older has increased by 60 % from 1967
to 1999 [1]. More than 1.5 million vertebral, hip and wrist
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fractures occur annually and one in two women and one in
four men aged 50 years and older will experience an
osteoporosis-related fracture in their lifetime [2]. In addi-
tion, vertebral and hip fractures are associated with a
greater mortality rate during the first 5 years after the
occurrence of a fracture [3] and the impact of these types of
bone injuries on economic costs and quality of life are
added burdens of osteoporosis-related fractures [4, 5].

As peak bone mass is a major determinant of bone mass
later in life [6], it is critical to maximize the potential of
reaching the most optimal value through management of
potential factors contributing to bone loss and osteoporosis-
related fractures. Research has shown that environmental
factors (e.g. sex hormones, dietary intake, calcium and
vitamin D intake, medication use, sedentary lifestyle,
smoking and alcohol use) account for approximately 25 %
of the variance in peak bone mass [2], and from 50 % to
85-90 % of this variance can be explained by genetic
factors (e.g. sex, age, body size, ethnicity and family his-
tory) [7, 8]. While peak bone mass is typically attained by
30 years of age, about 90 % of peak bone mass is reached
by the age of 18 years in females and 20 years in males [2,
9]. Similar to dietary interventions that have been shown to
improve bone health [10], physical activity and exercise
during childhood have been identified as primary methods
of preventing osteoporosis and enhancing skeletal devel-
opment in children and adolescents [11-13].

Published findings indicate that high-impact physical
activities (e.g. gymnastics) increase skeletal growth in pre-
pubertal girls [14, 15] and that bone mineral content
(BMC) and bone mineral density (BMD) of young gym-
nasts are higher compared with age-matched non-exercis-
ing controls [15] and swimmers [14]. It is well known that
regional bone adaptations occur when intensive weight-
bearing activity is initiated in childhood [16]. Additionally,
retrospective studies documenting areal BMD (aBMD)
values of former female gymnasts and age-matched con-
trols have reported the persistence of effects on bone
associated with previous participation in gymnastics [17,
18]. While findings from several exercise intervention
studies have highlighted a positive influence on aBMD in
pre-pubertal and early-pubertal females [19-21], some
investigations have reported no effect of exercise on aBMD
in girls [22-24] or yielded negative findings [25-27].
Hence, questions remain concerning the potential impact of
activity and exercise programmes on bone development in
female children and adolescents.

At present, relatively little is known regarding the
impact of exercise intervention-related factors that may
influence bone growth in girls who are still undergoing
physical growth and maturation [13, 28-30]. Consequently,
a series of meta-analyses were conducted to quantify the
role of weight-bearing exercise (WBE) on skeletal
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development in young females and examine the moderat-
ing influence of selected variables (e.g., pubertal stage,
mode of exercise, intervention strategy, exercise duration,
exercise frequency and programme length) on the rela-
tionship between WBE and bone mass in female youth.

2 Methods
2.1 Search Procedure and Inclusion Criteria

The following databases were identified and searched from
1992 to December 2010: PubMed, MEDLINE, CINAHL,
Web of Science, Physical Education Index, Science Direct
and ProQuest. The initial reporting of hours of weight-
bearing activity as a significant predictor of radius and hip
BMD among children began in 1991 [31]; thus, the liter-
ature search start date was set at 1992 for the present
analyses. Search terms included ‘bone mass’, ‘bone min-
eral’, ‘bone health’, ‘exercise’ and ‘physical activity’.
Reference lists of the retrieved studies and review articles
[13, 28-30] were scrutinized to identify additional eligible
studies and the literature search was extended to available
abstracts, theses and dissertations in the English language.

While acknowledging the contemporary use of magnetic
resonance imaging and peripheral quantitative tomography
(pQCT) to quantify changes in bone geometry, measures of
aBMD and BMC obtained from dual-energy x-ray
absorptiometry (DXA) or dual photon absorptiometry
(DPA) were chosen as outcome measures because of their
widespread use in the research literature [32] and their
clinical relevance to fracture risk at specific body sites [33—
35]. Potential studies for inclusion in the meta-analysis
were identified based on the following criteria: (1)
description of a weight-bearing exercise trial comparing
intervention and controls groups in a randomized or non-
randomized setting; (2) enrollment of healthy girls with no
previous experience in organized physical training pro-
grammes; (3) indication of pubertal status; and (4) mea-
surement of outcome variables such as BMC and/or aBMD
of the total body (TB), lumbar spine (LS), or femoral neck
(FN). Studies were excluded from the analysis when (1) the
study population was previously exposed to organized
physical activity programmes; (2) only radial aBMD and
BMC were reported; (3) no indication of pubertal status
was provided; and (4) boys and girls were combined in the
analysis. In addition, when absolute values of changes in
aBMD or BMC from pre- to post-intervention could not be
calculated from available studies, they were excluded from
the meta-analysis. Two independent reviewers screened
studies that were potentially appropriate based on the
aforementioned inclusion criteria, and agreement on eligi-
bility was achieved for all studies that were subsequently
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included in the meta-analysis. Thus, reliability coefficients
for agreement between two reviewers were unnecessary in
the study selection process.

2.2 Assessment of Methodological Quality

Full texts of included studies were reviewed independently
for methodological quality assessment using the Downs
and Black checklist [36]. This checklist was developed for
both randomized and non-randomized comparative studies
and consists of 27 criteria organized under four domains
(reporting, external validity, internal validity and power).
The total maximum score on the checklist was 30. All
discrepancies for quality rating between reviewers were
resolved by consensus.

2.3 Data Extraction and Coding

The primary outcome variables were defined as changes in
aBMD (g/cmz) and BMC (g) across three different regions
of interest, including TB, LS, and FN. These variables were
assessed using DXA or DPA, two imaging techniques
featuring a high degree of precision and accuracy and low
radiation exposure [32]. Because an increase in BMC may
not necessarily reflect a rise in aBMD during periods of
bone growth, and since discrepancies in levels of bone
acquisition have been reported between aBMD and BMC
[33], both variables were analysed separately. Moreover,
because differences between aBMD and BMC can vary by
location [34, 35], six meta-analyses (i.e. aBMD and BMC
measures taken at the TB, LS and FN) were performed and
necessary statistics computed to derive effect sizes (ES).
In four studies, pre- and early-pubertal stages were com-
bined and reported. One of the four studies in which pre- and
early-pubertal girls were combined in the statistical analysis
was classified as pre-pubertal (80 % of the participants were
identified as being prepubertal), while the remaining three
studies were classified as early pubertal. To determine the
influence of moderator variables on the overall ES values of
aBMD and BMC for each region of interest, we extracted six
variables (pubertal status, exercise mode, intervention
strategy, exercise duration, frequency of exercise and pro-
gramme length) from each included study. ‘Pubertal status’,
classified as either prepubertal (Tanner stage I), early
pubertal (Tanner stages I and III), or pubertal (Tanner stages
IV and V), has been linked to skeletal mineralization [37] and
reflects the widespread use of Tanner staging found in the
studies under consideration [13]. We acknowledge that
changes in pubertal status occurring over the course of a
given study could potentially influence the amount of change
observed in aBMD and BMC. However, of the 11 studies that
included pre- or early-pubertal girls at baseline, two studies
did not report changes in pubertal status, four studies

reported that participants remained in the same pubertal
stage from baseline to post-intervention assessment and five
studies indicated that some participants changed from pre- to
early-pubertal or early pubertal to pubertal stages. Among
these latter five studies, less than 40 % of participants in each
study advanced from one maturation stage to the next, except
for one investigation [38], wherein 62 % of the girls in the
control group and 41 % of the girls in the intervention group
advanced from a pre- to an early-pubertal stage. Conse-
quently, we defined pubertal classification as the pubertal
status reported at the start of each study. ‘Exercise mode’ was
classified as either plyometric (e.g. jumping, hopping or
skipping) or non-plyometric training, based on evidence
indicating that the type of skeletal loading can affect the
magnitude of change in bone parameters [39]. ‘Intervention
strategy’ was categorized as school based or non-school
based and ‘exercise duration’ was classified based on a
position stand from the American College of Sports Medi-
cine (ACSM) [39] stating that 10-20 min of impact activities
two or more times per day for at least 3 days per week should
be performed to increase bone mineral growth in children
and adolescents. Hence, exercise duration was categorized as
either less than 60 min per week or 60 min or more per week.
‘Frequency’ of exercise was categorized as either more than
3 days per week of weight-bearing exercise, which aligns
with current physical activity and bone health guidelines
[39], or less than or equal to 3 days per week of weight-
bearing exercise. ‘Programme length’ was classified as less
than 12 months or 12 months or longer to ascertain whether
variation in the length of the activity intervention produced
differential effects on bone mass. Given the lack of consis-
tency among studies in clearly delineating exercise intensity,
this parameter was not included as a moderator variable.

2.4 Study Characteristics

A total of 95 studies, including 61 publications, 22
abstracts, and 12 dissertations and theses, were identified
for further review. Fifty-three studies were eliminated due
to duplication or an inability to meet the inclusion criteria
mentioned earlier. Contacts were made with corresponding
authors of each remaining study to obtain relevant statis-
tics. Among the 42 remaining studies, 25 with insufficient
statistics to compute ES values were excluded from further
analysis (please refer to Fig. 1 for a schematic flow dia-
gram illustrating inclusion of potential studies). Overall, 17
studies met all inclusion criteria (see Table 1), with ten
classified as randomized controlled trials (RCTs) and seven
classified as non-RCTs.

A total of 72 ES values were retrieved for inclusion into
six different meta-analyses [TB: 16 ES from 15 studies for
BMC and 10 ES from 9 studies foraBMD (Fig. 2); FN: 12 ES
from 11 studies for BMC and 9 ES from 8 studies for aBMD
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(Fig. 3); LS: 15 ES from 14 studies for BMC and 10 ES from
9 studies for aBMD (Fig. 4)]. The methodological quality of
included studies ranged from 16 to 24 [mean + standard
deviation (SD) 20.95 + 2.68], based on the 30-point Downs
and Black checklist [34]. Average scores for each mea-
surement domain were fairly robust (reporting: 8.73 of 12;
external validity: 2.53 of 3; internal validity: 9.68 of 13;
power: 0.78 out of 2). However, there was a significant dif-
ference in the total methodological quality score between
RCT (22.83 £ 2.66; n = 12) and non-RCT (19.86 + 1.77;
n=7),t (16.54) = =3.06, p = 0.008, d = 1.32. Addi-
tional moderator analyses were conducted to quantify the
effect of study designs (i.e. RCT and non-RCT) on overall ES
values across regions of interest.

2.5 Statistical Analysis

To compute ES measures, mean group differences in
aBMD and BMC between pre- and post-intervention time
periods were divided by a pooled SD using SDs of pre-
intervention values for each group. In situations in which
only the SD of changes in aBMD and BMC between pre-
and post-intervention time periods was available, an
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alternative estimation for pooled SD was applied based on
the assumption of a large-sized correlation (r = 0.5)
between pre- and post-intervention variables for each
group. Standardized mean differences adjusted for sam-
pling error were subsequently estimated as a measure of
individual ES by assigning more weight to studies with
larger sample sizes (see Lipsey and Wilson [40] for
detailed information regarding ES calculations).

Weighted mean ES values, along with 95 % Cls, were
estimated using a random-effects model for all outcomes.
Heterogeneity of weighted mean ES was examined through
moderator analyses using Cochran’s Q statistics (Q) [41],
under the null hypothesis of homogenous weighted mean
ES among sublevels of each moderator. ES values were
described as small (0.2), moderate (0.5) or large (0.8), based
on Cohen’s criteria [42]. A significance test using Fisher’s
Z-transformation was performed for each weighted mean
ES under the null hypothesis of no difference between
weighted mean ES and zero. Given the number and exten-
sive nature of variables examined in the moderator analy-
ses, we elected to use a more liberal alpha level (i.e. 0.05) in
this set of exploratory analyses. All statistical analyses were
conducted using Comprehensive Meta-Analysis Software
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Table 1 continued

Intervention Control ES
group

group

ROI Measure

Programme Design®;

length?®

Exercise duration;

exercise

Exercise mode;
intervention
strategy”

Subjects
(age in

Study (year)

method

(n; m £ SD)

(n; m £ SD)

frequency®

years)™®

0.56

28;

[<12 months]; [Non-RCT]; DXA FN BMC 25;

9 months

[>60 min/week];

[Pubertal] 14.6 £ 0.5 [Plyometric]:

Witzke and Snow [70]

0.10 £ 0.73

28;

2.60 + 6.41

25;

(30—45min x 3

Progressive hopping,
jumping, bounding,
box depth jumping,

(2000)

0.06

BMC

LS

days)/week;

[<3 days] 3 days/

week

2.21 + 6.08

28;

2.60 + 6.41

25;

squats, lunges, calf

—0.02

BMC

TB

raises; [School based]

63.66 + 445.52  73.45 £ 326.7

? Data in brackets ‘[ ]” indicate categorization of a moderator variable followed by further description of each study

° Data are presented as mean, mean + SD or range

¢ Excluded from moderator analyses due to insufficient information

4 Ca-Ex indicates 2 x 2 intervention studies, in which case only the exercise-placebo and non-exercise-placebo groups were compared

¢ Pre-pubertal girls

! Early-pubertal girls

ROI region of interest, m mean gain score between pre- and post-test, SD standard deviation of pre-test or mean gain scores, ES calculated effect size, 7B total body, LS lumbar spine, FN femoral neck, DXA dual-energy

X-ray absorptiometry, BMC bone mineral content (g), aBMD areal bone mineral density (g/cm?), RCT randomized controlled trial; PE physical education, rep repetition

version 2.2.040 (BioStat, Inc., Englewood, NJ, USA), a
user-friendly program that provides a complete set of ana-
Iytical features to perform meta-analyses [43].

Funnel plots to assess potential publication bias were not
constructed, as all but one included study was published in
peer-reviewed journals. It is also possible that funnel plots
would have been asymmetric, which would increase the
potential for bias in effect sizes due to moderator variables
compared with bias attributable solely to publication status.
Moreover, the existence of asymmetric funnel plots could
have led to greater heterogeneity of overall ES values [44].

3 Results
3.1 Overall Effect Sizes (ES)

Table 2 provides weighted mean ES values for weight-
bearing exercise for aBMD and BMC for each region of
interest. In general, results indicated that all weighted mean
ES values were small in magnitude. Weighted mean ES for
aBMD of LS (ES 0.26; 95 % CI 0.09, 0.43; p = 0.004),
BMC of LS (ES 0.19; 95 % CI 0.05, 0.33, p = 0.007) and
BMC of FN (ES 0.23; 95 % C10.10, 0.36; p = 0.001) were
statistically significant, while other mean ES values con-
tained the absolute zero value within the 95 % CI, indi-
cating no effect of weight-bearing exercise on bone mineral
acquisition. Forest plots are presented in Figs. 2, 3 and 4 to
illustrate the individual effect size value for each study for
aBMD and BMC at FN, LS, and TB.

3.2 Moderator Analyses

3.2.1 Total Body Bone Mineral Content (BMC) and Areal
Bone Mineral Density (aBMD)

Table 3 depicts results of moderator analyses for BMC and
aBMD measures of TB. No significant heterogeneity was
detected in any moderator variable, meaning that pubertal
stage, mode of exercise, intervention strategy, exercise
duration, frequency of exercise and programme length did not
exert a significant impact on the overall weighted mean ES
values of TB BMC and aBMD. Although heterogeneity in ES
values across levels of pubertal status was not observed, a
significant difference in TB BMC was noted between the
control and intervention groups (ES 0.88; p < 0.05), such that
early-pubertal girls in the intervention group displayed a
greater TB BMC compared with the control group.

3.2.2 Femoral Neck BMC and aBMD

Table 4 depicts results of moderator analyses for BMC and
aBMD measures of the FN. Similar to findings for moderator
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TB BMC

Study name

Blimkie et al. 11
luliano-Burns et al. 162
Laing et al. [53 —
Linden et al. [19] -
Macdonald et al. 164 —
MacKelvie et al. 38 —
MacKelvie et al. 38 —
MacKelvie et al. [20] —
Morris et al. [6%] —
Nichols et al. €8]
Stear et al. 57 —1
Stewart [68] .
Valdimarsson et al. [21 —
Van Langendonck et al. 241
Weeks et al. [6°] —
Witzke and Snow 7% —

-2.00 -1.00 0.00

Hedges's g and 95% CI

SANARARAREREY

1.00 2.00

TB aBMD

Study name

Hedges's g and 95% CI
Blimkie et al. 161
Laing et al. 153

Linden et al. 19 -

—o—
MacKelvie et al. [38] —
MacKelvie et al. [38] —

Morris et al. 1651 — o
Nichols et al. [€] PY
Stewart [68] JRPN
Valdimarsson et al. [21 —~o—
Van Langendonck et al. 24 —

-2.00 -1.00 0.00 1.00 2.00

Fig. 2 Forest plots of the effect size estimates for total body bone
mineral content and areal bone mineral density. aBMD areal bone
mineral density, BMC bone mineral content, 7B total body

analyses of TB BMC and aBMD, significant heterogeneity in
ES values was not observed across levels of any of the
moderator variables that could have affected the overall ES
values of FN BMC and aBMD. To extend the interpretation of
our results, individual ES values per level of each moderator
variable were examined. While no significant difference was
detected in FN aBMD between intervention and control
groups per level of each moderator variable, significant dif-
ferences in FN BMC between control and intervention groups
were noted for specific levels of all moderator variables. In
terms of pubertal stage, studies that featured early-pubertal
and pubertal girls reported significant differences in FN BMC
between control and the intervention groups (ES 0.10 and ES
0.21, respectively). In considering mode of exercise, while no
significant difference was present in FN BMC between
intervention and control groups relative to non-plyometric
exercise programmes, studies that incorporated plyometric
exercise displayed a greater FN BMC in the intervention
group compared with the control group (ES 0.23). Moreover,
significant differences in FN BMC values between

A\ Adis

FN BMC

Study name Hedges's g and 95% CI
Alwis et al. 23] —
Linden et al. I8 +——
Macdonald et al. (64 ——
MacKelvie et al. [28] ——
MacKelvie et al. [¥8]
MacKelvie et al. [20]
Morris et al. [¢] —
Nichols et al. [¢€]
Valdimarsson et al. (21 —
Van Langendonck et al. [24 —
Weeks et al. [69]

Witzke and Snow [70

T

-2.00 -1.00 0.00 1.00 2.00

FN aBMD
Study nhame Hedges's g and 95% CI

Alwis et al. [29] _.l_
Linden et al. 9] ——
MacKelvie et al. 38 —
MacKelvie et al. [¥8] —lo—
Morris et al. [69] 1o—
Nichols et al. 681 °
Stewart [¢8] -
Valdimarsson et al. [211

Van Langendonck et al. [24

—e

gl

-1.00 0.00 1.00 2.00

-2.00

Fig. 3 Forest plots of the effect size estimates for femoral neck bone
mineral content and areal bone mineral density. aBMD areal bone
mineral density, BMC bone mineral content, FN femoral neck

intervention and control groups were observed among inter-
ventions featuring (a) school-based programmes (ES 0.23);
(b) an exercise duration of less than 60 min per week (ES
0.36); (c) a frequency of exercise of less than or equal to
3 days per week (ES 0.32); and (d) programme lengths of less
than 12 months and more than or equal to 12 months (ES 0.30
and ES 0.18, respectively).

3.2.3 Lumbar Spine BMC and aBMD

As shown in Table 5, while no significant moderator effect
was present for LS BMC, a significant moderator effect of
exercise frequency was noted for LS aBMD (Qpegween 4-09,
p < 0.05). Specifically, studies that included weight-bear-
ing exercises on more than 3 days per week (ES 0.52)
resulted in a significantly greater LS aBMD compared with
studies incorporating weight-bearing exercises for 3 or
fewer days per week (ES 0.18).

When ES values were examined per level of each mod-
erator variable relative to BMC and aBMD at LS, significant
differences in LS BMC and aBMD values were observed
between intervention and control groups for all moderator
variables. More specifically, a significant difference was
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LS BMC
Study name Hedges's g and 95% CI
Blimkie et al. (61 —

luliano-Burns et al. 162
Laing et al. 63 —a—
Linden et al. 9] T
Macdonald et al. [54] ——
MacKelvie et al. [38 —t—
MacKelvie et al. [38 ——
MacKelvie et al. [20] ——
Morris et al. [63] ——
| o
—
| o——
o——

Nichols et al. €8]
Stear et al. 671 b
Valdimarsson et al. 21
Van Langendonck et al. [241 —
Weeks et al. [69] —e
Witzke and Snow [70] —

-2.00 -1.00 0.00 1.00 2.00
LS aBMD
Study name Hedges's g and 95% ClI
Blimkie et al. 61 JR
Laing et al. &3] Lo—
Linden et al. 19 1 o—
MacKelvie et al. [*8] N
MacKelvie et al. [38] e
Morris et al. [69] —le—
Nichols et al. [¢8]
Stewart [¢8] JR N
Valdimarsson et al. [21 —
Van Langendonck et al. [24] —
-2.00 -1.00 0.00 1.00 2.00

Fig. 4 Forest plots of the effect size estimates for lumbar spine bone
mineral content and areal bone mineral density. aBMD areal bone
mineral density, BMC bone mineral content, FN femoral neck, LS
lumbar spine

Table 2 Effect sizes and 95 % confidence intervals of weight-bear-
ing exercise on bone mineral content and areal bone mineral density
by region of interest in female children and adolescents

Measure No. of  Total sample size (n) ES* 95 % CI
ES Intervention Control Lower Upper

Total body

BMC 16 624 556 0.02 -0.01 0.13

aBMD 10 355 371 023 —0.01 0.56
Femoral neck

BMC 12 519 444 0.23*  0.10 0.36

aBMD 9 327 327 0.10 —0.07 0.24
Lumbar spine

BMC 15 603 534 0.19*  0.05 033

aBMD 10 355 371 0.26*  0.09 043

% Hotest for ES (Ho: ES = zero)

aBMD areal bone mineral density, BMC bone mineral content; CI
confidence interval, ES weighted mean effect size, Ho hypothesis,
*p <0.05

detected in LS BMC between control and intervention groups
for early-pubertal status, insofar as studies featuring weight-
bearing physical activity performed by early-pubertal girls
showed greater LS BMC in the intervention group compared
with the control group (ES 0.27), while no significant dif-
ference in LS BMC between groups was present for prepu-
bertal and pubertal stages (ES 0.17 and ES 0.09,
respectively). In contrast, a significant between-group dif-
ference was noted for LS aBMD for prepubertal stage,
wherein studies including prepubertal girls reported greater
LS aBMD in the intervention group compared with the con-
trol group (ES 0.28), while no statistical significance was
observed for early-pubertal and pubertal stages. Regarding
exercise mode, a significant difference was noted in LS BMC
and aBMD between intervention and control groups, such
that studies that implemented plyometric exercises displayed
greater LS BMC and aBMD values in the intervention group
relative to the control group (ES 0.19 and ES 0.30, respec-
tively). With respect to intervention strategy, there was a
significant between-group difference in LS BMC and aBMD,
meaning that school-based programmes resulted in greater
LS BMC and aBMD values in the intervention group com-
pared with the control group (ES 0.27 and ES 0.34, respec-
tively). While a significant between-group difference in LS
BMC was observed for exercise programmes of less than
60 min per week (ES 0.32), exercise programmes of greater
than or equal to 60 min per week led to higher LS aBMD
values in the intervention group than in the control group (ES
0.30). Though significant heterogeneity was not present for
exercise frequency in LS BMC, weight-bearing exercise
occurring more than 3 days per week resulted in greater LS
BMC in the intervention group compared with the control
group (ES 0.29). Lastly, a programme length of longer than or
equal to 12 months resulted in a significant difference in LS
BMC and aBMD values between intervention and control
groups (ES 0.25 and ES 0.31, respectively).

3.2.4 Effect of Study Designs on Overall ES

For all three regions of interest (i.e., TB, FN, and LS), there
were no statistically significant differences in overall
weighted mean ES values for BMC and aBMD between

randomized control trials and non-randomized control tri-
als (See Table 6).

4 Discussion
4.1 Overall ES
The primary goal of this meta-analysis was to document

the impact of weight-bearing exercise on aBMD and BMC
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Table 3 Effect sizes for bone mineral content and areal bone mineral
as a function of moderator variable on total body

Table 4 Effect sizes for bone mineral content and areal bone mineral

as a function of moderator variable on femoral neck

Moderator No. of ES?* 95 % CI Qbetweenb Moderator No. of ES ES* 95 % CI Qbetweenb
variables ES variables

Lower Upper Lower Upper
Bone mineral content Bone mineral content
Pubertal stage Pubertal stage
Prepubertal 6 001 —-0.17 0.19 Prepubertal 5 0.10 —-0.05 033
Early pubertal 4 0.06 —0.13 0.26 Early pubertal 4 0.10%* 0.06 0.45
Pubertal 6 —-0.06 —-0.31 020 0.76 Pubertal 0.21%* 0.09 090 253
Mode of exercise Mode of exercise
Plyometric 12 0.04 —-0.09 0.16 Plyometric 11 0.23%* 0.10 0.40
Non-plyometric 4 —-0.10 —-0.41 0.21 0.61 Non-plyometric 1 027 —-0.73 1.28 0.01
Intervention strategy Intervention strategy
School based 10 0.05 —-0.10 0.19 School based 10 0.23% 0.09 0.36
Non-school based 6 —-0.06 —-027 0.16 0.64 Non-school based 2 022 -029 0.73 0.00
Exercise duration Exercise duration
<60 min/week 5 0.03 —-0.19 025 <60 min/week 5 0.36* 0.14 0.58
>60 min/week 9 0.04 —-0.10 0.18 0.01 >60 min/week 7 0.16 —0.01 032 2.5
Frequency of exercise Frequency of exercise
<3 days/week 13 —0.01 —0.15 0.13 <3 days/week 8 0.32% 0.14 0.51
>3 days/week 3 008 —0.13 028 049 >3 days/week 4 0.13  —-0.05 032 2.06
Programme length Programme length
<12 months 8 0.06 —0.13 024 <12 months 6 0.30* 0.09 0.50
>12 months 8 -0.01 -0.16 0.14 0.29 >12 months 6 0.18%* 0.02 0.35 0.72
Areal bone mineral density Areal bone mineral density
Pubertal stage Pubertal stage
Prepubertal 5 0.07 —-0.37 0.51 Pre-pubertal 5 0.05 —0.14 024
Early pubertal 2 0.88%* 0.19 1.59 Early pubertal 2 021 —-0.09 0.50
Pubertal 3 0.02 —-0.64 0.68 4.30 Pubertal 2 001 —-050 052  0.87
Mode of exercise Mode of exercise
Plyometric 7 030 —0.10 0.69 Plyometric 7 0.10 —-0.07 0.26
Non-plyometric 3 0.02 —-0.66 0.71 0.48 Non-plyometric 2 0.01 —-0.50 0.52 0.10
Intervention strategy Intervention strategy
School based 6 035 —-0.07 0.78 School based 7 0.05 —0.11 0.22
Non-school based 4 0.02 —-0.55 0.58 0.88 Non-school based 2 043 —-0.09 0.94 1.81
Exercise duration Exercise duration
<60 min/week 3 0.02 —0.65 0.68 <60 min/week 2 023 —-0.10 0.55
>60 min/week 5 047 —-0.05 0.99 1.11 >60 min/week 6 0.06 —0.12 024 0.80
Frequency of exercise Frequency of exercise
<3 days/week 8 024 —0.16 0.65 <3 days/week 5 021 —0.03 044
>3 days/week 2 021 —054 096 0.01 >3 days/week 4 0.00 —-0.20 0.20 1.73
Programme length Programme length
<12 months 5 0.39 —0.10 0.87 <12 months 3 0.26 0.00 0.53
>12 months 5 0.08 —-040 0.56 0.79 >12 months 6 0.00 —-0.19 0.19 248

4 Ho test for ES (Ho: ES = zero)

® Ho test for moderator effect (Ho = ES

vels of moderator variables)

are the same across suble-

CI confidence interval, ES weighted mean effect size, Ho hypothesis,
Openveen Cochran’s Q statistics, * p < 0.05
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4 Ho test for ES (Ho: ES = zero)

® Ho test for moderator effect (Ho = ES are same across sublevels of

moderator variables)

CI confidence interval, ES weighted mean effect size; Ho hypothesis,

Openveen = Cochran’s Q statistics, * p < 0.05
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Table 5 Effect sizes for bone mineral content and areal bone mineral
as a function of moderator variable on lumbar spine

Moderator No. of ES ES?* 95 % CI Qbetweenb
variables
Lower Upper
Bone mineral content
Pubertal stage
Prepubertal 6 0.17 —-0.05 040
Early pubertal 4 0.27%* 0.02 0.52

Pubertal 5 0.09

Mode of exercise

—-0.23 041 0.66

0.19% 0.04 0.35
—-026 056 0.03

Plyometric 12
Non-plyometric 3 0.15

Intervention strategy

School based 9 0.27* 0.11 042
Non-school based 6 0.03 —-0.20 0.25 2.93
Exercise duration

<60 min/week 5 0.32* 0.07 0.56

>60 min/week 9 0.15 —-0.02 0.32 1.17
Frequency of exercise

<3 days/week 12 0.15 —-0.02 0.31

>3 days/week 3 0.29* 0.04 0.55 0.89
Programme length

<12 months 8 0.11 —-0.10 0.32

>12 months 7 0.25% 0.07 044 1.02

Areal bone mineral density

Pubertal stage

0.28%* 0.03 0.52

Early pubertal 033  —-0.05 0.72
Pubertal 3 005 —-041 050 0.99

Mode of exercise

Pre-pubertal 5

[\

0.30% 0.11  0.49
—-0.39 0.49 1.03

Plyometric 7
Non-plyometric 3 0.05

Intervention strategy

School based 6 0.34%* 0.13 0.54
Non-school based 4 0.10 —-0.20 0.39 1.69
Exercise duration

<60 min/week 3 024 —0.13 0.60

>60 min/week 5 0.30%* 0.02 0.58 0.07

Frequency of exercise

<3 days/week 8 0.18%* 0.01 0.35

>3 days/week 2 0.52%* 023 0.80  4.09*
Programme length

<12 months 5 0.19 —-0.08 0.46

>12 months 5 0.31% 0.06 0.56 041

4 Ho test for ES (Ho: ES = zero)

® Ho test for moderator effect (Ho = ES are same across sublevels of
moderator variables)

CI confidence interval, ES weighted mean effect size, Ho hypothesis,
Openveen Cochran’s Q statistics, * p < 0.05

at the TB, LS, and FN in female children and adolescents.
Among the three overall weighted ES values that were
statistically significant, the largest ES was reported for
aBMD of LS, followed by BMC of LS and BMC of FN.
Our findings support previous research highlighting the
advantage of performing high-impact, weight-bearing
activity on bone mineral accrual during prepubescence [14,
15] and imply that even non-competitive levels of weight-
bearing exercise can exert a positive influence on the bone
health of young girls.

A clear majority of studies (13 of 17) included in our
analysis featured plyometric training as the intervention of
choice, and results from these investigations demonstrated
that physical activities such as jumping, hopping and skip-
ping produced a more favourable effect on bone mass at the
LS compared with the FN. In general, resistance exercise is
thought to be more effective in augmenting bone mass at the
LS, while weight-bearing activity has been linked to
increased bone mass at the FN [45]. Because plyometric
training yielded gains in both BMC and aBMD at the LS and
BMC at the FN, this exercise mode appears to combine
aspects of both resistance exercise and weight-bearing
activity. Given that bone responds to two types of mechan-
ical loading (i.e. ground-reaction forces and muscle-joint
forces) [45], plyometric-type training may have increased
trunk muscle strength, exceeded the minimal strain threshold
for enhanced bone remodelling [46] and generated greater
muscle-joint forces, resulting in improved BMC and aBMD
at the LS. In addition, changes in TB measures of BMC and
aBMD due to high-impact, weight-bearing activity were less
noticeable compared with LS and FN measures of BMC and
aBMD. It is possible that this difference in response may be
related to the regional nature of bone response [34, 35],
meaning that bone regions that experience focused
mechanical stress tend to show greater bone development
compared with areas that do not directly receive such stress.
Because exercises described in this analysis involved the
lower extremities, this may explain the observation of
greater increases in BMC and aBMD of LS and BMC of FN
compared with TB. Viewed collectively, the aforementioned
findings support the notion that mechanical loading of bone
through plyometric exercise, particularly at the lumbar
region, heightens the sensitivity of bone cells and enhances
osteogenesis in maturing female youth [16, 47].

4.2 Moderator Analyses
4.2.1 Total Body BMC and aBMD

For TB, heterogeneity was not detected among modera-
tor variables that could have impacted the overall
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Table 6 Effect sizes for bone mineral content and areal bone mineral
as a function of study design across the region of interest

Study design  No. of ES  ES* 95 % CI Qbetween”
Lower  Upper

Bone mineral contents

B

RCT 10 0.04 —-0.12  0.20

Non-RCT 6 —0.01 —0.18 0.16 0.18

FN

RCT 7 0.26* 0.09 044

Non-RCT 5 0.18 —-0.01 0.37 0.37

LS

RCT 10 0.18 —-0.01 0.37

Non-RCT 5 0.20 —-0.03 042 0.01

Areal bone mineral density

B

RCT 5 0.05 —046 0.55

Non-RCT 5 0.39 —0.08 0.86 0.98

FN

RCT 4 0.17 —-0.09 043

Non-RCT 5 0.04 —-0.15  0.23 0.65

LS

RCT 5 0.20 —0.10  0.50

Non-RCT 5 0.29* 0.05 0.53 0.20

? Ho test for ES (Ho: ES = zero)

® Ho test for moderator effect (Ho = ESs are same across sublevels
of moderator variables)

aBMD areal bone mineral density, BMC bone mineral content, ES
weighted mean effect size, FN femoral neck, Ho hypothesis, LS
lumbar spine, Qperween Cochran’s Q statistics, RCT randomized con-
trolled trials, 7B total body, * p < 0.05

weighted mean ES values of BMC and aBMD. More
specifically, overall ES values of TB BMC and aBMD
were not affected by any differences in ES values across
levels of pubertal status. Similarly, overall ES values of
TB BMC and aBMD were not influenced by differences
in ES values across levels of exercise mode (plyometric
vs. non-plyometric), intervention strategy (school-based
vs. non-school based), exercise duration (<60 vs.
>60 min per week), frequency of exercise (<3 vs.
>3 days per week), and programme length (<12
vs. >12 months). While no significant heterogeneity in
pubertal status was observed relative to the overall ES of
TB aBMD, a significant difference in TB aBMD was
noted between control and intervention groups when only
the early-pubertal stage was considered. While specula-
tive, this finding implies that early puberty is a key
maturational stage during which the TB bone density of
females may be enhanced by performing weight-bearing
activities.

A\ Adis

4.2.2 Femoral Neck BMC and aBMD

Results from the moderator analysis for FN BMC dem-
onstrated no significant heterogeneity in overall ES relative
to pubertal status. However, the presence of a significant
difference in FN BMC between intervention and control
groups during early puberty and puberty suggests that these
stages of sexual maturation may be ideal time periods for
girls to increase BMC at the femoral neck, a common site
of osteoporosis that is sensitive to weight-bearing activity
[2, 48]. This finding is partly consistent with data showing
an increased responsiveness of bone to mechanical loading
during pre- and early-pubertal periods [12, 29, 47] and
implies that BMC at the FN may continue to rise
throughout puberty. According to Gunter and colleagues
[11], childhood and adolescence may be particularly
opportune periods to engage in weight-bearing exercise to
maximize bone mass, particularly with respect to BMC at
the FN. The benefits of weight-bearing exercise during
growth in optimizing peak bone mass in younger and older
girls have also been noted in reviews by Ondrak and
Morgan [29] and McDevitt and Ahmed [12].

Similar to findings for pubertal status, homogeneity was
observed for mode of exercise, implying that variation in
the manner in which impact loading is applied does not
strongly affect overall ES values in each region of interest.
When combined with a small, but significant effect of
weight-bearing exercise on the BMC of FN, these results
add credence to the idea that a variety of weight-bearing
physical activities such as plyometrics (i.e. jumping, hop-
ping and skipping), resistance exercise (i.e. weight lifting
and strength training) or aerobic exercise (i.e. walking and
running) may promote skeletal development in female
youth. However, when examining specific ES values for
each level of pubertal status, a significant group difference
in BMC of FN was found in studies employing plyometric
training. Caution is warranted in interpreting this finding,
however, as only 4 of 17 studies included non-plyometric
exercises. Nonetheless, because most studies featured
plyometric training and the significant overall ES value for
BMC at FN may have potentially reflected this training
mode, high-intensity weight-bearing activity (i.e. plyo-
metric exercise) may be a more effective means of aug-
menting bone growth in younger and older girls compared
with general resistance training. Interestingly, the notion
that plyometric exercise may foster bone mineral accrual is
consistent with ACSM bone health recommendations for
children and adolescents [39].

Despite the presence of homogeneity in intervention
strategy, a group difference was present in BMC at FN
between control and intervention groups relative to school-
based studies, such that the intervention group exhibited
greater BMC at the FN compared with the control group.
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This finding suggests that school-based programmes may
be an effective approach in improving bone health in young
girls. While it is not possible to identify specific school-
based factors that may promote gains in BMC among
female youth, we speculate that the availability of a
developmentally appropriate physical education curricu-
lum featuring plyometric-type activities and high-impact
sports (e.g. running, jumping rope, basketball, volleyball)
may facilitate ongoing skeletal growth and development in
female youth. It is also possible that structured and
unstructured physical activity occurring during recess,
before and after school, during breaks from classroom
instruction or as part of intramural programming, may lead
to better bone health in female children and adolescents.
Based on data suggesting that subtle gains in bone mass
made during the first decade of life may be an important
factor in reducing the risk of adult fractures [49-51], future
research is needed to clarify the mediating role of regular
participation in weight-bearing and impact-loading activi-
ties in school settings among younger and older girls.

In considering exercise duration, frequency of exercise,
and programme length, moderator analyses revealed no
significant heterogeneity in ES values between levels of
these moderator variables. Because the studies we exam-
ined lacked sufficient data regarding intensity of exercise,
additional efforts should be directed towards quantifying
the unique and interactive effects of this quartet of factors
[52-54] on the overall influence of weight-bearing exercise
on bone health in pre-pubertal and pubertal girls.

4.2.3 Lumbar Spine BMC and aBMD

The absence of heterogeneity for pubertal status suggests
that girls exhibiting varying levels of sexual maturation
may benefit from weight-bearing exercise to enhance
skeletal health. However, statistical analyses revealed a
significant difference in LS BMC between intervention and
control groups in studies featuring early-pubertal girls.
When combined with results of moderator analyses for FN
BMC, which indicated a significant difference between
intervention and control groups for early-pubertal girls, this
collection of findings suggests that the potential to increase
BMC at the FN and LS may be greater during early puberty
and reinforces the benefits of engaging in weight-bearing
activity during this maturational period [11]. Although
there was no statistically significant heterogeneity relative
to exercise mode, studies that incorporated plyometric
exercises displayed higher ES values for LS BMC and
aBMD compared with the control group. This finding
agrees with current ACSM physical activity guidelines for
promoting bone health [39], which state that performing
high-impact activities (e.g. jumping, gymnastics, soccer,
and basketball) for 10-20 min at least twice a day on at

least 2 days per week can enhance the accrual of bone
mineral in children and adolescents [39].

No significant difference between school- and non-
school-based interventions was detected, which could have
influenced overall weighted ES values of BMC and aBMD
at the LS. However, a significant difference was present
between intervention and control groups for school-based
interventions, which highlight the potential of this inter-
vention strategy to influence skeletal development at the
LS region. The absence of significant heterogeneity for
weekly exercise duration and overall programme length
also implies that activity programmes that vary with
respect to these two moderator variables may lead to gains
in bone strength. However, data from the present study
revealing significant group differences in LS and FN BMC
during weight-bearing exercise programmes lasting less
than 60 min per week raises the intriguing possibility that
shorter programmes comprising more frequent exercise
bouts may also serve as a positive stimulus to bone growth
[55] in female children and adolescents.

With respect to exercise frequency, overall ES values
for LS aBMD among girls who engaged in weight-bearing
exercise more than 3 days per week was significantly
greater compared with ES values for girls who participated
in this type of exercise for 3 or fewer days per week. This
finding is consistent with ACSM recommendations indi-
cating better bone health in children and adolescents who
perform 10-20 min of high-impact activities 2 or more
times per day for at least 3 days per week [39]. In light of
evidence showing that programme interventions occurring
more than 3 days per week and lasting for at least a year
resulted in higher ES values for LS BMC and aBMD, a
potentially effective approach to improving bone devel-
opment in female youth might be to emphasize regular
participation in longer-term, school- or community-based
programmes incorporating weight-bearing exercise.

4.3 Strengths and Limitations

A primary strength of this meta-analysis was the consid-
eration of regional bone responses to exercise [34]. Given
the importance of biological maturation when assessing
the impact of exercise interventions in female youth [56],
another unique feature of our analysis was the use of
pubertal status as a moderating variable to evaluate mean
group differences in BMC and aBMD at specific regions
of interest. With respect to limitations, it should be noted
that assessment of pubertal staging varied across studies
and may have contributed to a lack of precision in clearly
differentiating the moderating effects of biological matu-
ration on bone growth occurring from early to late pub-
erty. In addition, it is acknowledged that constraints exist
in the use of DXA to detect small changes in areal
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measures of BMD and BMC, and the availability of
measurement tools such as pQCT, high-resolution pQCT,
and magnetic resonance imaging may enhance the ability
to detect subtle modifications in bone structure [11].
While the selection of non-randomized controlled exercise
trials increased the number of studies included in our
meta-analysis, these types of studies cannot fully control
for confounding factors that may influence bone devel-
opment [36, 57]. However, moderator analyses demon-
strated that variation in study design (RCT vs. non-RCT)
did not noticeably affect the overall weighted ES values
of BMC and aBMD at the LS, FN, or TB. The exclusion
of foreign-language journals and potentially relevant
articles lacking sufficient data to compute ES values were
other limitations of our analysis [58]. Because adequate
nutrition accompanied by exercise may promote the
attainment of peak bone mass [27-30], subsequent anal-
yses documenting the combined impact of exercise and
diet on bone health may aid in explaining differences in
the magnitude of effectiveness between physical activity
alone and combined activity and nutritional interventions
[29, 30]. Sustainability of skeletal benefits due to weight-
bearing activity during childhood is another topic for
further investigation [59, 60].

5 Conclusions

Results from our meta-analyses indicate that the effect of
weight-bearing exercise in prepubertal, early-pubertal and
pubertal girls is small, but statistically significant, for BMC
and aBMD at the LS and BMC at the FN. Examination of
selected moderator variables on BMC and aBMD also
revealed that participation in weight-supporting physical
activity for more than 3 days per week exerted a signifi-
cantly greater impact on lumbar aBMD compared with
exercise performed for 3 or fewer days per week. Although
many questions remain to be addressed relative to the
impact of physical activity and exercise on promoting bone
health in female children and adolescents, greater attention
should be devoted towards developing and implementing
site-specific activity and exercise programmes. Additional
research is also needed to more fully describe the interplay
among pubertal status and various parameters of physical
activity (i.e. intensity, frequency, duration and mode) and
overall programme length on selected descriptors of bone

growth and development in female children and
adolescents.
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