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Objective. Intensive physical training may have a sport-dependent effect on bone mass
acquisition. This cross-sectional study evaluated bone mass acquisition in girls practicing
sports that put different mechanical loads on bone.

Materials/Methods. Eighty girls from 10.7 to 18.0 years old (mean 13.83±1.97) were
recruited: 20 artistic gymnasts (AG; high-impact activity), 20 rhythmic gymnasts (RG;
medium-impact activity), 20 swimmers (SW, no-impact activity), and 20 age-matched
controls (CON; leisure physical activity <3 h/wk). Areal bone mineral density (aBMD) was
determined using DEXA. Hip structural analysis applied at the femur evaluated cross-
sectional area (CSA, cm2), section modulus (Z, cm3), and buckling ratio. Bone turnover
markers and OPG/RANKL levels were analyzed.

Results. AG had higher aBMD than SW and CON at all bone sites and higher values than
RG in the lumbar spine and radius. RG had higher aBMD than SW and CON only in the
femoral region. CSA and mean cortical thickness were significantly higher and the buckling
ratio was significantly lower in both gymnast groups compared with SW and CON. In RG
only, endocortical diameter and width were reduced, while Z was only increased in AG
compared with SW and CON. Reduced bone remodeling was observed in RG compared with
AG only when groups were subdivided according to menarcheal status. All groups showed
similar OPG concentrations, while RANKL concentrations increased with age and were
decreased in SW.
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sectional area; CSMI, cross-sectional moment of inertia; CTX, type I-C telopeptide breakdown products; DEXA, dual-energy x-ray
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Conclusion. High-impact activity clearly had a favorable effect on aBMD and bone
geometry during the growth period, although the bone health benefits seem to be more
marked after menarche.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Among the environmental factors that affect bone mass
acquisition, physical activity plays a crucial role. Although
its mode of action is not fully understood, it is generally
assumed that mechanical loading is an important determi-
nant of skeletal growth and modeling [1]. Weight-bearing
activities are more beneficial for bone mass acquisition in
childhood than no-impact and non-weight bearing activities
[2,3]. These findings are mainly based on areal bone mineral
density (aBMD) as evaluated by dual-energy x-ray absorpti-
ometry (DEXA) scans, and less is known about the potential
effects of exercise on bone microarchitecture and geometry,
two parameters implicated in bone strength [4,5]. Studies
using newer technologies, such as peripheral quantitative
computed tomography (pQCT), which provides more detailed
information about changes in cortical bone geometry and
strength, are now available.

In adolescents, Sayers et al. [6] reported that regular
physical activity like jogging was positively associated with
cortical bone mass compared with less intense exercise like
walking. The increase in cortical mass is due to increased
periosteal and reduced endosteal circumferences, an adapta-
tion that may improvemechanical bone strength [6]. Using an
indirect method (hip structural analysis, HSA software) based
on DXA analysis [7], we recently reported highermean cortical
thickness in the femur of young artistic gymnasts than in non-
athlete subjects, and this bone adaptation was observed
throughout the growth period [8]. However, artistic gymnas-
tics generates high specific mechanical strains [9], and we do
not currently know whether bone geometry gradually adapts
to mechanical strain according to the type of sport, as
previously reported for aBMD [3,10,11]. Moreover, the same
aBMD may correspond to different bone geometry models.
Ferry's study [12] provided some elucidation: they found a
concomitant favorable effect on BMD and bone geometry in
female adolescents playing soccer, a high-impact sport [11], as
compared with swimming, a no-impact sport [3,11].

These preliminary results on bone geometry should be
confirmed in a range of sports generating different degrees of
mechanical loading throughout the growth period, because
age is a potential modulator of bone response [8,13]. A further
consideration is that physical activity may also modulate
bone remodeling [8,14] and the osteoprotegerin (OPG)/rank-
ligand (RANKL) system [8,15,16], in addition to its effects on
aBMD and bone geometry. These data are still controversial,
however, and it remains to be demonstrated whether
different types of sports generate specific profiles.

The aim of this cross-sectional study was to compare the
bone mass acquisition in young girls performing sports that
generate different mechanical loads. We included data from a
population of artistic gymnasts [8], as this sport is a high-
impact activity and the data helped us to determine the

gradation in bone adaptation due to two other sports,
rhythmic gymnastics (medium-impact) and swimming (low-
impact). The bone adaptationwas concomitantly evaluated by
bone mineral density, bone geometry at the femoral region,
bone remodeling markers, and the OPG/RANKL system.

2. Materials and methods

2.1. Subjects

The study protocol was reviewed and approved by the
Regional Research Ethics Committee (CPP Sud-Mediterranee
IV, Montpellier, France), and each child and her parents gave
written informed consent before entering the study. A total of
80 girls with ages ranging from 10.7 to 18.0 years (mean 13.83±
1.97) were recruited for this study: 20 artistic gymnasts (AG),
for whom part of the findings were previously reported [8], 20
rhythmic gymnasts (RG), 20 swimmers (SW), and 20 controls
(CON). All athletes and controls were age-paired. The inclu-
sion criteria were the following: The three sports groups were
composed of girls training more than 8 h per week and who
had been practicing their sport for more than 5 years. Each
sport was chosen according to the mechanical loading that it
generates (high for AG, medium for RG, and low for SW).
Moreover, although AG and RG seem to be very similar sports
(high-volume training, high prevalence of menstrual disor-
ders), they differ in terms of the intensity and sites of the
mechanical loading, as well as the individual growth potential
[17,18]. The control group consisted of subjects who per-
formed only leisure physical activities for fewer than 3 h per
week, and none of these subjects had a history of participation
in intense sports training.

The exclusion criteria were as follows: obvious signs of
acute or chronic illness known to affect bone health and long
periods of immobilization or fractures within the previous
12 months.

2.2. Methods

The design of this cross-sectional and case–control study has
been described in detail [8]. Standing height was measured
with a stadiometer to the nearest 0.1 cm. Weight was
determined using a weight scale with a precision of 0.1 kg.
Body mass index (BMI) was calculated as weight (kg) divided
by the square of height (m). Pubertal development was
assessed by breast stage (I to V) according to the Tanner
classification [19] by an experienced pediatric endocrinologist.
Skeletal age was determined using the Greulich and Pyle
method [20].

Information regarding pubertal onset in family members
was obtained from a standardized questionnaire (menarche of
mothers). Height standard deviation score (height SDS) and
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weight standard deviation score (weight SDS) were calculated
according to the French standard curves. Moreover, target
height, which is the expected final height of a child given the
adult heights of both parents, was calculated with the
following equation:

Target height ¼ father0s heightþmother0s height
! "

=2
# $

−6:5:

[19].

2.2.1. Medical and menstrual histories
[19] Each subject or her parents responded to a medical
questionnaire designed to assess the general medical and
menstrual history, with questions on the age ofmenarche and
the presence of menstrual disorders.

2.2.2. Physical activity determination
Detailed information about training history was collected,
including data on starting age of intensive training, years of
active sport-specific training, and number of training sessions
per week, training hours per week, and training months per
year. Other physical activities were documented with a
training recall diary covering the previous 3 years.

2.2.3. Assays
Blood samples (25 ml) were collected in the morning (0900–
11 h00) in sterile chilled tubes by standard venipuncture
technique. The samples were allowed to clot at room
temperature and were then centrifuged at 2500 rpm for
10 min at 4 °C. Plasma samples were stored at −80 °C until
analysis. All samples were run in duplicate and, to reduce
inter-assay variation, all the plasma sampleswere analyzed in
a single session. In the pubertal girls, the date of the last
menses was not recorded and hormonal values were thus
obtained at an unsynchronized menstrual stage.

Concerning bone metabolism, plasma samples were
assayed by Cobas 6000 (Roche Diagnostic, Mannheim, Germa-
ny) for osteocalcin (OC), procollagen type I N-terminal
propeptide (PINP), and type I-C telopeptide breakdown prod-
ucts (CTX). The inter- and intra-assay CVs for the three
parameters were lower than 7%.

The intra- and inter-assay CVs for OPG were, respectively,
10% and 7% (OPG ELISA, Immunodiagnostic Systems, Boldon,
UK); for RANKL (ampli sRANKL human ELISA, Immunodiag-
nostic Systems, Boldon, UK) they were, respectively, 8%
and 6%.

2.2.4. Bone mineral density, body fat and fat-free soft tissues
DXA (Hologic QDR-4500A, Hologic, Waltham, MA) measured
the areal bonemineral density (BMD; g/cm2) of thewhole body
(WB) and at specific bone sites: the antero-posterior lumbar
spine (L1-L4), the dominant arm radius, the proximal part of
the left femur (TPF), and specific femoral sites: the neck and
the trochanteric and intertrochanteric areas. The soft tissue
body composition (fat mass [FM, kg], percentage of body fat
mass [% FM] and fat-free soft tissue [FFST, kg]) was derived
from the whole body scan. All scanning and analyses were
performed by the same operator to ensure consistency, after
following standard quality control procedures. Quality control
for DXA was checked daily by scanning a lumbar spine
phantom consisting of calcium hydroxyapatite embedded in

a cube of thermoplastic resin (DPA/QDR-1; Hologic x-caliber
anthropometric spine phantom). For BMD, the laboratory
precision error was defined by the CV of repeated measure-
ments; this was found to be 1% at the lumbar spine and <1% at
the femoral neck, <1% at the forearm, <0.5% for the whole
body, and <1% for FFST and FM.

2.2.5. Bone geometry of the proximal femur
Using DXA data, we analyzed hip geometry parameters with
HSA software [7]. The HSA program uses mineral mass and
dimensional data from conventional DXA images of the hip to
measure the structural dimensions of bone cross-sections
corresponding to three thin regions traversing the proximal
femur: the narrow-neck (NN) region across the narrowest
point of the femoral neck, the intertrochanteric (IT) region
across the bisector of the neck and shaft axes, and the shaft
region located at a distance 1.5 times the width of the femoral
neck distal to the intersection of the neck and shaft axes. For
each region, the distribution of the bonemass across the bone
was extracted and the following measurements were made
directly from the bone mass profile: (1) the subperiosteal
width (width, cm); (2) the bone cross-sectional area exclusive
of soft-tissue spaces (CSA; in cm2), an index of resistance to
axial forces; and (3) the cross-sectional moment of inertia
(CSMI, cm4). In addition, (4) the endosteal diameter was
estimated using the algorithm described by Beck et al. [7], (5)
the mean cortical thickness was calculated as the difference
between the periosteal and endosteal diameters divided by
two, and (6) the section modulus (Z) (cm3), an index of bone
binding strength, was calculated (Z=CSMI/y), where y=1/2
subperiosteal width for the neck and shaft regions and the
distance from the centroid to the lateral corticalmargin for the
intertrochanteric region. Last, (7) the buckling ratio, an index
of susceptibility to local cortical buckling under compressive
loads, was calculated as the distance from the center of mass
to the medial or lateral cortex divided by the estimated
average cortical thickness. HSA precision has not yet been
assessed in children and adolescents; however, experience in
mainly elderly populations has shown HSA precision on the
order of 1%–5% for the HSA parameters at the three HSA
regions [21]. All the values were also adjusted to body weight
and body height, as recommended by Beck et al. [7]. A single
physician conducted all software analyses.

3. Statistical analysis

The characteristics of the young athletes and controls are
described with proportions for categorical variables and with
means and standard deviation values for continuous variables
(age, weight, aBMD, etc.). The distributions were tested with
the Shapiro–Wilk statistic. The comparisons of means be-
tween the gymnasts, swimmers and controls (and between
subgroups according to the menarcheal status in order to
explore the interaction betweenmenarcheal status and sport)
were performed using ANOVA when data distribution was
normal and the Kruskall–Wallis test if continuous variables
were skewed. For each BMD site, adjusted means for age, FM
and FFST were computed and compared between groups
using multivariate linear regression analysis. Family-wise
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error rates were controlled using the Ryan (REGWQ, for crude
analysis) and Tukey (for adjusted analysis) multiple compar-
ison procedures.

Statistical analyses were performed at the conventional
two-tailed α level of 0.05 using SAS version 9.1 (SAS Institute,
Cary, NC).

4. Results

The anthropometric characteristics and training status of the
athletes and controls are summarized in Table 1. The age
distribution ranged from 10.7 to 18.0 years, with amean age of
13.8±2.0 years, and all athletes and controls were age-paired.
There were no significant differences between groups with
regard to weight, BMI or body fat-free soft tissue, while body
fat mass (kg) was significantly lower in both groups of
gymnasts compared with SW and CON. AG and RG were
shorter than SW. When height SDS and weight SDS were
calculated according to the French standard curves, AG
presented lower values than CON, and AG and RG had lower
values than SW. No difference was observed for bone age
between the four groups; however, when the difference
between chronological age and bone age (Δ age − bone age)
was calculated, AG and RG presented significantly higher
values than SW and CON. The age of menarche was
significantly delayed in AG (13.7±1.2 yr) and RG (14.2±1.5 yr)
compared with CON (12.1±0.9 yr) but did not differ from that
in SW (13.2±1.3 yr). Moreover, in RG, two adolescents
presented no menarche at 14.1 years, suggesting that the
final mean age of menarche for this group was greater than
14.2 years. The athletes presented a high frequency of
menstrual disorders (50%–63.3%) compared with the controls.

Target height was lower in AG (p=0.002) compared with the
other three groups. No significant differences in mean Tanner
stages of breast development were noted between groups.

On average, the total number of training hours per week was
higher in both gymnast groups compared with SW, but no
difference in theageat thestartof trainingwasobservedbetween
trained groups. CON were normally active and participated only
in leisurephysical activities for fewer than3 hperweek.TheCON
activities includedrhythmicandartistic gymnastics, tennis, judo,
volleyball, basketball, handball, judo and karate.

4.1. Bone characteristics

4.1.1. Areal bone mineral density
Table 2 presents the unadjusted aBMD for the four groups at
various bone sites. Comparedwith SWand CON, AG presented
a noticeably greater aBMD at all bone sites (TPF, L2–L4 and
radius), skull and WB excepted. The differences between CON
and AG ranged between 8.9% forWB and 19.1% for the femoral
neck. The two gymnastics groups differed only in the radius
and lumbar spine aBMD, with AG presenting higher values
than RG. For RG, BMDwas higher than for SW and CON only in
the femoral region. No difference was observed between SW
and CON for any bone site.

In parallel with the results for the unadjusted BMDs, the
adjusted BMDs for age, and the FFST and FM values measured
at the femoral region, L2–L4 and the radius were higher in the
AG group, skull excepted, compared with the SW and CON
groups (Table 3). The difference between AG and RG persisted
at the radius and lumbar spine. Minor differences compared
with unadjusted BMD values were observed, including higher
WB values in both groups of gymnasts comparedwith SW and
CON, higher values at the pelvis in AG compared with SW and

Table 1 – Age, anthropometry, body composition, and training status of the athletes and controls.

Parameters Artistic Gymnasts Rhythmic Gymnasts Swimmers Controls p-value

Number of subjects 20 20 20 20
Age (yr) 13.8±2.0 13.8±2.2 14.1±1.8 13.7±2.0 0.854
Bone age (yr) 13.1±2.3 12.4±2.5 13.9±2.0 13.7±2.4 0.136
Δ Age − bone age (yr) 0.7±1.0* 1.4±1.1**,†† 0.1±1.0 0.1±1 <0.001
Tanner stages
(number per stage I, II, III, IV, V) 4; 1; 2; 1; 12 3; 7; 3; 0; 7 2; 2; 1; 5; 10 2; 3; 3; 1; 11 0.103

Age of menarche (yr) 13.7±1.2** 14.2±1.5** 13.2±1.3 12.1±0.9 0.004
Number of subjects with menarche 11 (55%) 6 (30%) 11 (55%) 12 (60%) 0.221
Number of subjects with menstrual disorders 7 (63.6%) 3 (50%) 6 (54.5%) 0 (100%)
Anthropometric data
Weight (kg) 45.4±8.6 43.6±9.0 50.1±6.1 47.0±10.8 0.118
Weight SDS −0.02±0.7 −0.06±0.6 0.6±0.9 0.4±1.3 0.044
Height (cm) 151.4±8.0††† 153.5±9.5†† 162.2±4.7 156.5±8.7 <0.001
Height SDS −0.6±0.7**,††† −0.1±0.9†† 1.0±0.8 0.45±0.9 <0.001
BMI (kg m−2) 19.6±2.0 18.3±2.0 19.0±1.9 19.0±3.0 0.252
Target height (cm) 160.4±4.2*,†††,‡ 165.8±4.2 165.3±3.9 163.9±4.5 <0.001
Body fat mass (kg) 7.7±2.1*,† 8.6±2.9*,† 10.3±3.0 11.2±4.8 0.011
Body fat mass (%) 16.9±2.3*,††† 19.4±3.7* 20.4±4.6 22.8±5.1 <0.001
Body fat-free soft tissue (kg) 35.8±6.4 33.3±6.2 38.1±4.3 34.3±6.2 0.064

Training status
Hours/weeks 20.3±4.2***,† 21.1±4.4***,† 14.5±5.9*** 2.5±0.5c <0.001
Age at start of training (yr) 5.6±1.7 6.6±1.2 6.5±1.8 – –

Values are presented asmean±SD. BMI: bodymass index. *p<0.05, **p<0.01, and ***p<0.001 denote a significant differencewith controls; †p<0.05,
††p<0.01, and †††p<0.001 denote a significant difference with swimmers; ‡p<0.001 denotes a significant difference with rhythmic gymnasts.
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CON, lower values at L1–L4 in SW compared with RG, and
lower values at the radius in SW compared with CON.

To determine the effect of menarche on aBMD, the four
groups were subdivided according to menarcheal status. For
all bone sites and for each group, unadjusted aBMD was
significantly higher during the postmenarcheal period com-
pared with the premenarcheal period (data not shown).
Nevertheless, as menarcheal age differed between groups,
aBMDwas adjusted by age. AG and RG presented higher aBMD
than SW and CON only during the postmenarcheal period. A
significant interaction between menarcheal status and sport
was found at the total proximal femur and lumbar spine for
RG and at the radius for AG (Fig. 1).

4.1.2. Bone geometry
The between-group comparisons of bone geometry at the
proximal femur are presented in Table 4. After adjustment for
height and weight, the calculated values in the three femoral
regions of neck (FN), intertrochanteric region (IR) and shaft (S)
were significantly higher for CSA (except at S for RG) andmean
cortical thickness, and significantly lower for buckling ratio
(except at FN), in both groups of gymnasts compared with SW

and CON. Endocortical diameter and width (to a lesser extent)
were reduced in RG, but the statistical difference with the
other three groups varied according to the femoral region. Z
was only increased in AG compared with SW and CON, at the
three regions. No difference was observed between groups for
CSMI. No difference between SW and CON was observed
whatever the parameter calculated or the femoral region.

4.1.3. Bone biochemical markers and the OPG/RANKL system
Concerning the biochemical markers of bone turnover
(Table 5), no significant difference for markers of bone
formation (OC, P1NP) was observed between groups, while a
marker of bone resorption (CTx) tended to be reduced (p=0.06)
in RG compared with AG. When parameters adjusted to age
were analyzed in subgroups according to menarcheal status,
RG presented lower values (p<0.0014) than AG for OC in the
premenarcheal period. No significant difference was observed
for PINP and sCTX between the four groups (Fig. 2A,C). All the
bone biochemical markers: OC, PINP, and CTX, decreased
significantly with age and values in the premenarcheal
period were found to be significantly higher than in the
postmenarcheal period (data not shown).Moreover, the lack of

Table 2 – Areal bone mineral density at various bone sites in athletes and controls.

Bone mineral density (g cm−2) Artistic Gymnasts Rhythmic Gymnasts Swimmers Controls p-value

Whole body 1.035±0.113 0.992±0.132 0.958±0.079 0.950±0.091 0.073
Arm BMD 0.751±0.088***,†††,‡‡ 0.651±0.072 0.695±0.016 0.653±0.060 <0.001
Leg BMD 1.094±0.148*,† 1.028±0.153 0.992±0.074 0.979±0.094 0.019
Pelvis BMD 1.167±0.183 1.085±0.211 1.048±0.123 1.038±0.131 0.091
Skull BMD 1.685±0.197 1.768±0.332 1.676±0.206 1.698±0.322 0.919

Femoral region
Femoral neck 0.908±0.142***,†† 0.930±0.192**,†† 0.764±0.077 0.762±0.100 <0.001
Trochanter 0.775±0.140* 0.774±0.155* 0.688±0.086 0.671±0.095 0.010
Intertrochanteric region 1.104±0.190*,† 1.070±0.209 0.975±0.141 0.961±0.117 0.019
Total proximal femur 0.974±0.159*,† 0.969±0.183*,† 0.855±0.105 0.857±0.105 0.007

Lumbar spine (L1–L4) 0.946±0.158*,†,‡ 0.831±0.179 0.822±0.100 0.835±0.130 0.026
Radius 0.548±0.077*,†,‡‡ 0.482±0.060 0.474±0.048 0.484±0.051 0.004

Values are presented as mean±SD. *p<0.05, **p<0.01, and ***p<0.001 denote a significant difference with controls; †p<0.05, ††p<0.01, and
†††p<0.001 denote a significant difference with swimmers; ‡p<0.05 and ‡‡p<0.001 denote a significant difference with rhythmic gymnasts.

Table 3 – Adjusted areal bone mineral density by age, body fat mass and body fat-free soft tissue at various bone sites in
athletes and controls.

Bone mineral density (g cm−2) Artistic Gymnasts Rhythmic Gymnasts Swimmers Controls p-value

Whole body 1.031±0.013**,†† 1.012±0.013**,†† 0.929±0.013 0.923±0.013 <0.0001
Arm BMD 0.748±0.010***,†††,‡‡ 0.666±0.010 0.673±0.010 0.661±0.010 <0.0001
Leg BMD 1.090±0.014***,††† 1.059±0.013**,††† 0.951±0.014 0.993±0.014 <0.0001
Pelvis BMD 1.165±0.023**,††† 1.124±0.022†† 0.995±0.022 1.053±0.024 <0.0001
Skull BMD 1.676±0.045 1.787±0.043 1.639±0.044 1.725±0.045 0.123

Femoral region
Femoral neck 0.909±0.022***,††† 0.957±0.021***,††† 0.728±0.02 0.769±0.022 <0.0001
Trochanter 0.771±0.020*,†† 0.801±0.019**,††† 0.652±0.020 0.684±0.021 <0.0001
Intertrochanteric region 1.106±0.026**,††† 1.102±0.024**,††† 0.930±0.025 0.972 ±0.026 <0.0001
Total proximal femur 0.972±0.020**,††† 0.998±0.020***,††† 0.814±0.020 0.870±0.021 <0.0001

Lumbar spine (L1-L4) 0.943±0.018**,†††,‡ 0.858±0.018† 0.782±0.018 0.850±0.019 <0.0001
Radius 0.552±0.008***,†††,‡‡ 0.491±0.008 0.461±0.008* 0.495±0.009 <0.0001

Values are presented as mean±SD. *p<0.05, **p<0.01, and ***p<0.001 denote a significant difference with controls; †p<0.05, ††p<0.01, and
†††p<0.001 denote a significant difference with swimmers; ‡p<0.01 and ‡‡p<0.001 denote a significant difference with rhythmic gymnasts.
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Fig. 1 – Adjusted aBMD by age in athletes and controls according to menarcheal status. Values are presented as means±SEM.
aBMD at whole body (A), total proximal femur (B), lumbar spine (C) and radius (D). *p<0.05 denotes a significant difference
with controls; †p<0.05, †††p<0.01 denotes a significant difference with swimmers; ‡p<0.05 denotes a significant difference
with rhythmic gymnasts.

Table 4 – Hip structural analysis (HSA) parameters adjusted for body weight and body height.

Parameters Artistic Gymnasts Rhythmic Gymnasts Swimmers Controls

HAL (mm) 107.7±1.2 105.9±1.1 108.2±1.2 104.7±1.1
Shaft neck angle (°) 131.2±1.2 131.1±1.2 131.2±1.2 130.1±1.1
Femoral neck
Cross-sectional area (CSA; cm2) 3.085±0.083***,††† 2.936±0.080***,† 2.460±0.082 2.610±0.073
Cross-sectional moment of inertia (CSMI; cm4) 2.083±0.091 1.808±0.088 1.745±0.091 1.875±0.084
Section modulus (Z; cm3) 1.424±0.046**,††† 1.286±0.044† 1.114±0.046 1.220±0.042
Endocortical diameter (cm) 2.359±0.057† 2.227±0.055†† 2.584±0.057 2.518±0.052
Buckling ratio 6.574±0.362**,††† 6.338±0.349***,††† 9.030±0.362 8.279±0.333
Mean cortical thickness (cm) 0.229±0.007***,††† 0.230±0.007***,††† 0.170±0.007 0.184±0.007
Width (cm) 2.816±0.050 2.686±0.049*,†† 2.924±0.050 2.889±0.046

Intertrochanteric region
Cross-sectional area (CSA; cm2) 4.950±0.138***,††† 4.706±0.133**,††† 3.908±0.138 4.148±0.127
Cross-sectional moment of inertia (CSMI; cm4) 9.319±0.425†,‡ 7.795±0.408 7.339±0.424 8.146±0.90
Section modulus (Z; cm3) 3.556±0.130**,†† 3.148±0.126 2.834±0.130 2.942±0.120
Endocortical diameter (cm) 3.810±0.088‡ 3.473 ±0.084**,†† 3.910±0.087 4.027±0.080
Buckling ratio 5.732±0.259**,† 5.289±0.249***,††† 6.893±0.258b 6.884±0.238b

Mean cortical thickness (cm) 0.472±0.015**,††† 0.472±0.014**,††† 0.371±0.015 0.394±0.013
Width (cm) 4.753±0.081‡ 4.418±0.080** 4.653±0.081 4.816±0.075

Femoral shaft
Cross-sectional area (CSA; cm2) 3.714±0.095**,††† 3.530±0.091†† 3.109±0.095 3.266±0.088
Cross-sectional moment of inertia (CSMI; cm4) 2.406±0.118† 2.062±0.114 1.933±0.118 2.054±0.109
Section modulus (Z; cm3) 1.731±0.060*,†† 1.569±0.058 1.422±0.060 1.499±0.055
Endocortical diameter (cm) 1.414±0.085 1.265±0.081† 1.602±0.085 1.522±0.078
Buckling ratio 2.437±0.143 2.244±0.137† 2.832±0.143 2.661±0.132
Mean cortical thickness (cm) 0.601±0.026*,† 0.608±0.025*,† 0.478±0.026 0.513±0.024
Width (cm) 2.616±0.047 2.481±0.046 2.557±0.047 2.547±0.043

Values are presented as mean±SEM. *p<0.05, **p<0.01, and ***p<0.001 denote a significant difference with controls; † p<0.05, ††p<0.01, and
†††p<0.001 denote a significant difference with swimmers; ‡p<0.05 denotes a significant difference with rhythmic gymnasts.
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interaction between menarcheal status and sport indicated a
similar profile for bone remodeling between the groups.

No between-group difference for OPG concentrations was
observed (Table 4), whatever the menarcheal status (Fig. 2D).
RANKL concentrations were significantly decreased in SW
than in the three other groups and this was mainly due to a
lower value in the postmenarcheal period (Fig. 2E). An
interaction between menarcheal status and sport was ob-
served only in RG and SW. RANKL concentrations increased

significantly with age when the four groups were pooled and
in AG, RG and CON when groups were individualized. A
decrease in OPG with age was only observed in RG.

5. Discussion

This cross-sectional study demonstrates that during the
growth period, only physical activities that generate high

Table 5 – Bone biochemical markers and OPG/RANKL system in gymnasts and controls.

Parameters Artistic Gymnasts Rhythmic Gymnasts Swimmers Controls p-value

Bone biochemical markers
PINP (ng ml−1) 581.5±349.2 443.2±307.1 463.1±327.0 439.2±322.5 0.470
OC (ng ml−1) 133.2±78.9 77.6±39.0 94.8±46.6 94.1±55.6 0.110
CTx (ng ml−1) 1.413±0.663 0.930±0.470 1.216±0.641 1.053±0.513 0.057

OPG (pmol l−1) 3.5±0.7 3.1±0.8 3.0±0.7 3.2±0.8 0.190
RANKL (pmol l−1) 0.51±0.25† 0.56±0.33† 0.32±0.32 0.49±0.21† 0.013

Values are presented as means±SD; PINP: procollagen type I N-terminal propeptide; OC: osteocalcin; CTx: type I-C telopeptide breakdown
products, OPG: osteoprotegerin; RANKL: rank-ligand. †p<0.05 denotes a significant difference with swimmers.
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Fig. 2 – Adjusted bone biochemical markers and OPG/RANKL concentrations by age in athletes and controls according to
menarcheal status. Values are presented as means±SEM. Procollagen type I N-terminal propeptide: PINP (A), osteocalcin: OC
(B), type I-C telopeptide breakdown products: sCTX (C), osteoprotegerin: OPG (D), and rank-ligand: RANKL (E). †p<0.05 denotes a
significant difference with swimmers; ‡p<0.05 denotes a significant difference with rhythmic gymnasts.
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mechanical strain improve aBMD and bone geometry. The
inclusion of subjects with a broad age range, from 10 to
18 years, in the same work showed that differences between
sports with regard to bone status are present from an early age
and up to the end of puberty. Nevertheless, these differences
seem to be more marked after menarche.

This comparison of three sports generating different
mechanical loads demonstrated the gradation and localiza-
tion of the bone response according to the type of activity.
Artistic gymnasts, who perform an intensive activity with
high weight-bearing and impact (3.6 to 10.4 times body
weight) [9] presented higher aBMD values than controls, as
previously reported [8]. This improved aBMD was observed at
each bone site in trabecular and cortical bone, as well as in
upper and lower limbs. Our results confirm previous studies
[22–24], but also provide additional information since puberty
and the adolescent period were investigated for the first time.
Moreover, the swimmers, who performed a no-impact activ-
ity, showed the same bone profile as CON and had lower
values than AG. Our results thus strongly suggest that impact
is essential to induce bone mass adaptation and that muscle
contraction, which is the principal component of swimming,
is not in itself sufficient [3,12,25]. The lack of a swimming
effect on bone mass appeared to be independent of age or
menarcheal status, as well as gender, as we demonstrated the
lack of effect in adult male swimmers in an earlier study [26].

In our study, the difference in aBMD between groups
was mainly observed in the postmenarcheal period. How-
ever, this key result was obtained in rather small sub-
groups, which is a limitation of this study, and thus
interpretation requires great cautiousness. Nevertheless,
many factors may explain this age-dependent bone adap-
tation. First, it is probable that a minimum number of years
of training is necessary to induce additional bone mass gain
in a context of already high bone mass acquisition, and the
aBMD measured in the postmenarcheal period is in part the
result of the cumulative effects of training throughout
childhood. Second, as we have previously suggested [8], the
peripubertal period is particularly favorable to additional
bone acquisition because endocrine variations that may
potentiate the action of mechanical strain on bone are
observed [13,27]. In particular, the increase in IGF-1 and
estradiol (E2) levels that occurs in this period has an
essential concerted action on bone accretion during this
period in untrained subjects [28], as well as in athletes
[29,30]. In addition to menstrual subgroup analysis, it would
also have been pertinent to determine the potential role of
menstrual disorders on bone mass acquisition by compar-
ing athletes with and without these disorders within the
same group. Unfortunately, the very low number of subjects
per group did not allow us to do so here.

AG and RG have already been compared in a few
studies, but with a limited number of subjects within a
narrow age class and limited training [23,32]. Nevertheless,
a comparative approach is fruitful because, although these
two sports are similar in terms of high-volume training at a
very early age, dietary restriction, high prevalence of
menstrual disorders, and bone maturation delay as ob-
served here or in previous reports [17,18], they differ in
terms of mechanical loading and individual growth poten-

tial [17,18]. Moreover, AG imposes a great mechanical load
on the upper arms, principally due to asymmetric bar
exercise, and the lower limbs and trunk [31], whereas RG
requires less arm and body strength, loading mostly at the
lower limbs [23,32]. This may be a causal factor of the local
aBMD differences observed at the upper limbs and specif-
ically at the radius. Interestingly, our results confirmed
some previous data [23], but differed from other findings
[32,33]. This slight discrepancy may be related to the age of
the subjects and/or their menarcheal status, as demon-
strated by our evaluation in subgroups according to this
status. At the lower limbs and femoral region, the lack of
an aBMD difference between AG and RG suggests that a
threshold of solicitation is sufficient to induce maximal
bone mass gain, beyond which no substantial gain is
obtained. It is interesting to note that the osteogenic effect
in AG and RG was observed even though both groups
presented bone maturation retardation and delayed men-
arche, factors known to have negative effects on bone mass
acquisition [34].

In parallel to the findings for bone density, the bone
geometry evaluated by HSA at the proximal femur was also
modified according to the type of physical activity. For the two
groups of gymnasts and especially AG, an adaptation of bone
geometry to high mechanical strain was demonstrated by
higher values for CSA (cross-sectional area occupied by bone)
and mean cortical thickness compared with SW and CO.
Among the determinants of bone strength, cortical thickness
plays a crucial role [35]. This was demonstrated in animal
studies, where an increase in cortical thickness by inhibitors
of bone resorption treatment contributed to the improvement
in bone strength [36]. Moreover, these modifications were
associatedwith a greater index of strength in binding (Z) and a
lower value for local cortical buckling under compressive
loads (buckling ratio).We previously suggested that the higher
values of CSA and mean cortical thickness observed in AG
without modification in width are probably due to corticaliza-
tion of the trabecular structure beneath the endocortical
surface [8]. Corticalization has also been reported in young
female athletes and postmenopausal women participating in
a strength-training program [37,38]. The evaluation of the
bone structure in RG tends to support this hypothesis because
endocortical diameter was significantly decreased in these
athletes, who also perform under highmechanical strain. The
HSA technique was particularly pertinent in this situation
because we were able to demonstrate that femoral geometry
may differ between AG and RG even when aBMD in the
proximal femoral region shows no difference. Endocortical
diameter and width showed the biggest variation, with RG
femur geometry appearing schematically “stockier” than in
AG. This geometry may confer specific biomechanical prop-
erties, as section modulus increased only in AG, perhaps
conferring an increase in bone strength in this group alone.

Few studies have reported using the HSA method in
children or adolescent athletes. In premenarcheal gymnasts
with a mean training volume of 15 h/wk, greater values for
CSA and section modulus were reported [22], confirming that
the bone geometry of the proximal femur adapted to the
loading imposed by this sport. More recently, Ferry et al. [12]
compared adolescent female swimmers and soccer players
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and reported that the girls playing the high-impact sport of
soccer exhibited greater cortical thickness than swimmers
due to increased bone section (width). The authors suggested
that the “unloading” environment of the swimming pool may
have a deleterious effect on bone geometry. We observed no
alteration in the bone geometry of swimmers as compared
with age-paired controls. The discrepancy between our data
and Ferry's may be related to the training volume (mean 14 h/
wk vs. 10 h/wk), the type of training (associated with or
without resistance training), the age of the participants, and
the number of years of practice. It is possible that the normal/
low aBMD associated with normal bone geometry conferred
an advantage in terms of buoyancy for these athletes [39,40].
The HSA results seem particularly pertinent in sport because
they reinforce those obtained by direct evaluation of bone
geometry such as pQCT at the tibial cortical site in preme-
narcheal rhythmic gymnasts [18]. Independently, the modifi-
cation in bone geometry and strength as evaluated by pQCT
was also observed in artistic gymnasts at the forearm [41].

We found a significant decrease in bone remodeling
markers (OC, PINP, CTX) with age, as generally observed in
inactive children [42,43]. Consequently, the concentrations
were higher in the premenarcheal than postmenarcheal
period, but the variation between the two periods followed
the same profile in the four groups. Only RG presented low
bone remodeling (OC and CTX) compared with AG when
groups were subdivided according to menarcheal status,
although the groups did not differ in terms of bone density.
The long-term effects of physical activity on bone remodeling
in children are very difficult to identify [18,44]. Although we
followed the recommendations for using bone markers [14],
the cross-sectional evaluation may have been a limitation
because many parameters interfere with bone remodeling in
sports (period in the training season, duration of recovery
before sampling, etc.). Nevertheless, a longitudinal study also
reported no specific difference between gymnasts and con-
trols before and after 6 months of training [44].

The effect of physical activity on the OPG/RANKL system
has received little attention [15,16,45], particularly during the
peripubertal period [8]. RANKL concentrations were low in
SW compared with the other groups, which showed values
increasing with age. Our data confirmed previous results in
controls [46], suggesting that several years of athletic training
do not modify the physiological variation. Conversely, it was
surprising to find no modification in OPG levels whatever the
menarcheal status or type of sport, since in vitro studies have
demonstrated that mechanical loading increases OPG [47,48].
However, the effects of physical activity in humans are less
straightforward. This was illustrated by the divergent varia-
tions in OPG levels in two studies of postmenopausal
women, after 8- to 12-month training programs [49,50].
Comparative studies of runners and sedentary subjects also
showed either similar or different OPG/RANKL profiles
[15,16]. In our study, the finding that the type of sport or
the aBMD did not help to draw specific OPG/RANKL profiles
suggests that this system is not the main factor of bone
adaptation. It is also likely that after many years of training,
a new equilibrium is achieved.

Themain strength of the present study is that wewere able
to investigate a broad spectrum of physical activities gener-

ating different mechanical loadings on bone. Moreover, the
wide age range covering pre- to post-menarcheal periods
suggested that bone adaptation may be dependent on the
degree of sexual maturity. The use of several physical and
biological techniques of investigation further ensured a
thorough characterization of the variations in bone tissue in
terms of bone mass, bone geometry and bone remodeling.
However, some of the limitations of this cross-sectional study
should be noted, as well. First, the participants were not
investigated longitudinally, whichmay have resulted in inter-
individual variations that limit our conclusions. Nevertheless,
our population was carefully age-paired, and within each
group all athletes had comparable training status. Second, the
observation of the major difference between groups post-
menarche should be interpreted with caution because the
number of subjects in each subgroup was low.

In conclusion, our results suggest that during the growth
period, only high-impact activities enhance peak bone mass
acquisition and bone geometry in athletes. The benefit to bone
health seems to be dependent on age and menarcheal status
and independent of the OPG/RANKL system. Moreover, the
association of the DXA and HSA methods demonstrates that
bone geometry may differ for the same aBMD, conferring
specific bone strength. The results observed in gymnasts may
not be found systematically in other groups of athletes,
especially in elite gymnasts whose strict dietary restrictions
and the frequent negative energy balance may have a
detrimental effect on bone health.
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