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Abstract The purpose of this study is to compare a
mechanical property of bone in world-class female ath-
letes with different loading histories. Bone bending
stiffness or EI (E is the modulus of elasticity and 7, the
moment of inertia) was measured noninvasively with the
mechanical response tissue analyzer, that analyzes the
response of bone to a vibratory stimulus. We evaluated
the ulna, ulnar width, wrist density and tibia in 13 syn-
chronized swimmers (SYN), eight gymnasts (GYM) and
16 untrained women (UNT) of similar age. Muscle
strength in the flexors and extensors at elbows and knees
was measured in the athletes. SYN were taller than
GYM or UNT (168+0.7 vs. 152+1.1 or 157+1.2 cm,
P< 0.01). Ulnar EI, Nm?, was similar in SYN and
GYM (41+5.4vs. 42+4.2, NS) and 50% higher than in
UNT (27+2.1, P<0.05). Ulnar EI, Nm? was related to
ulnar width (r=0.497, P <0.002, n=37) but not to wrist
density. Tibial EZ, Nm?, in SYN and GYM (270 +£42 vs.
285449, NS) was similar and more than twice as high as
in UNT (119+6; p<0.05). Knee flexor strength mea-
sured at 60° s~! and elbow extensor strength at 200° s~
correlated with tibial EI (r=0.44 and 0.41, P<0.05). In
spite of different loading histories, the tibiae and ulnas of
world-class athletes showed similar high values for
bending stiffness that exceeded values in untrained wo-
men. ET in the ulna could be related to bone width and
in the tibia, to muscle strength.

M. T. C. Liang - A. Moreno

Department of Kinesiology and Health Promotion,
California State Polytechnic University, Pomona,
3801 West Temple Avenue, Pomona, CA 91768, USA

S. B. Arnaud (X)) - P. Hatch

Life Sciences Division, SLR 239-11,
NASA Ames Research Center,
Moffett Field, CA 94035, USA
E-mail: sarnaud@mail.arc.nasa.gov
Tel.: +1-650-6046561

Fax: +1-650-6043954

C. R. Steele
Division of Applied Mechanics, Durand Building,
Stanford University, Stanford, CA 94305, USA

Keywords Biomechanics - Mechanical loading -
Exercise - Muscle - Young women

Introduction

There is a great deal of information on the bone densi-
ties of athletes with different loading histories, but little
information on the effect of different sports on the
structure and mechanical properties of bone. Athletes
whose bones are exposed to high-impact loads such as
gymnasts are known to have high mineral density
(Fehling et al. 1995), whereas athletes such as swimmers
and synchronized swimmers, who train with low-impact
loads in a buoyant environment have low or normal
bone densities (Helge and Kanstrup 2002; Risser et al.
1990). Theoretically, there is the expectation that the
higher density bones of gymnasts will have greater
strength than the bones of synchronized swimmers be-
cause mineral content is a major determinant of bone
strength (Weinstein 2000). This concept and bone den-
sity measurements fail to take into account the archi-
tecture, organization of tissue, mechanical properties
and other factors that impart strength to bone (Martin
and Ishida 1989), all of which can be collectively as-
sessed in a single long bone (tibia or ulna) by a novel
instrument we have shown previously to measure bone
bending stiffness.

A direct noninvasive measurement of long bone
strength that uses the response of a long bone to a low-
frequency vibratory stimulus was invented for NASA to
evaluate bone strength in astronauts after space flight
(Young et al. 1979). Young et al. (1979) called the
instrument the mechanical response tissue analyzer
(MRTA). The analysis of the response produced by a
vibration, was based on beam theory that could be re-
lated to long bone extrinsic stiffness or EI where E is
equal to Young’s modulus of elasticity and 7 is the cross-
sectional moment of inertia (Steele et al. 1988). The
technique was biologically validated in the monkey tibia



where it could be demonstrated that an in vivo mea-
surement with the MRTA was highly correlated with the
three-point bending in the same bones (see Fig. 1)
(Roberts et al. 1996). The measurement was also vali-
dated in the human ulna by determining EI in the ulnas
of patients with type 1 osteogenesis imperfecta, the
classic fragile bone disease due to a genetic defect of
collagen. Ulnas of normal bone density in patients
showed decreased bending stiffness (Smith et al. 1994).
The principle of the test, that is, the analysis of resonant
frequencies produced by a vibration and its relation to
torsional stiffness of long bones based on a simple beam
model, was confirmed in other species (Lowet et al.
1991).

The capability of the MRTA instrument to distin-
guish differences in the ulnas of men who exercised more
or less than 6 h a week (Myburgh et al. 1993) suggested
an application to a study in athletes. Our interest was to
compare the effect of rigorous training in the water, a
buoyant environment, to “high-impact” training on the
ground in the bones of world-class athletes. We selected
synchronized swimmers (SYN) and gymnasts (GYM) as
the athletes for comparison of long bone bending stiff-
ness. The purpose of this study is to determine bending
stiffness, a mechanical property and index of strength, in
the long bones of elite athletes trained in physical envi-
ronments that would impose different types of loads on
bone. We hypothesized that GYM would have higher
bending stiffness than SYN. The second purpose of this
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Fig. 1 (With permission from the editors of the Journal of Medical
Primatology.) A validation study in the tibias of Rhesus monkeys
that shows the relationship of Elyrta in the same bone in vivo to
El@Liron 1n the excised tibia (1‘220.95, P <0.0001). Values from the
MRTA were obtained in the tibias of live animals through skin and
soft tissue and analyzed by a 6-parameter algorithm. Values of
Eljstron Were obtained in the same bones by three point bending
after storage at —20°C, thawing and warming to 37°C. Elyrta 1S
consistently twice as high as Elgon due to differences in the
support systems for the test
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study is to examine the role of muscle strength as a
determinant of bending stiffness.

Methods
Subjects

Thirteen US Olympic female SYN were recruited from
Stanford University Synchronized Swim Team and the
Santa Clara Swim Club Aquamaids Team, and eight US
National competitive female GYM from Stanford Uni-
versity Women’s Gymnastic Team to participate as
study subjects. A control group of 16 sedentary women
(UNT) were recruited on the basis of similar age with
the two elite athletic groups. All subjects were screened
by a health and physical activity questionnaire. All
subjects were eumenorrheic. Each subject provided
information on the level of physical activity (UNT), the
number of years and yearly schedule (hours/day, days/
week and weeks/year) of training in their major sport
(GYM and SYN). GYM had a longer history of par-
ticipation than SYN (13.9+£0.57 vs. 10.4+0.51 year,
P=0.05). The average training schedule (excluding
competition time) in GYM was 4 h/day, 5 day/week, for
50 week/year or approximately 1,000 h/year, and in
SYN, 6 h/day, 6 day/week for 47 week/year or
approximately 1,690 h/year. Seven of the SYN reported
a few hours a week of gymnastics for 2-3 years; two
participated in ballet for 5 or 9 years a few hours each
month, one played softball and one engaged in running
a few hours a week for the past 2 years. The control
group did not participate in any formal physical train-
ing. All subjects were briefed by the investigators about
the benefits and risks of the experimental procedure, and
provided informed written consent before participating
in this study. The study protocol was approved by the
Human Research Institutional Review Board at NASA
Ames Research Center, Moffett Field, CA and the
Institutional Review Board at California State Poly-
technic University, Pomona, CA, USA.

Procedures
Average cross-sectional bending stiffness

Average cross-sectional bending stiffness was deter-
mined by an instrument (MRTA) originally manufac-
tured by Gaitscan, Inc, NJ and modified by NASA for
use in human adults (see Fig. 2). Bending stiffness is ET
in Nm?, where E is Young’s modulus of elasticity and 7
is the cross-sectional bending moment of inertia (Steele
et al. 1988). EI is determined by analysis of the response
to a low-frequency vibration generated by a mechanical
shaker through a small probe placed on the skin surface
over the center of the ulna or tibia. Force and acceler-
ation are measured at the probe and transformed to a
frequency response that is analyzed by a curve-fitting
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Fig. 2 A line drawing of the mechanical response tissue analyzer.
For a test, the subject lies down on an exercise table. The tibia is
supported by the two metal cylinders at the proximal end and the
medial and lateral malleoli by the adjustable cylinders at the distal
end of the support. The medial and lateral epicondyles at the elbow
rest on the proximal cylinders and the wrist (radial side down) rests
on the metal plate below the cylinders. The probe is automatically
centered between proximal and distal supports and rests on the skin
surface covering the tibia or ulna. Wires connecting the impedance
head and magnetic shaker to the computer are not shown

algorithm to determine the physical parameters of skin,
bone and muscle. The results of this algorithm are highly
correlated with breaking strength in long bones (Roberts
et al. 1996; Hutchinson et al. 2001). The mathematical
model for the ulna was modified for the analysis of the
more complex curve from the human tibia by adding
mass, stiffness and damping elements at both ends of the
bone, where a firm support is difficult to achieve (Rob-
erts and Steele 1995). This 12 parameter algorithm was
used to analyze the tibial data in this study. The load
carrying capacity of the bone is estimated from the
maximum axial load or P, = EI(zL™")? divided by the
body weight, a measurement termed “‘sufficiency” (S) to

Knob o move
proximal supports

denote the number of body weights that can be sup-
ported by the bone.

Quality control (QC) of the instrument was deter-
mined by measurement of an aluminum rod with a
known EI of 28.7 Nm?. QC estimates were within 3.5%
of the calculated EI[mean+SD: 27.7 £ 1.3, coefficient of
variance (CV) 4.8%]. The relocation of the instrument
for the control group required a second QC estimate
that was within 9% of the calculated EI (mean=+SD:
31.7£1.2, CV 3.8%). Reproducibility was tested by
repeated measures in the same individual. Based on the
7-parameter algorithm the CV of ulnar E7 was 3.2% and
on the 9-parameter algorithm 5.6%. Based on the
12-parameter algorithm, the CV of tibial E7 was 10.8%.

Anthropomorphic measurements

Weight (kg), height (cm), ulnar and tibial lengths (cm)
were measured. Body mass index (BMI = weight/
(height)?) was calculated for each group. For ulnar
length, the forearm is flexed at 90° at the elbow and a



metal tape measure was placed at the tip of the ulna at
the wrist and extended to the tip of the olecranon pro-
cess. For tibial length, the subject is asked to sit on the
exercise table and dangle the left leg so that the groove at
the top of the tibia is easily palpable. The metal tape is
extended from the groove at the knee to the distal edge
of the medial malleolus at the ankle.

Ulnar bending stiffness

The subject lies down on an exercise table, head toward
the MRTA instrument, and raises the forearm above the
head, resting the epicondyles of the distal humerus on the
top of the two small metal cylinders (attached to the
proximal supports of the MRTA instrument). The wrist,
radial side down, rests on the metal plate at the distal
supports (Fig. 2). The distance between proximal and
distal supports is adjustable, as is the height of the distal
plate and proximal cylinders. The forearm is placed so
that the ulna is uppermost, and the probe can be lowered
and rested on the center of the bone. Centering between
proximal and distal supports is automatic. A brief (10 s)
vibration is given and then the resonant response is re-
corded, and analyzed by a computer program. The
operator then evaluates the curve-fitting response using a
7-parameter algorithm originally developed by Gaitscan
Inc. or a 9-parameter algorithm improved by one the
investigators (CS). The root mean square error (RMSE)
for the 3—5 ulnar EI tests on the same individual using the
9-parameter algorithm was between 3% and 7%.

Bone density of the wrist and ulnar width

Bone density of the left distal forearm was measured
using a single photon densitometer (PIXI, Lunar Cor-
poration, Madison, WI, USA). The CV of the BMD
based on phantoms for the wrist was 3.45% and based
on repeated measures of the same individual was 1.2%.
A tennis ball was placed in the hand of each subject to
ensure correct position of the wrist. The printed image of
the distal forearm was used to estimate ulnar width. A
caliper (Manostat Corporation, Geneva, Switzerland)
was used to measure the width of the ulna 30 mm from
the junction of the ulna and radius.

Tibial bending stiffness

The subject lies down on an exercise table and places the
left tibia on the proximal supports, and the distal end of
the tibia (the medial and lateral malleoli) on the distal
supports so that the tibia is suspended. Then, the probe
is lowered and placed on the center of the tibia, a brief
(10 s) vibration is given and then the resonant response
is recorded and analyzed. The operator then evaluates
the curve-fitting response using the 12-parameter algo-
rithm expanded from the original 7-parameter algorithm
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by one of the investigators (CS). The RMSE for the tibia
EI measurement on the same individual using the 12-
parameter algorithm was between 7% and 9.3%.

Skinfold thickness

The skinfold thickness over the triceps, subscapular,
suprailiac, mid-thigh and medial calf muscles were
measured by the same investigator with a caliper (Lange,
Cambridge Scientific, Cambridge, MD, USA) according
to the Anthropometric Standardization Reference
Manual (Lohman et al. 1988).

Muscular isokinetic strength

The same investigator used a protocol that tested the
strength (N-m) of knee and elbow flexors and extensors at
the velocity of 60, 120 and 200° s~ (Cybex Norm, Dallas,
TX, USA). Average power (watt) of the elbow and knee
flexor and extensor were determined, respectively, with 15
repetitions (elbow flexion and extension) or 30 repetitions
(knee flexion and extension) at 120° s~'. Due to software
failure while the subjects (4 GYM) were performing the
120° s~ ! knee flexion/extension measurement this isoki-
netic contractile velocity was not used for data analysis.
Subjects were instructed to provide a maximum effort
with a standard ‘““‘cheering on” approach. Because of the
high intensity of muscular dynamic strength required to
perform the isokinetic test and to prevent muscular injury
the UNT group was not tested.

Statistical analysis

All data are presented as means + SE. Data were ana-
lyzed using one-way ANOVA and independent (two-si-
ded) r-test statistics. Pearson correlation statistics was
applied to examine the relationship between bone
bending stiffness (ulna and tibia EI), muscular strength
of the elbow and knee, ulnar EI and width or wrist
density. The Student—-Newman—Keuls test was used to
evaluate the individual group differences after significant
differences were established by ANOVA. All tests of
statistical significance were set at P <0.05. Either a sta-
tistical software program SPSS version 10.0 (SPSS, Inc.,
Chicago, IL, USA) or a program developed by S.A.
Glantz (Primer of Biostatistics, copyright 1988 by
McGraw Hill, Inc.) was used for data analysis.

Results
Physical characteristics and history

Subjects’ physical characteristics are presented in Ta-
ble 1. The age and weight of these two groups of athletes
were nearly equal. However, SYN averaged 16 cm taller
than GYM, and UNT averaged were 5 cm taller than
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Table 1 Physical characteristics

and history _ SYN GYM UNT ANOVA
Number of subjects 13 8 16 P value
Values are means+SE in syn- Ao (year) 214+0.47 20+0.37 22+0.07 0.054
chronized swimmers (SYN), g- Height (cm) 168 +0.7 * #* 1520411 * 157412 0.001
ymnasts (GYM), and untrained  wyeight (kg) 61.2£0.7 * ** 58.9+1.0 56.2+1.4 0.011
women (UNT) BMI 21.640.7% ** 257413 % 235408 0.013
ANOVA P value is the result  gkinfold thickness 78.140.7 ** 68.3+0.8 - 0.05
from comparison of groups (sum of 5) (cm)
* P <0.05 difference from UN- " Competitive training 10.4+0.51 ** 13.9 (0.57) - 0.001

T, **P<0.05 from GYM (Stu- history (year)

dent-Newman—Keuls test)

GYM. The years of training in GYM exceeded those in
SYN by 3.5 years (P <0.05). The sums of five skin fold
thicknesses between these two groups of athletes were
similar. As shown in Table 2, the average length of the
tibia was 3.3 cm longer in SYN than GYM but similar
in UNT and GYM. Ulnar lengths of the SYN, GYM
and UNT were similar.

Ulnar and tibial bending stiffness

As shown in Table 2, EI obtained from the ulna and
tibia in each group of athletes was greater than in UNT
(P<0.05). EI in the ulna correlated with EI in the tibia
in athletes (r=0.654, P=0.001, n=21, Fig. 3) but not in
UNT. Average tibial EI cm™", expressed per centimeter
of bone to adjust for the longer tibia in SYN than GYM
was similar in both groups (7.6£0.04 in SYN wvs.
8.13+0.46 Nm? /cm in GYM, NS). When EI in the ulna
is adjusted to body weight for sufficiency (S), the highest
values are shown in GYM compared to SYN and UNT
(P=0.056). S in the tibia is similar in both athletic
groups and greater than in UNT (P=0.001).

Ulnar width and wrist density

As enumerated in Table 2, the widths of the ulnas in
each group were different from one another with GYM
showing the highest, SYN slightly lower and UNT the
lowest diameter (P=0.001). The widths in GYM were
greater than in SYN. BMD in the wrist was greatest in

GYM, intermediate in UNT and lowest in SYN. Ulnar
width was correlated with EI in the athletes (r=0.546,
P=0.05) and in all 37 subjects (r=0.497, P=0.002,
Fig. 4). BMD was barely related to width in the athletes
(r=0.427, P=0.053, n=21) but not in UNT or all 37
subjects. BMD was unrelated to E7 in athletes (r=0.027,
NS) and/or UNT (r=0.159, NS).

Muscle strength

The isokinetic strength measurements for the elbow and
knee flexors and extensors for both groups of athletes
are listed on Table 3. GYM had higher elbow flexor
strength than SYN measured at the 60 (P <0.05) and
120° s~' (P<0.01). SYN had stronger knee extensor and
flexor strength (P<0.05) than GYM measured at
200° s~ !. Peak torque of knee extensor and flexors
measured at a slower isokinetic velocities (i.e. at 60° s ')
and average power measured at 30-repetitions with
120° s~ ! flexion/extension were not statistically different
between the groups. Tibia ET values correlated with knee
flexor strength measured at 60°s™' (r=0.44, P<0.02)
and elbow extensor strength at 200°s™' (r=0.41,
P <0.05). However, ulna EI was unrelated to any mea-
surement of muscular strength.

Discussion

The most interesting result in our study was the simi-
larity of bending stiffness in the long bones of GYM and

Table 2 Ulna bending stiffness (£1), sufficiency, width and bone density of the wrist (BMD) length and Tibia EJ, sufficiency, and length in
two groups of athletes (SYN and GYM) and one group of untrained controls (UNT)

ANOVA
SYN GYM UNT P

Number of subjects 13 8 16

Ulna-EI (Nm?) 40.6+5 * 42.3 4% 26.8+4 0.015
Ulna sufficiency (Pcr.BW ™) 9.5+1.1* 11.8+1.1* 8.2+0.7 0.056
Ulna length (cm) 25.8+0.5 24.8+0.6 24.6+0.2 0.057
Ulnar width (mm) 12.54£0.3%** 13.7+0.3* 10.5+0.2 0.001
Wrist BMD (g4cm2) 0.414£0.01%,** 0.540 +£0.02* 0.474+0.01 0.001
Tibia- EI (Nm~) 270 +£42% 285 +£49* 125+6 0.001
Tibia, sufficiency (PcrBW 1) 30+£4 * 35+4 * 18+0.7 0.001
Tibia length (cm) 38.3+£0.7% ** 35.0+0.8 343+04 0.001

Values are means + SE. *P <0.05 difference from UNT (Student—-Newman—Keuls test),

**P <0.05 difference from GYM (Student—Newman—Keuls test)
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Fig. 4 The relationship of bending stiffness in the ulna to width of
the bone in SYN (filled triangle), GYM (filled square) and UNT
(filled circle). Width was measured with calipers on the image of a
bone record, 30 mm from the junction of the ulna and radius
(r=0.497, P=0.002)

SYN in spite of differences in muscular loading histories.
Bending stiffness in the ulna and the tibia of the athletes
was more than twice as high as in UNT, an indication of
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greater bone strength of the athletes than the untrained
females. Training initiated during the growing years and
continued at maximum effort during growth probably
accounted for the differences in athletes and UNT
(Courteix et al. 1998). Taafe et al. (1997) did not think
earlier training influenced bone parameters in collegiate
swimmers and runners, but the type and duration (i.e.
hours per day) of training undertaken by world-class
athletes in our study undoubtedly had some effect on
their bone and muscle strength. Training for synchro-
nized swimming involves long hours of highly repetitive
exercises that use a variety of arm and leg sculling ac-
tions to accelerate, decelerate, rotate, turn, propel and
lift the body out of the water. Synchronized swimmers
develop a great deal more muscle strength in the lower
extremities than regular distance swimmers who develop
upper body strength (Elmslander et al. 1998). On the
other hand, gymnastics is a sport with high-impact
loading activity involving acceleration, deceleration,
pushing and pulling movements with more muscle
strength in the upper than lower extremities in a gravi-
tational environment.

We expected higher BMD and EI values in GYM
than SYN because of the well-known effect of high-im-
pact exercise on bone mass (Snow-Harter et al. 1990;
Taafe et al. 1997) and the well-known relationship of
bone mass and strength (Weinstein 2000). Bone density
of the distal ulna was higher in GYM than in SYN but
there was no relationship between bending stiffness and
bone density in the ulna. The lowest EI values were
found in the UNT group with an intermediate bone
density value relative to SYN and GYM. The important
determinant of bending stiffness in the ulna in this study
was the bone width, greater in athletes than UNT. There
was a trend for width to be related to bone density in the
athletes (P=0.053), but clearly no relationship between
bone density and EI If ulnar EI is adjusted for body
weight, the maximal axial load capacity of the bone in
terms of body weights (sufficiency) can be estimated. The
highest value is in the GYM group, that is, a GYM ulna

Table 3 Peak torque (N-m) and
average power (W) of knee and

elbow flexor strength in two
groups of athletes

Values are means = (SE)
SYN synchronized swimmers,
GYM gymnasts, Ave average,

SYN (n=13) GYM (n=28) t-test

Knee flexor strength

Peak torque 60° s~ 71.4+3.80 71.4+6.3 NS

Peak torque 200° s~ 114.8+13.4 65.1+4.7 *

Ave power (W) 56+2.2 51+3.7 NS
Knee extensor strength

Peak torque 60° s~ ' 114.8+6.9 121.2+13.3 NS

Peak torque 200° s~ 179.8 £8.5 116.1£19.9 o

Ave power (W) 74.3+4.3 72.3+6.9 NS
Elbow flexor strength

Peak torque 60° s~ 31.9+2.0 42.1+3.9 *

Peak Torque 120° s~ 26.8+1.8 38.3+3.6 o

Peak torque 200° s~ ! 96.9+5.6 90.6+8.2 NS

Ave power (W) 25+1.7 31+£22 NS
Elbow extensor strenlgth

Peak torque 60° s~ 53.6+4.6 61.2+6.1 NS

Peak torque 120° s~ 44.6+34 48.5+4.1 NS

Peak torque 200° s~! 81.6+6.0 91.8+8.3 NS

Ave power (W) 40+2.8 40+2.7 NS

NS not significant
*P<0.05; **P<0.01
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could support nearly 12 times her body weight, more
than the 9.5 or 8.2 body weights supported by SYN or
UNT, respectively. Although the ET values were similar
in GYM and SYN, it is clear that the GYM ulna had the
greatest strength in reference to body weight when
compared to the other groups. Myburgh et al. (1993)
found the greater width of the ulna to be a significant
predictor of EI in men who were highly active compared
to less or moderately active individuals. Duncan et al.
(2002a, 2002b) found the medullary cavity cross-sec-
tional areas in femurs to be wider in athletes exposed to
low rather than high-load sports, a structural difference
that would enhance the mechanical strength of bone. An
increase in bone width is an adaptation in bone
remodeling to compensate for mineral loss with age and
maintain strength in the human radius (Burr and Martin
1983).

The magnitude and distribution of the strain gener-
ated in bone by synchronized swimming is clearly dif-
ferent than that induced by gymnastics (Rubin and
Lanyon 1987). Gymnastics provides a high-impact- load
that is a well-known osteogenic stimulus for the accrual
of bone mineral (the “E” component of bending stiff-
ness) in the ulna and tibia. In synchronized swimming,
the nature of the stimulus that influences the architecture
of bone is not yet identified. We speculate that the
stimulus to bone must come from repetitive high-veloc-
ity muscular contractile force since two of our muscle
strength measurements correlated with EI in the tibia.

Differences in muscular strength between these well-
trained gymnasts and synchronized swimmers may be
explained by differences in training techniques, training
activities or volume and cross-training activity during
the off-season. The exposure to some cross-training that
used strength training devices or running activity in
synchronized swimmers and in gymnasts is a possible
explanation for the non-significant difference in ulna and
tibia bending stiffness. Our study showed greater knee
flexion and extension strength of high velocity (i.e.
200° s~') in the synchronized swimmers than the gym-
nasts. This is because synchronized swimmers exert an
equal amount of “moderate to high” velocity muscular
contractile force from the upper and lower limbs. The
greater high-velocity muscle strength in knee extensors
and flexors in SYN than GYM may well have influenced
the EI of the tibia. The observed relationship between
tibia EI and muscle tensile force in elbow extensor at
200° s~' and knee flexor at 60° s~' suggest that high
muscle tension may contribute to an osteogenic stimulus
for bone growth or remodeling. The width of the ulnas
in SYN and GYM was clearly greater than in UNT.
There is little information on bone strength development
in synchronized swimming.

The methodology we used to quantify bending stiff-
ness may not have been sensitive enough to detect fine
structural differences in the long bones of athletes ex-
posed to different types of training even though there
was a clear separation of EI in UNT and the athletes.
We were also limited by group size and the rarity of

world-class athletes. EI was similar in both groups of
athletes in spite of such different loading histories and a
slightly higher ulnar width in GYM than SYN. The
technique is well validated not only by us in the non-
human primate (Roberts et al. 1996; Hutchinson et al.
2001) but also by others (Lowet et al. 1991). There are
significant differences in ulnar EI in right and left han-
ded men (Arnaud et al. 1991). McCabe et al. (1991) re-
ported lower EI in ulnas of older than young women and
Kiebzak et al. (1999) reported low ulnar £/ in women
with osteoporosis. There is greater EI in highly active
men compared to moderately active men (Myburgh
et al. (1993).

We were interested in acquiring information on
young females with training in different environments
required to become national and Olympic level syn-
chronized swimmers and gymnasts. One cannot rule out
genetic influences on bone structure despite differences
in muscular loading histories and length of training in
their respective sport events. Genetics is recognized to be
a major determinant in the development of the skeleton
with genes that regulate not only bone mass but also
structural and material properties (Blank 2001). Indi-
vidual biological variation of genetic origin in our data
for bending stiffness is suggested by the correlation of ET
in the ulna and tibia in both athletic groups (Fig. 3).

To summarise we have found similarities in bending
stiffness of two long bones in national and Olympic level
competitive synchronized swimmers chronically exposed
to a buoyant environment and in gymnasts who trained
with high-impact loading activity. World-class athlete’s
values in bending stiffness of the ulna and tibia were
more than twice those determined in untrained controls.
Whether bending stiffness in the bones of the synchro-
nized swimmers was related to their genetic history or to
the physical training for their sport is uncertain. Nev-
ertheless, it is clear that bone strength similar to that in
gymnasts can be generated by vigorous physical training
of the type used in synchronized swimming.
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