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Introduction

Exercise during growth has the potential to result in large
(and clinically important) increases in bone mass that would
reduce the risk of fracture if maintained into later life'”.
However, the clinical significance of this increase in bone mass
is influenced by whether the bone is laid down on the periosteal
or endocortical bone surfaces. Expansion at the persiosteal sur-
face (i.e., increasing bone size) provides the optimal biome-
chanical advantage. For instance, if two bones have a similar
cortical area (i.e., bone mass) but one is a bigger bone (i.e., larg-
er in diameter), then the larger bone will be stronger when bent
or twisted. This is because in the bigger bone, the mass of the
bone is further from the central axis which translates to
increased load-bearing capacity (because the moment of inertia
increases as a function of radius raised to the power of four?).

These biomechanical principles have important implica-
tions for the interpretation of bone density data because it is
possible that changes in bone geometric structure may affect
bone strength with or without significant changes in bone
density™®. Consequently, understanding where bone is
accrued is a critical component of understanding the success
of any intervention aimed at increasing bone strength.

Changes in bone geometry in response to exercise in chil-
dren or adults have rarely been investigated, and little is known
about how loading affects the size and shape of cortical bone
during different stages of maturation”". It has been proposed
that loading during growth would result in an increase in bone
accrual at the surfaces undergoing apposition’. This hypothesis
has sound biological basis because the development of the
skeletal phenotype is dependent on the interaction between
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genes regulating body size and bone mass, hormones and the
loading environment experienced in everyday living''%, Thus,
it would follow that additional loading would enhance the
effect of growth. Therefore, to understand the effect of loading
during growth one must first understand how the surfaces of
cortical bone are shaped during the growth process.

Changes in bone geometry during growth

Growth in the external size of a long bone, its cortical
thickness and the distribution of cortical bone about the neu-
tral axis is determined by the absolute and relative behavior
of the periosteal and endocortical bone surfaces along the
length of the bone*". Before puberty, periosteal apposition
accounts for most of the increase in cortical area, this is part-
ly offset however by the enlarging marrow cavity due to
endocortical resorption. The net result is an enlarged corti-
cal area located further from the neutral axis, leading to
increased resistance to bending’. Late in puberty, periosteal
apposition continues and is now accompanied by endocorti-
cal apposition', leading to an increase in cortical thickness.

The temporal sequence of events in boys tracks that of
girls before puberty. Sexual dimorphism occurs during
puberty and is characterized by boys exhibiting greater
perisoteal expansion late in and post-puberty, and the
absence of any endocortical contraction. Thus, in boys, the
net result is the attainment of a greater cortical area that is
located further from the axis of rotation compared to girls".

The skeleton’s temporal sequence of events due to growth
are not only surface-specific but also region-specific with
more rapid maturation of distal than proximal regions.
Distal segments of the appendicular skeleton mature before
the proximal segments'’. Similarly, contraction of the
medullary cavity occurs in a distal to proximal pattern®**,

The effect of additional loading on bone geome-
try during growth

If additional loading does enhance the effect of growth
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then it would follow that exercise during childhood would
result in an increase in periosteal but not endocortical appo-
sition. Late in puberty, and in the immediate years following
puberty the predominant effect would be narrowing of the
medullar cavity due to endocortical apposition. This maturi-
ty-dependent preferential change in cortical surfaces with
mechanical loading has been demonstrated in animals™>"".
Younger animals showed greater periosteal expansion, while
older animals showed greater medullar cavity narrowing.
Reduced mechanical loading through limb immobilization
or weightlessness also leads to preferential changes at the
cortical surfaces: younger animals show a greater periosteal
response (inhibition of bone formation), while older animals
showed a greater endocortical response (increased resorp-
tion)u(”lg.

The results of human studies however are equivocal; for
instance, consistent with this proposal is the finding that pre-
pubertal female gymnasts had a larger total bone area
(periosteal expansion) of the forearm despite a smaller
stature'. While the playing arm in adult tennis players
resulted in no detectable change to the total bone area of the
radius, it did however result in thicker trabeculae®. Exercise
also led to medullary contraction (but no periosteal expan-
sion) at the tibia in adult military recruits®’. In contrast, load-
ing in pre-pubertal female gymnasts and non-athletic boys
resulted in increased cortical area at the mid-femoral shaft
due to endocortical contraction, not periosteal expansion”.

The aforementioned inconsistencies in the literature are
likely to partly reflect the limitations imposed by two-dimen-
sional measures (i.e., X-ray) of a three-dimensional struc-
ture (i.e., bone). Radiographs and dual energy X-ray absorp-
tiometry (DEXA) provide a two-dimensional projection of
bone in the coronal plane which integrates periosteal and
endocortical changes in the medio-lateral, not antero-poste-
rior direction. Predicting changes using two-dimensional
projections makes the flawed assumption that the bone is
cylindrical and that the osteogenic response is uniform.
These measurements in one plane do not provide informa-
tion about changes that may occur cross-sectionally because
of bone modelling. The cortical bone could be contracting in
one plane but expanding in the other to resist bending
moments. For this reason analysis of the cross sectional
bone geometry is imperative. Furthermore, inferences from
one or two measures at a site may not provide an accurate
representation of changes that occur along the length of the
bone**. Measuring techniques (MRI or CT) that provide a
cross sectional view in the transverse plane is required for a
more accurate assessment of surface specific changes in long
bones. MRI is useful (particularly in children) because of the
ability to collect images along the whole length of the bone
without any radiation exposure.

In a recent study, MRI was used to compare the side-to-
side differences in bone traits in the arms of competitive
female tennis players during different stages of maturation®.
The key findings were that loading did magnify the structural
changes produced during growth. Prior to puberty, loading
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magnified periosteal apposition along the length of the shaft;
at the mid-humerus loading resulted in increased endocorti-
cal resorption (medullary expansion). During the post-puber-
tal period loading magnified the effect of endocortical appo-
sition (medullary contraction), which makes an important
contribution to cortical thickness in females. In fact, endo-
cortical apposition accounted for most of the greater side-to-
side difference attained in the post-pubertal years.

Most of the structural changes due to loading occurred
early in the pre-pubertal years because adaptive changes in
response to loading were sufficient to reduce the strains in
bone that may lead to microdamage if not decreased™?. The
only additional benefit achieved from tennis training later in
puberty was contraction of the medullary cavity. The rising
estrogen levels during puberty are thought to lower the bone
(re)modeling threshold on this surface, and thus sensitize
bone next to marrow to the effect of mechanical loading®.
Interestingly, medullary contraction did not confer any addi-
tional increase in the structural rigidity of the bone.

Sex-specific effect of additional loading on bone
geometry during growth

Little is known about how gender may influence the struc-
tural response to loading during growth and aging. For
instance, it is not known if the effect of loading on the sur-
faces of cortical bone is similar in boys and girls during dif-
ferent stages of puberty. Pre-pubertal growth of the male
and female skeleton is regulated by growth hormone and
IGF-1". During pubertal skeletal growth, estrogen produc-
tion in females inhibits periosteal apposition but stimulates
the acquisition of bone on the endocortical surface by either
stimulating bone formation or reducing bone resorption®.
In contrast, testosterone secretion in males results in contin-
ued periosteal expansion and has little effect at the endocor-
tical surface. Thus, in females, peak bone size and cortical
area are the result of periosteal and medullary expansion in
the pre- and peri-pubertal years, and medullary contraction
in the post-pubertal years. In contrast, in males, peak bone
size and cortical area is predominantly determined by move-
ment at the periosteal surface.

As the skeletal response to loading appears to be regulat-
ed in part by the growth process, loading during and after
puberty may result in different surface-specific responses in
males and females. Importantly, loading before puberty may
result in periosteal expansion in both sexes, whereas loading
after puberty may result in periosteal expansion in males but
only endocortical contraction in females. This notion is sup-
ported by our work in female tennis players® and our prelim-
inary work in male tennis players (SL Bass, unpublished). If
these data in boys are validated then it would follow that the
window of opportunity for exercise to increase bone size
would be greater in males than in females. This would then
have important implications for the prescription of exercise
for improved bone health in males and females.



References

10.

11.

Cumming SR, Black DM, Nevitt MC, Browner W,
Cauley J, Ensrud K, Genant HK, Palermo L, Scott J,
Vogt TM. Bone density at various sites for prediction of
hip fracture. The study of osteoporotic fracture research
group. Lancet 1993; 341:962-963.

Bass S, Pearce G, Bradney M, Hendrich E, Delmas P,
Harding A, Seeman E. Exercise before puberty may
confer residual benefits in bone density in adulthood:
studies in active prepubertal and retired female gym-
nasts. J Bone Miner Res 1998; 13:500-507.

Kannus P, Haapasalo H, Sankelo M, Sievanen H,
Pasanen M, Heinonen A, Oja P, Vuori I. Effect of start-
ing age of physical activity on bone mass in the domi-
nant arm of tennis and squash players. Ann Intern Med
1995; 123:27-31.

Turner CH, Burr DB. Basic biomechanical measure-
ments of bone: a tutorial. Bone 1993; 14:595-608.
Smith EL, Gilligan C. Dose-response relationship
between physical loading and mechanical competence
of bone. Bone 1996; 18:45S-50S.

Ammann P, Rizzoli R, Meyer JM, Bonjour JP. Bone
density and shape as determinants of bone strength in
IGF-I and/or pamidronate-treated ovariectomized rats.
Osteoporos Int 1996; 6:219-227.

Ruff CB, Walker A, Trinkaus E. Postcranial robusticity
in Homo. III: Ontogeny. Am J Phys Anthrop 1994;
93:35-54.

Bass S, Saxon L, Daly R, Turner C, Robling A, Seeman
E, Stuckey S. The effect of mechanical loading on the
size and shape of cortical bone in pre-, peri- and post-
pubertal girls: A study in tennis players. J Bone Miner
Res 2002; 17:2274-2280.

Petit MA, McKay HA, MacKelvie KJ, Heinonen A,
Khan KM, Beck TJ. A randomized school-based jump-
ing intervention confers site and maturity-specific ben-
efits on bone structural properties in girls: a hip struc-
tural analysis study. J Bone Miner Res 2002; 17:363-
372.

Kontulainen S, Sievanen H, Kannus P, Pasanen M,
Vuori I. Effect of long-term impact loading on mass,
size, and estimated strength of the humerus and radius
of female racquet-sports players: a peripheral quantita-
tive computed tomography study between young and
old starters and controls. J Bone Miner Res 2002;
17:2281-2289.

Klein R, Turner R, Skinner L, Vartanian K, Serang M,
Carlos A, Shea M, Belknap J, Orwoll ES. Mapping
quantitative trait loci that influence femoral cross-sec-
tional area in mice. J Bone Miner Res 2002; 17:1752-

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

S.L. Bass: Exercise and bone structure

1760.

Frost HM, Schonau E. The "muscle-bone unit" in chil-
dren and adolescents: a 2000 overview. J Pediatr
Endocrinol Metab 2000; 13:571-590.

Seeman E. Clinical review 137: Sexual dimorphism in
skeletal size, density, and strength. J Clin Endocrinol
Metab 2001; 86:4576-4584.

Bass S, Delmas PD, Pearce G, Hendrich E, Tabensky
A, Seeman E. The differing tempo of growth in bone
size, mass, and density in girls is region-specific. J Clin
Invest 1999; 104:795-804.

Steinberg ME, Trueta J. Effects of activity on bone
growth and development in the rat. Clin Orthop 1981;
156:52-60.

Woo SLY, Kuei SC, Amiel D, Gomez MA, Hayes WC,
White FC, Akeson WH. The effect of prolonged physi-
cal training on the properties of long bone: a study of
Wolff’s law. J Bone Joint Surg 1981; 63A:780-787.
Jarvinen T, Pajamaki I, Sievanen H, Vuohelainen T,
Tuukkanen J, Jarvinen M, Kannus P. Femoral neck
response to exercise and subsequent deconditioning in
young and adult rats. J Bone Miner Res 2003; 18:1292-
1299.

Lanyon LE. Control of bone architecture by functional
load bearing. J Bone Miner Res 1992; 7(Suppl.):S369-
S375.

Dyson K, Blimkie CJR, Davison S, Webber CE, Adachi
JD. Gymnastic training and bone density in pre-adoles-
cent females. Med Sci Sports Exerc 1997; 29:443-450.
Ashizawa N, Nonaka K, Michikami S, Mizuki T,
Amagai H, Tokuyama K, Suzuki M. Tomographical
description of tennis-loaded radius: reciprocal relation
between bone size and volumetric BMD. J Appl Physiol
1999; 86:1347-1351.

Margulies JY, Simkin A, Leichter I, Bivas A, Steinberg
R, Giladi M, Stein M, Kashtan H, Milgrom C. Effect of
intense physical activity on the bone-mineral content in
the lower limbs of young adults. J Bone Joint Surg Am
1986; 68:1090-1093.

Robling AG, Hinant FM, Burr DB, Turner CH.
Improved bone structure and strength after long-term
mechanical loading is greatest if loading is separated
into short bouts. J Bone Miner Res 2002; 17:1545-1554.
Frost HM. The mechanostat: a proposed pathogenic
mechanism of osteoporosis and the bone mass effects of
mechanical and nonmechanical agents. Bone Miner
1987; 2:73-86.

Lanyon LE. Functional strain in bone tissue as an objec-
tive and controlling stimulus for adaptive remodelling. J
Biomech 1987; 20:1083-1093.

Frost H. Perspective. On the estrogen-bone relation-
ship and postmenopausal bone loss: a new model. J
Bone Miner Res 1999; 14:1473-1477.

347



