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ABSTRACT

Heinonen, Ari

Exercise as an osteogenic stimulus

Jyviskyla: University of Jyviskyld, 1997

(Studies in Sport, Physical Education and Health,

ISSN 0356-1070;49)

ISBN 95139-0014-2

Thivistelmi

Diss.

The objective of the present study was to search for an effective exercise mode for
strengthening the bones of young and pre- and perimenopausal healthy women in
terms of bone mineral density (BMD), bone mineral content (BMC) and selected
mechanical characteristics. Altogether 444 healthy women were involved in six
experiments comprising two cross-sectional studies, two controlled trials and two
randomized controlled trials. The subjects were female athletes and sedentary or
physically active premenopausal young and perimenopausal middle-aged women.
Information on living habits and health status was obtained with detailed questionnaires.
BMD and BMC and bone dimensions were measured by dual energy X-ray
absorptiometry. Maximum isometric strength, muscular and cardiorespiratory
performance,and dynamic balance were assessed with standard methods. The training
programs lasted 12-18 months and consisted of strength training, calisthenics, endurance
training, and high-impact training. In the cross-sectional studies the squash players and
weightlifters had significantly higher (7-19%) weight-adjusted BMD values than
sedentary referents at all the measured sites except the femoral neck of the weight
lifters. Unilateral training showed nonsignificant BMD and BMC changes. For the
BMD of the femoral neck, the linear trend in the endurance group was significantly
different (p=0.043) from that of the control group, the trend indicatinga maintenace of
the prestudy BMD level. The 18-month high-impact training resulted in significant
increases in BMD at the loaded sites. These increases amounted to 1.4 - 3.7% in the
training group in contrast to changes of 0-1.8% in the control group. The present results
indicate that the important components of osteogenic exercise stimulus in
premenopausal womenare highstrainratesand high peak forces in versatile movements.
Furthermore, when the repetitive loading magnitude is low, the number of loading
cycles is likely to increase in significance for improved bone characteristics.

Key Words: bone dimensions, bone mineral, bone mineral density, endurance training,
exercise, high-impacttraining, loading characteristics, osteoporosis, strength training.
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1 INTRODUCTION

Osteoporotic fractures in the elderly are a world-wide epidemic and the predicted aging of
populations will accentuate the burden of these fractures on health care systems. The
prevailing view is that the major determinant of fracturerisk is bone mineral density (BMD)
(Cummings et al. 1993, Cummings et al. 1995, Kleerekoper 1995). BMD accounts for
80% - 90% of the variance in the strength of the proximal femur (Lotz and Hayes 1990,
Courtney et al. 1994). The risk of hip fracture is approximately doubled for every standard
deviation reduction in BMD (Hayes et al. 1996). Thus measures to maximize peak bone
mass and maintain bone mass or decrease bone loss would reduce the fracture risk of
elderly people. Epidemiological, clinical and experimental exercise studies, in turn, indicate
that physical activity is effective in improving and maintaining bone mass and strength and
thus in helping to prevent osteoporotic fractures (Johnston and Slemenda 1993, Mosekilde
1995, Kannus et al. 1996). However, the type, intensity, frequency, and duration of exercise
that provide maximum anabolic stimulus in bone are still largely unknown (Gutin and Kasper
1992).

The basic form and development of bones of the skeleton are genetically determined,
but their final mass and architecture are governed by an adaptive mechanism sensitive to
the mechanical environment. Over 100 years ago, Wolff (1892) suggested that bone will
accommodate the habitual stress that is imposed uponit. With Wolff’s observation in mind,
Frost (1987) proposed his “mechanostat theory” to explain the adaptations of bone
architecture and mass to its typical mechanical environment. The mechanostat theory
maintains that bone adapts through different biological processes within strain ranges or
thresholds for bone modeling drift and remodeling. This theory supports the basic biological
explanation of the importance of exercise for bone (Mosekilde 1995). In addition, four
primary strain variables have been shown to be associated with the regulation of bone mass,
namely, strain magnitude, strain cycles, strain rate and strain distribution (Lanyon 1987,
1996). These variables can be included in various sports and exercise modalities. Thus it
may be possible to study the effects of exercise on skeleton using cross-sectional models
for different athlete groups to determine the type of exercise which best enhances bone
mass. Using the results of cross-sectional studies, intervention studies can then be designed
to provide further evidence of the effects of diverse exercise types.



2 REVIEW OF THE LITERATURE

2.1 Bone properties

Owing to the inorganic salts impregnated in its matrix, bone differs from other connective
tissue by its rigidity and hardness. Bone is both a structural and a metabolic tissue. It serves
the following three functions: it supports the body against gravity and acts as a rigid lever
system for muscular action; it protects the soft tissues of vital organs and bone marrow; and
it acts metabolically as a reserve of ions, especially calcium, for the entire organism.

Bone has two basic architectural structures and is formed of cortical and trabecular
bone. Cortical bone is dense solid mass with only microscopic spaces and channels. It
covers the external part of the bones. Trabecular bone consists of a lattice of rods, plates
and arches. In the long bones, the diaphysis is primarily compact in structure, whereas the
epiphysis and metaphysis are mainly filled with trabecular bone. Cortical and trabecular
bone have the same matrix composition and structure. Cortical bone comprises 80% and
trabecular bone 20% of the skeletal mass. Trabecular bone is metabolically more active
than cortical bone (Jee 1988, Baron 1993, Buckwalter et al. 1995), and, as a structure, it is
much less stiff and also weaker than cortical bone (Currey 1984).

Adult bone, whether cortical or trabecular, is lamellated. The parallel orientation of
collagen fibers alternates from layer to layer and therefore resembles multiple layers of
plywood. A circular ring of lamellae can be arranged concentrically around a longitudinal
channel centered on a blood vessel, osteon or Haversian system. Each Haversian system is
bound by its cement line across which canaliculi pass. The thin tubular channels, canaliculi,
connect small lacunae. Entrapped bone cells, or osteocytes, lying in lacunae and within
canaliculi communicate through gap junctions. The cortical osteons are cylindrical structures,
whereas the trabecular osteons, or packets, are shaped like shallow crescents. Lamellar
bone is formed much more slowly than woven bone, in which the collagen fibers are oriented
almost randomly (Jee 1988, Baron 1993, Currey 1984).

Bone tissue consists of 76% inorganic salts and 24% organic matrix. The matrix is
composed primarily of proteins, glycoproteins, and polysaccharides. Ninety percent of the
organic matrix is formed by type I collagen fibers, usually oriented in preferential directions,
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and noncollagenous proteins (Baron 1993). The amorphous ground substance, which is
composcd of glycoproteins and proteoclycars, is a noncollagenous cementing substance in
which collagen fibers and crystals are embedded. The inorganic components are mainly
spindle- or plate-shaped crystals of hydroxyapatite and amorphous calcium phosphate (Jee
1988, Baron 1993, Currey 1984).

This special organization of organic and inorganic materials, as well as the cylindrical
form and trabecular network of the bone, results in a combination of strength and lightness.
These qualities provide maximum mechanical support with minimal mass (Currey 1984,
Kimmel 1993, Mosekilde 1993). The cylindrical bone is mechanically more efficient in
bending than solid bone is, and the ends of the trabecular network of long bones is associatcd
with the linear principal stress acting upon a bone. In addition it absorbs impact loads
applied across synovial joints. Thus the configuration of bone is designed to provide strength
in direct response to weight-bearing stress (Currey 1984, Oxnad 1993).

2.1.1 Bone turnover

Three biological mechanisms are involved in bone turnover at tissue level. Each of these
mechanisms has a specific purpose - growth determining the bone size, modeling determining
the shape and remodeling maintaining the functional competence of bone. These mechanisms
can affect bone mass and respond to mechanical usage in specific ways (Frost 1987, 1988).

Growth can be defined as a genetically programmed enlargement of the entire
skeleton, and it is driven by circulating systemic agents and local factors. During growth
the activation of muscles and weight-bearing exercise form a mechanical environment that
induces the cellular activity to achieve and maintain the normal architecture, shape and size
of the skeleton. Growth itself requires modeling to accommodate changes and dimensions
while also maintaining relative proportions in specific bones. In humans the growth of bone
stops around 16-18 years of age. Growth cannot remove bone but can only add to it (Jee
1988, Frost 1987, 1991b, Parfitt 1994). Consequently, around the age of 20 years “peak
bone mass” and density is achieved as a result of growth and modeling (Matkovic et al.
1994, Haapasalo et al. 1996). In healthy persons the suggested main determinants of peak
bone mass are race, sex, heredity, hormonal status, nutrition and physical activity (Ott
1991). During growth, skeleton is especially sensitive to mechanical stimuli (Loitz and
Zernicke 1992, Biewener and Bertram 1993, Forwood and Burr 1993, Kannus etal. 1995),
which may have important consequences on bone mass later in life.

The modeling is defined as the simultaneous removal and formation of bone at
different sites by the two mediator mechanisms called resorption and formation drifts.
Osteoblasts (bone forming-cells) in formation drifts add new bone, and osteoclasts (bone-
resorbing cells) remove bone in resorption drifts over broad surface regions during the
modeling process (Frost 1987, 1990a, 1991a, 1991b). Frost (1990a) recognizes two kinds
of modeling. Micromodeling organizescells and collagenduringtheir formation to determine
the kind of tissue being formed. Macromodeling controls the gross shapes, sizes, strengths
and anatomy of joints, bones, tendons and other organs. For trabeculae these drift patterns
arecalled minimodeling (Frost 1990a). When growth stops, so usually does macromodeling;
nevertheless, unlike macromodeling, micromodeling can continue throughout life (Frost
1990b, Kimmel 1993). Modeling increases bone strength by improving geometric properties
and adding mass (Kimmel 1993). Macromodeling is thought to add new bone at the
periosteumn (which lines the external surface of bone) and endosteum (which lines marrow
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cavity), while micromodeling thickens and rearranges the individual trabeculae (Lanyon et
al. 1982, Frost 1991a, Kimmel 1993).

Remodeling is defined as the removal of old bone and the formation of new bone at
the same site at different times. Remodeling replaces aged bone and possibly also repairs
microcracks (Turner 1991). It occurs at scattered locations on bone surfaces and turns
bone into abiologically coupled activation-resorption-formation sequence (Jee 1988, Dalsky
1990, Frost 1990b, 1992, Baron 1993). In the bone replacement process lamellar bone is
turned over in small packets named basic multicellular units (Jee 1988, Parfitt 1984, Frost
1990b, 1992). Normally, 80% or more of free bone surface is quiescent with respect to
remodeling (Parfitt 1984). In a normal adult person, activation and resorption last one
month and formation another three months; thus the time scale for one complete remodeling
cycle, called sigma, is about four months (Jee 1988, Frost 1989). Mineralization is completed
in another three to four months ( Jee 1988). Basic multicellular units act throughout life on
periosteal, Haversian, cortical-endosteal and trabecular surfaces (Frost 1988, 1991b, 1992).
Bone remodeling can increase bone mass, especially along cortical-endosteal and trabecular
surfaces, if resorption cavities are overfilled with new bone, or it can decrease bone mass
by underfilling resorption cavities (Turner 1991). Bone remodeling is a complex process
that is regulated by the balance that occurs between mechanically prompted physiological
signals and signals due to systemic nonmechanical factors (polypeptide, steroid, and thyroid
hormones) as well as local factors (growth factors and prostaglandins) (f.anyon 1987, 1990,
1996, Canalis 1993).

2.1.2 Biomechanical properties

Strength and stiffness are two important mechanical properties of bone (Currey 1984). The
strength of the structure can be defined as the load at the yield or failure points, or as the
ultimate load, depending upon the circumstances (Martin and Burr 1989, Einhorn 1992,
Turner and Burr 1993). Strength is an intrinsic property of bone and is independent of its
size. Therefore, in the life sciences bone strength is often reported in units of force and in
engineering studies in terms of stress or as intrinsic strength (Turner and Burr 1993).
When a load in a known direction is placed on a structure, the deformation of that
structure can be measured and plotted on a load-deformation curve, and the strength and
stiffness can be determined (Nordin and Frankel 1980). The stiffness or rigidity of the
structure is determined as the slope of the load-deformation curve. For normal loading
(tension or compression), the stiffness is known as the modulus of elasticity, or Young’s
modulus, and it is equivalent to the slope of the linear part (elastic region) of the curve
(Martin and Burr 1989, Einhorn 1992). The physiological significance of this property
relates to the fact that forces applied to bone at any point along this line will only deform
the bone temporarily, and, after the load is removed, the bone returns to its original shape
(Einhorn 1992). In addition, the midshaft of along bone has been effectively designed by
nature so that it has the greatest stiffness in the direction of its long axis and its greatest
impact loading resistance occurs in the transverse direction. This phenomenon suggests
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that, in general, bone tissue can be optimized for either stiffness or impact resistance (Cowin
1995).

The mechanical properties of bone structure depend upon both the properties of its
material and its geometry. The concepts of stress and strain are fundamental to bone
biomechanics. These concepts define the properties of material without geometric effects
(Martin and Burr 1989, Einhorn 1992, Turner and Burr 1993). Stress is typically defined as
force per unit area (the unit of stress is the Pascal=Pa), and itcan be classified as compressive,
tensile, or shear. Thus stress can be estimated for the cross-section and cross-sectional
moment of inertia (CSMI) of long bone and calculated using the following formula:

F Mc
S=4" o CaV
where S is stress, F is axial load, A is cross-section of bone, M is bending moment
and c is the distance from the cross-sectional center of mass.
Strain describes the deformation of a material without regard to its structural
geometry. Axial strain can be calculated using Hooke’s law:

€= S— 4. 2
- E (e‘I- ))

where € is axial strain, S is stress and E is Young’s modulus in the axial direction (van
Buskirk 1989). Strain is dimensionless and it is a fraction or a percentage.

Bone strength must be adequate for the mechanical competence required, but bones
must also allow for effective locomotion with minimal weight. Thereby, perhaps the most
obvious features of long bones are that they are thick-walled hollow tubes, expanded at the
ends, and have cancellous rather than compact bone at the expanded ends (Currey 1984).
The assumption that the elements of the skeleton are built from a minimum of material is
logic and seductive. A minimum of material means that the stresses have to be reduced and
they are applied by the force over a cross-sectional surface (Nordin and Frankel 1980,
Kummer 1993). There is no doubt that a hollow cylinder is the least mass solution for
greatest strength during pure bending and also during torsional loading. The mechanical
efficiency of cylinders depends on the CSMI (Figure 1) of the bone, for which the moment
or ratio of the column diameter to wall thickness is critical (Currey 1984, Oxnad 1993).
The implication is that, to minimize the mass for a fixed CSMI, the whole cross-sectional
area should be as far as possible from the neutral axis in order to maximize the ratio of the
column diameter to wall thickness. The larger the CSMI, the less the area and therefore the
less the mass necessary tomaintain a given bending strength. In addition, the material in a
structure farthest from a neutral bending axis experiences the most deformation during
bending (Currey 1984, Kimmel 1993, Turner and Burr 1993). In other words, geometric
properties of a bone refer to the configuration of its mineralized tissue, both the amount
and distribution of which are important (Kimmel 1993).
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Neutral axis

Cortical wall thickness

FIGURE 1 Definition of cross-sectional moment of inertia (CSMI) for a circular hollow tube, where
ry is the outer radius and r; is the inner radius and CWT is the cortical wall thickness.
CSMI is a measure of the distribution of material around a neutral axis.

The distribution of bone mass and bone geometry are connected to bone strength
and stiffness. The CSMI is a geometric property of a structure that describes its resistance
to bending. The strength of a bone in resisting static bending then has to be proportional to
the following formula (Currey 1984):

CSMI
— (ea:3)

Thereby, to have major impact on skeletal strength homeostasis, the CSMI and the
neutral bending axis interact at the periostium (Kimmel 1993, Turner and Burr 1993). The
principle of the CSMI has been applied clinically by noting that femoral neck CSMI is
inversely related to the likelihood of hip fracture (Beck et al. 1992). During exercise-induced
bone loading, bone formation accelerates mainly at the periosteal surface on the bone shaft
(Raabet al. 1991, Raab-Cullen et al. 1994a, Forwood and Turner 1995, Hillam and Skerry
1995). Thus periosteal formation drifts are accelerated by loading because the rate of
osteoblast recruitment is increased. Consequently, the skeleton is not only optimally
strengthened by an increase in bone mass, but also by the placement of the new bone at a
position that has a maximum positive effect on the CSMI (Kimmel 1993, Hillam and Skerry
1995, van der Wiel et al. 1995). In other words, a small increase in new bone at the periosteal
surface increases the CSMI considerably because the CSMI is proportional to the fourth
power of the radius.
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2.2 Mechanical adaptation of bone

Physical loading is an important determinant of bone mass, architecture, and structural
strength. The skeleton’s ability to adapt to load and moment-induced mechanical loading
was recognized over a century ago, and it is now referred to as Wolff’s Law (Wolff 1892).
According tothe law, the function of the cells responsible for mechanically adaptive modeling
and remodeling is presumably to ensure that the variables which they control, such as mass,
architecture, and material properties, are appropriate in relation to the applicd load. Thus a
cascade of events occurs within osteocytes and osteoblasts in response to changes in bone
strain, and these events reflect an adaptation to the imposed loading environment in response
to factors in the strain environment (Lanyon 1987, Martin and Burr 1989, Drinkwater et al.
1995, Smith and Gilligan 1996).

Bone adapts to changes in the effective stresses by adjusting its characteristics in a
direction that tends to keep the internal strain within a physiologically reasonable range
(Figure 2). If mechanical loading or disuse causes the strain level to shift outside the
“customary mechanical range”, the bone takes on a state of overloading or underloading
that leads to bone adaptation and an imbalance between bone formation and resorption.
The adaptation process can be described as a negative feedback control system (Frost
1983, 1987, Currey 1984, Hart and Davy 1989, Schulteis 1991, Turner 1991) that
incorporates Frost’s (1987, 1988, 1990a, 1990b, 1992) main “mechanostat” postulations
and Lanyon’s (1987, 1990) “error signal” concept. According to this approach bone
characteristics arecontrolled by the threshold levels (physiological window) of the mechanical
strain above or below which the adaptation begins in a nonlinear manner (Frost 1988,
1992, 1993, Turner 1991). In addition, the capability of bone to respond to mechanical
loading is probably determined by a genetically controlled set point which has been further
modified by past site-specific loading and several biochemical factors related to age or
disease (and its treatment). The biochemical agents can influence bone mass independently
or they can influence bone structure by changing the set point of the mechanical feedback
system (Frost 1987, 1993, Turner 1991).

Bone turnover

Customary mechanical usage range

MES range -
ne
200 1000 2000 3000 3500

FIGURE2 Bonc adaptation according to the threshold levels of mechanical strain. MES refers to
minimal effective strain range.
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The response of bone to mechanical loads is immediate and is specific to the bone under
load, and involves both cellular and tissue reactions. Skeletal adaptations to mechanical
usage would depend on frequent loading cycles and strain “quality”. These properties can
be determined as the concept of “loading history” (the strain variations a bone has experienced
in the past) (Frost 1994). Although skeletal adaptation depends on the loading history, only
a single period of loading is capable of converting a quiescent periosteum to one which is
actively forming new bone (Turner et al. 1992, Forwood and Turner 1995, Lanyon 1996).
Within five minutes of loading the activity of the enzyme glucose 6-phosphate dehydrogenase
increases within osteocytes and osteoblasts and the increase is related to the magnitude of
the local strain. This process is followed within 24 hours by increased RN A production. In
addition, the first few minutes of dynamic loading are accompanied by the release of
prostacyclin and prostaglandin E (Lanyon 1987, 1992, 1996, Smith and Gilligan 1996).
Both prostaglandin and prostacyclin are produced within the osteoblast layer and can also
act directly on growth factors (Lanyon 1996, Smith and Gilligan 1996). With a single period
of strain change the orientation of proteoglycan molecules increased within the cortical
bone, the osteogenic stimulus lasting for atleast 24 hours (Lanyon 1987, 1992). Furthermore,
Raab-Cullen et al. (1994b) have shown, in their rat model, that external loading three or
four days a week is as effective as daily loading for increasing periosteal bone formation.

Altogether, the strain environment of bones is the product of the loads applied to
them and the variables controlled by their cell populations. It seems likely that strain is the
most convenient parameter for these cells to use for feedback (Lanyon and Rubin 1984,
Martinand Burr 1989, Lanyon 1996). Based on theoretical considerations and animal models,
the primary mechanical variables associated with the regulation of bone mass are strain
magnitude, strain cycles, strain rate and, also, the distribution of the strain within the skeletal
structure (Lanyon 1987, 1996).

2.2.1 Strain magnitude

It has been shown in the animal model that bone formation increases markedly when bone
is subjected to progressively larger magnitudes of strain (Rubin and Lanyon 1984a, Lanyon
1987). Frost has proposed the “mechanostat” theory in which he describes a feedback
control system in which minimum effective strain (MES) is necessary for bone maintenance
(Frost 1987,1988, 1990a, 1992). Bone structure is maintained if the customary mechanical
strain remains between 200 and 2500 lLe (Lanyon 1987, Frost 1990a, 1990b, 1992, Cowin et
al. 1991, Tumer 1991). If loading-induced local strain exceeds the MES (range 1500-2500u€ )
bone enters a state of overuse, the result being an adaptation response and the inducement
of modeling (Frost 1990a, 1990b, Cowin et al. 1991, Turner 1991).

When a normally used bone is suddenly subjected to total disuse its peak strains
should fall and stay below about 100-200Le (Frost 1992). Immobilization stimulates bone
resorption and depresses formation, the result being decreased volume-related bone mass
and deteriorated material and architectural properties (Minaire 1989). The bone loss is the
most rapid during the first few weeks of immobilization, whereafter the rate is slower. The
steady state is reached when the bone formation and resorption become balanced, most
likely within six months after the injury (Young et al. 1986, Minaire 1989, Sievinen et al.
1994a, 1996a). The extent and rate of bone mass recovery during remobilization have
remained a controversial issue (Mazess and Whedon 1983, Jaworski and Uhthoff 1986,
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Minaire 1989, LeBlanc and Schneider 1991). It seems certain that the time needed for
recovery is clearly longer than the time necded to reduce the bone mass, and the recovery
seems to be incomplete (Andersson and Nilsson 1979, Kannus et al. 1992, Sievénen et al.
19944, 1996a). Moreover, bone mineral mass has been shown to decrease after the cessation
(Dalsky et al. 1988) or decrease of training (Lane et al. 1990) and this finding is consistent
with the adaptation hypothesis.

2.2.2 Strain cycles

The number of loading cycles is also a factor determining the adaptive response of skeleton
to loading. Although this factor is clearly less important than the strain magnitude (Rubin
and Lanyon 1984a, Lanyon 1987, Whalen and Carter 1988), a minimum number of loading
cycles is still required for a response (Rubin and T.anyon 1984a). With in their avian model
Rubin and Lanyon (1984a) showed that the osteogenic response to loading (2000 L& ) became
saturated after 36 consecutive loading cycles lasting only a total of 72 s per day. Further
loading cycles producedno additional osteogenic response and only four loading cycles per
day were sufficient to prevent resorption. Thus, only a few loading cycles (<50) are needed
at each distribution, and the duration of each stimulus needs only to be short (Lanyon
1996). On the other hand, in their theoretical model, Carter et al. (1987) and Whalen and
Carter (1988) have suggested thatthe importance of the number of loading cycles probably
increases in significance when the strain magnitude is low. This possibility is consistent with
the findings that the data recorded during normal activities of animals over a 24-hour period
show relatively few peak strain events (Fritton et al. 1996).

From the theoretical point of view, Carter et al. (1987) have developed a mathematical
model that relates bone mineral mass to the daily stress histories of proximal femur and
calcaneus (Whalen and Carter 1988). In their model, the first approximation was that the
most important parameters of the loading history to be considered are the magnitudes of
the cyclic stresses and the number of applied loading cycles. In their model (Carter et al.
1987) constant daily stimulus S* can be expressed as

S* o Z m (G,- ! Oy )m (eq. 4)

day

where o7 is the single effective stress parameter, 0y is the effective stress for
failure, n; represents loading cycles per day and m is a constant. The value of m is a
weighting factor for the relative dependence of the stimulus on stress ratio and loading
cycles. If m = 1, the importance of the stress ratio and the number of cycles are of the same
order. The importance of high stress magnitude increases when the value of m increases
(Carteretal. 1987). According to the study of Carteret al (1981)m can obtain values from
2 to 6. For example, if the stress magnitude is doubled and m = 6, the number of loading
cycles should increase 64 times to produce a similar effect.
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2.2.3 Strain distribution

It has been suggested that different strain distributions can produce different dose-response
relationships between peak strain magnitude and change in the cross-sectional area. Rubin
and Lanyon (1984b, 1985, 1987) found that loading avian ulna at only 1000 e in an unusual
direction could stimulate new bone formation. Lanyon (1984, 1987, 1996) suggested that
the strain required to elicit an adaptive response may be lower if the manner of loading
differs from the usual pattern of loading. In addition, Biewener and Bertram (1993) suggested
that adaptive modeling of bone may be more sensitive to a strain distribution that differs
markedly from normal or to a pattern of functional strain rather than to increased strain
magnitude per se.

2.2.4 Strain rate

In the animal sudies, it has been suggested that the rate at which bone is subjected to strain
is an important factor in the adaptive response (O’Connoret al. 1982, Lanyon 1987, Turner
et al. 1995). Turner et al. (1995) and Weinbaum et al. (1994) proposed that mechanical
loads are coupled to the bone cells by stress-generated fluid flow within the bone tissue,
which depends on the rate of change of bone strain. If the bone responded only to strain
magnitude or to alterations in strain distribution, it should be possible to cause bone to
model or remodel using static loads. In addition, the mechanism responsible for perceiving
and responding to such small biophysical signals, the maximum deformations being of the
order of <0.3%, must be extremely sensitive (Rubin and McLeod 1996). Consequently, the
rate at which the strain is developed has to be an important factor in the adaptive response
(Martin and Burr 1989). Strain rate, on the other hand, is proportional to dynamic load
magnitude. Therefore, peak strain magnitude may be as equally osteogenic as strain rate.

It has also been suggested that bone formation response is strongly dependent on
the frequency of strain. In this respect, most effective functionally induced strain occurs in
the range of 15 to 30 Hz, a bandwidth that is typically associated with gait (Rubin and
McLeod 1994, 1996). The osteoregulatory relevance of these high-frequency, low-magnitude
strain energies has been evaluated at the tissue and cell level (Rubin and McLeod 1996).
Furthermore, the mechanical signals become more osteogenic if frequency increases over
10 to 60 Hz (Rubin and McLeod 1996). There is, on the contrary, an association between
strain rate and high frequency. For example, if frequency increases, strain is developed and
released at a more rapid rate.

2.2.5 Summary of the osteogenic mechanical stimulus

The concept of uniform optimal strain magnitude in relation to a feedback system as derived
from theoretical and animal models has been proposed to control the functional adaptation
of bone (Lanyon and Rubin 1984, Frost 1987). Strain rate has been suggested to have an
important role in the creation of the adaptive response, and it is proportional to the dynamic
load magnitude (O’Connor et al. 1982). In addition, strain distribution is an important
factor. It has been suggested that skeletal remodeling is related to “error signal”, the difference
between local strain caused by habitual and specific loading (Lanyon 1987). Moreover,
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low-magnitude, frequency-specific (15-30 Hz) strain is critical (Rubin and McLeod 1994,
1996). Conscquently, all the strain-related variables, even straincycles, are integrated into
dynamic loading conditions. Recent studies suggest that cyclic mechanical forces cause a
flow of interstitial fluid through the canalicular network and also deformations in the
extracellular matrix (Weinbaum et al. 1994, Klein-Nulend et al. 1995, Turner et al. 1995).
Weinbaum et al. (1994) and Turner et al. (1995) have suggested that bone cells respond to
stress-generated fluid flow within the bone matrix, and fluid flow increases when strain
gradients are increased across the tissue and when strain rate increases. However, the exact
characteristics of the stimulus of mechanically induced bone formation is not completely
understood, but, according to current knowledge, effcctive exercisc programs should involve
high strain or high strain rates and unusual strain distributions. In other words, in practical
terms, effective exercise regimens should consist of high mechanical force or a high rate of
force application and also versatile movements.

2.3  Other factors modifying bone adaptation

A concept of a feedback control system for bone structure that describes the interaction
between mechanical and other factors such as nutrition, age, and hormonal stimuli, which
can modify the adaptation process, has been proposed by Frost (1983, 1987). Moreover,
bone mass is a complex trait that is determined by several interacting genetic, metabolic
and environmental factors (Brandi et al. 1994, Bronner 1994). It has been demonstrated
that genetic influences account for 60-80% of the interindividual variation of bone mass
(Pocock et al. 1987, Slemenda et al 1991, Seeman et al. 1996).

Calcium. Nutrientintake,body composition and physical activity contribute to bone
mass (Rice et al. 1993, Song et al. 1994, Houtkooper et al. 1995, Nichols et al. 1995,
Nieves et al. 1995, Youngetal 1995). Although the exact nature of the association between
calcium intake and BMD and changes in BMD remain unclear (Houtkooper et al. 1995,
Nieves et al 1995), adequate calcium intake in childhood, adolescence and also, for women
during adulthood is considered essential to attain and maintain optimal bone mineral mass
and size (Dawson-Huges 1990, Johnston et al. 1992, Bronner 1994, Parfitt 1994, Nieves et
al. 1995, Specker 1996). On the other hand, there seems to be no association between the
intake of calcium and BMD (Riggs etal. 1987, Angus et al. 1988, Wickhametal. 1989, van
Berestijn et al. 1990, Uusi-Rasi et al. 1995).

Age. Throughout growth, but particularly at or before puberty, the ability of bone
to adapt to mechanical loading is much greater than after maturity (Parfitt 1994). Especially
trabecular bone is apparently sensitive to changing hormone concentrations at puberty
(Slemenda et al. 1994). In a cross-sectional study with tennis and squash players Kannus et
al. (1995b) showed that the benefit of mechanical loading with respect to the BMD of the
playing arm is about two times greater if girls start playing at or before menarche rather
than after it. This findings may be due to the fact that the adolescent growth spurt is the
only time in life when bone is added in substantial amounts to both the inside and the
outside of the cortises (Parfitt 1994). On the other hand, the bone mass and density of the
elderly depend on both the peak bone mass attained during skeletal maturation and the rate
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of involutional bone loss thereafter (Eisman et al. 1993, Jonhston and Slemenda 1993,
Bonjour et al. 1994).

Hormones. Although osteoporosis is most common among postmenopausal women,
it also occurs in persons of any age whose bone mass has fallen below a critical level. The
endocrine profile of young female athletes is very similar to that of postmenopausal women
in that both groups have low levels of estrogen (Snow-Harter 1994, Snow 1996). Low
vertebral and peripheral BMD has been reported for amenorrheic athletes in several studies.
Many studies have found menstrual irregularity, particularly amenorrhea, to be associated
with low lumbar spine BMD (Drinkwater et al. 1984, Marcus et al. 1985, Prior et al. 1990,
Myburgh et al. 1993), but other peripheral bonesites may also be affected (Drinkwater et
al. 1990). However, ithas been suggested thathigh mechanical loadingcan atleast partially
override the negative influence of low hormone levels in athletes (Robinson et al. 1995).

For women at menopause, estrogen deprivation has the most important influence
on bone mass. Decreased efficiency of intestinal and renal calcium handling increases the
level of calcium intake necessary to maintain neutral calcium balance (Dalsky 1990, Marcus
1996). As a consequence bone becomes more sensitive to parathyroid hormone, which is
the primary regulator of the extracellular fluid calcium concentration. Vitamin D3, calcitonin
and gonadal hormone also control calcium regulation (Bouvier 1989, Russell 1990, Marcus
1996). In addition, inadequate calcium presumably increases PTH secretion, which
subsequently restores and maintains blood calcium levels at the expense of the skeleton
through resorption (Parfitt 1987, Heaney 1996, Marcus 1996).

A steep decrease in estrogen levels occurs during the six-month period around
menopause, and at about the same time serum levels of testosterone, androstenedione and
sex hormone-binding globulin also slightly decrease (Slemendaet al. 1987, Rannevik et al.
1995). On the other hand, optimal peak bone mass seems to be related to appropriately
timed androgen secretion (Vanderschueren and Bouillon 1995). Furthermore, serum levels
of androgen hormones seem related to the bone mass in pre-, peri-, and postmenopausal
women (Heiss et al. 1995, Vanderschueren and Bouillon 1995).

During the last five years, growth hormone and insulin-like growth factor I have
received much attention as possible anabolic agents for treating of osteoporosis and other
age-related phenomena, for example, loss of muscle mass (Johansson et al. 1993). Both
growthhormone and insulin-like growth factor I exert anabolic effects on bone. It has been
shown in vitrothatinsulin-like growth factor I is synthesized by bone-derived cells and this
process is influenced by growth hormone, estrogens, para thyroid hormone, vitamin D3
and other agents known to affect bone metabolism. It has also been suggested that growth
hormone may, atleast in part, act via an increased synthesis of insulin-like growth factor I
in osteoblasts (Baylink et al. 1993, Johanssonet al. 1993, Schmid 1993, Rosen et al. 1994).

Weight and body composition. Weight is known to be positively correletated with
BMD (Bauer et al. 1993, Edelstein et al. 1993, Felson et al. 1993, Suominen 1994). Thus,
the association between body composition and bone density may be determined at least in
part by skeletal responses to mechanical forces induced by greater body weight and a
weight-related beneficial effect of higherestrogen concentrations (Slemenda 1995). In their
study of twins Young et al. (1995) showed that lean mass was the major independent
determinant of bone mass at the hip, both pre- and postmenarche. Nichols et al. (1995) also
found that regional lean tissue mass appears to be a better predictor of BMD than regional
fat mass. On the other hand, it has been shown that the total body fat mass is the most
significant predictor of total body BMD in pre- and postmenopausal women (Reid et al.



24

1992). Consequently, the effect of fat and lean tissue mass varies according to the level of
physical activity and agc. In addition, muscle mass has been shown o be signilicantly
positively related to bone density in older men and women (Doyle et al. 1970, Hughes et al
1995). The weight of muscle reflects the forces exerted on bone to which it is attached, and
muscle weight is an important determinant of bone mass (Doyle et al. 1970). Furthermore,
muscle strength has been reported to predict between 15% and 20% of the variance in bone
mineral mass of the hip, spine, and radius (Pocock et al. 1989, Snow-Harter et al. 1990,
Eickhoff et al. 1993).

2.4 Exercise as an osteogenic stimulus: the experimental and
clinical evidence

Physical activity constitutes amajor mechanical loading factor for bone. The important role
that physical activity plays in regulating bone modeling and remodeling is commonly
accepted. However, the type, intensity, frequency, and duration of exercise that best enhance
bone mineral accumulation are still largely unknown. The extent to which a bone can alter
its form due to exercise and the extent to which growing and mature bones have similar
adaptive capacities also remain unclear (Biewener and Bertram 1993).

Bone mass and density depend on both the peak bone mass and the rate of involutional
bone loss during the adult years and later in the life (Johnston and Slemenda 1993, Matkovic
et al. 1994). Peak bone mass is determined by the interaction of genetic endowment and
mechanical stress, as modified by nutritional and endocrine influences (Smith 1994). It has
been shown that exercise can be used to prevent osteoporosis; it can increase bone mass
(Snow-Harter and Marcus 1991, Suominen 1993, Viliméki et al. 1994, Smith 1994,
Mosekilde 1995, Kannus et al. 1996), affect bone architecture (Beck et al. 1992, Bouxsein
et al. 1993), decrease age-related bone loss (Mosekilde 1995, Kannus et al. 1996) and
reduce the risk of falls (Fiatarone et al. 1990, Smith 1994, Tinetti et al. 1994, Province et al.
1995, Myers et al. 1996).

Growing and mature skeletons respond differently to mechanical stimuli at different
stages of growth and aging (Biewener and Bertram 1993, Kannus et al. 1995, Young et al.
1995). Exercise can be used to increase peak bone mass in childhood and adolescence as a
prophylactic measure for osteoporosis. It seems to have the greatest influence on skeleton
during growth and maturation (Haapasalo et al. 1994, Kannus et al. 1995). With an animal
model, it has been shown that exercise accelerates the development of the skeleton and
thus increases the mechanical competence of the bone (Sggaard et al. 1994). In addition,
the response of skeleton to mechanical loading is site-specific at different ages (Jones et al.
1977, Pirnay et al. 1977, Huddleston et al. 1980, Jacobsen et al. 1984, Haapasalo et al.
1994, Kannus et al. 1994) and decreased functional loading is associated with bone loss
(Krolner and Toft 1983, Dalsky et al. 1988, Nishimura et al. 1994). Therefore normal
loading activity at each locationis an important functional determinant of bone mass (Lanyon
1996). Furthermore, exercise may be even more important for bone geometry in conjunction
with maintaining bone mass and preventing age-related bone loss (Beck et al. 1992, Bouxsein
et al. 1993, Ferretti et al. 1993, Mosekilde et al. 1994).
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In human exercise studies the changes in bone mass are small, and local rather than
generalized, and the attainable changes take place slowly (Lanyon 1996). During the past
decade, many exercise training studies have used training programs designed, primarily, to
increase cardiorespiratory fitness rather thanlocal bone loading (Marcus et al. 1992, Bassett
1995, Lanyon 1996). Different exercise modalities and sports load the skeleton at different
sites and in different ways, and thus the training response may vary. Strength training, for
instance, consisting of high loads and few repetitions, may induce strain levels above the
MES (shown to be between 1500 - 2500}Le ). On the other hand, the rate of force application
or the multidirectional movements rather than the magnitude of force as such may be
important in some sports, for example, in gymnastics (Nichols et al. 1994, Kirchner et al.
1995, Robinson et al. 1995, Taaffe et al. 1995) and dance (Grimston et al. 1993, Alekel et
al. 1995), and thus initiate bone adaptation.

It is obvious that different training regimens produce different loading characteristics
of the skeleton, and therefore a review of the results of experimental and clinical studies on
the primary mechanical loading variables associated with the changes in the regulation of
bone mineral mass is in order.

2.4.1 High-magnitude loading

An analysis of human studies supports the hypothesis that high peak forces of loading (or
high strain magnitude) may have a greater effect on bone mass than large numbers of loading
cycles (Whalen and Carter 1988). Nilsson and Westlin (1971) were among the first to
observe that the density of the distal femur in athletes was significantly greater than that of
nonathletes. The highest values were recorded for weightlifters. Several other cross-sectional
studies have reported higher bone mineral mass in weightlifters than in sedentary controls
and athletes in other sports (Granhed et al. 1987, Block et al. 1989, Heinrich et al. 1990,
Virvidakis et al. 1990, Conroy et al. 1993). The BMD of the lumbar spine, femoral neck,
and distal and proximal radius has been found to be up to 10% higher in female weightlifters
than the controls (Davee et al. 1990, Heinrich et al. 1990). Young and middle-aged male
weightlifters also have greater femoral and spinal bone mineral mass (Nilsson and Westlin
1971, Granhed et al. 1987, Block et al. 1989, Colletti et al. 1989, Conroy et al. 1993,
Karlsson et al. 1993), and elderly weightlifters have greater calcaneus mineral mass than
nonathletes (Suominen et al. 1989, Suominen and Rahkila 1991). In addition, Karlsson et
al. (1995) showed that male weightlifters had an indication of higher bone formation than
sedentary controls when measured by biochemical markers (osteocalcin).

As anabolic streroids are used among weightlifters, the possible role of steroids in
bone metabolism should be considered. One study has addressed this question. Fiore et al.
(1991) examined the effects of powerlifting on midradius and distal radius and bone
metabolism in a group of athletes who were taking androgens. They found that anabolic
steroids did not provide any further stimulus for osteoblast activity and bone formation.

Despite the evidently positive influence reported for weight training on bone mineral
mass in cross-sectional studies (Nilsson and Westlin 1971, Granhed et al 1987, Heinrich et
al. 1990, Virvidakis et al. 1990, Xia Qu 1992, Conroy et al. 1993, Karlsson et al. 1993),
prospective weight-training studies have demonstrated only moderate (0.8% to 3.8% on
the average) effects on regional bone mineral mass (Gleeson et al. 1990, Peterson et al.
1991, Pruitt et al. 1992, Snow-Harter et al. 1992, Menkes et al. 1993, Nelsson et al. 1994,
Ryan et al. 1994, Friedlander et al. 1995, Lohman et al. 1995). Men appear to respond
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better than women to an increase inregional BMD during shorter periods of training (Menkes
et al. 1993, Ryan et al. 1994). Furthermore, premenopausal and postmenopausal women
may respond differently to training. For postmenopausal women, Pruitt et al. (1992) observed
a significant difference in the change in BMD of the lumbar spine between a strength training
group and a control group (+1.6% versus -3.6% on the average). For premenopausal women
aged 30- 40 years, Gleeson et al. (1990) reported a significant, but smaller difference in the
change in lumbar BMD (+0.8 % versus -0.5% on the average). The study of Lohman et al.
(1995) also showed a 2% average increase in BMD after 18 months of strength training.
For young premenopausal women (20-35 years), Snow-Harter et al. (1992) and Friedlander
ctal. (1995) reported a significant difference in the icgional increase in BMD (1~2%) between
a strength-training group and a control group. On the other hand, the study of Pruitt et al.
(1995) showed that in older women strength training did not significantly increase regional
BMD in comparison with that of a control group.

Strength training seems to increasc sitc-specific bone mineral mass in womer,
although the skeletal response to loading is characteristic for different age phases (Forwood
and Burr 1993). On the other hand, nonweight-bearing sports that incorporate forceful
muscular contractions, such as swimming, confer no beneficial effects on the bone mass of
young women (Taaffe et al. 1995).

Moreover, van der Wiel et al. (1995) showed that a short duration of exercise with
additional mechanical loading (strain magnitude) leads to the most pronounced effects on
bone mineral mass and mechanical variables in rats. Hillam and Skerry (1995) also found
that six short daily periods of mechanical loading in vivo inhibit modeling-related bone
resorption and stimulate bone formation in growing rats. Altogether, the heavy loading of
bone causes an elevated bone formation response, and increased mechanical loads stimulate
modeling, with an increase in periosteal bone formation (Raab et al 1990,1991, Raab-
Cullen et al. 1994a). Similarly, weight training may stimulate bone formation through the
direct action of muscle contractions on bone or through the increased effect of axial
compressive loading (Chilibeck et al. 1995).

2.4.2 Repetitive loading

It seems likely that the functional adaptation of bones depends also on loading history
(Carter et al. 1981, 1987), being mediated in some fashion by the repetitive loading (or
cyclic strain) developed in the bone associated with its use (Lanyon 1984, Rubin and Lanyon
1984a, 1984b). Although it has been shown that only a few loading cycles with high strain
magnitude may be required to produce an adaptive response in a bone (Rubin and Lanyon
1984a), the importance of the number of loading cycles probably increases when the strain
magnitude is low (Whalen and Carter 1988).

The number of skeletal loading cycles, such as steps per day, may become high
during daily living. In their 20-year follow-up study Cooper et al. (1995) showed that the
most important factor for peak bone mass was physical activity and growth. Physical activity
was determined by the daily walking distance and participation in sports. Higher bone
mineral mass has been observed in runners than in sedentary persons. In the studies by Lane
et al. (1986), Marcus et al. (1985) and Wolman et al. (1991), runners had a higher bone
mineral mass in the lumbar spine and femur than controls. On the other hand, Heinrich et al.
(1990), Buchanan et al. (1988) and Bilanin et al. (1989) did not find significant differences
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between young runners and controls. In addition, Michel et al. (1989) found that men over
60 years of age and women who had done more than 217 minutes of aerobic weight-
bearing exercise a week had higher bone mineral mass than less active subjects. Suominen
and Rahkila (1991) observed similar results. They found that 70- to 81-year-old speed-
trained (sprinters, jumpers) men who had trained 50-1300 km during the study year had
significantly higher BMD than did those who trained less than 50 km. Ballard et al. (1990)
also found a relationship between high physical activity (> 8.5 METS) andthe bone mineral
mass of distal radius. With regard to the importance of weight-bearing (i.e., ground reaction
force of the skeleton), previous studies on rowing (Wolman et al. 1991) and swimming
(Orwolletal. 1989, Risseret al. 1990, Taaffe et al 1995), typical nonweight-bearing exercises,
suggest that gravity plays an important role in the process of bone mineralization.

Endurance training, particularly running and also fast walking, produce repetitive
weight-bearing impact with the ground and therefore is likely to stress the calcaneus, tibia,
patella, femur and also lumbar spine. Margulies et al. (1986) reported an 11% gain in the
bone mineral mass of the left distal tibia among 240 military recruits after a rigorous daily,
14-week training program. The bone mineral mass of the right tibia showed a 5% increase.

Studies on the effects of walkingon skeleton have revealed conflicting results. Uusi-
Rasi et al. (1994) found no differences between premenopausal letter or newspaper carriers
walking 6 km a day and sedentary office workers of the same age walking 1.5 km a day.
However, Krall and Dawsonhuges (1994) found that postmenopausal women who habitually
walk more than 7.5 miles (12 km) a week, or about 1 mile (1.6 km) each day, had a higher
mean bone mineral mass for the whole body and leg regions than women who walked
shorter distances. Cavanaugh and Cann (1988) showed that brisk walking does not prevent
bone loss in postmenopausal women, and White et al. (1984) found the same results for
walking and dancing. On the other hand, several authors have reported that calisthenics
and walking combined can either attenuate axial skeleton bone mineral mass loss or even
increase bone mineral mass in postmenopausal women (Smith et al. 1984, 1989, Chow et
al. 1987, Simkin et al. 1987, Dalsky 1988, Hatori et al. 1993, Krall and Dawsonhughes
1994, Kohrt et al. 1995, Prince et al. 1995). Moreover, Kohrt et al. (1995) showed that
weight-bearing exercise positively affects femoral neck in older women and that exercise
and estrogen therapy have additive effectson BMD of the lumbarspine and Ward’s triangle.
Prince et al. (1995) found that postmenopausal women who took calcium supplements and
exercised had less bone loss at the femoral neck site when compared with subjects on
calcium supplementation alone, whereas exercise alone had no effect on femoral neck during
the two-year study. Similar results were reported by Nelson et al. (1991). They showed
that a one-year walking program plus high dietary calcium increased BMD by 2.0% at
femoral neck, but neither exercise nor calcium alone had an effect on femoral neck, lumbar
spine or distal radius in postmenopausal women.

Although most of the data available suggest that the effect of aerobic training, mainly
as walking, on human bone is beneficial, there seems to be an intensity threshold. Hatori et
al. (1993) showed that the bone mineral mass of the lumbar spine increased with very fast
walking (7.2 km/h) performed atintensities exceeding the anaerobic threshold. In contrast,
slower walking (6.2 km/h) at intensities below the anaerobic threshold was not successful
in increasing the mineral mass of lumbar bone. In addition, Martin and Notelowitz (1993)
found that walking speeds of less than 6.4 km/h did not increase lumbar bone mineral mass.
Likewise, findings by Dalsky etal. (1988) and Chow et al. (1987) support the concept that
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high-intensity weight-bearing exercise (70-90% of VOpmax) increases or maintains bone
mineral mass in postmenopausal women.

Animal studies have also shown that aerobic exercise such as running stimulates
bone formation and increases bone mass and strength (Saville and Whyte 1969, Raab et al.
1991) In arecent study Penget al. (1994) showed that running exercise was able to prevent
the loss of bone strength induced by estrogen deficiency in rats. Nordsletten et al. (1994),
however, found no positive effect of high-intensity training on the development of osteopenia
in rats. In addition, Wheeler et al. (1995) had rats running with three different intensities.
Their results indicate that bone adapts to its loading by increasing mineral mass and by
increasing cortical bone area and mechanical properties, but they did not find any dose
response.

2.4.3 High-impact loading

Using an animal model, O’Connor et al. (1982) found a strong correlation between a positive
remodeling response and both the strain rate and the strain magnitude. They suggested that
the strain rate had the most important influence on the magnitude of new bone deposition.
Previous cross-sectional studies support the concept that training producing strain at a high
rate and high peak forces in diverse movements is the most effective in enhancing bone
formation in young women (Risser et al. 1990, Slemenda and Johnston 1993, Fehling et al.
1995, Friedlander et al. 1995, Kirchner et al. 1995, Robinson et al. 1995, Taaffe et al.
1995). Robinson etal. (1995) investigated bone mineral mass in two groups of competitive
young female athletes with different skeletal loading patterns: gymnasts and runners. The
gymnasts exhibited higher bone mineral mass in the femoral neck and lumbar spine (6-12 %)
than did runners and controls. Taaffe et al. (1995) found similar results; young female
gymnasts had greater bone mineral mass at both appendicular and axial sites than swimmers
and controls. Fehling et al. (1995) and Kirchner et al. (1995) also showed that, when height
and weight were controlled, the impact loading group (gymnasts and volleyball players)
had higher bone mineral mass than swimmers and controls. Judged from these studies high-
impact weight-bearing training is beneficial for bone accretion.

Recent longitudinal studies using an exercise regimen in which a rapidly rising force
profile (jumping) (Grove and Londeree 1992, Bassey and Ramsdale 1994, 1995), have
shown an increase in trochanteric (Bassey and Ramsdale 1994) bone mineral mass in
premenopausal women or the maintenance of lumbar bone mineral mass in early
postmenopausal women (Grove & Londeree 1992). Nielsen et al. (1992) found that five
months of gymnast’s training had a systemic effect on bone in elderly women. Furthermore,
Nicholset al. (1994) examined the effect of a 27-week gymnastic training program on bone
mineral mass in young female gymnasts. They found that the gymnasts had higher bone
mineral mass in the lumbar spine than the controls, and itincreased after the training.

Moreover, Umemura et al. (1995) investigated the effects of jump training on bone
hypertrophy in rat in comparison with the effects of running training. They found that for
bone hypertrophy jump training, which had a high strain rate and magnitude, was a more
effective training mode than running.

Altogether, all these findings indicate that high-impact exercise (i.e., high strain
rate) is effective in improving and maintaining bone mineral mass and preventing age-related
bone loss. According to recent literature (Lanyon 1992, 1996, Rubin and McLeod 1996),
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high-impact exercise such as jumping may be an appropriate type of training with which to
influence osteogenic response, as it would place a variety of forces on bone.

2.5.4 Summary

Cross-sectional studies of active and sedentary populations have shown a positive correlation
between activity level and bone mineral mass (Snow-Harter and Marcus 1991, Suominen
1993, Chilibeck et al. 1995). Several cross-sectional findings in athletic groups have shown
that athletes, especially those who are strength trained or high-impact trained, have greater
bone mineral mass than nonathletes. These differences amountto 10% or more. An apparent
positive effect of activity on bone is more markedin cross-sectional studies than in prospective
ones (Drinkwater et al. 1995). The explanation may be a selection bias or differences in the
duration, frequency and intensity of the training programs. Few longitudinal studies have
been reported (Lohman et al. 1995), and, due to a lack of randomization into exercise and
control groups and poor subject compliance, definite conclusions cannot be drawn. In
addition, little attention has been given to understanding the type, intensity, frequency and
duration of exercise. Moreover, bone has sometimes been measured at nonloaded sites in
both cross-sectional and longitudinal studies. There is a definite need for additional well-
designedcross-sectional and longitudinal studies to determine qualitatitive and quantitative
adaptation responses of bones to various training modes with different loading characteristics.



3  PURPOSE OF THE STUDY

The objective of the present study was to search for an effective exercise mode with which
to influence BMD and bone mineral content (BMC) and the estimated mechanical
characteristics of young and pre- and perimenopausal healthy women. More specifically,
the aims were:

1) To identify, using a cross-sectional study design (I, II), the characteristics of
osteogenic exercise stimulus and to determine its possible site-specificity by comparing
the bone mineral density of athletes representing sports that produce different types
of loading on the bones

2) To determine the specific effects of different types of exercise training on BMD
11, IV, V, VI), BMC (III, IV), and estimated mechanical characteristics of bones
(IV) atdifferent skeletal sites in controlled intervention studies

and

3) To describe the characteristics of effective osteogenic exercise stimulus on the
basis of the results of the aforementioned studies (I, II, III, IV,V, VI).



4 MATERIAL AND METHODS

4.1 Subjects and design

Altogether 444 healthy women were involved in the present studies. The subjects were
female athletes, and sedentary or physically active premenopausal young and perimenopausal
women. The athlete group included nationally or internationally ranked Finnish squash
players, weightlifters, aerobic dancers, orienteerers, speed skaters, cross-country skiers
and cyclists. The training history of the athletes ranged from 3 to 13 years of sport-specific
training (I, II). In the exercise intervention trials, the subjects volunteered to be in the
training or in the control group (III, IV) or were randomly selected from volunteers to the
training or to the control group (V, VI).

None of the subjects had any disease or used medication that might have affected
bone or had any diseases that might have limited the training or testing. The number of
weekly exercise sessions (e.g., walking, jogging, swimming or aerobic) of the nonathletes
ranged from two to five per week.

Selected characteristics of the subjects are presented in Table 1. The number of
subjects in the beginning of the intervention studies, the number of drop outs, and the
design, training and duration of the study are presented in Table 2. Detailed information on
the study designs and the training programs are given in the original reports.
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TABLE 1  Characteristics of the subjects in the different studies (I-IV), means (standard deviations).

N Age Height Weight BMI*

L1I

Squash players 18 25.0 (3.9) 166 (6) 62 (6) 22.4(2.3)

Weight lifters 18 24.6 (3.9) 165 (7) 67 (11) 24.3 (3.3)

Aerobic dancers 27 28.3 (3.7) 166 (5) 57 (4) 20.7 (1.1)

Orienteerers 30 23.3(3.1) 169 (5) 59 (5) 20.8 (1.5)

Speed skaters 14 21.4 (8.6) 168 (6) 63 (7) 259 (3.3)

Cross-country skiers 28 21.3(3.2) 169 (6) 62 (9) 21.6 (2.2)

Cyclists 29 24.0 (5.7) 166 (5) 62 (8) 224 (2.4)

Physical active referents 25 226 (2.8) 167 (7) 61 (]) 22.0 (2.9)

Sedentary referents 25 23.8(4.7) 166 (5) 59 (6) 21.5(2.1)
I

Training group 12 21.0 (2.5) 167 (5) 58 (6) 20.8 (2.4)

Control group 12 22.0 (3.0) 167 (8) 61 (11) 22.1 (3.3)
v

Training group 13 23.8 (5.0) 166 (7) 64 (13) 232 (44)

Control group 19 257 (5.2) 165 (4) 62 (7) 223 (2.4)
v

Calisthenics group 26 53.1(0.9) 161 (6) 69 (10) 26.6 (3.8)

Endurance group 23 52.9 (0.9) 163 (5) 70 (11) 26.2 (3.7)

Control group 27 53.1(0.8) 161 (5) 64 (8) 24.9 (3.0)
VI

Training group 49 39 (3) 164 (6) 62 (7) 23.2 (2.6)

Control group 49 39(3) 165 (5) 62 (7) 229 (2.3)

N = number of subjects included in the statistical analysis



TABLE 2  Study design, number of drop-outs, training and determination of fitness and duration in the original studies.

Study Study design Drop-  Training/ Duration
outs determination of fitness
I, II Squash players, Cross-scctional study Training history, cardiorespiratory fitness test, maximal
Weightlifters, isometric strength tests
Orienteerers, Thc athletes
Speed skaters, represent sports
Cross-country skiers, with different
Cyclists, skcletal loading

Physical active referents, characteristics
Sedentary referents

III Control group Controlled 3 Training:12 months
Training group exercise trial b) Unilateral leg-press strength training, Detraining: 3 month
Sx 10 x 80 % of 1RM, 3.9 times/week

IV Control group Controlled I Training: 12 months
Training group exercise trial 5 Unilateral elbow flex/ext strength training with Detraining: 8 months
dumbbeclls, 5 x 10 x 80 % of IRM, 2.8 times/week
V  Control group Randomized 11 18 months
Calisthenics group controlled 9 Calisthenics training for large muscle groups, Endurance
Endurance group excrcise trial 8 training at 55-57 % (HR) of VO2max,
3.1 times/weck, 50 min
VI Control group Randomized 4 18 months
Training group controlled 10 Progressive high-impact exercise,
excrcise (rial 2.5 times/week, 60 min

RM = maximum weight that can be used for the designatcd numbcr of repetitions; HR = heart rate; VO2max = maximal oxygen uptake
flex/ext = elbow flexion and extension

£e
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4.2 Measurements

4.2.1 Questionnaires, cardiorespiratory fitness and maximal isometric
strength tests

The measurements and the variables reported in the original studies are listed in Table 3.
The day-to-day precision of the measurements, expressed as the coefficient of variation
(CV%), are also shown in Table 3.

Information on living habits and health status such as training history (I, II) or
physical activity (III, IV, V, VI), injuries, medication, known diseases, diet, menstrual status,
possible vitamin or mineral suplementation and the consumption of alcohol and cigarettes
was obtained with detailed questionnaires (Table 3).

Directly (Oja et al. 1991a) or indirectly (Oja et al. 1991b) assessed maximal oxygen
uptake (VOpmax) was used as the measure of cardiorespiratory fitness. In the direct
assessments a progressive step protocol was used either on a bicycleergometer or a treadmill
depending on the cardiorespiratory requirements of each sport. The test was continued to
the voluntary maximum (Table 3).

Themaximalisometric strength of the trunk extensors and flexors, forearm flexors
and extensors, and leg extensors was measured with a strain gauge dynamometer (Heinonen
et al. 1994). The leg extensor power or lower limb explosive performance capacity was
evaluated using a vertical counter-movement jump test, first without extra weight and then
with an additional weight of 10% of body mass (Sillanpéi et al. 1995). The dynamic balance
of the subjects was tested by a figure-8 running test (Tegner et al. 1986) (Table 3).

Detailed information on the sampling procedures, the participation rates, exclusion
criteria, the training history and physical activity of the subjects, and the measurement
protocols is given in the original reports.

4.2.2 Bone measurements

Bone mineral characteristics. Bone mineral mass, as determined by dual energy X-ray
absorptiometry (DXA), is the mosteasily measurable determinant of bone strength in humans,
and it has recently appeared to be the most effective measure for assessing BMC and areal
BMD (Sievinen 1996b). BMD seems to be a more appropriate parameter than both BMC
and the average bone width (i.e., area) within a given projection in that it provides two-
dimensional macroscopic information on bone geometry (Sievinen et al. 1994b, 1996b).

In the original studies, BMD, BMC, bone width, and estimated cortical wall thickness
(CWT) was measured at several skeletal sites (Table 2). The BMC values measured at five
lower-limb sites were summed up (2BMC) in one study (III). The change in ZBMC was
considered to indicate the total osteogenic effectiveness of the training on the lower limb
(I1I).
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TABLE 3  Variables measured in the original studies and the methods used.
Variables Studies Methods/references CV%
Anthropometry
Height I-VI
Weight I-VI
Body mass index I-VI
Body fat, % III-VI Four skinfolds, Durnin et al. (1974)
I-II BIA 106, RIJL System INC.
Cardiorespiratory fitness
VO, max I 11, Medikro 202E (Oja et al. 1991a)
t A% Sensor Medics 29002  *
“ VI Walking test (Oja et al.1991b)
Isometric strength Isometric dynamometry
Trunk extension/flexion I II, V. VI  Digitest, Heinonen et al. (1994) 5.1-59
Leg press I-IILV, VI Tamtron, “ 5.4
Elbow flexion I-1I, IV-VI  Digitest, * 9.7
Elbow extension v Digitest
Grip strength v Standard grip strength meter
Vertical jump Contact platform, Digitest
Without extra weight VI Sillanpaa et al. (1995) 3.4
With additional weight of 10% VI
Dynamic balance
Running in figure of 8 VI Digitest, Tegner et al. (1986)
Questionnaires (living habits, health
status, training history,
menstrual status) I-VI
Calcium intake I, I Questionnaire
I, IV, V Seven-day calcium intake diary
VI Three-day dietary record
Bone measurements, DXA, Norland XR-26
Bone mineral density (BMD, g/cm2)
Lumbar spine I-III, V, VI  Sievinen et al. (1992) 1.7
Femoral neck I-III, V, vI = 1.3
Distal femur I-111, VI o 1.2
Patella I-111, VI ol 1.0
Proximal tibia 111, VI il 0.7
Calcaneus I-VI L 1.3
Proximal humerus v Sievinen et al. (1993) 0.8
Humeral shaft v o 0.5
Radial shaft v iy 0.7
Ulnar shaft v £ X 1.3
Distal radius I-III, V, VI Sievinen et al. (1993) 0.7
Distal forearm \% e 0.7

(continued)
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TABLE 3 continued

Variables Studies Methods/references CV%

Bone mineral content (BMC, g

ZBMC 111 0.6
Lumbar spine III Sievinen et al. (1992) 1.3
Proximal humerus v o 1
Humeral shaft v Sievénen et al. (1993) 0.5
Radial shaft v i 0.5
Ulnar shaft v LH 1.1
Distal forearm v Sievinen et al. (1993) 0.8
Bone width
Proximal humerus v Sievidnen et al. (1996b) 0.9
Humeral shaft v oo 0.3
Radial shaft v W 1.0
Ulnar shaft v 2 1.0
Cortical wall thickness (CWT, mm)
Humeral shaft v Sievinen et al. (1996b) 0.7
Radial shaft v e B 1.2
Ulnar shaft v =AU 2.1

Cross-sectional moment of
inertia (CSMI, mm%)

Humeral shaft v Sievinen et al. (1996b) 1.0

Radial shaft v oo 3.1

Ulnar shaft v Lt L 3.5
Section moduli (Z)

Radial shaft v Sievinen et al. (1996) 2.1

Ulnar shaft v = M 2.6
Strain index v

CV % = Coefficient of variation (standard deviation/mean) x 100 %; VO;max =maximal oxygen uptake;
ZBMC = sum of the BMC of the five measured leg sites.

Biomechanical analysis. Bone mineral mass accounts for most (about 80%) of overall
bone strength (Dalen et al. 1976, Hansson et al. 1980), the remaining qualitative share
being determined by bone geometry, internal architecture, geometric properties and the
material quality of the bone (Carter and Hayes 1976, Currey 1984, Goldstein 1987, Cowin
1989, Einhorn 1992). The DXA parameters contain some additional information on the
skeletal structure and bone mass distribution. Recently, various extensions to BMD and
BMC parameters have been developed to describe geometric characteristics of bone (Martin
and Burr 1984, Beck et al. 1990, Bouxsein et al. 1993, Faulkner et al. 1993, Hsu et al.
1993, Myerset al. 1993, Sievidnen et al. 1994b, 1996b, Yoshikawa et al. 1994). Thus CSMI
can be determined using single photon absortiometry (SPA) or DXA data (Martin and Burr
1984, Beck et al. 1992, Yoshikawaet al. 1994). Furthermore, it is also possible to estimate
an index for bone bending strength using DXA by dividing CSMI by half of the bone width
(eq. 3) at the given site (Sievénen et al. 1996b).
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Consequently, a biomechanical analysis was made for the radius and ulna in one
original report (IV). Detailed information about the biomechanical analysis is also given in
the original report (IV).

4.3 Statistical methods

The means and standard deviations (SD) had been given as descriptive statistics.

In studies I and II, the subject characteristics and performance variables of the
athlete groups and reference groups were compared with the one-way analysis of variance
(ANOVA). When the ANOVA indicated a significant difference (p<0.05), Tukey’s
studentized range method was used as the post-hoc test. For estimating the differences in
BMD between the athlete groups and the sedentary reference group, an analysis of covariance
(ANCOVA) was used. Weight, known to correlate positively with BMD (Bauer et al. 1993,
Edelstein and Barret-Conner 1993, Felson et al. 1993), was used as a covariate.

In studies IIT and IV, ANCOVA was used to determine the effects of exercise
intervention on cardiorespiratory fitness (V), isometric strength (III, IV, V) and bone
measurement (III, IV). General linear models (GLM), with restricted maximum likelihood
(REML) estimation, were used to determine the effects of exercise intervention on BMD,
muscular performance and cardiorespiratory fitness instudies V and VI and dynamic balance
in study VI. This type of analysis made it possible to incorporate the incomplete data into
the models at the time points at which some values were missing for the variables. In study
V, the difference was evaluated in two ways: 1) as the simple post-training difference and 2)
as a linear trend obtained from a regression analysis of the measured or estimated individual
data.

The training effect in both the ANCOVA and GLM analysis was determined as a
group difference (training group versus control group) for the post-training BMD, BMC,
muscular performance, dynamic balance and cardiorespiratory fitness, the difference being
adjusted by the baseline values (III - VI). In addition, the differences were adjusted for
estrogen status (BMD only) in study V.



5  RESULTS

5.1 Bone mineral density in female athletes

All the athlete groups except the weightlifters had a higher (p<0.01) VOpmax than the
sedentary and physically active referents. As expected, the endurance athletes had the highest
VOomax values. The athletes also had higher isometric strength than the referents. The
relative muscle strength (N/kg) was highest in the aerobic dancers, weightlifters and squash
players.

The squash players (7-19%) and weightlifters (7-19%) had significantly higher
weight-adjusted BMD values for all the measured sites (lumbar spine, femoral neck, distal
femur, patella, proximal tibia, calcaneus and distal radius) than the sedentary referents did,
with the exception of the BMD of the femoral neck in the weightlifters. The aerobic dancers,
orienteerers, speed skaters, and cross-country skiers had a significantly higher BMD at the
loaded sites than the sedentary referents did. These differences were less than 10%, except
for that of the calcaneus of the aerobic dancers (14%). Thus the observed differences in the
BMD values between the groups suggest a site-specific effect for loading. Furthermore,
the cyclists’ and physically active referents” BMD values did not differ from those of the
sedentary referents at any site.

Figure 3 shows the weight-adjusted BMD differences at the distal femur, proximal
tibia and calcaneus (the loaded sites in most of the studied sports) between the athlete
groups representing different types of loading and sedentary referents.
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5.2 Changes in bone mineral density and content in different types
of exercise intervention

Unilateral 12-month strength training of the left lower limb (III) significantly increased
(24% in the left trained limb) muscular strength in the training group as compared with that
of the control group (5%). The pattern of the muscular strength changes (IV) was similar
after the 12 months of upper-limb unilateral strength training withdumbbells. For the trained
left limb, the significant mean increase in isometric elbow flexion was 14% as compared
with that of the control group (1%), and the extension strength increase (21%) was also
significant (control group 4%). Consequently, 12 months of unilateral high-intensity strength
training for lower-limb (III) and upper-limb (IV) bones was effective in increasing muscular
strength.

The mean BMD changes in the trained limb were from 1.1% (femoral neck) to
2.2% (proximal tibia) in the training group and from -0.6% to 1.5% in the control group.
The mean BMC changes were from 0.1% (distal forearm) to 2.3% (proximal humerus) in
the training group and from 0.2% to 2.5 % in the control group. No significant intergroup
differences were observed in the BMC and BMD of the lower- and upper-limb bones. For
the left patella, there was a significant (p = 0.02) intergroup difference, whereby the BMD
increased an average of 1.6% in the training group and decreased 0.6% in the control
group (III). As an example, the ZBMC (III) is shown in Figure 4 for the lower limb.
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FIGURE4 Ghange in the sum of the bone mineral content (3 BMC) of the five measured sites
(mean, standard error) in the left trained leg during 12 months of unilateral training and
three months of detraining by healthy young women (III). The solid line represents the
training group and the broken line the control group.

Three months after the training period (III), the mean strength was virtually unchanged in
the training group, while muscular strength had increased by 3% in the control group. The
BMD values of the trained lower limb returned almost to the baseline level in the training
group, except for that of the femoral neck and calcaneus. In addition, the ZBMC decreased
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steeply (Figure 4). During the detraining period of eight months in the upper-limb training
study (IV), the mean strength of the trained limb decreased about 7% in elbow flexion and
8% in elbow extension. The corresponding changes in the control group were -5% and 1%,
respectively. Conversely, there were slight increases in the BMC values, especially for the
proximal humerus, but there were no significant intergroup differences at any of the measured
sites.

Whereas the strength training increased the isometric muscular strength, the maximal
strength was not significantly affected by the 18-month calisthenics or endurance training
of previously sedentary perimenopausal women (V) or by the high-impact training of
premenopausal women (VI). However, high-impact training significantly improved vertical
jump (without extra weight 4% and with additional weight 20%) in the training group as
compared with that of the control group (0% and 15%) (VI). In addition, the effects of
endurance training and impact training favored the endurance group (15%) (V) and the
high-impact trainees (4%) (VI), the effect being significant as compared with that of the
control group.

Study V was aimed at evaluating the effects of 18-month calisthenics and endurance
training regimens on BMD in a group of perimenopausal women. For the BMD of the
femoral neck BMD, the linear trend in the endurance group was significantly different
(p=0.043) from that of the control group, the trend indicating a maintanence of the prestudy
BMD level. Inthe callisthenics group, the training effect was not significant. For the BMD
of the lumbar spine, calcaneus and distal radius, there were no significant training effects in
either the endurance or the callisthenics group except for the distal radius, for which the
linear trend (p=0.006) and post-training difference (p=0.007) were significantly lower in
the endurance group than in the control group. These sites showed a clear negative trend as
compared with corresponding control data. The time courses of the change in the BMD of
the femoral neck are presented in Figure 5 for the training groups and the control group.
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FIGURE S Time course of the change in the bone mineral density (BMD) of the lumbar spine of the
healthy perimenopausal women (V) who completed the study (mean+ standard error). The
solid line represents the endurance group, the dotted lines the callisthenics group, and the
broken linc the control group.
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Finally, study VI was designed to determine whether 18-month high-impact training
would beneficially modily axial and lower litnb BMD. In general, at the loaded sites of the
skeleton, the BMD increases in the trainees wereconsistently larger than those in the controls.
Across the entire study period, the percentage change in BMD among the subjects who
completed the study (39 subjects in the training group and 45 subjects in the control group)
are presented in Figure 6. The estimated post-training difterence between the groups was
statistically significant in favor of the impact trainees at the lumbar spine (p=0.009), femoral
neck (p=0.012), distal femur (p<0.001), patella (p=0.004), proximal tibia (p<0.001) and
calcaneus (p<0.001).
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FIGURE6 Change in bone mineral density (BMD) at the loaded and nonloaded sites in healthy
premenopausal women after 18-month high-impact training (VI). The bars indicate the
95% confidence intervals. The open bars belong to the training group and the shaded bars
to the control group.

5.3 Changes in the estimated mechanical characteristics after
strength training

In study IV, there were no significant intergroup changes in the upper-limb bones over time
for any of the biomechanical variables. Thus the bone width, CWT and CSMI remained
unchanged after the strength training. The mean estimated strain induced by the strength
training remained within the customary mechanical strainrange, being from 1900 to 2200ue
during flexion and extension training of the forearm bones. The training caused only a 15%
increase in strain with respect to the baseline level. Figure 7 shows the 95% confidence
intervals for the estimated strain during the course of the training.
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6  DISCUSSION

Although this study focused on the role of exercise in bone adaptation, it is inappropriate to
model bone mass regulation in terms of asingle regulator. The capability of bone torespond
to mechanical loading is probably determined by a genetically controlled set point that is
further modified by site-specific loading history and severalmetabolic and nutritional factors
such as hormones and calcium (Frost 1987, 1993, Turner 1991). Furthermore, some authors
have reported that adequate calcium in childhood and adolescence is essential for the
attainment of optimal bone mineral mass and size (Bronner 1994). Menstrual disturbances
have negative effects on bone mineral mass accumulation (Drinkwater et al. 1990, Prior et
al. 1990). In the present studies, only three athletes were amenorrheic (II) and the mean
calcium intake in all the groups met the recommended daily intake of 800 mg for adult
females. With respect to adult women (such as women in the present studies) oral
contraceptive use is of concern although it seems that oral contraceptives do not affect
bone mineral mass in adults (Mazess and Barden 1991, Melton et al. 1993). Consequently,
the main confounding factors which modify bone adaptation were controlled in studies I-
VI, and thus it seemed warranted to analyze physicalloading as the main osteogenic stimulus.

In general, the findings of the present studies indicate that exercise regimens designed
to increase or maintain bone mass in women should involve high-impact loading or high
magnitude loading and unusual loading distributions. The main finding of the cross-sectional
studies (I, II) was that athletes whose sport causes high-magnitude or high-impact loading
or both (i.e., weightlifting and squash playing) had the highest weight-adjusted BMD values
at all the measured sites. In addition, the athletes engaged in sports with repetitive weight-
bearing impact loading (aerobic dancers, orienteerers, speed skaters, and cross-country
skiers) had a higher BMD at theloaded lower-limb sites than the nonathletic passive referents.
Strength-training intervention, despite the clear training effect on muscular strength (high-
magnitude loading) did not significantly increase BMD, BMC or the estimated mechanical
characteristics of the bone at any measured site except the patella. However, endurance
training (repetitive loading) at relatively high intensity maintained the BMD of the femoral
neck of healthy perimenopausal women. Furthermore, high-impact training (high-impact
loading) effectively loaded the lumbar spine and lower limbs of premenopausal women and
caused BMD to increase.
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The cross-sectional studies (I, IT) focused on comparing the BMD of athletes
representing sports that produce different types of loading on the skeleton by determining
whether differences in high-magnitude loading, impactloading (accelerating or decelerating
movements), repetitive weight-bearing impact, repetitive pliant movements, or nonweight-
bearing activity produced by different sports would be reflected in the BMD of the athletes.
Consequently, it seems reasonable to examine the effects of strength training, endurance
training, calisthenics and high-impact training intervention according to the results obtained
for the athlete groups. In addition, it is appropriate to evaluate the results according to the
loading characteristics (i.e., high-magnitude, high-impact and repetitive loading associated
with bone mineral mass).

6.1 High-magnitudeloading

The results (I) showed that weight training (i.e., high peak forces and high-magnitude
loading) seemed to be more effective in increasing bone mass than endurance training (i.e.,
repetitive weight-bearingimpact and pliant movements). During competitive weight lifting,
high peak forces stressed the skeleton and imposed high magnitudes of strain on bones.
The data demonstrated significant BMD differences at all the measured sites of the
weightlifters, as compared with the sedentary referents (Figure 3). Most of the differences
were more than 10%. The lack of a difference in the calcaneus and femoral neck may be
explained by a lack of high-magnitude loading at these sites. In their biomechanical analysis
Andersson et al. (1996) found that, while the magitudes of peak stress or strain on femoral
neck were of the same order of magitude for weight-lifting, walking, jogging and rope
jumping, the magnitude of peak stress or strain rates were significantly lower in weightlifting
than in other exercises. These findings support the assumption that the response of BMD to
training is site specific.

The BMD values of the intensively training female weightlifters were more than
10% higher than those of comparable referents in the present study (I) and also in other
investigations (Davee et al. 1990, Heinrich et al. 1990). Similar observations have been
made for male weightlifters (Nilsson and Westlin 1971, Granhed et al. 1987, Block et al.
1989, Colletti et al. 1989, Conroy et al. 1993, Karlsson et al. 1993). However, the present
strength-training studies (IV, V) with adults showed only a moderate 0.1-2.3% mean change
in the mineral mass of regional bone. This finding is consistent with the mean changes of
0.8-3.8% in other similar studies (Gleeson et al. 1990, Peterson et al. 1991, Pruitt et al.
1992, 1995, Snow-Harter et al. 1992, Menkes et al. 1993, Nelson et al. 1994, Ryan et al.
1994, Friedlander et al. 1995, Lohman et al. 1995).

Granhedet al. (1987) calculated the load on the lumbar spine in elite male powerlifters
during an extremely heavy lift. During competitive weightlifting, the compressive stress on
the lumbar spine (L3) ranged from 18.4 to 36.2 kN, values which are 18-36 times body
weight. According to Hooke’s law (eq. 2), the axial strain range in the lumbar spine (L3) of
powerlifters was from about 500 to 4800 |Le , provided that Young’s module is between 3.8
GPa (Jensen and Mosekilde 1990) and 17 GPa (Carter et al. 1981). Thus this simple
estimation shows that the strain on L3 in powerlifters definitely exceeds the customary
mechanical strain range (200- 2500 L€ ), which is typically observed for long bones during
normal everyday lnading, and the minimal effective strain level was shown to be 1500-2500e .
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In study IV, the mean estimated strain 1n the torearm bones tell within the customary
mechanical strain range and the loading-induced increase in strain was only 15% (Figurc
7). Similarly, using data from study III, Sievénen et al. (1995) showed that the mean estimated
axial strain on femoral shaft (E = 17 G Pa) during a leg press was between 1000 and 2000
ue ). To initiate a positive adaptive response, mechanical strain must exceed the MES
(Frost 1987, 1988,1990a, 1990b, 1992, Turner 1991). If it is assumed that the baseline
strain represents strain typical of what the bone has been adapted to and the large width of
the MES range is takeninto consideration, the observed negligible response to loading in
studies IIT and IV seems plausible. In other words, when one takes into account the wide
“lazy zone” of the customary mechanical usage range within which mechanical straininduces
practically no bone formation, the moderate effects of training found for bone mass in this
study as compared with the BMD of the lumbar spine of intensively trained weightlifters
are not surprising.

On the other hand, Sievénen et al. (1996a) showed that, during 46 weeks of intense
unilateral strength training in the form of the leg press, the average strain index for the left
patella increased about47% above the baseline. This finding may indicate that, if the baseline
strain index represents typical deformation induced by loading, the lazy zone would be
wide. This possibility congrues with the observation that BMD decreases after the cessation
(Dalsky et al. 1988) or decrease of training (Lane et al. 1990). The observations of study III
also agree with these findings. The BMD seemed to decline in most bones where the greatest
decline of loading occurred (distal femur and proximal tibia). These BMD values approached
the baseline level three months after the cessation of training. The observations made during
the training (III, IV) are consistent with the nonlinear nature of the skeletal responsiveness
to specific loading environments (Lanyon 1987, Frost 1988, 1992, 1993, Biewener 1991,
Turner 1991) and the time constraints of the remodeling process of the bone (Jee 1988,
Frost 1989).

Altogether, the high mechanical loading that stresses the skeleton and the high strain
magnitude in strength training are the most probable reasons for the high BMD values of
weightlifters. This assumption congrues with the findings of Granhed et al. (1987) that,
when powerlifters execute an extremely heavy lift, the compressive forces on L3 are two or
three times higher than what has been found as the maximum ultimate strength of
experimentally tested vertebrae (Hansson et al. 1980). The weightlifters had a longer (on
the average four years) sport-specific training history and a higher training intensity and
volume than the subjects in the present training studies. These differences probably explain
the differences in the results of cross-sectional studies on weightlifters and training studies
with previously sedentary women who trained at moderate intensity for one to two years.

6.2 Repetitive loading

With an animal model, Rubin and Lanyon (1987) showed that increasing loading repetition
does not bring any additional increase in bone mineral mass. However, the results of studies
I and ITshowed that orienteerers, speed skaters and cross-country skiers had significantly
higher BMD values at the loaded sites than the sedentary referents did (Figure 3). These
results are in accordance with those of Lane et al. (1986), Marcus et al. (1985) and Wolman
et al. (1991), which indicate that runners had a higher bone mineral mass in their lumbar
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spine and femur than controls. Running produces repetitive weight-bearing impact with the
ground and therefore is likely to stress the calcaneus, tibia, patella and femur. For example,
the reaction forces acting on the lower limb in running can be two to five times body weight
(Subotnick 1985) and those on the vertebrae can be 1.75 greater than body weight (Capozzo
1983). Thus it seems possible that the effects of running on lower limb bones and vertebrae
are caused by the great number of loading cycles that cause moderate impact loading. This
possibility is supported by the present findings from cross-country skiers (I, II), whose
sport is weight-bearing exercise, but much of the work consists of smooth movements in
which impact does not play any significant role.

In study VI multiexercise endurance training at a relatively high intensity (72% of
the VOpmax) prevented age-related bone loss and maintained the BMD of the clinically
important femoral neck of healthy perimenopausal women. Similar results were found for
postmenopausal women by Hatori et al. (1993), Martin and Notelovitz (1993), Dalsky et
al. (1988) and Chow et al. (1987), whose findings also support the concept that high-
intensity endurance exercise (70-90% of the VO,max) increases or maintains BMD in
postmenopausal women. Unfortunately, femoral neck BMD was not measured in these
studies, and it remains unclear whether there was a training effect on this clinically relevant
site.

The positive effect on the BMD (VI) of the femoral neck in the endurance group
can be explained by the fact that fast walking and jogging, which were the main components
of the training, produced ground reaction forces, which can be 1.2 - 1.5 times body weight
during walking (Grove and Londeree 1992) and two to five times body weight during
running (Subotnick 1985). The forces acting across the hip joint during walking are up to
4.8 times higher than the forces produced by body weight only (Bergman et al. 1993).
Thus, during fast walking or jogging, the lower limbs are loaded by impacts, whose magnitude
and rate of force application can be much higher than in slow customary activities and, in
addition, whose effect may be enhanced by repetitive loading cycles.

Using the mathematical model (eq. 4.) of Carter et al. (1987) one can evaluate
theoretically the influence of repetitive weight-bearing loading on lower-limb bones. During
walking at a speed of 1.4 m/s the largest principal strain is about 400 pe in the tibia
(Lanyon et al. 1975), a value, which falls within the customary mechanical strain range.
Applying these values in the equation and giving the values 4 and 6 to m, the number of
loading cycles (steps) should be approximately 2900 - 26 000 in walking (1.4 m/s) in order
for the bone structure to be maintained. A larger deformation occurs while the subject is
running at a speed of 2.2 m/s, producing principal strain of about 800 pe (Lanyon et al.
1975) (i.e., about one-third the MES level). Thus, in this case, the number of loading cycles
should be approximately 5400 to 66000 (eq. 4) for the bone to be in a state of overuse and
result in an adaptation response.

When walking 30 minutes at a speed of 1.4 m/s (5.0 km/h) and with a step length of
0.6 m, a person’s total number of steps is about 4200. According to the aforementioned
estimations, this kind of walking seems to be enough to maintain bone mineral mass.
During 30 minutes of running at a speed of 2.2 m/s (7.9 km/h), about 5700 steps are taken,
and this rate may be enough to result in an osteogenic stimulus. These estimations congrue
with the findings in study V, which suggested that endurance exercise may maintain BMD
in the femoral neck of perimenopausal women.

The preceding calculations are based on simple assumptions and do not take into
account the strain distribution that may play an important role in bone adaptation to
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mechanical loading. Furthermore, bone tissue is nonhomogenic and anisotrophic, which
introduccs a large variation into Young’s modulus aud also it the cross-sectional area. In
addition, according to other theoretical models and some experimental results (Mikic and
Carter 1995), the cycles with higher strain magnitudes are commonly weighted much more
heavily than cycles of lower magnitude.

In general, it seems that the number of loading cycles is clearly less important than
the strain magnitude (Rubin and Lanyon 1984a, Lanyon 1987, Whalen and Carter 1988).
However, the importance of the number of loading cycles probably increasesin significance
when the strain magnitude is low. Burr et al. (1996) showed that strain is maintained below
2000 pe even under conditions of strenuous activity. The principal, compressive and
shear strain was greatest for uphill anddownbhill zigzag running in their study. Hence unusual
loading, for example, in fast walking and uphill or downhill walking, may also be an important
factor for the adaptive response of the skeleton.

6.3 Uncustomary loading

Lanyon et al. (1982) have suggested that the strain magnitude alone is not the most important
determinant of bone adaptive response. Rubin and Lanyon (1984a, 1985, 1987) found that
loading avian ulna at only 1000 pe in an unusual direction could stimulate new bone
formation. Lanyon (1984, 1987) suggested that the strain required to elicit an adaptive
response may be lower if the loading pattern differs from what the bone is accustomed to.
Biewener and Bertram (1993) also suggested that adaptive modeling of bone may be more
sensitive to such a strain distribution, which differs markedly from normal or to a pattern of
functional strain rather than to increased strain magnitude per se. The observed difference
in the BMD of the femoral neck in both squash players and weightlifters, compared with
controls, suggests that their sports have different strain distribution characteristics in this
region (I, II). The squash players had a 19% higher BMD in the calcaneus than the sedentary
referents did, whereas the weightlifters” BMD at this site differed from that of the referents
by only 7%. On the contrary, the difference in the patella BMD was 7% for the squash
players and 18% for the weightlifters. These findings also suggest the importance of site-
specific functional strain and a different strain distribution for the patella and calcaneus
(Lanyon 1987, Frost 1990a).

Instudy IV, elbow flexion and extension training apparently loaded forearm bones
in anormal direction (i.e., in a direction to which the bones were already accustomed). This
finding implies that a bone adapts to a range of strain environments and that adaptive
responses would be more easily generated by a variety of different loading conditions (Martin
and Burr 1989). The findings of study III supported this suggestion: despite high-intensity
(80% of 1 RM) unilateral leg-press training for 12 months, only slight (<2%) increases in
the BMD of the lower extremities of young women were observed. The main reason for the
small effect was probably the unidirectional characteristics of the loading. In study III and
in study IV the training probably did not produce sufficient mismatch between the strain
pattern produced by theloadingand the customary strain pattern needed for bone adaptation
in weight-bearing and nonweight-bearing bones.
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6.4 High-impactloading

Study IIshowedthat squash players, whose training caused high accelerating and decelerating
movements (i.e., impact loading), had the highest weight-adjusted BMD values at all the
measured sites, as compared with those of the regularly exercising controls. Furthermore,
aerobic dancers, who also experienced high impactloading during training, had significantly
higher BMD values in the loaded sites than the sedentary referents did. These findings
agree with those of earlier cross-sectional studies indicating that training producing strain
with a high rate and peak force in diverse movements is associated with the greatest
differences in BMD between athletic and sedentary young women (Risser et al. 1990,
Slemenda and Johnston 1993, Fehling et al. 1995, Friedlander et al. 1995, Kirchner et al.
1995, Robinson et al. 1995, Taaffe et al. 1995).

In study VI, in which an exercise regimen with a rapidly rising force profile (jumping)
was applied for 18 months, showed significant BMD increases (1.4 - 3.7%) at the loaded
sites (lumbar spine, femoral neck, distal femur, patella, proximal tibia and calcaneus) in
premenopausal women. The training consisted of aerobic jumping and step exercises, in
which the magnitude of the ground reaction forces was gradually increased by increasing
the height of the foam fences and the number of step-benches. It was concluded that the
high-impact exercises thatload bones with arapidly rising force profile in versatile movements
improved skeletal integrity significantly. Bassey and Ramsdale (1994, 1995), and Grove
and Londeree (1992) also used an impact training regimen and have shown an increase or
maintenance of bone mineral mass in premenopausal and postmenopausal women.

The bone tissue modeling/remodeling response is sensitive only to dynamic strain.
Therefore rather than the strain magnitude per se the total number of strain events, the
number of events per unit of time, or the strain rates involvedin the loading regimen may be
critical characteristics of the mechanical environment the bone tissue is attuned to (Rubin
and McLeod 1996). Animal models have shown that a positive remodeling response strongly
correlates with the strain rate, and also with the strain magnitude (O’Connor et al. 1982).
Studies II and VIsupport this concept by showing that squash playing, aerobic dance and
jump training, involving high-impact loading and thus producing high stress and effective
strain at a high rate of force development on bones, is related to high BMD values.

In terms of the rate of force application, the leg-press training of study III and the
elbow flexion and extension strength training with dumbbells of study IV probably produced
too low astrainrate, because the subjectsused high loads (80% of 1 RM) and were apparently
unable to use maximum power (speed) in the training movements. In these studies the
mean estimated strain magnitudes on femoral shaft (Sievinen et al. 1995) (IIT) and on
forearmbones (IV) remained within the range of ordinary mechanical strain, and the loading
induced change in the strain level was relatively small at the target bones. The training-
induced strain rates should have been higher or the strain distribution more irregular to
initiate bone formation to a greater extent .

During fast walking the loading direction and the rate on the lower-limb skeleton
are altered by the short heel strike and high ground reaction forces (Grove and Londeree
1992, Subotnick 1985) and hip reaction forces (Bergman et al. 1993) as compared with
ordinary walking. The strain in bone tissue has been shown to be proportional to the speed
of walking (Rubin and Lanyon 1982). Consequently, fast walking, uphill walking and slow
jogging, as used in study V, were likely to produce higher strain rates and a different



50

distribution of strain as compared with customary walking during normal daily routines. In
contrast, thc BMD changes in the callisthenics group (V) did not differ (town the values of
the control group, probably because the training movements were slow and smooth and
resulted in an insufficient magnitude of loading stimulus, as suggested also by the unchanged
muscular strength. Consequently, the calisthenics program, as used in study V, did not meet
the bone formation criteria of high strain rate and uncustomary strain distribution.

It has recently been shown that bone adaptation is also dependent on loading
frequency (Rubin and Mcleod 1994, 1996). On the other hand, high frequency is related to
high strain rate, and thus it is possible to estimate maximal frequencies produced by the
high impact training. In the jumping exercise, for instance, the average force rise times
ranged from 13 to 40 ms (Heinonen et al. unpublished pilot study). If a sinusoidal form is
assumed for the force production, the maximum frequency (f) of the jumping exercise can
be estimated as follows:

1

f=ogr (ea-5),

where T is the force rise time. Given these average force rise times, the average
maximum frequency in the jumping exercise was between 0.4 and 12 Hz. Actually, there is
probably a more rapidly rising part in the force curve than in a simplified sinusoidal model,
which indicates a frequency content higher than 12 Hz. This frequency would probably fall
in the high-frequency band, which has been shown to initiate substantial new bone formation
even at low strain magnitudes (Rubin and McLeod 1994). In other words, the higher the
strain rate, the wider the strain frequency spectrum. If frequency-specific strain is
substantiated by experimental evidence, it could be a safe and feasible way with which to
apply exercise in the prevention of osteoporosis. Altogether, high-impact exercise (high
accelerating and decelerating movements) such as jumping, aerobic dance and squash playing
seems to be an effective type of training with which to induce osteogenic response in bone.

6.5 Biomechanical environment

Despite a clear training effect on muscular strength in study IV, the training did not cause
an increase in BMC or BMD, or in the estimated mechanical characteristics (width, CWT
and CSMI). It is known that the mechanical competence of bone may improve as geometric
changes occur without essential changes in bone mass taking place (Kimmel 1993).
Apparently bone mass is the best measurable determinant of bone strength in humans, but
it must be noted that, despite its major contribution to bone strength, it is not the only
determinant of structural strength (Mosekilde 1993). The other factors are the geometric
properties and the material quality of the bone (Carter and Hayes 1976, Currey 1984,
Cowin 1989, Einhorn 1992). It may be possible that training could result in an improvement
in bone strength due to changes in bone geometry and material quality without a notable
increase in BMD or BMC (Carter and Hayes 1977). For bending, the CSMI of a structure
is more important for the resisting of loads than is its mass or density (Kimmcl 1993), and
substantial changes in CSMI may occur without corresponding changes in bone mass (Turner
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1991). Thus, for study IV, it is conceivable that, even if only small changes in BMC or
BMD were obtained, in agreement with several previous longitudinal strength training
trials (Gleeson et al. 1990, Pruitt et al. 1992, Snow-Harter et al. 1992, Menkes et al. 1993,
Ryan et al. 1994), the forearm bones might have improved their mechanical competence
through geometric changes. In general, bones resist loading best when their structure and
geometry are adapted to the direction of customary loading (Einhorn 1992). It may be that
in study IV the elbow flexion and extension training with dumbbells was too “customary”
in terms of the loading history of the studied bones.

The obvious interplay of bones and muscles in the appropriate handling of external
load should also be taken into consideration. In other words, the role of the entire
biomechanical environment should be recognized. Currey (1984) has argued that bones
tend, if possible, to be loaded in compression and not in bending. On the other hand, muscles
not only provide the necessary moment equilibrium in all joints, but also compensate and
reduce the bending stress of bones while increasing the axial compressive load (Currey
1984, Munihet al. 1992). In study IV, for instance, the estimated strain remained within the
ordinary strain range probably because the brachioradial muscle compensated and reduced
the bending stress in the forearm bones during elbow flexion, while the radius and ulna
supported each other during elbow extension. If so, the skeletal loading caused by rapidly
increased loading conditions may be reduced by strengthening the muscles and improving
the interplay between all the biomechanical components (muscles, tendons, ligaments, bones)
of the movements.

The magnitude of the force and the rate of force application affectinghuman skeleton
are mainly determined by the movement conditions (velocity of the segments, number of
repetitions, muscular activity) and the boundary conditions (anthropometric factors, fitness
level, surface, weather, and type of shoes) (Lees 1981, Nigg 1985, Ricard and Veatch
1994). Thus any change in movement conditions affects the kinematics and kinetics of the
movement and probably also the mechanical stress affecting the bone. A change in the
boundary conditions may have an additional effect on the stress of the musculoskeletal
system (Lees 1981, Nigg 1985). Therefore, in contrast to absolute peak stress, the
differences in the movement and boundary conditions of different sports and exercises may
well induce different strain distributions and different strain rate characteristics for bones.

The rate of force application or the changing movement factors, rather than the
magnitude of force as such, may be more important as osteogenic stimuli in some sports,
for example in squash, gymnastics (Nichols et al. 1994, Fehling et al. 1995, Kirchner et al.
1995, Taaffe et al.1995) and dance (Grimston et al. 1993, Michaud et al. 1993), than in
other sports (e.g., weightlifting). The relationship between force and acceleration or
deceleration implies that sports involving highly accelerating and decelerating movements
(i.e., impact loading) produce high stress and thus effective strain on bones. The data of
studies I-VI support these concepts. Similar results have been reported for basketball (Risser
etal. 1990) and volleyball players (Risser et al. 1990, Kirchner et al. 1995) and gymnasts
(Fehling et al. 1995, Kirchner et al. 1995, 1996, Robinson et al. 1995, Taaffe et al. 1995),
whose sports involve comparable loading on the lower extremities. Inaddition, the playing
arm of tennis and squash players, which is mostly loaded by impact during the stroke in
conjunction with frequent, rapid and multidirectional movements, has clearly higher BMD
and BMC values than its nonplaying counterpart (Haapasalo et al. 1994, Kannus et al.
1994).



7  GENERAL CONCLUSIONS

The cross-sectional comparison of the BMD of athletes representing sports that produce
different types of loading on bones showed that weight-bearing exercises are associated
with increased BMD and that the response of BMD to training is site-specific. These results
suggest that sports that produce high-impact loading (high strainrates) in versatile movements
such as in squash and high-magnitude loading such as in weight training include an effective
osteogenic loading stimulus. The results also showed that squash players and weightlifters
haveclearly higher BMD values at the loaded sites than sedentary referents do. Furthermore,
in sports including repetitive loading, the athletes had higher BMD values at the loaded
lower-1imb sites.

The findings of the exercise intervention studies were consistent with the cross-
sectional observations, both showing that high-impact exercise that loads bones with a
rapidly rising force profile in versatile movements improves skeletal integrity in
premenopausal women. In addition, endurance training with repetitive lower extremity
loading results in the maintenance of BMD in the clinically important femoral neck of
perimenopausal women.

On the other hand, progressive, monotonous high-intensity strength training (high-
magnitude loading) does not seem to be an effective stimulus with which to increase BMD,
BMC or the estimated bone mechanical characteristics of young women, even if the training
is clearly effective in increasing muscular strength. This findings implies that the interaction
of bones and muscles plays an important and relatively unrecognized role in the development
of bone strength and suggests that the entire biomechanical environment should be carefully
considered when the osteogenic efficiency of physical loading is evaluated.

Thus, the present results indicate that the important components of osteogenic
exercise stimulus in premenopausal women are high strain rates and high peak forces in
versatile movements. In addition, the importance of the number of loading cycles probably
increases in significance if the repetitive loading magnitude is low at the loaded sites.



8 TIIVISTELMA

Tamaén tutkimuksen tavoitteena oli poikkileikkaus- ja kokeellisin liikuntainterventio-
tutkimuksin tunnistaa ja méaérittaa harjoitusmuotoja, jotkalisddvat nuorten ja vaihdevuosi-
ikda ldhestyvien naisten luun tiheyttd (BMD), luun mineraaliméérdd (BMC) ja erditd luun
mekaanisia ominaisuuksia. Kaikkiaan 444 tervettd naista osallistui kuuteen tutkimukseen,
joista kaksi oli poikkileikkaustutkimusta, kaksi kontrolloitua ja kaksi kontrolloitua
satunnaistettua tutkimusta. Koehenkil6t olivat luustoaeri tavoin kuormittavan lajin aktiivi-
urheilijoita seka fyysisesti aktiivisia tai vahan liikkuvia nuoria ja vaihdevuosi-ikia lahesty-
vid naisia. Elaméntavat ja terveyden tila selvitettiin kyselylomakkeella. BMD, BMC ja luun
mittasuhteet mitattiin kaksienergisellarontgenabsorptiolla (DXA). Isometrinenlihasvoima,
hengitys- ja verenkiertoelimistdn kunto ja dynaaminen tasapaino mitattiin tavanomaisin
menetelmin. Harjoitusohjelmien pituudet olivat 12-18 kk ja sisélsivit voimaharjoittelua,
voimistelua, kestdvyysharjoittelua ja isku-tdrdhdys-tyyppistd hyppely-, aerobic- tai step-
harjoittelua. Poikkileikkaustutkimuksissa squashpelaajien ja painonnostajien BMD-arvot
olivat tilastollisesti merkitsevisti (6-19%) korkeammat ldhes kaikissa mitatuissa
luustopisteissd kuin vahan liikkuvilla verrokkihenkil@illd. Toispuoleinen harjoittelu ei vai-
kuttanut merkitsevasti BMD- ja BMC-arvoihin. Kestdvyysharjoittelijoidenreisiluun kaulan
BMD:n lineaarinen kasvutrendi 18 kk:n harjoittelun jdlkeen oli merkitsevésti suurempi kuin
kontrollien osoittaen, ettd kestdvyysharjoittelu yllapiti timén kliinisesti tarkedn luualueen
BMD:td. Kahdeksantoista kuukauden isku-tdrdhdys-tyyppinen harjoittelu lisasi
kuormitettujen luiden BMD:td1.4 - 3.7%. Muutokset vertailuryhmaéssa olivat vastaavana
aikana merkitsevisti pienemmat (0-1.8%). Tulokset viittaavat siihen, ettd osteogeenisen
liikuntaédrsykkeen tarkeimpid komponentteja ovat vaihtelevien liikkeiden aiheuttamat luun
nopeat muodon muutokset ja korkeat voimahuiput. My6s alhainen kuormitustaso saattaa
parantaa luuston ominaispiirteitd, mikali kuormitussyklien lukumééréd on suuri.
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Abstract

Anthropometry, training history, cardiorespiratory and muscular performance capacity,
and bone mineral density (BMD) were studied in female orienteers (n = 30), cross-country
skiers (n = 28), cyclists (n = 29), weight lifters (#» = 18) and in a reference group (n = 25). BMD
was measured at lumbar spine, femoral neck, distal femur, patella, proximal tibia, calcaneus
and distal radius by dual energy X-ray absorptiometry. The weight lifters had significantly
higher weight adjusted BMD (P < 0.001) than the referents at all sites (9-26%) except in
femoral neck and calcaneus. Of the endurance athletes, the orienteers were the only group
which had significantly higher BMD (P < 0.05) than referents, only at distal femur (5%) and
proximal tibia (574). BMD did not differ significantly at any skeletal site between subjects with
different calcium intake. Weight training seems to provide more effective osteogenic stimulus
than endurance training. The differences in BMD at different sites between the groups were
consistent with specificity of the stimulus to the training of the studied sports.

Key words: Bone mineral density; Female athletes; Physical fitness: Training history

1. Introduction

Previous studies provide evidence that bone mineral density (BMD) is significant-
ly higher in athletes than in age-matched healthy non-athletic subjects [1-9]. In com-
parisons between sports, it has been shown that male and female athletes using
weight training have higher BMD values than gender-matched athletes in other
sports [1,3,4].
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Exercise may exert a very local effect on the highly stressed parts of the skeleton
(e.g., on the playing arm of tennis players) [10—12]. Similarly, spinal BMD is higher
in rowers, whose sport requires intense lower back exertion than in dancers and run-
ners [13]. Different sports may load the skeleton at various sites in different ways.
Running produces impact loading on the lower limbs, weight lifting creates extreme
torques in the lumbar spine and wrist, whereas cycling produces varying muscle ten-
sion in smooth movements without weight-bearing. Thus, it is to be expected that
the training response of different skeletal sites varies according to the sport-specific
loading. However, cxact data are sparse.

The purpose of this study was to determine whether there are site-specific differ-
ences in the BMD of female athletes involved in long-term diverse sporting
disciplines and to assess whether these differences are related to the musculoskeletal
requirements specific to each sport.

2. Material and methods

2.1. Subjects

A total of 105 Finnish competitive female athletes were recruited to participate in
the study. The group included 30 orienteers, 29 cyclists, 18 weight lifters and 28
cross-country skiers. Twenty-five moderately active female physiotherapy students
served as the reference group. None of them was or had been a serious competitive
athlete. Descriptive group characteristics of the subjects are presented in Table 1.
None of the subjects had any diseases or had ever used medication that may have
affected the bone. All of the measurements of the athletes and referents were taken
within an 8-month period during the training season.

2.2. Training history

Information on living habits and health status was obtained with detailed ques-
tionnaires. The training history was documented in detail with a training recall diary
covering the previous 5 years. The reference group reported their physical activity
over the previous 3 years.

2.3. Calcium intake

Calcium intake was estimated from the approximate quantity of milk (a 0.2-1 glass
of milk contains about 200 mg calcium) [14] and cheese (slice of cheese contains
about 100 mg calcium) consumed daily. The assessment of the calcium intake was
based on questionnaire.

2.4. Menstruating status

The assessment of the menstruating status of the subjects was based on data from
a prospective diary and the monitoring of morning body temperature during 6
months at the time of the study. This assessment was used to determine how many
amenorrheic subjects belonged to each group. The subjects were classified into
amenorrheic and normally menstruating and oral contraceptives users. The amenor-
rheic subjects had, at most, | menstruating cycle during the 6 months. Normal
menstruating cycle consisted of normal ovulation (temperature rise 0.3-0.5°C) and
duration of 23-35 days.



Table |

Characteristics of the athlete groups and reference group (mean and S.D.)

Orienteers Cross-country Cyclists Weight lifters P value
n=30 skiers n=29 n=18 (F)
n=28
Age (years) 23.3(3.h 21.3 (3.)) 24.0 (5.7) 24.6 (4.6) 0.049
Height (cm) 169 (5) 169 (6) 166 (5) 165 (7) 0.102
Weight (kg) 59.3 (4.6)¢ 61.6 (8.9) 61.8 (7.7) 66.7 (11.1)" 0.057
BMI* (kg/m?) 20.8 (1.5)¢ 21.6 (2.2)¢ 224(24) 243 (3.3)20¢ 0.000
Body fat** (%) 21.6 (3.5)4¢ 22.5(4.2) 25.3 (5.0)° 25.7 (5.5)b 0.004
Sport-specific training 129 (3.1) 10.9 (3.5) 6.0 (3.1) 3.6 (1.1
(years) n=15

*BMI. Body mass index.

**Body fat was measured by a bioimpedance analyzer (BIA 106, RJL Systems Inc.. Michigan, USA).

Superscripts indicate a significant (P < 0.05) mean difference between groups as follows:
“Significantly different from reference.

®Significantly different from orienteers.

‘Significantly different from cross-country skiers.

YSignificantly different from cyclists.

‘Significantly different from weight lifters.
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2.5. Cardiorespiratory fitness tests

The cardiorespiratory fitness testing method was selected to match the car-
diorespiratory requirements of each sports. The cyclists, weight lifters and referents
performed their maximal exercise test on a bicycle ergometer (Siemens-Elema RE
820, Rodby Elektronik AB, Enhorna, Sweden). Orienteers and cross-country skiers
were tested on a treadmill (Telineyhtymd, Kotka, Finland). A progressive 3-min step
protocol (20-30 W/step) was used in the bicycle ergometer test. The treadmill proto-
col consisted of 3-min progressive uphill running (initial speed 6.3 km/h and inclina-
tion 1%) for the orienteers and uphill ski-pole walking (initial speed 6.0 km/h and
inclination 2.3%) for the skiers. The grade and speed were increased every third min-
ute according to the theoretical oxygen consumption increase of 5 ml/kg per min.

The test was continued to voluntary maximum. An electrocardiogram was record-
cd and monitored (recorder: Mingocard 4, Siemens-Elema, Sweden; monitor: Car-
diac Monitor 573, Kone Oy, Finland) throughout the test. Expired air was analyzed
continuously throughout the test for oxygen consumption (V0,) and related mea-
sures with a Medikro 202E automatic metabolic analyzer (Medikro, Kuopio,
Finland). The following variables were derived as the measures of maximal perfor-
mance capacity: test time, maximal oxygen consumption (¥0,max), maximal heart
rate (HRmax), maximal ventilation (VEmax), and maximal respiratory quotient

(RQ).

2.6. Maximal isometric strength test

Maximal voluntary contraction (MVC) was measured after 3 practice contrac-
tions. Three maximal efforts were recorded. and the mean of the 2 best values was
used as the test score.

The MVC of the trunk extensors and flexors was measured by a strain gauge
dynamometer (measurement range, 0—2.5 kN; Juhantalo Ky, Digitest, Muurame,
Finland). The subjects were tested in a standing position with the pelvis and knees
stabilized.

The MVC of the leg extensors was measured with a leg press dynamometer. The
subjects sat on the dynamometer chair in an upright position with their knees and
ankles at a 90° flexion angle. They then pressed maximally against strain gauges
(measurement range, 0—25 kN; Tamtron, Tampere, Finland) located under their
feet. The signal representing the peak force was amplified and recorded by a
voltmeter.

The MVC of the dominant forearm flexors was measured with an arm flexion-
extension dynamometer. The subjects stood straight with elbows flexed 90° and sup-
ported. A strain gauge (measurement range, 0—2.5 kN; Digitest, Muurame, Finland)
was fixed to the hand grip, and the signal was amplified and recorded with a
voltmeter from which the peak force reading was available.

The day-to-day precision of the strength measurements expressed as the coeffic-
ient of variation, ranged from 5.4% (leg extension) to 9.7% (forearm flexion). The
reproducibility of the strength measurements was determined by testing 15 sedentary
middle-aged women 3 times within 2 weeks.

2.7. Bone densitometry
Bone mineral density (BMD) was measured at the following seven sites: the lum-
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bar spine (L2-L4), and the femoral neck, distal femur, patella, proximal tibia, cal-
caneus and distal radius of the dominant extremity (Fig. 1). A Norland XR-26 dual
energy X-ray absorptiometric scanner (Norland Inc, Forth Atkinson, WI, USA) was
used. The in vivo day-to-day precision of the BMD expressed as the coefficient of
variation, ranged from 0.7% (proximal tibia) to 1.9% (distal radius). The method has
been described in detail elsewhere [15]. During the 8 months of the study, no
machine drift was observed.

2.8. Statistical methods

The mean and standard deviations were calculated for subject characteristics, per-
formance variables and BMD. The subject characteristics and performance variables
of the groups were compared with the one-way analysis of variance (ANOVA).
When the ANOVA indicated a significant difference (P < 0.05), Tukey's Studentiz-
ed range method was used as the post-hoc test. For estimating the BMD differences
between the athlete groups and the reference group, analysis of covariance was used
(ANCOV A). Weight, known to have positive correlation to BMD [4,16], was used
as a covariate. Preliminary calculation suggested that, to achieve a statistical power
of 80% in detecting a clinically important (our estimation as 5%) difference in BMD
between the groups significant at the 5% level, approximately 30 subjects per group
were needed for the study.

3. Results
3.1. Training history

The orienteers reported the greatest number of years of sport-specific training,
followed by the cross-country skiers, cyclists and weight lifters (Table 1). The mean

4 ]

60

Fig. 1. Anatomic sites of the BMD measurements for lumbar spine. femoral neck. distal femur, patella,
proximal tibia. calcaneus and distal radius. The dimensions given are in millimetres.
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exercise frequency of the orienteers, cyclists and cross-country skiers during the last
inquiry year was statistically significantly higher (P < 0.01) than that of the weight
lifters and the referents (Table 2). The endurance athletes reported a higher mean
number of training hours for the last 5 years than the weight lifters and referents.
During the last year of inquiry the mean of the training hours of the reference group
was less (P < 0.01) than those of the athlete groups, but there were no significant
differences between the athlete groups (Table 2).

3.2. Calcium intake

The estimated mean calcium intake from milk and cheese was as follows: 56
athletes (15 orienteers, 17 cyclists, 8 weight lifters and 16 cross-country skiers) and
7 referents consumed more than 800 mg of calcium/day. Fourteen athletes (3
orienteers, 7 cyclists, 2 weight lifters and 2 cross-country skiers), and 4 referents con-
sumed less than 500 mg of calcium/day. Thirty-five athletes (11 orienteers, 5 cyclists,
7 weight lifters and 10 cross-country skiers) and 14 referents consumed 500~-800 mg
of calcium/day. Since Finnish food provides plenty of calcium from other sources
as well [17] the actual calcium intake of our subjects per day was likely to be more
than this estimated intake. There were no significant differences in BMD at any
skeletal site between the subjects with different calcium intake.

3.3. Menstruating status

The prospective menstrual diaries and the measurements of morning body temper-
ature showed that 3 athletes were amenorrheic (1 cross-country skier, 1 weight lifter
and 1 cyclist). The amenorrheic athletes’ BMD values did not differ from their group
BMDs. Thirty-six athletes (7 cross-country skiers, 14 orienteers, 7 weight lifters and
8 cyclists) and 19 referents used oral contraceptives.

3.4. Cardiorespiratory fitness

The mean absolute and relative Y0,max (in Vmin and ml/kg per min) of the
orienteers, cyclists and cross-country skiers was significantly higher (P < 0.01) than
that of the reference group and the weight lifters (Table 3). Furthermore, the
orienteers and cross-country skiers had a higher (P < 0.01) Vo,max than the
cyclists (Table 3).

3.5. Maximal isometric strength

Table 4 gives the maximal absolute and relative (strength/weight, N/kg muscle
strength for all groups. The strength of the leg extensors was greatest in the weight
lifters. The strength of the leg extensors of the orienteers and cyclists was also greater
(P < 0.01) than that of the reference group. The cross-country skiers had greater
leg extensor and forearm flexor strength (P < 0.05) than the reference group. The
forearm flexor strength of the weight lifters was greater (P < 0.01) than that of the
orienteers, cyclists and referents and the weight lifters had greater (P < 0.05) trunk
extensor strength than the cyclists.

3.6. Bone mineral density
In general, the weight lifters were the only athlete group that showed a



Table 2

Training history of the athlete groups and reference group in the last inquiry year (mean and S.D.)

Training Referents Orienteers Cross-country Cyclists Weight lifters P value (F)
skiers

Total amount (h) 202 (135)b<de 446 (70)* 574 (60)* 556 (338)* 429 (129)* 0.000
n=25 n=28 n=2S n=28 n=14

Training sessions/week 4.8 (2.9)0<¢ 7.6 (1.2)2¢ 7.8 (1.6)4¢ 7.2 (3.2)2¢ 5.3 (1.2)bed 0.000
n=25 n=30 n=28 n=29 n=17

Sport-specific training 3466 (924) km 5274 (761) km 8566 (4431) km 713 (524) tons

n=11 n=16 n=28 n=12

Superscripts indicate a significant (P < 0.05) mean difference between groups as follows:

“Significantly different from reference.
bSignificantly different from orienteers.
“Significantly different from cross-country skiers.
dSignificantly different from cyclists.
Significantly different from weight lifters.
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Table 3
Cardiorespiratory fitness of the athlete groups and reference group (mean and S.D.)

Cardiorespiratory Referents Orienteers Cross-country Cyclists Weight lifters P value
variable n=25 n=30 skiers n=28 n=18 (F)
n=27
V0, max. relative 43.3 (6.5)b<d 58.3 (4.4)d 59.8 (4.2)2dc 53.7 (5.6)*0<c 40.1 (4.7)b<d 0.000
(ml/kg per min)
10, max, absolute 2.74 (0.37)b<d 3.46 (0.35)*¢ 3.65 (0.39)de 3.30 (0.38)<¢ 2.66 (0.31)P4d 0.000
(I/min)
HRmax (beats/min) 191 (5) 192 (7) 191 (8) 192 (7) 187 (9) 0.233
VE max (I/min) 11 (15)°¢ 122 (16) 126 (18)*¢ 124 (16)*€ 110 (10)¢4 0.001
RQ max 1.13 (0.06)>¢ 1.09 (0.04)* 1.08 (0.05)" 1.10 (0.07) 1.12 (0.04) 0.006
LA max (mmol/l) 8.60 (1.47) 7.78 (1.52) 8.65 (2.02) 8.44 (1.22) 8.38 (1.26)
n=27

Voz max, maximal oxygen uptake: HRmax. maximal heart rate: VE max. maximal minute ventilation: RQ max. respiratory quotient: LA max. maximal lactate.
Superscripts indicate a significant (P < 0.05) mean difference between groups as follows:

4Significantly different from reference.

bSignificantly different from orienteers.

“Significantly different from cross-country skiers.

dSignificantly different from cyclists.

¢Significantly different from weight lifters.
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Table 4
Maximal isometric strength of the athlete groups and reference group (mean and S.D.)

Strength variable Referents Orienteers Cross-country Cyclists Weight lifters P value (F)
n=25 n=30 skiers n=29 n=18
n=28
Trunk extensors
kg 67.1 (10.2)° 67.4 (7.6)° 72.0 (9.9) 66.6 (8.0)¢ 79.3 (11.0)*bd 0.000

N/kg 11.0 (1.3) 11.4 (1.2) 11.8 (1.4) 10.8 (1.1)¢ 12.1 (1.9)¢ 0.009
Trunk flexors

kg 45.7 (10.4)¢ 47.3 (7.6)° 51.0 (7.9) 46.6 (9.5)° 57.8 (13.0)*bd 0.000

N/kg 7.5 (1.5) 8.0 (1.3) 8.4 (1.5) 7.6 (1.4) 8.7 (1.4) 0.021
Leg extensors

kg 130.2 (25.2)4¢ 146.1 (18.9)¢ 147.5 (20.6)¢ 157.4 (27.6)*¢ 189.6 (19.5)4b-cd 0.000

N/kg 21.3 (3.2)bcde 247 (3.0)*¢ 24.1 (2.6)*¢ 256 (3.7)*¢ 28.9 (3.8)*b<d 0.000
Forearm flexors

kg 18.1 (3.6)° 18.9 (3.7)¢ 20.8 (3.8)° 19.4 (3.1)¢ 24.4 (5.5)4b«d 0.000

N/kg 3.0 (0.5)¢¢ 3.2 (0.5)¢ 3.4 (0.4)* 3.2 (0.5)¢ 3.7 (0.6)*9 0.001

Superscripts indicate a significant (P < 0.05) mean difference between groups as follows:
“Significantly different from reference.

bSignificantly different from orienteers.

“Significantly different from cross-country skiers.

dSignificantly different from cyclists.

Significantly different from weight lifters.
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Table S
BMD of the athlete groups and reference group (mean and S.D.)
Site of BMD (g/cm?)
measurement
Referents Orienteers Cross-country  Cyclists Weight lifters
n=25 n=30 skiers n=29 n=18
n=28
Lumbar spine 1.071 (0.103)  1.068 (0.096)  1.072 (0.098) 1.067 (0.117)  1.230 (0.132)
(L2-L4)
Femoral neck 0.983 (0.114) 1.000 (0.106)  1.035(0.117) 0.963 (0.105)  1.082 (0.156)
Distal femur 1.261 (0.118) 1.320 (0.096)  1.321 (0.125) 1.288 (0.124)  1.505 (0.160)
Patella 1.057 (0.109) 1.091 (0.092)  1.080 (0.109) 1.068 (0.090)  1.284 (0.142)
Proximal tibia 1.104 (0.105) 1.151 (0.072)  1.139 (0.107) 1.094 (0.114)  1.234 (0.139)
Calcaneus 0.671 (0.083) 0.699 (0.050)  0.694 (0.077) 0.654 (0.069)  0.700 (0.095)
Distal radius 0.350 (0.046) 0.352 (0.033)  0.348 (0.101) 0.368 (0.041)  0.453 (0.054)

systematically higher mean weight adjusted BMD than the referents. Absolute BMD
values are given in Table 5. Weight was correlated significantly (P < 0.001) with
BMD at each site ( in the range 0.39-0.51). The weight adjusted BMD differences
between athlete groups and reference group are given in Fig. 2.

In the weight lifters, the mean weight adjusted BMD of the lumbar spine, distal

A %
28 i (p<0.001)
mm Orienteerers =
24 |- 3 Cross-country skiers
3 Cyclists
3 Weight lifters
20 = (p<0.001)
(p<0.001) —|
16 |- ] [
(p<0.001)
12 |- ]
(p=0.001)
B R
(=007
($=0.08) Upeicns (pe0.035) (p=006)
(p=0.08)
| ﬂ I’L
0 : : §  EESNE =
E =
¥ ?v‘
-4 - ‘ .
Lumbar Femoral Distal Patella Proximal Calcaneus Distal
spine neck femur tibia radius

Fig. 2. Relative deviation of the weigth-adjusted BMD of the athletic groups from that of the reference
group ().
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femur, patella, proximal tibia and distal radius was higher (P < 0.001) than that of
the reference group. In addition, in comparison with the reference group, the weight
lifters had higher BMDs in the femoral neck but the difference was not significant.
Compared with the other athlete groups, the weight lifters had higher BMD in the
lumbar spine, distal femur, patella and in the distal radius (Fig. 2).

In the orienteers, the mean weight adjusted BMD of the distal femur and proximal
tibia was higher (P < 0.05) than that of the reference group. In addition, orienteers’
BMD:s in the patella and calcaneus was higher than that of the reference group, but
the difference was not significant. In cross-country skiers, the BMD in the femoral
neck and distal femur was higher than in the referents but the difference was not sig-
nificant (Fig. 2).

4. Discussion

Our results showed that the weight lifters had a higher BMD at most skeletal sites
than the reference group and the other athlete groups. In different sports, exercise
loads affecting the skeleton can vary in many ways, such as in their intensity and
in the direction of the forces on the skeleton. For example, the reaction forces pro-
duced in the lower limb during running can be 2-5 times body weight [18] and those
produced in the vertebrae can be a factor of 1.75 higher than body weight [19]. How-
ever, during competitive weight lifting, compressive loads on the lumbar spine range
from 18.4 to 36.2 kN [8], values which are 18—36 times body weight.

It has been shown that muscle strength and mass are significantly related to BMD
in trained athletes [20]. In the present study the weight lifters had the highest max-
imal isometric strength (from leg extensors 28.9 N/kg to forearm flexors 3.7 N/kg)
in all of the measured muscle groups and the highest BMD at most of the measured
sites. Orienteering and cross-country skiing primarily load the lower extremities in
addition to being weight-bearing activities. The athletes participating in these sports
had a consistently, although not significantly, higher BMD and extensor strength in
the lower extremities (24.7 N/kg for orienteers and 24.1 N/kg for cross-country
skiers) than the reference group (21.3 N/kg). Previous studies on tennis players
[10-12] and rowers [13] have shown similar site specificity of training.

Our results are in accordance with those of previous studies that have shown male
weight lifters and female body builders to have significantly higher BMD than con-
trols [3,4,8,9]. In addition, weight lifters’ BMD in the lumbar spine, femoral neck
and radius has been found to be significantly higher than the corresponding values
of other athlete groups [1,3,4]. The high mechanical loading that stresses the skele-
ton in weight lifting is the most probable reason for the high BMD values.

Previous prospective studies on weigth training have shown modest (1-2%) or no
increase in BMD after short training period (that is, training about | year or less)
[21-24]. In this study, weigth lifters had longer (on average 4 years) sport-specific
training history, higher training frequency and intensity and used heavier loads than
sedentary subjects in these prospective studies. These differences probably explain
the differences in the results.

The cyclists’ relatively low BMD values in the lumbar spine and lower extremities
may be explained by the fact that cycling does not include vertical weight-bearing
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activity. Our results for cyclists agree well with the results from previous studies on
rowing and swimming, typical non-weight-bearing exercises; the study of Wolman
etal. [13] on rowers and those of Risser et al. [25] and Orwoll et al. [26] on swimmers
suggest that gravity plays an important role in the process of bone mineralization.
In our study, the cyclists had the lowest BMD values among the athlete groups ex-
cept in the distal radius, where their BMD was about 5% higher than that of the
other endurance-trained athletes. These findings may be due to the fact that, in the
cycling position, the weight of the upper body is supported by the wrists. It has been
found that hands generate significant forces during cycling [27].

In the studies by Lane et al. [6], Marcus et al. [28] and Wolman et al. [29], runners
had a higher BMD in the lumbar spine and femur than the controls. On the other
hand, Heinrich et al. [4] and Bilanin et al. [30] did not find significant differences
between runners and controls. Running, particularly in orienteering, produces
repetitive weight-bearing impacts with the ground and therefore is likely to stress the
calcaneus, tibia, patella and femur. Indeed, the orienteers in the present study had
4.3-5.5% higher weight-adjusted BMD values for these bones than the reference
group did, the difference in distal femur and proximal tibia being significant (see
Fig. 2).

Cross-country skiing is a weight-bearing exercise, but much of the work consists
of pliant movements in which impact does not play any significant role. However,
in the weight-bearing bones, especially in the femur (femoral neck and distal femur),
cross-country skiers seem to have higher (~ 5%) weight-adjusted BMD values than
the reference group (see Fig. 2). This may be due to the new skating style. The
relatively low BMD in the distal radius of the cross-country skiers was an unexpect-
ed finding because these athletes do much work with their arms and hands.

In this study, the referents were not sedentary. Previous studies have used seden-
tary subjects as the reference group, and their physical activity has probably been
less than in our study [1-9]. Our reference group reported 5 exercise sessions/week
on average and 202 training hours during the last year of inquiry. Thus, the referents
exercised 30 min X 5 times/week on average. In addition to high leisure-time activ-
ity, the curriculum of the physiotherapy education involved a considerable amount
of exercise and manipulative therapy practices. The referents’ BMD of the lumbar
spine (1.071 g/em?, S.D. 0.103 g/cm?) was similar to normative data provided by the
manufacturer for Western European young women (mean age, 25 years) (1.08
g/em?, S.D. 0.11 g/cm?). In contrast, the corresponding referents’ BMD values at
the femoral neck (0.983 g/cm?, S.D. 0.114 g/cm?) were higher than those of the
manufacturer’s (0.93 g/cm?, S.D. 0.12 g/cmz). The femoral neck values of the refer-
ence group indicate that their lower limb BMD may be higher than that of cor-
responding young age-matched, sedentary women. Thus, the relatively small
differences in BMD between our endurance athletes and our referents may be partly
explained by the high activity level of our reference group.

All of the athletes in our study were competitive athletes with a long training
history. The orienteers and cross-country skiers had trained systematically over 10
years, the cyclists for 6 years and weight lifters for 4 years, on average. Consequently,
the duration of sport-specific training did not explain the weight lifters’ higher
BMD, at least within the time limits of our study.
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Altogether, our results support the hypothesis of Lanyon [31] that short periods
of high peak forces are more effective in producing an anabolic effect on bone
mineralization than long periods of repetitive loading with lower peak loads. With
an animal model, Rubin and Lanyon [32] showed that increasing the number of
repetitions of loading does not bring any additional increase in BMD. Lanyon [31]
suggests that the osteogenic potential of a loading regimen is maximized if it causes
strains of high magnitude and at high rate in a distribution to which the skeleton
is unaccustomed. Thus, weight training would be more effective in increasing bone
mass than endurance exercise.

In conclusion, the results of this study suggest that weight training provides a bet-
ter osteogenic stimulus than endurance training. The results are consistent with the
hypotheses that weight-bearing exercises increase BMD and that response of BMD
to training is site specific.
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Bone Mineral Density in Female Athletes Representing
Sports With Different Loading Characteristics of

the Skeleton

A. HEINONEN,! P. OJA,' P. KANNUS,' H. SIEVANEN,' H. HAAPASALO,' A. MANTTARI,? and I. VUORI'

' UKK Institute for Health Promotion Research and * Tampere Research Station of Sport Medicine, Tampere. Finland

To address the hypothesis that osteogenic effect of physical
loading increases with increasing strain rates and peak
forces, we examined 59 competitive Finnish female athletes
(representing three sports with different skeletal loading
characteristics), physically active referents (they reported an
average of five various types of exercise sessions per week),
and sedentary referents (two sessions per week) using dual
energy X-ray absorptiometry. The measured anatomic sites
were at the lumbar spine, femoral neck, distal femur, pa-
tella, proximal tibia, calcaneus, and distal radius. The ath-
lete group consisted of aerobic dancers (N = 27), squash
players (N = 18), and speed skaters (N = 14). The squash
players had the highest values for weight-adjusted bone min-
eral density (BMD) at the lumbar spine (13.8% p < 0.001 as
compared with the sedentary reference group), femoral neck
(16.8%, p < 0.001), proximal tibia (12.6%, p < 0.001) and
calcaneus (18.5%, p < 0.001). Aerobic dancers and speed
skaters also had significantly higher BMD values at the
loaded sites than the sedentary reference group, the differ-
ence ranging from 5.3% to 13.5%. The physically active
referents’ BMD values did not differ from those of the sed-
entary referents at any site. The results support the concept
that training, including high strain rates in versatile move-
ments and high peak forces, is more effective in bone forma-
tion than training with a large number of low-force repeti-
tions. (Bone 17:197-203; 1995)

Key Words: Bone mineral density; Female athletes; Loading
characteristics; Peak forces; Peak strain rates; Sports.

Introduction

The important role of physical loading in regulating of bone
modeling and remodeling is commonly accepted. However, the
type, intensity, frequency, and duration of exercise that best
enhance bone mineral accumulation are still largely unknown.
Several cross-sectional studies have reported higher bone min-
eral density (BMD) and bone mineral content (BMC) in athletes
than in sedentary controls':'”-'#-32 and a higher BMD in weight-
lifters than in athletes in other sports.*'2!7:8:32:52 These stud-
ies, along with our previous cross-sectional study on weightlift-

Address for correspondence and reprints: Ari Heinonen, UKK Institute,
P.O. Box 30. FIN-35501 Tampere, Finland.

© 1995 by Elsevier Science Inc.

ers and endurance athletes,'’ support the hypothesis of

Lanyon®-** and Whalen and Carter’* that high peak forces of
loading may have a greater influence on bone mass than a large
number of completed loading cycles. Furthermore, Lanyon,?' =
O’Connor et al.** and Rubin and Lanyon® have suggested that
the high strain rates may be even more osteogenic than the
absolute peak forces of the loads. These authors have also
suggested that the stimulus required to produce an adaptive re-
sponse in bone depends on the strain distribution across a skeletal
structure >4

The training involved in squash, aerobic dance, and speed
skating characteristically produces versatile impact-type loading
(accelerating and decelerating movements) and pliant move-
ments on the skeleton. The training involved in these sports is
thus likely to result in high strain rates and versatile distribution
of strain in the target bone. Therefore, the purpose of this study
was to further address the hypothesis that the osteogenic effect of
physical loading increases with increasing peak forces and strain
rates by studying the BMD of squash players, aerobic dancers,
and speed skaters and their controls.

Material and Methods
Subjects

We previously investigated four groups of nationally or interna-
tionally ranked competitive Finnish female athletes.'” In this
study, similar data from 18 squash players. 27 aerobic dancers,
and 14 speed skaters were evaluated. The two reference groups
consisted of 25 healthy sedentary women who were recruited
through a local nursing school (the sedentary reference group,
less than 3 exercise sessions per week) and 25 physically active
physiotherapy students (physically active reference group, 3 or
more exercise sessions per week). None of the sedentary or
physically active referents was or had been a serious competitive
athlete. None of the subjects had any disease or had ever used
medication that might have affected bone tissue. The age,
weight, height, and body mass index and other characteristics of
the subjects are given in Table 1.

Training History, Calcium Intake, and Menstruating Status

The training history, including years of active sports-specific
training, training sessions per week, total training hours per year,
and the starting age of the sport specific training were docu-
mented with a training recall diary covering the previous five

8756-3282/95/%9 .50
SSDI 8756-3282(95)00151-3
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Table 1. Characteristics of the athlete groups. the physically active reference group, and the sedentary reference group, means (standard deviations)

Squash Aerobic Speed Physically Sedentary
players dancers skaters active referents referents p value
N = 18 N =27 N =14 N =25 N =25 F
Age (years) 25.0 (3.9) 28.3 (3.7)<4 21.4 (8.6)° 22.6 (2.8)° 23.8 (4.7)° <0.001
Height (kg) 166 (6) 166 (5) 168  (6) 167 (7) 166 (S5) 0.940
Weight (cm) 61.7 (6.2) 57.3(4.2) 63.2 (6.6) 61.2 (8.3) 59.4 (6.1) 0.053
BMI* (kg/m?) 224 (2.3) 20.7 (1.1) 224 (1.2) 22.0 (2.9) 21.5(2.1) 0.042
Body fat** (%) 24.4 (5.1) 24.4 (5.1)*°< 259 (3.3)° 25.1 (5.4)° 25.9 (4.9)° 0.002
Training history
Training hours 382 (246)° 339 (154)° 351 (181) 202 (135) 45  (52)*° <0.001
(in the last inquiry year) N =15 N = 22 N =12 N = 22
Training sessions/week 6.4 (3.5)° 6.2 (2.6)° 6.0 (2.2)° 4.8 (2.9) 2.3 (i./5)e+< <0.001
N = 17 N =26 N =13 N =21
Sport-specific training 55027 6.6 (3.7) 9.3 (7.2) 0.061
(years)
Starting age of sports 16.7 (4.3)° 21.8 (8.3)° 10.3 (2.6*® <0.001
(years)
VO, max*** (mL/kg/min) 48.8 (5.1) 51.6(4.9)%< 47.8 (5.2)° 43.3 (6.5)*® 40.4 (4.7)*°¢ <0.001
Isometric strength
Trunk extensors (N/kg) 13.2 (1.4)%¢ 12.5 (1.4 12.2 (1.3) 11.0 (1.3)*° 1.2 (1.6)*° <0.001
Trunk flexors (N/kg) 8.7(2.0) 8.7(1.6) 9.2 (1.7)%¢ 7.5 (1.5)° 7.5 (1.2) 0.002
Leg extensors (N/kg) 25.0 (3.8)%¢ 24.5 (3.0° 27.5 (3.1 20123 (3:2)22:< 21.7(3.2)** <0.001
Forearm flexors (N/kg) 3.1 (0.9) 3.4(0.7)¢ 3.0 (0.5) 3.0 (0.6)° 2.8 (0.6)° <0.001

*BMI, body mass index.

**Body fat was measured by a bioimpedance analyzer (BIA 106, RIL System Inc., Michigan, USA)

***V0O, max, maximal oxygen uptake.

Superscripts indicate a significant (p < 0.05) mean difference between groups as follows: ®significantly different from squash; ®significantly different
from aerobic dancers; “significantly different from speed skaters; “significantly different from physically active referents; “significantly different from

sedentary referents.

years. Reference groups reported their physical activity over the
last three years. The questionnaire also included questions on
injuries, medication, known diseases, diet, possible vitamin and
mineral supplementation, and the consumption of alcohol and
cigarettes.

Calcium intake was estimated from a seven-day calcium in-
take diary. The assessment of the menstruating status of the
subjects was based on data from a prospective six-month diary of
the occurrence and duration of the menses and the monitoring of
momning body temperature during six months at the time of the
study. This assessment was used to determine how many amen-
orrheic subjects belonged to each group. The subjects were clas-
sified into **amenorrheic,”” ‘‘normally menstruating,’* and **oral
contraceptives users.’' The amenorrheic subjects had, at most,
one menstruating cycle during the previous the six months. A
normal menstruating cycle consisted of normal ovulation (tem-
perature rise 0.3%-0.5°) and duration of 23-35 days.

Cardiorespiratory Fitness and Maximal Isometric Strength

Directly assessed maximal oxygen uptake (VO, max) was used
as the measure of cardiorespiratory fitness. The testing protocol
was selected to match the cardiorespiratory requirements of each
sport.'” The syuash players, aerubic dancers, speed skaters, and
referents performed their maximal exercise test on a bicycle er-
gometer (Siemens-Elema RE 820, Rodby Elektronik AB, En-
horna, Sweden). A progressive 3 min step protocol (20-30
Wistep) was used as the test protocol.

The maximal isometric strength of the trunk extensors and
flexors and dominant forearm flexors of all the subjects was
measured with a strain gauge dynamometer (Digitest. Muurame,

Finland). The maximal strength of the leg extensors was mea-
sured with an isometric leg press dynamometer (Tamtron, Tam-
pere, Finland).'®'” The day-to-day precision of the strength
measurement expressed as a coefficient of variation, ranged from
5.4% (leg extension) to 9.7% (forearm flexion).'®

Bone Densitometry

BMD was measured using dual energy X-ray absorptiometry
(XR-26 Norland Inc., Fort Atkinson, WI, USA) at the following
seven skeletal sites: lumbar spine (L2-4), femoral neck, distal
femur, patella, proximal tibia, calcaneus, and distal radius of the
dominant extremity. All scanning and analyses were made by the
same operator. The in vivo day-to-day precision of the BMD
measurement, expressed as the coefficient of variation, ranged
from 0.7% (proximal tibia) to 1.9% (distal radius). The mea-
surement procedures have been described in detail elsewhere.*?
During the whole study period, no significant machine drift was
observed.

Statistical Methods

The mean and standard deviations were calculated for the subject
characteristics, performance variables, and BMD. The subject
characteristics and performance variables of the groups were
compared with one-way analysis of variance (ANOVA). When
the ANOVA indicated a significant difference (p < 0.05),
Tukcy's studentized range method was used as the post-hoc test.
For estimating the BMD differences between the present groups,
analysis of covariance (ANCOVA) was used. Weight, known to
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be positively correlated with BMD.?¢%'7 was used as the
covariate.

Results
Training History, Calcium Intake, and Menstruating Status

The training history characteristics from last inquiry year of the
athletes and referents are given in Table 1. The subjects in the
physical active group reported an average of five exercise ses-
sions per week and 200 training hours in the last inquiry year.
The corresponding numbers for the sedentary referents were two
sessions per week and 45 training hours, respectively. In both
groups, the reported physical activity included various types of
exercises, such as walking, jogging, swimming, cycling, and
aerobics. Compared with the sedentary referents, the athlete
groups' mean training hours per year and the mean training ses-
sions per week were clearly higher (p < 0.01).

The average calcium intake/day was as follows: squash play-
ers consumed 840 (382) mg, aerobic dancers 819 (305) mg,
speed skaters 1062 (320) mg, and sedentary referents 764 (290)
mg of calcium/day. The seven-day calcium intake diary®” indi-
cated that Finnish food provides plenty of calcium sources.
There were no significant differences in the BMD at any skeletal
site between subjects with different calcium intakes.

The prospective menstrual diaries and the measurements of
the moming body temperature showed that in the present groups
there were no amenorrheic subjects. Twenty-one athletes (8
squash players, 11 aerobic dancers, 2 speed skaters), 19 physi-
cally active referents, and 12 sedentary referents used oral
contraceptives.

Cardiorespiratory Fitness and Maximal Isometric Strength

The athlete groups had a higher (p < 0.01) VO, max than the
sedentary and physically active referents (Table 1). Table 1
shows the relative muscle strength (strength/weight, N/kg) of the
athlete groups and the physically active and sedentary reference
groups. The strength of the trunk extensors of the squash players
and aerobic dancers was greater than that of the sedentary ref-
erents (p < 0.01). The speed skaters had greater (p < 0.05)
strength of the trunk flexors than the sedentary reference group.
The strength of the leg extensors was greater in the speed skaters
than in the sedentary referents (p < 0.01). In the squash players,
the strength of the leg extensors was also higher (p < 0.05). The
strength of the forearm flexion of the aerobic dancers was higher
(p < 0.01) than that of the sedentary referents (Table 1).
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The squash players had the highest weight-adjusted BMD values
at all of the measured sites. The absolute BMD values at the
present data are given in Table 2. The weight-adjusted BMD
differences (mean * 95% confidence intervals) between the ath-
lete groups, the physically active reference group, and the sed-
entary reference group are given in Figure 1. For comparison,
results of the weightlifters, orienteerers, cross-country skiers,
and cyclists of the previous study'’ are also shown in Figure 1.

Compared with the sedentary referents, the squash players
had significantly higher mean weight-adjusted BMD values at
the lumbar spine (13.8%), the femoral neck (16.8%), the distal
femur (11.2%), the patella (6.7%), the proximal tibia (12.6%),
the calcaneus (18.5%), and the distal radius (11.3%). For the
aerobic dancers (vs. the sedentary referents), the mean weight-
adjusted BMD was significantly higher at the femoral neck
(8.5%). the proximal tibia (5.5%), and the calcaneus (13.6%).
On the other hand, the aerobic dancers had a significantly lower
BMD in the distal radius ( — 7.8%) compared with the sedentary
reference group (Figure 1).

In the speed skaters, the BMD of the distal femur (7.2%) was
significantly higher than that of the sedentary referents. Physi-
cally active referents’ BMD values did not differ from those of
the sedentary referents’ at any site (Figure 1).

Discussion

This study determined site-specific BMDs of young competitive
female athletes engaged in three sports producing different types
of skeletal loading. All of the athletes had trained sport specif-
ically for at least 3 years and 300 h per year. The main finding
of the present and our previous'” studies was that athletes whose
training caused strain of high magnitude, high strain rates, or
both (i.e., squash players and weightlifters) had the highest
weight-adjusted BMD values at all measured sites. In addition,
we found that the BMD values of the groups with nonweight-
bearing sports (cyclists) or general physical activity only (the
physically active referents) did not seem to differ from those of
the sedentary referents.

The focus of this cross-sectional study was on determining
whether differences in repetitive weight-bearing impacts, repet-
itive pliant movements, impact loading, accelerating, or decel-
erating movements produced by different sports would be re-
flected in the BMD of the athletes. Our previous study'” showed
that weight training (i.e., high peak forces) seemed to be more
effective in increasing bone mass than endurance exercise (i.e.,

Table 2. BMD of the athlete groups, the physically active reference group. and sedentary reference group, mean (standard deviations)

BMD (g/cm’)

Squash Aerobic Speed Physically Sedentary

players dancers skaters active reference reference
Skeletal site N = 18 N = 27 N=14 =25 N =25
Lumbar spine (L2-4) 1.216 (0.131)° 1.092 (0.111) 1.138 (0.129) 1.071 (0.103) 1.059 (0.106)

Femoral neck 1.155 (0.117)¢ 1.041 (0.107)°

Distal femur 1.405 (0.094)° 1.291 (0.124)
Patella 1.127 (0.080)° 1.063 (0.084)
Proximal tibia 1.220 (0.085)° 1.120 (0.099)°
Calcaneus 0.760 (0.081)° 0.709 (0.062)°

Distal radius 0.409 (0.055)° 0.334 (0.040)°

1.031 (0.107)
1.357 (0.105)*

0.983 (0.114)
1.261 (0.118)

0.971 (0.128)
1.248 (0.125)

1.116 (0.115) 1.057 (0.109) 1.045 (0.107)
1.151 (0.123) 1.104 (0.105) 1.071 (0.106)
0.661 (0.070) 0.671 (0.083) 0.631 (0.064)
0.352 (0.032) 0.350 (0.046) 0.368 (0.044)

Superscripts indicate a significant mean difference between sedentary reference group and the given groups as follows: ®p < 0.05;%p < 0.01; p <

0.001.
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repetitive weight-bearing impacts and pliant movements). With
our present results, the previous data demonstrated significant
BMD differences at all of the measured sites in squash players
and weightlifters, as compared with sedentary referents. These
differences were more than 10% (10% change represents about
one SD at population and thus indicates a significant reduction in
terms of fracture risk*) at all skeletal sites except in the patella of
the squash players and the calcaneus and femoral neck of the
weight lifters (Figure 1). Furthermore, aerobic dancers, orien-
teerers, speed skaters, and cross-country skiers had significantly
higher BMD values than the sedentary referents at the loaded
sites, but, with the exception of the calcaneus of the aerobic
dancers (13.6%), these differences were less than 10% (Figure
1). In this context it must be noted that bone mass, despite of its
major contribution on bone structural strength, is not the only
determinant of strength; geometric and qualitative parameters
should be taken into consideration.”-2°

The squash players had 18.5% higher calcaneal BMD than
the sedentary referents, whereas the weightlifters’ BMD differed
from the sedentary referents by only 6.6%. On the contrary, the
difference in patella BMD was 6.7% for the squash players and
18.4% for the weightlifters (Figures 1D, F). These results dem-
onstrate that the importance of site—and loading—specifically
increased strains on the patella and calcaneus (10) and the dif-
ferences appear to reflect the effects of impact-type loading on
the calcaneus and quadriceps-induced mechanical loading on the
nonweight-bearing patella.

Compared with sedentary referents, athletes whose training
did not intensively load the upper limbs seem to have lower
BMD at the distal radius. This might be due to a ‘‘steal phe-
nomenon’’ or redistribution of bone mineral from nonloaded
sites to loaded sites in physically active individuals. Smith et
al.** reported a decline in bone mineral of the upper limb bones
after the first year of aerobic conditioning exercise. The authors
suggested that a greater rate of bone loss in the first year might
be mineral redistribution from the upper appendicular skeleton in
response to the demand of bone formation in the lower extrem-
ities and spine.** Unfortunately, they did not measure lumbar
spine and lower limb bone mineral, and thus it remained unclear
whether there was a true redistribution of bone mineral. Our
previous studies on tennis and squash players showed that the
control persons had slightly greater BMC and BMD in their
nondominant arms compared with players, although the differ-
ences were not significant at any measured site.'*'®

In cross-sectional studies on athletes, an inherent problem is
the possible self-selection of the subjects. For example, weight-
lifters may have a genetically stronger body structure and thus a
higher BMD.*” On the other hand, in our previous study'® we
examined both upper extremities of squash players (in whom the
playing had loaded the playing arm only), and their side-to-side
BMD and BMC difference averaged 11.5%, while in the refer-
ents the difference was only 2.7%. Thus, mechanical loading
seemed to have resulted in increased BMC and BMD. Conse-
quently, it is likely that the high peak forces in weightlift-
ers,*'%52 the intense jumping activity of aerobic dancers,*:2®
the refeti(ive impact-type activity (running) of orienteer-
ers, 43! and the repetitive movements of speed skaters®' and
cross-country skiers®*** have resulted in an increased BMD at the
loaded sites. Concurrent results were recently obtained by Karls-
son et al. in weightlifters.?® They concluded that the observed
higher BMD was indeed due to the training program, and not to
heredity.

Peak strain magnitude is probably only
one of the strain-related variables capable of producing osteo-
genic stimulus.'*-2' It has also been suggested that the rate at

4.12,17.18.22.23.,32.52
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which the strain is evolved and how the strain is distributed
within the bone structure are important factors in the adaptive
response.?*-2® The observed differences in the BMD of the fem-
oral neck in both squash players and weightlifters suggest that
these sports have different strain distribution characteristics in
this region. The magnitude of the force and the rate of force
application affecting human skeleton are mainly determined by
the movement conditions (velocity of the segments, number of
repetitions, the muscular activity) and the boundary conditions
(anthropometric factors, fitness level, surface, weather, and type
of shoes).?%:*'-37 Thus, any change in the movement conditions
affects the kinematics and kinetics of the movement and proba-
bly also the mechanical stress affecting the bone. Moreover, a
change of boundary conditions may have an additional effect on
the stress on the musculoskeletal system.25->' Therefore, in con-
trast to absolute peak stress, the differences in the movement and
boundary conditions of different sports may well induce various
strain distributions and different strain rate characteristics on
bones.

The rate of force application or the changing movement fac-
tors rather than the magnitude of force as such may be more
important in some sports (e.g., in squash, gymnastics,*® and
dance'*?®) than in other sports (e.g., weightliting). For exam-
ple, in tennis (a similar and even slower game than squash), the
forces and the influence of the friction of the playing surface are
known to produce high torques on the bones of the lower ex-
tremities.®' Furthermore, the relationship between force and ac-
celeration/deceleration (F = m X a) implies that sports involv-
ing highly accelerating and decelerating movements (i.e., impact
loading) may produce high stresses and thus effective strain on
bones. Our present data support these concepts. Risser et al.*®
reported similar results for basketball and volleyball players,
whose sports involve comparable loading on the lower extrem-
ities. In addition, the playing arm of tennis and squash players,
which is mostly loaded by impacts during the stroke in conjunc-
tion with frequent, rapid, and multidirectional movements,
has clearly highly BMD and BMC values than its nonplaying
counterpart. '*'®

The considerable BMD differences observed between differ-
ent sports (especially between weightlifters and squash players)
can be explained, at least partly, by the large differences in the
type, intensity, and duration of the physical activity of these
athletes. The apparent overlap in the training modalities between
different sports may. however, partly confound this explanation.
Nevertheless, despite the evidently positive influence reported
for weight training on BMD and BMC in cross-sectional stud-
ies,12:17:18.32.52 progpective weight-training studies have
shown only a modest or no increase in BMD. '%-27:34.35.39.45.53
Intense weight training has been used in few prospective studies
only.27-5> Menkes et al.?’ reported an increase (2.0-3.8%) in
regional BMD in a high-intensity (85% of 1 RM) training group
of older men after a rather short training period, 16 weeks. We
found a smaller (<2%) increase in BMD in the lower extremities
of young women during 12 month unilateral leg-press strength
training (80% of | RM).>* We felt that the main reason for the
small effect of the training was the monotonous unidirectional
characteristic of the loading. In all probability, this type of train-
ing produced neither sufficient strain nor a high strain rate in a
distribution to which the skeleton was unaccustomed. Two re-
cent studies used an exercise regimen in which a rapidly rising
force profile (jumping) was provided.?''* However, these studies
also showed a modest (2-3%) increase in BMD, perhaps due to
the relatively short duration of the training (12 months) and also
age (>30 years).

Compared with weight training, the training of squash players
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probably consists of versatile movements with higher loading
impacts. In addition, in our study the squash players had a longer
sport-specific training history (Table 1). Our previous study sug-
gested that the accumulation of bone mass due to physical ac-
tivity seems to be most effective if the activity is started not later
than the growth spurt.'® However, in contrast to the weightlifters
and squash players, the endurance athletes, except the cyclists,
had started their sport-specific training before their growth spurt
but no compatible increase in BMD was observed. Furtherinore,
the sport-specific training years of the weightlifters and squash
players were fewer than those of the endurance athletes. Also, as
can be expected in the light of findings in endurance athletes, the
active referents” BMDs did not differ from those of the sedentary
referents’. One explanation may be that despite quite a high level
of general physical activity, active referents’ training did not
exceed the habitual level of bone loading. Our previous insig-
nificant BMD differences among women representing different
occupational activities support this explanation.*® Altogether,
the independent role of type, duration, and starting age of sports
in increasing the BMD remains unclear and needs further well-
controlled investigations.

In conclusion, the results of this study indicate that athletes
engaged in sports producing high strain rates in versatile move-
ments (squash) have clearly higher BMD values than sedentary
referents at potentially loaded sites. In addition, high peak
stresses as produced by weight training have a clear positive
effect on BMD.'” These findings support the concept, derived
from animal studies,2'72333:40-41-34 that high strain rates and
high peak stresses are more effective in enhancing bone forma-
tion than a large number of low-force repetitions. These cross-
sectional observations among athletes may provide a useful basis
for developing exercise regimens that would prevent osteoporo-
sis in nonathletic women.
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Summary

Background Osteoporotic fractures among the elderly are
common, and without preventive measures the burden of
these fractures on health-care systems will increase further.
The purpose of this randomised controlled study was to
evaluate, in premenopausal women, the effects of high-
impact loading on several determinants of osteoporotic
fractures. ?

Methods 98 healthy, sedentary female volunteers aged
35-45 years were randomly assigned to either a training
(n=49) or a control group (n=49). Progressive high-impact
exercises were done three times per week for 18 months.
We measured bone mineral density (BMD) in specific axial
and lower-limb sites, by dual-energy X-ray absorptiometry,
at baseline and after 12 and 18 months. Maximum
isometric  strength, muscular and cardiovascular
performance, and dynamic balance were also assessed.

Findings BMD at the femoral neck, a weightbearing site,
increased significantly more in the training group (mean
1-6% [95% Cl 0-8-2:4]) than in the control group (0-6%
[—0-2 to 1-4], p=0-006). By contrast, at non-weightbearing
sites, such as the distal radius, there was no significant
difference between the training and control groups (—1:5%
[~2:7 to —0-3] v§ —0:7% [—1-9 to —0-5], p=0-60). In the
training group there was a significant improvement in
vertical jump and predicted oxygen consumption per min at
maximum exercise compared with controls.

Interpretation High-impact exercises that load bones with a
rapidly rising force profile in versatile movements improve
skeletal integrity, muscular performance, and dynamic
balance in premenopausal women. If done on a regular
basis, this type of exercise may help decrease the risk of
osteoporotic fractures in later life. Long-term studies are
required to show whether these 18-month results can be
translated into long-term benefit.

Lancet 1996; 348: 1343-47
See Commentary page 1326
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Introduction

Osteoporotic fractures in the elderly are a worldwide
epidemic, and the predicted ageing of populations will
accentuate the burden of these fractures on health-care
systems.' Balance, falling, the falling direction and
mechanism, orientation of the faller, protective
neuromuscular reflexes, local shock-absorbing capacity,
and bone strength are factors associated with the risk of
bone fractures due to falls.’ * The propensity to fall is also
associated with muscle strength and power of the lower
limbs.*’

In conjunction with the risk factors for falling, bone
mineral density (BMD) is one of the most important
determinants of fracture risk. BMD accounts for 80-90%
of the variance in the strength of the proximal femur.* The
risk of hip fracture is approximately doubled for every
1 SD reducdon in BMD.* Epidemiological, clinical, and
experimental exercise studies, in turn, indicate that
physical activity is crucial in improving and maintaining
bone mass and strength, thus helping to prevent
osteoporotic fractures.” Improved physical fimess is
associated with better muscle strength, reaction time,
balance, and coordination—all of which help to prevent
falls and fall-induced fractures.”"'?

Preventon of osteoporosis has targeted young and
premenopausal women'’ who are likely to be willing to
participate in health-related physical acdvides. However,
to our knowledge, no randomised trials of the effects of
exercise on osteoporosis have been done among
premenopausal women.

The purpose of this randomised intervention trial was to
investigate whether an 18-month regimen of high-impact
loading exercise would beneficially modify axial and
lower-limb BMD, muscular performance, and dynamic
balance in healthy premenopausal women. We used a
high-impact regimen because a high magnitude of forces,
high rate of force production, and exceptional loading
directions and pattemns are essential in maximising the
skeletal adaptive response.’* This approach also allowed
training of different movement skills and muscular
performance, such as balance, coordination, muscle

strength, and power."*

Methods

Design and participants

Premenopausal women aged 35-45 years were recruited through
a local newspaper advertisement for inclusion in a prospective,
randomised controlled trial. Of the 242 women who responded,
140 were excluded after telephone interviews. The exclusion
criteria were; cardiovascular, musculoskeletal, respiratory, or
other chronic diseases that might limit training or testing;
medication that could affect the skeleton; menstrual irregularities;
special diet; smoking; obesity (body-mass index >30 kg/m?);
regular exercise more than twice a week; and a willingness to
participate only in the training group. After baseline
measurements (102 women), a screening examination by a
physivtherapist (MR) and a medical cxamination (when
suggested by the physiotherapist), four additional women were
excluded because of concurrent breastfeeding, neck and shoulder
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| 242 responded to advertisement |

r 140 excluded by criteria J

| 102 invited to baseline . |

4 excluded
Breastfeeding (1)
Musculoskeletal injuries (3)

v

[ 98 volunteers randomised |
| .

[ 49 trainee group | [ 49control group
10 withdrew l
Previous musculoskeletal 4 withdrew
_problems (2) Accidental back injury (1)
Lower-limb overuse injury (2) Moved (1)
Pregnancy (1) Lost interest (2)
Moved (2)
Lost interest (3) l

| 39 completed the study | | 45 completed the study

Figure 1: Trial profile

complaints, and a previous ankle and knee injury. The remaining
98 women were randomly assigned to an exercising group (n=49)
or a non-exercising control group (n=49) within 2X2 strata of
weight and oral-contraceptive use (figure 1). The success of
randomisation was confirmed by checking the mean weight,
height, BMD at the femoral neck, and daily calcium intake in the
groups. Baseline characteristics are given in table 1. Percentage
fat was assessed at four sites; biceps, triceps, subscapularis, and
suprailiac with a Harpenden skintold calliper (John Bull, British
Indicator Ltd, Pembrokeshire UK). The anthropometric
characteristics did not change in either group during the study.
The study was approved by the ethics committee of our institute,
and all participants gave their informed consent.

BMD (g/cm?) measurements were done at baseline and at 12
and 18 months in the lumbar spine (L,-L,), right femoral neck,
wochanter, distal femur, patella, proximal ubia, calcaneus, and
dominant distal radius by dual-energy X-ray absorptiometry (XR-
26, Norland Corporaton, Wisconsin, USA). All scanning and
analyses were done by the same operator; the coefficient of
variation of the BMD measurement in our laboratory ranges from
0:5% to 0-8%. The scanner was calibrated daily and its
performance was followed with our quality assurance protocol.'
There was no significant machine drift during the study.

The maximum isometric strength of the trunk extensors and
flexors and dominant elbow flexors was measured with an arm
dynamometer (Digitest, Muurame, Finland), and that of the leg
extensors with a leg press dynamometer with a knee angle of 90°
(Tamtron, Tampere, Finland)."” The leg-extensor power or
lower-limb explosive performance capacity was evaluated with a
vertical counter-movement jump test—first without extra weight
and then with an additional weight of 10% of the volunteer’s body
mass.'" The tests were performed on a contact platforrn (Newtest,

Tralnbeg @oup (n=49)  Control group (n=48)
Age (years) 39(3) 39(3)
Height (cm) 164 (6) 165(5)
Weight (kg) 62(7) 62(7)
Body-mass index (kg/m?) 23-2(2:6) 22:9(2:3)
Percentage body fat 309(3.7) 304 (4:3)

Data are given as mean (SD).
Table 1: Mean (SD) baseline characteristics of volunteers

Meoan (SD) baseline BMD Training ofucts after 18 menthe

(¥/em)

Training Controt Adjusted mean p

group (n=49)  group (n=49)  difference in g/cm*

(95% Cl)*

Lumbar spine  1-027 (0-141, 1-021(0-116) 0.015 (0-005 to 0-025) 0-002
Femoral neck  0-882 (0-104) 0-862(0-107) 0-012(0-003 to 0-020) 0-006
Trochanter 0-939(0:108) 0-309 (0-114)  0-006 {-0-002100-015)° 013
Distal femur  1.224(0:108) 1-193(0-106) 0-017 (0-010 to 0-024)  <0-001
Patella 1.035(0:097) 1:032(0-103) 0-007 (0-001to 0-014) 0036
Proximal tibia 1-081(0:099) 1-050(0-093) 0-026 (0-019 to 0:034)  <0-001
Calcaneus 0606 (0-075) 0-590(0-066) 0-010(0-005t0 0-015)  <0-001
Distal radius ~ 0-630 (0.070) 0601 (0-065) -0-002 (-0-007 to 0:003) 0-37

*Post-training difference between training and control groups adjusted for basetine
values.

Table 2: Basellne and tralning effects on BMD In entire study
goups

Oulu, Finland), which recorded the flying time of the vertical
jump. Dynamic balance was tested by a figure-of-eight running
test, around two poles placed 10 m apart.’” The running time was
recorded with photoelectric cells. A 2 km walking test was used to
assess cardiorespiratory fitness.” The oxygen consumpton per
min at maximum exercise (VO;max) was predicted by the walking
tme and heart rate at the finish line. The heart rate was measured
by a portable heart-rate monitor (Sport Tester PE 3000, Polar
Electro, Kempele, Finland).

Toral dietary intake, including calcium, and the use of vitamin
and mineral supplements were estimated from complete 3-day
dietary records at baseline, and after 9 and 18 months. The food
composition was calculated with Micro-Nutrica software (Social
Insurance Institution, Helsinki, Finland).

All maining sessions, three times a week for 18 months, were
supervised by one of four experienced exercise leaders. Each
workout included 15 min warm-up, 20 min mulddirecdonal high-
impact exercises (jump training), 15 min callisthenics (stretching
and non-impact exercises), and 10 min cooling down. The high-
impact part of the session consisted of either an aerobic jump
programme or a step programme, which alternated every 2 weeks.

The exercises in the aerobic and step programmes were
selected on the basis of a pilot study; use of a force platform
(Reute OY, Lahti, Finland), identified peak forces in 130
different types of exercise movements. In the aerobic jumping
exercises, the magnitude of the ground reaction forces was
gradually increased by raising the height of the foam fences from
10 to 25 cm. In the step exercises, the magnitude of loading was
similarly increased by increasing the number of step benches
(total height from 10 to 25 cm). The pilot study showed that the
peak forces varied between 2-1 and 5-6 umes body weight in these
described exercises.

During the first 4 months, the trainees accustomed themselves
to the jump training. In this period, the exercises involved no
fences or only one step bench. After each 4-month period, the

6 .

- Trainees
s Controls
m 4
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Figure 2: Percentage change in BMD among 39 tralnees and
45 controls who completed the 18-month study
Bars=95% CI.
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Mean (SD) haseline Truining effects sfter 18
monthe*

Training Control Adjusted mean P

group group differ ence

(n=49) (n=49) {95% C1)*
{sometric sbwngth (k)
Trunk extension 58.0(7-3) 563(87) ~-06(-48t036 0787
Trunk fiexion 405(7-9) 39-2(7-0) 26(-16t169 0228
Leg press, 80° 1421 (22-4) 1375(26:5) 7:5(-0-91t0 16:0) 0-081
El bowfl exion 21(259) 172(3-8) 17-2(-4:-310 38:6) 0117
Vertical jowp fight
time (ms)
Without extraweight 444 (38) 437(38) 21 (6 t0 36) 0-007
Pl 10% body weight 410 (37) 407 (36) 36 (24 10 56) <0:001
R@sedtel@n nmaing (s) 64 (0-5) 66(0-6) -03(-07t004) 0-082
W.-(li“'ﬂil ) 364 (31) 37:6(3-3) 31(2:0t04-3) <0-001

*Post-training differ encebetween training and control g roups adjusted for baseline
val ves.

Table 3: Baseline and training effects on muscular
performance, dynamic balance, and cardiorespiratory fitness

jumping height was gradually increased. Along with the
continuous increase in jumping height, the number of jumps
decreased so that the number of jumps was more than 200 during
the first and second 4-month periods then 150, 120, and 100 in
the following periods. Over the entire study period, the trainees
kept a continuous exercise diary with consecutive 7-day forms for
type and duration of all physical activities.

The women in the control group were asked to maintain their
current physical activity during the 18 months and were
interviewed every 4th month to monitor any changes in their
exercise habits.

At 8 and 12 months all the women wore pedometers on two
occasions for 3 consecutive days to assess daily physical actvity.

Statistical analysis

General linear models with the restricted maximum likelihood
estimation were used to assess the effects of exercise intervention
at 12 and 18 months on the BMD, muscular performance,
dynamic balance, and cardiorespiratory fimess.* This type of
analysis allows incorporation of incomplete data into the models.
The maining effect was calculated as a group difference in the
post-training BMD, muscular performance, dynamic balance,
and cardiorespiratory fitness; the difference was adjusted for
baseline values.

With an acceptance of an equal dropout rate of ten subjects per
group, the sample size of the study provided 90% statistical power
to detect adifference between the groups of about 2% in BMD at
a significance level of p<0-05.

Results

39 women in the training group and 45 controls
completed the study (figure 1). The other participants
withdrew because of aggravation of previous
musculoskeletal problems, pregnancy, accidental back
injury, lower-limb overuse injury, loss of interest, or
moving from the study area. During the study period, the
trainees consulted the attending physician (PK) 16 times
for the following reasons; mild ankle distortion (one),
knee-overuse injuries (four), Achilles-tendon
inflammation (one), unspecified foot pain (one),
aggravated low back pains (eight), and partal calf muscle
rupture (one). The training was interrupted for at most 1
or 2 weeks as aresult of these injuries.

The reported training compliance, defined as the
percentage of completed exercise sessions of the
prescribed sessions, was 83% (2-5 times per week). The
mean daily physical activity, which did not changc during
the study, was 10 000 steps per day (SD 2400) in the
training group and 9800 steps per day (2800) in the
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rtic .
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Figure 3: Percentage changes in Isometric leg press, vertical
Jump (with and without 10% additional welght), figure-of-elght
running, and cardlorespiratory fitness (V0,max) among 39
trainees and 45 controls who completed the 18-month study
Bars=95% CI .

control group. The estimated mean distance walked per
day was 8 km (2) in both groups; the means did not
change during the 18 months.

The baseline values and the training effect on BMD are
given in table 2. After 18 months, BMD was significantly
greater in the training than the control group at the
lumbar spine, femoral neck, distal femur, patella, proximal
tibia, and calcaneus. At the trochanter and distal radius,
the difference was not significant.

The percentage change in BMD over the whole study
period among women who completed the study (39
subjects in training group and 45 subjects in the control
group) is presented in figure 2. In general, at the loaded
sites of the skeleton the BMD increases were larger in the
trainees than in the controls. The proportion of sessions
attended did not correlate with the BMD changes at any
site.

There were no significant differerices between the
groups in the change of maximum strength in any of the
isometric strength tests (table 3). In the vertical jump test,
the trainees did significantly better than the controls after
training, both with (p<0-001) and without extra weight
(p=0-007). There was no significant difference in the
figure-of-eight running (p=0-082). The percentage
changes in leg press, vertical jump, and figure-of-eight
running among women who completed the study are given
in figure 3.

The post-training predicted VO,max was significantly
higher in the trainees than in controls (table 3, figure 3).

The 9-day (three occasions of 3 days each) calcium
intake was sufficient in both groups—1125 mg/day (240)
in the training group and 1102 mg/day (264) in the
control group. Total daily energy intakes were 7822 kJ
(963) and 7824 k] (1656), respectively. There were no
changes in the energy or calcium intakes between the
groups during the study period. .

Discussion

In this study we have shown that high-impact exercise has
a systematic, positive effect on the loaded axial and leg
bones in conjunction with improvements in muscle power
and dynamic balance. This exercise regimen was able to
modify favourably multple risk factors for osteoporosis
and osteoporotic fractures, and proved to be feasible
judged from the high attendance (80%), high compliance
(83%), and the minimum need for medical services (16
visits over the entire study period).
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Despite the commonly accepted role of physical activity
in determining BMD and thus risk of osteoporotic
fractures,” few prospective studies have investigated
whether exercise can influence bone mass and density.**’

Information on premenopausal women, who are an
important target group for the prevention strategies of
osteoporosis, is scarce. Notelovitz et al* reported
resistance training to be an effective modality for
increasing spinal BMD in oestrogen-replete women with a
mean age of 43 years.

Our findings are in agreement with those of Nelson et
al? who observed in postmenopausal women a positive
exercise effect on several risk factors for osteoporotic
fractures—including femoral-neck and lumbar-spine
BMD, muscle strength, and balance. On the other hand,
others**** have reported that different training regimens
effectively increase muscular strength but not lumbar-
spine or hip BMD. These apparently conflicting results on
the effects of exercise training on BMD may be due to
differences in the exercise regimen (eg, type, intensity,
frequency, duration) or in the characteristics of the
volunteers participating (eg, age, nutrition, hormonal
status), or both. Finally, the training effects are likely to
disappear once training is discontnued? and therefore,
the exercises described here should become a part of the
premenopausal women’s lifestyle to prevent osteoporosis
and osteoporotic fractures in later life.

In addition to improving muscular performance and
dynamic balance, our training regimen was focused on
providing a rapidly rising force profile on the bones of the
legs and lumbar spine. Cross-sectional studies support the
concept that high-impact training, especially if producing
high strain rates and high peak forces in movements to
which bones are unaccustomed, is most effective in
enhancing bone formation in young women.?** These
data and the results of our study suggest that high-impact
weight-bearing training is undoubtedly beneficial for bone
accumulation. Longitudinal studies, which used an
exercise regimen with a rapidly rising force profile
(jumping),’** have shown an increase in trochanteric
BMD in premenopausal women* and maintenance of
lumbar BMD in early postmenopausal women.** Together
with our results these findings indicate that high-impact
exercise is efficient in improving and maintaining bone
mass and preventing age-related bone loss. Moreover,
aerobic and step exercises are popular among
premenopausal women, a point which suggess good
feasibility in the general population.

The commonest cause of osteoporotic fracture is
falling.>*'* Disturbed balance and poor muscle strength
and power in the legs have an essental role in the
propensity to fall.® Consequently, a reduction in the
number of falls may be achieved by exercise programmes
that increase leg performance—ie, improving and
maintaining balance and neuromuscular response
mechanisms.” We have shown that high-impact training
positively influences the muscular -performance of the
trainees. Training with high-velocity movements
(jumping) can improve the speed of body movements and
reflex times, which in turn can be beneficial in terms of
movement skills, balance, coordination, reaction time,
muscle strength, and power."* Therefore, high-impact
training seems to be suitable for increasing BMD and
neuromuscular performance simultaneously. However, as
evident in this study, impact training is not able to
increase maximum isometric muscle strength, although it

was effective in increasing leg explosive performance
capacity and BMD. The impact loading of a tennis stroke
is very effective for increasing bone mineral content and
BMD in the playing arm, but only moderately effective in
increasing maximum isometric strength.*'

Because osteopcrotic fractures have a complex
aetiology, our study design intentionally included more
than one outcome measure and, in theory, the subsequent
multiple testing of the results could introduce error.
However, for this reason our outcome variables were
limited in number and carefully selected before the study,
and thus we feel we can interpret the results as above.

We conclude that high-impact exercise is effective in
improving skeletal integrity and promoting muscular
performance and dynamic balance in premenopausal
women. If done on regular basis, this type of training may
be an efficient, feasible, and inexpensive way to prevent
osteoporosis and osteoporotic fractures.
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