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Mechanical loading is a major regulator of bone mass and geometry. The osteocytes network is considered the main sensor of
loads, through the shear stress generated by strain induced fluid flow in the lacuno-canalicular system. Intracellular transduction
implies several kinases and phosphorylation of the estrogen receptor. Several extra-cellular mediators, among which NO and
prostaglandins are transducing the signal to the effector cells. Disuse results in osteocytes apoptosis and rapid imbalanced bone
resorption, leading to severe osteoporosis. Exercising during growth increases peak bone mass, and could be beneficial with regards
to osteoporosis later in life, but the gain could be lost if training is abandoned. Exercise programs in adults and seniors have barely
significant effects on bone mass and geometry at least at short term. There are few data on a possible additive effect of exercise and
drugs in osteoporosis treatment, but disuse could decrease drugs action. Exercise programs proposed for bone health are tedious
and compliance is usually low. The most practical advice for patients is to walk a minimum of 30 to 60 minutes per day. Other
exercises like swimming or cycling have less effect on bone, but could reduce fracture risk indirectly by maintaining muscle mass

and force.

1. Introduction

The relations between mechanical usage and bone metabo-
lism are well known since more than one century, when Wolff
described in 1892 how bone modeling during growth was de-
termined by local strains, to evolute towards the most adapt-
ed structure to resist mechanical stress [1]. Low gravity or
disuse causes bone loss. Regional increase of solicitation leads
to an increased bone mass. To take these observations into
account, Frost proposed the concept of mechanostat [2, 3]:
bone mass and geometry are regulated cybernetically by
mechanical inputs. According to this concept, one condition

to develop and maintain healthy bones is that the skeleton
is submitted to mechanical strain and that sensing of these
strains is efficient and correctly transmitted to competent
effector cells, osteoclasts and osteoblasts. Mechanical loading
and its sensing are important at all ages to build strong
bones during childhood and adolescence, to maintain peak
bone mass during early adulthood, and to minimize bone
loss at the menopause and with ageing. In this paper,
we shall summarize the present knowledge concerning the
signals and effectors involved in the mechanoregulation of
modeling and remodeling of bone. We shall examine how
mechanical regulation is integrated with other regulators of



bone metabolism: nutrition, hormones, and drugs; Eventu-
ally, we shall examine to which extent mechanical forces can
help to improve bone mass at different ages of life.

This report is based on an extensive literature search
through Pubmed and Medline, using as keywords mechan-
ical loading, osteoporosis, bone formation, bone resorption,
disuse osteoporosis, physical activity, sport. Several recent
reviews were also consulted.

2. Experimental Models Demonstrating
the Effects of Loading on Bone Remodeling

Different experimental models have been used to study
in vivo how bone remodeling is affected by mechanical
forces, for a large spectrum of mechanical deformation
(<50—4000 pstrains). Loading of the sectioned bird ulna
prevents the increase of cortical porosity and endosteal
resorption induced by disuse, and induces new periosteal
apposition which is maximal on the tension surface [4]. The
effect of mechanical loading on periosteal bone formation
is dependent of the strains generated [5] and is related
to circumferential strain gradient [6]; it depends on the
frequency (when the strain is lower, the frequency to obtain
a significant effect must be higher) [7, 8]. Loading of the
immobilized tibia by four point bending decreases bone loss
caused by immobilization and increases periosteal formation
[9]. When rat ulna is submitted to axial loading, resorption
surfaces convert to periosteal apposition [10]. An increased
periosteal formation has also been observed in a model of
bended mice tibias, with a dependency on frequency for
strain rates between 10 and 400 Hz [11]. Axial compression
induces an increase of cancellous bone volume which is
maximal in the proximal metaphysis of mice tibias [12]
and in the distal metaphysis of the rabbit femur [13]. Axial
compression also increases bone formation in the rat tail
vertebrae loading model [14]. Low strain (<50 pstrain) at
very high frequency (90Hz), comparable to the signals
generated by postural muscle dynamics [15], can increase
trabecular bone formation rate in normal weight bearing
rats, and restore it to normal in tail suspended rats, a model
for weightlessness [16]. As with hormonal signaling, there
is a desensitization to prolonged mechanical stimulation;
sensitivity is restored if loading is intermittent [17, 18], and
brief periods of loading are sufficient to enhance formation
[19].

3. Sensing and Transducing

Many experimental data in vitro and in vivo point to
the osteocytes network as the main sensor detecting strain
in the bone tissue [20]. These cells, embedded in their
lacunocanalicular system and largely distributed in bone,
interconnected by gap junctions between their cell processes,
connected with cells of the bone surface and of the bone
marrow [21] are ideally placed to sense bone loading and to
direct remodeling according to strains. Osteocytes are sen-
sitive to biomechanical stress [22], particularly to fluid flow
and shear stress induced by loading in the lacunocanalicular

Journal of Osteoporosis

system [23, 24]. The sensitivity of osteocytes to shear stress
is higher than that of osteoblasts [25]. Osteocytes die by
apoptosis in the absence of loading [26] and their death is
associated with local activation of resorption, because of the
removal of inhibitory signals [27]. Conversely, when shear
stress is sensed by osteocytes, it prevents their apoptosis
[28] and induces signals which repress osteoclasts [29, 30]
and increase osteoblast differentiation [31]. Mathematical
models using finite elements analysis can describe cortical
and trabecular remodeling, and the orientation of osteons,
on the base of osteocytic control [32].

Different calcium channels [33] trigger intracellular
signaling, through increased intracellular calcium and pro-
tein kinase C activation. Sensing is improved by cell-cell
communication through gap junctions, which are increased
by loading and by membrane structure and interaction of
integrins with the cell cytoskeleton [20, 34]. The signals
generated by shear stress are amplified by ATP secretion,
acting on G-proteins linked purinergic receptors [35]. Intra-
cellular transduction implies several kinases, with a partic-
ular role of the extracellular signal regulated kinase ERK,
the inhibition of which hampers mechanical signaling [36].
Strain, as PTH and other stimulators of bone formation,
also increases osteoblast c-fos transcription by interaction
with several regions of the promoter [37]. Sensing of strain
may interact with PTH signaling. For instance, Miyauchi
et al. have documented a volume-sensitive Ca?* influx in
osteocytes, particularly along the osteocytes processes, which
is potentiated by parathyroid hormone through adenylate
cyclase activation [38]. Cooperation in sensing and in c-
fos transcription may contribute to the synergistic effects of
mechanical strains and PTH on bone metabolism [39-42].

Another key molecule for transducing mechanical load-
ing in bone is the estrogen receptor « (ERy). In rat cortical
bone, more than 90% of the osteocytes have been shown to
express ER,; when the rat tibia is submitted to strain, ER,
is phosphorylated [43], probably through MAP kinase [44],
and translocated to the nucleus and to the membrane [45].
The deletion of ER, decreases the potential of osteoblast-like
cells to respond to mechanical stimulation [46]. The effect
of mechanical loading on explanted rat ulnae is enhanced by
estrogens [47—49], as the response to loading of osteoblast-
like cells from postmenopausal women [50].

As ER, content is upregulated by estrogens, Lanyon
suggested that decreased load sensing because of a decreased
number of receptors could be a key factor in postmenopausal
bone loss (resetting of the mechanostat) [51]. It is notable
that both estrogen deficiency and the absence of mechanical
loading induce osteocytes apoptosis and bone loss [26, 52,
53].

At the other end of the loading spectrum, excessive
loading and damage increase osteocytes apoptosis, resulting
in the initiation of damaged bone removal [54]. In vivo
experiments in sheep have shown a significant interaction
between the estradiol levels and strain on the cross-sectional
properties at the midshaft of hind limb bones: cortical bone
growth was 6 to 27% greater in exercised animals with
elevated estradiol levels than in those with lower E2, and
than in the sedentary group [55]. Contrarily, treatment of
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male rats with estrogens can decrease periosteal apposition
induced by mechanical loading [56]. This could result from
the fact that estrogens induce by themselves an increased
mechanical resistance of bone, reducing the strain induced
by mechanical solicitation [57]. ER, polymorphism also
seems to influence the effect of exercise on bone accrual in
girls [58].

4. Transmission to Effector Cells (Figure 1)

Conditioned media from osteocytes can increase osteoblasts
proliferation and differentiation [59]. Several chemical
mediators have been identified, which can circulate in the
lacunocanalicular network to reach the effector cells. Among
putative mediators are nitric oxide (NO), prostaglandins E
and I, sclerostin, IGF’s, TGFf, RANK-L, and OPG.

First, shear stress induces the production of nitric oxide
(NO) [60, 61]; nitric oxide synthase expression is increased
in vivo in osteocytes after reloading in tail suspended rats
[62]. NO suppresses osteoclasts activity [63] and promotes
osteoblast activity [64]. The inhibition of nitric oxide
synthase by L-NAME prevents the increase of periosteal
formation induced by mechanical loading [65], suggesting
a central role for NO in transduction. This idea is further
supported by the fact that the reconstruction of bone after
reloading tail suspended mice is impaired in mice knocked
out for the inducible NO synthase [66].

Second, shear stress induces prostaglandin synthesis [67]
by increasing the activity of the inducible cyclooxygenase
(COX2), an increase which is dependent on the phosphory-
lation of the extracellular regulated kinase (ERK) [68, 69].
Prostaglandins stimulate osteoblastic activity through IGF’s
[70], and IGF’s are increased early after a mechanical stim-
ulation [71-73]. PGE and PGI inhibit directly osteoclasts
activity [74], while they activate bone remodeling through
cells of the osteoblast lineage [75].

Third, sclerostin (SOST), an osteocytic protein belonging
to the TGF/BMP family which inhibits Wnt signaling, is
decreased by mechanical stimulation [76]; as Wnt has an
essential role in osteoblast proliferation and differentiation,
the decrease of SOST could be a major signal to increase bone
formation in response to loading [77, 78].

As far as resorption is concerned, besides a possible
direct effect of prostaglandins E and I to inhibit osteoclast
activity, the ratio of RANKL and OPG in osteocytes and
marrow stem cells culture medium is decreased by strain [30,
79]. When mechanically stimulated, osteocytes also produce
TGFg which could also mediate osteoclastogenesis inhibition
[80].

Besides the control of their activities by osteocytes,
osteoblasts, and osteoclasts attach to bone matrix and the
deformations of the bone surfaces (trabecular, endosteal,
and periosteal) cause shortening and elongation of these
cells. In vitro experiments show that these mechanical
deformations can also lead to the generation of signals
which increase osteoblast proliferation at certain stages of
differentiation [81]. Cyclic tensile strain also regulates the
expression of RANKL and OPG by osteoblast-like cells [82].

The proliferation and differentiation of osteoclasts in murine
marrow cultures have also been shown to be inhibited by
mechanical deformation [83].

Local production of parathyroid hormone-related pep-
tide (PTHrP) by cells of the osteoblast lineage could
also be an important local mediator of strain. Mice with
deletion of the PTHrP gene in cells of the osteoblast lineage
have osteopenia and decreased bone formation [84]. The
expression of PTHrP is induced by stretch in osteoblasts [85].
PTHrP is expressed in the periosteum, particularly at the sites
of tendon insertion [86]. We observed that PTHrP expression
was decreased in the femur and tibia periosteum after 3 days
of tail suspension in the rat [87]. As PTHrP has actions
similar to PTH on osteoblasts and osteoblasts precursors,
cyclical local PTHrP production with periodic mechanical
stimuli could be one of the stimulators of bone formation
at the periosteal level in response to loading. Because of the
cooperation of strain and PTH receptor in cell signaling, a
periodic increased PTHrP secretion by strain could amplify
the response to strain itself.

5. Disuse

Reduced weight bearing in a microgravity environment
induces bone loss in weight bearing bones [88]. Vico et al.
[89] reported BMD results obtained by pQCT at the distal
radius and tibial sites in 11 cosmonauts who completed a 6-
month space mission. No significant changes were observed
in the radius, while there was a variable but significant
decrease in the tibia both for cortical (—0.4 to —4.3%)
and trabecular (—0.4 to —24.0%) bone. Recovery was only
incomplete 6 months after flight. Bone loss during flight
results from uncoupling of bone remodeling, as shown by
biomarkers [90, 91]. Mature rats of both sexes submitted
to simulated weightlessness (hind limb suspension) also
have a decreased periosteal apposition and trabecular bone
formation, with increased bone resorption [92]. A decreased
bone formation in microgravity could result from a shift of
pluripotential mesenchymal stem cells differentiation from
osteoblastogenesis to adipogenesis [93].

Prolonged bed rest leads to losses approaching those
observed in microgravity, for instance 1.2% in the pelvis
and 0.4%/month in the legs in the study of Leblanc et
al. [94], and 1.2%/month for the trochanter in the study
of Zerwekh et al. [95]. Zerwekh also observed an increase
of resorption surfaces and a decreased bone formation
at bone histomorphometry, and a significant increase of
biological markers of resorption. Interestingly, there was also
a significant increase of BMD in the head. This gradient in
BMD changes probably results from fluid shifts in supine
position or in microgravity [96]. Recovery was only partial
after six months of remobilization [94].

For those remaining on earth, the most dramatic and
constant bone loss is that observed in the lower part of the
body after a spinal cord section (0.5-1%/week in sub-lesional
areas rich in trabecular bone, [97, 98]) (Figure 2). This loss
is greater than that observed during simple immobilization,
so that it could be caused in part by a modification of the
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FIGURE 1: Mechanotransduction in bone. OC: osteocyte; OB: osteoblast; OCL: osteoclast; Pre-OB: preosteoblast; Pre-OCL: preosteoclast;
PG’s: prostaglandin (E2 and I); RANK-L: receptor activating NF«xB-Ligand; OPG: osteoprotegerin; IGF: insulin-like growth factor; TGF:
transforming growth factor; Scl: sclerostin; PTHrP: parathyroid hormone related peptide. Osteocytes sense the fluid flow induced by loading
in the lacunocanalicular system; this signal modulates the secretion in the bone microenvironment of factors which can increase bone
remodeling while stimulating osteoblast differentiation and activity (green arrows) and decreasing osteoclast activity (red arrow), resulting

locally in a positive bone balance.

neural control of bone mass which superimposes on disuse
[99]. The loss is exponential and bone mass tends to stabilize
after 1 year for trabecular bone, after 2-3 years for cortical
bone [100]. Passive mechanical loading (assisted standing)
seems to partially preserve bone mass in the paralyzed areas,
particularly in the femur shaft [101]. In one study performed
in patients with a spinal cord section 0.1 to 29.5 years
duration, a treatment with alendronate 10 mg daily stabilized
metaphyseal tibia BMD [102]. There was no increase of BMD
in the paralyzed area, although an increase was observed in
the spine. In a blinded placebo controlled study in acute
spinal cord section, alendronate 70 mg/week mitigated bone
loss in the sublesional areas, but the inhibition of bone
loss was only partial [103]. We also observed only a partial
response to weekly alendronate in an observational study in
acute paraplegic patients [104].

The loss associated with hemiplegia is more important
in the upper limbs. In a longitudinal study of 32 patients,
followedup for a mean of 3 months, there was a 12% decrease
of BMD in the paretic arm and a 5% decrease of BMD in
the paretic leg [105]. The nonparetic arm lost 3.5% and the
nonparetic leg 2%. Similar results have also been reported by
Sato et al. [106]. These patients have an increased risk of hip
fracture [107], due to bone loss, locomotor problems, and
vitamin D insufficiency.

A more frequent situation is that therapeutic bed rest
is associated with bone loss [108, 109]. In Heaney’s retro-
spective analysis of trials with risedronate, the annualized
loss in patients who had to be hospitalized for a severe
event was maximal at the trochanter, —2.7%/year versus
—0.7%/year in nonhospitalized placebo controls [109]. Bone

Pelvis BMC (%)

Legs BMC (%)
oo
W 52 weeks

FIGURE 2: Disuse produces a dramatic bone loss in paraplegic
patients, more so in trabecular rich bone areas (pelvis) than in
areas containing relatively more cortical bone (femurs and tibias)
(redrawn from Wilmet et al. [97]).

loss in osteopenic bedridden older patients probably con-
tributes to the weakening of their skeleton. In Heaney’s study,
the loss was abolished in risedronate-treated patients.

6. Exercise and Bone Health

So, the deleterious effect of disuse is evident. Conversely,
though experimental work shows that loading bones triggers
bone formation and induces bone apposition, demonstrating
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a positive effect of exercising on the skeleton is much less evi-
dent, particularly in adults. Long-term exercise is associated
with a higher skeletal mass in the young [110] and in the
older [111]. However, as underlined by Forwood “exercise is
not synonymous with mechanical loading” [112]. “Exercise”
covers a large spectrum of varied activities, from wandering
to highly demanding competition, and the level or the kind
of exercise which best simulates specific loads applied directly
to bone in the laboratory is not precisely known; thus, a
great variability of effect is expected according to the type
of exercise performed. For instance, even among athletes,
while runners had an increased whole body and legs BMD
than the general population, road cyclers had a lower bone
density of the spine [113, 114] and hip BMD decreases
in competition male cyclists followed for 1 year [115]; the
expected effect is site specific; there are systemic effects which
can interfere with the simple action of loading: alteration
of calcium metabolism, with increased PTH secretion and
an increased serum phosphate concentration [116, 117];
energy balance [118]; endocrine problems in super athletes,
who have a decreased hypophyseal function [119]. On the
other hand, exercise programs giving to bones the kind of
signal which has been proven to stimulate bone formation
(sufficient load applied at a sufficient rate and frequency)
would be difficult to follow by the majority of the population,
and particularly the elderly, most concerned by osteoporosis
and fractures. Most of the evidence about exercising and
fractures comes from epidemiological case finding studies
and nonrandomized, thus biased, longitudinal series. The
few randomized prospective longitudinal studies are by
essence not blinded, of short duration and most often not
powered to study the effect on fractures. The subject has
been reviewed by Karlsson in two papers summarizing the
available evidence for an antifracture efficacy of exercise
(120, 121].

6.1. Exercise during Growth. Several studies have shown a
higher BMD in athletes compared to the general population.
In male weight lifters, bone mineral density is increased in
the arms and legs, while it tended to be lower in the skull
[122]. Female gymnasts have an increased bone mineral
density in the arms, legs, and spine, and the increase is related
with the length of training [123]. Soccer players were found
to have a higher femoral bone mineral density [124].

As these population studies are subject to different bias,
the most convincing effect of exercise on bone resistance
come from studies of a site-specific effect. Life long tennis
players of both sexes have a greater cortical thickness of the
dominant versus contralateral arm [125, 126]. The effect
on BMC is related to bone enlargement, and not to an
increased volume bone mineral density. The differences are
greater if exercising has started before puberty [127], and the
enlargement of the periosteal envelope is greater in males
than in females [128], an observation which concords with
experimental data showing an inhibitory effect of estrogens
on periosteal apposition [55, 56]. The increase in bone mass
is associated with that of muscle mass [129]. The same
conclusions were reached by Ducher et al., but in their study;,

tennis playing had also a positive effect on bone mineral
density of the distal dominant radius, in children and adults
[130].

Independently of high level sport training, several cross-
sectional and observational longitudinal studies establish a
relation between the level of physical activity and bone mass
and geometry. An observational longitudinal study in boys
and girls aged 5 to 11 years showed that the duration spent
per day in moderate to vigorous physical activity, registered
using an accelerometer, is an independent determinant of
femur neck cross-sectional area measured by DXA and
of the section modulus Z, an index of bending strength
calculated from DXA measurements, even after taking into
account lean mass, at least in boys [131]. Tobias has also
observed that bone geometry was related to physical activity
in a cross-sectional study of 4457 11-year-old children
[132]. An observational longitudinal study conducted in 154
adolescent subjects (8 to 15 years of age at entry) at the
University of Saskatchewan has shown a positive relationship
between the estimated amount of physical activity during
adolescence and total body, lumbar spine, and total hip BMC
measured at the end of the adolescence growth spurt. The
gain (8 to 10%) was maintained in young adulthood, perhaps
because the physical activity profile remained unchanged
across the groups [133]. At the end of growth, the GOOD
study has shown that, in young adult men (18.9 year old),
there was a positive relation between the amount of physical
activity, cortical bone size, a BMD of the spine, femoral neck,
radius and total body, and trabecular but not cortical vBMD
[134]. Threshold amount of physical activity was 4 h/week,
and the effect was larger if training was started before 13.

Longitudinal controlled studies lead to more mitigated
results. Recently, a study comparing 53 girls aged 7-9 years
who volunteered for a 1 year exercise intervention program
of 200 minutes per week did not have an increased BMD or
better geometric hip parameters than their controls [135],
contradicting previous results from the same group studying
the lumbar spine [136] and from other groups [137-139].
A school-based 16-month randomized, controlled physical
activity intervention program was also found to increase
the distal tibia bone strength in prepubertal boys, but not
in girls [140]. The most evident positive effect of physical
exercise was observed in prepubertal children submitted to
high impact exercise (jumping), even for only a few months
[141]. The mean gain was 3.5% higher in the jumpers than in
the controls at the end of the program. These children were
then followed annually. Though there was a rapid loss of the
gain during the 3 months following the end of the program, a
small gain persisted after 7 years in the exercised group [142]
(Figure 3).

The heterogeneity of the results could result from many
confounding factors, such as compliance, the sites studied,
the type of exercise, age and sexual maturity at the beginning
of the program, length of intervention, the basal level of
physical activity, or the variation of lean and fat mass.

Several nutritional factors might also interact with
physical activity to change bone acquisition. One of these
is calcium nutrition [143, 144]. However, in a randomized
controlled study of 1-year duration, a calcium supplement
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FiGure 3: BMC increases more in children submitted for 7 months
to a program of impact exercise (jumps) than in their control peers
who had nonimpact activities. Age at onset was 8 years. Seven years
after the end of the program, a small benefit of the impact activities
was still detectable. Reproduced from Gunter et al. [142], with kind
permission of Wiley.

of 500 mg per day did not change mineral volumetric BMD
increases in 10-year-old female gymnasts [145]. Another
important factor is protein nutrition. A recent epidemiologi-
cal study by Chevalley et al. [146] showed a strong interaction
between protein intake and physical activity in prepubertal
children: boys having both a protein intake and a level of
physical activity above the median had the highest BMD at
several skeletal sites. In this study, no interaction was found
with calcium intake, probably because all participants had a
calcium intake above the desirable level.

6.2. Adult Life

6.2.1. Maintenance of Bone Gain Acquired during Growth and
Effect on Life-Long Fracture Risk. Theoretically, attaining a
higher peak bone mass can protect against osteoporosis and
fractures later in life. This is true only if the beneficial effect
of high level physical activity in childhood is maintained
throughout adult life. Animal studies show that it is the
case only if “moderate” activity is continued [147-149].
heterogeneity can result from differences in training program
[150]. The 5-year followup study of racket sports players has
shown that some beneficial effect on bone mass can persist
[151]. Former gymnasts retained an advantage in terms of
BMD up to 12 years after retirement [152, 153]. Former
male young athletes still had higher BMD 4 years after
cessation of their career than controls [154]. Other reports
are less optimistic. The sonographic parameters measured
at the calcaneum decreased significantly in runners one year
after stopping training [155]. Cross-sectional observations at
longer time in soccer players show that the gains acquired
during growth are lost after the termination of physical
training, and that the fracture risk was not significantly lower
after the age of 50 than in a control group without a history
of high level sport activity [156].
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The problem of how lifetime exercise influences BMD
in women has been addressed in a study of mother-
daughter pairs [157]. Lifetime exercise was estimated ret-
rospectively from a questionnaire in 25 mother-daughter
pairs and introduced in a multiple regression model as
possible determinants of total, axial, and peripheral BMD.
Weight-bearing exercise was significantly correlated with
total and peripheral BMD in the daughters, but not in the
mothers, suggesting that with age other variables become
dominant as determinants of BMD, such as body weight,
calcium nutrition, or estrogen use. However, in another
cross-sectional study, Uusi-Rasi et al. using peripheral QCT
observed that postmenopausal women (mean age 67) with
a higher level of physical activity had increased vBMD and
mechanical resistance of the tibia [158].

6.2.2. Effect of Physical Activity during Young Adult Life on
Bone Mass. A 10-year observational study by Bakker et al.
[159] has shown that the evolution of lumbar BMD was
related to ground reaction forces resulting from physical
activity in young men, but not in women. The effect was
small. In a randomized controlled trial on premenopausal
middle-aged women (35-40 year old), high impact exercise
(running, walking, jumping) practiced for 60 minutes three
times a week for 1 year correlated significantly with BMD of
the femur hip and trochanter when acceleration generated
by impact was higher than 3.9g, which is the case for
fast running and jumping [160]. The exercised group also
increased more bone circumference of the mid-femur. The
changes in the trained group were minimal, but significantly
related to the number of impacts [161].

6.2.3. Prevention by Physical Activity and Exercise of Bone Loss
Resulting from Menopause and Ageing. Can exercise prevent
menopausal bone loss and loss associated with ageing? A
clue indicating that loading could prevent bone loss caused
by hypogonadism is the increase of bone density at weight-
bearing sites in amenorrheic athletes as opposed to a decrease
at nonweight-bearing sites. In girls with anorexia nervosa,
the loss of BMD is significant at all sites [162]. Also, exercise
can prevent bone loss in ovariectomized rats [163]. However,
a comparison of the effect of a standardized jumping exercise
in pre- and postmenopausal women led to the conclusion,
coherent with the physiological data, that the effect of
exercise on BMD was blunted after menopause [164]. An
unexpected finding in this study was that estrogen replace-
ment for at least 12 months did not change the response
in postmenopausal women. Thus, age rather than estrogen
deficiency could be the cause of the decreased response, but
the median age of postmenopausal women was only 55. A
meta-analysis realized in 2000 and including 21 controlled
randomized studies in postmenopausal women (median
mean age 59) showed that training decreased slightly bone
loss of pre- and postmenopausal women without HRT at
the spine and femoral neck, both for impact and nonimpact
exercises [165]. The more recent meta-analysis of Martyn-
St and Carroll [166] based on 15 randomized controlled
trials in postmenopausal women showed a significant but
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FiGUure 4: Evolution of hip BMD in a group of osteoporotic
postmenopausal women randomized into a fast walking program
(filled circles, n = 48), compared to 44 controls (open circles). The
slight difference at one year was significant (P = .04). Reproduced
from Bergstrom et al. Osteoporos Int 2008; 19: 177-83 [169], with
kind permission of Springer.

small positive effect (+0.006 g/cm?) at the spine, and no
significant effect for the hip and femoral neck. In a recent
prospective study [167], early postmenopausal women (52
years old) were randomly assigned to two groups, one with
high demanding exercises (weight-lifting), and a control
group. Each group had two arms according to the self-
selected treatment with HRT. At the end of the study,
of one-year duration, spine BMD was significantly more
decreased (—3.6%) in the control group without HRT than
in the three other groups. The exercising groups, with or
without HRT, had a small bone gain at the spine (+0.7%)
that was significantly different of the small loss (—0.7%)
in the HRT group without training. There was no additive
effect of training and HRT, as in previous studies performed
in older women [168]. Recently, a randomized study in
postmenopausal osteopenic and osteoporotic women 45 to
65 years old has shown a small but significant beneficial
effect of fast walking (3 x 30min/week) and physical
training twice per week during 1 year on total hip BMD
[169] (Figure 4). Another recent cross-sectional study of
the relation between physical activity and bone density and
strength has shown no association with areal BMD; the
only positive association was between bone resistance and
the amount of physical activity at the femoral diaphysis site
[170].

6.2.4. Is Physical Exercise Useful in the Treatment of Post-
menopausal or Senile Osteoporosis?. There is evidence from
animal experiences that the adaptation of bone to mechanical
loading decreases with age [171]. This decreased sensitivity
to loading could indeed be one of the physiological bases of

senile osteoporosis. Thus the stimuli required to obtain an
increase in bone resistance could be higher in the old than
in the young. On the other hand, vigorous exercising in the
seniors can lead to injuries [172]. The results of a 12 months
randomized controlled trial testing resistance and balance-
jumping training in 70 to 79 years old women without
osteoporosis did not show any significant beneficial effect on
BMD or bone geometry at the level of the femur neck or tibial
shaft [173]. However, there was an improvement of physical
performances in the trained groups which could contribute
to fracture prevention.

Physical exercise alone will probably never be a treatment
of established osteoporosis, but it is important to clarify
the interaction between loading and the pharmacological
interventions in osteoporosis. A recent experimental study
in ovariectomized rats showed that rats treated with alen-
dronate and exercised for 14 weeks on treadmill had a
significantly higher BMC normalized for body weight at L4
and at the proximal and mid femur than animals treated
with alendronate alone. Exercised animals also had a higher
femur cortical area and cortical thickness, by simultane-
ous reduction of the medullary canal (alendronate) and
expansion of the periosteal perimeter (exercise) [174]. In a
l-year randomized trial on 164 early postmenopausal
women submitted to a progressive jumping exercise plus
or minus alendronate, exercise alone had no signifi-
cant effect on bone mineral density. There was no sig-
nificant additive effect of alendronate and training on
bone mineral content at different skeletal sites, but exer-
cise increased bone strength of the distal tibia [175].
An additive effect seems clearer in patients at risk
of glucocorticoid-induced osteoporosis. While alendronate
alone only stopped bone loss in transplanted patients at
risk of glucocorticoid-induced osteoporosis, the addition
of resistance exercise increased total body, lumbar spine,
and femur neck bone mineral density in these patients
(176, 177].

However, more than an additive effect of physical train-
ing with bisphosphonates, the main question is if there is a
decreased efficacy of bisphosphonate treatment in patients
with a decreased level of physical activity. An experimental
work in dogs with a 12-month forelimb immobilization
suggests that the increased resorption of disuse is not
completely abolished by risedronate [178]. The trials using
bisphosphonates in patients with a spinal cord section show
that they do not completely inhibit bone loss when the lesion
is recent [103] and that they stop bone loss but do not
increase it in the paralyzed areas when the lesion is older
[102].

Taking into account the interaction of PTH signaling
with mechanical loading on bone cells [36-38, 179-181],
there could be an interaction between physical activity and
treatment of osteoporosis with PTH fragments, but this was
not studied at present in the clinic. Experimental studies
on rats are encouraging [182, 183]. Using a model of hind
limb suspended rats, Turner et al. have shown that though
PTH prevented trabecular bone loss [41], weight bearing was
necessary for PTH to increase bone formation in cortical
bone [42].



6.3. Simulating Mechanical Forces. Many attempts have been
done to limit the loss of bone resulting from disuse,
in disabled patients, and in astronauts who could suffer
from a long period of weightlessness. These attempts have
frequently been disappointing. Studies showing bone loss
in astronauts have been done while they were subjected
to an intensive exercise program both before and during
flight [184]. Resistive exercise during bed rest only partially
mitigated bone loss in the diaphysis and epiphysis of the tibia
in volunteers subjected to 90-day bed rest [185]. Functional
electrical stimulation cycling applied to patients with spinal
cord injury can partially reverse bone loss in the distal femur
[186].

A special mention must be given to the recent attention
which has been given to vibrations. The underlying idea
is that much of the mechanical signaling acting to modify
bone mass and trabecular architecture does not necessary
come from extreme strains, but also from small strains
resulting from constant muscle activity, such as that involved
in maintaining posture [187]. Indeed, disuse osteoporosis
induced in rats by tail suspension can be prevented by brief
exposure to extremely low magnitude mechanical stimuli
[16]. A preventive effect of vibrations was also observed on
the increased endosteal resorption and decreased strength of
the femur and tibia associated with ovariectomy in adult rats
[188]. In 2002, Rubin et al. submitted for 20 min/day 5 days
a week the hind limbs of sheep to ground vibrations with a
peak-to-peak acceleration of 0.3 g and a frequency of 30 Hz.
The strain generated in the tibia was of the order of 5 ue,
500 times less than that induced by walking. The animals
were studied by DXA at different time points; after one
year, the femurs were analyzed ex vivo by DXA and pQCT,
and submitted to histomorphometry. Both pQCT and
static histomorphometry showed an increase of trabecular
bone volume of 30%, which was highly significant. Bone
formation and mineralizing surface were also significantly
increased [189]. The program also had a positive effect on
bone resistance [190]. A similar program was applied to
70 young postmenopausal women who were randomized
to a vibrating platform with the same characteristics as the
experimental one described above: the subjects who had
the highest compliance gained 0.04% in femoral BMD and
0.1% in the lumbar spine BMD, as compared with a 2.1
and 1.6% BMD loss in the control group, with a greater
benefit in the women with the lowest BMI [191]. Using a
vibrating platform with higher ground reaction forces (peak
acceleration 2.3 to 5.1 g) in healthy women 60-70 years old,
Verschueren et al. observed a significant gain of hip BMB
in the experimental group than in a group submitted to
resistance training or a control group (0.93%, versus 0.14%
in resistance training and a loss of 0.62% in controls) [192].
These results are at variance with a previous study which
did not show a significant effect on BMD in a group of
younger individuals for whom the duration of the stimulus
was shorter (4 min, versus 20) [193].

Experimental data in mice have also shown a beneficial
effect of brief application (15min/day) of high frequency
low-intensity vibrations on the growing skeleton: after 3
weeks, bone resorption was decreased, and after 6 weeks,
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bone mineralizing surface of the proximal metaphysic of the
tibia was significantly greater, so as trabecular bone volume,
periosteal, and cortical bone area, and the moment of inertia
[194, 195]. A positive effect was also observed on muscle
mass. A controlled trial conducted in 48 young women
(mean age 17 years) with low BMD showed a borderline
significant effect on muscle mass, spine cancellous volume
BMD measured at CT, and femur cortical bone area [196].
At present, no study has examined the effect on fractures.

7. Summary and Conclusion

Mechanical loading is a major regulator of bone mass and
geometry. Sensing and transduction of strains are essential
to maintain bone health. The final result of loading is to
decrease osteoclastic resorption and to increase formation
at places where more strength is needed to resist loading.
Thus, interventions on mechanical forces could be the most
physiological way to increase the mechanical resistance of
bone and prevent or treat osteoporosis.

The main sensor of mechanical forces is the osteocytes
network, which transmits orders to effector cells, osteoclasts,
and osteoblasts, by the secretion of several cytokines which
modulate the concentration of the bone microenvironment
in OPG and RANK-L, and in IGF’s. Key molecules in
sensing and transducing are calcium channels, MAP kinases,
particularly ERK 1/2 and the estrogen receptor a. The
response of bone to mechanical solicitations will depend on
the quality of these solicitations, both in terms of intensity
and of frequency. Because of desensitization of the system
with continuous loading, intermittent activity is expected
and has been shown to be more efficient. The response
will also depend on the sensitivity of the sensor, which
decreases with age and is modulated by the hormonal
environment, particularly estrogens. The maximal capacity
of cells of the osteoblastic lineage to respond to the signals
is also a determinant factor which could limit the efficacy of
mechanical interventions in adults and seniors [184]. Thus,
though a deleterious effect of disuse is evident at all ages,
a beneficial effect of increased loading through exercising
is much more difficult to establish. The clearest conclusion
to be drawn from the studies on exercising and bone is
the beneficial effect of exercise during growth on peak bone
mass. Intensive training during growth favors higher bone
mass and stronger bone geometry, particularly during the
prepubertal period. It is still unclear if the benefit of intensive
training in childhood is maintained after retirement, and for
how long. Probably that a threshold level of exercise during
adulthood is necessary to maintain the benefit in terms of
bone mass and geometry, but the level of this threshold
remains unknown at present. Thus, exercise programs in
school are probably valuable in terms of osteoporosis pre-
vention but only if campaigns are organized to push adults to
maintain a sufficient level of physical activity throughout life.
What is “sufficient” is not really well defined, but 30 minutes
to 1 hour walking per day would probably help. Studies on
exercise programs in adults have shown small, not always
significant effect on BMD and sometimes on bone geometry.
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These programs are quite difficult to follow, compliance
is usually low and it would be unrealistic to implement
them systematically as part of osteoporosis treatment. As
it is probable that both anti resorptive treatments and
treatments stimulating formation are more efficient if bones
are challenged by mechanical strains, patients receiving a
treatment for established osteoporosis should be advised
and encouraged to maintain a reasonable level of physical
activity. Trials adding vibrations to classical pharmacological
treatments of osteoporosis would be interesting.

Besides the effect of physical activity on bone, it also
affects muscle mass and force, an effect which will contribute
to fall and fracture prevention.

The mechanisms of sensing and transducing begin to
be known in sufficient details to allow to think of pharma-
cological interventions which could simulate loading [197].
However, these mechanisms are common to many cells, and
such interventions will have to be sufficiently targeted to
bone cells not to interfere with other essential physiological
processes.

Acknowledgments

This paper is a consensus of the Belgian Bone Club. Dr.
S. Boonen is senior clinical investigator of the Fund for
Scientific Research, Flanders, Belgium (F.W.O.-Vlaanderen)
and holder of the Leuven University Chair in Metabolic Bone
Diseases.

References

[1] J. Wolff, Das Gesetz der Transformation der Knochen, A.
Hirshwald, Berlin, Germany, 1892.

[2] H. M. Frost, “Bone “mass” and the “mechanostat™ a
proposal,” Anatomical Record, vol. 219, no. 1, pp. 1-9, 1987.

[3] H. M. Frost, “From Wolff’s law to the Utah paradigm:
insights about bone physiology and its clinical applications,”
Anatomical Record, vol. 262, no. 4, pp. 398-419, 2001.

[4] C.T.Rubinand L. E. Lanyon, “Regulation of bone formation
by applied dynamic loads,” Journal of Bone and Joint Surgery
A, vol. 66, no. 3, pp. 397402, 1984.

[5] J. R. Mosley, B. M. March, J. Lynch, and L. E. Lanyon, “Strain
magnitude related changes in whole bone architecture in
growing rats,” Bone, vol. 20, no. 3, pp. 191-198, 1997.

[6] T. S. Gross, J. L. Edwards, K. J. Mcleod, and C. T. Rubin,
“Strain gradients correlate with sites of periosteal bone
formation,” Journal of Bone and Mineral Research, vol. 12, no.
6, pp. 982-988, 1997.

[7]1 Y. X. Qin, C. T. Rubin, and K. J. McLeod, “Nonlinear
dependence of loading intensity and cycle number in the
maintenance of bone mass and morphology,” Journal of
Orthopaedic Research, vol. 16, no. 4, pp. 482-489, 1998.

[8] C. Rubin, A. S. Turner, S. Bain, C. Mallinckrodt, and K.
McLeod, “Low mechanical signals strengthen long bones,”
Nature, vol. 412, no. 6847, pp. 603—604, 2001.

[9] C. L. Inman, G. L. Warren, H. A. Hogan, and S. A.
Bloomfield, “Mechanical loading attenuates bone loss due to
immobilization and calcium deficiency,” Journal of Applied
Physiology, vol. 87, no. 1, pp. 189-195, 1999.

[10] R.A.Hillam and T. M. Skerry, “Inhibition of bone resorption
and stimulation of formation by mechanical loading of

the modeling rat ulna in vivo,” Journal of Bone and Mineral
Research, vol. 10, no. 5, pp. 683-689, 1995.

[11] J. M. LaMothe, N. H. Hamilton, and R. E Zernicke,
“Strain rate influences periosteal adaptation in mature bone,”
Medical Engineering and Physics, vol. 27, no. 4, pp. 277-284,
2005.

[12] J. C. Fritton, E. R. Myers, T. M. Wright, and M. C. H.
van der Meulen, “Loading induces site-specific increases in
mineral content assessed by microcomputed tomography of
the mouse tibia,” Bone, vol. 36, no. 6, pp. 1030-1038, 2005.

[13] M. C. H. van der Meulen, T. G. Morgan, X. Yang et al,
“Cancellous bone adaptation to in vivo loading in a rabbit
model,” Bone, vol. 38, no. 6, pp. 871-877, 2006.

[14] T.J. Chambers, M. Evans, T. N. Gardner, A. Turner-Smith,
and J. W. M. Chow, “Induction of bone formation in rat tail
vertebrae by mechanical loading,” Bone and Mineral, vol. 20,
no. 2, pp. 167-178, 1993.

[15] R. P. Huang, C. T. Rubin, and K. J. McLeod, “Changes in
postural muscle dynamics as a function of age,” Journals of
Gerontology—Series A , vol. 54, no. 8, pp. B352-B357, 1999.

[16] C. Rubin, G. Xu, and S. Judex, “The anabolic activity of
bone tissue, suppressed by disuse, is normalized by brief
exposure to extremely low-magnitude mechanical stimuli,
FASEB Journal, vol. 15, no. 12, pp. 2225-2229, 2001.

[17] L. K. Saxon, A. G. Robling, I. Alam, and C. H. Turner,
“Mechanosensitivity of the rat skeleton decreases after a long
period of loading, but is improved with time off;” Bone, vol.
36, n0. 3, pp. 454-464, 2005.

[18] A. G. Robling, F. M. Hinant, D. B. Burr, and C. H. Turner,
“Improved bone structure and strength after long-term
mechanical loading is greatest if loading is separated into
short bouts,” Journal of Bone and Mineral Research, vol. 17,
no. 8, pp. 1545-1554, 2002.

[19] M. J. Pead, T. M. Skerry, and L. E. Lanyon, “Direct
transformation from quiescence to bone formation in the
adult periosteum following a single brief period of bone
loading,” Journal of Bone and Mineral Research, vol. 3, no. 6,
pp. 647-656, 1988.

[20] L. Bonewald, “Mechanosensation and transduction in osteo-
cytes,” in Bone Key-Osteovision, vol. 3, pp. 7-15, 2006.

[21] H. Kamioka, T. Honjo, and T. Takano-Yamamoto, “A three-
dimensional distribution of osteocyte processes revealed by
the combination of confocal laser scanning microscopy and
differential interference contrast microscopy,” Bone, vol. 28,
no. 2, pp. 145-149, 2001.

[22] J. Klein-Nulend, A. Van der Plas, C. M. Semeins et al.,
“Sensitivity of osteocytes to biomechanical stress in vitro,”
FASEB Journal, vol. 9, no. 5, pp. 441-445, 1995.

[23] S. Weinbaum, S. C. Cowina, and Y. Zenga, “A model for the
excitation of osteocytes by mechanical loading-induced bone
fluid shear stresses,” Journal of Biomechanics, vol. 27, no. 3,
pp. 339-360, 1994.

[24] T. M. L. Knothe, R. Steck, M. R. Forwood, and P. Niederer,
“In vivo demonstration of load-induced fluid flow in the rat
tibia and its potential implications for processes associated
with functional adaptation,” Journal of Experimental Biology,
vol. 203, no. 18, pp. 2737-2745, 2000.

[25] Y. Mikuni-Takagaki, Y. Suzuki, T. Kawase, and S. Saito,
“Distinct responses of different populations of bone cells to
mechanical stress,” Endocrinology, vol. 137, no. 5, pp. 2028—
2035, 1996.

[26] J. I. Aguirre, L. L. Plotkin, S. A. Stewart et al., “Osteocyte
apoptosis is induced by weightlessness in mice and precedes



10

(39]

osteoclast recruitment and bone loss,” Journal of Bone and
Mineral Research, vol. 21, no. 4, pp. 605-615, 2006.

G. Gu, M. Mulari, Z. Peng, T. A. Hentunen, and H. K.
Vidininen, “Death of osteocytes turns off the inhibition of
osteoclasts and triggers local bone resorption,” Biochemical
and Biophysical Research Communications, vol. 335, no. 4, pp.
1095-1101, 2005.

S. D. Tan, A. D. Bakker, C. M. Semeins, A. M. Kuijpers-
Jagtman, and J. Klein-Nulend, “Inhibition of osteocyte apop-
tosis by fluid flow is mediated by nitric oxide,” Biochemical
and Biophysical Research Communications, vol. 369, no. 4, pp.
1150-1154, 2008.

S. D. Tan, T. J. de Vries, A. M. Kuijpers-Jagtman, C.
M. Semeins, V. Everts, and J. Klein-Nulend, “Osteocytes
subjected to fluid flow inhibit osteoclast formation and bone
resorption,” Bone, vol. 41, no. 5, pp. 745-751, 2007.

L. You, S. Temiyasathit, P. Lee et al, “Osteocytes as
mechanosensors in the inhibition of bone resorption due to
mechanical loading,” Bone, vol. 42, no. 1, pp. 172-179, 2008.
P. S. Vezeridis, C. M. Semeins, Q. Chen, and J. Klein-
Nulend, “Osteocytes subjected to pulsating fluid flow regu-
late osteoblast proliferation and differentiation,” Biochemical
and Biophysical Research Communications, vol. 348, no. 3, pp.
1082-1088, 2006.

R. E M. van Oers, R. Ruimerman, E. Tanck, P. A. J. Hilbers,
and R. Huiskes, “A unified theory for osteonal and hemi-
osteonal remodeling,” Bone, vol. 42, no. 2, pp. 250-259, 2008.
S. C. E Rawlinson, A. A. Pitsillides, and L. E. Lanyon,
“Involvement of different ion channels in osteoblasts’ and
osteocytes’ early responses to mechanical strain,” Bone, vol.
19, no. 6, pp. 609-614, 1996.

J. Rubin, C. Rubin, and C. R. Jacobs, “Molecular pathways
mediating mechanical signaling in bone,” Gene, vol. 367, no.
1-2, pp. 1-16, 2006.

D. Liu, D. C. Genetos, Y. Shao et al., “Activation of
extracellular-signal regulated kinase (ERK1/2) by fluid shear
is Ca’’—and ATP-dependent in MC3T3-El osteoblasts,’
Bone, vol. 42, no. 4, pp. 644-652, 2008.

S. Kapur, D. J. Baylink, and K. H. W. Lau, “Fluid flow
shear stress stimulates human osteoblast proliferation and
differentiation through multiple interacting and competing
signal transduction pathways,” Bone, vol. 32, no. 3, pp. 241—
251, 2003.

M. A. Peake and A. J. El Haj, “Preliminary characterisation
of mechanoresponsive regions of the c-fos promoter in bone
cells,” FEBS Letters, vol. 537, no. 1-3, pp. 117-120, 2003.

A. Miyauchi, K. Notoya, Y. Mikuni-Takagaki et al., “Parathy-
roid hormone-activated volume-sensitive calcium influx
pathways in mechanically loaded osteocytes,” The Journal of
Biological Chemistry, vol. 275, no. 5, pp. 3335-3342, 2000.

Y. Ma, W. S. S. Jee, Z. Yuan et al., “Parathyroid hormone
and mechanical usage have a synergistic effect in rat tibial
diaphyseal cortical bone,” Journal of Bone and Mineral
Research, vol. 14, no. 3, pp. 439-448, 1999.

S. Tanaka, A. Sakai, M. Tanaka et al., “Skeletal unloading
alleviates the anabolic action of intermittent PTH(1-34) in
mouse tibia in association with inhibition of PTH-induced
increase in c-fos mRNA in bone marrow cells,” Journal of
Bone and Mineral Research, vol. 19, no. 11, pp. 1813-1820,
2004.

R. T. Turner, G. L. Evans, J. M. Cavolina, B. Halloran, and E.
Morey-Holton, “Programmed administration of parathyroid
hormone increases bone formation and reduces bone loss in

(42]

(43]

[44]

(45]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

[54]

(55]

Journal of Osteoporosis

hindlimb-unloaded ovariectomized rats,” Endocrinology, vol.
139, no. 10, pp. 4086—4091, 1998.

R. T. Turner, S. Lotinun, T. E. Hefferan, and E. Morey-
Holton, “Disuse in adult male rats attenuates the bone
anabolic response to a therapeutic dose of parathyroid
hormone,” Journal of Applied Physiology, vol. 101, no. 3, pp.
881-886, 2006.

G. Zaman, H. L. Jessop, M. Muzylak et al., “Osteocytes
use estrogen receptor « to respond to strain but their ERa
content is regulated by estrogen,” Journal of Bone and Mineral
Research, vol. 21, no. 8, pp. 1297-1306, 2006.

S. Kato, H. Endoh, Y. Masuhiro et al., “Activation of the
estrogen receptor through phosphorylation by mitogen-
activated protein kinase,” Science, vol. 270, no. 5241, pp.
1491-1494, 1995.

H. L. Jessop, M. Sjoberg, M. Z. Cheng, G. Zaman, C. P. D.
Wheeler-Jones, and L. E. Lanyon, “Mechanical strain and
estrogen activate estrogen receptor « in bone cells,” Journal
of Bone and Mineral Research, vol. 16, no. 6, pp. 1045-1055,
2001.

H. L. Jessop, R. E L. Suswillo, S. C. F. Rawlinson et al,,
“Osteoblast-like cells from estrogen receptor a knockout
mice have deficient responses to mechanical strain,” Journal
of Bone and Mineral Research, vol. 19, no. 6, pp. 938-946,
2004.

M. Z. Cheng, G. Zaman, S. C. F. Rawlinson, R. E L. Suswillo,
and L. E. Lanyon, “Mechanical loading and sex hormone
interactions in organ cultures of rat ulna,” Journal of Bone
and Mineral Research, vol. 11, no. 4, pp. 502-511, 1996.

E. Damien, J. S. Price, and L. E. Lanyon, “The estrogen
receptor’s involvement in osteoblasts’ adaptive response to
mechanical strain,” Journal of Bone and Mineral Research, vol.
13, no. 8, pp. 1275-1282, 1998.

M. Z. Cheng, G. Zaman, S. C. E Rawlinson, A. A. Pitsillides,
R. E L. Suswillo, and L. E. Lanyon, “Enhancement by
sex hormones of the osteoregulatory effects of mechanical
loading and prostaglandins in explants of rat ulnae,” Journal
of Bone and Mineral Research, vol. 12, no. 9, pp. 1424-1430,
1997.

M. Joldersma, J. Klein-Nulend, A. M. Oleksik, I. C. Heyligers,
and E. H. Burger, “Estrogen enhances mechanical stress-
induced prostaglandin production by bone cells from elderly
women,” American Journal of Physiology, vol. 280, no. 3, pp.
E436-E442, 2001.

L. Lanyon, V. Armstrong, D. Ong, G. Zaman, and J. Price,
“Is estrogen receptor « key to controlling bones’ resistance to
fracture?” Journal of Endocrinology, vol. 182, no. 2, pp. 183—
191, 2004.

A. Tomkinson, J. Reeve, R. W. Shaw, and B. S. Noble,
“The death of osteocytes via apoptosis accompanies estrogen
withdrawal in human bone,” Journal of Clinical Endocrinology
and Metabolism, vol. 82, no. 9, pp. 3128-3135, 1997.

A. Tomkinson, E. E Gevers, J. M. Wit, J. Reeve, and B. S.
Noble, “The role of estrogen in the control of rat osteocyte
apoptosis,” Journal of Bone and Mineral Research, vol. 13, no.
8, pp. 1243-1250, 1998.

B. S. Noble, N. Peet, H. Y. Stevens et al., “Mechanical loading:
biphasic osteocyte survival and targeting of osteoclasts for
bone destruction in rat cortical bone,” American Journal of
Physiology, vol. 284, no. 4, pp. C934-C943, 2003.

M. J. Devlin and D. E. Lieberman, “Variation in estradiol
level affects cortical bone growth in response to mechanical
loading in sheep,” Journal of Experimental Biology, vol. 210,
no. 4, pp. 602-613, 2007.



Journal of Osteoporosis

[56] L. K. Saxon and C. H. Turner, “Low-dose estrogen treatment

[63

[66

]

]

suppresses periosteal bone formation in response to mechan-
ical loading,” Bone, vol. 39, no. 6, pp. 1261-1267, 2006.

T. L. N. Jarvinen, P. Kannus, I. Pajamiki et al., “Estrogen
deposits extra mineral into bones of female rats in puberty,
but simultaneously seems to suppress the responsiveness of
female skeleton to mechanical loading,” Bone, vol. 32, no. 6,
pp. 642-651, 2003.

M. Suuriniemi, H. Suominen, A. Mahonen, M. Alén, and
S. Cheng, “Estrogen receptor « polymorphism modifies
the association between childhood exercise and bone mass:
follow-up study,” Pediatric Exercise Science, vol. 19, no. 4, pp.
444-458, 2007.

T. J. Heino, T. A. Hentunen, and H. K. Viininen, “Condi-
tioned medium from osteocytes stimulates the proliferation
of bone marrow mesenchymal stem cells and their differen-
tiation into osteoblasts,” Experimental Cell Research, vol. 294,
no. 2, pp. 458-468, 2004.

G. Zaman, A. A. Pitsillides, S. C. E Rawlinson et al.,
“Mechanical strain stimulates nitric oxide production by
rapid activation of endothelial nitric oxide synthase in
osteocytes,” Journal of Bone and Mineral Research, vol. 14, no.
7, pp- 1123-1131, 1999.

A. Vatsa, T. H. Smit, and J. Klein-Nulend, “Extracellular NO
signalling from a mechanically stimulated osteocyte,” Journal
of Biomechanics, vol. 40, supplement 1, pp. S89-S95, 2007.
N. Basso and J. N. M. Heersche, “Effects of hind limb
unloading and reloading on nitric oxide synthase expression
and apoptosis of osteocytes and chondrocytes,” Bone, vol. 39,
no. 4, pp. 807-814, 2006.

R. J. Van T Hof and S. H. Ralston, “Cytokine-induced
nitric oxide inhibits bone resorption by inducing apoptosis
of osteoclast progenitors and suppressing osteoclast activity,’
Journal of Bone and Mineral Research, vol. 12, no. 11, pp.
1797-1804, 1997.

E. Otsuka, K. Hirano, S. Matsushita et al., “Effects of nitric
oxide from exogenous nitric oxide donors on osteoblastic
metabolism,” European Journal of Pharmacology, vol. 349, no.
2-3, pp. 345-350, 1998.

C. H. Turner, Y. Takano, I. Owan, and G. A. C. Murrell,
“Nitric oxide inhibitor L-NAME suppresses mechanically
induced bone formation in rats,” American Journal of Phys-
iology, vol. 270, no. 4, pp. E634-E639, 1996.

M. Watanuki, A. Sakai, T. Sakata et al., “Role of inducible
nitric oxide synthase in skeletal adaptation to acute increases
in mechanical loading,” Journal of Bone and Mineral Research,
vol. 17, no. 6, pp. 1015-1025, 2002.

N. E. Ajubi, J. Klein-Nulend, P. J. Nijweide, T. Vrijheid-
Lammers, M. J. Alblas, and E. H. Burger, “Pulsating fluid
flow increases prostaglandin production by cultured chicken
osteocytes-A cytoskeleton-dependent process,” Biochemical
and Biophysical Research Communications, vol. 225, no. 1, pp.
62—68, 1996.

J. Klein-Nulend, E. H. Burger, C. M. Semeins, L. G. Raisz, and
C. C. Pilbeam, “Pulsating fluid flow stimulates prostaglandin
release and inducible prostaglandin G/H synthase mRNA
expression in primary mouse bone cells,” Journal of Bone and
Mineral Research, vol. 12, no. 1, pp. 45-51, 1997.

S. Wadhwa, S. L. Godwin, D. R. Peterson, M. A. Epstein, L.
G. Raisz, and C. C. Pilbeam, “Fluid flow induction of cyclo-
oxygenase 2 gene expression in osteoblasts is dependent on
an extracellular signal-regulated kinase signaling pathway,”
Journal of Bone and Mineral Research, vol. 17, no. 2, pp. 266—
274, 2002.

(70]

(71]

(72]

(73]

(74]

(75]

(76]

[77]

(80]

(81]

(82]

(83]

(84]

11

L. G. Raisz, P. M. Fall, B. Y. Gabbitas, T. L. McCarthy, B. E.
Kream, and E. Canalis, “Effects of prostaglandin E, on bone
formation in cultured fetal rat calvariae: role of insulin-like
growth factor-1,” Endocrinology, vol. 133, no. 4, pp. 1504—
1510, 1993.

J. M. Lean, C. J. Jagger, T. J. Chambers, and J. W. M. Chow,
“Increased insulin-like growth factor I mRNA expression
in rat osteocytes in response to mechanical stimulation,”
American Journal of Physiology, vol. 268, no. 2, pp. E318-
E327,1995.

M. Z. Cheng, G. Zaman, S. C. E. Rawlinson, S. Mohan, D.
J. Baylink, and L. E. Lanyon, “Mechanical strain stimulates
ROS cell proliferation through IGF-II and estrogen through
IGF-1,” Journal of Bone and Mineral Research, vol. 14, no. 10,
pp. 1742-1750, 1999.

M. Z. Cheng, S. C. E Rawlinson, A. A. Pitsillides et al,,
“Human osteoblasts’ proliferative responses to strain and
17B-estradiol are mediated by the estrogen receptor and the
receptor for insulin-like growth factor 1,” Journal of Bone and
Mineral Research, vol. 17, no. 4, pp. 593-602, 2002.

K. Fuller and T. J. Chambers, “Effect of arachidonic acid
metabolites on bone resorption by isolated rat osteoclasts,”
Journal of Bone and Mineral Research, vol. 4, no. 2, pp. 209—
215, 1989.

L. G. Raisz, “Pathogenesis of osteoporosis: concepts, con-
flicts, and prospects,” Journal of Clinical Investigation, vol.
115, no. 12, pp. 3318-3325, 2005.

A. G. Robling, P. J. Niziolek, L. A. Baldridge et al., “Mechan-
ical stimulation of bone in vivo reduces osteocyte expression
of Sost/sclerostin,” The Journal of Biological Chemistry, vol.
283, no. 9, pp. 5866-5875, 2008.

K. Sawakami, A. G. Robling, M. Ai et al., “The Wnt co-
receptor LRP5 is essential for skeletal mechanotransduction
but not for the anabolic bone response to parathyroid
hormone treatment,” The Journal of Biological Chemistry, vol.
281, no. 33, pp. 23698-23711, 2006.

L. F. Bonewald and M. L. Johnson, “Osteocytes, mechano-
sensing and Wnt signaling,” Bone, vol. 42, no. 4, pp. 606-615,
2008.

C. H. Kim, L. You, C. E. Yellowley, and C. R. Jacobs,
“Oscillatory fluid flow-induced shear stress decreases osteo-
clastogenesis through RANKL and OPG signaling,” Bone, vol.
39, no. 5, pp. 1043-1047, 2006.

T. J. Heino, T. A. Hentunen, and H. Kalervo Vnnen,
“Osteocytes inhibit osteoclastic bone resorption through
transforming growth factor-f: enhancement by estrogen,”
Journal of Cellular Biochemistry, vol. 85, no. 1, pp. 185-197,
2002.

F. A. A. Weyts, B. Bosmans, R. Niesing, J. P. T. M. Van
Leeuwen, and H. Weinans, “Mechanical control of human
osteoblast apoptosis and proliferation in relation to differ-
entiation,” Calcified Tissue International, vol. 72, no. 4, pp.
505-512, 2003.

L. Tang, Z. Lin, and Y. M. Li, “Effects of different magnitudes
of mechanical strain on Osteoblasts in vitro,” Biochemical
and Biophysical Research Communications, vol. 344, no. 1, pp.
122-128, 2006.

J. Rubin, D. Biskobing, X. Fan, C. Rubin, K. McLeod, and W.
R. Taylor, “Pressure regulates osteoclast formation and MCSF
expression in marrow culture,” Journal of Cellular Physiology,
vol. 170, no. 1, pp. 81-87, 1997.

D. Miao, B. He, Y. Jiang et al., “Osteoblast-derived PTHrP
is a potent endogenous bone anabolic agent that modifies



12

(87

[88

(89

(90

[99

|

the therapeutic efficacy of administered PTH 1-34,” Journal
of Clinical Investigation, vol. 115, no. 9, pp. 2402-2411, 2005.
X. Chen, C. M. Macica, K. W. Ng, and A. E. Broadus,
“Stretch-induced PTH-related protein gene expression in
osteoblasts,” Journal of Bone and Mineral Research, vol. 20,
no. 8, pp. 14541461, 2005.

X. Chen, C. Macica, A. Nasiri, S. Judex, and A. E. Broadus,
“Mechanical regulation of PTHrP expression in entheses,”
Bone, vol. 41, no. 5, pp. 752-759, 2007.

N. Nijs-De Wolf, X. Holy, L. Bégot et al., “Decreased PTHrP
mRNA expression in the periosteum of hind limb long bones
in tail suspended rats,” Bone, vol. 40, supplement 2, p. S211,
2007.

R. T. Turner, “Physiology of a microgravity environment
invited review: what do we know about the effects of
spaceflight on bone?” Journal of Applied Physiology, vol. 89,
no. 2, pp. 840-847, 2000.

L. Vico, P. Collet, A. Guignandon et al., “Effects of long-term
microgravity exposure on cancellous and cortical weight-
bearing bones of cosmonauts,” The Lancet, vol. 355, no. 9215,
pp. 1607-1611, 2000.

A. Caillot-Augusseau, M. H. Lafage-Proust, C. Soler, J.
Pernod, F. Dubois, and C. Alexandre, “Bone formation and
resorption biological markers in cosmonauts during and
after a 180-day space flight (Euromir 95),” Clinical Chemistry,
vol. 44, no. 3, pp. 578-585, 1998.

S. M. Smith, J. L. Nillen, A. Leblanc et al., “Collagen cross-
link excretion during space flight and bed rest,” Journal of
Clinical Endocrinology and Metabolism, vol. 83, no. 10, pp.
3584-3591, 1998.

T. E. Hefferan, G. L. Evans, S. Lotinun, M. Zhang, E. Morey-
Holton, and R. T. Turner, “Effect of gender on bone turnover
in adult rats during simulated weightlessness,” Journal of
Applied Physiology, vol. 95, no. 5, pp. 1775-1780, 2003.

M. Zayzafoon, W. E. Gathings, and J. M. McDonald,
“Modeled microgravity inhibits osteogenic differentiation of
human mesenchymal stem cells and increases adipogenesis,”
Endocrinology, vol. 145, no. 5, pp. 2421-2432, 2004.

A.D. Leblanc, V. S. Schneider, H. J. Evans, D. A. Engelbretson,
and J. M. Krebs, “Bone mineral loss and recovery after 17
weeks of bed rest,” Journal of Bone and Mineral Research, vol.
5, n0. 8, pp. 843-850, 1990.

J. E. Zerwekh, L. A. Ruml, F. Gottschalk, and C. Y. C. Pak,
“The effects of twelve weeks of bed rest on bone histol-
ogy, biochemical markers of bone turnover, and calcium
homeostasis in eleven normal subjects,” Journal of Bone and
Mineral Research, vol. 13, no. 10, pp. 1594-1601, 1998.

I. D. McCarthy, “Fluid shifts due to microgravity and their
effects on bone: a review of current knowledge,” Annals of
Biomedical Engineering, vol. 33, no. 1, pp. 95-103, 2005.

E. Wilmet, A. A. Ismail, A. Heilporn, D. Welraeds, and P.
Bergmann, “Longitudinal study of the bone mineral content
and of soft tissue composition after spinal cord section,”
Paraplegia, vol. 33, no. 11, pp. 674-677, 1995.

E Biering-Sorensen, H. H. Bohr, and O. P. Schaadt, “Longitu-
dinal study of bone mineral content in the lumbar spine, the
forearm and the lower extremities after spinal cord injury,”
European Journal of Clinical Investigation, vol. 20, no. 3,
pp. 330335, 1990.

S. D. Jiang, L. S. Jiang, and L. Y. Dai, “Mechanisms of
osteoporosis in spinal cord injury,” Clinical Endocrinology,
vol. 65, no. 5, pp. 555-565, 2006.

[100]

[101]

[102]

[103]

[104]

(105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

Journal of Osteoporosis

Y. Zehnder, M. Liithi, D. Michel et al., “Long-term changes
in bone metabolism, bone mineral density, quantitative
ultrasound parameters, and fracture incidence after spinal
cord injury: a cross-sectional observational study in 100
paraplegic men,” Osteoporosis International, vol. 15, no. 3, pp.
180-189, 2004.

S. Goemaere, M. Van Laere, P. De Neve, and J. M. Kaufman,
“Bone mineral status in paraplegic patients who do or do not
perform standing,” Osteoporosis International, vol. 4, no. 3,
pp. 138-143, 1994.

Y. Zehnder, S. Risi, D. Michel et al., “Prevention of bone loss
in paraplegics over 2 years with alendronate,” Journal of Bone
and Mineral Research, vol. 19, no. 7, pp. 1067-1074, 2004.
N. L. Gilchrist, C. M. Frampton, R. H. Acland et al,
“Alendronate prevents bone loss in patients with acute spinal
cord injury: a randomized, double-blind, placebo-controlled
study,” Journal of Clinical Endocrinology and Metabolism,
vol. 92, no. 4, pp. 1385-1390, 2007.

R. Hizem, I. Delaunoy, M. Ventura, and P. Bergmann, “Pre-
vention of bone loss in patients with spinal cord section with
weekly alendronate: a pilot study,” Osteoporosis International,
vol. 18, supplement 1, p. S121, 2007.

G. Yavuzer, S. Ataman, N. Siildir, and M. Atay, “Bone
mineral density in patients with stroke,” International Journal
of Rehabilitation Research, vol. 25, no. 3, pp. 235-239, 2002.
Y. Sato, Y. Fujimatsu, M. Kikuyama, M. Kaji, and K.
Oizumic, “Influence of immobilization on bone mass and
bone metabolism in hemiplegic elderly patients with a long-
standing stroke,” Journal of the Neurological Sciences, vol. 156,
no. 2, pp. 205-210, 1998.

A. Ramnemark, L. Nyberg, B. Borssén, T. Olsson, and Y.
Gustafson, “Fractures after stroke,” Osteoporosis Interna-
tional, vol. 8, no. 1, pp. 92-95, 1998.

B. Krolner and B. Toft, “Vertebral bone loss: an unheeded side
effect of therapeutic bed rest,” Clinical Science, vol. 64, no. 5,
pp. 537-540, 1983.

R. P. Heaney, D. J. Valent, and I. P. Barton, “Hospitalization-
related bone loss and the protective effect of risedronate,”
Osteoporosis International, vol. 17, no. 2, pp. 212-216, 2006.
C. Snow-Harter, M. L. Bouxsein, B. T. Lewis, D. R. Carter,
and R. Marcus, “Effects of resistance and endurance exercise
on bone mineral status of young women: a randomized
exercise intervention trial,” Journal of Bone and Mineral
Research, vol. 7, no. 7, pp. 761-769, 1992.

H. Hoshino, K. Kushida, K. Yamazaki et al., “Effect of physical
activity as a caddie on ultrasound measurements of the os
calcis: a cross-sectional comparison,” Journal of Bone and
Mineral Research, vol. 11, no. 3, pp. 412418, 1996.

M. R. Forwood, “Mechanical effects on the skeleton: are
there clinical implications?” Osteoporosis International, vol.
12, no. 1, pp. 7783, 2001.

A. D. Stewart and J. Hannan, “Total and regional bone
density in male runners, cyclists, and controls,” Medicine and
Science in Sports and Exercise, vol. 32, no. 8, pp. 1373-1377,
2000.

R. S. Rector, R. Rogers, M. Ruebel, and P. S. Hinton,
“Participation in road cycling vs running is associated with
lower bone mineral density in men,” Metabolism, vol. 57,
no. 2, pp. 226-232, 2008.

D. W. Barry and W. M. Kohrt, “BMD decreases over the
course of a year in competitive male cyclists,” Journal of Bone
and Mineral Research, vol. 23, no. 4, pp. 484-491, 2008.



Journal of Osteoporosis

[116]

[117]

(118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

(130]

S.Ljunghall, H. Joborn, J. Rastad, and G. Akerstrom, “Plasma
potassium and phosphate concentrations—influence by
adrenaline infusion, $-blockade and physical exercise,” Acta
Medica Scandinavica, vol. 221, no. 1, pp. 83-93, 1987.

E. Zerath, X. Holy, P. Douce, C. Y. Guezennec, and J.
C. Chatard, “Effect of endurance training on postexercise
parathyroid hormone levels in elderly men,” Medicine and
Science in Sports and Exercise, vol. 29, no. 9, pp. 1139-1145,
1997.

C. L. Zanker and C. B. Cooke, “Energy balance, bone
turnover, and skeletal health in physically active individuals,”
Medicine and Science in Sports and Exercise, vol. 36, no. 8, pp.
1372-1381, 2004.

J. E Nichols, M. J. Rauh, M. T. Barrack, and H. S.
Barkai, “Bone mineral density in female high school athletes:
interactions of menstrual function and type of mechanical
loading,” Bone, vol. 41, no. 3, pp. 371-377, 2007.

M. Karlsson, “Is exercise of value in the prevention of fragility
fractures in men?” Scandinavian Journal of Medicine and
Science in Sports, vol. 12, no. 4, pp. 197-210, 2002.

M. Karlsson, “Has exercise an antifracture efficacy in
women?” Scandinavian Journal of Medicine and Science in
Sports, vol. 14, no. 1, pp. 2-15, 2004.

M. K. Karlsson, O. Johnell, and K. J. Obrant, “Bone mineral
density in weight lifters,” Calcified Tissue International, vol.
52, no. 3, pp. 212-215, 1993,

J. N. Dowthwaite, J. G. DiStefano, R. J. Ploutz-Snyder, J. A.
Kanaley, and T. A. Scerpella, “Maturity and activity-related
differences in bone mineral density: tanner I vs. II and
gymnasts vs. non-gymnasts,” Bone, vol. 39, no. 4, pp. 895—
900, 2006.

G. Vicente-Rodriguez, I. Ara, J. Perez-Gomez, J. A. Serrano-
Sanchez, C. Dorado, and J. A. L. Calbet, “High femoral bone
mineral density accretion in prepubertal soccer players,”
Medicine and Science in Sports and Exercise, vol. 36, no. 10,
pp. 1789-1795, 2004.

H. Haapasalo, P. Kannus, H. Sievinen et al., “Development
of mass, density, and estimated mechanical characteristics
of bones in caucasian females,” Journal of Bone and Mineral
Research, vol. 11, no. 11, pp. 1751-1760, 1996.

H. Haapasalo, S. Kontulainen, H. Sievinen, P. Kannus,
M. Jarvinen, and I. Vuori, “Exercise-induced bone gain
is due to enlargement in bone size without a change in
volumetric bone density: a peripheral quantitative computed
tomography study of the upper arms of male tennis players,”
Bone, vol. 27, no. 3, pp. 351-357, 2000.

P. Kannus, H. Haapasalo, M. Sankelo et al., “Effect of starting
age of physical activity on bone mass in the dominant arm
of tennis and squash players,” Annals of Internal Medicine,
vol. 123, no. 1, pp. 27-31, 1995.

H. Haapasalo, H. Sievanen, P. Kannus, A. Heinonen, P. Oja,
and 1. Vuori, “Dimensions and estimated mechanical char-
acteristics of the humerus after long-term tennis loading,”
Journal of Bone and Mineral Research, vol. 11, no. 6, pp. 864—
872, 1996.

A. Heinonen, H. A. Mckay, K. P. Whittall, B. B. Forster,
and K. M. Khan, “Muscle cross-sectional area is associated
with specific site of bone in prepubertal girls: a quantitative
magnetic resonance imaging study,” Bone, vol. 29, no. 4,
Pp. 388-392, 2001.

G. Ducher, N. Tournaire, A. Meddahi-Pellé, C. L. Benhamou,
and D. Courteix, “Short-term and long-term site-specific

[131]

[132]

[133]

[134]

[135]

[136]

(137]

[138]

[139

[140]

[141]

[142]

[143]

13

effects of tennis playing on trabecular and cortical bone at
the distal radius,” Journal of Bone and Mineral Metabolism,
vol. 24, no. 6, pp. 484-490, 2006.

K. E Janz, J. M. E. Gilmore, S. M. Levy, E. M. Letuchy, T.
L. Burns, and T. J. Beck, “Physical activity and femoral neck
bone strength during childhood: the Iowa Bone Develop-
ment Study,” Bone, vol. 41, no. 2, pp. 216-222, 2007.

J. H. Tobias, C. D. Steer, C. G. Mattocks, C. Riddoch, and
A. R. Ness, “Habitual levels of physical activity influence
bone mass in 11-year-old children from the United Kingdom:
findings from a large population-based cohort,” Journal of
Bone and Mineral Research, vol. 22, no. 1, pp. 101-109, 2007.

A. D. G. Baxter-Jones, S. A. Kontulainen, R. A. Faulkner,
and D. A. Bailey, “A longitudinal study of the relationship of
physical activity to bone mineral accrual from adolescence to
young adulthood,” Borne, vol. 43, no. 6, pp. 1101-1107, 2008.

M. Lorentzon, D. Mellstrom, and C. Ohlsson, “Association
of amount of physical activity with cortical bone size and
trabecular volumetric BMD in young adult men: the GOOD
study,” Journal of Bone and Mineral Research, vol. 20, no. 11,
pp. 1936-1943, 2005.

G. Alwis, C. Linden, S. Stenevi-Lundgren et al., “A one-
year exercise intervention program in pre-pubertal girls does
not influence hip structure,” BMC Musculoskeletal Disorders,
vol. 9, article 9, 2008.

C. Linden, H. G. Ahlborg, J. Besjakov, P. Gardsell, and M.
K. Karlsson, “A school curriculum-based exercise program
increases bone mineral accrual and bone size in prepubertal
girls: two-year data from the pediatric osteoporosis preven-
tion (POP) study,” Journal of Bone and Mineral Research, vol.
21, no. 6, pp. 829-835, 2006.

A. Heinonen, H. Sievinen, P. Kannus, P. Oja, M. Pasanen, and
L. Vuori, “High-impact exercise and bones of growing girls: a
9-month controlled trial,” Osteoporosis International, vol. 11,
no. 12, pp. 1010-1017, 2000.

K. J. MacKelvie, M. A. Petit, K. M. Khan, T. J. Beck, and H. A.
McKay, “Bone mass and structure are enhanced following a
2-year randomized controlled trial of exercise in prepubertal
boys,” Bone, vol. 34, no. 4, pp. 755-764, 2004.

M. A. Petit, H. A. McKay, K. J. MacKelvie, A. Heinonen, K. M.
Khan, and T. J. Beck, “A randomized school-based jumping
intervention confers site and maturity-specific benefits on
bone structural properties in girls: a hip structural analysis
study,” Journal of Bone and Mineral Research, vol. 17, no. 3,
pp. 363-372, 2002.

H. M. Macdonald, S. A. Kontulainen, K. M. Khan, and H.
A. McKay, “Is a school-based physical activity intervention
effective for increasing tibial bone strength in boys and girls?”
Journal of Bone and Mineral Research, vol. 22, no. 3, pp. 434—
446, 2007.

R. K. Fuchs, J. J. Bauer, and C. M. Snow, “Jumping improves
hip and lumbar spine bone mass in prepubescent children:
a randomized controlled trial,” Journal of Bone and Mineral
Research, vol. 16, no. 1, pp. 148-156, 2001.

K. Gunter, A. D. G. Baxter-Jones, R. L. Mirwald et al,
“Impact exercise increases BMC during growth: an 8-year
longitudinal study,” Journal of Bone and Mineral Research,
vol. 23, no. 7, pp. 986-993, 2008.

B. L. Specker, “Evidence for an interaction between calcium
intake and physical activity on changes in bone mineral
density,” Journal of Bone and Mineral Research, vol. 11, no. 10,
pp. 1539-1544, 1996.



14

(144

(145]

[146

[147]

[148]

(149

[150]

[151]

[152

[153]

(154

(155

[156]

[157]

S. L. Bass, P. Eser, and R. Daly, “The effect of exercise and
nutrition on the mechanostat,” Journal of Musculoskeletal
Neuronal Interactions, vol. 5, no. 3, pp. 239-254, 2005.

K. A. Ward, S. A. Roberts, J. E. Adams, S. Lanham-New,
and M. Z. Mughal, “Calcium supplementation and weight
bearing physical activity—do they have a combined effect on
the bone density of pre-pubertal children?” Bone, vol. 41, no.
4, pp. 496-504, 2007.

T. Chevalley, J. P. Bonjour, S. Ferrari, and R. Rizzoli, “High-
protein intake enhances the positive impact of physical
activity on BMC in prepubertal boys,” Journal of Bone and
Mineral Research, vol. 23, no. 1, pp. 131-142, 2008.

M. Silbermann, D. Schapira, I. Leichter, and K. Steinberg,
“Moderate physical activity through out adulthood increases
peak bone mass at middle age and maintains higher trabec-
ular bone density in vertebrae of senescent female rats,” Cells
Materials, vol. S1, pp. 151-158, 1991.

J. Wu, X. X. Wang, M. Higuchi, K. Yamada, and Y. Ishimi,
“High bone mass gained by exercise in growing male mice is
increased by subsequent reduced exercise,” Journal of Applied
Physiology, vol. 97, no. 3, pp. 806-810, 2004.

J. Iwamoto, J. K. Yeh, and J. F. Aloia, “Effect of deconditioning
on cortical and cancellous bone growth in the exercise
trained young rats,” Journal of Bone and Mineral Research,
vol. 15, no. 9, pp. 1842-1849, 2000.

C. M. Modlesky and R. D. Lewis, “Does exercise during
growth have a long-term effect on bone health?” Exercise and
Sport Sciences Reviews, vol. 30, no. 4, pp. 171-176, 2002.

S. Kontulainen, P. Kannus, H. Haapasalo et al., “Good
maintenance of exercise-induced bone gain with decreased
training of female tennis and squash players: a prospective 5-
year follow-up study of young and old starters and controls,”
Journal of Bone and Mineral Research, vol. 16, no. 2, pp. 195—
201, 2001.

S. Bass, G. Pearce, M. Bradney et al., “Exercise before puberty
may confer residual benefits in bone density in adulthood:
studies in active prepubertal and retired female gymnasts,”
Journal of Bone and Mineral Research, vol. 13, no. 3, pp. 500—
507, 1998.

C. L. Zanker, C. Osborne, C. B. Cooke, B. Oldroyd, and J.
G. Truscott, “Bone density, body composition and menstrual
history of sedentary female former gymnasts, aged 20-32
years,” Osteoporosis International, vol. 15, no. 2, pp. 145-154,
2004.

A. Nordstrom, C. Karlsson, E Nyquist, T. Olsson, P. Nord-
strom, and M. Karlsson, “Bone loss and fracture risk after
reduced physical activity,” Journal of Bone and Mineral
Research, vol. 20, no. 2, pp. 202-207, 2005.

M. Lehtonen-Veromaa, T. Mottonen, H. Kautiainen, O. J.
Heinonen, and J. Viikari, “Influence of physical activity and
cessation of training on calcaneal quantitative ultrasound
measurements in peripubertal girls: a 1-year prospective
study,” Calcified Tissue International, vol. 68, no. 3, pp. 146—
150, 2001.

M. K. Karlsson, C. Linden, C. Karlsson, O. Johnell, K. Obrant,
and E. Seeman, “Exercise during growth and bone mineral
density and fractures in old age,” The Lancet, vol. 355,
no. 9202, pp. 469-470, 2000.

C. M. Ulrich, C. C. Georgiou, C. M. Snow-Harter, and D.
E. Gillis, “Bone mineral density in mother-daughter pairs:
relations to lifetime exercise, lifetime milk consumption,
and calcium supplements,” American Journal of Clinical
Nutrition, vol. 63, no. 1, pp. 72-79, 1996.

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

(167]

[168]

[169]

[170]

[171]

Journal of Osteoporosis

K. Uusi-Rasi, H. Sievinen, M. Pasanen, P. Oja, and I. Vuori,
“Associations of calcium intake and physical activity with
bone density and size in premenopausal and postmenopausal
women: a peripheral quantitative computed tomography
study,” Journal of Bone and Mineral Research, vol. 17, no. 3,
pp. 544-552, 2002.

1. Bakker, J. W. R. Twisk, W. Van Mechelen, J. C. Roos, and H.
C. G. Kemper, “Ten-year longitudinal relationship between
physical activity and lumbar bone mass in (young) adults,”
Journal of Bone and Mineral Research, vol. 18, no. 2, pp. 325—
332, 2003.

A. Vainionpdi, R. Korpelainen, E. Vihridl4, A. Rinta-Paavola,
J. Leppaluoto, and T. Jamsd, “Intensity of exercise as associ-
ated with bone density change in premenopausal women,”
Osteoporosis International, vol. 17, no. 3, pp. 455-463, 2006.
A. Vainionpid, R. Korpelainen, H. Sievinen, E. Vihriili, J.
Leppiluoto, and T. Jamsd, “Effect of impact exercise and
its intensity on bone geometry at weight-bearing tibia and
femur,” Bone, vol. 40, no. 3, pp. 604—611, 2007.

N. Young, C. Formica, G. Szmukler, and E. Seeman, “Bone
density at weight-bearing and nonweight-bearing sites in bal-
let dancers: the effects of exercise, hypogonadism, and body
weight,” Journal of Clinical Endocrinology and Metabolism,
vol. 78, no. 2, pp. 449-454, 1994.

A. M. Tromp, N. Bravenboer, E. Tanck et al., “Additional
weight bearing during exercise and estrogen in the rat: the
effect on bone mass, turnover, and structure,” Calcified Tissue
International, vol. 79, no. 6, pp. 404-415, 2006.

E. J. Bassey, M. C. Rothwell, J. J. Littlewood, and D. W.
Pye, “Pre- and postmenopausal women have different bone
mineral density responses to the same high-impact exercise,”
Journal of Bone and Mineral Research, vol. 13, no. 12, pp.
1805-1813, 1998.

B. A. Wallace and R. G. Cumming, “Systematic review
of randomized trials of the effect of exercise on bone
mass in pre- and postmenopausal women,” Calcified Tissue
International, vol. 67, no. 1, pp. 10-18, 2000.

J. M. Martyn-St and S. Carroll, “High-intensity resistance
training and postmenopausal bone loss: a meta-analysis,”
Osteoporosis International, vol. 17, no. 8, pp. 1225-1240,
2006.

G. F. Maddalozzo, J. J. Widrick, B. J. Cardinal, K. M. Winters-
Stone, M. A. Hoffman, and C. M. Snow, “The effects of
hormone replacement therapy and resistance training on
spine bone mineral density in early postmenopausal women,”
Bone, vol. 40, no. 5, pp. 1244-1251, 2007.

S. Going, T. Lohman, L. Houtkooper et al., “Effects of exercise
on bone mineral density in calcium-replete postmenopausal
women with and without hormone replacement therapy,”
Osteoporosis International, vol. 14, no. 8, pp. 637-643, 2003.
I. Bergstrom, B. M. Landgren, J. Brinck, and B. Freyschuss,
“Physical training preserves bone mineral density in post-
menopausal women with forearm fractures and low bone
mineral density,” Osteoporosis International, vol. 19, no. 2, pp.
177-183, 2008.

K. M. Shedd, K. B. Hanson, D. L. Alekel, D. J. Schiferl, L. N.
Hanson, and M. D. Van Loan, “Quantifying leisure physical
activity and its relation to bone density and strength,”
Medicine and Science in Sports and Exercise, vol. 39, no. 12,
pp. 21892198, 2007.

C. H. Turner, Y. Takano, and I. Owan, “Aging changes
mechanical loading thresholds for bone formation in rats,”
Journal of Bone and Mineral Research, vol. 10, no. 10, pp.
1544-1549, 1995.



Journal of Osteoporosis

[172]

(173]

[174]

[175]

(176]

[177

(178

(179]

[180]

[181]

[182]

(183]

[184]

[185]

M. Kallinen and A. Markku, “Aging, physical activity and
sports injuries. An overview of common sports injuries in the
elderly,” Sports Medicine, vol. 20, no. 1, pp. 41-52, 1995.

S. Karinkanta, A. Heinonen, H. Sievdnen et al., “A multi-
component exercise regimen to prevent functional decline
and bone fragility in home-dwelling elderly women: ran-
domized, controlled trial,” Osteoporosis International, vol. 18,
no. 4, pp. 453—462, 2007.

R. K. Fuchs, M. Shea, S. L. Durski, K. M. Winters-Stone, J.
Widrick, and C. M. Snow, “Individual and combined effects
of exercise and alendronate on bone mass and strength in
ovariectomized rats,” Bone, vol. 41, no. 2, pp. 290-296, 2007.
K. Uusi-Rasi, P. Kannus, S. Cheng et al., “Effect of alen-
dronate and exercise on bone and physical performance
of postmenopausal women: a randomized controlled trial,”
Bone, vol. 33, no. 1, pp. 132143, 2003.

R. W. Braith, P. M. Magyari, M. N. Fulton, J. Aranda, T.
Walker, and J. A. Hill, “Resistance exercise training and
alendronate reverse glucocorticoid-induced osteoporosis in
heart transplant recipients,” Journal of Heart and Lung
Transplantation, vol. 22, no. 10, pp. 1082—-1090, 2003.

R. W. Braith, J. A. Conner, M. N. Fulton et al., “Comparison
of alendronate vs alendronate plus mechanical loading as
prophylaxis for osteoporosis in lung transplant recipients: a
pilot study,” Journal of Heart and Lung Transplantation, vol.
26, no. 2, pp. 132-137, 2007.

C.Y. Li, C. Price, K. Delisser et al., “Long-term disuse osteo-
porosis seems less sensitive to bisphosphonate treatment than
other osteoporosis,” Journal of Bone and Mineral Research,
vol. 20, no. 1, pp. 117-124, 2005.

C. H. Kim, E. Takai, H. Zhou et al.,, “Trabecular bone
response to mechanical and parathyroid hormone stimula-
tion: the role of the mechanical microenvironment,” Journal
of Bone and Mineral Research, vol. 18, no. 12, pp. 2116-2125,
2003.

A. D. Bakker, M. Joldersma, J. Klein-Nulend, and E. H.
Burger, “Interactive effects of PTH and mechanical stress
on nitric oxide and PGE production by primary mouse
osteoblastic cells,” American Journal of Physiology, vol. 285,
no. 3, pp. E608—E613, 2003.

K. D. Ryder and R. L. Duncan, “Parathyroid hormone
enhances fluid shear-induced [Ca®"] signaling in osteoblastic
cells through activation of mechanosensitive and voltage-
sensitive Ca channels,” Journal of Bone and Mineral Research,
vol. 16, no. 2, pp. 240-248, 2001.

J. W. M. Chow, S. Fox, C. J. Jagger, and T. J. Chambers, “Role
for parathyroid hormone in mechanical responsiveness of rat
bone,” American Journal of Physiology, vol. 274, no. 1, pp.
E146-E154, 1998.

J. Li, R. L. Duncan, D. B. Burr, V. H. Gattone, and C.
H. Turner, “Parathyroid hormone enhances mechanically
induced bone formation, possibly involving L-type voltage-
sensitive calcium channels,” Endocrinology, vol. 144, no. 4,
pp- 1226-1233, 2003.

A. 1. Grigoriev, B. V. Morukov, V. S. Oganov, A. S.
Rakhmanov, and L. B. Buravkova, “Effect of exercise and
bisphosphonate on mineral balance and bone density during
360 day antiorthostatic hypokinesia,” Journal of Bone and
Mineral Research, vol. 7, supplement 2, pp. S449-S455, 1992.
J. Rittweger, H. M. Frost, H. Schiessl et al., “Muscle atrophy
and bone loss after 90 days’ bed rest and the effects of flywheel
resistive exercise and pamidronate: results from the LTBR
study,” Bone, vol. 36, no. 6, pp. 1019-1029, 2005.

(186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

15

A. Frotzler, S. Coupaud, C. Perret et al., “High-volume FES-
cycling partially reverses bone loss in people with chronic
spinal cord injury,” Bone, vol. 43, no. 1, pp. 169—176, 2008.
C. Rubin, A. S. Turner, S. Bain, C. Mallinckrodt, and K.
McLeod, “Low mechanical signals strengthen long bones,”
Nature, vol. 412, no. 6847, pp. 603—604, 2001.

B. S. Oxlund, G. @rtoft, T. T. Andreassen, and H. Oxlund,
“Low-intensity, high-frequency vibration appears to prevent
the decrease in strength of the femur and tibia associated with
ovariectomy of adult rats,” Bone, vol. 32, no. 1, pp. 69-77,
2003.

C. Rubin, A. S. Turner, C. Mallinckrodt, C. Jerome, K.
Mcleod, and S. Bain, “Mechanical strain, induced noninva-
sively in the high-frequency domain, is anabolic to cancellous
bone, but not cortical bone,” Bone, vol. 30, no. 3, pp. 445-452,
2002.

C. Rubin, A. S. Turner, R. Miiller et al., “Quantity and quality
of trabecular bone in the femur are enhanced by a strongly
anabolic, noninvasive mechanical intervention,” Journal of
Bone and Mineral Research, vol. 17, no. 2, pp. 349-357, 2002.
C. T. Rubin, R. Recker, D. Cullen, J. Ryaby, J. McCabe, and K.
McLeod, “Prevention of postmenopausal bone loss by a low-
magnitude, high-frequency mechanical stimuli: a clinical
trial assessing compliance, efficacy, and safety,” Journal of
Bone and Mineral Research, vol. 19, no. 3, pp. 343-351, 2004.
S. M. P. Verschueren, M. Roelants, C. Delecluse, S. Swinnen,
D. Vanderschueren, and S. Boonen, “Effect of 6-month whole
body vibration training on hip density, muscle strength, and
postural control in postmenopausal women: a randomized
controlled pilot study,” Journal of Bone and Mineral Research,
vol. 19, no. 3, pp. 352-359, 2004.

S. Torvinen, P. Kannus, H. Sievinen et al., “Effect of 8-month
vertical whole body vibration on bone, muscle performance
and body balance. A randomized controled study,” Journal of
Bone and Mineral Research, vol. 18, no. 5, pp. 876-884, 2003.
L. Xie, J. M. Jacobson, E. S. Choi et al., “Low-level mechanical
vibrations can influence bone resorption and bone formation
in the growing skeleton,” Bone, vol. 39, no. 5, pp. 10591066,
2006.

L. Xie, C. Rubin, and S. Judex, “Enhancement of the
adolescent murine musculoskeletal system using low-level
mechanical vibrations,” Journal of Applied Physiology, vol.
104, no. 4, pp. 1056-1062, 2008.

V. Gilsanz, T. A. L. Wren, M. Sanchez, E. Dorey, S. Judex,
and C. Rubin, “Low-level, high-frequency mechanical signals
enhance musculoskeletal development of young women with
low BMD,” Journal of Bone and Mineral Research, vol. 21, no.
9, pp. 14641474, 2006.

V. A. Narkar, M. Downes, R. T. Yu et al., “AMPK and PPARS
agonists are exercise mimetics,” Cell, vol. 134, no. 3, pp. 405—
415, 2008.



