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Abstract

Stress fractures are common injuries with load-bearing activities. Stress fractures have been reported in the scientific literature for
over a century; however, the etiology continues to be investigated with important distinctions made between the contributions of
the tissue-level processes of bone remodeling and modeling. In response to novel repetitive loading, increased bone remodeling
may serve to replace fatigue-damaged bone while at the same time creating temporary porosity. Much attention has been given to
the role of remodeling in the etiology of stress fracture; however, the role of bone modeling has received less attention. Modest
increases in modeling, via bone formation on the periosteal surface of long bones in response to mechanical loading, greatly
increases the fatigue resistance of bone. Thus, enhancing this adaptive bone formation is a promising target for stress fracture

prevention, and a focus on adaptive bone formation may reveal novel risk factors for stress fracture.
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Introduction

Stress fractures occur with repetitive loading and are most
often seen in physically active populations such as military
recruits and endurance athletes.' Although pain in the
lower extremities during marching was first described in
Soldiers over 120 years ago,* the etiology of stress fractures
continues to be revealed. Recent advancements in the under-
standing of adaptive bone formation, coupled with reports of
structural differences in the bones of individuals with stress
fractures, contribute to an improved model of stress fracture
etiology and suggest that de novo bone formation following
skeletal loading is a critical process for preventing stress frac-
tures. This “adaptive bone formation” can occur via bone
deposition on the trabecular, endocortical, and periosteal sur-
faces. However, as we will review, deposition of new bone on
the periosteal surface in particular, especially along the
diaphysis of long bones, may have important consequences
for improving fatigue resistance. In this review, we outline an
etiological model of stress fracture with a focus on this adap-
tive bone formation. We conclude with a discussion of modi-
fiable factors that may inhibit adaptive bone formation, and
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therefore provide potential targets for stress fracture preven-
tion. We will focus our discussion of stress fracture etiology
on the tibia and femur because these are the two most
common sites of stress fracture during military training.’
Metatarsal stress fractures are also common with repetitive
loading but tend to occur later in training,® and the bones of
the foot are likely subjected to loading conditions that differ
from the long bones of the legs.

Etiology of stress fracture

Stress fracture is the clinical term used to denote bone fail-
ure in fatigue. While an overt stress fracture can appear as
cortical disruption on a radiograph, the clinical diagnosis is
not always straightforward and may vary by imaging
modality.” Over half a century ago, failure of bone was
thought to occur solely from the mechanical consequences
of repetitive loading, much like other repetitively loaded
structures such as bridges and aircraft wings.® Indeed,
stress fractures do not occur from a single traumatic event;
rather, they are the product of repetitive submaximal load-
ing.” Stress fractures often occur after a runner suddenly
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increases mileage or a military recruit begins basic combat
training.'” When a load of sufficient magnitude is applied to
a bone, the tissue will deform, or strain.'! If strains are suf-
ficiently high, microscopic cracking and diffuse damage of
the tissue will occur."*™* Continued loading on bone with
decreased stiffness will lead to increased strains and further
microdamage accumulation that may not be adequately
repaired, leading ultimately to a stress fracture.

While this model of failure in fatigue can represent any
inert structure subjected to repetitive loads, bones are biologic-
ally active. The consequences of this biologic activity are well
illustrated when comparing studies that assessed fatigue in
isolated tissue and in human subjects. When inert bovine bone
tissue was experimentally fatigued in vitro at physiological
strains analogous to those measured in humans while running
(~1200-1500 microstrain, 0.12-0.15 percent deformation), the
fatigue life (number of loading cycles a material can sustain
before failure occurs) was between 12 and 37 million loading
cycles."”” The authors of this study estimated that 10 million
loading cycles would equate to 11,000 miles of running, or 5 to
10 years of continuous loading, before stress fracture would
occur.’ In contrast to this, Soldiers experience stress fractures
within only weeks of beginning initial military training.
During basic combat training, Soldiers have been reported
to average approximately 100 total hours of combined walk-
ing, marching, and running over 8 weeks."® Therefore,
Soldiers are exposed to less than 1/400th the duration of load-
ing required to induce a fatigue-related stress fracture under
in vitro loading conditions. One explanation for this discrep-
ancy might be that physiological loading within the bones of a
Soldier or an athlete may include multi-axial loading (distinct
from the uniaxial loading in the in vitro experiment'), which
could generate abnormal loading patterns and shear stresses
that may reduce the fatigue life of the structure.'” Another
potential explanation might be the relatively small volume
of bone tested in the in vitro experiment. A human tibia, for
example, will have a greater volume than the experimental
specimen, and larger specimens are more likely to contain
weaker regions than smaller specimens.'® A final explanation
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for differences in fatigue life between in vitro experimental and
clinical observations is that bones undergo remodeling in
response to increased mechanical loading. As we review
below, bone remodeling is a process that may serve to repair
accumulated microdamage, while also temporarily increasing
porosity and decreasing the elastic modulus of bone.'**

The role of bone remodeling in stress fracture

Remodeling is the process whereby a small cavity of bone
tissue (~150-200 pm in diameter)*" is first hollowed out by
osteoclastic bone resorption, and followed by filling of the
cavity through coupled osteoblastic bone formation
(Figure 1).> The remnants of remodeling cycles are cylin-
drical osteons in cortical bone and hemiosteons in trabecu-
lar bone, produced by concentric or semi-concentric
deposition of lamellar bone.”? Osteonal bone has been
shown to fatigue sooner than primary bone, and this mech-
anical disadvantage raises the question as to the purpose of
bone remodeling.'® One reason for bone remodeling,
as theorized over 50 years ago™ and now experimentally
supported,'*** is to repair fatigue damage. Remodeling
aimed at removing microdamage is referred to as “targeted
remodeling.” This repair mechanism results in temporary
porosity and therefore may contribute to stress fracture risk,
although the link between increased porosity and stress
fracture risk remains to be demonstrated experimentally.*
In principle, the process of bone remodeling in response to
physical training is paradoxical in that it may promote stress
fracture development by introducing an acute increase in
porosity but may also prevent stress fracture development
by replacing fatigue-damaged bone. While experimental
data are still needed to fully understand the role of
remodeling in stress fracture prevention and promotion,
each of these concepts are reviewed below.

The role of remodeling in promoting stress fracture

Bone remodeling is a time-dependent process. During the
initial period immediately following the introduction of a
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Figure 1

Schematic of bone remodeling following fatigue damage in trabecular bone. (a) Linear microcrack disrupting the osteocyte lacunocanalicular system, leading

to osteocyte apoptosis in the affected area (dotted region). (b) Osteoclastic resorption of microdamaged bone. (c) Temporary negative bone space due to osteoclastic
resorption. (d) Osteoblast recruitment to the remodeling space. (e) Osteoblastic deposition of unmineralized bone matrix (osteoid). (f) Primary mineralization of newly
deposited matrix. (g) Secondary mineralization of bone matrix. (h) Completed remodeling cycle. (A color version of this figure is available in the online journal.)



new repetitive loading regimen, it has been suggested that
bone acquires microdamage which decreases the elastic
modulus of the bone.'” Diffuse damage and microcracking
have been reported to precede osteocyte apoptosis in areas
of damaged bone tissue (Figure 1(a)).*>*° Apoptosis of
osteocytes at microcrack loci and paracrine signaling by
adjacent viable osteocytes have been reported to be neces-
sary for stimulating expression of the pro-osteoclastic pro-
teins, receptor activator of nuclear factor x-B ligand
(RANKL)* and vascular endothelial growth factor
(VEGF).** With recruitment of osteoclasts to the remodeling
site (Figure 1(b)), bone is resorbed,®® and the resultant
porous space (Figure 1(c)) represents a temporary negative
bone balance that can reduce the stiffness of bone until the
cavity is replenished with fully mineralized bone.*

At each remodeling site, bone formation is coupled to
resorption (“coupled bone formation”), but deposition of
newly formed bone by osteoblasts recruited to the remodel-
ing site (Figure 1(d)) does not immediately restore mechan-
ical stiffness. After deposition of unmineralized bone
matrix (Figure 1(e)), a rapid mineralization of the newly
deposited matrix occurs.” This is termed primary mineral-
ization, and during the first few weeks following matrix
deposition, approximately 65 to 70% of the final mineraliza-
tion is completed (Figure 1(f))."””" The remainder of min-
eralization (“secondary mineralization;” Figure 1(g)) occurs
gradually over the following year and continues through-
out the lifespan of the tissue.>! Therefore, each newly acti-
vated remodeling unit will require more than a year before
the mechanical properties reflect baseline values
(Figure 1(h)). As stress fractures may occur within weeks
of onset of physical training,** newly activated remodeling
cycles remain in early stages when a negative bone balance
can theoretically contribute to a cycle of increased strain’
and accumulation of microdamage upon continued loading
until stress fracture ensues (Figure 2).°

The role of remodeling in preventing stress fracture

Although remodeling temporarily introduces porosity and
declines in stiffness, paradoxically, attempting to prevent
stress fractures by inhibiting remodeling may not be effect-
ive. For example, in an effort to suppress the hypothesized
negative effects of remodeling on stress fracture risk, a ran-
domized, placebo-controlled trial of the bisphosphonate,
risedronate, was conducted in 324 Israeli infantry recruits.
There were no differences in stress fracture incidence
reported between those randomized to risedronate (14%)
or placebo (13%).%* These results suggest that suppression
of bone remodeling through bisphosphonate use does not
reduce stress fracture incidence. One possible explanation
for these results is that remodeling is needed to repair the
microdamage that occurs with repetitive loading.* Fatigue
loading in rat models results in loss of stiffness, microcrack
formation (Figure 1(a)), and activation of bone remodeling®
(Figure 1 (b) to (h)). It therefore follows that targeted
remodeling may be an important process for replacing fati-
gue damage during physically active times such as training
for an endurance running event or basic military training.
Nevertheless, the associations among increased training,
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Figure 2 Schematic diagram of the remodeling loop wherein repetitive loading
leads to stress fracture. With loading, a bone of a particular stiffness will
experience strains that may result in microdamage generation within the bone
tissue. This damaged tissue is targeted for remodeling through focal osteocyte
apoptosis, recruitment of osteoclasts, and bone resorption. The dashed lines
indicate the process of coupled bone formation within the remodeling cycle.
When appropriate time is allowed for bone formation to follow resorption within
the remodeling unit (see Figure 1(d) to (g)), microdamage will be replaced and
bone stiffness increased. However, when repetitive loading is continued without
appropriate rest, the continued loading on a more porous bone may result in a
positive feedback cycle of increased strain, microdamage accumulation, and
bone resorption until microcracks coalesce and stress fracture occurs. (A color
version of this figure is available in the online journal.)

microdamage accrual, and stress fracture risk remain
under investigation.

Given the theoretical roles of remodeling in both promot-
ing stress fracture (because of temporary porosity) and pre-
venting stress fracture (because of microdamage repair),
research is still needed to fully characterize the contribu-
tions of remodeling to the etiology of stress fracture. In the
interim, we posit a renewed focus on the other biological
response to repetitive loading—adaptive bone formation.

The role of adaptive bone formation
in preventing stress fracture

Adaptive bone formation occurs when bone is deposited on
the periosteal, endocortical, or trabecular surfaces in
response to mechanical loading.** This bone modeling pro-
cess is distinct from remodeling because it involves the
independent action of osteoblasts without prior osteoclastic
bone resorption.”” In the process of modeling, osteoblast
and osteoclast activity are generally uncoupled. As in tar-
geted remodeling, modeling involves osteocyte activa-
tion; but rather than undergoing apoptosis, osteocytes
act as mechanotransducers—translating the mechanical
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Figure 3 Schematic diagram demonstrating movement of interstitial fluid through the osteocyte lacunocanalicular network from areas of compression to tension as a
result of mechanical loading. This fluid flow stimulates intracellular calcium signaling and osteocytic molecular signaling, osteoblast recruitment, and de novo bone

formation. (A color version of this figure is available in the online journal.)

deformation of the bone matrix into biochemical signals
that lead to de novo bone formation®® (Figure 3).

Although significant progress has been made in identify-
ing the pathways that translate mechanical stimuli into bone
formation, there is still much to be determined. Several the-
ories have been proposed regarding the mechanisms for
stimulation of osteocytes with mechanical loading, including
deformation of the bone matrix, electric streaming potentials
created by ionic fluid movement through the lacunocanali-
cular system, and cellular shear stress generated by fluid
flow along the osteocyte cell body and dendritic processes.*
Further debate exists as to what components of osteocytes
are responsible for mechanosensation, including the cell
body, the primary cilia, and the dendritic processes.35
While the particulars of bone mechanotransduction continue
to be elucidated, the current theory holds that perturbation of
osteocytes and their structural components lead to increased
intra-osteocyte calcium signaling and production of pro-
osteoblastic molecules such as prostaglandin E2 (PGE,),
insulin-like growth factor (IGF-I), nitric oxide (NO), and
adenosine triphosphate (ATP).** These molecular signals
have been shown to positively regulate bone formation, as
suppression of PGE,>” IGF-I,”® NO,** and ATP*’ inhibited
bone formation in response to mechanical loading.
Mechanical loading not only promotes osteocyte signaling
but also suppresses osteocyte production of negative regula-
tors of the Wnt/B-catenin pathway, including sclerostin and
dickkopf-1 (DKK1).*""*? Osteocyte-mediated biochemical sig-
naling and Wnt/B-catenin pathway activation following
mechanical loading are necessary for osteoblast differenti-
ation, proliferation and bone formation,>83943-46 Together,
these findings reveal a complicated network of signaling
pathways regulated by mechanical loading of osteocytes
(Figure 3).

Bone deposition can occur on all surfaces of bone, but
along the diaphysis of long bones, deposition on the

periosteal surface provides the greatest mechanical advan-
tage."! This is because most long bones experience bending
(Figure 4(a)), and the ability of a structure to resist deform-
ation during bending is largely determined by its cross-sec-
tional moment of inertia (CSMI, Figure 4(b))."" Therefore,
long bones with mass distributed furthest from the neutral
axis (e.g. wide bones) are stronger in relation to bones with
similar masses that are narrower. In extension of this model,
if bone mass is added to the skeleton in response to loading,
deposition on the periosteal surface will theoretically pro-
vide the greatest mechanical advantage. This mechanical
advantage will translate into a decrease in the amount of
deformation a bone will experience for a given load
(Figure 4(c)), and this increase in stiffness should attenuate
generation of microdamage, and therefore, improve the fati-
gue life of bone. In support of this concept, a modest increase
in whole bone mineral content of approximately 8% was
reported in the loaded ulnas of rats following 5 weeks of
loading (3 days/week, 360 cycles/day at 17N).*
Importantly, the majority of added bone was deposited on
the periosteal surface, which increased the cross-sectional
moment of inertia by 90%. When the fatigue life of the
untrained and trained limb was assessed, the untrained
limb fractured after an average of 15,000 cycles compared
to the trained limb which failed after an average of 1.5 mil-
lion cycles. This 100-fold increase in fatigue resistance after a
5-week loading regimen demonstrates the potential import-
ance of adaptive bone formation with physical training—a
small increase in bone, deposited on the periosteal surface,
may greatly improve the fatigue resistance of a long bone
(Figure 4).

Adaptive bone formation, therefore, provides an ideal
target for stress fracture prevention. While repetitive load-
ing and resultant strains may initiate both remodeling and
formation modeling, the formation modeling has the poten-
tial to offset the transient reduction in bone stiffness caused
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Figure 4 Schematic of the mechanical advantage provided by adaptive periosteal bone formation. (a) Mechanical loading of the lower limb stimulates adaptive bone
formation. (b) Adaptive bone formation on the periosteal surface (denoted by dashed lines) adds mass furthest from the neutral axis in bending, and thus, increases the
cross-sectional moment of inertia (CSMI, strength in bending). Note that CSMI is proportional to the fourth power of the outer radius (r1), and therefore, bone formation
on the periosteum is advantageous in increasing the strength of the bone in bending. (c) An increase in resistance to bending will result in a stiffer bone, or a shift to the
left of the linear portion of the load-deformation curve (denoted by the dashed line). In the elastic region where strains are not pathophysiological, the bone will deform
less for a given load. (d) An increase in stiffness due to periosteal bone deposition will theoretically result in lower strains for a given load, and therefore, attenuated
microdamage generation and suppression of targeted bone remodeling. Suppression of targeted remodeling is expected to inhibit the pathological remodeling loop

(depicted in Figure 2). (A color version of this figure is available in the online journal.)

by targeted remodeling of fatigue-damaged bone. Thus,
there exist two different physiological loops to consider in
the etiology of stress fracture (Figure 5). First, there is a
pathophysiological remodeling loop that is pathophysio-
logical in the sense that generation of new bone resorption
cavities temporarily outpaces the filling of the cavities in the
process of targeted remodeling (Pathophysiological
remodeling loop in Figure 5). The second loop is a protect-
ive modeling loop wherein perturbation of osteocytes
results in molecular signaling and recruitment of osteo-
blasts to form new bone (Protective modeling loop in
Figure 5). This de novo bone formation has the potential to
increase bone stiffness. The protective loop is not commonly
targeted for stress fracture prevention, and focus on pro-
moting adaptive bone formation in populations subjected
to novel repetitive mechanical loading may provide a new
focus for stress fracture prevention.

Preventing stress fracture by building wider bones

Consistent with the concept that wider long bones provide a
mechanical advantage (Figure 4), numerous studies have
reported that narrower bones are prone to stress frac-
ture.>*¥°! In a prospective study of bone geometry in
male and female Marine recruits, females who suffered a
stress fracture during training possessed smaller section
moduli and thinner cortices than their non-fracturing
female counterparts. Likewise, male Marine recruits who
suffered a stress fracture had narrower bones and smaller
section moduli compared to male Marines who did not
have a stress fracture.” Similarly, in a study of Israeli
Soldiers, increased risk of stress fracture was reported in
Soldiers with slender tibias (narrow bones relative to bone
length and body size), even with the expected cortical area

and tissue-mineral density for body size.”” Case-control
studies in athletes further reveal the importance of bone
size, with reports of 7.8% lower distal tibia cross-sectional
area* and 9-10% lower strength indices at the midshaft*® in
female runners with a history of stress fracture compared to
female runners without a history of stress fracture.
Collectively, these studies suggest that narrower bones are
a risk factor for stress fracture.

The baseline width and other geometrical characteristics
of long bones are regulated by a combination of genetic and
environmental factors, including sex, age, ethnicity, height,
endocrine history, prior nutrition, and prior physical train-
ing.52 Of these characteristics, the only modifiable, non-
pharmacological mechanism for increasing the width of
long bones is through physical training. Therefore, prior
to beginning formal training, military recruits and athletes
may benefit from pretraining to stimulate adaptive bone
formation. In support of the benefit of pretraining, a 50%
reduction in stress fracture incidence was reported in Israeli
elite infantry recruits who played ball sports immediately
prior to basic training.53 Given these findings, recruits
would ideally become more physically active prior to train-
ing to offset stress fracture risk; and accordingly, once train-
ing has begun, any factor suppressing the adaptive bone
formation response during military or athletic training
may increase the risk of stress fracture.

Risk factors for inhibition of adaptive bone formation

Based on the current understanding of stress fracture eti-
ology, three categories of modifiable risk factors should be
considered: factors that affect the load on bone, factors that
influence baseline bone stiffness, and factors that inhibit or
promote the adaptive response of bone to loading (Figure 6).
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Figure 5 Etiological model of stress fracture with competition between a pathological loop on the left and a protective loop on the right. With loading, the strains
generated may result in a cycle of microdamage generation and targeted bone remodeling which includes osteoclastic bone resorption. Resorption can lead to
temporary porosity, decreased bone stiffness and further microdamage generation. Porosity is only temporary, as coupled bone formation will eventually restore
stiffness. However, this process requires up to a year for completion (see Figure 1(d) to (g)). Without appropriate rest, this cycle may lead to stress fracture, and is
therefore considered pathophysiological. The same strains that initiate microdamage formation concurrently stimulate adaptive bone formation which increases bone
stiffness, thereby preventing increases in strain with continued loading. This protective loop of adaptive bone formation has the potential to offset the pathophysio-
logical loop and prevent stress fracture. (A color version of this figure is available in the online journal.)

The first category includes modifiable factors that affect the
magnitude or distribution of loading, such that strains can
be minimized and microdamage prevented. These factors
are the most commonly studied modifiable risk factors for
stress fracture and include fitting Soldiers and athletes with
proper footwear, minimizing the duration, intensity, and
frequency of training, incorporating longer rest periods
between training bouts, improving gait mechanics, and
training on softer surfaces® (Figure 6(a)). A second cat-
egory of risk factors is characterized by their effects on
bone stiffness and include genetics, hormone status, and
prior nutrition and physical training history (Figure 6(b)).
Once a new loading regimen has begun, these risk factors
are clearly nonmodifiable. A third category of risk factors,
however, provides new modifiable targets for stress frac-
ture. This category includes factors that may inhibit adap-
tive bone formation (Figure 6(c)).

A number of potential physical, psychological, and
pharmacological risk factors exist that may inhibit adaptive
bone formation and promote stress fracture. For example, a
20% reduction in the bone formation markers bone alkaline
phosphatase (BAP) and osteocalcin (OCN) following 8
weeks of U.S. Army Ranger School was recently reported.>
Ranger trainees average 19.6 h of training per day and have
a daily energy expenditure of 2500-4500 calories.”>>® The
reduced concentrations of BAP and OCN immediately fol-
lowing Ranger school suggest that bone formation is inhib-
ited with this intense training regimen. Beyond intensive

physical training, Army Ranger trainees experience other
physical and psychological stressors that may contribute to
suppression of bone formation, and therefore implicate
potential risk factors for stress fracture including sleep
deprivation, caloric restriction, and psychological
stress.’”° Furthermore, widespread use of non-steroidal
anti-inflammatory drugs (NSAIDs) has also been reported
throughout military and athletic populations,®”®" and
NSAIDs have been shown to inhibit adaptive bone forma-
tion.” Each of these potential inhibitors of adaptive bone
formation is further discussed below.

Caloric restriction and bone formation

Studies of caloric restriction in animals provide evidence of
deficits in bone strength due to suppressed bone forma-
tion.®%3 Six months of 40% caloric restriction in mice and
rats resulted in osteopenia and a reduction in bone volume
fraction (bone volume/total volume) of 29% in mice and
25% in rats as compared to control animals.®? Calorie-
restricted animals also had decreases in trabecular
number and thickness. Histomorphometric analysis deter-
mined that the decrements in bone mass and structure were
due to decreased bone apposition, rather than from bone
resorption. In a study of 35% energy restriction in obese
rats, similar declines in bone mineral density and trabecular
number were reported.63 Further, 30% caloric restriction
from weaning until 6 or 12 weeks of age in mice resulted
in impaired cortical and trabecular bone acquisition
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and 62-63% lower ultimate force and 56-62% lower stiff-
ness at both ages.®* Decrements in bone metabolism have
also been shown in calorie-restricted humans with a 10%
reduction in true fractional calcium absorption and a 13.5%
reduction in serum OCN concentrations in overweight
postmenopausal women who underwent six weeks of cal-
oric restriction (reduction in daily caloric intake of 500-600
calories/ day).*>%°

While studies in animals and postmenopausal women
suggest reductions in bone formation with caloric restric-
tion, little evidence is available in young athletic and mili-
tary-aged individuals. However, in a study of 25-year-old
male runners, the bone formation marker, procollagen type
1 N-terminal propeptide (PINP), was suppressed when
running with energy restriction but was not suppressed
under conditions of energy balance.”” PINP was also sup-
pressed in 24-year-old, exercising women with energy defi-
ciency compared to energy replete referents, with the most
severe PINP suppression in women who were also estrogen
deficient.?® The latter study highlights a potential indirect
effect of caloric restriction on adaptive bone formation in
physically active women—low energy availability directly
contributes to menstrual disturbances,®® which in turn may
inhibit bone formation.®® While these studies suggest that
caloric restriction inhibits bone formation, it may not be
solely a lack of energy intake that suppresses bone forma-
tion; in particular, caloric restriction may be accompanied
by insufficient dietary intake of calcium and vitamin D. The
importance of these two micronutrients for stress fracture
prevention was demonstrated in a randomized, placebo-
controlled trial of calcium (2000 mg/day) and vitamin D

(8001U/day) supplementation in Navy recruits, in which
stress fractures were reduced by 20% in recruits rando-
mized to supplementation.”® Collectively, these studies sug-
gest that adequate energy, calcium, and vitamin D intake
are all necessary to promote bone formation in physically
active, young adults. Nevertheless, these studies did not
test whether adaptive bone formation in particular was sup-
pressed with inadequate energy, calcium, and vitamin D
intake. Moreover, bone formation markers reflect global
formation throughout the skeleton and therefore do not dis-
tinguish between bone deposited at remodeling sites or on
the various surfaces of the bone in the process of modeling.
Given all of this, skeletal loading intervention studies will
be important for determining the contribution of nutrition
to adaptive bone formation and ultimately, stress fracture
risk.

Sleep deprivation and bone formation

While the effects of sleep deprivation on bone formation
have not been intensively studied, some research exists
that may link sleep deprivation to suppressed bone forma-
tion. For example, 72 days of sleep restriction in rats (cycles
of 10 days of 37% reduction in paradoxical sleep followed
by 2 days of ad libitum sleep) resulted in a 45-fold reduction
in osteoid-lined bone and a reduced osteoid thickness com-
pared to controls,” suggesting that bone formation is inhib-
ited with sleep restriction. In a cross-sectional analysis of
sleep-deprived men and women (<6.5h per night), sleep-
deprived women had lower cortical volumetric bone min-
eral density, and sleep-deprived men had lower polar
strength-strain indices than sleep-replete controls.”?
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Although these studies suggest that sleep restriction may
inhibit bone formation, the extent to which sleep restriction
inhibits adaptive bone formation subsequent to exercise
requires further study.

Psychological stress and bone formation

Psychological stress is another potential factor that may
lead to suppression of bone formation. Psychological
stress may promote inflammatory and hormonal insults to
bone tissue.”” In particular, the physically and psychologic-
ally demanding nature of military and athletic training has
been shown to lead to high levels of inflammatory cytokines
and stress hormones such as cortisol.”>”*7° High levels of
circulating inflammatory cytokines and cortisol have been
associated with low bone density, altered bone metabolism,
and increased fracture risk.”>”””’ As both physical and
psychological stress contribute to a pro-inflammatory
state, research is needed to determine the individual con-
tribution of psychological stress to potential reductions in
adaptive bone formation.

NSAIDs and bone formation

As discussed above, prostaglandin production by osteo-
cytes in response to fluid flow is an important step in adap-
tive bone formation.>” NSAIDs inhibit cyclooxygenase
(COX), an enzyme responsible for prostaglandin synthesis,
and therefore, may block loading-induced bone forma-
tion.®” Several animal studies report complete or partial
inhibition of adaptive bone formation with indomethacin,
an inhibitor of the constitutive isoform (COX-1) and indu-
cible isoform (COX-2), and with NS-398 (COX-2 inhibi-
tor).>”#982 These studies suggest adaptive bone formation
is inhibited with NSAID use. The timing of NSAID use,
however, may be a critical factor in suppression of adaptive
bone formation.®%3#* For example, in rats, indomethacin
only suppressed bone formation following an acute bout of
exercise if it was administered before, but not after, load-
ing.® Similarly, NS-398 suppressed bone formation of the
rat ulna following mechanical loading if it was given 3
hours before loading, but did not suppress bone formation
if administered 30 minutes after loading.** Comparable
findings were reported in a 9-month weight-bearing exer-
cise intervention in premenopausal women who were ran-
domized to three groups: placebo before and after each
exercise bout, ibuprofen before and placebo after exercise,
or placebo before and ibuprofen after exercise.** In this
study, ibuprofen use before exercise ameliorated gains in
bone mineral density. However, if ibuprofen was taken
after each exercise bout, the adaptive response to exercise
was actually enhanced.® In a study of exercise in older
adults, ibuprofen taken before or after exercise had no
effect on the response of bone mineral density to exercise.®
This final study may indicate that the effects of NSAIDs on
adaptive bone formation are age dependent. Collectively,
these studies suggest that use of NSAIDs and the timing
of NSAID ingestion may have consequences for adaptive
bone formation. Further research is needed to determine if
NSAID use increases stress fracture risk.

Conclusions

Stress fractures occur over a relatively short time period
following increased repetitive loading in physically active
populations. With increased loading, strains in the bone
tissue may lead to a pathophysiological loop of microdam-
age generation, osteocyte apoptosis, osteoclastic bone
resorption, increased porosity, and declines in bone stiffness
until stress fracture occurs. Paradoxically, the process of
bone remodeling may also be important for extending the
fatigue life of bone by removing microdamage through tar-
geted remodeling. Nonetheless, the same strains that pro-
duce microdamage also cause perturbation of osteocytes,
leading to pro-osteogenic molecular signaling, recruitment
of osteoblasts, and de novo bone formation. This new, adap-
tive bone formation can occur on the trabecular, endocorti-
cal, and periosteal surfaces. However, when this bone
formation occurs on the periosteum in the shaft of long
bones, the cross-sectional moment of inertia increases and
fatigue resistance is improved. Therefore, establishing
novel exercise regimens aimed at promoting periosteal
bone formation may reduce stress fracture incidence.
Also, several factors including caloric restriction, sleep
deprivation, psychological stress, and use of non-steroidal
anti-inflammatory drugs may inhibit adaptive bone forma-
tion during periods of increased physical activity and there-
fore provide new targets for stress fracture prevention.
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