THE PENNSYLVANIA STATE UNIVERSITY
SCHREYER HONORS COLLEGE

DEPARTMENT OF KINESIOLOGY

DISTINGUISHING BONE CHARACTERISTICS IN FEMALE ATHLETES WITH AND
WITHOUT STRESS FRACTURES USING SECTOR ANALYSIS OF 3D TIBIA IMAGES

KATIE YANNARELL
SPRING 2018

A thesis
submitted in partial fulfillment
of the requirements
for a baccalaureate degree
in Biomedical Engineering
with honors in Kinesiology

Reviewed and approved* by the following:
Mary Jane De Souza
Professor of Kinesiology and Physiology
Thesis Supervisor and Honors Advisor
Nancy Williams
Professor of Kinesiology and Physiology
Head of Department of Kinesiology
Faculty Reader
* Signatures are on file in the Schreyer Honors College.

i

ABSTRACT

More than 20% of sports-related injuries are stress fractures, which begin as
microstructural level cracks that accumulate and propagate into cortical fractures. Incurring one
stress fracture increases the likelihood of sustaining a subsequent stress fracture, and there is a
significantly higher prevalence of stress fractures in female athletes and military recruits
compared to males. There are several risk factors that contribute to the increased prevalence in
females, especially those associated with the Female Athlete Triad (the Triad). The Triad
consists of three interrelated conditions: low energy availability (EA) with or without an eating
disorder, low bone mineral density (BMD), and menstrual disturbances. The purpose of this
study was to distinguish bone characteristics in female athletes with and without stress fractures.
Specifically, we assessed serum markers of bone formation (P1NP) and resorption (CTX) since
bone is a metabolically active tissue that undergoes a remodeling. Additionally, we performed
sector analyses of pQCT images to assess regional vBMD and bone geometry of the tibia at 4
sites: 4%, 14%, 38%, and 66% from the distal endplate of the tibia.
Female athletes that were recently diagnosed with a stress fracture (SFx) (n=19) were
matched by age, sport type, and exercise volume with healthy female athletes (Control) (n=11),
resulting in a cohort of n=30 female athletes. Women were between the ages of 18 and 35 years
who presented with or without a lower extremity bone stress injury, participated in at least 2
hours of exercise per week, and were free of chronic illness impacting bone metabolism. There
were no significant differences in basic demographics or body composition between the two
groups (p>0.05).
Bone marker measurements demonstrated no significant differences in P1NP or CTX
between the Control and SFx groups (p>0.05). There were no differences between the Control
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and SFx groups in pQCT measurements of the total, cortical, or trabecular bone when assessing
each cross-section of the bone as a whole. However, sector analysis revealed that there were
significant differences within certain regions of cross-sections between the groups at the
proximal tibial sites (38% and 66%), but not the distal sites (4% and 14%); the most differences
were observed in the medial regions of the cross-sections (p<0.05). These results suggest that
sector analysis is a valuable tool that can be used to gain a greater understanding of bone
characteristics that may increase an athlete’s susceptibility to fracture.
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Introduction

Stress Fractures in Female Athletes and Measurement Tools
Up to 20% of all sports-related injuries are stress fractures, which begin as
microstructural cracks in the cortical bone that propagate into fractures [1]. Incurring one stress
fracture increases the likelihood of sustaining a subsequent stress fracture. Furthermore, there is
a significantly higher prevalence of stress fractures in female athletes and military recruits
compared to their male counterparts [1]. Friedl and colleagues [2] reported that the prevalence of
stress fractures in active duty Army females ranged from 10% to 12% compared to 1.5% to 3%
in their male counterparts. Additionally, a study conducted during Marine Recruit training, in
which weight-bearing exercise increased throughout 11 weeks, demonstrated the incidence of
stress fractures increased from 3.9% to 14.8% for women, yet only from 1.7% to 3.4% in men by
the end of the training period, emphasizing the need for a better understanding of bone health in
exercising women [3].
There are several risk factors that contribute to the increased prevalence of stress
fractures in exercising women, including those associated with the Female Athlete Triad (the
Triad). The Triad was first defined by an American College of Sports Medicine (ACSM)
working group in 1993 to describe the association of three pathologies affecting women’s health:
low energy availability, menstrual dysfunction, and low bone mineral density (BMD). In 2007,
an updated Position Stand on the Triad was published by the ACSM to provide recommendations
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for detection and treatment of the Triad [4]. Energy availability (EA), the root cause of Triad
sequelae, is defined as the energy remaining to carry out other physiological functions after
subtracting out the energetic cost of exercise. Indeed, EA is calculated as the difference between
exercise energy expenditure and dietary energy intake. In order to maintain energy balance in the
face of low EA, physiological adaptations occur that reduce the energy requirements of processes
such as cellular maintenance, growth, and reproduction. For instance, researchers have
demonstrated that menstrual irregularities occur in the face of low EA, which may also
contribute to the increased prevalence of stress fractures in female distance runners [5]. It is
hypothesized that menstrual disturbances contribute to stress fracture risk due to the associated
estrogen deficiency, which upregulates bone resorption [6].
In addition to estrogen, hormones such as leptin, ghrelin, peptide YY (PYY), insulin-like
growth factor (IGF-1), and cortisol vary with differing EA [7]. Both leptin, secreted largely by
adipose tissue and involved in efferent neural signaling from the hypothalamus, and ghrelin, an
orexigenic hormone secreted by the stomach, are involved in signaling osteoblastic activity. For
example, serum leptin levels decrease dramatically in low energy states, indicating that these
hormonal patterns are very similar to those who suffer from anorexia nervosa (AN) [8]. PYY is a
nutritionally regulated hormone released from the intestinal cells following food intake and acts
as a catabolic signal to bone [9]. In cases of AN, PYY is elevated while BMD is lower. IGF-1
hormone is linked to maturation of different tissues. Specifically, a deficiency in IGF-1 has been
shown to lead to underdevelopment of the skeletal structure [10]. Additionally, Misra et al. [11]
found a link between high cortisol values and low BMD in females with AN. Overall, the
endocrine system also functions as an indicator of a patient’s health status in the Triad.
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The incidence of stress fractures in athletes is due both to intrinsic risk factors, such as
bone mineral density (BMD) and bone geometry, and extrinsic risk factors, such as mechanical
loading through exercise [12]. Mechanical loading of bone occurs both through impact with the
ground and muscle contractions [13]. Bone mass and geometry adapts in response to mechanical
loading in order to maintain the structural integrity of the skeleton and resist mechanical stress
[14]. However, bone, like most other materials, reaches a point at which microdamage
accumulates. Eventually, microdamage reaches a certain fracture point where ‘microcracks’
begin to form and with additional strain on the bone, ‘microcracks’ become ‘macrocracks,’
otherwise known as stress fractures [15].
Longer bones, such as those found in the lower extremities, are exposed to a greater
bending moment when force is applied, increasing the likelihood of stress fractures in those
regions. Indeed, aside from an increased overall prevalence in stress fractures in female athletes
and military recruits, certain skeletal sites are more prone to injury than others. In a study of 320
stress fracture cases, Matheson et al. [16] determined that 15% of stress fractures occur in
runners, with the tibia being the most commonly injured bone at a rate of 49.1% of all cases.
Furthermore, Israeli military recruits demonstrated an increased frequency of stress fractures in
the tibia, with the incidence of stress fracture in the femur being the second highest [17]. Fracture
cases are more likely to occur in bones with smaller cross-sectional areas as well [18]. Giladi et
al. [19] concluded that the Israeli military recruits who suffered stress fractures in the tibia had
narrower mediolateral tibial width at three different measured sites along the bone. Furthermore,
more narrow bones have a decreased moment of inertia and are more likely to sustain stress
fractures [19]. The compressive strength of bone can be decreased substantially with only minor
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reductions in bone density, suggesting that factors impacting bone density may
disproportionately increase stress fracture risk as well [20].
The stress-strain sensitivity of the skeleton can vary even within one segment of bone due
to differences in the trabecular and cortical compartments that make up the bone[21]. Trabecular
bone, otherwise known as cancellous bone, is the latticed structure that composes the inner
portion of bone [22]. Cortical bone, which forms the outer shell of the bone or the shaft of bone,
is also referred to as compact or lamellar bone. Cortical bone is much denser than trabecular
bone due to the tightly packed osteons or Haversian systems, and allows movement by providing
levers and attachment sites for muscle [23]. Cortical bone can undergo higher levels of stress,
which is the amount of force applied to a certain cross-sectional area of material. But, it will fail
relatively quickly with small amounts of strain, defined as the ratio of the amount of the
material’s deformation to the material’s original length [24]. Trabecular bone, however, is able to
store more energy due to its porous structure and can sustain strains much higher than that of
cortical bone before fracturing [25]. Due to these mechanical properties, it is logical that stress
fractures occur most often in the cortical shell of long bones, such as the tibia and femur.
As bone senses mechanical loading, it is capable of undergoing self-repair through
effector cells known as osteoclasts and osteoblasts [26]. The remodeling process consists of a
series of chemical signals and cells that act to break down damaged bone and reform new bone
in its place. Originating from stem cells in the bone marrow, osteoclasts are large, multinucleated
cells responsible for resorbing bone. Osteoblasts are connective tissue cells found at the surface
of the bone and form new bone to replace that which was resorbed to complete the bone turnover
process.
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Biochemical markers of bone turnover measured in the urine or serum serve as indicators
of the current remodeling balance in the skeleton. The bone markers of resorption are classified
as collagen breakdown products, non-collagenous matrix proteins, or osteoclast specific
enzymes. Among the bone markers of resorption, carboxyterminal cross-linked telopeptide of
type 1 collagen (CTX) has the highest contribution from type 1 collagen. On the other hand,
bone markers of formation are by-products of collagen neosynthesis or osteoblast-related
proteins. Specifically, N-terminal propeptide of type 1 procollagen (P1NP), a commonly
assessed marker of bone formation, is a product of proliferating osteoblasts [27]. In order to
obtain an accurate measurement of bone balance and determine a net gain or loss, markers of
both resorption and formation must be assessed since both may be elevated in times of high
turnover, such as during fracture repair.
Compared to bone imaging, bone turnover markers are capable of detecting more
immediate changes in bone, though bone imaging techniques are widely used in a clinical
setting. Dual x-ray absorptiometry (DXA) is the most common tool used to assess bone, as it
provides a 2-dimensional measurement of bone mineral density (BMD). However, it takes
several months to detect changes in bone using DXA; whereas, changes in bone markers are
detectable in a matter of weeks and can more sensitively monitor changes in bone metabolism
[28].
Additional three-dimensional (3D) imaging techniques provide capabilities beyond that
of DXA, which is limited in its inability to distinguish between cortical and trabecular bone and
to measure bone geometric parameters [28]. Peripheral quantitative computed tomography
(pQCT) provides individual measurements of cortical and trabecular volumetric BMD (vBMD)
in addition to measurements of bone geometry, such as cross-sectional area and cortical
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thickness. Typical pQCT measurements are based on whole bone cross-sections. By applying
3D sector analysis techniques to pQCT images, bone density and geometry can be further be
characterized based on region within the bone. Sector analysis allows for density and geometry
measurements of 6 specific polar regions of the same cross-section: lateral anterior (0-60
degrees), anterior (60-120 degrees), medial anterior (120-180), medial posterior (180-240
degrees), posterior (240-300 degrees), and lateral posterior (300-360 degrees). Sector analysis
allows for a more detailed comparison of bone among individuals since the biomechanics of
loading varies at different locations within the bone [29].
The aim of the current study was two-fold: 1) to assess bone markers of formation and
resorption in exercising women with and without a recently diagnosed stress fracture and 2) to
use sector analyses of 3D bone images to compare tibial vBMD, geometry, and estimated
strength in exercising women with and without a recently diagnosed stress fracture. We
hypothesized that in female athletes with stress fractures compared to female athletes without
stress fractures, P1NP (bone formation marker) and CTX (bone resorption marker) would be
elevated. Further, we hypothesized that sector analysis would reveal reduced vBMD at every
measured site in participants with stress fractures compared to those without stress fractures.
More specific to the individual sector analyses, we hypothesized that trabecular density, cortical
density, and cortical thickness would be decreased in the medial sectors of the tibia in the
athletes with stress fractures compared to the participants without stress fractures.
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Purpose of this Study
The purpose of this study was to distinguish bone characteristics in female athletes with a
stress fracture (SFx) vs. without a stress fractures (Control). Specifically, we assessed serum
markers of bone turnover formation (P1NP) and resorption (sCTX) and performed sector
analyses of pQCT images to assess regional volumetric bone mineral density (vBMD) and bone
geometry of the tibia at 4 sites: 4%, 14%, 38%, and 66% from the distal endplate of the tibia.

Aim and Hypothesis 1: Bone Marker of Formation
Aim: To compare P1NP concentrations (a marker of bone formation) in exercising
women with and without a stress fractures.
Hypothesis: P1NP, a marker of bone formation, will be elevated in female athletes with
stress fractures (SFx) compared to female athletes without stress fractures (Control).

Aim and Hypothesis 2: Bone Marker of Resorption
Aim: To compare CTX concentrations (a bone marker of resorption) in exercising
women with and without stress fractures.
Hypothesis: CTX, a marker of bone resorption, will be increased in female athletes with
stress fractures (SFx) compared to female athletes without stress fractures (Control).
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Aim and Hypothesis 3: Sector Analysis
Aim: To use sector analysis of pQCT images to assess vBMD and bone geometry at
specific regions of the tibia.
Hypothesis: At every site in the sector analysis, the trabecular and cortical vBMD and
cortical thickness of the medial sectors of the tibia will be lower in the stress fracture group
(SFx) than in the non-stress fracture group (Control). However, differences will not be consistent
among the distal (4%, 14%) and proximal (38%, 66%) scan sites.

Rationale for This Study
Bone is metabolically active tissue that constantly undergoes remodeling in order to
maintain the integrity of the adult skeleton. Bone turnover, which includes phases of resorption
and formation, is responsible for most of the cellular activity in bone. Formation and resorption
are coupled in healthy bone so that balance between the processes is achieved. Following a
period of inactivity on the surface of bone, cells called osteoclasts break down distinct areas and
create an indent, otherwise known as a lacuna. Osteoblast activity follows osteoclastic bone
resorption, forming new bone to fill the lacuna with a matrix of proteins called osteoid. If
osteoclast activity is upregulated compared to osteoblast activity, bone loss may occur [30].
Bone markers, measured in serum samples, are representative of how bone is actively
changing over a short period of time and can allude to future bone remodeling patterns.
Unbalanced resorption and formation phases of bone remodeling can negatively affect bone
accrual. Change in bone mineral density (BMD), most often measured by DXA imaging, could
indicate altered remodeling patterns; however, changes in BMD take place over months to years,
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after which time irreversible bone loss may have occurred. Instead, bone markers are able to
assess changes in bone metabolism in a time-sensitive manner.
While bone turnover may be uncoupled in the time leading up to the onset of a stress
fracture, we hypothesize that markers of both formation and resorption will be increased in the
days to weeks immediately following a stress fracture. It has been demonstrated that marker
concentrations increase following fractures, indicating accelerated bone remodeling during the
repair process [31]. However, changes in bone marker concentration are specific to the marker
being studied. Therefore, the measurement of CTX coupled with P1NP will produce a more
comprehensive understanding of bone remodeling and may provide insight to link bone turnover
and the onset and healing of stress fractures.
Bone remodeling has been well-characterized in post-menopausal women suffering from
fragility fracture related to bone disease such as osteoporosis, while young female athletes and
military recruits are highly susceptible to stress fractures. Thus, it is important to adequately
understand bone remodeling in active, premenopausal women. Further, analysis of bone markers
in exercising young women could be used to adjust training regimen or identify the onset of
negative bone remodeling prior to stress fractures occurrence.
Imaging techniques may be used to better understand bone structure and strength. In the
current study, 3D bone imaging will be used to identify characteristics that potentially predispose
an individual to incur fractures. Sector analysis, performed on peripheral quantitative computer
tomography (pQCT) images of the tibia, allows for a detailed assessment of the cortical and
trabecular regions of individual segments of cross-sections of bone, measured at 4%, 14%, 38%,
and 66% from the distal endplate. The ability to assess cortical and trabecular density, along with
cortical thickness, in six polar-regions of the same cross-section may reveal structural

10

characteristics and geometric parameters that would not be identified by analyzing the total bone
of interest. Since mechanical loading of the bone varies at different locations along the bone due
to the biomechanics of locomotion, sector analysis will allow us to quantitatively assess how
bone structure at specific regions within a cross-section may predispose a female athlete to stress
fractures. This provides more detailed information than a dual x-ray absorptiometry (DXA) scan,
which cannot differentiate between cortical and trabecular bone, nor provide specific
density/geometry of the tibia, the clinical site of interest. The current literature lacks detailed
comparisons of the medial and lateral regions of the anterior and posterior tibia in female
athletes, which could provide further insight into the characteristics that render a bone
susceptible to stress fractures.

Expected Findings
Both P1NP (bone marker of formation) and CTX (bone marker of resorption) are
expected to be elevated in female athletes with stress fractures compared to female athletes
without stress fractures. Bone remodeling is accelerated in areas of skeletal injury. Osteocytes
signal osteoclasts to resorb damaged bone so that osteoblasts can form new bone to strengthen
the structure. In fact, increased bone remodeling is one of the final stages of bone repair, as
reported in previous studies [32]. Furthermore, bone remodeling rates have been shown to
increase in osteoporotic bones in response to the weakened skeletal structure [33].
In addition to bone marker adaptations, it is expected that sector analysis will reveal a
decrease in trabecular and cortical vBMD and cortical thickness. While bone remodeling may be
accelerated in the stress fracture participants, this likely does not correlate with higher BMD

11

values. Low BMD, one of the Triad components, decreases the structural integrity of bones
undergoing mechanical loading and unloading [34]. BMD differences are also not expected to be
consistent among the four scan sites. Bone geometry, which is another indicator of stress fracture
susceptibility, varies in the distal and proximal locations. Based on the common location of
medial tibia stress fractures, it is expected that sector analysis data will reveal lower vBMD and
smaller cortical thickness in the medial sectors of the stress fracture participants compared to
participants without stress fractures [35].

Statistical Plan
All statistical analyses will be conducted using SPSS statistical software package (version
23.0, Chicago, IL). Prior to analyses, data will be tested for normality and homogeneity of
variance between the SFx and Control groups. For variables meeting the assumption of normal
distribution and homogeneity of variance, independent T-tests will be used to detect significant
differences in bone imaging and bone marker outcomes between the groups. If either one of the
assumptions is violated, the Mann-Whitney non-parametric test will be used to compare bone
imaging and bone marker outcomes between the groups. A p-value of 0.05 will be used to
identify significant findings. In the bone marker analysis of P1NP and CTX, the two study
groups will only be composed of the SFx participants (n=8) with matching controls (Control)
(n=8) based on age, sport type, and exercise volume. However, the sector analysis will comprise
twenty-nine total participants for SFx (n=19) and Control (n=10). Sector analysis includes
trabecular density (TrD), trabecular area (TrAr), cortical density (CtD), cortical area (CtAr), and
cortical thickness (CtTh) data for the lateral-anterior (Lat-Ant), anterior (Ant), medial-anterior
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(Med-Ant), medial-posterior (Med-Post), posterior (Post), and lateral-posterior (Lat-Post) polar
regions of the left and right tibias. In a sub-analysis, only participants with a tibial stress fracture
(TSFx) (n=8) will be compared to the control group (n=10).
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Literature Review

Introduction
The American College of Sports Medicine (ACSM) defined the Female Athlete Triad
(the Triad) in 1997 as the association of disordered eating, amenorrhea, and osteoporosis. The
definition of the Triad was updated by the ACSM in 2007 based upon current literature and
recommendations to bring focus to three interrelated components: energy availability (EA),
menstrual function, and bone mineral density (BMD). The clinical spectrum for each of these
components, as displayed in Fig.1, ranges from low EA (with or without an eating disorder) to
optimal EA, from functional hypothalamic amenorrhea (the absence of menstrual cycles lasting
more than three months) to eumenorrhea (regular menstruation), and from low
BMD/osteoporosis to optimal bone health, respectively [4].

Figure 1. Representation of the Female Athlete Triad
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The presence of one, two, or all three components of the Triad may result in various
debilitating musculoskeletal injuries, including stress fractures. Up to 20% of sports related
injuries are stress fractures, and female athletes are especially susceptible [1]. Indeed, female
athletes and female military recruits are the most common populations to suffer from stress
fractures. For instance, one prospective study conducted among female runners and military
recruits reported a bone stress injury incidence range of 3.3% to 28.9% [36]. Identified risk
factors contributing to this increased prevalence include altered bone mineral density (BMD),
bone geometry, biomechanics, muscle and bone fatigue, menstrual disturbances, impaired energy
status, hormonal imbalances, and behavioral factors [12]. Many of these risk factors are
interrelated and must be considered concurrently when assessing female athletes.
To begin to understand how to prevent stress fractures, it is important to consider how
fractures propagate in response to loading. Bones are specially designed to withstand stress,
defined as the force applied per unit area of the load-bearing bone [12]. There is a specific elastic
range in which bone may undergo deformation and still return to the original state without failing
(i.e. fracturing) [37]. However, as the bone is subjected to movement outside of its elastic range
and surpasses this deformation threshold, microcracks develop in the bone. If the response to
mechanical loading fails repetitively, the microcracks develop into macrocracks, which become
diagnosable stress fractures when a visible cortical fracture occurs [38]. Stress fractures are a
type of bone stress injury (BSI) characterized by an accumulation of microstructural level cracks
or microdamage, and are typically related to overuse of a localized area of bone [39].
Up to 80% of stress fractures occur in the lower extremities [40] and within the lower
extremities, stress fractures most commonly affect the tibia and the metatarsals due of the
weight-bearing nature of these bones [41]. Loading direction, bone geometry, microarchitecture,
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bone mineral density (BMD), and surrounding muscular contractions all factor into the
magnitude of bone deformation due to low levels of force, a property known as the bone stressstrain response [12]. Shock-absorbing muscles play an integral role in reducing the intensity of a
mechanical load perceived by the bone, such that if the surrounding muscles are too weak or
fatigued to absorb the shock from mechanical loading, excess stress is transferred to the bone
[16].
Because bone is a metabolically active tissue, it can repair damaged areas through
continuous remodeling that consists of two distinct, yet related processes: bone formation and
bone resorption [27]. Intrinsic factors, such as nutrient availability and hormonal status, and
extrinsic factors, such as bone loading through exercise, influence bone remodeling and thus
alter the ability of bone tissue to respond to microdamage. This review serves to evaluate the
physiologic changes related to risk factors that modulate bone turnover and contribute to stress
fracture incidence in female athletes. We will also address new developments in bone imaging
techniques that may elucidate additional risk factors for stress fracture.

Summary of Bone Remodeling
Bone is constantly being remodeled through continuous cycles of resorption, osteoid
formation, mineralization, and resting phases. Three main cell types (osteoclasts, osteoblasts, and
osteocytes) are responsible for carrying out these actions. Bone remodeling and skeletal
maintenance are regulated through the maturation of these cell types in the bone-remodeling
cavity, comprising the Basic Multicellular Unit (BMU) [42].
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Osteoclasts, which can reach up to 100 mm in diameter, are the cells responsible for the
resorption of bone [43]. These multinuclear cells have a ruffled border that excavates an erosion
cavity in bone known as a lacuna. This indentation in the bone is about 200µm in diameter and
50µm in depth. Subsequently, proteases, specifically cathepsins and activated collagenases, are
released that destroy type I collagen. The residue is either digested by these proteases,
internalized, or moved across the cell to be excreted at the basolateral domain [44].
Osteoblasts, derived from mesenchymal cells in the bone marrow, are responsible for the
formation of bone to fill the cavity excavated by osteoclasts [45]. This step in the bone
remodeling cycle entails three successive phases: the production of osteoid matrix, the
maturation of osteoid matrix, and the mineralization of the matrix [44]. Osteoblasts become
situated on the base of the lacuna and secrete osteoid, a mixture of non-carboxylated osteocalcin,
precursors of collagen 1, calcium salts, and other proteins to create the bone matrix.
Mineralization of the new matrix increases to balance collagen synthesis. Osteoblasts that are
actively synthesizing bone matrix have a large number of mitochondria, indicative of the high
energy requirements for bone remodeling [46]. As bone formation concludes, collagen synthesis
progressively slows while mineralization increases until the osteoid is fully matured [44]. About
15% of osteoblasts become entrapped in their own matrix, in which case they become osteocytes.
This transformation prevents any further secretion of osteoid. This process is summarized in Fig.
2 [47].
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Figure 2. Stages of the bone remodeling cycle

About 90-95% of bone cells in the adult human skeleton are classified as osteocytes [48].
Unlike the short lifespan of osteoclasts and osteoblasts, osteocytes may live in human bone for
decades. Osteocytes regulate osteoclast activity via communication throughout the plasma
membrane and play a role in the bone remolding response to loading and bone tissue strain [49].
Without osteocytes, osteoclasts would not be able to identify locations of microdamage in the
bone. Their mechanosenstation function makes osteocytes respond positively to exercise and
loading of the bone in order to increase bone strength in response to mechanical loading [50].
A continuum of clinical responses to bone loading includes normal remodeling,
accelerated remodeling, stress reaction, stress fracture, and complete fracture. The timeline for
one complete bone remodeling cycle includes the resorption phase, which lasts approximately 10
days, and the formation phase, which lasts up to 3 months. However, this timeline can vary
greatly depending on a variety of factors. Under normal conditions, bone aims for equilibrium, in
which the amount of bone formed is equivalent to the amount of bone that was removed.
Excessive bone remodeling, on the other hand, can results in upregulated bone resorption relative
to formation and may weaken bone more than it repairs bone. However, depressed bone
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remodeling, and therefore depressed skeletal repair, can also propagate microdamage and result
in stress fractures [51]. Therefore, any deviation from homeostasis of bone remodeling must be
considered in the onset of stress fractures.
Bone remodeling proceeds differently in the two bone types that comprise the mature
human skeleton: cortical and trabecular bone due to the location of red marrow in relation to
bone type, which is the origin of osteoprogenitor cells [52]. The remodeling sites of the cortical
bone are positioned farther from the red marrow, so the vasculature is utilized for cell travel,
while the trabecular bone is situated closer to the red marrow. Cortical bone is dense, resistant to
bending and torsion, provides mechanical strength and protection, and undergoes a shorter
turnover rate [53]. During the turnover cycle, osteoclasts create “cutting cones,” represented by
the dotted line, in cortical bone while osteoblasts create “closing cones,” as depicted in the
bottom image of Fig. 3 [54].

Figure 3. Comparison of bone remodeling in trabecular (cancellous) bone vs. cortical bone

Conversely, trabecular bone, otherwise known as cancellous bone, is less dense and more
elastic than cortical bone and is especially present at the epiphysis of long bones, the vertebrae,
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and the inner portions of flat bones, such as the pelvis. The remodeling process for trabecular
bone occurs on the surface of bone and takes about 2 years to complete [54]. As is shown in Fig.
3, the remodeling process for trabecular (cancellous) bone takes more than 50 days longer than
cortical bone to complete. The closer proximity of the marrow capillary in the cancellous bone
segment demonstrates one of the major differences in cortical and trabecular bone remodeling.

Risk Factors for Stress Fracture
There is a vast array of characteristics, both intrinsic and extrinsic, that have been
investigated and are reported to be risk factors for stress fractures in female athletes. Here, we
evaluate the impact of these risk factors on bone remodeling, specifically, how bone formation
and bone resorption are altered and hence increase an athlete’s susceptibility to fracture.

Bone Density, Geometry, and Biomechanics
Excessive bone remodeling disturbs bone microarchitecture. Specifically, trabecular bone
connectivity is reduced, decreasing bone strength and increasing subsequent risk of fracture
damage [55]. High turnover rates also reduce the thickness of cortical bone while increasing the
quantity of osteons, or resorption cavities. Wachter and colleagues reported an association
between low BMD and increased cortical porosity [34].
Mechanical response to bone loading depends largely on bone mineral density (BMD)
and bone geometry. Increased bone formation and decreased bone resorption result in increased
BMD [56]. Conversely, net loss of BMD occurs when bone resorption outweighs bone
formation. Bennell and colleagues [41] reported significantly lower total bone mineral content
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(BMC) and BMD at the lumbar spine and foot in female track and field athletes with stress
fractures compared to those without stress fractures. Lauder and colleagues [57] also reported a
higher incidence of stress fracture in active-duty Army women who also suffered from low BMD
in the femoral neck. Furthermore, a larger bone is more resistant to fracture than a smaller bone
because it distributes the same force over a larger area. Therefore, strength is proportional to
bone cross-sectional area (CSA) [58]. However, a longer bone, such as what is found in the
lower extremities, is also susceptible to a greater bending moment and high stress [59]. Whether
bone formation and/or resorption are occurring on the inner (endosteal) or outer (periosteal)
surface of the bone dictates changes in bone geometry. Popp and colleagues [60] reported a
greater incidence of stress fractures in female distance runners who had significantly smaller
total and cortical bone area, bone strength index, and muscle cross-sectional area compared to
female distance runners without a history of stress fractures. Based on these findings, assessing
BMD and bone geometry in female athletes may provide greater insight to stress fracture risk in
these women.
Bone porosity may vary in response to loading, disease, or aging. In the situation of an
acute mineral deficiency, trabecular bone supplies minerals, such as calcium, to the body [44].
As bone loss increases, it has been found that mechanical anisotropy, meaning the mechanical
response differs based on direction, and stiffness increases in trabecular bone [61]. In addition to
trabecular and cortical bone parameters, another major measurement in bone health is that of
cortical thickness. Cortical bone is about four times greater in mass than trabecular bone in long
bone structures [25]. Therefore, cortical thickness can be used as an indicator of bone mechanical
strength.
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Bone and Muscle Fatigue
Muscle fatigue may also contribute to increased fracture risk, as it results in increased
strain on bone and consequently bone fatigue [62]. When bone becomes fatigued, the tissue
incurs a measurable loss of stiffness [51] that results in additional microdamage and
compromised bone strength. It has been reported that with a 15% loss of stiffness, the
mechanical behavior of bone matches that of non-damaged bone but has a proportionate decrease
in strength and fracture resistance. However, bone fatigued to levels that generate a loss of
stiffness of 15% or greater have a reduction in fracture resistance that far exceed the expected
values that would have been in proportion with the stiffness loss [51]. Bones reach a peak of
weakness when bearing tensile stress and can fracture from just a few loading cycles due to
tensile stress [63]. Most female athletes, especially female endurance athletes, consistently
participate in weight-bearing exercises, increasing the fatigue realized by both muscle and bone.
Fatigue puts female athletes at a high risk of incurring stress fractures.

Menstrual Disturbances
Suppression of reproductive hormone concentrations, highlighted by an increased
prevalence of menstrual disturbances in female athletes compared to the general female
population, may contribute to stress fracture risk in female athletes, as estrogen has a potent antirestorative effect [6]. Indeed, an increased prevalence of menstrual disturbances that include
oligomenorrhea (4 to 9 menstrual cycles in the past year or a menstrual cycle 36 days or longer)
and amenorrhea (fewer than 4 menstrual cycles in the past year or 3 consecutively missed
menstrual cycles) [39], as well as delayed menarche (age at the first occurrence of menstruation),
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have all been reported in female athletes [64]. Menarche typically occurs 6 months following
peak height velocity, which is most commonly designated by pubertal growth spurt [65]. As of
2001, the average age of menarche in the United States is about 12.5 years but is said to fall
about 3 months every decade. All of these disturbances result in suppressed estrogen
concentrations, which in turn contribute to an upregulation of bone resorption, decrease in
osteoclast apoptosis, and, therefore, lower BMD [66]. Additionally, estrogen deficiency can
result in osteocyte cell death, further disrupting healthy bone remodeling [67]. Several
investigators have reported that BMD in amenorrheic and oligomenorrheic athletes is lower than
BMD in eumenorrheic controls [68]. Myburgh and colleagues [69] reported a greater incidence
of stress fractures in athletes with menstrual disturbances than in the control population. This,
presumably, would result in increased stress fracture risk based on prior findings of lower BMD
associated with increased stress fracture occurrence [70]. Additionally, Ackerman and colleagues
[71] reported that bone microarchitecture and estimated bone strength were compromised in
oligomenorrheic athletes with multiple stress fractures compared to those with fewer than two
stress fractures, highlighting the importance of optimal bone density and geometry in preventing
recurring bone injury.

Energy Deficiency
Decreased energy availability (EA), defined as the amount of dietary energy remaining
after exercise training for other metabolic processes [72], in female athletes can also contribute
to an increased risk of stress fracture. Hormones responsible for signaling EA, including but not
limited to leptin, ghrelin, insulin, and peptide PYY, also affect bone metabolism [73]. Hormone
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receptors are situated on osteoblasts such that binding to osteoblasts modulates cellular activity
[74]. Baldock and colleagues [75] reported that PYY, a hormone that suppresses hunger,
stimulates the Y2 receptor on osteoblasts and in a mouse model, Y2 receptor knock-out resulted
in increased bone formation, followed by increased bone mass.
EA may be reduced in endurance athletes for a number of reasons, including altered body
composition for athletic performance, a clinical eating disorder, or a mismatch of energy intake
relative to activity-induced energy expenditure [72]. Resting energy expenditure [76], otherwise
referred to as resting metabolic rate [77], can be measured to assess individual energy
requirements to perform the necessary metabolic processes for survival, such as cellular
respiration and thermoregulation [78], and may also be used of a marker of energy deficiency, as
REE is often suppressed in an energy deficient state. Therefore, measurement of REE relative to
lean body mass may be an indication that an athlete has an inadequate caloric intake to support
her exercise activity [77]. In one study, Cobb and colleagues [64] administered the Eating
Disorder Inventory (EDI) to female runners and reported a correlation between disordered eating
in female runners and oligo/amenorrhea and a relationship between oligo/amenorrhea and low
BMD. Dietary factors also play a role, as Myburgh and colleagues [69] reported increased stress
fracture risk in female athletes with lower calcium intake.

Hormonal Alterations
The endocrine system plays a major role in the regulation of bone remodeling.
Parathyroid hormone (PTH) is responsible for maintaining the balance of serum calcium
concentrations by stimulating bone resorption through continuous secretion and stimulating
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formation through sporadic secretion [79]. Calcitriol of the proximal tubule of the nephron in the
kidneys, increases bone mineralization through the regulation of calcium and phosphorus during
the remodeling process. Calcitonin, which mainly functions to increase bone calcium and
decrease blood calcium, also controls the maturation of osteoclasts [80]. IGF-1 is a growth
hormone and another regulator of bone formation and resorption [81]. These hormones and many
others are highly dependent upon energy availability, however, and it has been reported that the
secretion of these hormones is altered as energy availability decreases [7].

The Female Athlete Triad and Stress Fracture Risk
As noted, female athletes will often present with a conglomeration of risk factors that
compound stress fracture risk. The Female Athlete Triad (the Triad), described above, is an
established diagnosis that consists of three interrelated conditions that independently increase
stress fracture risk: energy deficiency with and without disordered eating, menstrual
disturbances/amenorrhea, and bone loss/osteoporosis (metabolic bone disease). When any one of
these three conditions are present, an athlete can be diagnosed with the Triad and is considered to
be at a greater risk of developing a stress fracture, depending on the severity of the components.
Barrack and colleagues [39] reported a higher incidence of bone stress injuries in female
athletes with increasing Female Athlete Triad related risk factors. Specifically, exercising
women who performed >2 h/wk. of purposeful exercise were studied for 12 months, and 10.8%
incurred a bone stress injury. Four risk factors were accounted for: elevated BMI, oligo- or
amenorrhea, increased dietary restraint, and the amount of exercise performed per week. The
presence of a single factor increased the risk of BSI by 15% to 20% while a combination of risk
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factors increased risk of BSI by 30% to 50%. These findings further highlight the importance of
recognizing, treating, and preventing the Female Athlete Triad in athletes to minimize stress
fracture occurrence.

Stress Fracture in Female Military Recruits
Compared to female athletes, military recruits present with even greater stress fracture
incidence and women are at heightened risk when compared to their male counterparts. In a 4year study of soldiers in basic training, female recruits suffered double the number of bilateral
stress fractures compared to men [82]. Similarly, Sheehan and colleagues [3] reported a stress
fracture incidence of 3.9% in women marine recruits whereas the incidence of stress fractures in
men was only 1.7%. Protzman and colleagues [83] reported a stress fracture incidence of 10% in
female cadets at the United States Military Academy while only 1% of the male cadets suffered
from stress fractures. In an investigation of Marine recruits, 6.8% of women incurred stress
fractures in the lower extremities and the rate of subsequent stress fracture was 3.5 times higher
than the rate of initial injury, indicating that having a prior stress fracture increases the likelihood
of incurring another stress fracture [84].
The high prevalence of stress fractures in women participating in military training can be
partially attributed to behavioral factors unique to combat training. Specifically, a rapid increase
in training volume upon enrollment may contribute to fracture risk, as approximately 67% of all
stress fractures in the military population occur within the first 7 days of training [85]. This
change in exercise routine may be especially harmful for recruits with low fitness levels upon
enrollment. Multiple investigations have revealed associations between poor aerobic fitness in
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female military recruits, increase in weight-bearing exercise during training, and increase in
marching with incidence of stress fracture [84] [3]. Protzman and colleagues [83] reported that
the mean and distribution scores on the Physical Aptitude Examination were significantly lower
in women than men entering the United State Military Academy, highlighting a further fracture
risk for military recruits. Bone turnover in military recruits has also been investigated to
understand the remodeling process during training. According to Evans and colleagues [86],
bone turnover markers increased within the first two months of training for females in basic
recruit training for the Israeli Defense Forces and there was a significant association between
changes in endocrine regulators and bone turnover markers. Evidence that bone remodeling is
altered in female military recruits as well as female athletes signifies the importance of
measuring bone turnover and discerning the relationship between turnover rate and stress
fracture risk.

Assessing Bone Structure and Turnover

Bone Imaging Techniques
Bone mineral density (BMD) is an important characteristic used to determine the status
of bone health in the clinical setting. Imaging methods, including DXA, computed tomography
(CT), and peripheral quantitative computed tomography (pQCT), provide diagnostic information
regarding a singular point in time in the bone remodeling cycle. DXA is capable of providing
measurements of body composition, including BMD, fat mass, lean body mass, and fat free mass
[87]. While DXA is the accepted method for clinical diagnosis of osteoporosis and evaluation of
fracture risk, this imaging method is incapable of differentiating between cortical and trabecular
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bone [88]. pQCT is a 3-dimensional (3D) imaging technique that is capable of discerning
individual measurements of cortical and trabecular volumetric BMD (vBMD) and bone
geometry, as well as measurements for the total bone of interest.

Three-Dimensional Sector Analysis of Tibia Images with pQCT
While pQCT is capable of distinguishing trabecular and cortical bone in a whole crosssection, sector analysis of pQCT images further allows for the assessment of mineralization and
bone geometry parameters in individual polar regions of the same cross section [29]. If a crosssection of the right tibia is viewed such that the positive x-axis is 0 degrees, as shown in Fig. 4
[29], these six polar 60 degrees regions are defined as lateral anterior (0 to 60 degrees), anterior
(60 to 120 degrees), medial anterior (120 to 180 degrees), medial posterior (180 to 240 degrees),
posterior (240 to 300 degrees), and lateral posterior (300 to 360 degrees). In the left tibia, the 0
degree location is identified as the negative x-axis. Mechanical loading through impact physical
activity affects bone differently based upon its position in the polar field. There is limited
literature describing sector analysis of the tibia, highlighting a gap in the field worthy of further
exploration.
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Figure 4. Polar region measurement of the tibia by sector analysis

Bone Turnover Markers
While the DXA and pQCT imaging techniques provide important bone parameters, such
as density and structure, they do not represent the continuous metabolic changes of bone
remodeling, which alter bone geometry and hence mechanics. Biomarkers of bone resorption and
formation are released during bone remodeling and thus provide a real-time indication of bone
metabolism and remodeling activity. Bone turnover markers can be assessed in blood and, for
some markers, urine samples. Bone markers are used to observe the metabolic changes in a
shorter period of time and are even capable of predicting future remodeling patterns.
N-terminal propeptide of type I procollagen (P1NP) is the most widely used bone marker
to measure bone formation while cross-linked C-terminal telopeptide of type I collagen (CTX)
measures bone resorption [89]. Procollagen is a precursor of collagen and formed by osteoblasts
[90], whereas collagen type I is the most common collagen in mineralized bone. Collagen type I
is a helical protein, crosslinked at the N- and C- terminal ends. Prior to the formation of collagen
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molecules, propeptide extensions are removed and then circulated throughout the body.
Therefore, propeptide concentrations are indicative of the formation of collagen type I and the
function of osteoblasts. These propeptides are excreted from other tissues as well but in
inconsequential amounts relative to skeletal tissue. Therefore, P1NP levels are not significantly
affected by other tissue turnover, making it a more accurate indicator of bone formation [91].
Glover and colleagues [92] reported that P1NP levels were 11.7% lower in healthy, premenopausal women ages 30 to 45 years that had previously suffered one or more fractures.
Osteoclasts secrete a chemical mixture of acid and neutral proteases, enzymes responsible
for the breakdown of proteins and peptides, during the resorption process. These chemicals
decompose the collagen fibrils in bone, forming C-terminal telopeptide (CTX) fragments that
then circulate in the blood. Therefore, elevated levels of CTX in a serum sample are indicative of
a relatively greater rate of resorption of skeletal tissue. CTX is considered the most reliable
marker of bone resorption due to its low coefficient of variation [93].
Other collagen-related markers of bone resorption include hydroxyproline (Hyp), total
and dialyzable, hydroxylysine-glycosides, pyridinoline (PYD), deoxypyridinoline (DPD),
carboxyterminal cross-linked telopeptide of type I collagen (ICTP, CTX-MMP), aminoterminal
cross-linked telopeptide of type I collagen (NTX-I), and collagen I alpha 1 helicoidal peptide
(HELP). Bone sialoprotein (BSP) and osteocalcin fragments are categorized as non-collagenous
proteins [27]. These markers of bone resorption can be measured with urine or serum, depending
on the marker. In order to assess net bone turnover, resorption and formation markers must be
assessed in concert. For example, elevated levels of a marker of resorption coupled with elevated
levels of a marker of formation may lead to a change in overall bone mass, while elevated levels
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of a marker of resorption coupled with depressed levels of a marker of formation may result in
bone loss.

Stress Fracture Repair
Athletes who suffer from stress fractures present with increased pain at the site of fracture
during physical activity. A 3-phase protocol has been established to manage stress fractures
following diagnosis [38]. Phase I, which lasts for 1 to 3 weeks, removes abnormal stress from the
injured area through minimal weight bearing and rest from physical activity. This may entail use
of a cast or walking assistance (i.e. crutches) so that more stress is removed from the injured area
during daily activities. During this time, osteoblasts deposit new cells in the damaged portions of
the bone and Haversian canal formation restores vascularization to the injured bone. Once
activities of daily living (ADLs) can be performed without inflammation or symptoms, Phase II
commences. During Phase II, osteocyte maturation and periostitis occurs as the connective tissue
surrounding the bone becomes reinforced. The remodeling and rehabilitation during phase II
should result in two weeks of pain-free exercise. Pain indicates the injured bone is still
undergoing major recovery. Before higher impact activities can be performed, the patient should
use alternate aerobic exercises, such as swimming and cycling, that avoid repeated stress. Phase
III, split into a functional period and a rest period, is then introduced. Activity should be
increased by no more than 15% to 20% per week during the two-week functional period and
include a walk-jog before reaching a complete run. The stress induces normal bone remodeling
as Haversian canal formation continues. Rest during the third and final week of Phase III allows
for osteocyte maturity as part of bone remodeling and the end of the healing stages.
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Conclusion
Measurement of serum markers of bone turnover allows for an increased understanding
of stress fracture risk and repair. Assessing bone turnover rate with both formation and
resorption markers offers a unique perspective of the metabolic changes in bone separate from
the current diagnostic imaging methods, such as DXA, which do not allow for assessment of
bone metabolism. Additionally, sector analysis of pQCT images allows researchers to understand
how various regions of the same bone cross-section can be impacted differently by mechanical
loading and respond to stress fractures. The high prevalence of stress fractures in female athletes
and military recruits reinforces the need to not only understand what leads to the onset of bone
stress but also determine in greater detail how and where bone is affected. These understandings
will help to prevent stress fractures and maintain the health status of those suffering from
components of the Female Athlete Triad.
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Methodology

Study Design
This was a cross-sectional study in female athletes who recently sustained a stress
fracture (SFx) compared to age, sport type-, and exercise volume-matched control subjects who
did not sustain a stress fracture (Controls). Women who were diagnosed with a stress fracture
were scheduled for their first laboratory visit within 10 days of diagnosis, during which energy
status was assessed and a blood sample drawn for the measurement of markers of bone turnover.
In a subsequent laboratory visit, bone mineral density (BMD) and body composition were
assessed via dual-energy x-ray absorptiometry (DXA) and volumetric BMD (vBMD), bone
geometry, and estimated bone strength were assessed via peripheral quantitative computed
tomography (pQCT) of the left and right tibia. All participants completed questionnaires that
addressed general health, exercise training status, and eating behaviors. Control subjects
completed identical procedures. This study was approved by the Institutional Review Board at
the Pennsylvania State University, University Park, PA.

Participants
All participants were women between the ages of 18 to 35 years old who met the
following criteria: 1) participated in at least 2 hours of exercise per week, 2) non-pregnant and 3)
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in generally good health. Women in the SFx group had to have been diagnosed with a lower
extremity bone injury (stress fracture, stress reaction, or medial tibial stress syndrome) confirmed
by a physician. The majority of the women in the SFx group were referred to the study by the
physician who made the diagnosis. Participants in the control group were exercising women
without a current stress fracture. The women in the control group were recruited by fliers placed
around Penn State University Park campus and the surrounding community. We attempted to
match the women for sport and age to the stress fracture group.

Anthropometrics and Demographics
During the first visit to the lab (general screening and Metabolism Visit), measurements
of body weight (kg) and height (cm) each were measured. Body weight was also measured at the
second visit (Bone Health). Basic demographic information and medical history was collected in
the Health Exercise and Nutrition Survey. The questions included: age, date of birth, racial
category, current illness or conditions, weight fluctuation, smoking status, eating disorder,
menses, pregnancy, menstrual regularity, menstrual cycle length, oral contraceptive (OC) use,
surgical history, physical activity, stress fracture history, bone density tests, familial bone health,
and medication and supplement history.

Bone Turnover Markers
A fasted blood sample was collected during the first laboratory visit for the assessment of
markers of bone turnover in serum. N-terminal propeptide of type 1 procollagen (P1NP) a
marker of bone formation using P1NP-RIA (Radioimmunoassay) kit (Orion Diagnostic, Espoo,

34

Finland). The concentration of P1NP was measured in blood samples as an indication of the
formation of collagen type 1 by osteoblasts. Cross-linked C-terminal telopeptide of type 1
collagen (CTX) was measured as a marker of bone resorption using an automated
chemiluminescence immunoassay (Immunodiagnostic Systems, Gaithersburg, MD, USA). CTX
concentrations were measured in the serum sample as an indication of the level of resorption by
osteoclasts.

pQCT Imaging
Total, trabecular, and cortical volumetric bone mineral density (vBMD) (mg/cm3),
geometry, and estimated strength of the tibia were measured using peripheral quantitative
computed tomography (pQCT) (Stratec XCT 3000, Stratec Medical, Pforzheim, Germany,
software version 6.00B). Both the right and left tibia of each participant were imaged at the 4%,
14%, 38%, and 66% of the total length (measured from the distal endplate of the tibia). pQCT
scans were performed and analyzed by technologists certified by the International Society for
Clinical Densitometry. The distal sites of each limb (4% and 14%) were chosen as to represent
site with mostly trabecular bone, whereas the proximal sites (38% and 66%) were chosen to
assess differences in cortical density and structure.

Sector Analysis
Sector Analyses of pQCT images were performed in Matlab (Mathworks, Natick, MA)
using BAMpack—the Bone Alignment and Measurement package. Calibration parameters were
as follows for the software: Pix Resolution of 0.4, Slope of 1484, Intercept of -337.3, and Image
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Header of 1609. Sector Analysis produced measurements of trabecular density (TrD), trabecular
area (TrAr), cortical density (CtD), cortical area (CtAr), and cortical thickness (CtTh), along
with the respective standard deviation values for each sector, taken in increments of 10 degrees,
from 5 to 355 degrees. Additionally, lateral anterior (Lat-Ant), anterior (Ant), medial anterior
(Med-Ant), medial posterior (Med-Post), posterior (Post), and lateral posterior (Lat-Post)
measurements were included for each participant.

Bone Density and Body Composition
Bone mineral density (BMD) and body composition were measured using dual-energy Xray absorptiometry (DXA) scans of the whole body, lumbar spine, total hip, and proximal femur
on the Lunar iDXA (GE Lunar Corporation, Madison, WI, encore 2008 software version
12.10.113). DXA scans were performed and analyzed by technologists certified by the
International Society of Clinical Densitometry.
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Abstract
More than 20% of sports-related injuries are stress fractures, which begin as
microstructural level cracks that accumulate and propagate into cortical fractures. Incurring one
stress fracture increases the likelihood of sustaining a subsequent stress fracture, and there is a
significantly higher prevalence of stress fractures in female athletes and military recruits
compared to males. There are several risk factors that contribute to the increased prevalence in
females, especially those associated with the Female Athlete Triad (the Triad). The Triad
consists of three interrelated conditions: low energy availability (EA) with or without an eating
disorder, low bone mineral density (BMD), and menstrual disturbances. The purpose of this
study was to distinguish bone characteristics in female athletes with and without stress fractures.
Specifically, we assessed serum markers of bone formation (P1NP) and resorption (CTX) since
bone is a metabolically active tissue that undergoes a remodeling. Additionally, we performed
sector analyses of pQCT images to assess regional vBMD and bone geometry of the tibia at 4
sites: 4%, 14%, 38%, and 66% from the distal endplate of the tibia.
Female athletes that were recently diagnosed with a stress fracture (SFx) (n=19) were
matched by age, sport type, and exercise volume with healthy female athletes (Control) (n=11),
resulting in a cohort of n=30 female athletes. Women were between the ages of 18 and 35 years
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who presented with or without a lower extremity bone stress injury, participated in at least 2
hours of exercise per week, and were free of chronic illness impacting bone metabolism. There
were no significant differences in basic demographics or body composition between the two
groups (p>0.05).
Bone marker measurements demonstrated no significant differences in P1NP or CTX
between the control and SFx groups (p>0.05). There were no differences between the control and
SFx groups in pQCT measurements of the total, cortical, or trabecular bone when assessing each
cross-section of the bone as a whole. However, sector analysis revealed that there were
significant differences within certain regions of cross-sections between the groups at the
proximal tibial sites (38% and 66%), but not the distal sites (4% and 14%); the most differences
were observed in the medial regions of the cross-sections (p<0.05). These results suggest that
sector analysis is a valuable tool that can be used to gain a greater understanding of bone
characteristics that may increase an athlete’s susceptibility to fracture.

Introduction
An estimated 20% of all sport related injuries are stress fractures, which begin as
microstructural cracks in the cortical bone that propagate into fractures [1]. The Female Athlete
Triad (the Triad) is a syndrome defined by the American College of Sports Medicine (ACSM) as
the interrelationship of three conditions, all of which increase the risk of stress fractures in
female athletes. The three components and their respective spectrums are identified as: energy
availability (EA), ranging from low EA (with or without an eating disorder) to optimal EA;
menstrual function, ranging from functional hypothalamic amenorrhea (the absence of menstrual
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cycles last more than three months) to ovulatory eumenorrhea (regular menstruation); and bone
mineral density (BMD), ranging from low BMD/osteoporosis to optimal bone health [4]. In
addition to female athletes and exercising women, female military recruits are more likely to
incur stress fractures than male recruits. A study conducted in active duty Army women reported
that stress fracture prevalence ranged from 10% to 12% in comparison to 1.5% to 3% in their
male counterparts [2].
Intrinsic factors (i.e. BMD, bone geometry, and hormone variations) and extrinsic factors
(i.e. mechanical loading and dietary energy intake) mitigate the risk of stress fractures in athletes.
Mechanical loading results in adaptive changes in bone mass and bone geometry to maintain
skeletal integrity and resist mechanical stress. However, microdamage can still accumulate,
leading to fractures if proper recovery time or nutritional requirements are not met. Additionally,
longer bones, such as those in the lower extremities, are more prone to injury, with the tibia
being one of the most commonly injured bones [16]. Even with a single cross section of bone,
the stress-strain sensitivity can vary due to how trabecular and cortical compartments respond to
mechanical loading [21]. In the face of inadequate energy (i.e. calorie) intake to support the
demands of exercise energy expenditure, physiological adaptations occur to conserve energy,
which suppresses growth and reproductive function [5] [94].
In order to repair inevitable microdamage and maintain optimal bone health, bone
undergoes a constant remodeling process, signaling the resorption of old or damaged bone and
the formation of new bone in its place. Osteoclasts, cells originating in the bone marrow, are
responsible for bone resorption while osteoblasts are connective tissue cells responsible for bone
formation [26]. Biochemical markers of bone turnover, which can be measured in the urine or
serum, indicate more immediate and minute changes in bone metabolism which precede changes
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measured via bone imaging techniques such as dual x-ray absorptiometry (DXA), which takes
several months to demonstrate significant changes. Markers of resorption, such as
carboxyterminal cross-linked telopeptide of type 1 collagen (CTX), are collagen breakdown
products while markers of formation, such as N-terminal propeptide of type 1 procollagen
(P1NP), are by-products of collagen formation [27].
Three-dimensional imaging (3D) provides greater potential than DXA for understanding
differences in overall bone structural characteristics. Peripheral quantitative computed
tomography (pQCT) is capable of distinguishing cortical and trabecular bone, which vary in
stress-strain sensitivity [28]. Trabecular bone is the lattice structure that composes the inner
portion of bone while cortical bone is the compact part forming the outer shell of the bone and is
able to withstand higher quantities of stress from loading. Sector analysis of pQCT images can
be used to analyze the bone density and geometry of various polar-regions in the same crosssection of the tibia. Specifically, the cortical density and thickness and trabecular density can be
measured in specific regions, which may differ in a single cross-section. This allows for more
detailed descriptions of where bone may be compromised and susceptible to fracture.
A previous assessment of bone markers in female athletes showed that bone markers of
formation were greatest in those involved in high impact sports, such as basketball and
volleyball, compared to female athletes involved in sports with little to no impact, such as
swimming [95]. Based on information regarding bone marker response to high impact, it is
expected that bone markers will be elevated in female athletes after fracture as a repair
mechanism. Despite a finding that TRAP-5b, a marker of bone resorption, was increased in elite
university female lacrosse players with stress fractures [96], bone markers have not been heavily
studied in pre-menopausal women with injuries. Instead, DXA is more commonly used to assess
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changes in BMD. Additionally, only a limited number of studies involving pQCT sector analysis
have been published. Evans and colleagues and measured exercise-induced increases in tibial
BMD, reporting that trabecular density at the 4% site increased in the aerobic and combine
aerobic-resistance groups over the 13-week training period. Furthermore, it was shown that
localized changes occurred in the medial aspect of the tibia [29]. No studies have been published
to date that use sector analysis to assess bone in female athletes with stress fractures.
The aim of the current study was two-fold: 1) to assess bone markers of formation and
resorption in exercising women with and without a recently diagnosed stress fracture and 2) to
use sector analyses of 3D bone images to compare tibial vBMD, geometry, and estimated
strength in exercising women with and without a recently diagnosed stress fracture.

Methodology

Study Design
This was a cross-sectional study in female athletes who recently sustained a stress
fracture (SFx) compared to age, sport type-, and exercise volume-matched control subjects who
did not sustain a stress fracture (Control). Women who were diagnosed with a stress fracture
were scheduled for their first laboratory visit within 10 days of diagnosis, during which energy
status was assessed and a blood sample drawn for the measurement of markers of bone turnover.
In a subsequent laboratory visit, bone mineral density (BMD) and body composition were
assessed via dual-energy x-ray absorptiometry (DXA) and volumetric BMD (vBMD), bone
geometry, and estimated bone strength were assessed via peripheral quantitative computed
tomography (pQCT) of the left and right tibia. All participants completed questionnaires that
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addressed general health, exercise training status, and eating behaviors. Control subjects
completed identical procedures. This study was approved by the Institutional Review Board at
the Pennsylvania State University, University Park, PA.

Participants
All participants were women between the ages of 18 to 35 years old who met the
following criteria: 1) participated in at least 2 hours of exercise per week, 2) non-pregnant and 3)
in generally good health. Women in the SFx group had to have been diagnosed with a lower
extremity bone injury (stress fracture, stress reaction, or medial tibial stress syndrome) confirmed
by a physician. The majority of the women in the SFx group were referred to the study by the
physician who made the diagnosis. Participants in the control group were exercising women
without a current stress fracture. The women in the control group were recruited by fliers placed
around Penn State University Park campus and the surrounding community. We attempted to
match the women for sport and age to the stress fracture group.

Anthropometrics and Demographics
During the first visit to the lab (general screening and Metabolism Visit), measurements
of body weight (kg) and height (cm) each were measured. Body weight was also measured at the
second visit (Bone Health). Basic demographic information and medical history was collected in
the Health Exercise and Nutrition Survey. The questions included: age, date of birth, racial
category, current illness or conditions, weight fluctuation, smoking status, eating disorder,
menses, pregnancy, menstrual regularity, menstrual cycle length, oral contraceptive (OC) use,
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surgical history, physical activity, stress fracture history, bone density tests, familial bone health,
and medication and supplement history.

Bone Turnover Markers
A fasted blood sample was collected during the first laboratory visit for the assessment of
markers of bone turnover in serum. N-terminal propeptide of type 1 procollagen (P1NP) a
marker of bone formation using P1NP-RIA (Radioimmunoassay) kit (Orion Diagnostic, Espoo,
Finland). The concentration of P1NP was measured in blood samples as an indication of the
formation of collagen type 1 by osteoblasts. Cross-linked C-terminal telopeptide of type 1
collagen (CTX) was measured as a marker of bone resorption using an automated
chemiluminescence immunoassay (Immunodiagnostic Systems, Gaithersburg, MD, USA). CTX
concentrations were measured in the serum sample as an indication of the level of resorption by
osteoclasts.

pQCT Imaging
Total, trabecular, and cortical volumetric bone mineral density (vBMD) (mg/cm3),
geometry, and estimated strength of the tibia were measured using peripheral quantitative
computed tomography (pQCT) (Stratec XCT 3000, Stratec Medical, Pforzheim, Germany,
software version 6.00B). Both the right and left tibia of each participant were imaged at the 4%,
14%, 38%, and 66% of the total length (measured from the distal endplate of the tibia). pQCT
scans were performed and analyzed by technologists certified by the International Society for
Clinical Densitometry. The distal sites of each limb (4% and 14%) were chosen as to represent
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site with mostly trabecular bone, whereas the proximal sites (38% and 66%) were chosen to
assess differences in cortical density and structure.

Sector Analysis
Sector Analyses of pQCT images were performed in Matlab (Mathworks, Natick, MA)
using BAMpack—the Bone Alignment and Measurement package. Calibration parameters were
as follows for the software: Pix Resolution of 0.4, Slope of 1484, Intercept of -337.3, and Image
Header of 1609. Sector Analysis produced measurements of trabecular density (TrD), trabecular
area (TrAr), cortical density (CtD), cortical area (CtAr), and cortical thickness (CtTh), along
with the respective standard deviation values for each sector, taken in increments of 10 degrees,
from 5 to 355 degrees. Additionally, lateral anterior (Lat-Ant), anterior (Ant), medial anterior
(Med-Ant), medial posterior (Med-Post), posterior (Post), and lateral posterior (Lat-Post)
measurements were included for each participant.

Bone Density and Body Composition
Bone mineral density (BMD) and body composition were measured using dual-energy Xray absorptiometry (DXA) scans of the whole body, lumbar spine, total hip, and proximal femur
on the Lunar iDXA (GE Lunar Corporation, Madison, WI, encore 2008 software version
12.10.113). DXA scans were performed and analyzed by technologists certified by the
International Society of Clinical Densitometry.
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Results

Basic Demographics, Body Composition, and Bone Mineral Density
A total of n=30 women participated in the study (n=19 SFx and n=11 Control). Basic
demographic information, body composition, and bone mineral density (BMD) measurements
are displayed in Table 1. There was no significant difference between the control and SFx groups
with respect to age, height, body mass, or body mass index (p>0.05). Percent body fat, fat mass,
lean mass, and fat free mass were also similar between the Control and SFx groups (p>0.05).

Table 1. Summary of Demographics, Body Composition, and Bone Mineral Density
Control
(n=11)

SFx
(n=19)

p-value

Age (yrs.)

21.64 ± 1.01

21.68 ± 0.88

0.973

Height (cm)

165.86 ± 1.07

166.97 ± 1.76

0.657

Weight (kg)

56.99 ± 1.76

59.57 ± 1.81

0.354

BMI (kg/m2)

20.95 ± 0.54

21.47 ± 0.65

0.594

BMD (g/cm2)*

1.14 ± 0.02

1.11 ± 0.02

0.412

Percent Body Fat (%)**

24.12 ± 1.19

25.22 ± 1.75

0.672

Fat Mass (kg)**

13.87 ± 1.04

15.13 ± 1.25

0.510

Lean Mass (kg)**

40.70 ± 1.21

42.10 ± 1.35

0.502

Fat Free Mass (kg)* **
43.07 ± 1.25
*SFx (n=18)
**Control (n=10)
Values represent mean ± SEM

44.77 ± 1.47

0.445

Body Composition
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Additionally, both groups were mostly comparable in sport type and exercise volume, as
described in Table 2 in greater detail. While there was a total of n=11 and n=19 participants in
the Control group and the SFx group, respectively, there was only data on the sport type and
exercise volume for n=17 SFx participants. The total average exercise volume was 430 ± 58.46
min/wk for the Control group and 1027.13 ± 353.91 min/wk for the SFx group. Recreational
activities, such as cardio, running, swimming, cycling, resistance training, and horseback riding,
were the most frequent sport type in both groups, followed by distance running.

Table 2. Summary of Sport Type and Exercise Volume of All Participants
Control
Sport Type

Number of
Participants
(n=11)

Average Exercise
Volume (mins/wk)

SFx
Number of
Participants
(n=19)*

Field Hockey
0
N/A
1
Volleyball
1
390.00
1
Distance Runner
2
351.25 ± 103.75
4
Middle/Sprinter
0
N/A
2
Track
Softball
1
540.00
1
Dance
0
N/A
1
Recreation
6
482.71 ± 93.36
8
Rugby
1
206.00
0
Total
11
430.43 ± 58.46
17
*Only n=18 SFx participants are accounted for in this table
Values represent mean ± SEM, where there was more than 1 participant

Average Exercise
Volume (mins/wk)
1332.50
1530.00
683.75 ± 134.08
727.50 ± 37.50
N/A
1065.00
1167.97 ± 764.07
N/A
1027.13 ± 353.91

Bone Markers of Formation and Resorption
Measurements of P1NP (marker of formation) were available in controls (n=9) and SFx
(n=16) and measurements of CTX (marker of resorption) were available in controls (n=10) and
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SFx (n=19). As depicted in Table 3, no significant differences were observed for P1NP or CTX
between the control and SFx groups (p>0.05).

Table 3. Bone Turnover Markers
Bone Marker

Control

P1NP (µg/L)*
56.76 ± 4.90
CTx (µg/L)**
0.73 ± 0.08
*Control n=9, SFx n=16
**Control n=10, SFx n=19
Values represent mean ± SEM

SFx

p-value

56.06 ± 4.12
0.73 ± 0.06

0.917
0.985

Volumetric Bone Mineral Density and Bone Geometry
Total density (TotD), total area (TotAr), trabecular density (TrD), trabecular area (TrAr),
cortical density (CtD), cortical area (CtAr), and bone strength index (BSI) were all measured
with pQCT imaging at the distal sites (4% and 14%) of the left and right tibia as displayed in
Tables 4a and 4b. In addition to TotD, TotAr, CtAr, and CtD, the ratio of CtAr to TotAr, cortical
thickness (CtTh), periosteal circumference, endosteal circumference, and strength strain index
(SSI) were all measured at the proximal sites (38% and 66%), as displayed in Tables 4c and 4d.
The only significant difference between the control and SFx groups was for TrD at the 14% site
on the left leg (p<0.05). All pQCT measurements were similar between the two groups (p>0.05).
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Tables 4a-d. pQCT Measurements of the Tibia
Table 4a. pQCT Measurements of the Distal (4%) Tibia
Left Leg

Right Leg

Control
(n=10)

SFx
(n=19)

pvalue

Control
(n=10)

SFx
(n=17)

pvalue

Total
Density
(mg/cm3)

316.83 ± 10.03

301.70 ± 9.06

0.306

315.07 ± 10.63

302.29 ± 9.42

0.395

Total Area
(mm2)

937.20 ± 30.20

985.16 ± 36.51

0.392

936.00 ± 26.94

1007.03 ± 38.37

0.204

Trabecular
Density
(mg/cm3)

261.86 ± 10.09

253.32 ± 7.67

0.512

262.26 ± 11.25

256.74 ± 8.33

0.694

Trabecular
Area
(mm2)

752.08 ± 25.93

796.78 ± 31.08

0.350

752.75 ± 24.22

816.81 ± 32.60

0.181

Cortical
Density
(mg/cm3)

537.15 ± 15.71

501.62 ± 15.69

0.159

528.18 ± 16.23

494.57 ± 15.88

0.177

185.13 ± 5.65

188.38 ± 6.17

0.734

183.25 ± 4.57

190.22 ± 6.34

0.447

94.220 ± 5.31

90.32 ± 5.51

0.652

93.31 ± 5.75

92.21 ± 5.36

0.895

Cortical
Area
(mm2)
BSI
(mg2/mm)

Values represent mean ± SEM
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Table 4b. pQCT Measurements of the Distal (14%) Tibia
Left Leg

Right Leg

Control
(n=9)

SFx
(n=19)

pvalue

Control
(n=10)

SFx
(n=16)

pvalue

Total
Density
(mg/cm3)

584.83 ± 24.47

547.48 ± 12.32

0.139

572.45 ± 21.64

547.16 ± 15.35

0.338

Total Area
(mm2)

389.94 ± 15.48

418.05 ± 18.10

0.334

397.18 ± 16.94

424.95 ± 19.57

0.335

Trabecular
Density
(mg/cm3)

210.60 ± 14.66

174.69 ± 8.55

0.033*

201.79 ± 13.70

180.42 ± 10.05

0.213

Trabecular
Area (mm2)

230.64 ± 17.01

253.58 ± 13.57

0.327

237.550 ± 16.94

260.19 ± 16.19

0.365

Cortical
Density
(mg/cm3)

1112.48 ± 7.11

1113.67 ± 5.39

0.899

1110.79 ± 6.08

1113.59 ± 6.55

0.773

Cortical
Area (mm2)

159.31 ± 4.84

164.47 ± 5.66

0.567

159.63 ± 4.45

164.77 ± 4.90

0.479

BSI
(mg2/mm)

132.51 ± 7.13

124.35 ± 5.20

0.391

128.70 ± 6.01

125.78 ± 5.51

0.732

Values represent mean ± SEM
*p-value<0.05 and is significant
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Table 4c. pQCT Measurements of the Proximal (38%) Tibia
Left Leg

Right Leg

Control
(n=10)

SFx
(n=19)

pvalue

Control
(n=10)

SFx
(n=16)

pvalue

Total
Density
(mg/cm3)

936.36 ± 10.97

927.05 ± 12.81

0.636

929.88 ± 10.49

930.99 ± 15.83

0.954

Total Area
(mm2)

357.18 ± 6.73

361.80 ± 14.13

0.821

356.73 ± 8.52

364.72 ± 13.61

0.671

Cortical
Density
(mg/cm3)

1161.88 ± 2.99

1158.05 ± 6.31

0.588

1160.25 ± 3.71

1156.26 ± 6.11

0.582

Cortical
Area (mm2)

276.13 ± 4.21

278.05 ± 10.92

0.871

273.15 ± 5.77

280.16 ± 9.21

0.525

Cortical
Area/Total
Area (%)

77.42 ± 1.10

76.96 ± 1.02

0.778

76.68 ± 1.08

77.14 ± 1.24

0.797

Cortical
Thickness
(mm)

5.60 ± 0.10

5.58 ± 0.14

0.900

5.51 ± 0.10

5.62 ± 0.12

0.549

Periosteal
Circumf.
(mm)

66.97 ± 0.63

67.21 ± 1.26

0.893

66.91 ± 0.80

67.52 ± 1.26

0.724

Endosteal
Circumf.
(mm)

31.78 ± 0.98

32.16 ± 1.01

0.810

32.27 ± 1.00

32.23 ± 1.27

0.982

SSI (mm3)

1482.11 ±
41.87

1502.99 ± 80.93

0.859

1427.34 ± 56.40

1484.93 ±
77.80

0.601

Values represent mean ± SEM
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Table 4d. pQCT Measurements of the Proximal (66%) Tibia
Left Leg

Right Leg

Control
(n=10)

SFx
(n=19)

pvalue

Control
(n=10)

SFx
(n=17)

pvalue

Total
Density
(mg/cm3)

693.56 ± 17.22

657.86 ± 17.02

0.192

690.57 ± 20.12

653.00 ±
14.60

0.138

Total Area
(mm2)

524.95 ± 13.04

556.50 ± 23.82

0.367

525.78 ± 19.29

556.32 ±
21.71

0.350

Cortical
Density
(mg/cm3)

1117.13 ± 3.61

1115.52 ± 6.27

0.825

1116.08 ± 6.92

1118.87 ±
6.09

0.773

Cortical
Area
(mm2)

288.98 ± 4.71

291.12 ± 9.81

0.845

290.28 ± 8.14

287.74 ± 7.73

0.832

Cortical
Area/Total
Area (%)

55.38 ± 1.68

52.96 ± 1.36

0.288

55.62 ± 1.81

52.32 ± 1.23

0.132

Cortical
Thickness
(mm)

4.29 ± 0.12

4.15 ± 0.09

0.377

4.31 ± 0.13

4.09 ± 0.07

0.108

Periosteal
Circumf.
(mm)

81.16 ± 1.03

83.28 ± 1.78

0.418

81.16 ± 1.50

83.35 ± 1.65

0.380

Endosteal
Circumf.
(mm)

54.23 ± 1.64

57.22 ± 1.83

0.296

54.10 ± 1.92

57.67 ± 1.75

0.200

SSI (mm3)

2231.52 ± 50.98

2380.37 ±
126.62

0.287

2228.53 ± 58.01

2328.81 ±
120.98

0.463

Values represent mean ± SEM

Trabecular area and vBMD and cortical area, vBMD, and thickness were measured
within six polar regions at 4%, 14%, 38%, and 66% of the right tibia for the control group (n=8)
and SFx group (n=16) and at 4%, 14%, 38%, and 66% of the left tibia for the control group
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(n=10) and SFx group (n=19). Table 5a depicts the measurements in which a significant
difference was observed between the Control and SFx groups. For brevity, non-significant
findings are not displayed in Table 5a, but can be found in the appendix.
At the 4% site on the left and right legs, there were no significant differences between the
two groups in any of the six polar regions for TrAr, TrD, CtA, and CtTh. Additionally, there
were no significant differences between the groups in the CtD at five regions in the left leg (LatAnt, Ant, Med-Ant, Med-Post, and Post) or at five regions in the right leg (Ant, Med-Ant, MedPost, Post, and Lat-Post). At the 14% site on the left and right legs, there were no significant
differences between the two groups in any of the six polar regions. At the 38% site on the left
and right legs, there were no significant differences between the two groups in any of the six
polar regions for TrAr, TrD and CtD or in CtAr in the right leg specifically. Additionally, at the
38% site, there were no significant differences between the two groups in the left leg CtAr or
CtTh in five polar regions (Lat-Ant, Ant, Med-Ant, Post, and Lat-Post) or in the right leg in five
polar regions (Lat-Ant, Ant, Med-Ant, Med-Post, and Post). Finally, at the 66% site, there were
no significant differences between the two groups in TrAr, CtAr, CtD, or CtTh of the left leg or
TrD, CtAr, or CtTh on the right leg. Additionally, there were no significant differences in the
TrD of the left leg at five regions (Lat-Ant, Ant, Med-Ant, Med-Post, and Post) or in the TrAr on
the right leg in three polar regions (Ant, Med-Ant, and Post). There were also no significant
differences in the CtD on the right leg in five polar-regions (Lat-Ant, Ant, Med-Ant, Post, LatPost).
At the 4% site of the left leg, Lat-Post CtD was significantly greater in the Control group
compared to the SFx group. At the 38% site of the left leg, Med-Post CtA and Med-Post CtTh
were significantly greater in the Control group compared to the SFx group (p<0.05). At 66% site
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on the right leg, Lat-Ant TrAr, Med-Post TrAr, and Lat-Post TrAr were significantly greater in
the Control group than in the SFx group (p<0.05), as displayed in Table 5a.

Tables 5a-b. Significant Sector Analysis Values
Table 5a. Significant Sector Analysis for All Participants
Control

SFx

p-value

888.83 ± 17.96

692.13 ± 84.45

0.034

270.37 ± 9.92

297.71 ± 7.82

0.044

33.31 ± 1.99
4.34 ± 0.24

27.90 ± 1.44
3.74 ± 0.16

0.036
0.043

253.79 ± 10.81

278.18 ± 6.50

0.050

438.10 ± 166.13
3.29 ± 0.11
9.12 ± 0.96

767.98 ± 75.36
3.73 ± 0.16
6.56 ± 0.65

0.048
0.033
0.036

66% R Med-Post Trabecular Area (mm2)
10.60 ± 1.83
5.85 ± 0.57
2
66% R Lat-Post Trabecular Area (mm )
10.74 ± 1.88
7.01 ± 0.84
66% R Med-Post Cortical Density
1134.84 ± 16.67
1177.91 ± 5.18
(mg/cm3)*
Lat=Lateral, Med=Medial, Ant=Anterior, Post=Posterior;
Left (L) Leg: Control n=10. SFx n=19; Right (R) Leg: Control n=8, SFx n=16
*Control values are less than the SFx values
Values represent mean ± SEM

0.005
0.046

4% L Lat-Post Cortical Density (mg/cm3)
38% L Lat-Ant Trabecular Density
(mg/cm3)*
38% L Med-Post Cortical Area (mm2)
38% L Med-Post Thickness (mm)
66% L Lat-Post Trabecular Density
(mg/cm3)*
4% R Lat-Ant Cortical Density (mg/cm3)*
38% R Lat-Post Thickness (mm)*
66% R Lat-Ant Trabecular Area (mm2)

0.005

To assess if there were more distinct differences in tibial vBMD or geometry between the
women with a tibia stress fracture, specifically, and the control group, we compared the sector
analysis data in the Control group (n=10) with the subset of the SFx group (SFxT n=8).
Measurements were available for the left (SFx n=8 and Control n=10) and right (SFx n=7 and
Control n=8) tibias. As displayed in Table 5b, on the left leg, the SFxT group had significantly
greater Med-Ant TrD (14% site) and Med-Ant TrAr (38% site) compared to the Control group
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(p<0.05). On the right leg, the SFxT group had significantly smaller Lat-Ant TrAr and Lat-Post
TrAr at 66% compared to the Control group than in the SFxT group (p<0.05).

Table 5b. Significant Sector Analysis for Tibial SFx Participants (SFxT) and Controls
Control

SFxT

14% L Med-Ant Trabecular Density (mg/cm3) 285.70 ± 8.50
254.34 ± 12.59
2
14% L Lat-Ant Cortical Area (mm )*
15.46 ± 0.47
17.80 ± 0.66
38% L Lat-Ant Trabecular Density (mg/cm3)*
270.37 ± 9.92
312.81 ± 14.33
2
38% L Med-Ant Trabecular Area (mm )
2.96 ± 0.33
2.08 ± 0.20
2
66% R Lat-Ant Trabecular Area (mm )
9.12 ± 0.96
5.81 ± 0.60
2
66% R Med-Post Trabecular Area (mm )
10.60 ± 1.83
5.85 ± 0.93
Lat=Lateral, Med=Medial, Ant=Anterior, Post=Posterior;
Left (L) Leg: Control n=10. SFx n=8; Right (R) Leg: Control n=8, SFx n=7
*Control values are less than the SFx values
Values represent mean ± SEM

pvalue
0.049
0.009
0.023
0.049
0.014
0.045

Because it was commonly found that trabecular area was greater in the Control group as
compared with the SFx and SFxT groups at various sites along the tibia, further analysis was
completed in order to determine how TrAr relates to the TotAr, CtAr, and CtTh in these groups.
For example, if total bone area were the same between the two groups but TrAr was elevated in
one group, then CtAr, which can absorb more mechanical loading, would be decreased in that
group. However, no significant differences were found between the control and SFx groups with
respect to the percentage of TrAr or CtAr (p>0.05).
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Discussion
This study aimed to assess differences in bone turnover markers (resorption and
formation), bone density, and bone geometry assessed by sector analysis of 3D tibia imaging of
the left and right tibia in female athletes with versus without stress fractures.
Contrary to our hypotheses, no differences in P1NP, a bone formation marker, or CTX, a
bone resorption marker, were found between female athletes with and without stress fractures.
This lack of significant finding could be attributed to the small sample size from which the
measurements were taken. Additionally, the time following the stress fracture occurrence when
blood samples from the participants in the SFx group were obtained was not uniform across
participants. Since bone turnover follows a time-sensitive pattern in the days and weeks
following injury [97], this lack of standardization may account for the similar variation in bone
turnover within the SFx group.
Previous investigations have reported similar findings of no differences in bone turnover
markers in stress fractured vs. non-stress fractured athletes. In a study of women with previous
stress fractures vs. normal controls, CTX bone marker levels were found to be similar between
the two groups. However, P1NP levels were significantly higher in the stress fracture group. This
could be attributed to wide age range of subjects (ages 19-66) [98]. Yanovich et al. [99] reported
that there were no differences in either bone markers of formation or resorption when comparing
Israeli male soldiers with and without stress fractures. A study of Chinese male infantry recruits
also found no significant difference in bone turnover markers between the stress fracture and
non-stress fracture group [100]. In addition to the lack of findings regarding bone turnover
markers in stress fracture populations, other athlete populations have been studied but faced the
same results. In a 12-month longitudinal study of female and male elite and subelite track and
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field athletes, and less active controls, the authors reported that bone markers of formation were
not elevated in athletes nor were they predictive of further changes in bone mass [101]. Bone
turnover markers have been used to assess bone health in female athletes with disturbances in
their menstrual cycles. Christo et al. [102] reported that two bone markers of turnover, including
P1NP, were lower in the athletes with amenorrhea when compared to athletes with regular
menstrual cycles. However, menstrual disturbances were not used in the selection criteria for this
study. Out of all the participants in this study, only n=4 in the SFx were amenorrheic, as did n=1
in the control group. This, along with other compounding variables such as diet, may contribute
to the inconsistency with changes in P1NP reported by Christo et al.
Three-dimensional imaging of the left and right tibia with pQCT revealed only the
trabecular vBMD at the 14% site to be significantly different between the control and SFx
groups (p<0.05), with greater vBMD in the control group, as was expected. The lack of
significant differences in other bone measurements further emphasized the need to use sector
analysis as a method to measure bone composition within a single image slice and capture bone
characteristics in more detail.
By breaking each site (4%, 14%, 36%, and 66%) down into six polar regions, it became
clearer how stress fractures impact bone geometry depending on the polar region. More
significant differences were observed in the proximal sites (38% and 66%) rather than the distal
sites (4% and 14%). This does align with the hypothesis that changes in bone parameters would
not be consistent between sites. The lowest cortical thickness exists at the distal sites, which
undergoes mostly compressive forces, while the proximal sites bear more torsional bending
[103] [104]. Torsional bending results in unequal stresses in the bone, which explains why there
were greater differences in the proximal sites. It was also hypothesized that the trabecular and
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cortical vBMD and cortical thickness of the medial regions (medial-anterior and medialposterior) of the tibia would be lower in the SFx groups than in the control group at each site.
This is due to the effects of loading on localized changes in the medial side of the tibia, as
reported by Evans et al [29]. Overall, a greater number of significant differences were observed
at the medial-posterior regions at the proximal sites when comparing the controls to SFx: 38%
medial-posterior cortical area (left leg), 38% medial-posterior thickness (left leg), 66% medialposterior trabecular area (right leg). When comparing the controls to only the SFx participants
with tibia stress injuries (TSFx), the trabecular area was the parameter that appeared to be the
most different between the two groups at the proximal sites: 38% medial-anterior (left leg), 66%
lateral-anterior (right leg), and 66% medial-posterior (right leg).
While there is a minute amount of published data regarding sector analysis, a study
following adult men undergoing short-term arduous training demonstrated that regional changes
in density and geometry were mostly observed in the anterior, medial-anterior, and anteriorposterior sectors [105]. It has also been suggested by Capozza et al. [103] that men are able to
distribute their available cortical mass in a more efficient manner than women, which may
account for these slight variations in results compared to the present study.
Interestingly, trabecular area was significantly greater in the control groups compared to
the SFx group at the 66% site in multiple sectors. Cortical area and thickness are thought to
contribute more to the structural integrity of bone [106]. Further analysis of the cortical area and
trabecular area with respect to the total bone area and cortical thickness by pQCT was completed
in order to assess this relationship. However, statistical analysis of cortical area/total area (%)
and trabecular area/total area (%) did not result in any significant differences between the two
groups (p<0.05).
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Conclusion
In conclusion, serum markers of formation (P1NP) and resorption (CTX) were used to
assess bone turnover and sector analysis of pQCT images were used to assess regional vBMD
and bone geometry of the tibia at 4 sites: 4%, 14%, 38%, and 66% from the distal endplate of the
tibia. There were no significant differences between the control and SFx groups in concentrations
of either P1NP or CTX. Additionally, while pQCT imaging may not reveal differences in bone
structure in whole cross-sections, sector analyses revealed that only studying a whole site instead
of breaking it down into polar-regions is not enough to capture how bone is truly reacting to
stress injuries. It was observed that the most significant differences between the control and SFx
groups were present at the proximal sites (38% and 66%) and in the medial regions of slices. The
results highlight the value of using sector analysis of tibia images in order to gain a greater
understanding of how bone can vary even within one site location, which may help us understand
bone characteristics that increase an athlete’s susceptibility to fracture. These characteristics may
then be targeted in preventative training strategies, such as exercises that enhance the polarregions most important to structural integrity. Female athletes are susceptible to changes in bone
structure should must be monitored with more detail such as that afforded by sector analysis of
pQCT images.
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Conclusion
The purpose of this study was to distinguish bone characteristics in female athletes with
and without stress fractures, as stress fractures are a prevalent injury among female athletes and
female military recruits. Bone is a metabolically active tissue that can repair damage through a
cycle of resorption of old bone and formation of new bone [27]. Biomarkers of the formation and
resorption phases are released during the remodeling process and are thought to represent realtime indication of bone metabolism. In this study, we specifically assessed serum markers of
bone turnover formation (P1NP) and resorption (CTX). In addition to bone turnover markers,
imaging techniques are a valuable tool in assessing bone structure. Peripheral quantitative
computed tomography (pQCT) is a 3D imaging tool capable of distinguishing trabecular and
cortical bone in a whole cross section to assess volumetric BMD, bone geometry, and estimated
bone strength of peripheral bones, such as the tibia. Sector analysis of pQCT images of the tibia
allows for addition study of bone parameters (vBMD and bone geometry) in six different polarregions that compose a whole cross section. Therefore, we performed sector analysis of pQCT
images to assess regional vBMD and bone geometry of the tibia at two distal sites (4% and 14%)
and two proximal sites (38% and 66%) from the distal endplate of the tibia. Specifically,
trabecular density and area, and cortical density, area, and thickness, were measured.
It was hypothesized that both markers of formation and resorption would be elevated in
the participants with stress fractures because the remodeling process is increased in response to
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bone damage. However, there were no significant differences in P1NP or CTX concentrations
between the SFx group and the control group. These results are consistent with a previous study
conducted in male soldiers of the Israeli Defense Forces during basic training [99]. There were
no differences in two bone markers of formation, including P1NP, and two bone markers of
resorption, including CTX, between the soldiers with and without stress fractures. An additional
study of male and female athletes found that there were no significant differences between elite
athletes and the less active controls in either male or female population [101].
Initial analysis of the whole cross sections from pQCT images demonstrated that there
were no significant differences between the control and SFx groups in any of the vBMD and
bone geometry parameters, except in trabecular density at the 14% site on the left leg. These
results indicated that stress injuries did not affect the overall bone structure of any cross-section
along the tibia. However, assessing the bone in greater detail with sector analyses revealed that
singular pQCT cross-sections may not provide enough detail about how bone differs between the
two groups. Sector analysis demonstrated more differences between the SFx and control groups
in vBMD and bone geometry at the proximal sites of the tibia than at the distal sites, and within
medial regions of the tibia specifically. These results were consistent with some previous studies
[105] [29] [107]. Not only do trabecular and cortical bone respond differently to mechanical
loading, but the distal and proximal ends of the tibia do as well due to the different types of
forces they are designed to withstand. Specifically, the distal bone is modeled to resist
compressive forces while the proximal bone is modeled to resist torsional and bending forces.
Future steps for this experiment include increasing the sample size that is studied in order
to increase the power and our ability to detect differences between athletes with and without
stress fractures. There were also many more participants in the SFx group than the control group,
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which could be strengthened with balanced sample sizes. Additionally, we have limited
information about the site of stress fracture and the duration of time between stress fracture
occurrence and blood collection. Standardizing the measurements may reveal more consistent
differences among participants with and without stress fractures.
This study demonstrated that sector analysis of pQCT images is a powerful tool for
analyzing how bone structure changes in greater detail. A very limited number of studies have
been published on the use of sector analysis in studying athletes. To date, the difference in
parameters of bone strength of new military recruits based on sex, the effects early exerciseinduced increases in tibial bone BMD in females, and the increased density and periosteal
expansion of the tibia in young adult men following training are the main articles with a focus in
sector analysis. Sector analysis has the potential to inform a greater understanding of bone
characteristics that increase fracture susceptibility and could potentially be used to prevent stress
fractures before they happen.
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Appendix A
Sector Analysis Data
Tables 6a-d. Sector Analysis Measurements of the Tibia
Table 6a. Sector Analysis Measurements of the Distal (4%) Tibia
Site

Control
(n=10)

Lat-Ant

284.53 ± 10.60
266.96 ± 10.63
275.61 ± 11.34
303.64 ± 10.92
306.48 ± 8.03
298.12 ± 9.69
106.88 ± 3.60
81.07 ± 4.12
104.61 ± 3.74
102.08 ± 3.96
87.50 ± 3.36
92.77 ± 3.67
708.13 ± 118.69
817.29 ± 91.89
85.49 ± 89.49
250.61 ± 127.68
911.68 ± 16.66
888.83 ± 17.96
3.20 ± 1.00
3.36 ± 0.81
0.08 ± 0.08
0.18 ± 0.13
3.95 ± 0.83
2.62 ± 0.54

Ant
Trabecular Med-Ant
Density
(mg/cm3) Med-Post
Post
Lat-Post
Lat-Ant
Ant
Trabecular Med-Ant
Area
Med-Post
(mm2)
Post
Lat-Post
Lat-Ant
Ant
Cortical
Med-Ant
Density
(mg/cm3) Med-Post
Post
Lat-Post
Lat-Ant
Ant
Cortical
Med-Ant
Area
Med-Post
(mm2)
Post
Lat-Post

Left Leg
SFx
(n=19)

Right Leg
SFx
(n=16)

pvalue

Control
(n=8)

271.27 ± 7.25

0.302

299.01 ± 12.49

271.23 ± 8.90

0.084

259.09 ± 7.73
260.69 ± 7.63
301.33 ± 8.22
304.88 ± 9.68
286.22 ± 9.51
112.35 ± 3.81
86.88 ± 3.91
107.56 ± 3.54
109.41 ± 4.12
89.53 ± 3.69
98.49 ± 4.64
655.88 ± 92.70
660.13 ± 93.43
314.54 ± 97.12
312.20 ± 96.43
891.41 ± 12.44
692.13 ± 84.45
2.22 ± 0.49
2.67 ± 0.60
0.45 ± 0.22
0.24 ± 0.13
3.94 ± 0.68
1.58 ± 0.37

0.555
0.274
0.869
0.900
0.432
0.361
0.355
0.602
0.261
0.723
0.418
0.737
0.242
0.089
0.707
0.343
0.034*
0.331
0.502
0.120
0.738
0.992
0.120

285.76 ± 11.78
282.06 ± 8.20
294.88 ± 10.56
297.49 ± 12.81
296.34 ± 11.08
110.50 ± 4.73
83.10 ± 3.10
102.28 ± 5.41
104.52 ± 3.82
87.00 ± 4.16
94.34 ± 4.05
438.10 ± 166.13
771.65 ± 11.54
424.78 ± 160.98
218.23 ± 142.87
791.80 ± 113.67
538.37 ± 157.66
1.42 ± 0.87
2.94 ± 0.95
0.48 ± 0.37
0.94 ± 0.66
3.60 ± 0.96
1.18 ± 0.52

260.00 ± 9.89
266.96 ± 8.57
301.17 ± 8.49
297.38 ± 10.74
292.49 ± 10.03
117.60 ± 4.92
88.34 ± 3.75
112.41 ± 4.21
112.38 ± 5.00
93.81 ± 3.81
101.04 ± 4.83
767.98 ± 75.36
719.72 ± 89.78
207.88 ± 93.00
322.85 ± 107.96
832.33 ± 56.50
706.04 ± 87.78
2.57 ± 0.52
2.72 ± 0.60
0.25 ± 0.15
0.23 ± 0.11
3.74 ± 0.73
1.41 ± 0.37

0.129
0.275
0.662
0.995
0.815
0.370
0.374
0.167
0.314
0.281
0.378
0.101
0.732
0.224
0.574
0.722
0.324
0.243
0.841
0.497
0.319
0.911
0.722

Lat=Lateral, Med=Medial, Ant=Anterior, Post=Posterior;
*p-value<0.05 and is significant; Values represent mean ± SEM

pvalue
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Table 6b. Sector Analysis Measurements of the Distal (14%) Tibia
Site
Lat-Ant
Ant
Trabecular Med-Ant
Density
(mg/cm3) Med-Post
Post
Lat-Post
Lat-Ant
Ant
Trabecular Med-Ant
Area
Med-Post
(mm2)
Post
Lat-Post
Lat-Ant
Ant
Cortical
Med-Ant
Density
(mg/cm3) Med-Post
Post
Lat-Post
Lat-Ant
Ant
Cortical
Med-Ant
Area
Med-Post
(mm2)
Post
Lat-Post
Lat-Ant
Ant
Cortical
Med-Ant
Thickness
Med-Post
(mm)
Post
Lat-Post

Control
(n=10)
250.08 ± 6.97
248.33 ± 8.61
285.70 ± 8.50
278.54 ± 8.93
252.16 ± 8.70
241.31 ± 7.61
14.91 ± 1.90
17.39 ± 1.86
18.67 ± 2.30
17.94 ± 2.17
16.72 ± 1.74
13.44 ± 2.27
1140.70 ± 7.58
1124.30 ± 7.33
1118.25 ± 10.24
1131.54 ± 7.12
1152.77 ± 8.54
1154.14 ± 5.99
15.46 ± 0.47
15.55 ± 0.66
14.56 ± 0.86
18.18 ± 0.70
16.00 ± 0.70
14.74 ± 0.60
1.58 ± 0.08
1.64 ± 0.11
1.56 ± 0.14
1.86 ± 0.12
1.66 ± 0.08
1.54 ± 0.07

Left Leg
SFx
(n=19)
247.98 ± 8.26
248.99 ± 4.61
268.66 ± 8.01
268.44 ± 5.52
256.39 ± 6.88
262.37 ± 6.93
12.26 ± 1.34
13.99 ± 0.89
16.25 ± 1.45
16.88 ± 1.09
13.29 ± 1.07
11.69 ± 1.48
1154.51 ± 6.95
1127.67 ± 6.53
1136.20 ± 9.17
1136.79 ± 5.77
1151.19 ± 6.95
1148.43 ± 5.77
16.88 ± 0.57
15.84 ± 0.85
14.43 ± 0.50
17.38 ± 0.59
17.20 ± 0.95
15.70 ± 0.52
1.68 ± 0.05
1.65 ± 0.07
1.49 ± 0.05
1.74 ± 0.05
1.74 ± 0.07
1.61 ± 0.04

Lat=Lateral, Med=Medial, Ant=Anterior, Post=Posterior;
Values represent mean ± SEM

p-value

Control
(n=8)

0.868
0.941
0.19
0.32
0.714
0.068
0.261
0.071
0.361
0.632
0.088
0.509
0.223
0.75
0.232
0.584
0.891
0.535
0.111
0.822
0.893
0.415
0.404
0.265
0.24
0.976
0.617
0.284
0.473
0.419

255.52 ± 7.06
247.44 ± 8.54
265.58 ± 11.06
270.05 ± 12.18
250.91 ± 8.29
256.02 ± 11.13
16.54 ± 1.77
16.46 ± 1.97
16.04 ± 2.62
17.80 ± 2.21
16.46 ± 1.43
16.24 ± 1.78
1136.71 ± 5.55
1135.03 ± 4.55
1125.99 ± 12.80
1141.54 ± 3.94
1138.51 ± 6.64
1143.64 ± 7.08
16.14 ± 0.80
14.90 ± 0.58
13.76 ± 0.53
17.42 ± 0.36
14.86 ± 0.52
14.70 ± 0.35
1.63 ± 0.09
1.60 ± 0.11
1.53 ± 0.10
1.78 ± 0.08
1.55 ± 0.08
1.55 ± 0.05

Right Leg
SFx
(n=16)
252.36 ± 5.81
249.91 ± 6.12
271.16 ± 6.74
267.60 ± 7.26
249.65 ± 5.51
254.83 ± 7.91
13.37 ± 1.82
15.84 ± 1.14
17.03 ± 1.39
16.13 ± 1.31
13.91 ± 1.50
12.25 ± 1.46
1135.44 ± 7.12
1137.19 ± 9.27
1127.57 ± 8.76
1147.53 ± 7.12
1146.23 ± 5.83
1147.61 ± 9.18
16.81 ± 0.67
15.79 ± 0.83
14.33 ± 0.63
18.42 ± 0.60
16.39 ± 0.74
15.84 ± 0.41
1.65 ± 0.06
1.59 ± 0.08
1.45 ± 0.07
1.83 ± 0.07
1.60 ± 0.07
1.59 ± 0.04

pvalue
0.746
0.817
0.654
0.856
0.899
0.927
0.282
0.774
0.717
0.497
0.291
0.114
0.909
0.875
0.919
0.576
0.426
0.780
0.548
0.482
0.565
0.275
0.182
0.085
0.842
0.989
0.503
0.671
0.610
0.579
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Table 6c. Sector Analysis Measurements of the Proximal (38%) Tibia
Site

Control
(n=10)

Left Leg
SFx
(n=19)

Lat-Ant
270.37 ± 9.92
297.71 ± 7.82
Ant
299.57 ± 10.79
302.15 ± 8.61
Trabecular Med-Ant 286.81 ± 12.68
284.40 ± 6.21
Density
281.17 ± 6.99
(mg/cm3) Med-Post 282.15 ± 14.08
Post
276.95 ± 12.91
288.33 ± 8.71
Lat-Post 274.86 ± 13.73
270.00 ± 9.76
Lat-Ant
3.09 ± 0.42
3.16 ± 0.32
Ant
5.15 ± 0.61
5.10 ± 0.51
Trabecular Med-Ant
2.96 ± 0.33
2.47 ± 0.20
Area
Med-Post
3.82 ± 0.65
3.50 ± 0.26
(mm2)
Post
2.74 ± 0.33
2.69 ± 0.18
Lat-Post
2.38 ± 0.27
2.25 ± 0.17
Lat-Ant
1177.30 ± 4.61 1180.80 ± 5.25
Ant
1139.35 ± 6.29 1132.47 ± 9.28
Cortical
Med-Ant 1186.01 ± 4.70 1183.18 ± 8.18
Density
(mg/cm3) Med-Post 1191.34 ± 6.10 1195.08 ± 5.47
Post
1186.12 ± 5.45 1175.57 ± 7.20
Lat-Post 1197.74 ± 3.08 1190.11 ± 6.88
Lat-Ant
19.38 ± 0.63
21.33 ± 1.11
Ant
44.64 ± 1.86
45.06 ± 2.04
Cortical
Med-Ant
19.38 ± 0.77
19.16 ± 0.97
Area
Med-Post
33.31 ± 1.99
27.90 ± 1.43
(mm2)
Post
31.52 ± 2.18
32.33 ± 2.07
Lat-Post
23.12 ± 1.62
26.84 ± 1.54
Lat-Ant
2.87 ± 0.05
3.06 ± 0.12
Ant
5.45 ± 0.20
5.42 ± 0.16
Cortical
Med-Ant
3.09 ± 0.09
2.99 ± 0.11
Thickness
Med-Post
4.34 ± 0.24
3.74 ± 0.16
(mm)
Post
4.28 ± 0.23
4.30 ± 0.21
Lat-Post
3.40 ± 0.14
3.79 ± 0.15
Lat=Lateral, Med=Medial, Ant=Anterior, Post=Posterior;

*p-value<0.05 and is significant
Values represent mean ± SEM

pvalue

Control
(n=8)

0.044*
0.857
0.867
0.945
0.461
0.773
0.898
0.954
0.186
0.586
0.888
0.665
0.666
0.545
0.813
0.672
0.253
0.322
0.233
0.894
0.882
0.040*
0.807
0.137
0.171
0.922
0.479
0.043*
0.952
0.090

294.33 ± 12.21
320.52 ± 11.66
272.10 ± 15.07
289.21 ± 7.41
280.24 ± 10.97
273.36 ± 10.02
4.20 ± 0.80
5.44 ± 0.71
2.96 ± 0.42
5.00 ± 0.69
3.24 ± 0.52
2.56 ± 0.34
1173.79 ± 5.76
1133.76 ± 4.61
1187.69 ± 2.35
1187.49 ± 5.22
1177.06 ± 8.60
1194.06 ± 4.28
23.56 ± 3.72
41.26 ± 1.94
19.50 ± 1.09
28.30 ± 2.48
32.04 ± 2.08
21.90 ± 1.14
3.27 ± 0.35
5.17 ± 0.20
3.07 ± 0.13
3.76 ± 0.27
4.41 ± 0.25
3.29 ± 0.11

Right Leg
SFx
(n=16)
270.53 ± 8.86
311.52 ± 10.45
286.03 ± 10.36
280.67 ± 11.63
288.87 ± 10.78
273.04 ± 7.83
3.48 ± 0.30
4.91 ± 0.69
3.12 ± 0.44
4.29 ± 0.37
3.10 ± 0.43
2.20 ± 0.23
1177.48 ± 5.21
1141.06 ± 8.52
1182.05 ± 9.76
1193.93 ± 6.47
1179.03 ± 9.55
1190.03 ± 7.04
20.95 ± 1.29
45.14 ± 2.16
19.04 ± 0.82
28.63 ± 1.42
33.08 ± 2.29
25.75 ± 1.67
2.98 ± 0.13
5.48 ± 0.17
3.02 ± 0.10
3.80 ± 0.18
4.42 ± 0.22
3.73 ± 0.16

pvalue
0.132
0.601
0.450
0.628
0.620
0.981
0.421
0.633
0.820
0.331
0.846
0.387
0.667
0.460
0.581
0.447
0.896
0.629
0.525
0.261
0.745
0.902
0.774
0.070
0.454
0.277
0.772
0.901
0.974
0.033*
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Table 6d. Sector Analysis Measurements of the Proximal (66%) Tibia
Site
Lat-Ant
Ant
Trabecular Med-Ant
Density
(mg/cm3) Med-Post
Post
Lat-Post
Lat-Ant
Ant
Trabecular Med-Ant
Area
Med-Post
(mm2)
Post
Lat-Post
Lat-Ant
Ant
Cortical
Med-Ant
Density
(mg/cm3) Med-Post
Post
Lat-Post
Lat-Ant
Ant
Cortical
Med-Ant
Area
Med-Post
(mm2)
Post
Lat-Post
Lat-Ant
Ant
Cortical
Med-Ant
Thickness
Med-Post
(mm)
Post
Lat-Post

Control
(n=10)
267.39 ± 9.67
327.20 ± 9.57
292.23 ± 9.08
255.87 ± 9.07
301.86 ± 7.51
253.79 ± 10.81
7.79 ± 0.63
22.59 ± 1.91
10.30 ± 1.02
7.90 ± 1.44
8.45 ± 0.71
8.54 ± 1.15
1101.62 ± 5.66
1100.92 ± 4.13
1145.43 ± 7.34
1163.76 ± 8.82
1156.90 ± 6.36
1158.29 ± 6.76
16.85 ± 0.47
48.96 ± 1.65
17.49 ± 0.81
25.14 ± 1.72
42.93 ± 2.75
24.50 ± 1.34
1.96 ± 0.07
4.26 ± 0.19
2.06 ± 0.09
2.58 ± 0.17
4.10 ± 0.24
2.60 ± 0.10

Left Leg
SFx
(n=19)

pvalue

Control (n=8)

SFx (n=16)

pvalue

259.11 ± 4.29
309.05 ± 9.40
290.75 ± 9.45
249.22 ± 4.67
295.07 ± 6.33
278.18 ± 6.50
7.96 ± 0.73
20.88 ± 1.83
9.37 ± 0.78
6.10 ± 0.38
9.52 ± 1.27
7.80 ± 1.00
1112.41 ± 7.33
1098.33 ± 7.82
1150.68 ± 8.22
1162.59 ± 7.96
1150.25 ± 11.17
1154.54 ± 7.55
18.84 ± 0.89
49.52 ± 1.74
18.91 ± 0.96
23.02 ± 0.94
41.51 ± 1.90
25.02 ± 1.43
2.01 ± 0.08
4.23 ± 0.12
2.13 ± 0.09
2.30 ± 0.10
3.79 ± 0.13
2.62 ± 0.11

0.372
0.229
0.920
0.474
0.515
0.050*
0.883
0.557
0.480
0.252
0.562
0.647
0.333
0.820
0.679
0.927
0.609
0.748
0.134
0.835
0.341
0.249
0.669
0.815
0.684
0.882
0.605
0.141
0.219
0.858

251.48 ± 6.30
307.08 ± 14.91
276.33 ± 10.73
255.02 ± 13.17
279.31 ± 5.78
268.87 ± 14.31
9.12 ± 0.96
20.56 ± 3.19
11.04 ± 1.69
10.60 ± 1.83
11.56 ± 1.79
10.74 ± 1.87
1113.80 ± 8.78
1092.82 ± 5.38
1142.24 ± 4.90
1134.84 ± 16.67
1131.01 ± 9.39
1161.88 ± 10.95
21.18 ± 3.04
52.06 ± 3.48
19.36 ± 2.41
22.28 ± 1.25
40.90 ± 1.79
22.92 ± 1.62
2.27 ± 0.27
4.62 ± 0.39
2.19 ± 0.25
2.28 ± 0.09
3.89 ± 0.19
2.44 ± 0.12

269.74 ± 8.64
315.32 ± 8.00
295.13 ± 9.46
257.33 ± 7.25
285.23 ± 8.08
273.56 ± 8.40
6.56 ± 0.65
19.82 ± 1.72
8.91 ± 0.82
5.85 ± 0.57
9.35 ± 1.30
7.01 ± 0.84
1109.81 ± 7.08
1101.36 ± 8.32
1142.48 ± 8.61
1177.91 ± 5.18
1149.17 ± 9.07
1176.84 ± 6.56
18.27 ± 0.72
50.75 ± 1.88
18.51 ± 0.81
23.39 ± 0.76
40.09 ± 2.05
24.92 ± 1.48
1.97 ± 0.06
4.34 ± 0.13
2.11 ± 0.08
2.34 ± 0.07
3.76 ± 0.15
2.59 ± 0.12

0.177
0.598
0.236
0.854
0.633
0.766
0.046*
0.824
0.212
0.005*
0.332
0.046*
0.738
0.398
0.981
0.005*
0.224
0.227
0.379
0.720
0.680
0.432
0.801
0.412
0.301
0.513
0.697
0.625
0.583
0.414

Lat=Lateral, Med=Medial, Ant=Anterior, Post=Posterior;
*p-value<0.05 and is significant
Values represent mean ± SEM

Right Leg
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