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Abstract

Bone stress injuries (BSIs) occur in up to 20% of runners and military recruits and those with
a history of BSI have a 5-fold higher risk for a subsequent BSI. Yet, little is known about prior
training, menstrual status and bone structure in runners who experience multiple BSls.

PURPOSE: To determine differences in health and physical activity history, bone density,
microarchitecture, and strength among female athletes with a history of multiple BSI, athletes
with <1 BSI, and non-athletes.

METHODS: We enrolled 101 women (ages 18-32 years) for this cross-sectional study: non-
athlete controls (n=17) and athletes with a history of = 3 BSIs (n=21) or <1 BSI (n=63). We
collected subjects’ health and training history and measured bone microarchitecture of the distal
tibia via high-resolution peripheral quantitative computed tomography (HR-pQCT) and areal bone
mineral density (aBMD) of the hip and spine by dual-energy X-ray absorptiometry (DXA).

RESULTS: Groups did not differ according to age, BMI, age at menarche, aBMD, or tibial bone
microarchitecture. Women with multiple BSIs had a higher prevalence of primary and secondary
amenorrhea (p<0.01) compared to other groups. Total hours of physical activity in middle school
were similar across groups; however, women with multiple BSIs performed more total hours

of physical activity in high school (p=0.05), more hours of uniaxial loading in both middle
school and high school (p=0.004, p=0.02) and a smaller proportion of multiaxial loading activity
compared to other groups.
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CONCLUSION: These observations suggest that participation in sports with multiaxial loading
and maintaining normal menstrual status during adolescence and young adulthood may reduce the
risk of multiple bone stress injuries.
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INTRODUCTION

Lower extremity bone stress injuries (BSIs) are a common form of overuse injury in active
individuals. Women are particularly at risk for BSI, with incidence rates of up to 20% among
runners and military cadets (1, 2). Further, individuals who previously sustained a BSI have
a nearly five-fold higher risk of sustaining a future BSI compared to those with no history of
BSI (3), BSls were recurrent in 21.5% and 10.6% of NCAA athletes and military recruits,
respectively (4, 5). Multiple BSls are particularly devastating to an athletic or military career
given that rehabilitation timelines generally range from 4-12 weeks for return to activity,
depending on injury site and severity (4, 6). Further, it is recommended that individuals
sustaining multiple BSIs receive a more extensive clinical workup, including testing of bone
mineral density (7).

Risk factors for BSI include those that result from low energy availability (EA). Low EA
results from under-fueling relative to exercise energy expenditure, leading to inadequate
energy to support physiological functions necessary to maintain optimal health and
performance. This can lead to low estrogen and menstrual dysfunction (primary or
secondary amenorrhea), which are associated with reduced bone density, deleterious bone
microarchitecture and significantly increased risk of BSls (7, 8). Although the simultaneous
prevalence of low EA, menstrual dysfunction and impaired bone health is modest (0 to
16%), 16-60% of all female athletes report having at least one of these three BSI risk factors

9).

Poor bone health is thought to contribute to BSI risk, though prior studies report inconsistent
findings regarding the contribution of low aBMD to BSI risk (3, 10-15), perhaps because
two-dimensional DXA measurements do not provide information about bone geometry

or microarchitecture and can be confounded by body size (16). Factors beyond aBMD,
including bone geometry, microarchitecture and volumetric BMD (vBMD) are important
in assessing bone strength and can be captured using three-dimensional (3D) bone

imaging techniques such as peripheral quantitative computed tomography (pQCT) and high
resolution pQCT (HR-pQCT). A recent systematic review concluded that bone geometry
and structure are largely similar between athletes/trainees with and without a history of BSI
(17). However, many studies in this review did not take into account history of menstrual
dysfunction and none specifically evaluated women with a history of multiple BSIs, who
may have more pronounced or different risk factors (17).

Physical activity history may also influence the risk for multiple BSI. It is well established
that weightbearing physical activity has beneficial effects on bone (18-21). High-impact
exercise, such as jumping, increases BMD over time in children and adolescents (22), and
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has lasting effects on bone mass, bone size and bone strength (23, 24). Multiaxial loading,
defined as lower extremity loading that applies forces across multiple planes of motion, may
be particularly beneficial and protective against BSI, as military recruits who play ball sports
prior to Basic Combat Training have significantly lower incidence of BSI compared to those
who do not play ball sports (25). Further, athletes who participate in multidirectional sports
have more favorable bone density and geometry compared to runners (26, 27).

Altogether there are limited data on risk factors for multiple BSls, including whether
physical activity patterns, menstrual history during bone acquisition, current menstrual
history, and/or skeletal health distinguish individuals with a history of multiple BSIs. Thus,
we aimed to identify factors that are associated with a history of multiple BSI in young adult
female athletes. We hypothesized that athletes would have better bone properties compared
to non-athletes, and that athletes with multiple BSIs would have worse bone properties than
other groups. Further, we hypothesized that athletes with multiple BSIs would have a higher
prevalence of menstrual dysfunction and less multiaxial physical activity compared to other
groups.

METHODS

Participant Selection

We recruited participants from the community using flyers and advertisements placed

on institutional research recruitment websites, Facebook, and Craigslist. We enrolled 101
women (ages 18-32 years) for this cross-sectional study: non-athlete controls (n=17) and
athletes with a history of = 3 (n=21), 1 (n=23), or 0 (n=40) lower extremity BSIs. Athletes
that reported only 2 BSls (n=22) were not eligible to participate in the study. Participants

in the athlete groups were defined as those who report a minimum of 15 miles per week

of running or perform an average of >4 hours per week of other weightbearing endurance
exercise (e.g., lacrosse) over the past six months and report consistent activity in the three
months prior to enrollment. This activity could be self-directed exercise or part of organized
sport participation. Participants in the BSI groups were required to be at least twelve
months out from their most recent BSI diagnosis. Lower extremity BSIs were defined those
occurring at or distal to the femoral diaphysis. BSIs in other locations (e.g. sacrum and
femoral neck) were not exclusionary if participants in the multiple BSI group had at least 3
additional lower extremity BSls. All BSI were self-reported to be medically diagnosed using
imaging. Non-athlete control participants performed less than two hours per week of any
type of physical activity over the 12 months prior to enrollment.

We excluded potential participants with a self-reported history of thyroid dysfunction,
cancer, medically diagnosed eating disorder, or use of medications known to affect bone
(glucocorticoids, bisphosphonates, chemotherapeutic agents). This study was approved by
the Institutional Review Board of Partners Health Care and the Human Research Protection
Office at the US Army Medical Research and Development Command, Ft. Detrick, MD. All
participants provided written informed consent at the time of enrollment.
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Data Collection

Participants completed questionnaires to obtain demographic information, menstrual history,
current and previous physical activity, and previous injuries. A positive fracture history did
not include fractures to digits or the skull. The current menstrual status of participants was
determined to be amenorrhoeic if they reported fewer than 3 menses in the last year or
cessation of menstruation for three or more consecutive months; oligo-amenorrhoeic if they
reported 4—8 menses in the last year; eumenorrheic if they reported 9 or more menses in

the last year; and hormonal contraceptive user if they indicated that they currently used
hormonal contraceptives. If participants reported an age of menarche of > 15 years old
(primary amenorrhea) or ever having fewer than 3 menses in one year from age 15 or older
(secondary amenorrhea), they were recorded as having a positive history of amenorrhea.
Self-reported physical activity participation data during ages 11-14 years (middle school)
and 15-18 years (high school) was collected via questionnaire. Participants were asked to
recall all activities they performed in each time period and the average hours per week,
months per year, and number of years they spent on each activity per time period. The

total number of hours for each activity was then calculated for middle and high school

(28). Each activity was characterized as a multiaxial, uniaxial, or non-weightbearing activity.
Multiaxial activities were identified as those that include cutting or lower extremity loading
that applies forces across multiple planes of motion. In this cohort, multiaxial activities
included baseball/softball, basketball, cheer, dance, field hockey, football, gymnastics, ice
hockey, ice skating, lacrosse, martial arts, soccer, tennis, volleyball, weight lifting, and
yoga. Uniaxial activities were identified as those with repetitive loading primarily in one
direction, and included running and rowing. Non-weightbearing activities included cycling
and swimming. The percent multiaxial activity was calculated for each time period, as well
as the absolute difference between the percent multiaxial activity in middle and high school
as a reflection of changes in activity pattern.

Height was measured using a wall-mounted stadiometer to the nearest centimeter and weight
was measured with an electronic scale to the nearest tenth of a pound. Tibia length was
measured from the medial tibial plateau to the distal edge of the medial malleolus with an
anthropomorphic tape measure to the nearest millimeter. Fasting morning blood was drawn
and an immunochemiluminometric assay was used to measure 25(OH) vitamin D (Labcorp;
sensitivity 4.0 ng/mL; intra-assay CV 4.8%—7.7%).

Areal Bone Mineral Density

We measured aBMD (g/cm?) at the posterior-anterior (PA) spine, total hip (TH), and
femoral neck (FN) via dual-energy X-ray absorptiometry (DXA; QDR4500A; Hologic, Inc.,
Bedford, MA, USA). Scans were reviewed by a physician-investigator with experience in
interpreting DXA results. Quality control scans were performed daily with a phantom. BMD
values were converted to Z-scores that standardize BMD to age, sex and ethnicity normative
values. Participants with a Z-score of less than —1.0 at any measured skeletal site were
categorized as having low BMD (29).
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Volumetric Bone Mineral Density and Microarchitecture

We measured trabecular and cortical volumetric BMD (vBMD) and microarchitecture of the
ultradistal tibia using HR-pQCT (XtremeCT, Scanco Medical AG, Brutisellen, Switzerland;
isotropic voxel size of 82 um). Starting at 4% of tibial length (distal), the scan region
extended proximally for 110 slices (9.02 mm). We scanned the non-dominant tibia unless
the participant reported a previous fracture in that leg, in which case the dominant leg was
scanned. Leg dominance was determined by asking participants which leg they would use to
kick a soccer ball.

The manufacturer’s software (Scanco Medical AG, version 5.11) was used to evaluate total
(Tt), cortical (Ct) and trabecular (Tb) area (mm?2) and vBMD (mgHA/cm3), trabecular
thickness (Th.Th, mm), trabecular number (Th.N, 1/mm), and trabecular separation (Tb.Sp,
mm), and cortical tissue mineral density (Ct. TMD, mgHA/cm3), thickness (Ct.Th, mm),
perimeter (Ct.Pm, mm), and porosity (Ct.Po, %). Bone robustness was calculated by
dividing total cross-sectional area (mm) by tibia length (mm) (30, 31). Linear micro-finite
element analysis (UFEA) was performed using three-dimensional HR-pQCT images to
approximate metaphyseal stiffness and failure load of the tibia under axial compression
(32, 33). The manufacturer’s phantom was scanned daily for quality control. A technician
reviewed all scans for motion artifact and repeated the scan up to two times if the scan was
significantly affected by movement. Short-term reproducibility for measurements at the tibia
is 0.2 to 1.7% for density parameters, 0.7 to 8.6% for microarchitecture parameters, and 2.1
to 4.8% for UFEA parameters.

Statistical Analysis

A priori, we intended to report comparisons between four groups (athletes with = 3, 1, or

0 BSI history and non-athletes). The 0 (n=40) and 1 BSI (n=23) groups were found to

be equivalent for all outcomes (data not shown), thus we combined these groups to form

a <1 lower extremity BSI group (n=63). Data are reported as mean (SD) or percent (n)
unless otherwise noted. We used analysis of variance (ANOVA) to determine differences
between groups for continuous outcome variables (age, height, weight, BMI, tibia length,
DXA Z-scores, HR-pQCT bone parameters, and historical physical activity parameters).
There were no violations of the ANOVA assumptions among these variables. We used
analysis of covariance (ANCOVA) to assess differences between groups in bone parameters
adjusted for age and BMI. A Tukey-Kramer test was used for pairwise comparisons when
results of the ANOVA or ANCOVA reached statistical significance. Fisher’s exact test was
used to determine differences between groups for categorical variables (fracture history,
age of menarche, current menstrual status, history of amenorrhea, and low BMD). Pairwise
comparisons were performed when results of the Fisher’s exact test reached statistical
significance. When comparing variables specific to our two athlete groups (serum 25-OH
vitamin D, current average hours per week of weightbearing endurance exercise, age of
first BSI, and time since most recent BSI), we used paired Student’s t-test . To test for a
trend across groups in historical physical activity data, Spearman’s rank-order correlation
was used. All analyses were performed in R version 4.0.2, and an alpha of 0.05 was used to
determine statistical significance.
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RESULTS

Participant Characteristics

Participants were 25.6 + 4.1 years old and had a mean body mass index (BMI) of 22.0 = 2.4
kg/m2. Participants with a history of BSI were 4.0 + 3.5 years post-injury (range 1-18 years)
at the time of enrollment. Non-athletes were shorter than participants with = 3 BSls (p=0.02)
and had greater BMI than participants in both BSI groups (p<0.05 for both). There were no
differences in lowest ever reported BMI, tibia length, full fracture history, smoking status,

or serum 25-hydroxy vitamin D (25-OH Vit D) levels among groups. Current hours per
week of weightbearing endurance exercise differed among groups, but this difference was
the result of the low number of hours reported by healthy non-athlete group; no significant
differences were seen when comparing the athlete groups alone. Women with = 3 BSIs
reported an average of 4.2 + 1.5 BSls per person (89 total, range 3—7 per subject). Women
with = 3 BSI experienced their first BSI significantly earlier than those with <1 BSI (16.4

+ 3.7 versus 21.1 + 4.9 years of age, p=0.0005). The primary site of injury in both BSI
groups was the tibia; the second-most common site was the metatarsals in the = 3 BSI group,
whereas it was the fibula in the <1 BSI group (Table 1).

Age of menarche and current menstrual status were similar among groups. Women with = 3
BSlIs had a higher prevalence of amenorrhea compared to both those with <1 BSI (p=0.04)
and non-athletes (p=0.03; Table 2). Interestingly, among women with = 3 BSIs who reported
a history of amenorrhea, 40% reported current menstrual dysfunction compared to 25% of
women with <1 BSI, and 0% of non-athletes.

All groups had similar average aBMD Z-scores by DXA at the FN, TH, and PA spine (Table
3). However, a greater proportion of women in the = 3 BSI group had low bone density
(Z-score < -1.0) at the PA spine compared to women with <1 BSI (p=0.04). The groups

had similar tibial density, microarchitecture, and strength parameters by HR-pQCT in both
an unadjusted model and after adjusting for age and BMI. Bone robustness was also similar
across groups.

Cumulative hours of non-weightbearing, uniaxial, and multiaxial physical activity for
middle and high school are shown in Figure 1. There were no between-group differences

in total hours of physical activity in middle school (p=0.21) However, athletes with = 3

BSI reported more total hours of physical activity in high school compared non-athletes
(p=0.05), with and a similar trend of more total hours of physical activity in high school
among athletes with < 1 BSI compared to non-athletes (p=0.08). Athletes with = 3 BSIs
performed more uniaxial loading activity than non-athletes (p=0.02) and <1 BSI athletes
(p=0.005) in middle school, and more than the non-athletes (p=0.01) in high school. Though
the amount of multiaxial activity was similar across groups in middle and high school
(p=0.83 and p=0.30, respectively), the proportion of multiaxial activity relative to total
physical activity (Figure 2) differed significantly among groups in high school. Specifically,
athletes in the = 3 BSI group performed the lowest proportion of multiaxial activity in high
school, whereas non-athletes performed the highest proportion (p = —0.25, p=0.01). There
was not a statistically significant difference in the proportion of multiaxial activity between
groups in middle school.
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DISCUSSION

To address a lack of information about factors contributing to the occurrence of multiple
BSls, we investigated bone density, microarchitecture and strength as well as medical and
physical activity history in female athletes with and without a history of BSIs and in
non-athletic controls. We found that bone parameters by HR-pQCT did not differ by group,
though a significantly larger proportion of athletes with = 3 BSIs had low aBMD at the
spine. Women who had suffered > 3 BSIs were more likely to have experienced primary or
secondary amenorrhea. Additionally, women who suffered = 3 BSIs experienced their first
BSI at a younger age, namely during high school, whereas women with history of < 1 BSI
were more likely to report injury as a young adult. Finally, athletes with > 3 BSlIs reported
greater historical uniaxial loading activity and the least participation in multiaxial activity
during childhood and adolescence.

We found that a greater proportion of women with a history of = 3 BSIs had low

aBMD defined as an aBMD Z-score of <-1 at the spine. While a Z-score of -1 is

clinically “normal”, athletes in weight-bearing sports typically have 5-15% higher BMD
than nonathletes, suggesting a Z-score < —1 warrants further consideration (29). Results
from prior studies assessing the relationship between aBMD and BSI are inconsistent. Part
of the difficulty in interpreting results from the existing body of literature stems from the
fact that many athletes and military recruits who sustain a BSI tend to have clinically
“normal” aBMD (3, 10, 14, 34, 35). Furthermore, even when comparing athletic populations
findings are inconsistent, with some reporting lower aBMD among those with a history of
BSI compared to those without (11-13, 36) and some showing no difference. (10, 14, 15,
34, 37). Altogether, because of the expected higher BMD among weight-bearing athletes,
our findings support the notion that BMD Z-scores <-1 are clinically important, particularly
when considering risk for multiple BSls.

Our findings of no difference in bone microarchitecture, strength or robustness by BSI
history are consistent with a recent systematic review reporting that bone geometry
outcomes assessed by DXA and pQCT do not differ between those with and without a
history of BSI, particularly at the ultradistal tibia (17). The few studies that have assessed
bone microarchitecture in female athletes with BSI also suggest that bone microarchitecture
and strength are largely similar in athletes with a history of BSI compared to athletic
controls (13, 38). In the only study that has assessed differences in bone microarchitecture
in female athletes with multiple BSIs, among amenorrhoeic, adolescent athletes, those with
a history of two or more BSls had compromised bone microarchitecture and strength at

the tibia compared to those with fewer than two BSls (38, 39). It is worth noting that the
cohort in our study was comprised of adult athletes, most of whom were using hormonal
contraceptives or had regular menses at the time of enrollment. The combination of older
age, normal menses, and longer average time from most recent BSI in our cohort compared
to the adolescent, amenorrhoeic athletes, with a more recent BSI may explain our different
findings.

An additional reason that studies utilizing HR-pQCT technology might not reveal
differences in bone microarchitecture according to BSI history could be due to the scan
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locations. Studies utilizing HR-pQCT have performed measurements at the ultradistal tibia
or radius. Our prior work using pQCT to measure bone morphology at various sites along
the tibia found differences in bone size and geometry between those with and without BSI
in the middle third of the tibia, but not in the distal third (40, 41). It is possible that lack

of differences according to BSI history in HR-pQCT studies to date could be partially
attributed to the skeletal location measured. Future prospective studies assessing BSI risk
should measure bone microarchitecture and estimated strength at more proximal tibial sites.

Athletic amenorrhea is often used as a proxy for energy deficiency since it is one of the
first signals of low energy availability, leading to increased bone resorption and decreased
bone formation through perturbance of multiple hypothalamic-pituitary hormonal axes (42,
43). This maladaptive physiologic state leaves female athletes susceptible to BSI. Evidence
also suggests that the length of time an individual spends in an energy-deficient state, and
thus, estrogen-deficient state, is proportional to the degree of bone quality impairment (43).
Though history of a medically diagnosed eating disorder was an exclusion criteria for the
current study and we did not capture data regarding history of energy deficiency or duration
of historical menstrual dysfunction, nearly half of our subjects with > 3 BSI reported a
history of primary and/or secondary amenorrhea, compared to 19% of women with <1

BSI. This finding is consistent with a previous study, where amenorrhoeic athletes had five-
fold greater incidence of BSI compared to eumenorrheic athletes (32% versus 5.9%). (38)
Moreover, several other studies report a greater history of amenorrhea in women with BSls,
though these studies did not distinguish between women with single versus multiple BSIs
(12, 14, 35, 44). Altogether, these findings support the notion that menstrual dysfunction is
related to multiple BSI history. Because low EA is one of the primary causes of menstrual
dysfunction, both should be clinically addressed as early preventative measures in female
athletes to prevent low BMD and BSI. Treatment should generally include increased food
intake, but changes in food choices and timing of nutrient consumption may also be
important. Early involvement of an appropriately trained expert (e.g., sports dietitian) is
recommended. In severe cases, reduced exercise may be necessary(45). Future research is
needed to determine the long-term impact of low EA and menstrual dysfunction, including
the severity and duration, on adult bone health.

We found that women with = 3 BSls reported the lowest proportion of multiaxial loading,
an observation that is consistent with the concept that exposure to multiaxial, weight-bearing
activity, is beneficial for skeletal health (46). Indeed, military recruits who played ball sports
for at least two years prior to Basic Combat Training had significantly lower incidence

of BSI compared to those who did not (25). Generally, bone strain during walking and
running increases with muscle fatigue (47). Yet, individuals who participate in sports

with multiaxial loading have lower tibial strain and strain rates during a load carriage
compared to runners or healthy military members (48, 49), though it is not clear whether
this is due to differences in bone structure and strength or due to other musculoskeletal
factors. It is possible that the participation in multiaxial physical activity results in greater
soft-tissue strength and endurance, and/or improved neuromotor control, thereby offering
protection from BSI independent of bone properties. Future studies should explore whether
incorporating multiaxial loading activities such as strength training and plyometrics to
uniaxial sports training may mitigate BSI risk.
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Finally, our findings of younger age of first BSI in the = 3 BSI group in conjunction

with their greater participation in uniaxial activity may reflect behaviors consistent with
early sport specialization. Early sport specialization is associated with menstrual dysfunction
and low BMD in adolescent female runners (50, 51). Further, uniaxial loading sports are
often endurance-based sports and commonly associated with low energy availability(52).
Promotion of sports with multi-axial loading, as well as screening for potential tendencies
for low EA and disrupted menses may be important to reduce the risk of low BMD and
multiple BSI. Moreover, special attention should be paid to early BSI as an indicator of both
low EA and future BSI risk.

This study has several limitations. The retrospective design of this study limited our ability
to establish causality. On average, the BSI’s occurred four years prior to enrollment in the
current study, thus it is possible that changes in activity, menstrual status, and/or diet after
the BSI led to different bone density and microarchitecture at study enrollment compared to
when the BSI occurred. It is also possible that we are underpowered to detect differences

in bone microarchitecture between groups. However, given that very few trends towards
significance were observed in our HR-pQCT data, it is unlikely that the lack of differences
between groups is due to low statistical power. The self-reported history of image-confirmed
BSI is another limitation. The terminology used to characterize a BSI (i.e. stress fracture,
stress reaction, or BSI) varies and accordingly the patient interpretation and self-report of
these injuries may not be consistent. However, our grouping of =3 BSIs versus <1 BSI was
intended to ensure different populations within groups from a clinical perspective. Thus,
although the interpretation of diagnosed BSIs may have differed among our subjects, we do
not think it ultimately influenced the group they were assigned to or our overall findings. We
also relied on the accuracy of self-reporting for both menstrual status and physical activity
data as far back as age eleven, which is subject to recall bias. Finally, although we excluded
participants with a medically diagnosed eating disorder, we did not collect data to determine
history of disordered eating, a known risk factor for BSI. Despite these limitations, our study
adds valuable information to the sparse body of literature on risk factors for multiple BSls.
It is one of the few studies to examine the role that these factors, in addition to physical
activity in childhood and adolescence, might play in bone health and BSI risk. Additional
studies that collect this information in real time, vis-a-vis a prospective study design, are
necessary to fully understand the effects of health history and multiaxial loading on bone
health and BSI risk into adulthood.

In summary, our findings suggest that low BMD, a low proportion of multiaxial physical
activity performed and history of amenorrhea distinguish women with a history of multiple
BSI. This work highlights the importance of physical activity variety as well as establishing
and maintaining normal menstrual status during adolescence and young adulthood. From a
clinical standpoint, this information reinforces the importance of screening for and treating
low energy availability and menstrual dysfunction, even prior to onset of low BMD and/or
BSI, as potential early indicators of female athletes at risk for multiple BSls.
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Figure 1.

Mean cumulative hours spent participating in multiaxial, uniaxial, and non-weightbearing
activity during middle school (left) and high school (right) for non-athletes and runners with
a history of < 1 or = 3 BSls. Tp<0.05 compared to = 3 BSI group for total hours physical
activity. *p<0.05 compared to = 3 BSI group for uniaxial physical activity.
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I Non-Athletes
<1BSI

s =3BSIs

Percent of total activity that is multiaxial for middle school (left) and high school (right) for
non-athletes and athletes with a history of < 1 or = 3 BSls. Spearman correlation coefficients

(p) and p-values are shown above each time period.
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Demographics and group characteristics in non-athletes, athletes with a history of <1 BSI, and athletes with a
history of = 3 BSls. Data are provided in mean (SD) or n (%).

Non-Athletes (n=17) <1BSI (n=63) =>3BSI (n=21) p-value

Age 24.2 (1.9) 26.3 (4.6) 24.7 (3.5) 0.10
Height (cm) 162.1(6.2) 164.9 (5.8) 1672 (55% 003
Weight (kg) 61.7 (8.7) 59.3 (6.4) 60.2 (6.9) 0.44
BMI (kg/m?) 234(23) 218 (2.5)" 215022 0.03
Lowest ever reported BMI N/A 19.8 (1.9) 19.3(2.5) 0.35
Tibia Length 358.5 (28.4) 363.2 (19.8) 372.3(22.1) 0.13
Fracture History 4 (23.5%) 18 (28.6%) 10 (47.6%) 0.22
Serum 25-OH Vit D (ng/mL) N/A 34.3(10.8) 35.2 (11.3) 0.75
Current average hours/week of exercise s

Multiaxial 0.0 (0.0) 3.2(3.1) 3.3(5.0) 090"

Uniaxial 0.0 (0.0) 6.0 (4.0) 6.8 (4.7) 049"

Non-weightbearing 0.0 (0.0) 1.1(2.8) 1.2 (2.4) 089"
Age of first BSI (years) 21.1(4.9) 16.4 (3.7) <0.01
Time since most recent BSI (years) 45(3.7) 343.2) 0.09
Average number of BSI per participant 0.4 (0‘5);‘ 42(1.5)

BS! location$
Femur diaphysis
Tibia
Fibula
Metatarsal
Calcaneus
Cuboid
Sesamoid

Sacrum

23 (100%)
2 (8.7%)
8 (34.8%)
6 (26.1%)
5 (21.7%)
1 (4.4%)
0 (0.0%)
1 (4.4%)
0 (0.0%)

89 (100%)
3 (3.4%)
36 (40.5%)
13 (14.2%)
32 (36.0%)
1 (1.1%)
1 (1.1%)
2 (2.3%)
2 (2.3%)

*

Group was significantly different from non-athletes in pairwise comparison

fTest was performed with athlete groups only

t

23 out of the 63 participants reported a history of 1 BSI

§BSI in the sacrum did not count towards eligibility criteria but were not exclusionary for those with = 3 BSls
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Table 2.

Menstrual history in non-athletes, athletes with a history of <1 BSI, and athletes with a history of = 3 BSls.
Data are provided in n (%).

Non-Athletes (n=17) <1BSI(n=63) =3BSI (n=21) p-value

Age of Menarche 0.13

<10 years old 0 (0.0%) 0 (0.0%) 1 (4.8%)
10-12 years old 3 (21.4%) 29 (46.0%) 6 (28.6%)
13-15 years old 10 (71.4%) 31 (49.2%) 11 (52.4%)
>15 years old 1(7.1%) 3 (4.8%) 3(14.3%)

Not reported 3 (21.4%) 0 (0.0%) 0 (0.0%)

Current Menstrual Status 0.49
Hormonal contraceptive user 10 (58.8%) 37 (59.7%) 9 (42.9%)
Eumenorrheic 7 (41.2%) 20 (32.3%) 8 (38.1%)
Oligo-amenorrhoeic 0 (0.0%) 4 (6.5%) 3 (14.3%)
Amenorrhoeic 0 (0.0%) 1(1.6%) 1(4.8%)

History of amenorrhea 1(5.9%) ™ 12 (19.0%) * 10 (47.6%) <0.01

*
Group was significantly different from =3 BSI group in pairwise comparison
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Bone density, size, morphology, microarchitecture, and strength in non-athletes, athletes with a history of <1

BSI, and athletes with a history of = 3 BSls. Data provided are mean (SD) or n (%).

Non-Athletes (n=17) <1BSI (n=63) =>3BSI (n=21) p-value p-value, adjusted
DXA Z-score
Femoral Neck 0.22 (1.69) 0.09 (0.91) -0.08(0.82)  0.69
Total Hip 0.42 (1.17) 0.23 (0.81) 0.05(0.92)  0.46
PA Spine -0.19 (1.06) -0.29 (0.85) -055(1.31)  0.49
DXA Z-score < -1.0
Femoral Neck 4 (23.5%) 7 (11.1%) 3(14.3%) 0.43
Total Hip 0 (0.0%) 2 (3.2%) 2 (9.5%) 0.29
PA Spine 4 (23.5%) 10 (15.9%) * 9(42.9%) 004
Any site 5 (29.4%) 14 (22.2%) 10 (47.6%)  0.08
Density
TtvBMD (mgHA/cm?) 273 (50) 274 (42) 266 (39) 0.74 0.61
Th.vBMD (mgHA/cm?3) 207 (39) 210 (33) 201 (28) 0.58 0.36
Ct.vBMD (mgHA/cm3) 872 (34) 866 (44) 875 (40) 0.56 0.54
Ct.TMD (mgHA/cm3) 931 (29) 929 (32) 927 (32) 0.93 0.92
Size/Morphology
Tt.Ar (mm?) 858 (101) 839 (111) 833 (85) 0.75 0.70
CtAr (mm2) 93.3 (16.8) 88.6 (13.7) 86.0 (16.8)  0.31 0.72
Th.Ar (mm?2) 769 (107) 754 (112) 752 (89) 0.86 0.76
CLAITLATr (%) 11.1 (2.8) 10.7 (2.2) 10.4 (2.4) 0.71 0.97
Ct.Pm (mm) 118.7 (8.6) 117.5 (7.8) 117.3(7.1) 083 0.75
Robustness (mm) 2.40 (0.32) 2.31(0.31) 224(024) 025 0.23
Microarchitecture
Ct.Th (mm) 0.84 (0.19) 0.79 (0.14) 0.78 (0.18) 0.46 0.83
Ct.Po (%) 4.46 (1.59) 4.78 (1.70) 3.88(1.01) 008 0.16
Tb.Th (mm) 0.077 (0.012) 0.084 (0.013)  0.081(0.012)  0.17 0.08
Th.Sp (mm) 0.375 (0.048) 0.398 (0.052)  0.408 (0.061)  0.17 0.36
Th.N (1/mm) 2.23(0.24) 2.10 (0.23) 2.08(0.27)  0.10 0.23
UFEA
Stiffness (kN/mm) 217.8 (42.7) 216.7 (35.8) 208.8(32.9)  0.66 0.50
Failure Load (kN) 111.3 (20.0) 109.8 (16.8) 105.9 (155)  0.58 0.54

7Lp—value adjusted for age and BMI

*
Group was significantly different from =3 BSI group in pairwise comparison
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