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Abstract
CONTEXT—Lower bone density in young amenorrheic athletes (AA) compared to eumenorrheic
athletes (EA) and non-athletes may increase fracture risk during a critical time of bone accrual.
Finite element analysis (FEA) is a unique tool to estimate bone strength in vivo, and the
contribution of cortical microstructure to bone strength in young athletes is not well understood.

OBJECTIVE—We hypothesized that FEA-estimated stiffness and failure load are impaired in
AA at the distal radius and tibia compared to EA and non-athletes despite weight-bearing exercise.

DESIGN AND SETTING—Cross-sectional study; Clinical Research Center

SUBJECTS—34 female endurance athletes involved in weight-bearing sports (17 AA, 17 EA)
and 16 non-athletes (14-21y) of comparable age, maturity and BMI

OUTCOME MEASURES—We used HR-pQCT images to assess cortical microarchitecture and
FEA to estimate bone stiffness and failure load.

RESULTS—Cortical perimeter, porosity and trabecular area at the weight-bearing tibia were
greater in both groups of athletes than non-athletes, whereas the ratio (%) of cortical to total area
was lowest in AA. Despite greater cortical porosity in EA, estimated tibial stiffness and failure
load was higher than in non-athletes. However, this advantage was lost in AA. At the non-weight-
bearing radius, failure load and stiffness were lower in AA than non-athletes. After controlling for
lean mass and menarchal age, athletic status accounted for 5-9% of the variability in stiffness and
failure load, menarchal age for 8-23%, and lean mass for 12-37%.
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CONCLUSION—AA have lower FEA-estimated bone strength at the distal radius than non-
athletes, and lose the advantage of weight-bearing exercise seen in EA at the distal tibia.
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athletes; adolescents; bone strength; stiffness; failure load

Introduction
Adolescence and young adulthood are critical times for bone acquisition [1], with nearly
90% of peak bone mass achieved by age 18 years [2]. Healthy athletes typically have bone
mineral density (BMD) that is 5% to 30% greater than their sedentary counterparts [3, 4].
Maintenance of this elevated BMD could lead to a 50 to 80% fracture risk reduction [4-7].
However, poor nutritional status and impaired menstrual function can attenuate the
beneficial effects of exercise [8, 9].

The female athlete triad of low energy availability, menstrual dysfunction and low bone
mass is a common entity in young female endurance athletes, and up to 24% of adolescent
athletes experience menstrual irregularities [10]. We have reported disordered eating
patterns in up to 62% of teenage amenorrheic athletes (AA) [9], and lower BMD in AA
compared to eumenorrheic athletes (EA) and non-athletic controls [11]. While measurement
of BMD via dual-energy X-ray absorptiometry (DXA) is clinically useful to detect low bone
mass, the microarchitecture of bone, as measured by high-resolution peripheral quantitative
computed tomography (HR-pQCT), may be a better tool to distinguish healthy from
impaired bone, with its ability to measure various cortical and trabecular properties [12].
Additionally, finite element analysis (FEA) applied to HR-pQCT images allows in vivo
estimation of bone strength parameters, such as stiffness and failure load [12], that are
associated with fracture risk [13-16] independent of bone density. For example, in one study
of post-menopausal women, those who fractured had 13-17% lower stiffness at the radius
and tibia than those without a history of fractures, despite similar DXA BMD results [17].

Data from FEA of HR-pQCT have been reported in studies of postmenopausal women, but
these data are not available for young female athletes with amenorrhea compared with EA
and non-athletes [18]. Additionally, the contribution of cortical parameters and porosity to
strength parameters in this population is not known. Semi-automatic analysis of cortical
bone microstructure in HR-pQCT images allows measurements of cortical area, thickness,
porosity and tissue mineral density [19-21]. In older men, increased cortical porosity has
been associated with lower bone strength and higher fracture risk [21, 22].

We recently reported differences in bone microarchitecture among adolescent AA, EA and
non-athletes [23]. At the weight-bearing tibia, both groups of athletes had greater total and
trabecular area than non-athletes, however, trabecular number was lower and trabecular
separation higher in AA compared with the other two groups. At the non-weight-bearing
radius, trabecular bone density was lower in AA than non-athletes. While our findings
demonstrate a more impaired state in AA, microachitecture data alone (unlike FEA) do not
specifically reflect the structural biomechanical properties of bone and its ability to resist
deformation and fracture.

The purpose of our study was to compare cortical microarchitecture and bone strength
parameters, including bone stiffness and failure load, in AA, EA, and non-athletes using
HR-pQCT-derived cortical analysis and micro-finite element analysis. We predicted that
weight-bearing and non-weight-bearing bones of AA would be less stiff and have lower
failure loads than those of EA and non-athletes, despite increased weight-bearing exercise
and normal body weight.
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Subjects and Methods
Subject Selection

We studied 50 girls and young women 14–21 years old for this study (17 AA, 17 EA, and 16
non-athletes). Trabecular bone density and microarchitecture, but not data from cortical and
finite element analysis, have been previously reported for 48 subjects [23]. Subjects were
recruited through medical clinics and advertising in local newspapers and colleges. Inclusion
criteria included a bone age of at least 15 years and body mass index (BMI) between the
10th and 90th percentiles. Amenorrhea (for AA) was defined as the absence of menses for at
least 3 months within a period of oligomenorrhea (cycle length >6 weeks) for at least 6
months, or the absence of menarche at age 16 years or older. Eumenorrhea (for EA and non-
athletes) was defined as at least nine menses (cycle length 21–35 days) in the preceding
year. Median duration of oligoamenorrhea in AA was 30 months.

Athlete enrollment was limited to endurance athletes participating in ≥ 4 hours of aerobic
weight-bearing training of the legs or ≥ 20 miles of running weekly for ≥ 6 preceding
months to minimize variability from type of exercise. These criteria were modified for a
young population based on published data in adult athletes after consultation with exercise
physiologists [24]. Cyclists and swimmers were excluded because their training does not
include true weight-bearing. Rowers and gymnasts were excluded given that these activities
differ in the nature of weight-bearing and impact [25-27]. Nonathletic controls were eligible
if weight-bearing exercise was ≤ 2 hours/week and if they did not participate in organized
team sports. Exclusion criteria included the use of medications affecting bone metabolism
and conditions other than endurance training that may cause amenorrhea (such as premature
ovarian failure, thyroid dysfunction, hyperprolactinemia and polycystic ovarian syndrome).
We have previously reported very low estradiol levels in amenorrheic athletes, supporting
their hypogonadal status [23]. The study was approved by the Institutional Review Board of
Partners HealthCare. Informed consent was obtained from subjects ≥18 years and parents of
subjects < 18 years. Informed assent was obtained from subjects <18 years.

Experimental Protocol
Subjects underwent a complete history and physical examination. Height was measured on a
wall-mounted stadiometer as the average of three measurements, and weight on an
electronic scale. BMI was calculated as weight (in kilograms) divided by height (in meters)
squared. A detailed history of exercise activity was obtained to confirm that endurance
criteria were met. Screening labs were drawn to rule out conditions other than exercise
activity that may cause amenorrhea. Subjects had a hand radiograph to assess bone age. We
used DXA (Hologic 4500; Hologic Inc., Waltham, MA) to assess lean mass, fat mass, and
spine and hip BMD. Spine bone mineral apparent density (BMAD) was calculated using
published methods [28]. Subjects also completed the Bouchard 3-day activity record over
two weekdays and one weekend day to quantify activity levels in athletes and non-athletes
and as a check for athletic inclusion and exclusion criteria. This is a validated method to
assess 24-h energy expenditure [29], and serves as an index of physical activity.

High-resolution peripheral quantitative computed tomography
For subjects meeting inclusion criteria, bone microarchitecture at the distal radius and tibia
(nondominant) was assessed using HR-pQCT (XtremeCT; Scanco Medical AG,
Bassersdorf, Switzerland), as previously described [23]. As trabecular microarchitectural
parameters have been previously reported [23], we only report trabecular bone density in
this paper. Scans were acquired at the distal radius and tibia according to manufacturer’s
protocols. In brief, a 2D scout view was acquired and the first CT slice was acquired 9.5 mm
and 22.5 mm from a reference line that is manually placed at the endplate of the radius and

Ackerman et al. Page 3

Bone. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



tibia, respectively [12]. All subjects were scanned using 60 kVp effective energy and 100 ms
integration time to acquire 110 CT slices (9.02 mm) with an isotropic voxel size of 82 μm3.
The precision for short-term repeated measurements is 0.7–1.5% for bone densities and 2.5–
4.4% for trabecular and cortical microarchitecture. Effective radiation dose was 0.027 mSv
per subject.

Cortical Microstructure and Micro-Finite Element Analysis
In addition to the standard clinical evaluation protocol provided by the HR-pQCT
manufacturer, we also performed detailed cortical bone analysis by a semi-automated
segmentation technique as previously described [19-21, 30]. This technique involves three
stages: (a) segmentation of cortical bone compartment by an auto-contouring process
generating periosteal and endosteal contours; (b) cortical porosity segmentation; and (c)
generation of a refined cortical mask by combining segmented cortical bone and porosity
images. Automatically generated contours were inspected to ensure proper placement of
contours. When the contour visually deviated from the apparent periosteal or endosteal
margin, manual adjustments were performed to the affected region.

Following image segmentation, measures of cortical bone density, geometry, and
microarchitecture were obtained. Percent cortical area was calculated by dividing cortical
area by total area and multiplying by 100. Cortical tissue mineral density (mg/cm3) was
calculated as the mean mineralization of the segmented cortical bone voxels after surface
partial volume suppression. Cortical bone mineral density (mg/cm3) consists of mean
mineralization volume of the cortical compartment volume of interest, yielding apparent
density of the cortex including all pore space. A direct 3D measure of endosteal-periosteal
distance was used to provide apparent cortical thickness (mm), disregarding intracortical
pores. The number of individual pores was counted using component labeling, and average
intracortical pore volume (mm3) calculated as the total volume of pores divided by the pore
number. Cortical porosity (%) was calculated as the volume of intracortical pore space
normalized by the sum of the pore and cortical bone volume. Cortical parameters reported in
this manuscript are derived from this detailed cortical analysis and have not been previously
reported.

We used the 3D HR-pQCT images to perform linear micro-finite element analysis and
calculate apparent biomechanical properties under uniaxial compression, as previously
described [14, 20, 31-34]. In particular, following image segmentation to identify bone from
non-bone voxels, each HR-pQCT bone voxel was converted to a hexahedral finite element
having linear-elastic and isotropic material behavior, with a Young’s modulus and Poisson’s
ratio of 10 GPa and 0.3, respectively. Boundary conditions simulated frictionless uniaxial
compression of the region of interest. Failure load (kN) was estimated by scaling the
resultant load from a 1% apparent compressive strain until 2% of all elements reached an
effective strain > 7000 μstrain, per previously published methods [35]. FEA-derived
estimates of failure load using these methods are strongly correlated (r2 = 0.75) with
experimentally measured failure loads that produce Colles’ fractures in human cadaveric
radii [35]. We also calculated the proportion of load carried by the cortical and trabecular
compartments (%) at the distal and proximal ends of the region of interest. All HR-pQCT
data were acquired on a single instrument by one operator, who performed standard
evaluations (periosteal contouring). All finite element analyses (endosteal contouring) were
also performed by one study investigator blinded to study groups.

Biochemical analysis
We used a chemiluminescent immunoassay to measure fasting 25-hydroxyvitamin D
(DiaSorin, Stillwater, MN; sensitivity 4 ng/ml; intraassay coefficient of variation 2.9–5.5%).
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P1NP was assessed using a RIA (Orion Diagnostics, Espoo, Finland; lower limit of
detection 0.7 mcg/L, intra-assay CV 3.5-5.3%, inter-assay CV 3.6-5.4%), and CTX using an
IRMA (Immunodiagnostics Systems, Fountain Hills, AZ; lower limit of detection 0.02 mcg/
L, intra-assay CV 5.2-6.8%, inter-assay CV 5.6-7.4 %).

Statistical Methods
We used JMP (version 9; SAS Institute, Inc., Cary, NC) for all analyses and report data as
means ± sd. For 3-group comparisons, we performed an overall ANOVA, followed by a
Tukey-Kramer analysis to assess between-group differences while controlling for multiple
comparisons. Significance was defined as a 2-tailed p < 0.05. We used Pearson correlations
to assess associations of cortical microarchitecture measures, trabecular bone density, bone
age, body composition and menarchal age with strength parameters. We also used
multivariate analysis to establish models to derive strength parameters at the distal radius
and tibia using cortical parameters and trabecular bone density. We next performed stepwise
regression modeling with subject group, lean mass and menarchal age entered into the
model to determine independent predictors of strength parameters (p <0.10 to enter and
leave model).

Results
Clinical Characteristics of study subjects are summarized in Table 1.

Levels of P1NP did not differ between groups. However, CTX was higher in both groups of
athletes compared with non-athletes (1101±343, 1191±394 and 872±258 mcg/L; p=0.03).

Cortical Microstructure and Finite Element Analysis
Cortical and finite element analysis comparisons were striking at the weight-bearing distal
tibia (Table 2). Total cross-sectional area was higher in AA and EA than non-athletes, as
was cortical perimeter. However, AA had a lower cortical/total area ratio and lower cortical
thickness. Cortical porosity was higher in both groups of athletes than non-athletes, and AA
specifically had greater average pore diameter compared with non-athletes. Cortical tissue
mineral density did not differ among groups.

FEA demonstrated that EA had greater estimated stiffness (p=0.009) and a higher estimated
failure load (p=0.009) than non-athletes at the tibia (Figure 1). There was no significant
difference in estimates of tibial stiffness and failure load between AA and non-athletes
(p=0.49 and 0.52) nor AA and EA (p=0.13 and 0.12). In addition, the percent load carried by
cortical (versus trabecular) bone both distally and proximally at the tibia was lower in AA
than in non-athletes (p=0.02 at both locations). There were no significant differences in
percent load carried between AA and EA nor EA and non-athletic controls (Table 2).

Differences among groups for cortical microstructure and FEA at the non-weight-bearing
distal radius are also described in Table 2. Although there was no difference among groups
for total cross-sectional area, the ratio of cortical/total area was lower in EA versus non-
athletes, and cortical thickness trended lower in both groups of athletes. FEA estimates of
bone stiffness and failure load were lower in AA compared to non-athletes (Figure 1)
(p=0.04 and p=0.048 respectively), but there were no significant differences between AA
and EA (p=0.16 and 0.17), nor EA and non-athletes (p=0.77 and p=0.81). Figure 2 shows a
3D rendering of von Mises stress from representative μFEA analysis of the distal radius
from an AA, EA and non-athlete.
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Correlations of Estimated Strength Parameters with Cortical Parameters and Trabecular
Bone Density

Table 3 shows associations of FEA-estimated strength parameters with cortical parameters
and trabecular bone density. At both the radius and tibia, cortical area and perimeter were
correlated with FEA estimates of stiffness and failure load. Cortical BMD, weakly predicted
estimated stiffness at the radius only. Trabecular BMD (from HRpCT) predicted estimated
stiffness and failure load at both sites [in contrast to trabecular area, which weakly predicted
estimated stiffness and failure load at the tibia only (data not shown)].

Multivariate Models for Strength Parameters (using Cortical Parameters and Trabecular
Density)

The following prediction models using cortical parameters and trabecular bone density were
derived for FEA-estimated strength parameters using multivariate modeling:

Distal Tibia: Stiffness= -228.796 + 2.177*Cortical perimeter (mm) + 0.849*Cortical area
(mm2) + 0.707*Trabecular BMD (mgHA/cm3)

[R2=0.87; p<0.0001 for entire model and for each covariate]

Distal Tibia: Failure load= -11.122 + 0.111*Cortical perimeter (mm) + 0.043*Cortical
area (mm2) + 0.033*Trabecular BMD (mgHA/cm3)

[R2=0.89; p<0.0001 for entire model and for each covariate]

Distal Radius: Stiffness= -128.252 + 0.958*Cortical perimeter (mm) + 0.781*Cortical area
(mm2) + 0.059*Cortical BMD (mgHA/cm3) + 0.236*Trabecular BMD (mgHA/cm3)

[R2=0.87; p<0.0001 for entire model and for each covariate except cortical BMD (p=0.02)].

Distal Radius: Failure load= -6.053 + 0.050*Cortical perimeter (mm) + 0.039*Cortical
area (mm2) + 0.003*Cortical BMD (mgHA/cm3) + 0.011*Trabecular BMD (mgHA/cm3)

[R2=0.87; p<0.0001 for entire model and for each covariate except cortical BMD (p=0.04)]

Regression Models for Strength Parameters (Using Athletic and Menstrual Status,
Menarchal Age and Lean Mass)

On correlation analysis, lean mass was associated positively with FEA-estimated strength
parameters (stiffness and failure load) at the distal tibia (r=0.57 and 0.60, p<0.0001 for both)
and distal radius (r=0.34 and 0.36, p=0.02 and 0.009). Menarchal age correlated inversely
with stiffness and failure load at the distal radius (r=-0.33 and -0.35, p=0.03 and 0.01).

Table 4 demonstrates regression modeling with subject group (AA, EA or non-athletes),
lean mass and age at menarche entered into the model. At the distal tibia, all three were
independently associated with stiffness and failure load (contributing to 47% and 50% of the
variability respectively), and stiffness and failure load were lower in AA and non-athletes
compared with EA. At the distal radius, subject grouping, lean mass and age at menarche
again predicted both stiffness and failure load (contributing to 43% and 44% of the
variability). Stiffness and failure load were lower in AA versus EA and non-athletes after
controlling for other covariates, and trended lower in EA than non-athletes.
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Discussion
Prior work in older subjects has demonstrated that lower stiffness and failure load as
assessed by FEA [17], and higher cortical porosity as assessed by extended cortical analysis
[21, 22], indicate reduced bone strength and an increased risk of fractures [17]. We report
lower FEA-estimates of stiffness and failure load at the distal non-weight-bearing radius in
amenorrheic athletes compared with non-athletes, and these data suggest that at non-weight-
bearing sites, hypogonadism may lead to reductions in bone strength. We also report that at
weight-bearing sites, eumenorrheic athletes have greater stiffness and failure load than non-
athletes. However, these beneficial effects of weight-bearing exercise on estimated bone
strength might be lost in amenorrheic athletes. These data suggest that weight bearing
activity in adolescents with normal gonadal function likely leads to an increase in bone
strength. However, this advantage at weight bearing sites might be lost in hypogonadal
athletes. As expected, lean mass is a positive determinant, whereas age at menarche is an
inverse determinant of FEA-estimated strength parameters. However, hypogonadism in
athletes might remain an important determinant of estimated strength parameters at non-
weight-bearing bone even after controlling for these covariates. This is the first report, to our
knowledge, of differences in FEA in athletes compared to healthy controls, when stratified
by menstrual status.

Later age of menarche and lower percent body fat in AA versus non-athletes in this study
are likely the result of intensive training in AA and varying degrees of dietary restraint. This
is consistent with prior work by Warren et al., who found a later age of menarche, greater
lean mass, and higher scores on the Eating Attitudes Test in amenorrheic dancers compared
to eumenorreic non-dancers [36]. Higher lean mass and hip BMD in EA compared to non-
athletes illustrates the positive impact of exercise on muscle mass and of site-specific
mechanical loading forces on bone density [37, 38]. The beneficial effect of weight-bearing
exercise on hip BMD was lost in AA, supporting the importance of a normal hormonal
milieu to maximize benefits of weight-bearing exercise on BMD. At the lumbar spine,
where much less weight-bearing occurs, AA had lower BMD than both groups, as measured
by Z-scores and BMAD.

Increased total cross-sectional area and trabecular area observed in athletes at the tibia are
likely a consequence of periosteal expansion due to increased levels of weight-bearing
exercise. Cortical perimeter expands and trabecular area increases to a greater extent than
cortical area. We speculate that lower cortical thickness and percent cortical area in AA than
in non-athletes is a consequence of increased endocortical expansion (i.e. resorption) from
inadequate estradiol, given that estradiol typically inhibits endosteal resorption. However,
levels of CTX, were higher in both groups of athletes compared with non-athletes. Data
from the cortical microstructure analysis are consistent with our findings from trabecular
microarchitectural analysis [23].

In this study, we observed greater cortical porosity in both groups of athletes compared with
non-athletes at the distal tibia, perhaps indicating greater modeling and/or remodeling
activity in the athletes. In men aged 40-70 years old, increased cortical porosity has been
associated with lower bone strength and a higher risk of fractures [21, 22]. However, when
FEA was used to simulate axial compression loading, despite greater cortical porosity in EA,
we observed greater stiffness and a higher failure load at the tibia in these subjects compared
with non-athletes, indicating increased bone strength. It is important to recognize that
although cortical porosity was greater in athletes than non-athletes, the absolute value of
cortical porosity was low, and certainly lower than reported in other studies [22, 39, 40].
Studies suggest that optimal fluid flow within canaliculae and lacunae in the bony cortex is
essential for mechanochemical signal transduction [41, 42], and hydrostatic stress gradients
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within bone, secondary to external dynamic stresses, may be required to initiate positive
bone adaptation [41]. Mechanical loading enhances molecular transport within cortical bone
of the rat tibia [43] and ulna [44]. Importantly, when vascular pores, fluid flow, and element
mechanics are used in FEA computational models of bone, vascular pores within the cortex
of various models significantly alter intracortical pressure and fluid flow [45, 46]. Thus,
while optimal cortical porosity and pore diameter have yet to be determined, enhanced
porosity in athletes compared with non-athletes may enable increased nutrient supply and
optimal cell signaling to withstand bone stresses, eventually leading to periosteal apposition.
Interestingly, although AA (like EA) had increased cortical porosity at the distal tibia
compared with non-athletes, stiffness and failure load did not differ from non-athletes. The
beneficial effects of weight bearing on estimated strength parameters seen in EA were thus
lost in AA. This may be consequent to alterations in other factors that impact bone strength,
such as percent cortical area and thickness, both of which were lowest in AA.

At the non-weight-bearing distal radius, AA had significantly lower stiffness and failure
load than non-athletes, similar to findings at the radius in women with anorexia nervosa
[47]. This is likely because the partially protective effect of exercise on bone strength is not
seen at non-weight-bearing sites in these hypogonadal adolescents and young women.

Using similar techniques of HR-pQCT-derived FEA, Schnackenburg, et al. studied adult
female athletes ages 18-45 years old who had sustained lower extremity stress fractures and
compared their bone density and microarchitecture to age- and sport-matched controls [48].
In their study, the load carried by the cortex at the proximally scanned site was greater in the
stress fracture group [48]. We found that percent load carried by cortical bone proximally
and distally was lower in AA versus non-athletes. While Schnackenburg, et al. did not
stratify by menstrual status, one may speculate that those with stress fractures have a similar
load distribution to AA, as AA are at higher risk for stress fracture [48, 49]. Further work is
needed to help explain this difference.

Cortical area, cortical perimeter, cortical thickness, and trabecular BMD all correlated with
stiffness and failure load at the distal tibia and radius. While cortical area was the strongest
predictor, strong associations of cortical perimeter with stiffness and failure load support the
theory that an increase in bone perimeter in athletes likely enhances moment of inertia and
decreases microdamage from strain [23]. It is unclear why cortical porosity was not
associated with FEA-estimated strength parameters at either site, though the location of the
porosity was not quantified, and pores towards the endocortical surface would have less of a
detrimental mechanical effect than pores towards the periosteal surface. Increased porosity
in athletes may reflect enhanced fluid flow systems that are beneficial to bone by inducing
bone modeling in contrast to post-menopausal women, in whom increased porosity likely
reflects increased bone resorption.

In our prediction models, cortical perimeter, cortical area, cortical BMD, and trabecular
BMD together predicted 87% of both stiffness and failure load at the radius. Similar results
were observed at the tibia, except that cortical BMD was not a significant determinant at that
site. The other three covariates predicted 87% of stiffness and 89% of failure load at the
tibia. That cortical and trabecular BMD are not the strongest predictors of stiffness and
failure load supports prior work in postmenopausal women with ankle fractures. Compared
to post-menopausal women who had similar DXA BMD results, those who fractured had
13-17% lower stiffness at the radius and tibia [17]. Other studies have similarly reported that
estimated strength parameters are strong predictors of fracture risk [14, 21, 34, 50].

On stepwise regression modeling, subject grouping, age of menarche, and lean mass all
predicted FEA-estimated stiffness and failure load at the tibia and radius. Even after
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controlling for lean mass and age at menarche, at the distal tibia, AA and non-athletes had
lower stiffness and failure load than EA. At the radius, AA had lower estimated strength
measures than EA and non-athletes. Because the greatest increases in bone accrual occur
during puberty [51-53], encouraging weight-bearing exercise involving dynamic loading
while building lean mass is important during adolescence. Our results emphasize the
importance of normal menarchal age and cycle maintenance in optimizing bone accrual and
strength.

Limitations of our study include its cross-sectional nature as associations do not prove
causation. We thus look forward to examining prospective data to better explain interactions
of menstrual irregularity and exercise on bone. Additionally, we only included athletes
involved in endurance weight-bearing activities of the legs in this study. Having additional
groups with other types of weight-bearing activity (resistance versus endurance training) at
additional locations (e.g. rowing with its effects on the spine) may help clarify the
associations we have found. Furthermore, the HR-pQCT images, while providing novel
insights into bone microarchitecture, are not of sufficient resolution to identify small cortical
pores that may have negatively impacted bone strength. In addition, our micro-finite element
analyses estimated bone strength for a relatively small region (~ 9 mm in length) of the
radius and tibia, and exercise and gonadal steroids could certainly have influenced other
areas of bone not included in our measurement site. Further, the finite element analyses
assumed that bone tissue has a single material property and thus did not account for spatial
variation in elastic modulus that may have differed among groups. Future studies could
address this by assigning material properties according to the measured tissue mineral
density.

Strengths of the study include our specific criteria for AA, EA, and nonathletes. While our
group of athletes was not robust in its diversity of activity, our strict criteria regarding
weight-bearing endurance exercise of the legs minimizes variability of exercise forces on
upper and lower extremities. We used a narrow age range, allowing the groups to be similar
in both chronological and bone age with minimal deviation.

In conclusion, FEA-modeling suggests that athletic activity is associated with improved
FEA estimated strength parameters, namely greater stiffness and failure load, at the weight-
bearing tibia, but this benefit seems to be lost in amenorrheic (and thus hypogonadal)
athletes. Amenorrhea may be even more detrimental to bone at the non-weight-bearing
radius, where strength parameters are impaired in amenorrheic athletes compared with even
nonathletes. Prospective studies are necessary to determine the best predictors of strength
parameters and fracture risk in athletes.
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Highlights

• Finite element analysis allows estimation of bone stiffness and failure load

• Bone strength estimates were assessed in young, weight-bearing endurance
athletes

• Amenorrheic athletes (AA) have lower bone strength at the radius than non-
athletes

• Eumenorrheic athletes have higher bone strength at the tibia than non-athletes

• In AA, loss of strength at the radius is attenuated at the weight-bearing tibia
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Figure 1.
Stiffness (left) and failure load (right) in amenorrheic athletes (AA) (black bars),
eumenorrheic athletes (EA) (gray bars) and non-athletic controls (white bars) at the distal
tibia and distal radius. Stiffness and failure load at the distal tihia were higher in EA (but not
AA) compared with controls. Stiffness and failure load at the distal radius were lower in AA
(but not EA) compared with controls. * p<0.05
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Figure 2.
3D rendering of von Mises stress from representative μFEA analysis of the distal radius
(left) and distal tibia (right) from an amenorrheic athlete, eumenorrheic athlete and non-
athletic control. Each bone was subjected to a uniform axial compression of 1000 N for the
distal radius and 2000 N for the distal tibia.
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Table 1

Clinical Characteristics of Amenorrheic Athletes, Eumenorrheic Athletes and Non-Athletic Controls

Amenorrheic Athletes Eumenorrheic Athletes Non-athletes p

n = 17 n = 17 n = 16

Chronological age (years) 19.8 ± 1.7 18.5 ± 1.6 19.3 ± 1.2 0.07

Bone age (years) 17.6 ± 0.7 17.5 ± 0.9 17.7 ± 0.9 NS

Age of menarche (years) 14.2 ± 2.4 12.9 ± 1.2 12.1 ± 1.7 0.01a

Height (cm) 166.3 ± 5.6 164.8 ± 6.7 163.2 ± 6.2 NS

Weight (kg) 57.5 ± 7.4 60.2 ± 9.1 57.0 ± 6.1 NS

Body mass index (kg/cm2) 20.8 ± 2.2 22.1 ± 2.2 21.5 ± 2.4 NS

Total fat mass (kg) 12.71 ± 3.55 14.28 ± 3.86 14.70 ± 3.90 NS

Total lean mass (kg) 44.68 ± 5.68 45.59 ± 6.93 40.63 ± 3.23 0.03b

% Body Fat 21.2 ± 4.4 22.8 ± 4.0 25.4 ± 4.8 0.03a

Hip bone mineral density Z-score -0.43 ± 0.94 0.70 ± 1.04 -0.28 ± 0.70 0.002b,c

Lumbar spine bone mineral density Z-score -1.11 ± 1.28 0.10 ± 0.85 0.17 ± 1.21 0.003a,c

Lumbar spine bone mineral apparent density (g/cm3) 0.134 ± 0.016 0.148 ± 0.014 0.155 ± 0.020 0.002a,c

a
Amenorrheic athletes vs. non-athletes p<0.05

b
Eumenorrheic athletes vs. non-athletes p<0.05

c
Amenorrheic athletes vs. Eumenorrheic athletes p<0.05
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Table 4

Stepwise regression model with subject group, age of menarche and lean mass entered into the model

Parameter estimate F ratio P value R2

Distal Tibia Stiffness

Intercept 137.791

Subject grouping (AA and C versus EA) -7.882 4.53 0.04 0.05

Age of menarche (y) -4.118 4.8 0.03 0.08

Lean mass (kg) 3.295 26.1 <0.0001 0.34

Failure Load

Intercept 6.691

Subject grouping (AA and C versus EA) -0.373 4.6 0.04 0.05

Age of menarche (y) -0.197 5.0 0.03 0.08

Lean mass (kg) 0.167 30.3 <0.0001 0.37

Distal Radius Stiffness

Intercept 54.006

Subject grouping (AA vs. EA and C) -3.628 3.3 0.04 0.09

Subject grouping (EA versus C) -4.157 3.7 0.06

Age of menarche (y) -3.158 10.6 0.002 0.12

Lean mass (kg) 1.463 21.1 <0.0001 0.22

Failure Load

Intercept 2.567

Subject grouping (AA vs. EA and C) -0.182 3.4 0.04 0.09

Subject grouping (EA versus C) -0.207 3.8 0.06

Age of menarche (y) -0.148 9.6 0.003 0.23

Lean mass (kg) 0.075 22.8 <0.0001 0.12

AA: amenorrheic athletes; EA: eumenorrheic athletes; C: controls (non-athletes)
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