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ARTICLE INFO ABSTRACT

Keywords: Background: Mechanical loading improves bone mineral density (BMD) and strength while decreasing fracture
Bone accrual risk. Cross-sectional studies show that exercise advantage is lost in oligo-amenorrheic athletes (OA).
Bone mineral density Longitudinal studies examining the opposing effects of exercise and hypogonadism on bone are lacking in
Bone strength adolescents/young adults.

:jﬁ}fscem Objective: Evaluate differences in bone accrual over 12 months in OA, eumenorrheic athletes (EA) and non-
DXA athletes (NA). We hypothesized that bone accrual would be lower in OA than EA and NA, with differences most

pronounced at non-weight bearing trabecular sites.

Methods: 27 OA, 29 EA, and 22 NA, 14-25 years old, completed 12-months of the prospective study. Athletes
were weight-bearing endurance athletes. Subjects were assessed for areal BMD and bone mineral content (BMC)
using DXA at the femoral neck, total hip, lumbar spine and whole body (WB). Failure load (a strength estimate)
at the distal radius and tibia was assessed using microfinite element analysis of data obtained via high resolution
peripheral quantitative computed tomography (HRpQCT). The primary analysis was a comparison of changes in
areal BMD, BMC, and failure load across groups over 12-months at the respective sites.

Results: Groups did not differ for baseline age, height or BMI. Percent body fat was lower in both OA and EA
compared to NA. OA attained menarche later than EA and NA. Over the follow-up period, OA gained
1.9 + 2.7kg of weight compared to 0.5 + 2.4kgand 0.8 + 2.3kg in EA and NA respectively (p = 0.09); 39%
of OA resumed menses. Changes in BMD, BMD Z-scores, and tibial failure load over 12-months did not differ
among groups. At follow up, EA had higher femoral neck, hip and WB BMD Z-scores than NA, and higher hip
BMD Z-scores than OA (p < 0.05) after adjusting for covariates. At follow-up, radial failure load was lower in
OA vs. NA, and tibial failure load lower in OA and NA vs. EA (p < 0.04 for all). Change in weight and fat mass
were associated with changes in BMD measures at multiple sites.

Conclusion: Despite weight gain and menses recovery in many OA during follow-up, residual deficits persist
without catch-up raising concerns for suboptimal peak bone mass acquisition.

Finite element analysis

1. Introduction bone mineral density (BMD) and estimated strength, effects that persist
into adulthood [3,4], with particularly impressive gains during early

Adolescence is a critical time for bone accrual, with site-specific puberty [5,6]. The benefits of moderate-vigorous physical activity on
differences emerging based on gender, nature of exercise activity (bone bone geometry, microarchitecture and strength over the course of
loading or not), and nutritional and hormonal status [1,2]. Children childhood have also been proven [7]. Although early engagement in
and adolescents who engage in bone loading exercise have increased physical activity can improve long-term bone health, additional factors,
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such as undernutrition and hypogonadism, may compromise these
gains.

The expanding platform for female athletic pursuits during recent
decades has been associated with an increased awareness of the Female
Athlete Triad of low energy availability, menstrual dysfunction and low
BMD [8-10], as well as its impact on fracture risk and related morbidity
[10-12]. The Triad has been identified in females at various levels of
competition across a broad range of ages [13-15]. When energy intake
is insufficient to meet the caloric needs of vigorous exercise, luteinizing
hormone (LH) pulsatility is impacted resulting in a decline in estrogen
production, a hormone known to inhibit bone resorption [16]. Thus,
the benefits of exercise activity on bone may be negated by the dele-
terious effects of hypogonadism.

In previous cross-sectional analyses, our studies and those of other
investigators have demonstrated lower areal BMD (aBMD) at the spine,
hip and total body in adolescent and young adult oligomenorrheic
athletes (OA) compared to eumenorrheic athletes (EA) [8-10]. These
deficits appear to be greatest at the lumbar spine; consistent with past
research demonstrating an increased impact of hypoestrogenism at sites
of predominantly trabecular bone [2,8-10,17]. Our studies have also
shown that hypogonadism in athletes results in reduced estimated bone
strength at non-weight bearing sites compared to non-athletes, and a
loss of the beneficial effects of exercise activity at weight bearing sites
observed in normally menstruating athletes [9,10,17]. However, data
thus far are inconclusive regarding bone accrual during the critical
adolescent and young adult years, with some studies indicating per-
sistent deficits on follow-up [18] and others demonstrating the ability
to achieve gains in BMD into the third decade [19,20].

Although recent research has allowed for a more comprehensive
understanding of the timing and pattern of skeletal mineralization in
healthy adolescents [21], longitudinal analyses of bone accrual patterns
in young female athletes with menstrual irregularity are currently
lacking, and are important to ascertain. To address this knowledge gap
and further clarify the site-specific effects of exercise versus hypogo-
nadism on bone, we examined changes in areal BMD using dual energy
x-ray absorptiometry (DXA), and bone strength estimates using micro
finite element analysis (LFEA) (using data derived from high resolution
peripheral quantitative computed tomography (HR-pQCT)) over a year
in adolescent and young adult OA, EA and non-athletes. We hypothe-
sized that bone accrual would be lower in OA compared to EA and non-
athletes, with differences being most pronounced at non-weight bearing
sites and sites of predominantly trabecular bone [2,8-10,17].

2. Participants and methods
2.1. Study design

This was a longitudinal observational study examining changes in
areal BMD and strength estimates in 78 young women (27 OA, 29 EA
and 22 non-athletes) 14-25 years old over 12 months. Our Institutional
Review Board approved the study. Participants = 18 years old, and
parents of participants < 18years old signed informed consent.
Informed assent was obtained from participants < 18 years old.

2.2. Participant selection

Participants were recruited through referrals from medical clinics,
and approved advertisements within the hospital and in college cam-
puses and websites. All participants had a BMI between the 10th and
90th percentiles for age. Potential participants were excluded if they
had taken medications (other than calcium and vitamin supplements)
that may affect bone metabolism, such as combined oral contraceptives,
Depo Provera, anabolic steroids, glucocorticoids or anticonvulsants, in
the preceding three months, or had been diagnosed with conditions
known to impact bone health, such as hypothyroidism, hyperthyr-
oidism, diabetes mellitus, hypercortisolism, and renal or
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gastrointestinal disease. None of the participants had active anorexia
nervosa. A past history of an eating disorder was present in 22.2, 6.9
and 0% of OA, EA and non-athletes respectively.

2.2.1. Menstrual status

Oligo-amenorrhea was defined as absence of menses for =3 months
within a period of oligomenorrhea (cycle length > 6 weeks) for
=6 months preceding study participation, or the absence of menarche
at 15years of age. Other causes of menstrual irregularity or absence,
including pregnancy, primary ovarian insufficiency, hyperprolacti-
nemia, thyroid dysfunction, and conditions of androgen excess (in-
cluding polycystic ovarian disease) were ruled out in OA. In both EAs
and non-athletes, eumenorrhea was defined as =9 menses in the
12 months preceding study enrollment. Gynecologic age was defined as
chronologic age in years minus the age at menarche and reflects the
time of exposure to gonadal hormones at levels expected in mature
females.

2.2.2. Athletic status

Athletic status was assessed through a detailed history of types of
activity that participants engaged in (both weight-bearing and non-
weight bearing), and the duration of such activities per week over the
preceding 6- and past 12-months, as well as earlier years. Inclusion
criteria for athletes included =4h of aerobic weight-bearing activity
and/or =20 miles/week of running for =6 months in the preceding
year. Cyclists, swimmers, gymnasts and rowers were excluded from
participation to minimize variations in weight-bearing activity. Most of
the athletes recruited for this study were runners. Non-athletes were
eligible if their weight-bearing activity was < 2h/week and they did
not participate in organized team sports.

We screened 140 adolescents and young women 14-25 years old for
the OA arm, of whom 121 met inclusion criteria for OA and consented
for participation in a larger randomized controlled trial. Only OA par-
ticipants randomized to the no-intervention arm in this trial (n = 38)
with data available for both the baseline and 12-month visit (n = 27)
were included in the OA group for this study. Similarly, 59 EA and 57
non-athletes were screened, of whom 43 EA and 39 non-athletes con-
sented for participation in the prospective study. Eleven OA, 14 EA and
17 non-athletes dropped out of the study over the 12-month period.
Participants with data available for most endpoints at both baseline and
12-months were included in this analysis. This included 27 OA, 29 EA
and 22 non-athletes for DXA data and 26 OA, 29 EA and 21 non-athletes
for micro FEA data.

2.3. Study procedures

Bone age was assessed with an x-ray of the non-dominant hand
using the methods of Greulich and Pyle in those 21 years old and
younger at the baseline visit [22]. Height and weight (measured by
Clinical Research Center dieticians on the same instrument at each
visit), BMI, menstrual and athletic status, calcium and vitamin D intake
(using validated questionnaires), and serum levels of calcium and vi-
tamin D were documented at baseline and 12-months follow-up. Self-
reported race was noted at baseline. All OA were counseled at each visit
by Clinical Research Center dieticians and study physicians about in-
creasing caloric intake to improve energy availability. All participants
were provided with calcium and vitamin D supplements (500 mg ele-
mental calcium and 600-20001U of vitamin D daily depending on
baseline levels) to ensure that they were calcium and vitamin D replete.
A subset of 21 OA, 18 EA and 16 non-athletes completed four-day food
records (three weekdays and one weekend day) at both baseline and
follow-up visits; data for total calorie, carbohydrate, fat and protein
intake were assessed using the Minnesota Nutrition Data System soft-
ware [23].
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2.3.1. Biochemical analysis

An immunochemiluminometric assay was used to measure 25 (OH)
vitamin D (LabCorp Esoteric Testing, Burlington, NC; sensitivity 4.0 ng/
ml; intraassay coefficient of variation 4.8-7.7%). A colorimetric assay
was used to measure calcium (LabCorp Automated Chemistry, Raritan,
NJ; sensitivity 0.8 mg/dl; intraassay coefficient of variation 0.9-3.0%).

2.3.2. Areal bone mineral density assessment

DXA (Hologic QDR-Discovery A, Apex software version 13.3;
Hologic Inc., Waltham, Massachusetts) was used to assess spine, total
hip, femoral neck, and whole body bone mineral content (BMC) and
BMD, as well as body composition at baseline and follow-up. We chose
to report changes in areal BMD and BMC over time because these are
bone measures assessed in clinical settings, and recommended for
clinical reporting in adolescents by the International Society of Clinical
Densitometry (ISCD) [24]. The ISCD recommends reporting spine and
whole body less head (or whole body) BMD and BMC in children/
adolescents, and spine/femoral neck BMD in adults. Because our age
range spanned adolescence and adulthood, we chose to report lumbar
spine, femoral neck and whole body measures. We do not report whole
body less head measures as normative data for whole body less head
were not available past 20years in the longitudinal bone mineral
density in childhood study. BMD Z-scores were calculated against the
pediatric standard database (applicable for those 20 years old and
younger) for subjects < 19years old at baseline, to ensure that the
same database could be used for follow-up assessments over 12-months.
For participants who were =19 years old at baseline, Z-scores were
generated using the adult standard database. Up to two participants in
each group (27 OA, 29 EA and 22 non-athletes) had missing data for
some, but not most, DXA measures at follow-up, and were thus included
in the analyses. Percent fat and lean mass are reported (rather than
absolute values) because weight did not significantly differ among
groups. The coefficients of variation for BMD, fat mass, and lean mass
for this software are 0.8% to 1.1%, 2.1%, and 1.0%, respectively at our
institution. The same scanner and software version were used for all
participants and for longitudinal assessments.

2.3.3. High resolution peripheral quantitative computed tomography
(HRpQCT) and micro-finite element analysis (UFEA)

HRpQCT (XtremeCT; Scanco Medical AG, Bassersdorf, Switzerland)
was performed at the distal radius and distal tibia to assess micro-
architecture of bone. These scans were obtained at the non-dominant
wrist and leg, except in cases of a fracture history in which the con-
tralateral extremity was used. Manufacturer's protocols were followed,
including acquisition of a 2D scout view followed by CT slices obtained
9.5mm and 22.5mm from a reference line manually placed at the
endplate of the radius and tibia, respectively [25]. Scans used 60 kVp
effective energy and 100 ms integration time, obtaining 110 CT slices
(9.02 mm) with an isotropic voxel size of 82 um3 [9]. Semiautomated
software was used to segment cortical and trabecular regions.

UFEA estimates the biomechanical properties of bone in the setting
of simulated axial compression using 3D HRpQCT images (26). A linear
axial compression test was simulated on each image using a 1% axial
strain, Young's modulus of 10,000MPa, and a Poisson's ratio of 0.3.
Finite element software (Scanco Medical AG) was used to estimate
failure load (kN) based on 2% of the elements exceeding 7000 micro-
strain [27]. uFEA-derived estimates of failure load are strongly corre-
lated (r* = 0.75) with experimentally measured failure loads that pro-
duce Colles' fractures in human cadaveric radii [26], as well as incident
fractures in older men [28], and were available for analyses in 26 OA,
29 EA and 21 non-athletes. We chose to report changes in failure load
rather than bone microarchitecture, because changes in failure load
reflect the cumulative clinical impact of changes in different aspects of
bone microarchitecture over time. Up to two baseline and follow up
values were excluded due to motion artifact and decreased scan quality.
Only failure load is reported in this paper, as data for stiffness typically
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follow similar patterns.

Motion artifact was graded manually by the technician as follows:
1 = excellent, no motion artifact; 2 = good, limited motion artifact;
3 = severe motion artifact. All scans with a score of 3 were excluded
from the analysis. Reproducibility for repeated measurements is 2.1 to
3.0% for yFEA measures.

2.4. Statistical methods

We used JMP (version 12; SAS Institute, Inc., Cary, NC) for all
analyses. Data are presented as means = SEM or median (interquartile
range) depending on data distribution. Categorical variables, such as
race (white, black, Asian, other) were summarized using percentages
and compared using Fisher's Exact test. The Shapiro-Wilk test for nor-
mality was performed for continuous variables. For comparisons among
OA, EA and non-athletes, if variables were normally distributed, we
conducted an overall ANOVA, whereas for those not normally dis-
tributed, we used the Kruskal Wallis test, followed by the Tukey-Kramer
test or Steel-Dwass test respectively to assess between group differences
while controlling for multiple comparisons. Changes in bone endpoints
were calculated as the difference between measurements at 12-months
follow-up versus baseline, and compared across groups.

We report the findings of unadjusted analyses, as well as analyses
adjusted for age, race and height (Model 1), and for age, race, height
and weight changes over time (Model 2) (using multivariate analysis;
ANCOVA). The first model included age, race and baseline height, as
these are known factors that impact BMC, areal BMD, and bone mi-
croarchitecture (and therefore strength estimates) [11,29] regardless of
athletic activity and menstrual status. We did not add menarchal age in
the model because this is directly impacted by the intensity of athletic
activity in the context of nutritional intake [9,30-32], and adding this
covariate to the model has the potential to mask differences across
groups that stem from differences in energy availability. The second
model also included weight changes over 12-months, as this is a po-
tential important determinant of bone accrual over time [33,34]. We
assessed correlations (Pearson's) of changes in body weight, fat mass
and lean mass, and calcium and vitamin D levels over time with
changes in bone endpoints (as these covariates are also known to im-
pact bone accrual and mineralization), with the intent to control for
those covariates that are significantly associated in the multivariate
model, taking collinearity into consideration.

In addition to the primary analysis (comparison of changes in areal
BMD and BMC across groups), we also report differences among groups
in failure load at the respective sites at 12-months as secondary ana-
lyses, as this reflects whether bone accrual observed over 12-months led
to an improvement, no change, or worsening of differences among
groups in this parameter at the end of the study period (i.e. the impact
of 12-months of bone accrual on bone strength surrogates). Significance
was defined as a two-tailed p < 0.05.

3. Results
3.1. Baseline clinical characteristics

Baseline clinical characteristics for the groups are represented in
Table 1, and have been previously reported for a subset [9,10].
Chronologic age, bone age and gynecologic age did not differ among
groups. Age of menarche was higher in OA compared to EA and non-
athletes. Height, weight and BMI were not statistically different among
groups. However, percent body fat was lower and percent lean mass
higher in OA and EA compared to non-athletes. By study design, ac-
tivity hours were lowest in non-athletes, with no difference between OA
and EA groups. Serum vitamin D levels were higher in OA compared to
EA and non-athletes. The difference in the racial distribution of the
groups was of borderline significance. Among the OA, 39.1% resumed
menses at 12-months (defined as >3 menses in the preceding
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Table 1

Baseline and follow-up clinical characteristics of oligo-amenorrheic athletes (OA), eumenorrheic athletes (EA) and non-athletes (NA).
Characteristics OA (N =27) EA (N = 29) NA (N = 22) p value
Age (years) 19.2 £ 0.5 19.2 = 0.5 19.7 * 0.6 0.73
Number of participants < 18 years/ > 18 years old 11/16 15/14 10/12 0.68
Menarchal age (years) 13.6 + 0.3 12.4 = 0.3 12.4 + 0.3 0.004>"
Race Wh (89%), As (4%), Oth Wh (79%), As (7%), Bl (4%), Oth Wh (50%), As (23%), Bl (14%), Oth 0.05

(7%) (10%) (14%)

Total exercise activity (hours/week)-0M 10.0 + 1.0 10.7 = 0.9 1.0 = 0.4 < 0.0001"°¢
Total exercise activity (hours/week)-12M 8.5 = 0.9 7.9 = 1.0 0.8 = 0.3 < 0.0001"¢
A total exercise activity (hours/week) -1.4 = 1.0 -28 £ 1.1 -0.2 = 0.2 0.17
Height (m)-0M 1.63 += 0.01 1.65 = 0.01 1.65 *= 0.02 0.54
Height (m)-12M 1.63 += 0.04 1.66 = 0.07 1.65 += 0.07 0.43
A height (m) 0.003 += 0.005 0.001 + 0.005 0.004 + 0.005 0.28
Weight (kg)-OM 55.4 + 1.1 60.1 + 1.7 59.2 + 2.1 0.09¢
Weight (kg)-12M 57.3 = 1.1 60.7 = 1.7 59.9 = 2.2 0.31
A weight (kg) 19 + 0.5 0.5 = 0.5 0.8 = 0.5 0.09
BMI (kg/mz)-OM 20.80 = 0.33 21.96 += 0.48 21.69 * 0.51 0.14
BMI (kg/mz)-l2M 21.45 *= 0.35 22.18 = 0.46 21.87 = 0.57 0.51
A BMI (kg/mz) 0.66 *+ 0.19 0.22 = 0.17 0.17 = 0.18 0.11
Fat mass (%)-OM 25.6 = 0.7 27.4 = 0.7 30.7 = 1.0 0.0001>¢
Fat mass (%)-12M 26.6 = 0.8 27.4 = 0.9 309 = 1.0 0.006"¢
A fat mass (%) 1.04 = 0.47 0.05 = 0.44 0.15 *+ 0.43 0.22
Lean mass (%)-0M 709 = 0.7 69.1 = 0.7 65.8 = 0.9 < 0.0001"
Lean mass (%)-12M 69.6 = 0.9 69.0 = 0.9 65.6 = 1.0 0.009"¢
A lean mass (%) —-1.27 + 0.57 —0.08 = 0.42 —0.15 = 0.41 0.15
Vitamin D intake (IU/day) 263 (109-823) 219 (125-525) 191 (132-363) 0.78
Serum vitamin D (ng/ml)-OM 36.5 =+ 1.8 29.1 + 2.0 246 = 2.4 0.0005*"
Serum vitamin D (ng/ml)-12M 38.2 + 1.8 30.8 + 1.4 31.3 + 1.9 0.003*"
A serum vitamin D (ng/ml) 2.4 (-1.1-6.3) 1.1 (-3.1-6.2) 8.7 (0.98-14.1) 0.03¢
Calcium intake (mg/day) 1104 (840-1934) 1184.0 (903-1455) 1068 (701-1440) 0.47
Serum calcium (mg/dl)-OM 9.4 + 0.1 9.2 = 0.1 9.0 = 0.1 0.03°
Serum calcium (mg/dl)-12M 9.4 + 0.1 9.5 = 0.1 9.5 + 0.1 0.74"
A serum calcium (mg/dl) 0.01 = 0.08 0.30 = 0.12 0.48 = 0.10 0.005"

Mean + SEM or median (interquartile range).

p values > 0.10 for differences between groups after controlling for multiple comparisons are not reported.

Oligo-amenorrheic athletes: OA; eumenorrheic athletes: EA; non-athletes: NA.

Superscripts indicate significant differences (p < 0.05) or trends (p value between 0.05 and 0.10) between pairs of groups after adjusting for multiple comparisons.

? p < 0.05 OA vs. EA.
b p < 0.05 OA vs. NA.
¢ p < 0.05 EA vs. NA.
4 p < 0.10 OA vs. EA.
€ p < 0.10 OA vs. NA.
fp < 0.10 EA vs. NA.

6 months).

Over the 12-month follow-up period, the groups did not differ for
changes in height, weight, BMI, percent fat mass, percent lean mass and
total exercise activity. OA who resumed menses did not differ sig-
nificantly from those who did not resume menses for changes in height,
weight, BMI, percent fat mass or percent lean mass over time, or for
exercise activity at baseline or 12-months (data not shown).

During the follow-up period, vitamin D levels increased more in the
non-athletes compared to the OA and EA groups, and calcium levels
increased more in the non-athletes compared to OA. In a subset of 21
OA, 18 EA and 16 non-athletes who completed food records at both
baseline and follow-up, total caloric and fat intake did not differ across
groups at baseline or follow-up, or for change over time (data not
shown). OA who resumed menses did not differ from those who did not
resume menses for baseline caloric and fat intake, but trended to have
greater caloric and fat intake at 12-months (p = 0.06 for both).

3.2. Areal bone mineral content and density

Baseline and 12-month areal bone measures and changes over a
year are shown in Table 2. Fig. 1A shows changes in BMD Z-scores over
12-months at the various sites. At the femoral neck, BMC, BMD and
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BMD Z-scores were higher in EA than non-athletes at baseline and 12-
months on both unadjusted analyses and after adjusting for covariates
(age, race and height), with no differences among groups for changes in
these measures over time. 12-month BMC, BMD and BMD Z-scores were
lower in OA vs. EA; these differences became a trend (p < 0.1) for
BMC and BMD Z-scores, but remained significant for BMD after con-
trolling for covariates.

At the total hip, at baseline as well as 12-months, BMC was higher in
EA than in non-athletes, while BMD and BMD Z-scores were higher in
EA than in both OA and non-athletes (both unadjusted and adjusted
analyses). The groups did not differ for changes in BMC, BMD and BMD
Z-scores over time.

In contrast to previous studies, lumbar spine BMD and BMD Z-scores
did not differ among OA, EA and non-athlete groups at baseline or 12-
months, or for changes over time. Lumbar spine BMC was lower in OA
vs. EA at 12-months and trended lower after adjusting for covariates.

For total body measures, BMC was higher in EA compared to OA
and non-athletes at baseline and 12-months on adjusted analysis, while
BMD and BMD Z-scores were higher in EA compared to non-athletes
after adjusting for age, race and height. Total body BMD Z-score was
also higher in EA compared with OA at baseline on unadjusted and
adjusted analysis; however, this difference became a trend at follow-up.
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Table 2
DXA and finite element analysis characteristics at baseline and 12-months, and changes over 12-months in oligo-amenorrheic athletes (OA), eumenorrheic athletes
(EA) and non-athletes (NA).

DXA measures Oligo-amenorrheic athletes Eumenorrheic athletes Non-athletes p p* p**
DXA measures N =27 N=29 N=22

FN BMC-OM (g) 4.17 = 0.11 4.50 = 0.10 4.04 = 0.13 0.02¢ 0.006°

FN BMC-12M (g) 4.21 = 0.10 4.58 + 0.10 4.06 = 0.12 0.003"¢ 0.002%¢

A FN BMC () 0.05 + 0.04 0.08 = 0.04 0.02 = 0.05 0.56 0.68 0.61

FN BMD-OM (g/cm?) 0.84 = 0.02 0.91 = 0.02 0.82 = 0.02 0.004"¢ 0.002°¢

FN BMD-12M (g/cm?) 0.85 + 0.02 0.92 + 0.02 0.82 = 0.02 0.0017¢ 0.0007%¢

A FN BMD (g/cmz) 0.004 + 0.006 0.011 * 0.007 0.003 = 0.004 0.56 0.61 0.42

FN BMD Z-SCORE-OM -0.16 = 0.17 0.37 + 0.16 -0.53 = 0.17 0.002°¢ 0.002%¢

FN BMD Z-SCORE-12M -0.17 = 0.18 0.41 * 0.15 -0.56 = 0.18 0.0006™¢ 0.0007¢

A FN BMD Z-SCORE —0.019 = 0.063 0.041 + 0.065 0.02 = 0.048 0.77 0.73 0.48

HIP BMC-OM (g) 32.39 * 0.72 34.68 + 0.87 31.03 + 0.98 0.01°¢ 0.009°

HIP BMC-12M (g) 32.74 *+ 0.68 34.89 + 0.80 31.21 = 0.99 0.009° 0.008°

A HIP BMC (g) 0.350 * 0.212 0.209 + 0.214 0.173 = 0.217 0.83 0.94 0.81

HIP BMD-OM (g/cmz) 0.97 + 0.02 1.04 = 0.02 0.95 + 0.02 0.002*¢ 0.002*¢

HIP BMD-12M (g/cmz) 0.98 = 0.02 1.05 = 0.02 0.95 = 0.02 0.0004*¢ 0.0003™¢

A HIP BMD (g/cm?) 0.011 + 0.0.006 0.015 + 0.003 0.004 + 0.004 0.24 0.45 0.41

HIP BMD Z-SCORE-OM 0.16 = 0.17 0.73 = 0.16 —-0.23 = 0.17 0.0006"¢ 0.001*¢

HIP BMD Z-SCORE-12M 0.17 = 0.16 0.80 = 0.15 -0.22 = 0.17 0.0001*¢ 0.00027¢

A HIP BMD Z-SCORE 0.015 + 0.054 0.069 + 0.032 0.011 + 0.030 0.53 0.57 0.31

L BMC-OM (g) 52.97 * 2.01 58.78 + 1.80 57.36 = 1.79 0.07¢ 0.13

L BMC-12M (g) 53.48 + 1.92 59.89 + 1.70 58.61 + 1.79 0.03" 0.07¢

A L BMC (g) 0.516 + 0.358 1.119 = 0.351 0.993 + 0.340 0.43 0.27 0.17

L BMD-OM (g/cm?) 0.94 + 0.02 0.98 + 0.02 0.97 = 0.03 0.33 0.27

L BMD-12M (g/cmz) 0.95 = 0.02 1.00 = 0.02 0.98 + 0.02 0.18 0.16

A L BMD (g/cm?) 0.008 = 0.005 0.017 + 0.005 0.007 = 0.006 0.30 0.34 0.17

L BMD Z-SCORE-OM —0.60 = 0.20 -0.21 = 0.16 -0.51 = 0.22 0.31 0.20

L BMD Z-SCORE-12M —-0.62 = 0.20 —-0.15 = 0.16 —-0.51 = 0.21 0.16 0.11

A L BMD Z-SCORE —0.019 + 0.049 0.066 + 0.042 0.025 = 0.069 0.48 0.46 0.32

TB BMC-OM (g) 1992.1 + 41.7 2191.3 = 45.3 2096.9 = 83.2 0.04° 0.01%¢

TB BMC-12M (g) 2027.0 = 40.4 2223.4 * 44.6 2110.2 * 86.1 0.04" 0.006™¢

A TB BMC (g) 34.91 * 10.56 32.04 + 13.14 6.38 = 10.05 0.21 0.35 0.54

TB BMD-OM (g/cmz) 1.04 = 0.01 1.09 = 0.01 1.05 = 0.02 0.048‘7I 0.004°

TB BMD-12M (g/cm?) 1.05 = 0.01 1.10 = 0.01 1.05 = 0.02 0.03%f 0.001%¢

A TB BMD (g/cm?) 0.010 + 0.004 0.006 + 0.004 —0.006 = 0.005 0.03" 0.14 0.10°

TB BMD Z-SCORE-OM —-0.60 = 0.18 0.03 = 0.19 -0.72 = 0.19 0.01%¢ 0.0027¢

TB BMD Z-SCORE-12M —0.58 = 0.17 —0.04 = 0.18 —0.89 = 0.19 0.005°¢ 0.0005¢

A TB BMD Z-SCORE 0.015 + 0.053 —0.072 = 0.049 —0.157 = 0.061 0.10° 0.10° 0.06°
Micro FEA measures N =26 N=29 N=21

Radius failure load-OM (kN) 3.59 * 0.15 3.88 = 0.13 3.96 = 0.17 0.17 0.33

Radius failure load-12M (kN) 3.61 = 0.13 3.89 + 0.12 4.12 = 0.16 0.04° 0.22

A radius failure load (kN) 0.03 + 0.0.04 0.01 = 0.04 0.16 = 0.08 0.12 0.02°¢ 0.02°¢

Tibial failure load-OM (kN) 10.98 = 0.30 11.95 = 0.36 10.68 = 0.41 0.04¢ 0.02¢

Tibial failure load-12M (kN) 10.98 = 0.29 12.13 = 0.36 10.76 = 0.37 0.01*¢ 0.006°¢

A tibial failure load (kN) 0.00 + 0.0.06 0.18 = 0.06 0.08 = 0.09 0.16 0.13 0.24

p*: controlled for age, race and height.
p**: controlled for age, race, height and weight changes over 12 months.
Oligo-amenorrheic athletes: OA; eumenorrheic athletes: EA; non-athletes: NA.
Mean = SEM or median (interquartile range); Superscripts indicate significant differences (p < 0.05) or trends (p < 0.10) between pairs of groups after adjusting
for multiple comparisons.

@ p < 0.05 OA vs. EA.

b b < 0.05 OA vs. NA.

¢ p < 0.05 EA vs. NA.

4 p < 0.1 OA vs. EA.

€ p < 0.1 OA vs. NA.

f'p < 0.1EAvs. NA.
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Fig. 1. Change in bone mineral density (BMD) Z-scores at various sites (A) and in failure load at the distal radius and tibia (B) over 12-months in oligo-amenorrheic
athletes, eumenorrheic athletes and non-athletes. The groups did not significantly differ for changes in BMD Z-scores or failure load over time.

Changes in total body measures over 12-months did not differ among
groups after adjusting for covariates, but trended lower in OA vs. EA.

3.3. Microfinite element analysis for strength estimates

Fig. 1B show changes in failure load over 12-months at the distal
radius and tibia in the OA, EA and non-athletes. At the non-weight-
bearing radius, at 12-months, OA had lower mean failure load than
non-athletes; however, this difference was no longer significant after
controlling for covariates. However, over the 12-months, increases in
failure load at the radius were higher in non-athletes than EA, and
trended higher than in OA after adjusting for covariates. At the weight-
bearing tibia, non-athletes had lower failure load than EA on both
unadjusted and adjusted analyses at baseline and 12-months. Failure
load was lower in OA than EA at 12-months on unadjusted analysis, and
became a trend after controlling for covariates. The change in tibial
failure load over 12-months did not differ among groups.

3.4. Predictors of changes in BMD and failure load over 12-months

For the group as a whole, changes in body weight over 12-months
were associated with changes in BMD at the femoral neck, total hip and

310

lumbar spine (r = 0.23, 0.27 and 0.25; p = 0.046, 0.020 and 0.029
respectively) (Fig. 2A and B). Changes in lean mass were not associated
with changes in BMD at any site. Change in fat mass were associated
with changes in BMD at the femoral neck and total hip (r = 0.24 and
0.23, p = 0.032 and 0.043 respectively). Changes in calcium and vi-
tamin D levels were not associated with changes in BMD. A younger
baseline age was associated with greater bone accrual at the lumbar
spine and greater increases in failure load at the distal tibia and radius
(Fig. 3). However, this association was not observed at the femoral
neck, total hip and total body (data not shown).

Within OA, increases in weight were associated with increases in
radial failure load (r = 0.40, p = 0.04). Within EA, positive associa-
tions were noted between weight changes and changes in BMD at the
femoral neck, total hip and lumbar spine (r = 0.40, 0.49 and 0.53,
p = 0.037, 0.009 and 0.004 respectively) and of changes in fat mass
with changes in BMD at the femoral neck, total hip and lumbar spine
(r = 0.39, 0.47 and 0.38, p = 0.035, 0.011 and 0.042 respectively).
These associations were not observed in non-athletes. In a multivariate
model, adding weight changes to the model did not significantly change
our findings for changes in bone measures over time shown in Table 2.
We did not adjust for changes in fat mass in our model, given the col-
linearity of this variable with change in body weight.
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Fig. 2. A: Associations of changes in weight with changes in BMD in oligo-amenorrheic athletes (open squares), eumenorrheic athletes (open circles) and non-athletes
(open triangles). A positive association was observed between changes in weight and changes in BMD over 12-months.

B: Associations of changes in percent body fat with changes in BMD in in oligo-amenorrheic athletes (open squares), eumenorrheic athletes (open circles) and non-
athletes (open triangles). A positive association was observed between changes in percent body fat and changes in femoral neck and total hip BMD over 12-months.

4. Discussion

In this prospective, observational study of adolescent and young
adult oligomenorrheic athletes (OA), eumenorrheic athletes (EA) and
non-athletes, we demonstrate that bone accrual does not differ across
groups over a 12-month period, and ‘catch-up’ does not occur in OA for
bone endpoints over time. Further, we demonstrate greater BMC and
areal BMD measures at the femoral neck, total hip and whole body at
baseline in normally cycling athletes compared to non-athletes, and a
persistence of these effects over time. In contrast, these effects are not
observed in OA, who do not differ from non-athletes for these endpoints
at baseline or follow-up. Further, OA fare worse than EA for total hip
BMD and BMD Z-scores and total body BMC and BMD Z-scores at
baseline, and for femoral neck BMD, total hip BMD and BMD Z-scores as
well as for total body BMC at follow-up.

An increase in BMC and BMD with mechanical loading is an adap-
tive mechanism to offset the risk of fracture from this increased load on
bones. The absence of this effect in OA is concerning, and suggests that
hypogonadism either negates the effect of weight bearing activity on
bone, or prevents the effect of the mechanostat on bone. In fact, some

have suggested that normal estrogen levels may be permissive for the
activation of the mechanostat with bone loading activity. Although
bone accrual rates did not differ among groups in our study, no catch-
up occurred over time in the OA group, and they continued to lag in EA
for many measures despite ongoing counseling to optimize caloric in-
take, and menses resumption in almost 40% of participants over the
study duration. It is possible that a longer duration is necessary to ob-
serve an impact of menstrual recovery on bone accrual rates. Further,
because the potential for bone accrual decreases with increasing age (as
was also evident in Fig. 3), menstrual recovery may be less effective in
increasing bone accrual and allowing for catch-up in older adolescents
and young adults vs. younger adolescents. Regardless, these data sug-
gest that compromised bone endpoints in OA are likely to persist or
even worsen over time, increasing their risk of fracture in relation to
ongoing physical activity. This is consistent with the known risk of
stress fractures in OA compared with EA and non-athletes. In one study,
we found that 27% of OA compared with 3% of EA and 0% of non-
athletes had a prevalent history of stress fracture [30].

Micro FEA derived strength estimates are a good indication of
fracture risk [28], and in this study, we assessed changes in failure load
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Fig. 3. Change in BMD at the spine, and in failure load at the distal radius and
tibia over 12-months in relation to age at baseline visit in oligo-amenorrheic
athletes (open squares), eumenorrheic athletes (open circles) and non-athletes
(open triangles). Younger age was associated with greater increases in these
measures over 12-months.

at a weight-bearing site (distal tibia), and a non-weight bearing site
(distal radius). A higher failure load suggests greater estimated bone
strength. Tibial failure load was higher in EA than non-athletes at
baseline and remained higher at follow-up, whereas OA did not differ
from non-athletes for tibial failure load. Higher failure load in EA is
consistent with the expected effect of mechanical loading at a weight-
bearing site, and an adaptive effect to reduce the risk of fracture as-
sociated with increased mechanical loading on bone from such activity
(including repetitive impact in runners). However, the absence of this
adaptive effect in OA is problematic, and may account for the higher
risk of stress fractures in lower extremity bones observed in OA com-
pared with EA and non-athletes [30]. Changes in tibial failure load did
not differ significantly across groups over time, though numerically
changes were greater in EA than the other groups at this weight-bearing
site. A larger sample may have resulted in a statistically significant
difference across groups for this endpoint given that athletes engaged in
weight-bearing sports would be expected to have an increase in bone
strength over time at weight-bearing sites. Alternately, it is possible that
gains in bone strength are more likely at younger ages when bone ac-
crual rates are higher (during the perimenarchal years [35]) than in late
adolescence when bone accrual rates decrease. This may have masked
differences among groups for changes in failure load at the distal tibia
and in bone accrual at other weight bearing sites.
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For radial failure load, the groups did not differ significantly at
baseline or at follow-up after adjusting for covariates. However, at this
non-weight bearing site, increases in failure load were higher in non-
athletes than EA and trended higher than in OA. This may reflect subtle
hormonal alterations even in EA that limit optimal increases in bone
strength over time at this non-weight bearing site, which is unlikely to
experience the effects of mechanical loading seen at weight-bearing
sites in this group. Over time, suboptimal increases in bone strength at
the radius are likely to result in reduced failure load at this site in both
groups of athletes vs. non-athletes. Given that the distal radius is a
common site of fracture [36], this a reason for concern in a population
at high risk of injury by virtue of increased athletic activity.

The lack of a difference in bone accrual rates among the three
groups may be a consequence of weight gain and a high rate of men-
strual recovery in the OA group (39% by 12-months). Weight gain over
12-months trended higher in the OA group and was associated with
increases in areal BMD measures in the whole group, as shown in Fig. 2.
Menstrual recovery is a known determinant of improved bone end-
points in other conditions such as anorexia nervosa [33,37], and in OA
is likely related to changes in nutritional status and/or training volume
over the study duration. In this cohort, OA who recovered menses did
not differ from those who did not resume menses at baseline, but
trended to have higher caloric and dietary fat intake at 12-months;
exercise activity at baseline and 12-months did not differ across groups.

Non-athletes had an increase in calcium and vitamin D levels over
12-months, likely because they started lower than the other groups for
these levels and were more likely to show an improvement with intake
of supplements (administered to all study participants at a dose of
600-20001U/day depending on their baseline vitamin D level).
However, changes in calcium and vitamin D levels did not predict
changes in bone endpoints.

Limitations of our study include the relatively homogenous group of
OA (mostly runners) included in this study, which limits the general-
izability of our results to other kinds of athletic activity. Further, the
mean age of our study participants was above 18 years, indicating that
the majority of our participants had accrued 90% or even more of their
peak bone mass [11,38] by the time they enrolled in our study. This
may have limited us from observing more robust increases in bone
accrual in the EA and non-athletes in this study, and greater differences
when comparing these groups to OA. However, our findings do de-
monstrate a lack of catch-up of bone parameters at a time when our
participants are closing in to peak bone mass and agree with findings
from another study showing a lack of catch up in aBMD over 3 years in
younger adolescent endurance runners, which is very concerning for
future bone health [18]. Although the study was not powered to ex-
amine the effect of menstrual resumption on bone accrual, this needs to
be explored in future studies with a larger number of participants,
particularly younger participants. Also, while we controlled for mul-
tiple comparisons across groups in our analyses, we did not control for
multiple endpoints studied (given the preliminary nature of our ana-
lysis), and this needs to be addressed in larger studies.

5. Conclusion

Our data suggest that deficits in BMC and BMD observed in OA at
several weight-bearing sites compared to EA persist over time, without
evidence of catch-up during a follow-up period because bone accrual
rates do not differ in OA versus EA over time. This raises concerns re-
garding their ability to withstand repetitive impact (as observed with
running activities) during the adolescent and young adult years, and
concerns also for peak bone mass acquisition and future fracture risk.
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