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Abstract

Menstrual status, both past and current, has been established as an important determinant of bone mineral density (BMD) in young

exercising women. However, little is known regarding the association between the cumulative effect of menstrual status and indices of

bone health beyond BMD, such as bone geometry and estimated bone strength.

Purpose: This study explores the association between cumulative menstrual status and indices of bone health assessed using dual-
energy x-ray absorptiometry (DXA), including femoral neck geometry and strength and areal BMD (aBMD), in exercising women.
Methods: 101 exercising women (22.0 + 0.4 years, BMI 21.0 + 0.2 kg/m?, 520+40 min/week of self-reported exercise) participated in
this cross-sectional study. Women were divided into three groups as follows based on their self-reported current and past menstrual
status: 1) current and past regular menstrual cycles (C + P-R) (n=23), 2) current and past irregular menstrual cycles (C+P-IR) (n=56),
3) and current or past irregular cycles (C/P-RIR) (n=22). Current menstrual status was confirmed using daily urinary metabolites of
reproductive hormones. DXA was used to assess estimates of femoral neck geometry and strength from hip strength analysis (HSA),
aBMD, and body composition. Cross-sectional moment of inertia (CSMI), cross-sectional area (CSA), strength index (SI), diameter,
and section modulus (Z) were calculated at the femoral neck. Low CSMI, CSA, SI, diameter, and Z were operationally defined as val-
ues below the median. Areal BMD (g/cm?) and Z-scores were determined at the lumbar spine, femoral neck, and total hip. Low BMD
was defined as a Z-score < —1.0. Chi-square tests and multivariable logistic regression were performed to compare the prevalence

and determine the odds, respectively, of low bone geometry, strength, and aBMD among groups.

Results: Cumulative menstrual status was identified as a significant predictor of low femoral neck CSMI (p = 0.005), CSA (p < 0.024),
and diameter (p = 0.042) after controlling for confounding variables. C + P-IR or C/PRIR were four to eight times more likely to ex-
hibit low femoral neck CSMI or CSA when compared with C + PR. Lumbar spine aBMD and Z-score were lower in C + P-IR when
compared with C + P-R (p < 0.003). A significant association between menstrual group and low aBMD was observed at the lumbar
spine (p = 0.006) but not at the femoral neck or total hip (p > 0.05). However, after controlling for confounding variables, cumula-
tive menstrual status was not a significant predictor of low aBMD.

Conclusion: In exercising women, the cumulative effect of current and past menstrual irregularity appears to be an important predictor
of lower estimates of femoral neck geometry, as observed by smaller CSMI and CSA, which may serve as an another means, beyond
BMD, by which menstrual irregularity compromises bone strength. As such, evaluation of both current and past menstrual status is rec-
ommended to determine potential risk for relatively small bone geometry at the femoral neck.

Keywords: Female athlete triad, Functional hypothalamic amenorrhea, Low bone mineral density, Bone geometry, Hip strength

analysis
1. Introduction geometry and microarchitecture [5-7], and a higher risk of bone stress
injuries [8-10]when compared with healthy eumenorrheic counterparts
Menstrual irregularity among exercising girls and women is associ- or sedentary girls and women. Among exercising women and girls,
ated with lower bone mineral density (BMD) [1-4], compromised bone the prevalence of menstrual disturbances has been reported to be as
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high as 60% [11], and the co-existence of menstrual irregularity and
compromised BMD has been repeatedly observed [4,5,12—-15]. Func-
tional hypothalamic amenorrhea, defined as the absence of menses
for greater than 90 days (secondary amenorrhea) [16] or the failure
to attain menarche by age 15 (primary amenorrhea) [17] which can-
not be explained by other underlying pathology [17], and oligomen-
orrhea, defined as irregular and inconsistent menses at intervals of 36
to 90 days [16], are the most severe presentations of menstrual cycle
disturbances and are linked to poor skeletal health [3,5,8]. Low BMD
in female athletes is defined as a Z-score between -1.0 and -2.0 in
combination with a history of inadequate nutrition, hypoestrogenism,
and stress fractures; whereas, the term “osteoporosis” is reserved for a
BMD Z-score < -2.0 with secondary risk factors for fracture [18]. For
the purpose of this paper, low BMD will be defined as a Z-score < -1.0.

Physiologically, chronic menstrual irregularity is linked to poor skel-
etal health due to the underlying influence of estrogen and meta-
bolic hormones on bone resorption and formation. Estrogen is a po-
tent inhibitor of osteoclast action [19]; therefore, the low estrogen
concentrations characteristic of amenorrhea result in increased bone
resorption [20]. Frequently among female athletes, an energy defi-
ciency that alters circulating concentrations of metabolic hormones is
at the root of the menstrual irregularity, and these metabolic adapta-
tions suppress bone formation [20,21]. Consequently, an uncoupling
of bone resorption and formation is typically occurring in the pres-
ence of menstrual irregularity; thereby creating an unfavorable envi-
ronment for skeletal health.

To date, research in exercising women has focused primarily on
the impact of current menstrual status (i.e., menstrual status within
the past year) on indices of bone health. Substantial evidence demon-
strates that female athletes presenting with amenorrhea have signifi-
cantly lower BMD at the lumbar spine in comparison to their eumen-
orrheic counterparts [2-5,12-15,22]. Less consistently, lower BMD at
the femoral neck and/or total hip has also been observed [4,5,14,15].
In addition, investigators have recently demonstrated that bone ge-
ometry and microarchitecture may also be compromised in amen-
orrheic athletes [5-7], providing further evidence for compromised
bone strength in these athletes. However, results for BMD and bone
geometry at weight-bearing sites, such as the femoral neck and to-
tal hip, have not been consistently reported. Notably, our laboratory
has not observed significant differences in BMD and bone geometry
at the femoral neck and total hip between amenorrheic and eumen-
orrheic athletes [12,13].

It is equally important to understand the role of past menstrual
status in bone health of young exercising women because the ma-
jority of bone mineral accrual in women occurs in adolescence [23],
and, notably, in girls, the greatest gains in bone mass occur between
the ages of 11 and 14 years [23]. Peak bone mass is typically attained
during the latter years of the second decade or early years of the
third decade [24]. For this reason, oligo/amenorrhea during adoles-
cence is hypothesized to contribute to more substantial decrements
in bone health when compared with oligo/amenorrhea in adulthood
[25], and long-term amenorrhea may confer the most harmful ef-
fects on BMD [3]. Chronically low BMD due to failure to accrue opti-
mal bone mass during adolescence or substantial bone loss during
early adulthood may increase the long term and life-long risk of os-
teoporotic fractures [26].

Several contemporary studies [7,8,27-30] and classic studies [31,32]
have explored the impact of past menstrual status, i.e., menstrual his-
tory, on bone health. Investigators of these studies reported that, in fe-
male athletes, self-reported history of irregular menstrual cycles since
menarche was associated with low BMD (Z-score < —1) [29] or with
lower BMD compared with a history of regular menses [7,28,31,32]
and was also associated with history of stress fracture [8]; however,
geometric measures of the femoral neck were similar between those
with a history of regular vs. irregular menses since menarche [7]. Re-
sults from Ducher et al. [27], who used peripheral quantitative com-
puted tomography (pQCT) to assess bone health, revealed that retired

gymnasts with a history of amenorrhea had significantly lower trabec-
ular volumetric BMD and estimated bone strength but greater total
bone area at the distal radius when compared with retired gymnasts
with a history of regular menses.

The cumulative effect of current and past menstrual irregularity
may be a stronger predictor of diminished BMD than current men-
strual irregularity alone [3]; however, to our knowledge, there is a lim-
ited number of studies designed to assess bone health, namely BMD,
in women grouped according to cumulative menstrual status, i.e., cat-
egorized by considering both past and current menstrual status [3].
Using dual photon absorptiometry (DPA), Drinkwater et al. [3] dem-
onstrated that female athletes with consistent severe menstrual dis-
turbances currently and in the past had 17% lower lumbar spine BMD
when compared with women who were previously, and currently, requ-
larly-menstruating. In addition to the “classical” measure of BMD, bone
geometry has been emerging as an important focal area when assess-
ing overall bone health and fracture risk; however, to our knowledge,
the association between cumulative menstrual status and bone geom-
etry has not been reported in young exercising women when grouped
according to past and current menstrual status as done in the afore-
mentioned classic study [3].

Bone size and distribution of the bone mass greatly influence the
strength of the bone [33,34]. In fact, doubling the radius of the bone
will increase the strength of the bone sixteen-fold [34] and distributing
the bone mass farther away from the central axis will further increase
the strength of the bone [34]. Algorithms have been created to esti-
mate the geometrical measures of cross-sectional area (CSA), cross-
sectional moment of inertia (CSMI), and diameter at the femoral neck
using DXA [35], and from these measures, a strength index (SI) that
indicates the ability of the femoral neck to resist fracture during a fall
has been developed [35]. In addition, a measure of bending strength,
known as section modulus (Z), can be calculated [36,37]. Due to the
known contribution of bone geometry to overall bone strength and
fracture risk [33], exploration of the association between cumulative
menstrual status and estimates of bone geometry and strength at the
femoral neck would be informative.

Comprehensive examination of estimated bone geometry and
strength in exercising women categorized by cumulative menstrual
status may offer valuable insight on risk assessment and targets for
interventions to improve bone health. The assessment of cumulative
menstrual status may represent a practical indicator of risk for com-
promised bone geometry and low BMD that physicians and other
healthcare providers who manage and treat female athletes can eval-
uate in a clinical or field setting. To this end, the purpose of this study
was to evaluate the association between cumulative menstrual status
and indices of bone health (bone geometry, estimated bone strength,
and BMD) assessed using DXA in premenopausal exercising women.
We hypothesize that estimated bone geometry and strength at the
weight-bearing femoral neck will be similar among exercising women
grouped according to cumulative menstrual status; therefore, there
will not be an association between cumulative menstrual status and
lower estimates of bone geometry and strength at the femoral neck.
We further hypothesize that exercising women with both current and
past menstrual irregularity will demonstrate significantly lower BMD in
comparison to exercising women with current and past regular men-
ses and exercising women with current menstrual irregularity and past
regular menses or current regular menses and past irregular menses.
In addition, we hypothesize that cumulative menstrual status will be a
significant predictor of low BMD.

2. Materials and methods

2.1. Study design

This cross-sectional investigation combines 1) baseline data from
a randomized controlled trial designed to assess the effects of a
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12-month intervention of increased energy intake on indices of bone
health and menstrual status in exercising women with menstrual dis-
turbances compared to eumenorrheic exercising women (n = 96), and
2) data from an observational study assessing energy status and in-
dices of bone strength in exercising and sedentary young women (n
= 5). The studies were approved by the appropriate Institutional Re-
view Boards of the University of Toronto and the Pennsylvania State
University, and all participants signed an approved informed consent
document.

2.2. Participants

Women were eligible for this study if they met the following criteria:
(1) between 18 and 35 years of age; (2) good health status; (3) body
mass index (BMI) between 16 and 25 kg/m?; (4) participated in at
least two hours per week of purposeful exercise; (5) non-smoker; (6)
no hormonal therapy for the past six months; (7) not pregnant or lac-
tating; (8) no medication use that would alter metabolism or skeletal
health; and (9) no other contraindications that would prevent study
participation.

2.3. Menstrual group categorization

Participants were retrospectively grouped according to current and
past menstrual status, also referred to as cumulative menstrual status,
to yield three study groups as follows: current and past regular men-
strual cycles (C + P-R), current and past irregular menstrual cycles (C +
P-IR), and current or past irregular cycles (C/P-RIR). For this third group
(C/P-RIR), regular cycles characterized the time period that was not
characterized by irregular menstrual cycles, i.e., women were placed in
this group if they were 1) eumenorrheic at the time of study participa-
tion but had a history of oligo/amenorrhea or 2) oligo/ amenorrheic
at the time of study participation but had a history of eumenorrheic
cycles. To create these menstrual groups, each woman was placed in
a group for current menstrual status and a group for past menstrual
status prior to creating the final cumulative menstrual status group-
ing as described below.

2.3.1. Current menstrual status categorization

Current menstrual status was determined in all participants and de-
fined as the number of self-reported menstrual cycles in the past 12
months. Participants met criteria for current menstrual irregularity if
they were amenorrheic (no menses for 3 consecutive months OR <5
cycles in the past 12 months) or oligomenorrheic (5-9 cycles in the
past 12 months AND menses within the past 3 months). Women met
criteria for regular menstrual cycles if they reported at least 10 cycles
in the past 12 months AND menses within the past 3 months. Dura-
tion of amenorrhea was estimated from self-reported last menstrual
period or number of menses within the past 3-12 months.

Self-reported current menstrual status was then confirmed pro-
spectively by classifying menstrual cycles by length of the intermen-
strual interval, the presence of menses, and characteristic reproduc-
tive hormone profiles [16]. These determinations were made from the
measurement of daily urinary ovarian steroid metabolites, estrone-1-
glucuronide (E1G) and pregnanediol glucuronide (PdG), as previously
described [16,38]. E1G and PdG were measured in each urine sample
using microtiter plate competitive enzyme immunoassays and a poly-
clonal capture antibody supplied by Coralie Munro University of Cal-
ifornia (Davis, CA) as previously reported [12,16]. Urinary concentra-
tions of E1Gand PdG were corrected for specific gravity to account for
hydration status. Participants who were currently eumenorrheic col-
lected daily urine samples for one complete menstrual cycle; whereas,
women who were currently amenorrheic collected daily urine samples
for at least one 28-day monitoring period, and women who were cur-
rently oligomenorrheic collected daily urine samples for at least 28
but no more than 90 days. Amenorrheic monitoring periods typically
demonstrated chronically suppressed E1G and PdG profiles without

the occurrence of menses. Cycles were classified as oligomenorrheic
if the cycle length was between 36 and 90 days. Eumenorrheic cy-
cles were required to have an intermenstrual interval of 24-35 days.
Women who presented with a normal ovulatory cycle, luteal phase de-
fect (short and/ or inadequate luteal phase) or anovulatory cycle were
included in the analysis.

Based on the definitions described above, women were categorized
as exhibiting a current menstrual status that was irregular (amenor-
rhea or oligomenorrhea in the past 12 months) or regular. This “cur-
rent menstrual status” group contributed to the final groups used for
statistical analysis.

2.3.2. Past menstrual status categorization

Self-reported past menstrual status was determined using a men-
strual history questionnaire. An affirmative answer to the question
“Have you, in the past, gone for any length of time without menstru-
ating regularly?” indicated past menstrual irregularity. Those who re-
ported past menstrual irregularity were asked to provide information
about the duration of the episode(s), the age at which the episode(s)
occurred, and the circumstances surrounding the episode(s). Women
who had a history of primary amenorrhea (menarche that occurred
on or after the age of 15 [17]) were also considered to have past
menstrual irregularity even if all cycles after the onset of menarche
were reported to be regular. As such, women were categorized as ex-
hibiting a past menstrual status that was either irregular or regular.
These "past menstrual status” groups contributed to the final groups
used for analysis. Physiological or drug-induced periods of amenor-
rhea such as pregnancy, lactation, or contraceptive use were not in-
cluded in this grouping.

2.3.3. Final menstrual status categorization

The current and past menstrual status categories were evaluated
in combination to create the three aforementioned groups used for
analysis. Women who had regular menstrual cycles currently and in
the past were placed in the C+P-R group. Women who had irregular
menstrual cycles currently and in the past were placed in the C +P-IR
group, and women who had irregular menstrual cycles currently or in
the past (and were therefore categorized as having regular menstrual
cycles for the time period not represented by irregular menstrual cy-
cles) were placed in the C/P-RIR group.

2.3.4. Other menstrual status descriptives

Independent of the primary menstrual groups described above,
subjects were also described as achieving menarche at a normal age
(<15 years) or a late age (215 years) [17]. Gynecological age was cal-
culated by subtracting age of menarche from current age.

2.4. Sport categorization

Based on their primary sport participation, each woman was grouped
into sport categories to serve as predictors of low BMD and femoral
neck geometry. The categories were based on 1) whether the sport
emphasized leanness and 2) the mechanical impact of the sport. Clas-
sification into leanness sport categories was conducted according to
classification systems published by Sundgot-Borgen and Larsen [39]
and Torstveit and Sundgot-Borgen [40]. Leanness sports included en-
durance, aesthetic, and antigravitation activities, and non-leanness
sports included technical, ball game, and power sports. Due to the pri-
marily recreational nature of the exercise of our participants, this clas-
sification system was slightly modified. Women participating in martial
arts classes or recreational weight-lifting were considered non-lean-
ness rather than leanness sports because they did not have to meet a
certain weight requirement in order to participate.

For the mechanical impact category, a classification system by
Torstveit and Sundgot-Borgen [41] and based on the method by Groo-
thausen and Siemer [42] was used. The primary sport of each woman
was categorized as “low impact,” “moderate impact,” or "high impact.”
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Low impact sports included non-weight bearing sports or sports that
primarily involved standing [41]. Moderate impact sports included
weight-bearing sports, those with moderate mechanical loading, and
sports involving sprinting and turning movements [41]. Lastly, high
impact sports were defined as weight-bearing sports with high me-
chanical loading and primarily included sports with jumping and/or
rapid movements [41].

2.5. Anthropometric, body composition, HSA, and BMD data

Body weight was measured on a digital scale, and height was mea-
sured using a stadiometer. Body composition (percent body fat, fat
mass, and lean body mass) and areal BMD (aBMD) at the lumbar spine
and dual femur (n = 92) or left femur (n = 9) were obtained by DXA.
Lean mass index (LMI) was calculated as lean body mass divided by
height squared (kg/m?). Femoral neck CSMI, CSA, SI, and diameter
were estimated from dual femur scans (mean of right and left hip) by
hip strength analysis (HSA) as developed by Yoshikawa et al. [35] and
as previously reported [12]. Section modulus (Z) was calculated as
CSMl/y [36] where y represents the distance from the center of mass
to the superior neck margin for the section of minimum CSMI [35]. The
majority of women were scanned on either a GE Lunar Prodigy (n = 35,
enCORE 2002 software version 6.50.069) or a GE Lunar iDXA (n = 58,
enCORE 2008 software version 12.10.113). The remaining women (n =
9) were scanned on a Hologic QDR4500W DXA scanner (Hologic Inc.,
Bedford, MA); however, an additional dual femur scan was performed
on the Lunar iDXA for three of these women to obtain estimates of
femoral neck geometry since HSA was only available for scans per-
formed on the GE devices. Because the other 6 women scanned on
the Hologic system were not available to complete a scan on the iDXA,
HSA data is missing for these women and explains the slightly larger
sample size for BMD parameters (n=101) versus bone geometry and
strength parameters (n= 95).

Consistent with the International Society for Clinical Densitometry
guidelines, a cross calibration study was performed to remove system-
atic bias between the systems, and all systems were calibrated to the
iDXA. For the cross calibration study between the Lunar Prodigy and
Lunar iDXA, 14 participants were scanned in triplicate on both ma-
chines and the results for body composition, aBMD, and HSA (mean
of right and left femoral neck) for each individual were averaged. The
values for body composition, aBMD, and femoral neck geometry were
highly correlated (r > 0.85). For the cross calibration study between
the Hologic QDR4500W and the Lunar iDXA, 32 women were scanned
in duplicate on both machines, and the results for each individual
were averaged. High correlations (r > 0.95) were observed between
the Hologic and iDXA values for body composition and aBMD as pre-
viously reported [12]. Equations were derived using simple linear re-
gression to remove biases. Absolute aBMD and body composition
values obtained from both the Lunar Prodigy and the Hologic QDR-
4500W were calibrated to the Lunar iDXA; however, the Z-scores ob-
tained from each software system were used for analyses. With a few
published exceptions [43], the Lunar software used appropriate age,
sex, weight, and ethnicity reference values to calculate the Z-scores;
whereas, the Hologic software used age, sex, and ethnicity reference
values. All HSA measurements were obtained using the same software
(enCORE 2008 software version 12.10.113), and Z was calculated after
appropriate conversion of Prodigy HSA data to iDXA values. Accord-
ing to the 2007 ACSM Position Stand on the Female Athlete Triad [18],
low BMD was defined as a Z score < —1.0; whereas normal BMD was
a Z-score > —1.0. GE Lunar software does not contain reference data
for the femoral neck or total hip for women less than 20 years of age;
therefore, for these women (n = 25), Z-scores at these two sites were
calculated based on age 20 norms [44]. Because no reference values
are available for HSA data, low and high CSMI, CSA, SI, neck diameter,
and Z were operationally defined as values below and above the me-
dian, respectively. As such, low and high CSMI were defined as CSMI
<9619 mm* and 29619 mm*, respectively; low and high CSA were
defined as CSA < 155 mm?2 and >155 mm?, respectively; low and high

Sl were defined as S| < 1.749 and >1.749, respectively; low and high
neck diameter were defined as diameter < 30.5 mm and >30.5 mm,
respectively; and low and high Z were defined as Z < 623.4 mm?3 and
Z > 623.4 mm?, respectively.

2.6. Statistical analysis

All data sets were tested for non-normality, homogeneity of variance,
and outliers before statistical hypothesis tests were performed. For
variables that were normally distributed and demonstrated homoge-
neity of variance, one-way analyses of variance (ANOVA) was used to
determine group differences in descriptive characteristics and bone
health variables. When group differences were observed, Hochberg’s
GT2 post-hoc test, chosen due to the unequal group sizes [45], was
conducted to determine group differences. For variables that displayed
non-normal distribution and/or non-homogeneity of variance, non-
parametric Kruskal Wallis tests were performed to determine group
differences. When group differences were observed, post-hoc analy-
ses using Kruskal Wallis pairwise comparisons, adjusted for multiple
comparisons, were conducted. Chi-square tests were performed to
compare the prevalence of low CSMI, CSA, SI, neck diameter, and Z,
and low BMD at the lumbar spine, femoral neck, and total hip among
groups. Pearson chi-square exact significance values were used for all
analyses in which the expected cell count of all cells was greater than
5. For analyses with an expected cell count less than 5, the Fisher ex-
act test was used. Binary logistic regression was used to determine
whether cumulative menstrual status and potential confounders which
have previously been demonstrated to influence bone geometry or
BMD (age of menarche, body mass and height, BMI, lean body mass
and LMI, leanness sport participation, and sport impact type) [1,12,46—
49], were significant predictors of low CSMI, CSA, SI, neck diameter,
and Z, and low BMD. The Box-Tidwell test was performed to test the
assumption of linearity, which was violated in the hip BMD and Z mul-
tivariable regression models. Crude odds ratios were calculated for
cumulative menstrual status and aforementioned possible confound-
ers to determine the association between exposure to these variables
and the outcome of low bone geometry and strength and low BMD.
To determine adjusted odds ratios for the association of cumulative
menstrual status with low bone geometry and strength and low BMD
when adjusting for other potential confounders, variables observed
to be independent predictors (p < 0.05) of low bone geometry or
low BMD were entered into a multivariable logistic regression model.
Data were expressed as mean + standard error mean (SEM), and p <
0.05 was considered statistically significant. Data were analyzed using
SPSS for Windows statistical software package (version 19.0, Chicago,
IL) (ANOVA, Kruskal Wallis, Chi-square, and logistic regression) and R
statistical software (version 3.2.0) (Fisher Exact Test).

3. Results
3.1. Participant characteristics

After retrospective categorization of current and past menstrual sta-
tus, 101 women were eligible for inclusion, including 23 C +P-R, 22 C/
P-RIR, and 56 C + P-IR women. Six of these women did not have HSA
measurements, as explained above; therefore, 95 women were eligi-
ble for inclusion for all bone geometry and strength analyses (23 C
+ P-R, 21 C/P-RIR, and 51 C + P-IR). Descriptive characteristics of the
groups are presented in Tables 1A and 1B. The groups did not differ
significantly in height, body mass, and body mass index (BMI) (p >
0.05); however, C + P-IR women were younger than C + P-R women
(p < 0.023). Percent body fat, fat mass, lean body mass, and LMI were
similar among the groups (p > 0.05), and the groups participated in a
similar volume of weekly physical activity. C+P-IR women had a later
age of menarche compared with C + P-R women (p < 0.011), which
contributed to C+P-IR women demonstrating a younger gynecologi-
cal age compared with C+P-R women (p < 0.001) and C/P-RIR women
(p = 0.042; BMD sample only).
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Table 1A. Descriptive characteristics of exercising women used for
HSA analyses (n= 95).

C+P-R C/P-RIR C+P-IR P-value
(n=23) (n=21) (n=51)
Demographics
Age (years) 241+ 1.1 226 +0.8 21.1 + 042 0.018
Height (cm) 1633 + 1.2 166.8 + 1.5 165.9 + 0.9 0.151
Body mass (kg) 56.9 + 1.1 604 + 1.4 573+ 1.1 0.145
BMI (kg/m?) 213+ 04 217 +£04 208+ 03 0.207
Age of menarche (years) 124 + 0.2 13103 13.6 £ 0.2° 0.010
Gynecological age (years) 11.7 + 1.1 95+0.8 7.5 +0.5° 0.001
Physical activity (min/wk) 418 + 51 481 + 93 579 + 64 0.271
Body composition
Body fat (%) 26.5+0.9 266 + 0.7 243+08 0.062
Fat mass (kg) 152 £ 0.7 16.0 £ 0.6 140 £ 0.6 0.127
Lean mass (kg) 395+08 420+10 409 + 0.7 0.189
Lean mass index (kg/m?)  14.8 + 0.3 151 +£03 14.8 £ 0.2 0.739

C+P-R: current and past regular menses; C/P-RIR: current or past irregular menses; C+P-IR:
current and past irregular menses

Data are mean + SEM. P-values < 0.5 are indicated in bold.

a.C+P-IRvs.C + P-R, p < 0.05

b.C + P-IRvs. C + P-R, p < 0.01

Table 1B. Descriptive characteristics of exercising women used for
BMD analyses (n= 101).

C+P-R C/P-RIR C + P-IR P-value
(n=23) (n=22) (n = 56)
Demographics
Age (years) 241+ 1.1 226 +0.7 20.9 + 042 0.006
Height (cm) 1633+ 1.2 166.8 + 1.5 166.4 + 0.9 0.105
Body mass (kg) 56.9 + 1.1 60.1+ 1.3 574 +1.0 0.212
BMI (kg/m?) 213+ 04 216+ 04 207 +£03 0.191
Age of menarche (years) 124 +0.2 131+03 13.6 £ 0.2° 0.013
Gynecological age (years) 117 +£1.1 95+ 0.7 7.4 + 0.4 <0.001
Physical activity (min/wk) 418 + 51 478 + 88 579 + 59 0.175
Body composition
Body fat (%) 265+ 09 263 +08 241+ 07 0.071
Fat mass (kg) 152+ 0.7 15.8 £ 0.7 140 £ 0.6 0.145
Lean mass (kg) 395+0.8 418+ 1.0 410+ 06 0.202
Lean mass index (kg/m?) 14.8 £ 0.3 15.0 £ 0.2 14.8 £ 0.2 0.744

C+P-R: current and past regular menses; C/P-RIR: current or past irregular menses; C+P-IR:
current and past irregular menses

Data are mean + SEM. P-values < 0.05 are indicated in bold.

a.C+P-IRvs.C+P-R p <001

b.C + P-IRvs. C + P-R, p <b 0.05

c. C+ P-IRvs. C +P-R, p < 0.001

d. C + P-IR vs. C/P-RIR, p < 0.05

The following description of reproductive characteristics pertains
to the entire sample (n= 101). Among women who presented with
current eumenorrhea, the majority of observed cycles were ovulatory
(70%) and a small percentage of menstrual cycles had a luteal phase
defect (25%) or were anovulatory (5%). For those women who pre-
sented with current amenorrhea, the duration of amenorrhea aver-
aged 333.8 + 54.7 days for the C + P-IR group (n = 37) and 239.0 +
26.0 days for the C/P-RIR group (n=5) by the end of the observation
period. For those women who reported a history of irregular menstrual
cycles (amenorrhea or oligomenorrhea) after menarche, the average
length of time that these women experienced irregular menstrual cy-
cles was 15.1 £ 2.1 months for the C + P-IR group (n = 50) and 10.0 +
3.4months for the C/P-RIR group (n=13). Not included in the average
were four women who provided no estimate for the length of time
with irregular menstrual cycles and three women who reported always
being irregular since menarche. For women who had been amenor-
rheic for many years, the estimated duration of menstrual irregularity

was similar for past and current estimates. The mean age of experi-
encing irregular menstrual cycles or the commencement of irregular
menstrual cycles in the past (after menarche) was 17.4 + 0.5 years for
the C + P-IR group (n = 52) and 17.3 £ 0.9 years for the C/P-RIR group
(n = 13). Twenty women (17 C + P-IR and 3 C/P-RIR) had a history of
primary amenorrhea, and the mean age of menarche among these
women was 15.7 + 0.2 years. Twenty percent of the women (20/101)
experienced late age of menarche, which corresponded to 17 women
in the C + P-IR group (30%), 3 women in the C/P-RIR group (14%), and
no women in the C + P-R group. A history of oral contraceptive (OC)
use was reported by 44.6% of women in the C + P-IR group, 50.0%
of women in the C/P-RIR group, and 39.1% of women in the C + P-R
group. The age of OC use ranged from 15 to 32 years.

3.2. Sport type

Seventy-nine percent of the women (80/101) were participating pri-
marily in leanness sports, and the remaining women (21%, 21/101)
were participating in non-leanness sports (Table 2A). Of the women
participating in leanness sports, 56% were in the C + P-IR group, 20%
were in the C/P-RIR group, and 24% were in the C + P-R group.

Moderate impact sports represented the primary loading modal-
ity overall and within each group (Table 2B). Seventy-two percent (73/
101) participated in a moderate impact sport as their primary activ-
ity. Only 12% (12/101) participated in low impact sports, and 16% (16/
101) participated in high impact sports. Within the C + P-IR group, 9%
(5/56), 75% (42/56), and 16% (9/56) participated in low impact, mod-
erate impact, and high impact sports, respectively. Within the C/P-RIR
group, 14% (3/22), 64% (14/22), and 23% (5/22) primarily engaged in
low, moderate, and high impact sports, respectively. Likewise, the C +
P-R group displayed a similar pattern with 17% (4/23), 74% (17/23),
and 9% (2/23) participating in low impact, moderate impact, and high
impact sports, respectively.

3.3. Bone geometry and bone mineral density

Tables 3A and 3B describe femoral neck geometry and aBMD of the
groups. Estimates of femoral neck geometry and strength did not
differ significantly among the groups (p > 0.05). Larger neck diame-
ter was observed in the C/P-RIR group compared with the C + P-IR
women (p = 0.06) and the C + P-R women (p = 0.097) but did not
reach statistical significance after post hoc analyses. No differences
were observed among the groups for absolute aBMD nor Z-scores at
the femoral neck or total hip (p > 0.05). However, lumbar spine aBMD
(p=0.003) and Z-score (p=0.002) were significantly lower in the C+P-
IR group when compared with the C+P-R group. A total of 21women
(21%) reported a history of stress fracture. Of these women, 62% were
in the C + P-IR group, 14% were in the C/P-RIR group, and 24% were
in the C + P-R group.

3.4. Association between cumulative menstrual status and DXA-
derived bone geometry and BMD

Fig. 1 provides the percentage of women in each menstrual group who
had low femoral neck geometry or strength. Menstrual group was as-
sociated with neck diameter (x?=10.018, p=0.007); however, no signif-
icant associations were observed between menstrual group and CSMI
(x? = 3.856, p = 0.146), CSA (x> = 4.520,p = 0.111), SI (x> = 1.317, p =
0.518), or Z (x* = 2.466, p = 0.310). Fig. 2 demonstrates the percent-
age of women in each menstrual group who had low BMD at the lum-
bar spine, femoral neck, and total hip. There was a significant associ-
ation between menstrual group and the presence of low BMD at the
lumbar spine (x% = 10.252, p = 0.006) but not at the femoral neck (p=
0.189) or total hip (p= 1.000).

Independent predictors of low femoral neck estimated geometry
and strength are displayed in Table 4. Current and past menstrual sta-
tus was a significant predictor of low femoral neck CSA and diameter.
Body mass, height, and lean body mass were significant predictors of
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Table 2A. Categorization of sports as “leanness” or “non-leanness” activities.

Leanness sports (n = 80)

Endurance Aesthetic Antigravitation

Non-leanness sports (n = 21)

Technical Ball Game Power

Cycling (n = 6)

Triathlon (n = 1)

Distance running (n = 44)
Swimming (n = 5)

Aerobics (n = 1)

Aerobic (cardio) at gym (n = 11)
Rowing (n = 2)

Walking (n = 1)

Dancing (n = 6)
Cheerleading (n = 1)
Gymnastics (n = 1)

Aerial Acrobatics (n = 1)

Pentathlon (n = 1) Soccer (n =4

Weight/strength training (n = 3)

Martial arts (n = 1)  Rugby (n = 1) Sprinting (n = 1)
Tennis (n = 3) Pilates (n = 1)
Field hockey (

n =3) Strength training/aerobics (n = 1)
Softball (n = 1)
Volleyball (n = 1)

Table 2B. Categorization of sports according to type of impact.

Low impact (n = 12)  Moderate impact (n = 73) High impact (n = 16)

Tennis (n = 3)
Gymnastics (n = 1)
Volleyball (n = 1)
Soccer (n = 4)
Softball (n = 1)
Cheerleading (n = 1)

Cycling (n = 6)

Swimming (n = 5)

Aerial Acrobatics
(n="1)

Distance running (n = 44)
Triathlon (n = 1)

Dancing (n = 6)

Rowing (n = 2)

Field hockey (n = 3)
Martial arts (n = 1)

Pentathlon (n = 1) Rugby (n = 1)
Pilates (n = 1) Weight/strength training
Strength training/aerobics (n=3)

(n="1)
Aerobic (cardio) at Gym
(n=11)
Aerobics (n = 1)
Walking (n = 1)

Sprinting (n = 1)

Table 3A. Hip strength analysis characteristics.

C+P-R C/P-RIR C+P-IR P-value
(n=23) (n=21) (n =51
Femoral neck geometry
CSMI (mm?) 9689 + 360 9906 + 439 9349 + 293 0.389
CSA (mm?) 157.1+39 1525+49 1535+28 0.253
Strength Index 1.72 £ 0.04 162 +£005 177 £0.06 0.143
Neck Diameter (mm) 303 £04 314+03 303 +£03  0.045

Section Modulus (mm3) 6482 + 22.9 6317 £249 6219 + 16.0 0.652

C+P-R: current and past regular menses; C/P-RIR: current or past irregular menses;
C+ P-IR: current and past irregular menses; BMD: bone mineral density; CSMI:
cross sectional moment of inertia; CSA: cross-sectional area
Data are mean + SEM. P-values < 0.05 are indicated in bold.

all HAS parameters, except Sl. Further, BMI and LMI were also signifi-
cant predictors of low femoral neck CSA and Z. Crude odds ratios for
independent predictors of low femoral neck estimated geometry and
strength are also presented in Table 4.Women in the C+P-IR group
demonstrated 3.0 times greater odds of low femoral neck CSA when
compared with the C + P-R group (Wald = 4.3, p = 0.039). Interestingly,
both the C + P-IR group and the C + P-R group had approximately six
times greater odds of low neck diameter compared with the C/P-RIR
group (Wald > 6.0, p < 0.014). A lower body mass, height, and lean
body mass by one unit contributed to an increase in the odds of low
femoral neck CSMI, CSA, diameter, and Z by 1.1 to 1.3 times (Wald >
6.8, p < 0.009), with the greatest increase in odds being observed with
a decrease in lean body mass. Further, a lower BMI and LMI by one
unit contributed to an increase in the odds of low femoral neck CSA
and Z by 1.3 times, on average (Wald > 4.3, p < 0.038).

Independent predictors of low BMD at the lumbar spine, femoral
neck, and total hip are displayed in Table 5. Current and past menstrual
status, age of menarche, body mass and BMI were significant inde-
pendent predictors of low BMD at the lumbar spine. Height, lean body
mass, and LMI were significant independent predictors of low BMD at

the femoral neck. However, of the variables that were assessed, none
significantly predicted low BMD at the total hip. Crude odds ratios for
independent predictors of low BMD are also presented in Table 5. The
odds of women in the C + P-IR group having low BMD at the lumbar
spine were 6.8 times greater when compared with women in the C +
P-R group (Wald = 5.9, p = 0.015). The odds of C + P-IR women hav-
ing low BMD at the lumbar spine were 4.1 times greater when com-
pared with the C/P-RIR group (Wald=4.3, p=0.038), and the C/P-RIR
group had 1.7 times greater odds of low BMD at the lumbar spine than
the C + P-R group (Wald = 0.3, p = 0.601). An increase in the age of
menarche by one year resulted in a 42% increase in the odds of hav-
ing low BMD at the lumbar spine (Wald = 5.7, p = 0.017). A lower body
mass (kg) and BMI (kg/m?) by one unit contributed to 1.1 (Wald = 8.7,
p=0.003) and 1.4 (Wald=7.7, p=0.005) times greater odds, respectively,
of low BMD at the lumbar spine, and a lower height (cm), lean body
mass (kg) and LMI (kg/m?) by one unit contributed to 1.1 (Wald = 4.4,
p = 0.036), 1.3 (Wald = 8.0, p = 0.005) and 1.8 (Wald = 4.0, p = 0.045)
times greater odds, respectively, of low BMD at the femoral neck.

Figs. 3 and 4 present the multivariable logistic regression model af-
ter entrance of cumulative menstrual status and potential confound-
ing variables into the model. Because they were observed to be in-
dependent predictors (p < 0.05) of low bone geometry or low BMD,
four predictor variables were entered into the model for low femoral
neck geometry and strength (cumulative menstrual status, body mass,
height, LMI) and five predictor variables were entered for low BMD (cu-
mulative menstrual status, age of menarche, body mass, height, LMI).
Leanness sport category and sport impact type were not significant
independent predictors of low femoral neck geometry or low BMD at
any site; therefore, they were not entered into the multivariable logis-
tic regression model. Further, to reduce potential problems with mul-
ticollinearity and overfitting the model, BMI and lean body mass were
not entered into the multivariable logistic regression model despite
being independent significant predictors of low femoral neck geom-
etry and/or BMD. Additionally, we included body mass and height in
the model rather than BMI because those variables appeared to be
stronger independent predictors of low femoral neck geometry and/
or BMD than their counterpart, BMI. LMI was entered into the model
rather than lean body mass because LMI demonstrated a lower vari-
ance inflation factor (VIF) and therefore less potential problem with
multicollinearity than lean body mass.

Notably, cumulative menstrual status was a significant predictor of
low femoral neck CSMI, CSA, and diameter after controlling for body
mass, height, and LMI (Fig. 3). In the multivariable regression model,
the odds of C + P-IR women having smaller femoral neck CSMI and
CSA were 8.0 times (Wald = 7.9, p = 0.005) and 4.5 times (Wald = 6.2,
p = 0.013) greater, respectively, when compared with the C + PR group;
the odds of C/P-RIR women having smaller femoral neck CSA were 5.0
times greater (Wald = 5.1, p = 0.024) when compared with the C + P-R
group. On the other hand, the C + P-R group and the C + P-IR group
demonstrated 4.8 times (Wald = 4.1, p = 0.042) and 8.8 times (Wald =
8.9, p = 0.003) greater odds, respectively, of low neck diameter com-
pared with the C/P-RIR group after controlling for height, weight, and
LMI. Body mass was not a significant predictor of low vs. high femoral
neck geometry (Wald < 2.1, p > 0.148) after controlling for cumulative
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Fig. 1. A) Proportion of women with low femoral neck CSMI (<9619 mm?, black bars) and high CSMI (>9619 mm?#, white bars) in each men-
strual group. x% = 3.856, p = 0.146. B) Proportion of women with low femoral neck CSA (<155 mm2, black bars) and high CSA (=155 mm2, white
bars) in each menstrual group. x% = 4.520, p = 0.111. C) Proportion of women with low femoral neck Sl (<1.749, black bars) and high SI (>1.749,
white bars) in each menstrual group. x> = 1.317, p = 0.518. D) Proportion of women with low femoral neck diameter (<30.5 mm, black bars) and
high diameter (>30.5 mm, white bars) in each menstrual group. x? = 10.018, p = 0.007. E) Proportion of women with low femoral neck Z (<623.4
mm3, black bars) and high Z (>623.4 mm?, white bars) in each menstrual group. x> = 2.466, p = 0.310. C + P-R: current and past regular men-
ses; C/P-RIR: current or past irregular menses; C+P-IR: current and past irregular menses; CSMI: cross-sectional moment of inertia; CSA: cross-
sectional area; SI: strength index; Z: section modulus; FN: femoral neck.

Table 3B. Bone mineral density characteristics.

C+P-R C/P-RIR C + P-IR P-value
(n=23) (n=22) (n = 56)
Bone Mineral Density
Lumbar spine (L1-L4) BMD (g/cm?) 1.192 + 0.026 1.147 £ 0.021 1.096 + 0.0172 0.002
Lumbar spine (L1-L4) Z-score 03+0.2 -0.2 +£0.17 -0.6 £ 0.12 0.001
Femoral neck BMD (g/cm?) 1.072 £ 0.025 1.020 + 0.030 1.053 £+ 0.018 0413
Femoral neck Z-score 08 +0.2 03+03 0.6 £ 0.1 0.380
Total hip BMD (g/cm?) 1.080 + 0.025 1.035 + 0.027 1.048 £ 0.018 0.253
Total hip Z-score 07 £0.2 03+0.2 0.4 + 0.1 0.516

C + P-R: current and past regular menses; C/P-RIR: current or past irregular menses; C + P-IR: current and past irregular menses; BMD: bone mineral density
Data are mean + SEM. P-values < 0.05 are indicated in bold.
a.C+ P-IRvs.C + P-R, p < 0.01

menstrual status, height, and LMI; however, height remained a signif-
icant predictor of low vs. high femoral neck CSMI, neck diameter, and
Z after controlling for cumulative menstrual status, body mass, and
LMI (Wald > 4.9, p < 0.026). LMI was no longer a significant predictor
of CSA and Z but became a significant predictor of CSMI (Wald = 4.0,
p = 0.047), demonstrating that odds of low CSMI increased 1.8 times
when LMI was lower by one unit.

When controlling for age of menarche, body mass, height, and LMI,
cumulative menstrual status was no longer a significant predictor of
low BMD at the lumbar spine (Wald = 3.7, p = 0.055 C + P-IR vs. C+P-
R; Wald=0.4, p=0.543 C/P-RIR vs. C+P-R). Age of menarche and body

mass remained significant predictors for low lumbar spine BMD; with
each one year increase in the age of menarche, the odds of low lum-
bar spine BMD increased 1.4 times (Wald = 4.0, p = 0.045), and with a
lower body mass by one kilogram, the odds of low lumbar spine BMD
increased 1.1 times (Wald = 5.3, p = 0.021). Height and LMI remained
significant predictors of low femoral neck BMD, demonstrating 1.3
times (Wald = 5.6, p = 0.018) and 3.6 times (Wald = 5.4, p = 0.020)
greater odds of low BMD when lower by one unit, respectively. How-
ever, when controlling for cumulative menstrual status, age of men-
arche, body mass, height, and LMI, none of the variables were signif-
icant predictors of low hip BMD.
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Fig. 2. Proportion of women with low BMD (Z-score < -1, black bars)
and normal BMD (Z-score > -1, white bars) in each menstrual group.
A) Proportion of women with low lumbar spine BMD. x? = 10.252, p
= 0.006. B) Proportion of women with low femoral neck BMD. Fisher's
exact test p-value = 0.189. C) Proportion of women with low total hip
BMD. Fisher's exact test p-value = 1.000 Fisher’s exact test, which has
no test statistic was used for femoral neck BMD and total hip BMD
due to expected cell counts <5. C + P-R: current and past regular men-
ses; C/P-RIR: current or past irregular menses; C + P-IR: current and
past irregular menses.

4. Discussion

This study expands upon the classic work of Drinkwater et al. [3] who
described the cumulative negative impact of past and current severe
menstrual cycle disturbances on BMD in female athletes using DPA.
The findings of Drinkwater et al. [3] are extended by exploring the im-
pact of cumulative menstrual status on estimated bone geometry and
strength from DXA, and consequently, we notably observed that ex-
ercising women with past and/or current menstrual irregularity had 4
to 8 times greater odds of low femoral neck CSMI or CSA when com-
pared with exercising women with past and current regular menstrual
cycles. This study also confirms the findings of Drinkwater et al. [3]
that cumulative menstrual status is associated with lumbar spine BMD,
such that a greater proportion of women who reported current and
past irregular menstrual cycles had low lumbar spine BMD compared
with those who reported current and past regular menstrual cycles.

As hypothesized, geometrical and strength measures of the femo-
ral neck were similar among menstrual groups, supporting the findings
of Duckham et al. [7] who reported similar femoral neck CSA, width,
section modulus, and S| between women with and without a history
of menstrual irregularity. It should be noted that the population of
female endurance athletes in the aforementioned study [7] demon-
strated greater mean femoral neck CSA, Z, and S| than our population
of physically-active women when evaluated according to menstrual
function. Studies to date, however, have failed to definitively determine
the impact of menstrual cycle disturbances among athletes on femo-
ral neck geometry. Duckham et al. [7] and Ackerman et al. [6] reported
smaller femoral neck CSA among amenorrheic athletes compared with
eumenorrheic athletes when categorized according to current self-re-
ported menstrual status. However, similar to the findings presented
herein, we previously reported no difference in femoral neck CSA and
CSMI between amenorrheic and eumenorrheic exercising women who
were categorized according to current menstrual status [12]. Contrary
to our hypothesis, cumulative menstrual status was associated with
one parameter of bone geometry, neck diameter, when assessing the
proportion of women in each menstrual group that displayed rela-
tively low femoral neck geometry and strength; however, the majority
of geometrical and strength measures were not associated with cumu-
lative menstrual status as we hypothesized. Interestingly, cumulative
menstrual status was a significant predictor of low femoral neck CSMI,
CSA, and diameter after controlling for body mass, height, and LMI.
Because greater bone strength is achieved with larger bone size and
the distribution of the bone mass farther away from the central axis,
the results for CSMI and CSA suggest that episodes of menstrual ir-
regularity, particularly those that occur during adolescence and young
adulthood, may impair beneficial adaptations of bone geometry and
compromise bone strength.

In agreement with our hypotheses, the C + P-IR women dem-
onstrated significantly lower lumbar spine BMD compared with the
C+P-R women; however, BMD at weight-bearing sites, i.e,, the femo-
ral neck and total hip, was similar among groups. On the other hand,
contrary to our hypotheses, the BMD of the C/P-RIR group was not
significantly different from the BMD of both the C + P-IR and the C
+ P-R group at all sites. These results largely support the findings of
other investigators, which demonstrated that female athletes with a
history of menstrual irregularity had lower BMD [7] or Z-scores [28]
at the lumbar spine but not at the femoral neck when compared with
eumenorrheic athletes. Using a study design similar to that in the cur-
rent study, Drinkwater et al. [3] also demonstrated that athletes with
current and past menstrual irregularity and athletes with episodes of
menstrual irregularity interspersed with periods of menstrual regularity
had lower lumbar spine BMD than athletes who had consistently reg-
ular menstrual cycles. However, contrary to our findings and those of
other investigators [7,28], Drinkwater et al. [3] reported that BMD at a
weight-bearing site, the femoral shaft, was lower among athletes with
current and past menstrual irregularity compared with athletes who
had always had regular menstrual cycles (and compared with those
who had episodes of amenorrhea/oligomenorrhea interspersed with
period of eumenorrhea).

To our knowledge, the effects of cumulative menstrual status, rep-
resented by a categorization scheme based on the classic work of
Drinkwater et al. [3], on femoral neck bone geometry have not been
previously reported. Historically, the majority of studies focusing on
the effects of menstrual cycle disturbances have naturally focused on
BMD, the bone health variable clinically used to diagnose osteoporosis.
However, with technological advances in bone health imaging, such as
HSA, and greater accessibility to other modes of bone imaging, such
as QCT, there has been an additional focus on bone geometry among
female athletes with menstrual disturbances [5-7,12,27,50]. These ad-
vancements in the field of women's bone health are important due to
the major influence that bone geometry has on overall bone health.
As such, our results indicate that an accumulation of episodes of se-
vere menstrual disturbances may compromise multiple components
of bone strength, including not only BMD but also bone geometry.
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Table 4. Crude odds ratios and 95% confidence intervals for low (below median) femoral neck geometry and low BMD, defined as Z-score b -1, at multiple sites.

Low FN CSMI
OR (95% CI)

Low FN CSA
OR (95% Cl)

Low FN SI
OR (95% CI)

Low FN Diameter
OR (95% CI)

Low FN Section Modulus

OR (95% CI)

Cumulative menstrual status®
C+ P-IRvs.C + P-R
C/P-RIRvs. C + P-R

Age of menarche (years)

Body mass (kg)
Height (cm)

Body mass index (kg/m?)
Lean body mass (kg)

2.22 (0.81, 6.08)
0.96 (0.28, 3.23)
1.03 (0.80, 1.33)
0.85*** (0.79, 0.93)
0.79*** (0.72, 0.87)
0.91 (0.74, 1.10)
0.73*** (0.64, 0.84)

3.01* (1.06, 8.58)
2.51(0.73, 8.64)
1.25 (0.96, 1.64)
0.89** (0.83, 0.96)
0.91** (0.85, 0.98)
0.80* (0.65, 0.98)
0.84** (0.75, 0.93)

0.82 (0.30, 2.18)
1.49 (0.45, 4.96)
1.04 (0.81, 1.35)
1.04 (0.98, 1.10)
1.02 (0.96, 1.09)
1.10 (0.90, 1.34)
1.04 (0.95, 1.14)

1.10 (0.41, 2.97)
0.18* (0.05, 0.71)
1.17 (0.90, 1.51)
0.91** (0.85, 0.97)
0.86*** (0.79, 0.93)
0.97 (0.80, 1.18)
0.86** (0.77, 0.95)

2.05(0.75, 5.60)
1.17 (0.35, 3.89)
1.09 (0.84, 1.41)
0.86*** (0.79, 0.93)
0.88** (0.82, 0.95)
0.78* (0.63, 0.96)
0.78*** (0.71, 0.90)

0.75 (0.53, 1.06)
0.85 (0.31, 2.34)

0.69* (0.49, 0.98)
1.11(0.41, 3.04)

Lean mass index (kg/m?)
Leanness sport?
Sport impact type ¢
Mi vs. LI 0.94 (0.28, 3.21)
HI vs. LI 1.17 (0.24, 5.62)

1.00 (0.29, 3.40)
0.86 (0.18, 4.13)

1.10(0.79, 1.53)
0.73 (0.26, 2.01)

0.96 (0.69, 1.33)
1.45 (0.53, 4.00)

0.69* (0.48, 0.98)
1.45 (0.53, 4.00)

0.89 (0.26, 3.04)
3.33 (0.60, 18.54)

1.57 (0.45, 5.42)
0.88 (0.18, 4.34)

2.24 (0.62, 8.14)
1.71(0.34, 8.68)

FN: femoral neck; CSMI: cross-sectional moment of inertia; CSA: cross-sectional area; Sl: strength index; OR: odds ratio. Odds ratios that correspond with a p-value < 0.05

are indicated in bold.

a. Categorized as C + P-R: current and past regular menses; C/P-RIR: current or past irregular menses; C + P-IR: current and past irregular menses. C + P-R is the reference

category.

b. Leanness Sports included endurance, aesthetic,weight-class, and antigravitation sports; Non-leanness sports included technical, ball game, and power sports (Torstveit

and Sundgot-Borgen, MSSE, 2005).

c. Sport impact type included lowimpact (LI),moderate impact (MI), and high impact sports (HI) (Torstveit and Sundgot-Borgen, Br J Sports Med, 2005). Low impact is the

reference category.
*p < 0.05 Wald statistic ; ** p < 0.01 Wald statistic ; *** p < 0.001 Wald statistic

Table 5. Crude odds ratios and 95% confidence intervals for low BMD, defined as Z-score < -1, at multiple sites.

Low LS BMD
OR (95% Cl)

Low FN BMD
OR (95% Cl)

Low hip BMD
OR (95% Cl)

Cumulative menstrual status @
C+ P-IRvs.C + P-R
C/P-RIRvs. C + P-R

Age of menarche (years)

Body mass (kg)

Height (cm)

Body mass index (kg/m?)

Lean body mass (kg)

Lean mass index (kg/m?)

Leanness sport?

Sport impact type ¢
Ml vs. LI 2.02 (0.41, 10.01)
HI vs. LI 1.67 (0.25, 11.07)

6.79* (145, 31.89)
1.66 (0.25, 11.02)
1.42* (1.07, 1.90)
0.89** (0.82, 0.96)
0.96 (0.90, 1.03)
0.72** (0.57, 0.91)
0.90 (0.81, 1.01)
0.78 (0.54, 1.12)
1.72 (0.52, 5.65)

0.38 (0.07, 2.03)
1.48 (0.29, 7.54)
0.83 (0.53, 1.30)
0.92 (0.83, 1.02)
0.89* (0.79, 0.99)
0.96 (0.70, 1.31)
0.76** (0.63, 0.92)
0.56* (0.32, 0.99)
1.06 (0.21, 5.39)

1.03 (0.18, 5.73)
1.05 (0.14, 8.18)
1.35 (0.89, 2.04)
0.97 (0.87, 1.07)
0.95 (0.86, 1.06)
0.97 (0.70, 1.35)
0.93 (0.80, 1.09)
0.89 (0.51, 1.55)
2.22 (0.26, 18.83)

0.99 (0.11, 8.99)
2.54 (0.23, 28.02)

0.99 (0.11, 8.99)
1.57 (0.13, 19.67)

LS: lumbar spine; FN: femoral neck; BMD: bone mineral density; OR: odds ratio. Odds ratios that correspond with a p-value < 0.05 are indicated in bold.
a. Categorized as C + P-R: current and past regular menses; C/P-RIR: current or past irregular menses; C + P-IR: current and past irregular menses. C + P-R is the reference

category.

b. Leanness Sports included endurance, aesthetic, weight-class, and antigravitation sports; Non-leanness sports included technical, ball game, and power sports (Torstveit

and Sundgot-Borgen, MSSE, 2005).

. Sport impact type included low impact (LI),moderate impact (MI), and high impact (HI) sports (Torstveit and Sundgot-Borgen, Br J Sports Med, 2005). Low impact is the

reference category.
*p < 0.05 Wald statistic ; ** p < 0.01 Wald statistic

Notably, exercising women who reported menstrual irregularity
in the past and in the present had significantly greater odds of low
CSMI and CSA at the femoral neck compared with those who had al-
ways had regular menstrual cycles. Further, those with irregular men-
ses at some point during adolescence or adulthood had greater odds
of low CSA compared with those who had always had regular men-
ses. As such, the potential negative impact of severe menstrual cycle
disturbances, even in the presence of episodes of regular menses, on
bone geometry should not be disregarded. Of clinical importance is
that a history of menstrual irregularities in conjunction with current
menstrual irregularities, both of which can be identified simply through
self-report or questionnaires, may indicate not only poor BMD [3,32]
but also poor bone geometry, both of which may increase fracture risk
[26,33]. As such, our results provide further evidence for the impor-
tance of clinical assessment of both current and past menstrual status
when assessing an athlete’s risk for the Female Athlete Triad and clear-
ance to participate in sports as outlined in the 2014 Female Athlete
Triad Coalition Consensus Statement [51]. Both BMD and bone geom-
etry are key determinants of bone strength [33]. Notably, an increase

in the size of the bone, thereby distributing the mass of the bone far-
ther from the central axis, drastically increases bone strength, regard-
less of whether or not the thickness of the bone increases [34]. In fact,
doubling the radius of the bone increases bone strength by a factor
of 16 [34]. As such, a smaller femoral neck CSA and CSMI among fe-
male athletes with past and/or current menstrual disturbances when
compared with athletes who have always had regular menstrual cycles
may be detrimental to bone health by compromising bone strength
and by adding to the negative effects that low BMD [4,11,12, 15] has
on bone strength. Interestingly, the C/P-RIR group demonstrated the
smallest proportion of women with low neck diameter compared with
both the C + P-IR group and the C + P-R group, which had similar pro-
portions of women with low-neck diameter. More research in broader
samples of female athletes is necessary to determine if neck diame-
ter is influenced differently by the frequency, duration, and timing of
amenorrheic episodes.

It is imperative to note that the women in this study ranged in age
from 18 to 35 years, which represents the time frame when peak bone
mass is being achieved or has already been achieved [24]. As such,
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Fig. 3. Forest plots of multivariable logistic regression models for low (below median) femoral neck geometry and strength. Boxes indicate ad-
justed odds ratio and lines indicate 95% confidence intervals. Final model R? (Nagelkerke) = 0.550 for FN CSMI, 0.283 for FN CSA, 0.037 for FN
SI, 0.363 for FN Diameter, 0.337 for FN Section Modulus. C + P-R: current and past regular menses; C/P-RIR: current or past irregular menses; C
+ P-IR: current and past irregular menses. C + P-R is the reference category. OR: odds ratio; FN: femoral neck; CSMI: cross-sectional moment of
inertia; CSA: cross-sectional area; Sl: strength index. * p < 0.05 Wald statistic; ** p < 0.01 Wald statistic; *** p < 0.001 Wald statistic.

the greater odds of smaller femoral neck CSMI and CSA among young
women who have accumulated multiple episodes of severe menstrual
disturbances throughout life compared with young women who have
always had regular menstrual cycles is concerning. Presenting with
compromised bone health during young adulthood, when the window
for the accrual of bone mass is closed or nearly closed, potentially in-
creases the risk for osteoporosis and fragility fractures [26], particu-
larly during the postmenopausal years when some degree of bone loss
is inevitable. Because there is no strong evidence that young women
who have low bone mass as a result of menstrual disturbances are able
to obtain optimal bone mass despite the restoration of normal men-
strual function [25,30,52,53], it is important that clinicians are aware
of the role of cumulative menstrual status in bone health. Also, par-
ents and healthcare providers of female athletes are recommended
to give attention to episodes of irregular and absent menses in order
to address the problem prior to severe bone health consequences.
Other significant predictors of low bone geometry and low BMD
include easy-to-assess gynecological and anthropometric variables,
thereby also serving as valuable clinical indicators of poor bone health
in young, exercising women. Age of menarche (continuous variable) re-
mained a significant independent predictor of low BMD at the lumbar
spine after controlling for potential confounders. In agreement with
other reports demonstrating that age of menarche has an inverse re-
lation with BMD and late age of menarche (15 years of age) is asso-
ciated with low BMD [1,12,47,48], these results indicate that the odds
of having low BMD during adulthood increase with each subsequent
year that passes during adolescence prior to menarche. In fact, due
to its ease of assessment via self-report, late age of menarche, de-
fined as menarche occurring on or after age 15 years, can be used as
a valuable clinical tool to assess whether a young, exercising woman
may have low lumbar spine BMD [1], which may predispose her to
vertebral compression fractures later in life. The lumbar spine is par-
ticularly susceptible to loss of bone mass and deterioration of bone

microarchitecture during aging and the onset of menopause due to its
high proportion of trabecular bone [54]. Although age of menarche is
a non-modifiable risk factor for low lumbar spine BMD among young
women, knowledge of the risk may prompt appropriate action during
young adulthood to improve or maintain BMD and minimize the likeli-
hood of skeletal consequences in the future. The anthropometric vari-
ables, body mass and height, remained significant predictors of low
lumbar spine BMD and low femoral neck CSMI, diameter, Z, and BMD,
respectively, after controlling for potential confounders. The lower the
weight and height, the greater the odds of low BMD and low femoral
neck geometry and strength, respectively. These results are not sur-
prising, given that low body weight is a known risk factor for low BMD
[49] and fracture [55]. Possible reasons for the direct relation between
body weight and bone health include greater mechanical force on the
bone during weight-bearing activities and greater production of hor-
mones with higher bodyweight [49]. Hormones, such as leptin and
estrogen influence osteoblast and osteoclast activity and may corre-
late positively with body weight if greater adipose tissue mass is also
present [49]. Further, our results demonstrate that LMI was a signifi-
cant predictor of low femoral neck CSMI and BMD after adjusting for
menstrual status and body size. The influence of muscle forces and
therefore lean mass on BMD and bone geometry is well-established
[1,5,6,12,56-58]. The mechanisms underlying the tight link between
muscle and bone involve both biomechanical and endocrine factors
[59]; however, the myriad pathways that link the two organs are com-
plex and remain to be fully elucidated.

Notably, leanness sport and sport impact type were not associ-
ated with low femoral neck geometry or estimated strength or low
BMD, contrary to reports from other investigators [1,41,46,60,61]. Un-
doubtedly, various loading impacts from different sports have an influ-
ence on bone integrity [46,60,61] as do the factors related to leanness
sports, such as menstrual cycle disturbances [40]. Other investigators
studied primarily elite athletes or competitive athletes participating in
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Fig. 4. Forest plots of multivariate logistic regression models for low
BMD, defined as Z score < —1. Boxes indicate adjusted odds ratio and
lines indicate 95% confidence intervals. Final model R? (Nagelkerke) =
0.322 for LS BMD, 0.314 for FN BMD, 0.074 for Hip BMD. C + P-R: cur-
rent and past regular menses; C/P-RIR: current or past irregular men-
ses; C + P-IR: current and past irregular menses. C + P-R is the ref-
erence category. BMD: bone mineral density; LS: lumbar spine; FN:

femoral neck. * p < 0.05 Wald statistic.

specific sports [1,41,46,60,61]; whereas, our data were obtained from
a sample of competitive and recreational female athletes. It is possible
that the effect of sport type was not as robust in the present study due
to the inclusion of recreational athletes who may spend less time than
elite and/or competitive athletes participating in their primary sport,
may have fewer years of participation in their primary sport, and may
participate in a variety of sports, thereby making it more difficult to
observe clear differences in indices of bone health when grouped ac-
cording to primary sport type.

The strengths of the current study include the addition of HSA
data, thereby expanding our knowledge of the influence of menstrual
cycle disturbances in female athletes on bone health. Also, we used
daily urinary measures of estrogen and progesterone to confirm self-
reported current menstrual status. Due to the burden of daily assess-
ment of reproductive hormones for at least one complete menstrual
cycle or month, the majority of studies assessing bone health in fe-
male athletes rely on self-report to obtain information about menstrual

status. Although self-report is a necessary way to gather information
about menstrual status, particularly menstrual history, it is still prone
to inaccuracy. As such, a limitation of the present study is the self-re-
port nature of past menstrual disturbances and OC use and the limited
information gathered from participants about the nature and number
of past menstrual irregularities. In addition, because our sample con-
sists primarily of recreational athletes, the time spent in regular phys-
ical activity may be relatively minimal in some athletes (at least 120
h per week) which could contribute to low CSMI and CSA as a result
of minimal mechanical stimulation. Another limitation of this study
is that the geometric and strength measures of the femoral neck are
estimated using a two-dimensional imaging technique; DXA is lim-
ited in its ability to accurately measure bone geometry and strength
due to positioning error and poor image quality [37]. Finally, we rec-
ognize that calculating the femoral neck and total hip BMD Z-score
of women <20 years. of age relative to age 20 norms may underes-
timate bone health for those few women. Further research is needed
to determine if the findings presented herein are also observed for
geometrical and strength measures obtained using three-dimensional
imaging techniques such as QCT. In addition, evaluation of the utility
of cumulative menstrual status to assess risk for low BMD in a clinical
setting is also warranted.

5. Conclusions

In summary, the accumulation of menstrual cycle disturbances be-
tween menarche and young adulthood increases the odds of present-
ing with smaller femoral neck CSMI and CSA when compared with
always having regular menstrual cycles, despite participation in reg-
ular physical activity. As such, when viewing our results in addition to
those of other investigators [3], the occurrence of multiple episodes
of amenorrhea or oligomenorrhea among exercising women has the
potential to compromise multiple components of bone strength, i.e.,
BMD and bone geometry. Our results are of clinical utility due to the
ease of assessment of cumulative menstrual status. A self-reported
menstrual history that reveals multiple bouts of oligo/amenorrhea
from menarche to young adulthood may indicate the presence of
bones with smaller size than may be attained when regular menstrual
cycles are exclusively experienced throughout the same time span. It
must be emphasized that young adulthood is a time period when the
accrual of bone mass has drastically slowed or ceased [23], thereby
making it difficult to accrue additional bone mass at this stage of life
in the event that bone accrual was negatively affected by menstrual
cycle disturbances during the adolescent years. Compromised BMD
and bone geometry during young adulthood, when the capability to
improve bone health has drastically declined due to the slow rate or
cessation of bone accrual, raises concern for lifelong health conse-
quences, such as osteoporosis and fractures. Osteoporosis has been
termed a “pediatric disease,” although it primarily presents during the
elderly years, due to the influence that bone accrual during the ado-
lescent years has on future skeletal health [24]; therefore, appropriate
education and intervention during adolescence and young adulthood
are imperative to minimize the risk of skeletal consequences and com-
promised health later in life.
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