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ARTICLE INFO ABSTRACT

Objectives: Although exercising women are at high risk of poor iron status, it is unknown how non-pathological,
physiological menstrual function affects iron status. As such, this study investigates the association between
menstrual function and iron status in exercising women with amenorrhea and exercising women with ovulatory,
eumenorrheic menstrual cycles.

Design: Cross-sectional analysis of iron depletion prevalence, iron status indices, exercise parameters, and diet
composition.

Methods: Women aged 18-35 years performing at least 2h per week of aerobic exercise were recruited. Women
with amenorrhea (AMEN) were defined by the absence of menses for at least 90 days or less than 6 menses in the
past 12 months (n = 82). Women with ovulatory, eumenorrheic menstrual cycles (OvEU) were defined by the
presence of ovulatory cycles of 26-35 days in length for the past 6 months (n = 109). Group differences in serum
ferritin (Ft), soluble transferrin receptor (sTfR), total body iron (TBI), hemoglobin (Hb), hematocrit (Hct), iron
depletion prevalence (Ft < 15 ug/L), peak oxygen consumption (VOzpeax), €xercise minutes per week, and diet
logs were assessed.

Results: The prevalence of iron depletion was greater in OVEU when compared to AMEN (26% vs. 15%,
p = 0.04). No significant differences were observed between AMEN and OVEU in Ft (30.2 = 2.2 vs.
249 *+ 2.6 ug/L;p = 0.62), sTR (5.2 + 1.4vs. 4.9 = 1.5mg/L; p = 0.95), TBI (5.3 + 2.7 vs. 4.8 3.7mg/
kg; p = 0.42), Hb (13.2 = 0.4 vs. 13.4 = 0.6 g/dL; p = 0.80), Het (39.5 + 0.8% vs. 39.8 = 4.1%; p = 0.93),
or exercise parameters. AMEN consumed more vitamin C than OVEU (269 = 180 vs. 129 = 141 mg/day,
p < 0.001), but all other dietary factors were similar between AMEN and OVEU.

Conclusion: Exercising women with ovulatory, eumenorrheic cycles are at a greater risk of iron depletion than
exercising, amenorrheic women. Thus, menstrual function must be considered when screening for poor iron
status in exercising women.
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1. Introduction

Exercising women are at high risk of iron deficiency (ID) which can
compromise immune function, impair cognitive function, and reduce
athletic performance [1,2]. Further, ID may exacerbate menstrual
dysfunction, low energy availability, and low bone mineral density
associated with the Female Athlete Triad [3,4]. ID is characterized by
stages of increasing severity. The first stage is iron depletion, which is

characterized by depletion of bone marrow iron stores, minimal
changes in red blood cell indices, and a reduction of serum ferritin (Ft)
below a given threshold. The second stage is ID without anemia, which
is characterized by depletion of total body iron that results in dimin-
ished red blood cell indices. The final stage is ID with anemia, which is
characterized by the depletion of total body iron stores that sig-
nificantly reduces red blood cell indices below established values as-
sociated with clinical sequelae [5]. Iron depletion is typically
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asymptomatic with significant clinical symptoms and sequelae occuring
as ID progresses [6].

One determinant of iron status in exercising women is exercise-as-
sociated iron loss which underlies the 60% greater risk of iron depletion
(Ft < 20 pg/L) in exercising women compared to sedentary women [7].
Exercise elevates iron loss above basal levels via increased iron loss in
sweat, intravascular hemolysis, and gastro-intestinal bleeding [8]. Ex-
ercise can further compromise iron status by upregulating hepcidin via
exercise-induced inflammation [9], which greatly reduces dietary iron
absorption and availability for erythropoiesis [10]. These mechanisms
likely underlie the report that ten days of exercise training in physically
active women was associated with a 33% reduction in Ft, a marker of
iron storage content [11], and an 8% increase in soluble transferrin
receptor (sTfR), a marker of intracellular iron demand [12]. Likewise,
nine weeks of basic combat training in female soldiers was associated
with a 25% reduction in Ft and a 30% increase in sTfR [13].

Another determinant of iron status in exercising women is men-
strual blood loss. The average woman loses 14 mg of iron per menses
[14]. These iron losses likely underlie the correlation between a greater
duration and intensity of menstrual bleeding with a higher prevalence
of iron depletion [15-17]. To better understand the effects of menstrual
blood loss on iron status, it may be useful to consider two naturally
occurring physiological models: the onset of menses at menarche and
the cessation of menses at menopause. Menarche is associated with a
near double increased prevalence of iron depletion [18] and menopause
is associated a decrease in iron depletion prevalence from 13% to 0%
[19]. These observations suggest that menstrual iron losses are a pri-
mary determinant of the 10-20% greater prevalence of ID in exercising
women compared to exercising men [20]. Lastly, menstrual blood loss
likely impacts iron status in menstruating, exercising women, as one
third of exercising women experience heavy menstrual bleeding [21].

Despite the association with menstrual bleeding, iron status is rarely
considered within the context of menstrual function. This research gap
is noteworthy since as many as 56% of exercising women experience
menstrual dysfunction, referred to as exercised-associated menstrual
disturbances (EAMD) [22]. EAMD range from subclinical presentations,
such as luteal phase defects and anovulation, to clinical presentations,
such as oligomenorrhea and amenorrhea [23,24]. More severe EAMD
are associated with decreased bone health, increased risk of stress
fractures [25], endothelial dysfunction [26], and atherogenic blood
lipid profiles [27]. As such, menstrual function restoration is prioritized
in EAMD treatment [28,29]. Yet, it is unknown how iron status is af-
fected by EAMD. Such knowledge may have implications for EAMD
treatment strategies, such as supplementation or dietary re-
commendations.

As such, this investigation aimed to determine the association be-
tween menstrual function and iron status by comparing exercising
women at opposite ends of the menstrual function spectrum. That is,
iron status was compared between exercising women with ovulatory,
eumenorrheic menstrual cycles (OvEU) and exercising women with
complete loss of menstruation, i.e. amenorrhea (AMEN). We hypothe-
sized that OVEU would exhibit a higher prevalence of iron depletion
(Ft < 15pg/L) and poorer iron status indices in terms of higher sTfR
and lower Ft, total body iron (TBIL; a calculated index of body iron
stores), hemoglobin (Hb), and hematocrit (Hct), compared to AMEN
women. As a secondary analysis, we explored associations between
menstrual bleeding characteristics and iron biomarker concentrations.
We hypothesized that iron status would decrease with increasing
bleeding intensity and duration.

2. Methods

This cross-sectional study used data from three studies: REFUEL
(n = 157), The Active Women’s Study (AWS; n = 19), and the Thermic
Effect of Food Study (TEF; n = 15). REFUEL was a longitudinal study
investigating the effects of increased caloric intake on menstrual
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function and bone health among exercising women with EAMD. AWS
was a cross-sectional study investigating associations between men-
strual function and factors such as bone density and metabolic hor-
mones in exercising and sedentary women. TEF was a cross-sectional
study investigating postprandial thermogenesis and gut peptide secre-
tion in exercising women according to menstrual function. REFUEL and
AWS were conducted at the University of Toronto and The
Pennsylvania State University. TEF was conducted at The Pennsylvania
State University. All participants provided written informed consent
before study procedures were conducted. All studies were approved by
the Institutional Review Boards at their respective institutions.

2.1. Screening

Participants were recruited on a rolling basis and initially screened
via phone, in-person, or online surveys. Initial inclusion criteria for
REFUEL and TEF eligibility were as follows: 1) age 18-35 years, 2) body
mass index 16-25 kg/mz, 3) weight stable ( = 2kg) for the past 6
months, 4) no history of any serious medical conditions, 5) no current
clinical diagnosis of an eating or psychiatric disorder, 6) non-smoking,
7) no medication use that would alter metabolic, bone or reproductive
hormone concentrations, 8) = 2h/wk purposeful exercise, and 9) no
history of a clinical diagnosis of polycystic ovarian syndrome. AWS
inclusion criteria included the above except for the following differ-
ences: 1) body mass index of 16-30kg/m?, 2) no weight stability re-
quirement, and 3) no exercise requirement.

After obtaining informed consent, height and weight were measured
and medical, exercise, and menstrual histories were collected.
Participants in the REFUEL and TEF provided a fasted venous blood
sample for a screening panel. For the current analyses, REFUEL and TEF
participants with abnormal follicle stimulating hormone, luteinizing
hormone, prolactin, thyroid stimulating hormone, thyroxin, total tes-
tosterone or free testosterone serum concentrations were excluded to
rule out non-exercise related causes of menstrual disturbances [30].
Women with high androgen phenotypes (clinical symptoms and free
androgen index) were excluded (n = 6) [31]. Participants in AWS were
not screened for these factors. For REFUEL and TEF participants, a
physical examination was conducted by a Clinical Research Center
clinician at the University of Toronto or The Pennsylvania State Uni-
versity. No participants were taking iron supplements at the time of the
study.

Participants were assigned to groups based on their respective study
design and retrospectively assigned as either AMEN or OVEU for the
present study. Participants eligible to be assigned into these groups met
specific criteria during the screening procedures. Inclusion as AMEN
required a self-reported absence of menses within the past 3 months or
less than 6 menses in the past 12 months [32]. Inclusion as OVEU re-
quired a self-report of = 9 menses in the past 12 months and a men-
strual cycle length between 25 and 36 days [32].

2.2. Post-screening

In each study, screening was followed by a baseline phase lasting
one menstrual cycle or, if amenorrheic, 28 days. During baseline, each
participant self-collected daily first-morning void urine samples, pro-
vided a blood sample, completed menstrual and health questionnaires,
recorded diet logs, and performed an exercise test. For REFUEL parti-
cipants, baseline was followed by a nutritional intervention phase, but
only data from the first week of the intervention were used in the
present study to avoid potential confounding effects of improved nu-
trition on iron status.

2.3. Menstrual function classification and characteristics

Baseline daily urine samples were analyzed for estrone-1-glucur-
onide (E1G), pregnanediol glucuronide (PdG), and luteinizing hormone
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(LH) using methods previously described [24]. Retrospective assign-
ment to OVEU required the following: 1) an E1G peak concentration
above 35 ng/ml, 2) a peak PdG concentration above 5 pg/mL during the
luteal phase, and 3) an LH surge concentration above 25 mIU/ml to
confirm ovulation [23,24]. Retrospective assignment to AMEN required
the following: 1) absence of menses and menstrual bleeding, 2) a ne-
gative pregnancy test, and 3) suppressed E1G and PdG profiles [23,24].
Self-reports of number of menses in the last 12 months, duration of
menstrual bleeding, and menstrual bleeding intensity were collected in
OvVEU. Self-reported duration of amenorrhea prior to study participa-
tion was collected in AMEN.

2.4. Exercise and diet

Peak oxygen consumption (VOxpear), an indicator of aerobic fitness,
was measured during a graded exercise test to volitional fatigue with a
SensorMedics Vmax metabolic cart (Yorba Linda, CA) using methods
previously published [33]. Participants recorded their purposeful ex-
ercise for at least one consecutive 7-day period. Baseline exercise logs
were averaged to determine each participant’s average weekly exercise
duration.

All participants completed 3-day diet logs on 2 weekdays and 1
weekend day during baseline; REFUEL participants completed another
diet log during the first week of the intervention. Participants were
provided with detailed instructions on how to record types and quan-
tities of foods eaten. Diet analysis of the 3-day diet logs were performed
using Nutrition Data System for Research (NDS-R 2008, Minneapolis,
MN) or Nutritionist Pro (Axxya Systems, Woodinville, WA) to obtain
energy, protein, carbohydrate, fat, iron, heme-iron, nonheme-iron,
calcium, and vitamin C intakes. The presented values are the average of
the two 3-day diet logs for REFUEL participants and a single 3-day diet
log for AWS and TEF participants.

2.5. Serum sampling and analysis

Fasting venous blood samples were collected between 0700 and
1000 h during the early follicular period for all menstruating partici-
pants and on an arbitrary day for all AMEN and one week after baseline
in REFUEL participants. Participants were asked to abstain from ex-
ercise for 24 h prior to blood sampling. Samples clotted for 30 min prior
to centrifugation (1600 g) at 4 °C for 15 min. Serum aliquots were stored
at —80°C until analysis. Each REFUEL participant’s samples were
pooled to minimize possible variations in Ft and sTfR across the men-
strual cycle [34].

Ft and sTfR concentrations were assessed via enzyme immunoassay
(Ramco, Houston, TX) with intra-assay coefficient of variance of 6.0%
and 4.2% and inter-assay variability of 9.8% and 14.3%, respectively.
Inflammation status was determined via serum alpha-1-acid glycopro-
tein (radial immunodiffusion, Kent Laboratories, Bellingham, WA) and
qualitative serum C-reactive protein assays with a threshold of 10 mg/
mL (IMMUNEX CRP, Alere, Waltham, MA). Ft concentrations were
corrected as described elsewhere [35]. A correction factor of 0.76 was
applied to Ft concentrations in the early convalescence group and group
sizes were insufficient in the incubation and late convalescence groups
to calculate a correction factor. A similar procedure was performed for
sTfR [36] and no correction factors were required. TBI was calculated
with the inflammation-adjusted Ft as described elsewhere [37]. Anemic
participants (Hb < 12 g/dL and/or Hct < 35%) that were iron replete
(Ft = 15pg/L) were excluded from the present analysis (n = 7) due to
the possible presence of pre-existing and unknown medical conditions

[5].
2.6. Data analysis

Statistical analyses were performed using R version 3.1.0 (The R
Foundation for Statistical Computing, 2014). Geometric means and
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geometric standard deviations were calculated for Ft and sTfR [38,39]
to provide a more robust measure of central tendency in these skewed
biomarkers and to allow for direct comparison to a similar investigation
[39]. Arithmetic means and standard deviations were calculated for all
other values. Variable normality was assessed via Shapiro-Wilk tests.
Differences between group means were assessed via independent T-tests
for normally distributed variables or via Wilcoxon rank-sum tests for
non-normally distributed variables. Difference in iron depletion pre-
valence (Ft < 15pug/L) [40] between groups was assessed via a one-
tailed X? test. Difference in proportion of individuals that met the re-
commended dietary allowance (RDA) of iron for women ages 19-50
(18 mg/day) [41] was assessed via a two-tailed X2 test. Correlations
between iron status indices and menstrual characteristics were assessed
with Spearman’s rank-order correlation coefficients. Regression coeffi-
cients for exercise parameters and dietary factors as part of generalized
linear models for individual iron status indices were determined to
assess for possible confounding variables. Alpha levels were set at 0.05
and adjusted with Bonferroni’s correction for correlations.

A sensitivity power calculation for the minimal detectable effects for
group mean differences of Ft and sTfR was performed using data from
an investigation of iron status in exercising women without regard for
menstrual function [42]. With a sample size of N = 191, alpha = 0.05
and power = 0.80, the minimal detectable differences between OVEU
and AMEN for Ft and sTfR were 1.36 pug/L and 0.07 mg/L, respectively.
These differences are below what would be considered clinically
meaningful and smaller than previously reported differences in ex-
ercising women with and without menstrual function [39].

3. Results
3.1. Anthropometrics, exercise, and diet

Complete data were available for 82 AMEN and 109 OVEU. Age,
body mass index, VO,peak, and exercise duration were similar between
AMEN and OVEU (Table 1). VOzpeqk for both groups was approximately
equal to the 80th percentile of women aged 18-25 [43]. AMEN con-
sumed more vitamin C than OvVEU (269 + 180 vs. 129 + 141 mg/day,
p < 0.001), but all other dietary factors were similar between AMEN
and OVEU. Exercise parameters and dietary factors were not significant
confounders of any iron status index in AMEN, OvEU, or both groups
combined. A greater proportion of OVEU (61%) than AMEN (42%;
X? = 6.83, p < 0.01) met the RDA for dietary iron.

3.2. Iron depletion and iron status indices
The prevalence of iron depletion was greater in OvEU compared to

AMEN (26% vs. 15%, X? = 3.45, p = 0.04; Fig. 1). Ft (30.2 *+ 2.2 vs.
249 + 2.6ug/L), sTIR (5.2 * 1.4 vs. 4.9 = 1.5mg/L), TBI

(5.3 £ 2.7 vs. 4.8 * 3.7mg/kg; Fig. 2), Hb concentrations
(13.2 =+ 0.4 vs. 13.4 = 0.6g/dL), and Hct (39.5 * 0.8% vs.
39.8 + 4.1%) were not significantly different between OVEU and
AMEN.

3.3. Menstrual function characteristics and iron status indices

The average frequency of menses in the past 12 months was 12 + 1
menses. Four OVEU did not report menstrual bleeding characteristics.
Twenty, 33, and 52 women in OVEU reported “light,” “moderate,” and
“heavy” menstrual bleeding intensity, respectively. Fifty-one, 27, 22, 3,
and 2 women in OVEU reported 5 or more, 4, 3, 2, or 1 day(s) of
menstrual bleeding, respectively. The “high” menstrual bleeding group
(5 or more days of menstrual bleeding and “heavy” menstrual bleeding)
contained 45/109 (43%) of the women in OVEU. The “low” menstrual
bleeding group (less than 5 days of menstrual bleeding and “light” or
“moderate” menstrual bleeding) contained 60/109 (57%) of the women
in OVEU. There was not a significant difference in iron depletion
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Table 1

Anthropometric, dietary, and iron status characteristics of exercising women
with amenorrhea (AMEN) and exercising women with eumenorrheic, ovulatory
cycles (OVEU).

AMEN (n = 82) OVEU (n = 109)

Anthropometric

Age; years 224 + 2.2 231 = 2.7

Body-mass index; kg/m? 20.1 = 1.1 21.5 + 2.1

Average duration of amenorrhea; days 305 + 124 NA
Menses in past 12 months NA 12 £ 1
VO2peal; mL/kg/min 47.6 + 6.4 46.0 + 5.7
Average exercise duration; min/week 340 + 136 271 * 153

Dietary

Energy intake; kcal/d 1877 + 805 1999 + 317
Dietary iron intake; mg/d 186 = 8 195 £ 7.2
Iron RDA met 66 (61%) 34 (42%)
Heme iron; mg/d 2.0 = 21 1.8 = 2.8
Non-heme iron; mg/d 14.0 £ 3.2 146 = 7.8
Meat, fish, or poultry; g/d 148 * 146 158 + 102
Tea and coffee; cups/d 28 = 21 1.8 = 2.5
Vitamin C; mg/d 269 + 180 129 + 141
Calcium; mg/d 1785 + 817 1826 + 1011
Carbohydrate intake; g/d 246 + 112 287 + 93
Protein intake; g/d 87 + 37 85 + 18
Fat intake; g/d 61 = 29 68 = 19

Iron Status

Iron-Depleted 12(15%) 28(26%)
Iron-Sufficient 70(85%) 81(74%)
Ferritin; pg/L 30.2 = 2.2 249 *+ 2.6
Soluble transferrin receptor; mg/L 52 x 1.4 49 = 1.5
Total body iron”; mg/kg 53 *+ 27 4.8 = 3.7
Hemoglobin; g/dL 13.2 £ 0.4 13.4 = 0.6
Hematocrit; % 39.5 + 0.8 39.8 = 4.1
Alpha-1-acid glycoprotein; g/L 0.38 = 0.2 0.39 = 0.2
Elevated alpha-1-acid glycoprotein” 3 (3.7%) 0 (0%)
Elevated C-reactive protein® 2(2.4%) 1(3.5%)

Ferritin and soluble transferrin receptor are geometric mean =+
all other values are arithmetic mean + SD.
Iron-Depleted: Ft < 15 ug/L; Iron Sufficient: Ft = 15 pg/L.
* Significantly different from AMEN (p < 0.05; one-tailed X2 test).
** Significantly different from AMEN (p < 0.01; two-tailed X? test).
*** Gignificantly different from AMEN (p < 0.001; two-tailed T-test).
@ Total body iron was calculated as — [log(soluble transferrin receptor/fer-
ritin) —2.8299]/0.1207.
b Elevated alpha-1-acid glycoprotein was > 1 g/L.
¢ C-reactive protein was determined qualitatively at a threshold of 10 mg/ml.

geometric SD;

prevalence (25% vs. 27%, p = 0.85) or iron status indices between
“high” and “low” menstrual bleeding groups (data not shown).
Menstrual bleeding intensity and menstrual bleeding duration were not
significantly correlated with any iron status indices (data not shown).

In AMEN, the average duration of amenorrhea prior to baseline was
305 + 124 days and the duration of amenorrhea was not significantly
correlated with any iron status indices. In AMEN, 60/82 (73%) were
amenorrheic for at least 6 months and 22/82 (27%) were amenorrheic
for less than 6 months. Between these groups, there was not a sig-
nificant difference in iron depletion prevalence (15% vs. 14%,
p = 0.88) or iron status indices (data not shown).

4. Discussion

The present study is the first to compare iron status in exercising
women with rigorously defined menstrual function and exclusion of
individuals with non-physiological menstrual function (e.g. use of
hormonal contraception). This analysis revealed that 28/109 (26%) of
ovulatory, eumenorrheic exercising women were iron depleted com-
pared to 12/82 (15%) of amenorrheic exercising women at a Ft
threshold of 15 pg/L. Yet, iron status indices (Ft, sTfR, TBI, Hb, and Hct)
were not significantly different between groups. This study also
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Fig. 1. Prevalence of iron depletion (Ft < 15ug/L) in exercising women with
amenorrhea (AMEN; n = 82) and exercising women with eumenorrheic, ovu-
latory cycles (OVEU; n = 109). Iron-Depleted: Ft < 15 pg/L; Iron-Sufficient: Ft
=15pg/L.

revealed that menstrual bleeding characteristics, duration of amenor-
rhea, exercise parameters, and dietary factors were not associated with
differences in iron depletion prevalence or iron status indices.

Previous investigations support our findings of iron depletion pre-
valence in exercising women. Another investigation in exercising
women using the same iron depletion threshold reported a similar
prevalence of 24% [44]. As might be expected, the exercising women
with amenorrhea in the present study displayed a similar iron depletion
prevalence as exercising men [20]. An investigation of iron status in
menstruating women and women with amenorrhea by Swenne revealed
similar prevalence between groups as observed in the present study
[45]. Thus, it seems that menses is associated with a greater risk of iron
depletion and/or amenorrhea reduces the risk of iron depletion.

Despite a higher prevalence of iron depletion, iron status indices did
not differ between the OVEU and AMEN groups. Previous investigations
that observed a difference in iron depletion prevalence between groups
also observed differences in iron status indices. For instance, the sTfR
index-determined iron depletion prevalence of 50% in active women
was accompanied by significantly lower Ft and higher sTfR when
compared to sedentary women with an iron depletion prevalence of
17% [42]. Likewise, the findings by Swenne were substantiated by a
77% lower Ft concentration in menstruating women when compared to
their amenorrheic counterparts [45]. Furthermore, the findings of the
present study that iron status indices were not different between our
groups contradict the findings by Wilson et al. that female military
personnel with amenorrhea had a significantly greater Ft and Hb than
their menstruating counterparts [39].

Several factors suggest that this secondary finding is novel rather
than erroneous. The aforementioned investigations, as well as others
not described in detail [46-50], did not control and assess for diet,
exercise or inflammatory status. Further, these investigations did not
confirm menstrual function via hormonal evaluation nor exclude users
of hormonal contraception. Not controlling for these factors that affect
iron status [51-53] may limit or confound the conclusions of prior in-
vestigations. For example, the Ft and Hb of the menstruating women
studied by Wilson [39] may have been artificially elevated, as 41% of
these women were taking hormonal contraception. Likewise, the ame-
norrheic women studied by Swenne [45] also had a diagnosis of an-
orexia nervosa, which is a condition associated with dramatically
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Fig. 2. Comparison of serum ferritin, soluble transferrin receptor, and total body iron in exercising women with amenorrhea (AMEN; n = 82) and exercising women
with eumenorrheic, ovulatory cycles (OVEU; n = 109) Solid lines represent the median. Horizontal dashed lines represent the geometric mean for serum ferritin and

soluble transferrin receptor; and the arithmetic mean for total body iron.

elevated Ft concentrations secondary to elevated hepcidin concentra-
tions [54]. The methodological shortcomings of prior investigations
may have led to inaccurate conclusions on the true relationship be-
tween physiological menstruation and iron status.

Given the robust study design, the secondary findings of the present
study may indicate that menses plays a lesser role in iron stores in
exercising women than previously thought. The average 14 mg of iron
loss per menses accounts for only 0.4% of total body iron stores as-
suming an average body iron store of 3500 mg in women [55]. The only
available evidence for the direct effect of menses on iron loss are large
epidemiological studies, which have found that iron status indices
change only slightly [34] or not at all [56-58] across the menstrual
cycle. Furthermore, two smaller studies demonstrated menstruation to
be associated with better iron status as indicated by greater Hb con-
centrations. Clancy et al. reported that higher Hb concentrations were
associated with a thicker endometrium lining, even though greater
endometrial thickness is correlated with greater menstrual blood loss
[59,60]. Miller reported that women who resumed menstruation post-
partum had a higher Hb concentration than those who had not yet
resumed menstruation [61]. Other research has indicated that non-
pathological menstrual blood loss, i.e. less than 80 mL, is not associated
with an increased risk of iron depletion [62-64]. Thus, it appears that
the direct effect of menstrual blood loss on iron status may be less
understood than is currently presumed [65].

4.1. Iron status and menstrual bleeding characteristics

We demonstrated that menstrual bleeding intensity and duration
were not associated with iron status. There was a similar prevalence of
iron depletion and similar levels of iron status indices in exercising
women reporting more intense and longer menstrual bleeding versus
those reporting less intense and shorter menstrual bleeding.
Additionally, menstrual bleeding intensity and duration were not cor-
related with any iron status indices. These findings were contrary to a
previous investigation in the general population [17] that found men-
strual bleeding and intensity were inversely associated with Ft. Given
that the present investigation is adequately powered, it is possible that
the relationship of self-reported menstrual bleeding intensity and
duration with iron status in exercising women may be different in the
exercising population.

Similarly, the prevalence of iron depletion and iron status indices
did not vary by the duration of amenorrhea. This finding suggests that
iron stores in our pre-menopausal, amenorrheic women do not accu-
mulate over time due to a chronic absence of menses as is the case with
post-menopausal women. It is possible that similar physiological me-
chanisms that prevent iron overload in men also prevent the accumu-
lation of iron stores in exercising, amenorrheic women [2].

4.2. Limitations

We were unable to determine consumption of phytate, an inhibitor
of iron absorption, and dietary intake was not recorded on a meal-by-
meal basis. Thus, iron bioavailability, the proportion of dietary iron
absorbed [66], could not be calculated. This limitation is noteworthy,
as it has been reported that women with amenorrhea secondary to
anorexia nervosa consume more phytate than healthy controls [67].
Iron bioavailability calculations would also determine if the greater
dietary vitamin C in AMEN women increased iron bioavailability. Ad-
ditionally, the CRP assessment was qualitative with a threshold of
10 mg/mL and thus unable to detect smaller differences in inflamma-
tion status. Greater sensitivity in CRP measurement may have provided
insight regarding the relationship between inflammation associated
with exercise and menstruation and iron status [68].

4.3. Strengths

The use of well-established methods for classification of menstrual
status [32] allowed for the comparison of exercising women at opposite
ends of the menstrual function spectrum. Since menstruation has been
reported to be associated with poorer iron status, a comparison of ex-
ercising women with ovulatory, eumenorrheic menstrual cycles and
exercising women with amenorrhea allowed for the greatest possible
difference in iron status secondary to menstrual function to be assessed.
The physiologic validity of this comparison was further strengthened by
excluding users of hormonal contraception. Further, exercise duration
and dietary factors between groups were assessed and demonstrated
neither a significant effect on iron status nor differences between
groups. Additionally, Ft was adjusted based on inflammation status to
reduce any confounding effects of exercise-associated inflammation on
iron status. Lastly, the statistical analysis was sufficiently powered to
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observe small differences in iron status indices.
4.4. Future directions and conclusion

Overall, the findings in the present study demonstrate the effect of
physiologic menstrual function on iron status which substantiates pre-
vious literature on menstrual blood loss and iron status and provide
new insight on iron metabolism in women. The primary finding was
that iron depletion was higher in exercising women with ovulatory,
eumenorrheic cycles compared to exercising women with amenorrhea.
Exercising women with ovulatory, eumenorrheic cycles should be made
aware of their increased risk of ID, though the risk should not supercede
the importance of regular menstruation.

Other physiologic variables associated with menstrual function in
exercising women likely play underappreciated roles in iron metabo-
lism and should be investigated. Low energy availability, defined as
energy intake minus exercise energy expenditure [69], triggers biolo-
gical conservation of energy, such as reproductive suppression resulting
in EAMD [32]. Low energy availability may also result in iron con-
servation, given that obesity (a state of high energy availability) affects
iron metabolism [70,71]. Lastly, it should be determined if proges-
terone and estradiol exposure are associated with iron status indices,
given that these hormones regulate hepcidin [72,73].

In conclusion, the present study demonstrated that exercising
women with ovulatory, eumenorrheic menstrual cycles have a greater
risk of iron depletion when compared to amenorrheic exercising
women. The present study was the first to confirm that physiological
menstrual function is linked to poorer iron status in an exercising po-
pulation. As a result, the development of iron depletion and subsequent
progression to ID may be avoided in a population already at risk of
other significant health sequelae.
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