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We examined factors that inform iron-deficiency screening practices in female athletes, with a focus on the menstrual cycle. Twenty-
four National Rugby League athletes attended a 5-week training camp (age 21.6 + 3.4 years old, body mass: 76.3 + 12.1 kg, height:
164.9 £4.6 cm). Athletes were either naturally cycling (athleteNC; n=11) or using hormonal contraception (athleteHC; n=13).
Venous blood samples were collected during Phases 1, 2, and 4 of the menstrual cycle in athleteNC for determination of iron status.
Three equally spaced, corresponding time points were sampled in athleteHC. Every 48 hr, a capillary blood sample was collected and
analyzed for ferritin, hepcidin, creatine kinase, and C-reactive protein. No differences across menstrual phases or groups were evident
for ferritin, hepcidin, transferrin or hemoglobin (p >.05). Serum iron (12.9+4.6 pumol/L to 16.9+8.5 umol/L; p=.045) and
transferrin saturation (17.3% + 7.8% to 22.1% + 14.5%; p = .041) increased from Phase 1 to Phase 2 in athleteNC only, with no change
seen in athleteHC. Ferritin (-16%; p <.001) and hepcidin (—23%; p <.001) declined across the training camp in all athletes.
Concentrations of C-reactive protein (p =.039) were consistently higher in athleteHC compared with athleteNC, whereas creatine
kinase activity were similar between groups (p = .140). Our findings did not identify clear menstrual cycle phase-related differences in
markers of iron status or regulation, suggesting that the influence of cycle phase may be relatively small compared with other sources
of variation. Practitioners should be mindful that athletes using hormonal contraceptives may report with greater C-reactive protein

concentrations than naturally cycling athletes.
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Iron deficiency (ID) is reported to affect ~15%-35% of the
female athlete population (Sim et al., 2019). Routine venous blood
sampling for key biomarkers such as serum ferritin and hemoglobin
is important for the early identification and treatment of ID, pre-
venting progression toward more serious diagnosis (anemia) and
negative athletic performance implications. ID screening guidelines
recommend that female athletes are tested biannually, with quarterly
screenings for athletes with additional risk factors (Sim et al., 2019).
While factors recommended in standardized collection protocols
include time of day, hydration status, prior day activity, and illness,
recent research has proposed that menstrual cycle phase should also
be considered and accounted for when screening naturally cycling
athletes (Badenhorst et al., 2021). These reports are based on
findings from in vitro studies that demonstrate that both estrogen
and progesterone can influence hepcidin synthesis (Li et al., 2016;
Yang et al., 2012), which may result in changes to iron parameters
across a menstrual cycle as ovarian hormones fluctuate.
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Within the ID screening framework, it is desirable to assess
systemic inflammation, with C-reactive protein (CRP) proposed as
a suitable marker (Sim et al., 2019). Measurements of inflammation
may help to indicate scenarios in which concentrations of ferritin
are artificially increased due to its role as an acute phase protein.
Interestingly, CRP may be affected by menstrual status, with higher
basal concentrations reported in female athletes using the oral
conceptive pill compared with those naturally cycling (Larsen
et al., 2020). Furthermore, it is suggested that muscle-damaging
exercise be avoided in the 24 hr prior to iron measurements (Sim
et al., 2019), with creatine kinase (CK) representing a suitable
marker of muscle damage at the time of athlete presentation
(Brancaccio et al., 2007; Magal et al., 2010). Understanding the
influence on both endogenous and exogenous female sex hormones
on markers of iron status, CRP, and CK concurrently is warranted.

The specialized, invasive, and costly nature of venous blood
collection and analysis may deter ID screenings with the recom-
mended frequency proposed by Sim et al. (2019). The rapid onset of
ID among athletes (McKay et al., 2019), coupled with a suboptimal
screening frequency, may contribute to the high prevalence of
reported ID. Screening tools that are less invasive and/or inexpensive
may improve ID prevention efforts, with potential strategies includ-
ing capillary blood analysis and surveys. Indeed, questionnaire-
based tools have been used with success in the general population
(Dugan et al., 2021), but applicability of these tools to highly trained
athletes is yet to be determined.

This study undertook a multifaceted examination of ID screen-
ing practices in female athletes with the aim of (a) determining the

1

Brought to you by Research4Life | Unauthenticated | Downloaded 07

/26/26 11:46 AM UTC


https://orcid.org/0000-0002-5638-538X
https://orcid.org/0000-0002-5092-4610
https://orcid.org/0000-0002-1955-894X
https://orcid.org/0000-0002-4777-4033
https://orcid.org/0000-0002-3895-0015
https://orcid.org/0000-0003-2626-7785
https://orcid.org/0000-0001-8866-5637
mailto:alannah.mckay@acu.edu.au
https://orcid.org/0000-0002-4184-3886
https://orcid.org/0000-0002-4184-3886
https://doi.org/10.1123/ijsnem.2025-0257

2 MCKAY ET AL.

suitability of questionnaire-based tools for detecting ID in highly
trained female athletes, (b) characterizing the variation in markers
of iron status across the menstrual cycle and with hormonal
contraceptive use, (c) examining differences in supplementary
markers for interpreting iron status (CRP and CK) in athletes
using hormonal contraception and those who are naturally men-
struating, and (d) exploring the agreement between venous and
capillary blood sampling for the assessment of iron parameters and
their potential use in field-based settings.

Methods

Participants

Twenty-four Aboriginal and Torres Strait Islander athletes from the
National Rugby League Indigenous Women’s Academy pathways
program participated in this study. Participants were considered
highly trained (Tier 3; McKay, Stellingwerff, et al., 2022) athletes
(age 21.6 + 3.4 years old, body mass: 76.3 + 12.1 kg, height: 164.9 +
4.6 cm, serum ferritin: 68.4 + 59.1 ng/L, hemoglobin 14.2 + 1.8 g/dl).
Apart from pregnancy, no exclusion criteria based on iron status or
menstrual status were employed. The cohort comprised athletes who
were either naturally cycling—defined as experiencing regular men-
strual bleeding without hormonal contraception (athleteNC; n=11)
—or using hormonal contraception (athleteHC; n=13; Elliott-
Sale et al., 2021). In the athleteNC group, only one athlete met the
criteria for being eumenorrheic (Elliott-Sale et al., 2021), five athletes
had evidence of ovulation in the absence of confirmed hormonal
profiles, and five athletes showed evidence of menstrual irregularities
(anovulatory cycle [n = 1], oligomenorrhea [n = 3], and luteal phase
deficiency [n = 1]). Of the athleteHCs, eight used a hormonal implant
(Implanon), four used combined-monophasic oral contraceptive pill
(COC), and one used hormonal injections (depot medroxyprogester-
one acetate). Based on the ranking system to assess methodological
control of ovarian hormones (Smith et al., 2026), both our athleteNC

and athleteHC groups achieved silver-teir status. Prior to the study,
athletes provided written informed consent. This study was approved
by the Australian Catholic University’s Human Research Ethics
Committee (2021-285HI).

Study Design

This study took place during a 5-week residential camp at the
Australian Institute of Sport and was embedded within the Female
Athlete Research Camp (details provided elsewhere; McKay et al.,
2024). During the camp, all athletes attended the laboratory on three
occasions specific to their individual menstrual status, where they
provided a venous blood sample to assess markers of iron status
(Figure 1). In addition, across a 27-day period, 14 capillary blood
samples were collected from each athlete to examine markers of
iron status and muscle damage across the training camp. Impor-
tantly, all test results were provided to participants at the end of the
camp, except one athlete who was anemic and required treatment
prior to the end of camp. Throughout the camp, athletes completed
an intensive, structured resistance (gym) and skills-based (field)
training program prescribed and delivered by Academy coaches,
with individual athlete goals and requirements taken into account.
This was generally comprised of three gym sessions and two field
sessions each week. For each session, duration (minutes) and rating
of perceived exertion (Borg, 1982) were collected, and training load
(defined as Duration X Rating of perceived exertion) was subse-
quently calculated (Foster et al., 2001).

Screening

On arrival to camp, athletes were asked to complete the Female
Athlete Survey as described previously (Bruinvels et al., 2016;
Dugan et al., 2021), which gathers information on an athlete’s risk
of ID. Risks identified include adherence to vegetarian/vegan diets,
previous blood donation, heavy menstrual bleeding, previous
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Figure 1 — Schematic representation of the research embedded training camp study design. Blue and orange lines represent the approximate changes

in estrogen and progesterone, respectively, over the course of the menstrual cycle for naturally menstruating athletes. The collection of venous blood
samples is depicted here for an athlete whose menstrual cycle started on Day 1 of the data collection window. However, the timing of collection for each
athlete was individualized to reflect her own circumstances. *Measurements were only performed when the timing of collection aligned with the collection

of a capillary blood sample.
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pregnancy, and history of ID. Heavy menstrual bleeding was
defined as experiencing two or more of the following:

* Need for double sanitary protection (tampons and towels);

* Need to frequently change protection (every 2 hr or less, or
more than 12 sanitary items per period);

* Had or worried about flooding through to clothes or bedding;

* Passing large blood clots.

Menstrual Cycle Phase Assessments

Prior to, and during the camp, athletes completed a daily electronic
survey of the onset and heaviness of menstruation, presence of
ovulation, and use of contraception (McKay et al., 2024). This
information was used to identify three individual time points at which
athletes attended the laboratory for a venous blood sample. For the
athleteNC cohort, this included Phase 1, Phase 2, and Phase 4 of the
menstrual cycle as outlined previously (Elliott-Sale et al., 2021).
Briefly, Phase 1 was indicated by the onset of menstruation, and the
laboratory visit occurred on Day 2 (median [range] 1-2) of the
menstrual cycle. Phase 2 was characterized by elevated estrogen
concentrations and low progesterone concentrations occurring before
ovulation, with the corresponding laboratory visit falling on Day 11
(median [range]:10-14) of the menstrual cycle. Finally, the third
laboratory visit occurred on Day 21 (median [range]:18-24) of the
menstrual cycle, coinciding with Phase 4 and scheduled 7-day post-
ovulation as confirmed via a positive result on a urinary ovulation stick.
For athleteHC, COC users were tested only during active pill taking
days, so all athletes had an assumed, consistent supply of exogenous
hormone provision occurring at least 48 hr prior to testing. At each time
point, venipuncture was performed in the rested state after a >8-hr fast
and ~18 hr of standardized dietary control (Kuikman et al., 2024).

Alternate Day Assessments

Across a 27-day period during the camp, capillary blood samples were
collected every 48 hr between 6:30 and 7:30. Samples were collected
in the morning, immediately after waking, and prior to exercise as per
previous recommendations (McKay, Sim et al., 2022; Sim et al.,
2019). Blood collection required athletes to place a hand in a bucket of
warm water for ~1 min to increase blood circulation, before a lancet
incision was made to the tip of a digit on a hand for a 1-ml capillary
blood collection into a serum separator tube (Minicollect, Greiner
Vacuette). On days when athletes were required to be in the laboratory
for menstrual-phase tests, venous and capillary samples were collected
simultaneously so that direct comparisons could be made between the
different collection sites/methods. Where possible, additional analysis
of CK and CRP was made on venous blood samples so that the
agreement between capillary and venous sampling could be assessed
for ferritin (r =40), hepcidin (n =41), CK (n=33), and CRP (n =32).

Blood Analysis

An 8.5-ml serum separator tube and a 4-ml K,EDTA anticoagulant
tube were collected during each venous blood draw. Analysis of
whole blood was immediately performed via fluorescent flow
cytometry on an XN-L 550 analyzer (Sysmex Corporation) for
hemoglobin, hematocrit, red blood cell counts, reticulocytes, retic-
ulocyte hemoglobin equivalent, and immature reticulocyte frac-
tions. The interday coefficient of variation for these markers ranged
from 0.4% (hemoglobin) to 2.4% (reticulocytes). Serum separator
tubes (both venous and capillary) were left to clot for 30 min before
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being centrifuged at 1,500 g at 4 °C for 10 min. Serum was then
divided into cryotubes and frozen at —80 °C for batch analysis.
Serum ferritin, serum iron, transferrin, CK, and CRP were analyzed
via a COBAS Integra 400 automated biochemistry analyzer (Roche
Diagnostics). Hepcidin concentrations were determined in duplicate
using an Intrinsic Hepcidin IDxi ELISA Kit (Intrinsic LifeSciences
LLC) on a FLUOstar OPTIMA plate reader (BMG Labtech), with
the intraassay coefficient of variation being 11.5% and 13.7% for
venous and capillary samples, respectively. Finally, concentrations
of serum oestradiol and progesterone were measured via an Access 2
Immunoassay System (Beckman Coulter).

Statistical Analysis

Statistical analysis was undertaken in R Studio (version 4.2.0). An
athlete’s first venous blood sample was used to define them as iron
deficient (serum ferritin<35 ug/L) or iron replete (serum
ferritin > 35 pg/L; Sim et al., 2019). Fisher’s exact tests were then
used to examine the relationship between ID risk factors identified as
part of the Female Athlete Survey and presentation with ID. Histo-
grams and residual plots were used to assess homoscedasticity and
normality of all hematological variables. Nonnormally distributed
variables were log-transformed prior to analysis. One athlete received
treatment for ID prior to their third test (Phase 4), and subsequently
their serum iron and serum ferritin values were removed from the
analysis. Linear mixed models with the restricted likelihood approach
were used to analyze estradiol, progesterone, and iron regulatory
markers. Fixed effects for menstrual status (athleteHC or athleteNC)
and menstrual phase (Phases 1, 2 and 4) were included. Similar
models were created for capillary blood analysis of ferritin, hepcidin,
CK, and CRP, where menstrual status and training day were included
as fixed effects. All models were fitted with participant ID as a
random intercept, with analysis of capillary samples also including
prior day Training Load. Statistical significance of the fixed effects
was obtained using type Il Wald F tests with Kenward—Roger degrees
of freedom as implemented in the R package (“car”). Post hoc
comparisons with Tukey adjustments were made using the R package
“emmeans.” Finally, repeated-measures correlations (“rmcorr””) and
Bland-Altman plots were used to determine the relationship and
agreement between venous and capillary measures of ferritin, hepci-
din, CK, and CRP. Significance for all analysis was set at p <.05.

Results

Prevalence of Iron Deficiency

At study commencement, seven athletes were identified as iron
deficient, with four being symptomatic (Dugan et al., 2021). One
athlete presented in Stage 1 (ferritin <35 pg/L), five athletes
were in Stage 2 (ferritin <20 pug/L), and one athlete was anemic
(Stage 3; hemoglobin < 12.0 dg/L). By the end of the 5-week
camp, three additional athletes were classified as iron deficient
(Stage 1, n=7; Stage 2, n=2), which excludes the anemic
athlete, who was treated with an intravenous iron infusion.
Across the 27-day collection period, there was a similar number
of bleeding days reported between athleteNC (5.6 +3.1 per
athlete) and athleteHC (5.3 £4.4 per athlete, p =.833). Seven
athletes (29%) were identified as having heavy menstrual bleed-
ing. Previous history of ID was reported by nine athletes (38%);
one athlete was vegetarian (4%); and two athletes reported
childbirth (8%). None of these risk factors were related to ID
presentation in this cohort (p >.05). When all risk factors for ID
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were considered, 10 athletes (including six athleteHC) had more
than one risk factor; however, of those, just three presented with
ID (serum ferritin <35 pg/L).

Training Load

The average daily training loads over the entire camp were similar
for athleteHC (353 £332 a.u.) and athleteNC (365 +324 a.u.;
p=.755). Collectively, this was comprised of 65+55 min of
exercise each day, made up of both resistance (62% of training
load) and field-based (38% of training load) sessions.

Menstrual Cycle Phase Assessments

Concentrations of oestradiol and progesterone across the three study
phases have been reported previously (McKay et al., 2024). As
expected, progesterone was highest in Phase 4 compared with Phase
1 and Phase 2 (p=.001) in athleteNC. Furthermore, oestradiol was
highest in Phase 4 (p =.001), with no statistical differences reached
between Phase 1 and Phase 2 (p =.064). Oestradiol and progesterone
remained stable across phases in athleteHC. No differences across
menstrual phases or menstrual status groups were evident for serum
ferritin, transferrin, hepcidin, or hemoglobin (Table 1; p>.05).
Serum iron showed a significant interaction effect (p =.010), where
serum iron increased from Phase 1 to Phase 2 in athleteNC (30%;
p =.045), which corresponded with a slight decrease in athleteHC
(—21%; p = .142). Similarly, a significant interaction effect (p = .025)
showed that transferrin saturation increased from Phase 1 to Phase 2
in athleteNC (28%; p=.041) and remained stable in athleteHC
(-16%; p=.380). No other differences were observed for hemato-
crit, red blood cell counts, reticulocytes, immature reticulocyte
fraction, or reticulocyte hemoglobin concentration (Ret-Hb) between
phases or menstrual status (p >.05).

Alternate Day Assessments

Very strong positive correlations were evident between venous and
capillary measures of ferritin (r=.91 [.80-.96]; p <.001), hepcidin

(r=.991.97-99]; p<.001), CK (r=1.00 [.99-1.00]; p < .001), and
CRP (r=.99 [.97-1.00]; p <.001; Figure 2). Bland—Altman plots,
including the mean and 95% limits of agreement, are reported in
Figure 2. CK activity measured every 48 hr significantly changed
across the course of the camp (Figure 3; p<.001), with no
differences between athleteNC and athleteHC observed (p =.140).
CRP did not significantly differ over the course of the training
camp (p=.082); however, significant differences between athle-
teNC and athleteHC were evident throughout (p=.039), with
higher CRP concentrations in athletesHC compared with athle-
tesNC. Serum ferritin (p<.001) and hepcidin concentrations
(p =.017) significantly changed across the training camp (Figure 4;
p <.001), with generally lower values reported during the second
half of the camp. No significant differences in ferritin (p =.449) or
hepcidin concentrations (p = .648) were evident between athleteNC
and athleteHC. The mean intraindividual coefficient of variation
across the camp for ferritin and hepcidin were 24% (+14%) (range:
9%—-47%) and 35% 35% (£15%) (range: 12%—75%), respectively.

Discussion

The outcomes of this study showed that a 5-week residential training
camp, but not menstrual status, had a detrimental effect on iron status
in highly-trained female athletes. ID was prevalent in this cohort of
Aboriginal and Torres Strait Islander female athletes; however,
current screening tools demonstrated poor ability to identify athletes
who presented with, or who developed, ID during the training camp.
In addition, we provide further evidence that markers of systemic
inflammation are exacerbated in female athletes using hormonal
contraception, comparative to naturally menstruating athletes.

Screening of Iron Deficiency in Female Athletes

While difficult to estimate in highly trained athletes, ID is thought
to occur in 15%-35% of female athletes (Sim et al., 2019). In our
cohort, 25% presented with ID, which increased to 42% after
4 weeks of intensified training. When interpreting these data, it is

Table1 Hematological Variables for AthleteNC (n = 11) and AthleteHC (n = 13) at Three Distinct Phases of the
Menstrual Cycle
AthleteNC AthleteHC MC MC

Phase 1 Phase 2 Phase 4* Phase 1 Phase 2 Phase 4 phase status Interaction
Serum ferritin (ug/lL) 57.7+442 41.8+29.4 53.5+39.2 61.0+53.6 702+69.1 66.7+59.6 p=.141 p=.369 p=.797
Serum iron (Wmol/L)  12.9+4.6 16.9+8.5% 14.4+57 18.8+5.6 14.8+7.7 17.5+5.7 p=.988 p=.231 p=.010
Transferrin saturation ~ 17.3+7.8  22.1+14.5% 192+99 23.4+6.8 19.6+11.6 22.1+6.7 p=.851 p=.494 p=.025
(%)
Transferrin (g/L) 3.12+£0.58 3.25+0.59 3.12+0.58 3.14+055 3.04+049 3.08+0.58 p=.760 p=.832 p=.298
Hepcidin (ng/ml) 20.0+10.8 21.7+£9.8 23.7+9.3 20.7+9.0 21.3+£9.5 224+124 p=.498 p=.950 p=.940
Hemoglobin (g/dl) 13.7+1.1 13.7+1.1 13.8+1.3 144+1.1 143+1.0 14.0+0.7 p=.464 p=.200 p=.292
Hematocrit (%) 409+32  41.0+£29 40932 42.6+25 42428  414%20 p=.237 p=.246 p=.308
Red blood cells 475+039 475030 4.79+034 5.02+047 500055 490+0.51 p=.557 p=.228 p=.293
(10"/L)
Reticulocytes (10°/L)  86.3+4.1 86.2+3.7 85.5+3.7 85.2+5.0 853+54 85.1+5.7 p=.634  p=.687 p=.569
IRF (%) 546+3.23 640+339 639+3.72 535+1.78 547+224 521x281 p=.836 p=.469 p=.607
Ret-Hb (pg) 31.75+2.14 31.17+£228 30.7+4.03 31.35+£2.75 31.54+2.25 3137+3.12 p=.582 p=.839 p=.456

Note. Data are presented as mean + SEM. IRF =immature reticulocyte fraction; Ret-Hb =reticulocyte hemoglobin equivalent.
*Significant difference between Phase 1 and Phase 2. ~Only n= 10 for serum iron and ferritin.
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Figure 2 — Correlational analysis (A-D) and Bland—Altman plots (D-H) comparing venous and capillary measures of serum ferritin (A, E), hepcidin
(B, F), CK (C, G), and CRP (D, H). In Panels A-D, the continuous gray line represents the line of identity, with the dashed green line indicating the line of
best fit. On Panels E-H, the blue line represents the bias between the mean differences, and the red lines are the 95% limit of agreement. CK = creatine

kinase; CRP = c-reactive protein.

important to consider that the athletes in this study were Aboriginal
and Torres Strait Islander peoples, who are reported to be almost
twice as likely as non-Indigenous women to be iron deficient
(Australian Bureau of Statistics, 2014). Despite there being limited
available literature in Aboriginal and Torres Strait Islander athletes
to which we can compare our results, these findings do highlight
the need to monitor and screen female athletes regularly to detect

ID, with a goal toward preventing progression to the more severe
problem of anemia.

Screening tools for identifying women at an increased risk of
ID have been developed with varying levels of success. Dugan
etal. (2021) analyzed a cohort of 271 recreationally active runners,
where 48% were shown to be iron deficient (ferritin <30 pg/L).
Here, athletes with heavy menstrual bleeding (measured by the
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Female Athlete Health survey) were twice as likely to present
with severe ID (ferritin < 15 pg/L; 48% vs. 25%), demonstrating
that heavy menstrual bleeding is the most commonly identified
clinical symptom associated with ID anemia (Dugan et al., 2021).
However, we found that the Female Athlete Survey, including
quantification of heavy menstrual bleeding, lacked sensitivity, and
specificity for detecting ID in our cohort. One reason for this
outcome is the small size of the study cohort; however, while the
study was underpowered to validate this tool for use with highly
trained athletes, our aim was to investigate the general agreement
between the survey and prevalence of ID. Here, the survey flagged
less than half of the athletes who were iron deficient and captured a
high rate of false positives. Second, the questionnaire failed to
account for the impact of exercise load on an athlete’s susceptibility
to ID, which is likely important given the exercise-induced avenues
of iron loss and associated malabsorption (Peeling et al., 2008).
Finally, heavy menstrual bleeding is defined as a condition that
affects a women’s physical, social, and emotional well-being
(Oehler & Rees, 2003), making its reporting and diagnosis highly
subjective and difficult to standardize. This issue is complicated by
the emergence of contemporary menstrual products (cups and
underwear), which differ in absorbency (DeLoughery et al.,
2024) and are not accounted for or considered within current
questionnaires. While this survey may be appropriate at a popula-
tion level, its use with highly trained athlete populations (which are
small by nature McKay, Stellingwerff, et al., 2022) is questioned

due to its inability to identify athletes at increased risk of ID with
acceptable confidence. While we believe that survey-based screen-
ing tools have an important place in the prevention of ID, more
work is needed to better tailor these approaches toward the needs of
highly trained athletes.

Regular screening for ID can help detect deficiencies early and
allow for timely intervention; however, venous blood sampling can
be time consuming, inconvenient, and uncomfortable for an athlete
while requiring the presence of specially-trained personnel. As part of
this study, we developed and validated a field-based method of
sampling serum markers of iron status that showed high agreement
and minimal bias compared with venous blood sampling. This
method required a single fingerpick with sufficient sample (I ml)
collected in<60 s. While we do not endorse this method for
diagnostic purposes until further evaluation of the methodology
occurs, it does provide an alternative way for iron status to be
screened more regularly in the daily training environment, which
may allow for earlier detection of a deficiency. Although this method
still requires access to a hematological laboratory, advantages include
the ability to collect multiple specimens in the field, less invasively.

Iron Status and the Menstrual Cycle

The effects of the menstrual cycle on iron status and regulation in
athletes is currently unclear. Estrogen down-regulates hepcidin
activity (Yang et al., 2012), potentially alluding to an increase in
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Figure4 — Capillary (A) ferritin and (B) hepcidin concentrations across
a27-day training period for athleteNC (n = 11) and athleteHC (n = 13). Data
set presented as the mean + SEM, with menstrual status data overlayed in
red (athelteHC) and blue (athelteNC). XA significant difference to Day 1.
*Significant difference to Day 3. $Signiﬁcant difference to Day 5. *A
significant difference to Day 7 and Day 9. athleteNC = naturally cycling
athletes; athleteHC = athletes using hormonal contraception.

fractional iron absorption during high estrogen phases of the
menstrual cycle. Paradoxically, the loss of blood (and associated
iron) experienced during menstruation theoretically reduces hep-
cidin concentrations as part of a homeostatic attempt to replace iron
losses and maintain iron balance. It is currently unknown which of
these regulating factors has the more dominant influence or how the
additional complexities of exercise impacts changes to iron regu-
lation. Nevertheless, across the literature, resting serum iron ap-
pears to be the marker most affected by the menstrual cycle in
athletes, with the lowest concentrations reported during the early
follicular phase (Alfaro-Magallanes et al., 2022; Barba-Moreno
et al., 2022). Our results support this finding, with serum iron
concentrations lowest in naturally menstruating athletes during
Phase 1, which resulted in an associated lower transferrin satura-
tion. While serum iron has a limited role in the diagnosis of ID in
athletes, these small menstrual cycle-based changes to transferrin
saturation may impact the grade of an ID diagnosis. However, the
observed changes were only small, and when interpreted alongside
other markers of iron status (e.g., serum ferritin, hemoglobin), they
are unlikely to result in a dramatically different treatment/manage-
ment plan. Indeed, when measured at distinct menstrual phases,
neither ferritin nor hepcidin concentrations were impacted by
menstrual cycle phase. While the mechanisms underpinning iron
regulation around the menstrual cycle in athletes requires further
research, our data do not support the inclusion of menstrual cycle
phase standardization for the screening of ID in female athletes.
Rather, the currently established recommendations, including time
of day, hydration status, prior day exercise, and illness should be
prioritized (Sim et al., 2019).
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Training Effects on Iron Status

Using our method of minimally invasive blood screening, we
showed that there was a progressive decline in iron status across
the course of the training camp in both athleteNC and athleteHC.
Previous research has shown that training-associated declines in
serum ferritin occur in as little as 3-8 weeks (Attwell et al., 2023;
McKay et al., 2019), which is comparable to the ~16% decrease
reported in the current study. While this figure is on the lower end of
what has previously been reported, we note that our cohort pre-
sented with a high incidence of ID, and therefore, a potentially
attenuated decline was possible. Indeed, when athletes who pre-
sented at the camp with ID were removed, a 25% decrease in ferritin
concentration was reported over the study period. These findings re-
emphasize the magnitude and speed of the reduction in iron status
that can occur in response to an intensified training period,
highlighting the need for practitioners to be vigilant of markers
such as changes in mood/perceptions of fatigue over these periods.

CK Activity and CRP Concentrations

Our results also showed that CRP concentrations were significantly
elevated in athleteHC compared with athleteNC. This is supported
by previous literature demonstrating that CRP concentrations in Tier
2 (Cauci et al., 2017) and Tier 4 (Larsen et al., 2020) female athletes
are higher in hormonal contraceptive users compared with naturally
menstruating athletes. A strength of this study was the ability to
collect serial measures over time in a cohort of athletes who were
performing the same training sessions. This meant that similar
muscular loading and overall training stress occurred for both
groups, removing any potential confounding influence of prior day
training on CRP concentrations. Although it has previously been
suggested that high basal CRP concentrations may be associated
with an augmented inflammatory response when exposed to physi-
cal stress or injury (Cauci et al., 2017), this has yet to be studied in
highly trained female athletes, with the impact of this finding on
athletic performance and recovery still unknown. Interestingly, CK
did not differ between athleteHC and athleteNC, despite previous
evidence of increased CK concentration in COC users (Hicks et al.,
2017; Minahan et al., 2015). Notably, the basal CK values for our
cohort were much higher than established reference ranges for the
general population (Kim & Wierzbicki, 2021) and for female
athletes (Mougios, 2007). However, further tests of kidney function
were undertaken in athletes with very high CK activity, which
eliminated this as a potential cause. While this may be attributed
toward differences in analytical procedures (Schumann et al., 2002),
there is evidence that ethnicity can affect circulating CK activity
(Brewster et al., 2012), with increased CK levels reported in Black,
compared with White and Asian individuals (Brewster et al., 2007).
Accordingly, our results may be explained by the Aboriginal and
Torres Strait Islander female athletes participating in our study.
However, with such limited data from this population available,
these are preliminary findings. In practice, an athlete’s ethnicity and
menstrual status should be considered in light of these finding when
measuring CK concentrations.

Collectively, our analyses aligned with a recent study from
Oxfeldt et al. (2024) that involved 40 Tier 2 female athletes. The
study failed to detect differences in CK activity preexercise or
postexercise between women with a regular menstrual cycle and
those using second generation COC; however, basal CRP was
significantly elevated in the COC users. Interestingly, this study
also demonstrated a marginal decrement to functional recovery
with COC use, evidenced by decreased maximal knee extensor
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strength following resistance exercise (Oxfeldt et al., 2024). To
date, most of the literature has investigated COCs as the primary
form of hormonal contraception, and very few other formulations
have been studied. While our study cannot contribute robust data
on formulation differences, it does appear that CRP concentrations
were still elevated in our athleteHC group despite long-acting,
progesterone-only formulations being the majority preparation.

Conclusion

Menstrual cycle phase was associated with only small changes in
markers of iron regulation, whereas variation related to training
were more pronounced. We suggest that practitioners/athletes do
not need to implement additional control for menstrual cycle phase
when screening iron status; however, athletes using hormonal
contraceptives experience greater CRP concentrations compared
with naturally cycling athletes. Our findings indicate that capillary
blood samples may offer some future utility in ID screening
protocols, although further investigation is required. Finally, cur-
rent questionnaire-based ID screening tools may not be suitable for
use in highly trained athletes, and future research efforts should be
directed toward the development and validation of an athlete
specific tool.
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Nontechnical Summary

This study had four objectives:

1. To determine the suitability of questionnaire-based tools for
detecting iron deficiency in highly trained female athletes.

2. To characterize the variation in markers of iron status across
the menstrual cycle and with hormonal contraceptive use.

3. To examine differences in C-reactive protein (CRP) in athletes
using hormonal contraception compared with those who are
naturally menstruating.

4. To explore the agreement between venous and capillary blood
sampling for the assessment of iron parameters and their
potential use in field-based settings.

To achieve these aims, our study included 24 Aboriginal and
Torres Strait Islander National Rugby League athletes who partici-
pated in a 5-week training camp. Half of the athletes were naturally
cycling, meaning that they experienced a regular menstrual period
without using hormonal contraception (11 athletes), while the
others were using hormonal contraceptives (13 athletes). Hormonal
contraceptive use included oral contraceptive pills, hormonal im-
plants, and hormonal injections. Venous blood samples were
collected at three different phases of the menstrual cycle for
naturally cycling athletes and at corresponding time points for
those using hormonal contraception. In addition, small finger-prick

blood samples were collected every 2 days to track key markers
related to iron, muscle damage, and inflammation.

We found that questionnaire-based tools were unable to detect
cases of iron deficiency in our cohort with any meaningful speci-
ficity. Overall, there were no significant differences in most
measures of iron status between naturally cycling athletes and
those using hormonal contraception or across different phases of
the menstrual cycle. However, naturally cycling athletes showed
small increases in serum iron and transferrin saturation between the
bleeding phase and the high-estrogen phase of their cycle, a change
not observed in athletes using hormonal contraception. Over the
course of the training camp, all athletes experienced declines in
ferritin and hepcidin, which are markers reflecting the body’s iron
stores and regulation. Interestingly, athletes using hormonal con-
traception consistently had higher concentrations of CRP, a marker
of inflammation, compared with naturally cycling athletes.

These findings suggest that the menstrual cycle may not have a
large effect on iron status compared with other factors, such as
training load. Practically, this means that screening for iron defi-
ciency does not necessarily need to be timed around menstrual
phases. However, practitioners should be aware that athletes using
hormonal contraception may exhibit higher levels of certain
inflammatory markers, which could be important when interpreting
blood results.

(Ahead of Print)

Brought to you by Research4Life | Unauthenticated | Downloaded 07/2

6/26 11:46 AM UTC



