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Fe is an essential micronutrient required for optimal cognitive and physical performance. Cross-sectional studies indicate that training degrades Fe

status in female military personnel; however, longitudinal studies to measure the direct impact of military training on Fe status and performance

have not been conducted. As such, the objective of the present study was to determine the longitudinal effects of military training on Fe status in

female soldiers. Fe status was assessed in ninety-four female soldiers immediately before and following a 9-week basic combat training (BCT)

course. Fe status indicators included Hb, erythrocyte distribution width (RDW), serum ferritin, transferrin saturation and soluble transferrin recep-

tor (sTfR). A 2-mile (3·2 km) run test was performed at the end of BCT to assess aerobic performance. Fe status was affected by BCT, as all Fe

status indicators, excluding Hb, were diminished (P#0·01) at the end of BCT. Fe status indicators at the end of BCT (Hb and RDW) were associ-

ated (P#0·05) with running performance, as was the change in sTfR over the training period (r 0·320; P#0·05). In conclusion, Fe status in female

soldiers is degraded during BCT, and degraded Fe status is associated with diminished aerobic performance. Female athletes and military person-

nel should strive to maintain Fe status to optimise physical performance.

Iron: Iron deficiency: Hepcidin: Training: Soldiers

Fe is a nutritionally essential trace element that functions
through incorporation into proteins and enzymes, including
Hb, myoglobin, cytochrome c and aconitase(1). The negative
effects of Fe-deficiency anaemia on work capacity and physical
performance have been well characterised in humans(2 – 4) and
are attributed to insufficient O2 transport by Hb to peripheral tis-
sues(5). The effects of moderate Fe deficiency without anaemia
on performance are not as well described, although recent
studies indicate that Fe supplementation may improve exercise
endurance(5) and maintain ventilatory threshold in Fe-deficient
non-anaemic athletes(6). Furthermore, Fe deficiency without
anaemia results in impaired aerobic adaptation and endurance
capacity in untrained women(7,8).

Fe deficiency and Fe-deficiency anaemia affect billions of
individuals worldwide(9,10). In the developed world, the great-
est prevalence of poor Fe status is observed in premenopausal
women, mainly due to suboptimal Fe intake and the regular
loss of Fe through the menstrual cycle(11). Recent data from
the USA and the UK suggest that Fe deficiency affects
between 16 and 21 % of premenopausal women(12,13).
Female soldiers represent a population that may be at risk
for poor Fe status, as these soldiers are of premenopausal
age, may not consume adequate Fe(14) and often enter military
service with low Fe stores(15). Poor Fe status could adversely

affect female soldiers, as maintaining optimal physical per-
formance is critical for operational deployment and the com-
pletion of required training courses, including basic combat
training (BCT).

A number of studies indicate that physical activity has a
negative effect on Fe status in women(16,17). Furthermore,
cross-sectional studies indicate that military training results
in an increased prevalence of Fe deficiency and Fe-deficiency
anaemia in female soldiers(18). As such, the primary objective
of the present longitudinal study was to confirm findings from
previous cross-sectional studies indicating an effect of military
training on Fe status. A secondary objective was to determine
whether changes in Fe status indicators during training were
predictive of physical performance at the end of the training
period.

Experimental methods

Volunteers and experimental design

The present study was approved by the Human Use Review
Committee at the US Army Research Institute of Environmen-
tal Medicine. Human subjects participated in these studies
after giving their free and informed voluntary consent.
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Investigators adhered to Army Regulation 70-25 and US Army
Medical Research and Materiel Command Regulation 70-25
on the use of volunteers in research.

A total of ninety-four female soldiers completed this longi-
tudinal study. The first timepoint was within 1 week of arrival
at BCT (pre); the second timepoint was within 1 week of com-
pletion of BCT (post). All volunteers were not pregnant and
had not exercised in the 8 h before fasted blood collection.
Height and body weight were assessed at both timepoints.
BCT consists of 9 weeks’ military training, including both
aerobic and muscle strength training(19). Formalised daily
physical training sessions occurred 4–6 d/week, and included
1–1.5 h cardiorespiratory and muscle strength training(20).
Cardiorespiratory training included activities such as road
marching, distance running and sprinting. Muscle strength
training included callisthenic exercises, sit-ups and push-ups.
In addition to formalised physical training, military training
included rappelling, bayonet training, live fire exercises,
obstacle courses and prolonged standing in formation(18).
Recent studies using pedometers to assess ambulatory activity
during BCT indicate that trainees perform an average of over
16 000 steps/d, the equivalent of nearly 12 km(20). In compari-
son, data from civilian studies estimate average ambulatory
activity to be between 6000 and 8000 steps/d(20,21).

Upon entry to BCT, 1-mile (1·6 km) run time was collected
as an indicator of initial fitness level. The mean 1-mile run
time of this population was 9·9 (SD 1·1) min (n 71),
which may be converted to a mean VO2 peak of 39·4
(SD 3·4) ml/kg per min using a published equation for the esti-
mation of VO2 peak from running time(22). Hence, the average
aerobic fitness levels of the volunteers that participated in the
present study corresponds to approximately the 60th percentile
for women aged 20–29 years(23). Other demographic charac-
teristics of the volunteers appear in Table 1.

Sample collection and analysis

Blood was collected by antecubital venepuncture into tubes
(Vacutainer; Becton-Dickinson, Franklin Lakes, NJ, USA)

containing the appropriate anticoagulant. Erythrocyte distri-
bution width (RDW) and Hb were determined in whole
blood on-site using a haematology analyser (Ac·T; Beckman
Coulter, Fullerton, CA, USA; Sysmex XE-2100; Kobe,
Japan). Serum samples were processed on-site, sampled,
frozen and shipped to the Pennington Biomedical Research
Center (Baton Rouge, LA, USA) for Fe status indicator
assays. Total Fe-binding capacity and serum Fe were deter-
mined using a Beckman Coulter Synchron CX7 (Beckman
Coulter). Serum ferritin was determined by microparticle
enzyme immunoassay (IMx; Abbott Laboratories, Abbott
Park, IL, USA). Transferrin saturation (TS) was determined
by dividing serum Fe by total Fe-binding capacity(24). Soluble
transferrin receptor (sTfR) was determined in serum using an
immunoassay according to the manufacturer’s instructions
(Quantikine IVD; R&D Systems, Inc., Minneapolis, MN,
USA). In the case of this immunoassay for sTfR, Fe deficiency
is indicated where values exceed 28·1 nmol/l.

Statistical analysis

Statistical analysis was performed using commercially avail-
able statistical software (SPSS 15.0; SPSS, Inc., Chicago,
IL, USA). Descriptive statistics are presented as mean
values and standard deviations. Before means comparisons,
normal distribution of variables was determined using the
Kolmogorov–Smirnov test. For longitudinal comparisons of
Fe status indicators, normally distributed means were com-
pared using paired t tests. For Fe status indicators that were
not normally distributed, medians were compared using the
Wilcoxon signed ranks test. Correlations between Fe status
indicators and 2-mile (3·2 km) run time were evaluated using
Pearson’s correlation and Spearman’s rank correlation ana-
lyses as appropriate. Partial correlations between longitudinal
changes in each Fe status indicator and 2-mile (3·2 km) run
time were conducted while controlling for the pre-BCT
concentration of each Fe status indicator. For all statistical
analyses a maximum P value of 0·05 was the necessary con-
dition for statistical significance.

Results

Longitudinal changes in iron status following basic combat
training

Nearly all Fe status indicators suggest a decline in Fe status at
the end of the training period (Table 2). Markers of Fe trans-
port and storage were diminished, as TS and serum ferritin
were reduced (P#0·01) post-BCT. Mean TS was 42·7 %
lower at the end of BCT; median serum ferritin values
decreased by 20·1 %. Further, median RDW and sTfR were
increased (P#0·01) at the end of BCT, also indicating reduced
Fe status. Post-BCT RDW median levels were 107·1 % of the
pre-BCT levels, whereas post-BCT sTfR median levels were
131·3 % of the starting levels. Seven individuals would have
been considered Fe deficient at the start of BCT using the
sTfR cut-off value of 28·1 nmol/l, whereas seventeen individ-
uals would have been considered Fe deficient post-BCT. Hb
values were significantly (P#0·01) higher post-BCT com-
pared with pre-BCT.

Table 1. Volunteer demographics

(Mean values and standard deviations for ninety-four subjects)

Mean SD

Age (years) 20·6 3·9
Height (cm) 162·4 6·3
Weight, pre (kg)† 63·2 9·8
Weight, post (kg)† 63·8* 8·6
Ethnicity (n)

Not Hispanic 81
Hispanic 13

Race (n)
White or Caucasian 76
Black or African American 13
Native American/Alaskan Native 1
Asian 2
Native Hawaiian/Pacific Islander 2

* Mean value was significantly different from that for ‘Weight, pre’ (P#0·05; paired
t test).

† ‘Pre’ measures were collected during week 1 of basic combat training; ‘post’
measures were collected during the final week.
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Correlations between iron status indicators and physical
performance

Correlation analyses between Fe status indicators and 2-mile
(3·2 km) running performance at the end of BCT were per-
formed (Table 3). TS, RDW and Hb at the start of BCT
were associated (P#0·05) with 2-mile (3·2 km) running per-
formance at the end of BCT. Furthermore, both Hb and
RDW at the end of BCT were associated (P#0·05) with run-
ning time. When longitudinal change scores were calculated
and utilised in correlation analyses, only the change in sTfR
was associated (P#0·05) with running performance. The
r value was positive, indicating that the longitudinal decre-
ment in Fe status reflected by increased sTfR was associated
with diminished running performance at the end of BCT.

Discussion

Inadequate Fe intake(14) and diminished Fe status(15) have
been reported previously in female military personnel. Fur-
thermore, cross-sectional studies indicate that Fe status

declines in female soldiers during BCT(18). As such, the pri-
mary objective of the present study was to determine the
longitudinal effect of BCT on Fe status. Our major finding
was that all markers of Fe nutriture, with the exception of
Hb, indicate diminished Fe status following the training
period. Diminished Fe status may have negative consequences
for female soldiers, as the period following BCT includes
advanced individualised training and possibly operational
deployment; activities which require optimal immune, cogni-
tive and physical capabilities.

Diminished Fe status has been observed in a number of
populations following physical training. Early studies docu-
mented diminished Hb in athletes following periods of intense
training(25,26). The diminished Hb observed in these popu-
lations was often described as ‘sports anaemia’ and was attrib-
uted to the plasma volume expansion that occurs with physical
training. More recently, the effect of physical training on Fe
status has been demonstrated using multivariable models of
Fe status(18) and newly developed indicators of Fe status,
suggesting that physical training may result in true degra-
dations in overall Fe status, as opposed to an acute decrement
in Hb. For example, Di Santolo et al. (27) recently reported that
athletes who performed regular physical exercise (about 11 h/
week) had diminished serum Fe and TS as well as increased
sTfR as compared with sedentary controls. Furthermore,
reduced serum ferritin levels(17) and diminished serum Fe(28)

have been reported in female athletes during physical training.
In the present study, we found that Fe status was reduced in
female soldiers following a standardised military training regi-
men as demonstrated using a series of Fe status indicators,
including serum ferritin, TS and sTfR. One weakness of the
present study was the inability to control for potential changes
in plasma volume that may have been experienced during
military training. However, the use of multiple Fe status indic-
tors diminishes the potential confounding effect of changes in
plasma volume, as these indicators provide a dynamic
response to diminished Fe status. For example, serum ferritin
was reduced following BCT, which could indicate diminished
Fe status, or dilution due to increased plasma volume. How-
ever, sTfR was elevated, demonstrating that Fe status was

Table 2. Longitudinal changes in iron status during military training

(Mean values and standard deviations or medians and ranges)

Pre* Post*

Median Range Median Range P

Indicator†
Hb (g/l) #0·01

Mean 122 129
SD 10 11

TS (%) #0·01
Mean 26·0 14·9
SD 13·3 7·7

Indicator‡
Ferritin (ng/ml) 26·9 2·2–152·0 21·5 2·5–172·0 #0·01
RDW (%) 12·6 11·3–16·2 13·5 11·9–18·5 #0·01
sTfR (nmol/l) 16·0 5·0–58·0 21·0 9·0–62·0 #0·01

TS, transferrin saturation; RDW, erythrocyte distribution width; sTfR, soluble transferrin receptor.
* ‘Pre’ measures were collected during week 1 of basic combat training; ‘post’ measures were collected during the final week.
†P values were determined using paired t tests (n 94).
‡P values were determined using the Wilcoxon signed ranks test (n 93–94).

Table 3. Correlations between iron status indicators and running
performance during military training†

Indicator Pre‡ Post‡ Change‡

Ferritin 20·091 20·010 0·002
TS 20·416* 20·214 20·120
RDW 0·380* 0·427* 0·140
STfR 0·120 0·237 0·320*
Hb 20·404* 20·452* 20·234

TS, transferrin saturation; RDW, erythrocyte distribution width; sTfR, soluble trans-
ferrin receptor.

* Significant (P#0·05) correlation between Fe status indicators and 2-mile (3·2 km)
run times.

† Pearson’s correlation and Spearman’s rank correlation coefficients (r values)
were determined using Fe status indicator values and time to completion of a
2-mile (3·2 km) run at the end of basic combat training (n 59).

‡ ‘Pre’ samples were collected during week 1 of basic combat training; ‘post’
measures were collected during the final week. ‘Change’ values represent corre-
lation between 2-mile (3·2 km) run times and the difference between pre- and
post-values.
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truly diminished, as sTfR may not have been significantly
elevated had plasma volume been confounding our data.

The reduced levels of early Fe status indicators observed in
female soldiers following BCT in the present longitudinal
study confirm previous cross-sectional studies. However, the
earlier cross-sectional studies found that the prevalence of anae-
mia was increased following military training(18), whereas our
data indicate that despite decreases in all other Fe status indi-
cators, Hb was marginally elevated (,10 %) following training.
This effect of BCT on Hb levels may indicate that the degree of
Fe deficiency following BCT observed in the present study is
less than reported in earlier studies, as Fe deficiency is known
to occur in stages(1). Alternatively, increased Hb levels coupled
with diminished serum ferritin levels could indicate a shift in Fe
metabolism away from storage proteins to proteins that function
in O2 delivery. Elevated Hb levels coupled with diminished
serum ferritin levels following exercise have been observed in
previous studies. Blum et al. (29) describe elevated Hb levels in
premenopausal women following 6 weeks’ participation in an
aerobic exercise programme. This increase in Hb was coupled
with reduced serum ferritin. Interestingly, Hb levels returned
to baseline levels following 13 weeks’ participation in the exer-
cise programme, whereas serum ferritin levels remained dimin-
ished. The authors concluded that the stress of exercise may have
stimulated an increase in the production of erythrocytes, result-
ing in increased Hb, which caused an increased mobilisation of
Fe from ferritin. A second potential explanation for the increased
Hb levels observed in the present study could be reduced plasma
volume due to dehydration. However, reduced plasma volume
would have resulted in not only elevation in Hb levels, but
other Fe status indicators as well. Regardless, our data indicate
that early indicators of Fe storage and transport were negatively
affected by BCT, even if Hb was increased.

Although the definitive mechanism explaining diminished
Fe status following periods of physical training remains to
be elucidated, a number of hypotheses have been proposed.
Classical hypotheses include diminished dietary Fe
intake(14), gastrointestinal bleeding(30), Fe loss through
sweat(31), increased whole-body Fe turnover(32) and haema-
turia due to erythrocyte rupture in the foot during running(33).
Dietary Fe intake was not assessed in the present study,
although recent studies with female recruits in the Israeli
Defence Forces report average Fe intakes of approximately
15 mg/d, which would account for 83 % of the current RDA
(18 mg/d) for Fe in the corresponding demographic
group(34). In that study, mean dietary Fe intake was not differ-
ent between volunteers with normal Fe status as compared
with those with Fe deficiency or Fe-deficiency anaemia,
suggesting that the development of poor Fe status in female
soldiers may involve a multifaceted mechanism. Studies
with athletic populations suggest that diminished Fe status
may occur as a result of the production of pro-inflammatory
cytokines, such as IL-6, in response to acute bouts of exercise,
which may subsequently result in the release of hepcidin(35,36).
Hepcidin, a recently discovered protein that is synthesised and
exported by the liver, confers a major role in Fe homeostasis,
as it affects both Fe absorption at the enterocyte and cellular
Fe export through the binding and degradation of ferropor-
tin(35). This hypothesis is supported by the findings of Roecker
et al. (37), who reported increased urinary hepcidin excretion in
female athletes following a marathon. Future studies should

attempt to determine whether military training results in pro-
inflammatory cytokine and subsequent hepcidin release.

Indicators of Fe status in the volunteers that participated in
the present study were associated with physical performance.
Levels of Hb and RDW were correlated with 2-mile
(3·2 km) run times at the end of the study. The correlation
between Hb levels and running performance was not unex-
pected, as the negative effects of reduced O2 delivery to
tissue on physical performance have been well described(38).
However, our finding that the change in sTfR over the
course of the training period was correlated with 2-mile
(3·2 km) run time is novel and indicates that the decrement
in Fe status observed in female soldiers had an effect on the
ability of these soldiers to perform aerobically demanding
tasks. Others have demonstrated the important relationship
between sTfR and physical performance. Brownlie et al. (7,8)

reported improved work rate, maximal O2 uptake and per-
formance on time trials using a cycle ergometer following
Fe supplementation in individuals with elevated sTfR levels
as compared with individuals with normal levels. Similar to
our findings, changes in sTfR levels through these studies
were correlated with improvements in performance at the
end of the training period, indicating that sTfR may be an
accurate measure of Fe status that is predictive of physical
performance during training periods. It should be noted, how-
ever, that most studies indicate that the relationship between
sTfR and performance is typically strongest in individuals
with levels of sTfR that approach Fe deficiency. In the present
study, sTfR-derived cut-off values for Fe deficiency indicate
that seven volunteers were Fe deficient pre-BCT; seventeen
volunteers were Fe deficient post-BCT.

In summary, the major finding of the present longitudinal
study was that indicators of Fe status were diminished following
BCT in female soldiers. Fe status indicators were predictive of
physical performance, and the decrement in sTfR observed
during the training period correlated with 2-mile (3·2 km) run
time. These findings indicate that Fe status is affected by training
in female soldiers and that degraded Fe status during training
affects aerobic performance. Future studies should aim to deter-
mine the cause of degraded Fe status during training periods in
athletes and soldiers, to include the relative contribution of
changes in plasma volume, dietary Fe intake and the effects of
inflammation. Preventing the decrement in Fe status that
occurs during training periods may be essential to optimise
physical performance in female soldiers, athletes and workers
regularly engaged in physically demanding tasks.
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