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Abstract: Dancers are an athlete population at high risk of developing iron deficiency (ID). The
aesthetic nature of the discipline means dancers potentially utilise dietary restriction to meet physique
goals. In combination with high training demands, this means dancers are susceptible to problems
related to low energy availability (LEA), which impacts nutrient intake. In the presence of LEA, ID
is common because of a reduced mineral content within the low energy diet. Left untreated, ID
becomes an issue that results in fatigue, reduced aerobic work capacity, and ultimately, iron deficient
anaemia (IDA). Such progression can be detrimental to a dancer’s capacity given the physically
demanding nature of training, rehearsal, and performances. Previous literature has focused on
the manifestation and treatment of ID primarily in the context of endurance athletes; however, a
dance-specific context addressing the interplay between dance training and performance, LEA and ID
is essential for practitioners working in this space. By consolidating findings from identified studies
of dancers and other relevant athlete groups, this review explores causal factors of ID and potential
treatment strategies for dancers to optimise absorption from an oral iron supplementation regime to
adequately support health and performance.

Keywords: ferritin; supplement; deficiency; energy availability

1. Introduction

Classical ballet and contemporary dance are performing arts disciplines that require a
high degree of artistry combined with appropriate physiological fitness. As athletes, elite
dancers undertake years of rigorous training in a competitive environment to reach a pro-
fessional standard. They must display high levels of muscular strength, power, flexibility
and skill, and are required to maintain a lean body composition. The unique aesthetic
criteria create a requirement for dancers to be lean, due to the belief that this is advanta-
geous to performance, both physically and artistically [1]. Accordingly, maintaining the
desired body composition, as well as overall health and optimal physical performance,
becomes a difficult balancing act. The energy demands of dance training itself are rela-
tively low [2—4], with previous research reporting energy expenditures during the centre
section of professional ballet class to be 4.9 kcal/min and 8.4 kcal/min for female and
male dancers respectively. Comparably, mean energy expenditure during a professional
contemporary dance class was 5.3 kcal/min [5]. In comparison to other activities such
as running (~12-22 kcal /min, depending on running speed), these energy demands per
minute of exercise are relatively low [6], meaning a longer duration is required to achieve
the same level of energy expenditure. The extended duration of activity during a pro-
fessional dancer’s workday (>6 h) [7] may allow the dancer to accumulate a relatively
significant energy expenditure; however, due to the current aesthetic requirements favour-
ing a very lean body composition, dancers may also utilise dietary restriction in order to
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further maintain such a lean physique [1]. Nonetheless, an inadequate energy intake can
result in a multitude of health- and performance-related issues resulting from a state of low
energy availability (LEA), which is defined as an inadequate amount of energy remaining
for optimal physiological functioning after energy expended during exercise [8]. Among
dancers, characteristics consistent with LEA were present in 57% of females and 29% of
males, indicating the prevalence in this population [9]. Importantly, LEA from dietary
restriction can increase an individual’s risk of becoming deficient in specific micronutrients,
such as iron [10]. A deficiency in iron levels can be problematic as iron plays a central role
in oxygen delivery, aerobic energy metabolism, and cognitive and immune functions [11].
Therefore, maintaining adequate iron stores is important for dancers whose profession
relies on optimal physical performance and health [12]. Nevertheless, iron deficiency is
common among athlete populations, with prevalence rates estimated to effect ~15-35% of
female and ~3-11% of male athletes [13]. Comparably, the prevalence of iron deficiency of
varying severity has been reported to affect 15-53% of female adolescent dancers [14,15],
although iron-specific research in this population appears limited.

Alongside low energy intake, several other physiological and lifestyle factors place
dancers at increased risk of iron deficiency. Dietary choices, such as adopting a vege-
tarian diet may limit the bioavailability of iron, resulting in decreased absorption [16].
Furthermore, female dancers may face additional iron loss due to menstrual blood loss [17].
Alongside these factors, the high volume of activity characteristic of a dancer’s training, re-
hearsal and performance schedules may account for further iron losses via exercise-induced
avenues including haemolysis, sweating, haematuria and gastrointestinal bleeding [18,19].
Although the intensity of dance classes and rehearsals is relatively low, a professional
dancer’s working day sees them completing over 6 h of activity per day with minimal
breaks [7,19]. This large amount of activity may impede iron absorption during the post-
exercise period due to the action of the iron regulatory hormone hepcidin, and its increased
expression in response to exercise-induced inflammation [20,21], Furthermore, hepcidin has
been shown to follow a pattern of diurnal variation, such that circulating levels are lowest in
the morning, reaching a peak in the afternoon, meaning iron may not be absorbed as readily
during this period. This creates a confined daily window for optimal iron absorption [22].

Clearly, there are several challenges that may prevent dancers from achieving a suf-
ficient iron intake, and subsequently place them at risk of iron deficiency. It follows that
increased iron intake may be necessary to counteract such deficiencies. Nutritional inter-
ventions with a focus on increasing dietary iron intake are generally the first step; however,
given the low bioavailability of dietary iron sources (15-35% and 2-20%, respectively, from
meat and plant-based sources), this may be insufficient to fully correct iron stores [23]. In
the case of more severe deficiencies, oral iron supplementation is an effective and economi-
cal method of iron replacement, though, due to the inhibitory action of hepcidin, adoption
of a strategic approach to supplement timing and dosage is required to optimise absorption
and minimise any potential GI side effects that may be associated with prolonged use of
oral iron tablets [24].

On account of this, the ensuing review will focus on the specific factors contributing to
iron deficiency in elite classical ballet and contemporary dancers, while also examining the
application of current oral iron supplementation strategies in the context of elite dancers,
as a means to prevent iron deficiency in this population.

2. What Are the Physiological Requirements of Dance?

Dance is characterised as an intermittent form of activity, combining short bursts
of high intensity movement, such as jump sequences (allegros) with more continuous,
sustained bouts that require a high degree of skill and technicality, such as adagios [4,25].
Both classical ballet and contemporary dance are primarily anaerobic in nature, requir-
ing both muscular power and endurance to execute sequences of explosive steps in a
precise manner [1].
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In terms of the aerobic demand of dance, previous research has indicated that ballet
dancers show relatively low levels of cardiorespiratory fitness [2]. A typical ballet class
generally consists of three distinct stages of increasing intensity. The first section comprises
low-moderate intensity movements performed while holding the barre. Next, a series of
exercises are performed in the centre of the studio at a higher intensity. This is followed by
series of jumps, turns and sequences across the floor at a high intensity. All sections consist
of bouts of short duration, approximately 15-60 s, followed by a longer period of rest.
As intensity of the dancing increases, corresponding decreases in duration and increased
rest periods arise [2]. Cardiorespiratory demands of a ballet class in terms of reported
oxygen uptake during the barre section range from 36-38% of maximal oxygen uptake
(VO2max) [2,3]. During exercises performed in the centre, oxygen uptake ranged from
43-55% of maximum, with the final stage of higher intensity allegro sequences comprising
the upper end of this range [2,3]. It appears the low work-rest ratios do not allow adequate
stimuli for aerobic adaptions to occur, with dance activity alone suggested to be insulfficient
in eliciting cardiorespiratory improvements [5]. The VOpmax values of advanced and profes-
sional male and female ballet dancers ranged from 37.3-57.0 mL/kg/min, and that of male
and female contemporary and modern dancers ranged from 46.4-56.6 mL/kg/min [25].
Relative to other intermittent power athletes, such as soccer, squash and tennis players,
these values are considered relatively low [1,26,27]. Interestingly, higher VO, and heart
rate measures have been reported during rehearsals of performance material than in daily
class [2,28]. It appears that there is a disparity between a dancer’s training and their perfor-
mance demands, such that rehearsals and performances have a greater aerobic demand
than classes. It was noted that blocks of performances brought about increases in aerobic
fitness parameters of professional contemporary dancers [29]. Furthermore, professional
contemporary dancers showed higher levels of aerobic fitness than pre-professional stu-
dents, which is likely a reflection of their greater performing schedules [30]. For dance
students, a majority of time is spent developing technique through classwork [31], whereas
professional dancers, having already established a solid technical base, spend a larger
proportion of their day rehearsing and performing. For example, a professional’s daily
schedule generally consists of a 90 min technique class in the morning followed by several
hours of rehearsal and potentially a performance in the evening [7,19]. Though largely
dependent on the repertoire being presented by the company, the greater aerobic demand
of performance blocks may be translated to a greater proportion of training spent at a
higher intensity, resulting in a greater energy demand at the professional level.

Interestingly, there also appear to be variations in workload intensity between female
classical ballet dancers of different ranks. In one professional ballet company, soloists
and principal dancers spent less time at rest and more time working at a higher intensity
than first artists and corps de ballet dancers [19]. Such differences can be attributed to
different choreographic and rehearsal demands between the different ballet ranks. Notably,
although the majority of dancers of all ranks were active for approximately 6 h/day, the
average exercise intensity for these dancers remained relatively low (<4 METs), where
3-6 METs is defined as ‘moderate intensity’, and only a short time was spent at higher
intensities (6-9 METs) (<5% of the day) [19]. Despite this, the energy cost of long periods
of activity across the day becomes relevant in consideration of a dancer’s total daily
energy expenditure, with longer durations of lower intensity activity likely accumulating
a significant metabolic demand daily. However, depending on a dancer’s ability level
(student or professional), ranking in a company, and the specific repertoire being rehearsed,
there may be substantial variation in levels of energy expenditure between dancers.

Even so, there is the longstanding belief that being lean will enhance the aesthetics
of dance performance [1]. Given this, to maintain such a lean body composition, dancers
may achieve physique goals with energy restricted diet alongside energy expended from
dancing. In addition, the traditional approach to dance training is highly skill-based, with
less emphasis on the development of physiological fitness parameters [1,25]. This approach,
combined with the full work schedules of professional dancers (involving daily classes,
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rehearsals of performance material and the performances themselves), provides limited
opportunities for supplemental aerobic training that would increase energy expenditure
and allow for aerobic adaptations to occur [19,32]. As such, in combination with their danc-
ing/activity requirements, dancers may also turn to other methods of weight management,
such as dietary restriction to meet the aesthetic criteria favoured for professional dancing.

3. What Are the Aesthetic and Artistic Requirements of Classical Ballet and
Contemporary Dance?

Given the current belief among dance professionals that being lean will enhance the aes-
thetics of dance performance, it is not surprising that many pre-professional students and pro-
fessional dancers exhibit a low body weight, BMI and body fat percentages [4,33,34]. In studies
of female professional ballet dancers, body fat percentage ranged from 13-23% [1,7,33-35].
In male ballet dancers, percentage body fat ranged from 5-15% [1,33]. Often, low levels
of body fat are achieved by restricting energy intake, with professional ballet dancers
reported to consume less than 80% of the recommended daily allowance of energy, whereas
pre-professional students consumed less than 70% [1]. During blocks of performances, an
imbalance between energy intake and energy expenditure in female professional ballet
dancers was shown to result in a state of energy deficit, where energy intake was insuf-
ficient to replace energy expended during exercise and at rest [7]. Similarly, a study in
pre-professional female contemporary dancers found that, on average, dancers were in an
energy deficit of approximately —356 kcal/day [36]. Such restrictions may lead to the break-
down of fat stores and lean body tissue, which in the case of dancers with already low levels
of body fat, may cause losses in muscle mass [37]. Given the desire for leanness, and the use
of dietary restriction among dancers, it is not surprising that dancers are at a significantly
higher risk of suffering from an eating disorder than non-dancers. According to a 2014
meta-analysis and systematic review, the prevalence of eating disorders amongst female
ballet dancers was 16.4% [38]. A similar compilation of data for male dancers is currently
lacking; however, one study of 85 adolescent male dancers reported 7.6% of the cohort to
be symptomatic for disordered eating [39]. Another study in male dancers described a 14%
lifetime incidence of an eating disorder among male dancers [9]. The prevalence of eating
disorders in female aesthetic sport athletes (from sports such as gymnastics, figure skating
and diving) has been reported at 42% [40], and a recent study in male and female circus
artists revealed that 36% were at risk of disordered eating [41]. Such findings highlight the
frequency of unhealthy weight control practices in aesthetically judged athletic disciplines,
such as dance. Ultimately, the main concern is the potential for a long-term energy deficit
to cause impairments to the functioning of multiple physiological systems, which will in
turn, have a vast negative impact on a dancer’s health and performance.

4. Low Energy Availability

Low energy availability (LEA) occurs when energy intake is insufficient to meet the
energy requirements of exercise as well as maintain the physiological functions essential
for optimal performance and health [8]. States of LEA can result from inadequate dietary
energy intake, increased exercise energy expenditure or a combination of both [42]. A short-
age of available energy can manifest in perturbed functioning of physiological processes,
and may cause adverse outcomes including menstrual dysfunction, reduced bone mineral
density, and metabolic disturbances such as decreased resting metabolic rate [8,43,44].
Other physiological systems potentially negatively impacted by LEA include endocrine,
cardiovascular, gastrointestinal, immune, psychological and haematological functioning,
as well as impairment of growth and development. The comprehensive term for the wide
range of adverse effects resulting from LEA is known as ‘relative energy deficiency in
sport” or RED-S [8]. Among females, an energy availability of <30 kcal/kg/FFM/day is
the accepted cut-off leading to such physiological perturbations, aside from menstrual
cycle disturbances, where a specific threshold value has not been established [8,45,46].
Instead, it appears that the likelihood of menstrual cycle disturbances increases as en-
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ergy availability decreases. The optimal energy availability for women is proposed to be
achieved at ~45 kcal/kg/ FFM/day for healthy physiological functioning, though this
value can vary depending on the individual and is not considered a universal threshold [8].
Similar gauges of energy availability in exercising men are currently lacking, despite the
occurrence of RED-S in both sexes [47,48]. As such, the effects of LEA in males are poorly
understood, which may reflect difficulties in identifying LEA in males due to the lack of
obvious indicators such as menstrual irregularities [49].

The combination of an energy restricted diet alongside the activity of dancing, par-
ticularly during phases involving heavy rehearsal and performance components, places
dancers at risk of LEA and subsequently RED-S [9]. Several studies in female aesthetic
sports and performing arts have indicated that these athletes are at a high risk of developing
LEA [50-53]. For instance, a study of female pre-professional ballet students found that 44%
had a reduced energy availability of 3045 kcal/kg/FFM/day, and 22% had a low energy
availability of < 30 kcal/kg/FFM/day [54]. In pre-professional contemporary dancers, en-
ergy availability was similar to that reported in ballet dancers at 26 + 13 kcal/kg/FFM/day
(mean + SD) [36]. Furthermore, assessed using the Low Energy Availability in Female
Athletes Questionnaire (LEAF-Q), 65% of dancers were classified at risk of RED-S [54]. In
comparison to the risk of RED-S in other female elite athletes assessed using the LEAF-Q,
including Australian Football League players (30%), sprinters (39%) and cross-country
runners (80%), this proportion of dancers sits at the higher end of the range [55-57]. It is
apparent from these findings that RED-S is a concern for both ballet and contemporary
dancers, though variations in time spent in class, rehearsal and performance between
student and professional dancers, and between professional ranks, may result in varying
degrees of exercise energy expenditure, and corresponding LEA risk.

Since LEA and RED-S can arise from an insufficient energy consumption, a specific
consequence resulting from this is the potential for an inadequate micronutrient intake. In
limiting their energy consumption, dancers may be reducing their opportunities to obtain
an adequate intake of essential micronutrients. [10,58]. This is particularly the case for iron,
as it cannot be synthesised by the body and therefore must be obtained exogenously via
dietary or supplemental iron [24]. Micronutrient deficiencies, specifically iron deficiency,
can have a profound effect on a dancer’s performance and overall health. Furthermore,
energy expenditure may also be increased in the presence of iron deficiency, as a lack of
iron can result in altered metabolic efficiency, contributing to further LEA [59]. With this
in mind, the interplay between LEA and iron deficiency is of importance to dancers, as
deficiencies in both energy availability and iron stores can have profound negative impact
on performance and overall health.

5. Iron Deficiency

Iron deficiency (ID) occurs when iron levels in the body are insufficient to support
physiological processes [60]. As a key component of haemoglobin and myoglobin, iron
plays a pivotal role in oxygen transport to active tissues and is fundamental in the process of
aerobic energy production, which is imperative to athletic endeavours such as dancing [12].
Healthy iron stores may aid dancers with recalling and executing intricate technical details
and choreography, due to the role of iron in cognitive function [11]. Additionally, iron is
involved in the process of mounting an appropriate immune response when faced with a
pathogen, meaning adequate iron stores may reduce the number of training days lost due
to illness [11].

Key causal factors in ID include a combination of inadequate dietary iron intake,
increased iron losses due to exercise (and or heavy menstrual bleeding), and inhibited iron
absorption due to the action of the iron regulatory hormone, hepcidin, when stimulated
by exercise [18]. All the aforementioned factors are highly relevant to dancer populations,
highlighting their increased risk of developing ID.

Iron deficiency ranges in severity across a cumulative spectrum, from diminished iron
stores to anaemia [61]. Peeling et al. [62] categorised ID into three stages of severity:
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e  Stage One—Iron Depletion: characterised by decreased iron stores in the bone mar-
row, liver, and spleen (serum ferritin (sFer) < 35 pg/L, haemoglobin concentration
(Hb) > 115g/L, transferring saturation (TS) > 16%).

e  Stage Two—Iron Deficient Erythropoiesis: characterised by decreased erythrocyte pro-
duction due to reduced iron supply to erythroid marrow (sFer < 20 ng/L, Hb > 115g/L,
TS < 16%).

o  Stage Three—Iron Deficient Anaemia: characterised by critically diminished iron
availability and resulting reduction in haemoglobin production (sFer < 12 ug/L,
Hb < 115g/L, TS < 16%).

The first two stages are known as iron deficient non-anaemia (IDNA) due to the
maintenance of adequate haemoglobin levels despite a decrease in iron supply. Stage
three is referred to as iron deficient anaemia (IDA); here, insufficient iron levels are unable
to support haemoglobin synthesis, and thus, erythrocyte production falls, resulting in
anaemia [63]. In terms of athletic performance, IDA is unequivocally detrimental, as
anaemia will manifest in a reduced oxygen carrying capacity [64]. In contrast, the literature
concerning the performance impacts of IDNA are conflicting, with both negative impacts
and no impacts to performance being reported [63,65,66]. Reduced endurance capacity
and energetic efficiency has, however, been reported as a result of IDNA [67-69], which
may be a factor leading to early fatigue during exercise, a concern being that undue fatigue
may impact a dancer’s training consistency. Additionally, if left untreated, there is the
potential for dancers with IDNA to progress to a more severe iron deficiency (IDA), where
reductions in oxygen transport capacity may diminish training and performance outcomes.

Serum ferritin (sFer), haemoglobin concentration (Hb) and transferrin saturation
(TS) are commonly used haematological markers for the assessment of iron status [62].
However, there is a lack of clinical consensus on the exact values used to label IDNA and
IDA, especially in athletes and dancers. Multiple factors influence the manifestation of ID,
including sex, age, diet, exercise, pregnancy, altitude exposure, smoking and the presence
of chronic disease [70,71]. Additionally, ferritin is an acute-phase protein, meaning levels
increase in response to inflammation, such as during illness or in response to exercise-
induced inflammation [13]. Shifts in blood plasma volume in response to training, known
as ‘pseudo-anaemia’, may also affect Hb measurements [13]. These factors have made the
comprehensive designation of specific values defining ID somewhat complex, hence the
lack of universal consensus regarding these values.

Limited research has reported the prevalence of ID in dancer populations. A cross-
sectional study by Beck et al. [14] investigating the nutritional status of 47 adolescent
female ballet dancers revealed that 28% (n = 13) of dancers studied had suboptimal
iron status (defined as sFer < 20 pg/L). Of these, four had IDNA (sFer < 12 pg/L) and
one IDA (sFer <12 ug/L, Hb < 120 g/L) [14]. Similarly, early work by Mahlamaki and
Mahlamaki [15] revealed that IDA (sFer < 12 pg/L, Hb < 125 g/L) was present in 15% of fe-
male adolescent ballet and contemporary dancers studied. Low iron stores (sFer < 30 pg/L)
were equally present in both dancer and in female age-matched controls (~55%) [15]. Im-
portantly, due to differences in cut off values used, the prevalence of suboptimal iron status
in these studies may have been even higher than stated, as the sFer values defined are
both lower than that indicative of stage one iron depletion as defined by Peeling et al. [62]
(sFer < 35 pg/L). Furthermore, both of these studies considered only female adolescent
dancers. Contributing factors such as the effect of exercise, dietary iron intake and type
of iron consumed (haem or hon-haem iron) did not appear to be considered as factors
affecting iron status, indicating the need for further attention in future research.

No similar research was identified with male dancers; however, studies of iron status
in a group of elite male athletes from a variety of sports indicated the incidence of IDNA
(sFer < 20 pg/L) was 43%, demonstrating that male athletes are an at-risk population [72].
Moreover, a higher prevalence of IDNA and IDA was identified in male gymnasts com-
pared to other non-aesthetic sport male athletes, illustrating that the risk of ID for athletes
involved in these aesthetically judged disciplines may be similar between sexes [73]. Con-
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sequently, it appears that further research is warranted to identify the full extent of ID in
elite dancers, particularly studies in larger populations of professional male dancers with
greater consideration of factors that may influence the manifestation of ID.

6. Why Is ID Risk High in Dancer Populations?

The athletic nature of dance itself contributes to increased iron losses from exercise-
induced avenues such as haemolysis, as dancing is highly weight bearing, as well as
sweating, gastrointestinal (GI) bleeding and haematuria [18]. Notably, exercise has also
been shown to cause upregulation of the iron regulatory hormone hepcidin [20,21]. Secreted
by the liver, hepcidin acts by binding to the cellular iron transporter ferroportin, which
controls iron absorption from the intestine, the mobilisation of stored iron from hepatocytes,
and the recycling of iron from senescent erythrocytes [74]. The upregulation of hepcidin
causes internalisation and degradation of ferroportin, effectively inhibiting iron absorption
and recycling [75]. Hepcidin release is under homeostatic regulation, driven by iron
levels in the body. In times of low iron stores, anaemia, or hypoxia, hepcidin release
is inhibited to increase iron availability necessary for the maintenance of physiological
processes [76]. In contrast, hepcidin release is stimulated during periods of iron loading [77]
or during infection and illness in order to sequester iron stores and prevent pathogen
propagation [78]. This control mechanism of iron in the body is important since excess
iron can be detrimental due to its ability to react with oxygen and generate radical oxygen
species, leading to tissue damage [79]. Accordingly, hepcidin acts as a protective mechanism
against excessive iron accumulation, although in the exercise context this mechanism
presents an additional challenge to dancers, given its potential to exacerbate the impact of
net iron loss or insufficient dietary iron intake.

7. Hepcidin, the Inflammatory Response, and Exercise (Dancing)

Over the last decade, a significant amount of research has shown hepcidin synthesis
increases in response to exercise [20,21,80-82]. Interestingly, the inflammatory cytokine
interleukin-6 (IL-6) released in response to inflammation or infection causes the upregula-
tion of hepcidin [83], and the inflammatory nature of exercise has been shown to elicit a
similar response. Previously, Peeling and colleagues [20] concluded that the IL-6 response
to exercise was associated with an increase in hepcidin concentrations in the 3-6-h period
post exercise [20]. Similar findings were reported by Newlin et al. [21], who expanded
this work to suggest that exercise duration influences the hepcidin response, reporting a
two-times-greater increase in hepcidin levels after 120 min of running, as compared to a
60 min, intensity-matched equivalent [21]. Further work by Peeling et al. [84] added that
an athlete’s underlying iron stores may also dictate the magnitude of the hepcidin response
to exercise, where low iron stores suppress hepcidin release, which appears to override
any inflammatory-driven increases [84]. Recent findings indicate increased iron absorption
when ferritin levels are <51 pg/L, which corresponds to hepcidin levels < 3 nm/L [85];
a potential response to the body’s need for additional iron when presenting as ID. Inter-
estingly, recent research in military personnel has indicated that energy deficiency may
exacerbate the hepcidin response to physical activity, such that post-exercise hepcidin levels
were 108% greater, and dietary iron absorption was lower for those in a state of energy
deficit, in comparison to those in an energy balanced state, despite comparable increases in
IL-6 [82]. Furthermore, studies in endurance athletes consuming a low carbohydrate diet
for 1-6 days saw a greater post-exercise IL-6 response and post-exercise hepcidin levels
than those consuming a high carbohydrate diet [86,87]. Such findings are highly relevant
for dancers, given the prevalence of dietary restriction and chronic LEA where both energy
and thus carbohydrate consumption may be insufficient. This may in fact exacerbate the
post exercise hepcidin response, creating another barrier to adequate iron absorption.

The nature of professional dancers” schedules sees them performing multiple bouts of
activity throughout the day with minimal breaks [19,32]. Recent findings for the effect of
twice a day training on the hepcidin response, have suggested that hepcidin levels are not
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augmented by further exercise, and instead remain consistently high [88], meaning dancers
are likely to face elevated hepcidin levels in any rehearsal or performances following initial
classes or activities earlier in the day. Since the magnitude of the hepcidin response is
also governed by exercise duration, it is possible that dancers face a significant degree of
exercise-induced inflammation with subsequent increases in hepcidin, due to the multiple,
prolonged sessions across the day. To date, there have been no studies investigating the
hepcidin response in dancers, presenting as an interesting area for future exploration.

The above research addressed the exercise-induced hepcidin response to endurance
exercise. As previously discussed, classical ballet and contemporary dance are predomi-
nately anaerobic, intermittent forms of activity [4]. Research has suggested that exercise
modality does not affect the hepcidin response; however, the degree of haemolysis from
weight-bearing exercise may influence iron losses in the long term [89]. Dance is a high
impact, weight-bearing activity meaning dancers may experience a significant degree
of haemolysis from repeated jumps and landings, potentially contributing to increased
iron losses in the long term [90,91]. Accordingly, the compromised iron absorption and
increased iron losses that arise from the activity of dancing itself place dancers at risk of
developing ID. Therefore, dancers need to take particular care during blocks of increased
training, rehearsals and or performances, where activity levels are high and iron status is at
risk of becoming diminished.

8. Hepcidin Diurnal Variation

Alongside the inflammation-induced changes in hepcidin levels, it has also been
well established that hepcidin shows a cycle of diurnal variation, whereby hepcidin lev-
els are lowest in the morning and reach a peak in the afternoon [22,92-95]. Findings
by Kemna et al. [22] reported a 2-6-fold increase in serum hepcidin concentration from
06:00 a.m. to 15:00 p.m. on the same day [22]. Thus, variations in hepcidin levels over
the course of the day ultimately prompt corresponding changes in iron absorption. In-
vestigation of this effect in a study involving endurance-trained runners with suboptimal
iron status (sFer < 50 ng/L) examined the outcomes of morning and afternoon exercise on
iron absorption [80]. It was found that iron was best absorbed in the morning, following
exercise. A larger hepcidin response was seen in the afternoon following exercise, which
was suggested to be the combined effect of exercise-induced inflammation and the diurnal
effect of hepcidin. This was associated with a lower degree of iron absorption from a meal
consumed post exercise in the afternoon. Additionally, resting levels of hepcidin in the
afternoon trial were seen to increase threefold from 06:00 a.m. to 15:30 p.m. in the absence
of exercise [80].

This short-term study provides insight into the potential effect of the diurnal nature of
hepcidin in an athletic population, though long-term studies of this effect, and the impact
on training scheduling are yet to occur. However, consideration of this diurnal variation is
of importance to dancers, as iron consumed later in the day may not be absorbed as readily
when compared to the morning, prior to the diurnal increase. This potentially narrow
window for optimal iron absorption presents an additional challenge for dancers aiming to
achieve sufficient iron intake.

9. Menstrual Blood Loss

Among female dancers, iron loss due to menstruation is another component potentially
contributing to ID. Menstrual blood loss can contribute to iron losses of approximately
6.4-11.2 mg per menses [96]. Accordingly, each 1 mg/day increase in menstrual iron loss
canresultina 6 x 9 pug/L decrease in serum ferritin levels [96]. Furthermore, a significant
negative association is known to exist between estimated monthly menstrual blood loss
and serum ferritin concentrations in female collegiate level athletes, meaning lower iron
stores in athletes may be attributed in part to greater blood losses during the menses [97].
Individuals experiencing heavy menstrual bleeding (HMB), defined as excessive menstrual
blood loss (>80 mL per menstrual cycle) are at a higher risk of iron deficiency [17,98].
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A survey conducted in active females found that, 54% of exercising females and 37% of
elite female athletes experienced HMB. These findings were associated with self-reported
anaemia and increased use of iron supplements [99]. Accordingly, a recent study found
that women with HMB were more likely to report a history of ID (51.18%) compared to
those without HMB (37.58%), and a significant correlation (p < 0.001) was found between
HMB and self-reported symptoms relating to anaemia. These findings emphasise the
heightened ID risk of exercising with HMB [100]. Such observations suggest that iron loss
due to menstruation is a primary reason accounting for the 10-15% greater prevalence of
ID in exercising women compared to exercising men [101]. Therefore, female dancers with
eumenorrheic cycles, defined as regularly occurring menstruation every 24-35 days, may
be at a greater risk of ID due to increased iron losses via menstrual blood loss [102,103].
Alternatively, menstrual dysfunction such as oligomenorrhea and amenorrhea is also
a concern for aesthetic athletes and dancers [104,105]. Oligomenorrhea is the occurrence of
irregularities in menstrual cycle length, and amenorrhea is defined as an absence of menses
for at least 90 days [102,103]. A study in deployed female military personnel found that
individuals with amenorrhea displayed higher serum ferritin levels than those who were
menstruating, such that the increased iron loss from menses further compromised iron
status [106]. Menstrual dysfunction is an outcome of RED-S, thus is brought about by states
of chronic LEA [8,45,46]. Accordingly, menstrual dysfunction was reported in a higher
percentage of athletes participating in weight-sensitive sports (including judo, karate and
wrestling), and sports that emphasised leanness (rhythmic gymnastics, figure skating and
diving) (24.8%), as compared to those involved in other sports where body composition is
less of a concern, such as basketball, tennis and golf (13.1%) [104]. Furthermore, menstrual
dysfunction was reported in 40% of female vocational ballet students, where 65% of this
cohort were classified at risk of RED-S [54]. Such outcomes highlight the link between LEA
and RED-S associated issues with menstruation, such as amenorrhea or oligomenorrhea.
Interestingly, the presence of severe menstrual disorders commonly associated with
LEA, appear to be protective against iron deficiency [8,103]. Although indicative of an
underlying energy deficiency, irregular or absent menses may have the surrogate effect
of preventing further iron losses [103]. The issue, however, is circular, since it is plausible
that dancers experiencing menstrual dysfunction from LEA due to dietary restriction are
already at risk of a compromised iron status as a function of inadequate iron intake [58].
Therefore, the absence of menses in female dancers should not be considered beneficial,
or an indication of optimal health. As such, dancers with eumenorrheic menstrual cycles
should be aware of the extra iron losses that accompany menses, especially if experiencing
HMB. Conversely, those with amenorrhea or oligomenorrhea may benefit from consultation
with a medical professional to assess the underlying cause of the dysfunction, such as LEA.

10. Vegetarian/Vegan Diets and ID Conjuncture

Dancers who follow a vegan or vegetarian diet face a further challenge to their iron
stores, primarily due to the low bioavailability of iron from plant-based sources. Dietary
iron is present in two forms, haem and non-haem iron, with a bioavailability of 15-35% and
2-20%, respectively [23]. The absorption of non-haem iron, from both plant and animal
sources, is influenced by several dietary inhibitors, and therefore, is a less resourceful
iron source. Polyphenols, tannins (found in tea and coffee), calcium, and phytates (found
in wholegrains, nuts, and legumes) are the main inhibitors that interact with non-haem
iron and hinder its absorption [13]. Conversely, vitamin C is a promoter of non-haem iron
absorption, acting by converting it into a more soluble ferrous form, where the consumption
of 50-75 mg of ascorbic acid (vitamin C) associated with a three- to four-fold increase in
the absorption of non-haem iron [23,107]. In comparison to non-haem iron, haem iron,
found in the haemoglobin and myoglobin of meat sources, is not affected by these dietary
enhancers or inhibitors, hence is absorbed more readily [23]. Consequently, haem iron may
provide up to one third of the dietary iron absorbed, despite making up only 10% of dietary
iron consumed [64]. A 2018 meta-analysis and systematic review of the effect of vegetarian
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or vegan diets on the iron status of adults found that those adopting plant-based diets had
lower iron stores (sFer levels) than those consuming diets that incorporated animal-based
products [108]. Since vegetarians rely primarily on non-haem iron sources, the absorption
inefficiencies clearly explain the increased risk of ID [24].

Dancers may adopt a vegetarian diet due to the belief that it is an effective means
of weight management, or for ethical, religious or health reasons [109]. A recent study
reporting indicators and correlates of LEA in dancers found that 23% of female and 5% of
male advanced level dancers were vegetarian, whilst 10% of male and female dancers were
vegan [9]. It should be noted, however, that female participants in this study outnumbered
males by over tenfold, thus, findings may not clearly represent the male dancer population.
Furthermore, 28% of pre-professional contemporary dancers reported being vegetarian,
vegan or avoided red meat [36]. These findings highlight the occurrence of dancers relying
predominately on inefficient, non-haem iron sources, potentially creating a barrier to the
maintenance of adequate iron stores.

Diets that restrict certain food groups can also increase the risk of both LEA and
associated nutrient deficiencies [110]. Energy intake among vegetarians is typically lower
than non-vegetarians [16,111]. This may be due to the high fibre content of plant-based
foods causing increased levels of satiety, leading to a decreased energy intake [110]. A
properly planned vegetarian or vegan diet can provide adequate levels of energy and
essential nutrients such as iron; however, in poorly planned and or energy-restricted
vegetarian/vegan diets, nutrient deficiencies may arise [112]. In short, it is the combination
of the reduced bioavailability of non-haem iron and the adoption of an improperly planned
or energy restricted diet which may contribute to the increased risk of ID among dancers
adopting vegetarian or vegan diets. Accordingly, dancers choosing such approaches to
food should work with a trained sports dietician to ensure they are achieving their required
energy and nutrient intake goals.

11. What Are the Current Treatment Strategies for ID?

In order to correct ID, an increased external supply of iron is required as the body
cannot endogenously synthesise iron [24]. When anaemia isn’t present, increasing dietary
iron intake is generally the initial approach to correcting iron status [13]. In the case of
dancers in a state of LEA, this is a positive first step, as increasing overall energy intake
may negate the effects of other nutrient deficiencies and negative physiological outcomes
associated with LEA [113].

There is limited research assessing the effects of dietary changes on iron status in
dancers, though, a small study has been conducted in rhythmic gymnasts, this being a
discipline with similar aesthetic requirements to dance. This study assessed the outcomes
of a four-week nutritional intervention of an iron rich diet in eight collegiate level rhythmic
gymnasts. Here, participants consumed a diet consisting of 15 mg of iron per day, which
resulted in significantly higher sFer levels. While iron status improved in these gymnasts,
no corrections in anaemia were identified [114]. This may be due to the intervention
period of 4 weeks being insufficient to allow for any notable change in haemoglobin status.
Additionally, given the low bioavailability of iron, 15 mg per day may have been insufficient
to allow for major corrections in iron status, especially since the recommended daily iron
intake (RDI) for pre-menopausal adult women is 18 mg/day [115]. Furthermore, daily
iron requirements for athletic populations may even be higher given the exercise-related
barriers to iron absorption. Other studies administering supplemental iron utilised much
higher doses of 100-200 mg of elemental iron per day to elicit improvements in serum
ferritin [61,116,117], suggesting that such a low dose is not likely to have a profound effect
on iron stores. In fact, a higher iron intake results in a higher absolute absorption, despite
decreases in fractional absorption [77]. Other limitations to this study include the small
sample size and lack of separate control group used as a comparator. Additionally, the
proportions of haem and non-haem iron consumed were not specified, making it hard to
estimate the potential for iron absorption over the study period. Clearly, further research is
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needed to ascertain the effects of increasing dietary intake of iron in dancer and aesthetic
athlete populations.

The low bioavailability of iron and the interaction of hepcidin, combined with the
increased iron demand in dancer populations suggests that dietary intervention alone may
be insufficient to fully correct ID, especially if the dancer is vegetarian/vegan, experiencing
menstrual blood loss, or in the case of severe deficiency such as IDA. Therefore, beyond
dietary intervention, oral iron therapy could be an effective strategy for iron replacement.
Oral iron supplements come in many forms, with ferrous salts, specifically ferrous sulphate,
being the most common, effective and economical preparation [118]. Several other tablet or
liquid forms of iron supplement exist, varying in bioavailability, dosage, chemical form
(ferric or ferrous), and galenic form (fast or slow release), each with varied responses and
side effects [24]. Oral iron supplementation consisting of 105 mg of elemental iron in
IDNA female athletes has been shown to improve sFer levels from baseline by an average
of ~14 pg/L over a 28-day period [61]. Furthermore, several studies of longer duration
(6-12 weeks) in exercising populations have highlighted the effectiveness of oral iron
supplementation in increasing serum ferritin levels from baseline by 33-127% [119-123].

Although ID appears to be a significant issue among the dancer population, minimal
research currently exists ascertaining the efficacy of oral iron supplementation in this
population. Mahlamé&ki and Mahlamaéki [15], is one of the only published studies to
investigate the effect of oral iron supplementation on dancers’ sFer and haemoglobin levels.
In this study, a sample of 25 adolescent ballet and contemporary dancers and 23 non-
dancer controls were provided a daily oral iron supplement of ferrous sulphate consisting
of 100 mg of elemental iron if low serum ferritin (sFer < 30 nug/L) levels were detected.
These researchers described a reduction in the number of anaemic adolescent females (both
dancer and controls) following 10 weeks of iron supplementation; however, no change was
seen in those with reduced iron stores (i.e., IDNA) [15]. Many factors including diet, the
diurnal variation of hepcidin and exercise-induced inflammation may have played a role
here; however, activity levels and the time of day at which the iron supplement was taken
are unspecified. Additionally, no dietary data was recorded, and therefore, the effects of
dietary inhibitors/enhancers and the contribution of haem and non-haem iron to overall
iron intake cannot be ascertained. Given these results we can conclude that similar to the
general population, oral iron supplementation was useful in the prevention of dancers
becoming anaemic. However, there is a need for updated research addressing oral iron
supplementation in dancers that takes the numerous factors unexplored into account.

For oral supplementation to be most effective, prolonged adherence of ~4-12 weeks
is required [61,69,119,120]. However, prolonged use of oral iron supplements has been
associated with adverse effects such as gastro-intestinal (GI) discomfort, nausea, vomiting,
diarrhoea and constipation. These adverse effects may lead to non-compliance with the
supplementation protocol, thereby limiting the effectiveness of this approach [118,124].
To support compliance with required supplementation protocols, several strategies to
minimise side effects, while optimising iron absorption have been investigated, for example,
manipulating the dosage of elemental iron administered in an oral supplement.

Though it is currently unclear whether the GI symptoms manifest in a dose-dependent
manner [24], existing research does show that IDA women who supplemented with 100 mg
of elemental iron had a (non-significant) 40% lower occurrence rate of GI side effects in
comparison to consuming a 200 mg dose [116]. Such findings indicate that a lower dose
of iron is potentially beneficial in terms of increasing tolerability. Interestingly, lowering
the amount of iron consumed per dose also appears to maximise fractional absorption.
For instance, a study of IDNA women indicated that oral iron doses > 60 mg caused an
increase in hepcidin up to 24 h later, and a subsequent reduction in fractional absorption by
35-45%. Furthermore, despite a sixfold increase in iron dose, absolute iron absorption only
increased threefold [77]. Overall, the absolute absorption of iron is greater with a higher
iron intake; however, fractional absorption per dose is enhanced at a lower dose. Since the
tolerability of a supplement is potentially increased with a lower dose, the best approach
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would be an individualised one that weighs up the benefits of increased iron absorption
against the costs of GI symptoms.

As considered previously, the increase in hepcidin following iron consumption is a
biological safeguard to prevent iron overload, or in the case of increases in the presence of
inflammation, to withhold iron from the potential threat of invading pathogens [11]. How-
ever, the inflammatory response to exercise is clearly a transient prospect, and therefore,
this protective innate mechanism of iron regulation may become an issue for improving
iron uptake in active populations. Thus, iron supplementation strategies that reduce the
magnitude of the hepcidin response to an iron load may be beneficial for active popula-
tions who are already potentially facing increased hepcidin levels from inflammation, as a
method of aiding iron absorption.

With the aim of reducing the iron load per dose, and thus, the magnitude of the
hepcidin response, a split-dose strategy has been investigated in iron deficient women
(sFer < 25 ug/L) [125]. However, it was found that splitting a single oral dose of 120 mg
of iron into two 60 mg iron doses taken in the morning and afternoon did not improve
iron absorption. In fact, the twice-daily divided dose group saw higher serum hepcidin
levels, suggesting that the iron load from the morning dose caused an increase in hepcidin
levels and the consequent local suppression of intestinal iron uptake from the second dose
consumed in the afternoon [125]. Similar findings were seen in a short-term study by
Moretti et al. [77], where a 60 mg dose of iron in the morning had a marked suppression
effect on the fractional absorption of iron from subsequent doses in the afternoon and
the following morning, suggesting the split-dose technique does not provide additional
benefit beyond morning-only supplementation [77]. Furthermore, this strategy has been
applied to an athletic population during a period of extended altitude exposure [126].
Athletes taking a single 200 mg dose of iron daily saw a greater increase in Hb mass than
those taking a split quantity of two 100 mg doses daily. While GI symptoms appeared
to be less pronounced in the split dose group, negative GI symptoms in the single dose
group subsided by the third week of the intervention. These outcomes suggest that a
lower dose (as seen by the 100 mg split dose) may improve tolerability, though adaptations
to the tolerability of a larger dose appear to occur after two weeks of supplementation.
In a practical sense, these findings attest to the inefficiency of the split-dose strategy in
improving iron status; however, it appears that a gradual increase in supplement dosage
over the first two weeks of supplementation is beneficial in improving tolerability while
also improving iron stores [126].

Accordingly, given the efficacy of a lower dose of iron in minimising GI symptoms,
other strategies to reduce the acute iron load per dose have also been considered. The
implementation of a larger window between iron doses is one such strategy, specifically,
supplementation on alternate days instead of daily. Stoffel and colleagues found that
supplementing with a single dose of 60 mg of iron on alternate days (for 28 days) notably
increased fractional and absolute iron absorption, compared with dosing iron every day
for 14 days [125]. These findings were corroborated by a more recent study using higher
doses, where supplementing with 200 mg of iron on alternate days resulted in twice
the total absorption of the 100 mg dose administered daily [116]. Application of the
alternate day strategy has also been assessed in an athlete population with suboptimal
iron (sFer < 50 nug/L) [117]. Results of this study showed that both the daily and alternate
day supplement strategies increased sFer by ~60% in endurance trained runners; however,
the alternate day approach was associated with lower levels of GI upset, which may
facilitate athletes” adherence to a long-term supplementation regime. The alternate day
strategy is supported by growing research indicating it results in reduced likelihood of
negative GI symptoms and increased fractional absorption of iron [77,116,117,125]. Given
the effectiveness of the alternate day approach, it is clear that changes in hepcidin levels
play a significant role in the iron absorption of individuals. Therefore, for ID dancers, it
is crucial to consider all methods that will potentially maximise iron absorption from any
iron supplementation strategy, including accounting for the diurnal nature of hepcidin,
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and for the prospects of alternate day supplementation to increase fractional absorption
and consistency in commitment to the supplement regime.

12. Summary and Conclusions

The maintenance of adequate iron levels is crucial for elite dancers to avoid detriments
to overall health and performance. Nevertheless, it remains a challenge for dancers to retain
an adequate iron status, due to the combination of several exercise- and dance-specific
factors that place them at an increased risk of developing iron deficiency. Supplementation
with oral iron tablets is a simple and cost-effective method to improve iron stores; how-
ever, a strategic approach to the timing of supplementation is required to ensure optimal
absorption. In applying the research and strategies discussed in this review to the context
of dancers, it is clear that dancers are a population at risk of developing ID. Furthermore,
those with suboptimal iron status may benefit from an oral iron supplement to increase iron
stores. Current research findings suggest that, for optimal absorption, supplementation
with iron in the morning prior to exercise, may be recommended. For those experiencing GI
sensitivity, supplementing on alternate days rather than daily appears effective in reducing
the side effects associated with iron supplementation. It is also likely that this approach
will reduce the dietary iron load, allowing for an increased fractional iron absorption. It is
recommended that dancers avoid the co-consumption of foods and beverages containing
polyphenols, tannins, phytates and calcium, such as tea, coffee, wholegrain cereals and
dairy, within 60 min of iron supplementation, as these foods will inhibit iron absorption.
Taking iron in combination with a source of vitamin C (50-75 mg) is encouraged due to
its enhancing effect on iron absorption. Vegetarian dancers need to take particular care
when planning their diet due to the reliance on less-well-absorbed non-haem iron sources.
Dancers in a state of LEA may consider increasing their energy intake to increase availabil-
ity of micronutrients such as iron in the diet, and also negate the several other health and
performance effects of chronic LEA. In order to effectively manage these potential dietary
strategies, dancers should work with a trained sports dietician for optimal outcomes.
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