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Abstract

Low energy availability (LEA) occurs inadvertently and purposefully in many
athletes across numerous sports; and well planned, supervised periods with
moderate LEA can improve body composition and power to weight ratio pos-
sibly enhancing performance in some sports. LEA however has the potential to
have negative effects on a multitude of physiological and psychological systems
in female and male athletes. Systems such as the endocrine, cardiovascular, me-
tabolism, reproductive, immune, mental perception, and motivation as well as
behaviors can all be impacted by severe (serious and/or prolonged or chronic)
LEA. Such widely diverse effects can influence the health status, training adapta-
tion, and performance outcomes of athletes leading to both direct changes (e.g.,
decreased strength and endurance) as well as indirect changes (e.g., reduced
training response, increased risk of injury) in performance. To date, performance
implications have not been well examined relative to LEA. Therefore, the intent
of this narrative review is to characterize the effects of short-, medium-, and long-
term exposure to LEA on direct and indirect sports performance outcomes. In
doing so we have focused both on laboratory settings as well as descriptive ath-
letic case-study-type experiential evidence.

KEYWORDS

illness, injuries, low carbohydrate availability, REDs

optimal physiological function.! It can be challenging,

The energetic demands of training by athletes are often
large within elite sports, although there can be marked
variations across sport disciplines and the different phases
of training during the season. Regardless of the training
phase an adequate energy intake (EI) in relation to the
energetics demands of training is fundamental to allow
sufficient nutrient and energy availability (EA) to support

however, for some athletes to maintain adequate EI to
prevent themselves from developing a state of low energy
availability (LEA). In some sports body mass (BM) and
body composition or power to mass ratio affect perfor-
mance,” and well planned, supervised periods with mod-
erate LEA might enhance performance.>* Unfortunately,
many athletes undertake severe (serious and/or prolonged
or chronic) LEA, which may lead to Relative Energy
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Deficiency in Sport (REDs), and thereby poses a risk to
the health and performance potential of the athlete.* Most
published literature on LEA has focused on the physiolog-
ical or negative health specific aspects associated with its
occurrence. To date, the effects of LEA on sports perfor-
mance variables remain largely unexplored in a system-
atic fashion. As such, the main purpose of this narrative
review is to characterize the effects of short-, medium-,
and long-term exposure to LEA on direct (e.g. reduced
strength and endurance) and indirect (e.g. reduced train-
ing response or lost training time due to injury) sports
performance outcomes. In doing so we have focused both
on laboratory settings as well as descriptive athletic case-
study-type experiential evidence.

2 | LOW ENERGY AVAILABILITY

Operationally EA is defined as the difference in EI and
exercise energy expenditure (EEE) relative to fat-free
mass (FFM).” At present studies remain inconclusive as to
what is the optimal EA for athletes by sex, yet current evi-
dence from short-term laboratory-based studies suggests
that an EA of 45kcal/kg FFM/day for sedentary females’
and 40kcal/kg FEM/day for recreationally active males®
appears to be congruent with normal physiological func-
tion. Unfortunately, evidence on what constitutes appro-
priate EA levels in female or male elite athletes (who can
have variable clinical risk factors for REDs) is not firmly
established. Furthermore, lack of agreement on what con-
stitutes EEE makes EA calculations and interpretation of
such calculations challenging.

2.1 | Low energy availability criteria

Early laboratory-based studies by Professor Anne Loucks
on recreationally active eumenorrheic women reported
that 3-6days of EA<30kcal/kg FFM/day causes clear
endocrine and metabolic responses that mirror those
of females with functional hypothalamic amenorrhea
(FHA).”® In much of the LEA research literature, this
value (<£30kcal/kg FFM/day) is viewed as the threshold of
LEA in athletes.>*'° More recent studies have questioned
this single cut-point for females suggesting that adverse
consequences such as ovarian suppression and FHA are
more likely to occur with decreasing EA but without
a single universally applicable LEA criteria threshold
value.''™® In males, the cut-point for LEA existence has
been debated in the literature, and relative to REDs de-
velopment a recent study have suggested values of 9 to
25kcal/kg FFM as a criterion cut-point.'* However, the
validity and accuracy of this range of values remain to be

determined, and the 40kcal/kg FFM/day noted early"
for adequate physiological function is hotly debated. It is
important to recognize that LEA threshold values seems
to be impacted by individual moderating factors (such as
gynecological age, sex, type of sport, macronutrient profile
of the energy deficit and genetics),'®'” and it is also pos-
sible that the severity of LEA and its duration interact to
induce a ‘LEA dose or load’ (i.e. LEA level multiplied by
the number of days with LEA)."®!® Therefore, a thresh-
old based on studies of short duration exposure may be
misleading, and as such, it has been suggested that an EA
range might be more appropriate to use in both females®
and males.***22!

Low energy availability can be produced by an inten-
tional or inadvertent mismatch between inadequate EI to
adequately compensate for an athlete's EEE. Intentional
LEA is common among athletes who strive to achieve or
maintain a lower competitive BM over a prolonged com-
petitive season® or use it to achieve a rapid BM reduction
in weight-category sports.”*** However, disordered eating
(DE) behavior, as well as eating disorders (EDs), under-
pin some LEA situations, especially among athletes in
leanness-demanding sports such as endurance, aesthetic,
or weight category disciplines**?’ (see Potential neutral or
positive effects of low energy availability on performance).
Nevertheless, it is important to keep in mind that athletes
can develop LEA unknowingly, often due to the high or
extreme EEE's of training (e.g., rowing, triathlon, cy-
cling'®?*) in combination with the inability of appetite
to match daily energy requirements, and potential ali-
mentary limits to the caloric absorption via the digestive
system.29

3 | LOW ENERGY AVAILABILITY
AND SPORTS PERFORMANCE

Sports performance is incredibly complex, but success in
some sports is reliant, at least to some extent, on the phy-
sique and body composition of the athlete. Accordingly,
it is not uncommon for an athlete to feel the pressure to
alter their body composition (e.g., reduce fat mass) via
manipulations of nutrition and exercise to decrease EA
in the pursuit of further enhancing performance.” Health
consequences from severe LEA are well established in
terms of endocrine and metabolic disruptions®** as well
as psychological (e.g., mood disturbances and symptoms
of DE behavior)*"** and clinical (e.g., premature osteopo-
rosis) problems.*'*** As such, DE behavior and EDs poses
a potential risk to the health and performance potential of
the athlete.”* Therefore, matching EI to support training,
recovery, as well as health and ultimately performance
goals, is crucial to all athletes.>**

95U217 SUOLIWOD 9AE8.D) 3|edljdde a3 Ag peussnob afe sofoiie YO ‘8sn J0'Sa|nJ 10} Akelq1 auluO 3|1 UO (SUONIPUOD-PUR-SWLLIBYWOD A8 | 1M Aleid U1 |UO//:Sdiy) SUOTIPUOD Pue SWe | 841 89S *[£202/20/20] U0 Aeiq1auliuo AS(IM 1591 Aq ZZSpT SWS/TTTT OT/I0p/W0d A3 1M ARe1q 1 BulUO//SANY W01} pepeoiumod ‘0 ‘8E80009T



MELIN ET AL.

Wi LEYJ—3

Evidence suggests the emerging responses to short-,
medium-, and long-term LEA centre around: reduced glu-
cose concentrations, skeletal muscle glycogen, and protein
synthesis, reduced circulating reproductive and anabolic
hormones, disruption in markers of iron and bone metab-
olism, increased risk of mood disturbances and injuries all
of which have potential direct or indirect performance im-
plications.19’30’35_37 Thus, the following sections describe
key aspects of direct and indirect effects or associations be-
tween some of these parameters and sports performance.
Specific details on representative performance-based re-
search studies addressing short-, medium-, and long-term
LEA consequences are shown in Tables 1, 2, and 3.

3.1 | Potential negative effects of low
energy availability on performance
3.1.1 | Macronutrient issues

Decreased EI (absolute or relative to EEE) comes with a
concomitant reduction in the availability of some or all
energy substrates [i.e., carbohydrates (CHO), fat, or pro-
tein]. Indeed, one of the most significant indirect effects
of LEA on sports performance may be via reduced CHO
availability, given its key role as a fuel substrate during
high-intensity exercise. Research, starting in the early
1960s, has highlighted the importance of sufficient daily
CHO intake for high-intensity performance, and to im-
prove prolonged endurance events.** *° This effect is most
likely due to the contributions of CHO to endogenous
(skeletal muscle and liver glycogen) and exogenous (blood
glucose) fuel stores as the main source of energy during
high-intensity exercise.*** Not surprisingly, laboratory-
based studies implementing LEA have reported concomi-
tant reductions in skeletal muscle glycogen concentrations
among the athletes.*’ Accordingly, at a restricted CHO in-
take, manipulation of EA via fat intake has shown to have
no effect on skeletal muscle glycogen.* Therefore, a direct
significant effect of LEA on performance may not neces-
sarily be related to specific endocrine and physiological
responses triggered by LEA alone, but due to the lack of
CHO as substrate for metabolic function, particularly at
high intensity.

Skeletal muscle glycogen potentially has a dual role, in
that ample glycogen acts as an energy substrate while low
muscle glycogen can act as an endurance phenotypic sig-
naling agent. Thus, the negative effects of low muscle gly-
cogen on performance may result in a contrasting effect of
enhanced endurance adaptations to training due to stim-
ulating skeletal muscle towards an oxidative phenotype.45
However, while the evidence for these types of molecu-
lar adaptations is generally strong, a recent meta-analysis

indicates that the risk for negative consequences of peri-
odic low CHO availability (LCA) training might outweigh
the rewards of such strategies.*® LEA and LCA may also
be a confounding factor in training-overload interven-
tions, where the athlete’s inability to adapt to training or
increased fatigue levels may be mistaken as signs of over-
reaching or overtraining, rather than under-fuelling.*’
Therefore, when investigating the effect of LEA (acute
or prolonged) and/or training overload on performance,
a possible explanation for decreases in performance may
be low muscle glycogen, if the experimental design does
not include a strict dietary control performance pre-test
scenario. Furthermore, short-term LCA (with and with-
out LEA) has been reported to increase bone resorption
biomarkers,37’48 decrease markers of bone formation,’
and increased post-exercise interleukin-6 (IL-6) and hep-
cidin concentrations® (see Micronutrient issues section)
with negative effects on bone, immune- and iron bio-
markers.””**! Hence, LCA may have indirect negative
effects on performance (see Injury and illness factors and
Micronutrient issues).

3.1.2 | Potential direct effects of low energy
availability on performance decrements

Short-term low energy availability and performance
decrements

Short-term LEA is defined as an exposure of a few days to
weeks of inadequate EA.'® Table 1 presents the findings
of nine studies that addressed this form of LEA in associa-
tion with direct and indirect performance outcomes. Most
of these studies with a 3days to 3weeks duration of LEA
report neutral or positive effects on sports performance
variables®** (see Potential neutral or positive effects of
low energy availability on sports performance). However,
in a randomized 14-day LEA intervention trial by Jurov
et al.'"* well-trained and elite male endurance athletes
(n = 18) had direct (counter movement jumps, agility test,
power output, bicycle ergometer test to exhaustion), and
indirect [lactate metabolism, and health outcomes (well-
being, cognitive restriction, and eating behavior)] perfor-
mance variables assessed while their EA was reduced by
25%, 50%, and 75% of prior EI'* (Table 1). A minimum
of a one-month wash-out period between EA treatments
occurred for resting energy expenditure, body composi-
tion, blood values, and questionnaire responses to return
to baseline values. No change in the bicycle ergometer test
to exhaustion after the 14-days of 75% LEA (9 =3 kcal/kg
FFM/day) was found, but it was reported that lactate lev-
els were decreased after 14-days of 25% LEA (22+6 kcal/
kg FFM/day).'* The latter was probably a consequence
of decreased CHO (and muscle glycogen) availability.
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Interestingly, however, muscular power-related outcomes
were reduced starting at 25% LEA only."* Reduced power
has also been reported in female endurance athletes after
5days of an intensive training camp where most athletes
did not achieve adequate EI or CHO intake.>

Medium-term low energy availability and performance
decrements

Medium-term LEA is defined as an exposure of a few
weeks to months of inadequate EA.'® Table 2 presents
the findings of 17 studies that addressed this form of LEA
in association with direct and indirect performance out-
comes. Four studies have aimed to investigate the effects
of training adaptation and performance after 3 - 4weeks
with a 20% - 50% increase in training volume with ad li-
bitum EI°""% (see Low energy availability or overtraining
syndrome section). Thirteen of the medium-term LEA
studies have aimed to investigate the effects of various
weight-loss programs on performance®’* of which eight
are case studies.®****”""2 Most of these weight-loss stud-
ies, report neutral or positive effects of LEA on sports
performance variables (see Potential neutral or positive
effects of low energy availability on sports performance).
However, five of the eight case-studies report negative
effects on performance variables (e.g., reduced strength
and power)63’64’68’69’71 (Table 2). Furthermore, in a study
from the 1990s, female endurance athletes (n = 7) with
DE behavior involving pathogenic (e.g., vomiting, fast-
ing) weight-loss methods were compared to weight-stable
controls (n = 26). Each group was pre- and post-assessed
a 2-month intensified endurance training period (+20%
training amount).®® The weight-reduction group lost 9%
BM and failed to improve running speed or aerobic capac-
ity, while the control athletes showed increases in both
running speed and aerobic capacity. These findings sup-
port a failure of the weight-reduction group to respond to
the training despite similar training as compared to the
controls.®®

Long-term low energy availability and performance
decrements

Long-term LEA is defined as an exposure of inadequate
EA during a few months to years.'® Investigating the ef-
fects of such long periods of LEA in a controlled setting
is near impossible and as such, most of the studies in this
category rely on physiological or functional outcomes of
LEA (e.g., DE behavior) or REDs symptoms (e.g., FHA
or reduced resting metabolic rate (RMR)) as surrogate
measures of likely prolonged exposure to LEA. Table 3
presents the findings of nine such studies that addressed
this form of LEA in association with direct and indirect
performance outcomes.

One of the few prospective studies that link long-term
LEA to direct performance measures was conducted by
Vanheest and colleagues.”> They examined performance
among junior elite swimmers during a 12-week compe-
tition season comparing the endocrine and performance
effects in a group with suppressed oestradiol and proges-
terone (ovarian suppressed, n = 5) versus cyclic (n = 5) ath-
letes across the season (Table 3). The results showed that
the ovarian suppressed group had a lower concentration
of T; and IGF-1 compared with the cyclic group, while the
cyclic group had higher EI, EA, and RMR,;;, (i.e., mea-
sured/predicted RMR) throughout the study period and
experienced reduced fat mass compared with the ovarian
suppressed group. Interestingly, 400-m swimming perfor-
mance test performed fortnightly showed no difference
within each group between the start and the end of the in-
tervention. Importantly, however the ovarian-suppressed
group reported a ~10% decrease in 400 m swimming per-
formance after 12weeks of training compared to an ~8%
improvement in the cyclic group.”

In a cohort comparison study of female endurance ath-
letes, no difference in VO,,,,, (absolute or relative) was
found between FHA and eumenorrheic athletes, despite
a lower BM and fat mass in athletes with FHA”* (Table 3).
Furthermore, athletes with FHA had 20% reduced neu-
romuscular endurance compared with eumenorrheic
athletes.”* Reduced endurance performance (functional
threshold power, W/kg) was also reported in four out of 10
male competitive male road cyclists with long-term LEA
manifested as DE behavior or EDs.”

3.1.3 | Potential indirect effects of low energy
availability on performance decrements

Exercise recovery

Harber et al.”®’® (1998) found that female athletes with
FHA had slower restoration of creatine phosphate (also,
associated with lower T, levels) compared with eumenor-
rheic athletes suggesting that recovery of skeletal muscle
isreduced in FHA athletes, potentially affecting their abil-
ity to execute quality high-intensity exercise (Table 3).

Micronutrient issues

A poor iron status evolves from normal to subnormal or
depleted iron stores with compromised synthesis of iron-
containing proteins, such as hemoglobin (Hb) due to a
low dietary iron intake, inadequate intestinal iron absorp-
tion and/or increased iron losses. This poor iron status can
affect aerobic capacity in athletes through reduced tissue
oxidative capacity and reduced oxygen-carrying capac-
ity.”” Iron absorption is impaired during the post-exercise
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period when hepcidin levels are elevated, and muscle gly-
cogen availability, exercise intensity, and exercise-induced
inflammatory stimulus determine the magnitude of the
post-exercise hepcidin response, and therefore iron regu-
lation.”® LEA may also influence hepcidin concentration
directly or indirectly via LCA, low estrogen or testosterone
levels, and or IL-6 induced alterations in hepcidin levels
post-exercise, highlighting the importance of maintaining
adequate energy and CHO availability to avoid unneces-
sary elevations in hepcidin concentrations.”

Acutely lowered Hb levels have been reported after
short-term LEA in male,"**? and female endurance ath-
letes,”® and is in general associated with a reduction of
VO, .« and endurance performance due to reduction of
the O,-carrying capacity of blood.** Lower Hb levels have
also been reported in female endurance athletes with se-
vere LEA as manifested by the presence of FHA.*' Altitude
exposure typically invokes increases in Hb mass®®% in-
terestingly, Heikura et al.* reported no differences in the
increases in Hb mass after a 3-week exposure to altitude
(~2100 M) between females with and without FHA (LEA
surrogate marker) (i.e. the altitude exposure did not in-
duce a compensation for the LEA effects). However, fe-
males with FHA had significantly lower (~7%) baseline
Hb mass upon arrival to the altitude, camp, and the sub-
sequent altitude exposure did not induce a compensation
for the LEA effects.®

Low energy availability or overtraining syndrome

Kettunen et al.> evaluated the associations between self-
reported EA and macronutrient intake and sports per-
formance in young female cross-country skiers during a
5-day intensive training camp and found that more than
half of the skiers had suboptimal EA and CHO intake.
Lower EA and CHO intake were associated with early
signs of REDs, similar to the signs and symptoms of over-
reaching, including decreased muscular performance
and submaximal lactate levels (rate of perceived exertion
ratio)®® (Table 1). A few studies have investigated the ef-
fects of 3-4weeks of intensified training with ad libitum
EI on performance. For example, Schaal et al.>® com-
pared the changes in ad libitum EI and EA among run-
ners completing a 4-week training overload phase. The
runners that adapted positively to the overload training
phase increased their EI and thereby maintained baseline
EA despite a large EEE, while runners not adapting to the
training overload phase failed to maintain baseline EA,
resulting in poor performance outcomes, and suppressed
ovarian function (Table 2). These results support the find-
ings of Woods et al.*® who reported reduced rowing per-
formance (on-water 5 km time trial) in male and female
national team rowers during a 4-week intensified training

program (420% training volume) accompanied by weight-
loss due to LEA. In a similar study with LEA (EA <40kcal/
kg FFM/day) and weight-loss among male cyclists com-
pleting a 3-week training overload phase, cycling perfor-
mance did not improve after a 2-week recovery period.” In
a 4-week intensified endurance training period designed
to increase performance in well-trained male cyclists, BM,
and body composition were unchanged, and aerobic per-
formance, as well as total testosterone levels, increased
from pre- to post-test although some biomarkers of REDs,
such as a reduction in RMR and T;, and an increase in
cortisol were observed.”’ Similar findings were reported
in a case report in a weigh-stable male elite track cyclist
with lowered RMR and mid-range testosterone levels, al-
though no negative effects on performance were found.*®
Indeed, a recent review looking at the signs, symptoms,
and diagnostic complexities of non-functional overreach-
ing training (NFOR) or the overtraining syndrome (OTS)
as compared to REDs has definitely established that when
LEA is present, it is the underlying etiology for a REDs
diagnosis, and LEA therefore need to be excluded from an
OTS/NFOR diagnosis.*’

Injury and illness factors

Uninterrupted training and competition are crucial for
training adaptation and enhanced performance. One of
the concerns with severe LEA is an increased risk of in-
juries and illness,* and that performance may be impaired
due to the loss of training.*® To this end, a prospective
study investigating international track and field athletes
during five consecutive competitive seasons found that
every week containing one or more days of modified train-
ing due to injuries and illnesses resulted in a 26% reduc-
tion in the odds of achieving key performance goals, and
athletes who sustained <2 injuries or illnesses per season
were three times more likely to achieve their performance
goal than those who sustained >2 episodes of injuries or
illness.*® Therefore, it is imperative that sports medicine
practitioners should direct their attention to the preven-
tion of both injuries and illness via a multidisciplinary
approach including, but not limited to, minimizing fre-
quency of LEA in athletes.

In a recent study of 67 male U.S. Division I collegiate
wrestlers, Hammer et al.** found that rapid weight cut-
ting was associated with a higher risk of in-competition
injuries. For every kilogram of BM lost, there was a 14%
increased risk of injury during competition (hazard risk
(HR) 1.14,95% CI1 1.04 to 1.25, p = 0.004), and for every 1%
of BM lost, wrestlers had an 11% increased risk of injury
(HR 1.11, 95% CI 1.03 to 1.19, p = 0.005)** (Table 1).

In a 1-year prospective study by Ihalainen et al.®
EA, training load, and menstrual status were examined
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in regard to injuries and performance in young elite
endurance athletes and controls (Table 3). The results
revealed that runners with FHA had more injury days
and less annual running distance compared with the
eumenorrheic runners, and only the eumenorrheic run-
ners improved their performance over the year.** This
study confirms the results from other research®®*’ that
FHA is a potential predisposing factor for musculoskel-
etal overload injuries. Other reported predisposing fac-
tors are restricted EL,*** DE behavior/EDs,*® and low
BMD.”

Bone stress injuries (BSI), often referred to as stress frac-
tures or stress reactions, are overuse injuries and may be
related to low bone mineral density (BMD) and LEA.?
Recovery from BSI may be further complicated by the
presence of the Female Athlete Triad risk factors.”® Using
the Triad cumulative risk assessment tool, moderate or
high-risk category collegiate runners had 4.0- and 5.7-fold
risk for sustaining a BSI compared to low-risk category
athletes, and a majority of elevated risk category running
athletes sustained a BSI within an average of 1year.”* A
BMD Z-score < —1.0 has been proposed as a cut-point for
low BMD for both female and male athletes participating
in land-based sports.”>“® Risk factors for low BMD iden-
tified in athletes include LEA (low EI and/or prolonged
distance running), low BMI and FFM, FHA/lowered tes-
tosterone levels, and a history of BSL.**?*%® Furthermore,
a negative effect of short-term LCA on markers of bone
formation and resorption independent of EA has also
been reported.*®** Low BMD has been reported in adoles-
cent female runners with a reported prevalence of nearly
40%,”” and a prevalence of 43%-45% have been reported in
female distance athletes.””'” In a study by Heikura et al.
on EA status, blood hormone concentrations, BMD, and
BSI history in a group of 59 elite female and male middle-
and long-distance athletes, females with FHA and males
with testosterone within the lowest quartile of the labora-
tory reference range had a ~4.5-fold higher frequency of
career BSI compared to athletes with eumenorrhea/nor-
mal testosterone levels.'”"

There is limited evidence that LEA and/or LCA sup-
press immunity in athletes.'®> However, as mentioned
earlier, negative effects of short-term LCA on immune
response independent of LEA has been reported.*!
Furthermore, more upper respiratory symptoms and lower
immunoglobulin-A secretion rates were found in FHA vs.
eumenorrheic elite collegiate runners.'” Similarly, in a
study of female elite athletes in preparation for the 2016
Rio Olympic Games, an indication of LEA was the lead-
ing variable associated with illnesses.®® There is a critical
need for researchers to pursue this topic more fully before
definitive conclusions can be reached on the relationship
between LEA and the immune system.

Psychological disturbance

Measures of mood state are considered a reliable predictor
of sports performance in competitive athletes across a wide
variety of sports and athletic performance outcomes,'®*
and while reduced vigor and increased fatigue are normal
responses to hard training, other aspects of psychological
disturbance, especially symptoms of depressed mood may
indicate a maladaptive 1resp0nse.105 Short-, medium-, and
long-term LEA have all been reported to be associated
with major mood disturbances such as anger, confusion,
cognitive restriction, and tension in athletes,>®67:106:107
sleep disturbances’™'® and on long-term depressive
symptoms,mg’110 as well as EDs.'!!

The athletes’ subjective experiences

Elite athletes are part of a high-pressure environment
that may exacerbate the psychological impact involv-
ing food choices and body image, affecting the amount
of energy available for training and competition. This in
turn may create short-term, medium-term, or long-term
LEA that could affect performance. REDs is a highly com-
plex condition, and moving beyond the laboratory-based,
clinical studies, involving also quantitative and qualita-
tive research where athletes may reveal different factors
contributing to their experiences, may be a valuable ad-
dition towards an understanding of the impact LEA has
on sports performance (Table 3). In the largest survey to
date including 1000 adolescent and young adult female
athletes, Ackerman et al.'% assessed associations between
LEA and performance factors. Here, athletes with LEA
were more likely to report experiences with decreased
training response, endurance performance, coordination,
and concentration, impaired judgment, irritability, and
depression. The authors concluded that LEA measured
using self-report questionnaires is strongly associated
with many performance consequences depicted in the
REDs models'® (Table 3). In a qualitative study, the physi-
cal and psychosocial impact of REDs, from the perspective
of 12 current or former lightweight rowers at intermedi-
ate to international standards (67% females) was inves-
tigated'® (Table 3). All athletes described restricting EI
whilst increasing EEE through excessive exercise and/or
weight-loss tactics to meet the body weight requirements.
A range of implications by the athletes was described,
such as impaired sleep, bowel disruption, FHA, fatigue,
musculoskeletal pain, injury, and weakened immune sys-
tems. All participants reported that they felt that weight
loss tactics and dehydration resulted in decreased per-
formance and impaired recovery. For example, one elite
international rower stated: ‘It [dieting] really affected our
race day performance, we could barely row four kilome-
tres without people going dizzy... it was not healthy, and
we were definitely not fuelled.
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A study by Langbein et al."*? included 12 sub- or semi-
elite male and female endurance athletes, and aimed
to qualitatively explore athlete experiences of REDs
(Table 3). The athletes described a multitude of health
impairments, and factors contributing to reduced per-
formance, predominantly consisting of BSI, a noticeable
reduction in energy levels, and perceived endurance ca-
pacity. In terms of illness and injuries indirectly affecting
performance, one athlete said: ‘My immune system is
shocking; I think I've had every disease or illness going’,
while another stated: “We are all veterans of the MRI ma-
chine and DXA scan; I got a metatarsal stress fracture and
then the tibial stress fractures started, of which I've had
three’. Whilst representativeness and statistical generaliz-
ability are not key judgment criteria for these qualitative
studies, their findings provide another knowledge import-
ant to incorporate when discussing the possible effects of
LEA on sports performance in a bigger context.

3.2 | Potential neutral or positive
effects of low energy availability on
performance

It is noteworthy that despite an abundance of data dem-
onstrating many indirect negative effects of severe LEA
on performance (e.g., increased injury rates, poor train-
ing adaptation), there is still very limited research directly
assessing the impact of LEA on direct performance out-
comes and providing evidence for a causal, rather than
correlative, linkage. Also, given the potential positive
effect of LEA exposure (e.g., improving power to weight
ratio), the possibility of performance benefits as a result of
implementation of well-planned periods of moderate LEA
in specific situations''® should not be ignored.

There is some evidence, mainly from case-studies in-
dicating that weight-loss with short-term (Table 1),
and medium-term (Table 2)°1:626566 [ EA report neutral
or positive effects on performance variables. Hence, some
elite athletes who manipulate their body composition prior
to high-priority competitions®”’>''* when they are likely
to be in top form potentially could improve their physical
performance.”” A representative weight-loss study with
short-term LEA was performed by Kojima et al.”> These
researchers reported no effects of LEA (<20kcal/kg FFM/
day) on endurance capacity assessed as time to exhaus-
tion (~20min, 19.0+0.8 km/h, eliciting 90% VO,,,,) in
male long-distance runners in a 3-day randomized clini-
cal trial study. However, considering a concomitant ~50%
reduction in dietary CHO with LEA, not surprisingly,
this research protocol decreased muscle glycogen content
and lowered BM>’ (Table 1). A representative weight-loss

study with medium-term LEA investigated female fitness
athletes (n = 27) during a 4months 12% weight-loss pe-
riod for competition with lowered leptin, oestradiol and
T; levels as well as increased menstrual and irregularities
compared to weight-stable female fitness athletes (n = 23)
acting as controls." A decrease in isometric bench press
was reported pre to mid intervention but not pre to post in-
tervention, and no effects on isometric maximal strength
and explosive strength of leg extensors. All endocrine
changes and BM returned to baseline during the following
3-4-month recovery period with increased EI and reduced
aerobic exercise.”

Short-term LEA and moderate energy restriction (80%
of typical EI) in strength-trained males and females has
been found to reduce muscle protein synthesis by 27%
and 19%, respectively'" (Table 1). The reduction in mus-
cle protein synthesis was attenuated, at least acutely, by
resistance training, and further increased by the inges-
tion of protein during the recovery from such training.'*®
Indeed, supervised gradual weight-loss (0.5-1 kg/week)
combined with strength training has been reported to be
safe,"? increase lean BM, and strength- and power-related
performance in male and female athletes,’ male combat-
sport athletes® and in female elite rowers® (Tables 1 and
2). High or moderate volume resistance training during
energy restriction appears to have similar effects of main-
taining lean BM in resistance-trained men."'® Moreover,
a 40% reduction in EI over the course of 2weeks showed
retention of lean BM in resistance-trained men when fol-
lowing a high-protein (~2.3 g/kg/day) versus a normal
protein (~1 g/kg/day) diet when training load was main-
tained constant.*

As mentioned earlier, it is difficult to disentangle
the direct effects of acute reduced substrate availabil-
ity (e.g., skeletal muscle glycogen) with LEA/LCA,
from the physiological effect of LEA-triggered mecha-
nisms of energy preservation (e.g., altered hormonal
profile, decreased muscle protein synthesis and others)
on physical performance. Therefore, from a mechanis-
tic standpoint one can speculate that LEA could be an
independent modulator of skeletal muscle metabolism.
However, whether this translates to enhancing the oxi-
dative capacity and muscle work capacity and thereby
sports performance remains to be seen, as reported in
the meta-analysis by Gejl and Nybo46 on periodic low
CHO (see Macronutrient issues).

Moderate and well-planned LEA may have a positive
effect in the function of some tissues (i.e., skeletal mus-
cle, neurons), but if sustained it may reach a point where
the normal function of many other tissues and systems
(e.g., bone and iron metabolism) may be disrupted and
the likelihood of injury increased, therefore potentially
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negatively affecting performance. This dynamic inter-
play is complex and as such difficult to predict a final
outcome. Dieting and restrictive eating is furthermore
often associated with an increased risk of developing
DE behavior and EDs,'*11718 and therefore, we are of
the opinion that the importance of leanness should be
de-emphasized within the sports environments, espe-
cially in young and developing athletes.'"* Hence, when
considering BM and body composition changes, even if
for short periods of time, careful planning with realistic
goals is needed, and supervision from a sports dietitian
is highly recommended.

4 | CONCLUSION

In conclusion, more research needs to be done to fully
understand the effects of LEA on different physiological
systems and how the interplay of these may ultimately
affect physical capacity and athletic performance.
Severe LEA exposure has the potential to be a serious
problem leading to impaired sports performance, most
likely mediated through direct/indirect health effects,
hormonal alterations, and suboptimal levels of energy
substrate (i.e., muscle glycogen). Therefore, athletes
who desire to optimize BM and body composition (and
use LEA to achieve those goals) to improve competitive
performance should emphasize the use of well-planned
and supervised gradual weight-loss methodologies with
moderate LEA exposure to maintain health and perfor-
mance. These athletes should also have baseline medi-
cal and psychological assessment to ascertain whether
there is undue risk to even undertake BM or body com-
position changes. That said, the coach and athlete sup-
port team (e.g., physiotherapist, physician) must remain
vigilant of the athletes' responses and health status to
ensure the prevention of REDs.

5 | PERSPECTIVE

Severe LEA exposure in athletes increases the risk for the
development of REDs and associated health consequences
of both a physiological and psychological nature. Current
nutritional status, as well as optimal muscle protein syn-
thesis are important factors for maximizing training ad-
aptations, as well as improving immune function, wound
healing, and rehabilitation of musculoskeletal injuries in
athletes. Hence, monitoring, detection, and treatment of
athletes with exposure to severe LEA in the sports medi-
cine setting will potentially improve athletes’ health and
ultimately performance, as well as their rehabilitation
process from illness and injuries.

ACKNOWLEDGEMENT

The manuscript preparation was undertaken by A.K.
Melin and A.C. Hackney in collaboration with all co-
authors. J.L. Areta acknowledges disagreement with sev-
eral of the points made in the article in relation to the
risk of LEA on performance and interpretation of the
literature, though acknowledges significant input in the
manuscript. Nonetheless, all authors, including J.L. Areta
approved of the final version of the paper.

CONFLICT OF INTEREST STATEMENT
None of the authors has any potential conflicts of interest.

DATA AVAILABILITY STATEMENT
Since this is a narrative review no dataset for sharing
exists.

ORCID
Anna K. Melin @ https://orcid.org/0000-0002-8249-1311
José L. Areta © https://orcid.org/0000-0001-6918-1223
Ida A. Heikura @ https://orcid.org/0000-0002-1088-428X
Trent Stellingwerff ©© https://orcid.
org/0000-0002-4704-8250
Monica Klungland Torstveit
org/0000-0003-2798-9675
Anthony C. Hackney © https://orcid.

0rg/0000-0002-6607-1472

https://orcid.

REFERENCES

1. Stellingwerff T, Maughan RJ, Burke LM. Nutrition for power
sports: middle-distance running, track cycling, rowing, canoe-
ing/kayaking, and swimming. J Sports Sci. 2011;29(sup1):S79
-589. doi:10.1080/02640414.2011.589469

2. Manore MM. Weight management for athletes and active indi-
viduals: a brief review. Sport Med. 2015;45(1):83-92. doi:10.1007/
540279-015-0401-0

3. Burke LM, Lundy B, Fahrenholtz IL, Melin AK. Pitfalls of con-
ducting and interpreting estimates of energy availability in free-
living athletes. Int J Sport Nutr Exerc Metab. 2018;28(4):350-363.
doi:10.1123/ijsnem.2018-0142

4. Mountjoy M, Sundgot-Borgen JKJK, Burke LML, et al. IOC
consensus statement on relative energy deficiency in sport
(RED-S): 2018 update. Br J Sports Med. 2018;52(11):687-697.
doi:10.1136/bjsports-2018-099193

5. Loucks AB. Energy balance and energy availability. In:
Maughan RJ, ed. The Encyclopaedia of Sports Medicine:
Sports Nutrition. Vol XIX. 1st ed. John Wiley & Sons Ltd.;
2013:72-87.

6. Koehler K, Hoerner NR, Gibbs JC, et al. Low energy availability
in exercising men is associated with reduced leptin and insulin
but not with changes in other metabolic hormones. J Sports Sci.
2016;34(20):1921-1929. doi:10.1080/02640414.2016.1142109

7. Thle R, Loucks AB. Dose-response relationships between
energy availability and bone turnover in young exercising
women. J Bone Miner Res. 2004;19(8):1231-1240. doi:10.1359/
JBMR.040410

95U217 SUOLIWOD 9AE8.D) 3|edljdde a3 Ag peussnob afe sofoiie YO ‘8sn J0'Sa|nJ 10} Akelq1 auluO 3|1 UO (SUONIPUOD-PUR-SWLLIBYWOD A8 | 1M Aleid U1 |UO//:Sdiy) SUOTIPUOD Pue SWe | 841 89S *[£202/20/20] U0 Aeiq1auliuo AS(IM 1591 Aq ZZSpT SWS/TTTT OT/I0p/W0d A3 1M ARe1q 1 BulUO//SANY W01} pepeoiumod ‘0 ‘8E80009T


https://orcid.org/0000-0002-8249-1311
https://orcid.org/0000-0002-8249-1311
https://orcid.org/0000-0001-6918-1223
https://orcid.org/0000-0001-6918-1223
https://orcid.org/0000-0002-1088-428X
https://orcid.org/0000-0002-1088-428X
https://orcid.org/0000-0002-4704-8250
https://orcid.org/0000-0002-4704-8250
https://orcid.org/0000-0002-4704-8250
https://orcid.org/0000-0003-2798-9675
https://orcid.org/0000-0003-2798-9675
https://orcid.org/0000-0003-2798-9675
https://orcid.org/0000-0002-6607-1472
https://orcid.org/0000-0002-6607-1472
https://orcid.org/0000-0002-6607-1472
https://doi.org//10.1080/02640414.2011.589469
https://doi.org//10.1007/s40279-015-0401-0
https://doi.org//10.1007/s40279-015-0401-0
https://doi.org//10.1123/ijsnem.2018-0142
https://doi.org//10.1136/bjsports-2018-099193
https://doi.org//10.1080/02640414.2016.1142109
https://doi.org//10.1359/JBMR.040410
https://doi.org//10.1359/JBMR.040410

20—I—Wl LEY

8.

10.

11.
12.
13.
14.

15.

16.

17.

18.

19.

20.

21.

MELIN ET AL.

Loucks AB, Thuma JR. Luteinizing hormone pulsatility is dis-
rupted at a threshold of energy availability in regularly men-
struating women. J Clin Endocrinol Metab. 2003;88(1):297-311.
doi:10.1210/jc.2002-020369

Maughan RJ, Burke LM, Dvorak J, et al. IOC consensus
statement: dietary supplements and the high-performance
athlete. Br J Sports Med. 2018;52(7):439-455. doi:10.1136/
bjsports-2018-099027

De Souza MJ, Nattiv A, Joy E, et al. 2014 female athlete triad
coalition consensus statement on treatment and return to play
of the female athlete triad: 1st international conference held
in San Francisco, CA, May 2012, and 2nd international con-
ference held in Indianapolis, IN, May 2013. Clin J Sport Med.
2014;24(2):96-119. doi:10.1097/ISM.0000000000000085
Lieberman JL, De Souza MJ, Wagstaff DA, Williams NI.
Menstrual disruption with exercise is not linked to an energy
availability threshold. Med Sci Sports Exerc. 2018;50(3):551-561.
doi:10.1249/MSS.0000000000001451

Reed JL, de Souza JJ, Mallinson RJ, Scheid JL, Williams NI.
Energy availability discriminates clinical menstrual status
in exercising women. J Int Soc Sports Nutr. 2015;12(1):11.
doi:10.1186/s12970-015-0072-0

De Souza MJ, Strock NC, Ricker E, et al. The path towards
Progress: a critical review to advance the science of the female
and male athlete triad and relative energy deficiency in sport.
Sport Med. 2021;52(1):13-23. doi:10.1007/s40279-021-01568-w
Jurov I, Keay N, Rauter S. Reducing energy availability in male
endurance athletes: a randomized trial with a three-step energy
reduction. J Int Soc Sports Nutr. 2022;19(1):179-195. doi:10.108
0/15502783.2022.2065111

Koehler XK, Williams NI, Mallinson RJ, et al. Low resting
metabolic rate in exercise-associated amenorrhea is not due
to a reduced proportion of highly active metabolic tissue
compartments. Am J Physiol Metab. 2016;311(2):E480-E487.
doi:10.1152/ajpendo.00110.2016

Loucks AB. The response of luteinizing hormone pulsatility to
5days of low energy availability disappears by 14years of gy-
necological age. J Clin Endocrinol Metab. 2006;91(8):3158-3164.
doi:10.1210/jc.2006-0570

Heikura IA, Stellingwerff T, Areta JL, et al. Low energy avail-
ability in female athletes: from the lab to the field. Eur J Sport
Sci. 2022;22(5):1-11. doi:10.1080/17461391.2021.1915391
Heikura IA, Stellingwerff T, Areta JL. Low energy availability
in female athletes: from the lab to the field review article low
energy availability in female athletes: from the lab to the field.
Eur J Sport Sci. 2021;22:1-18. doi:10.1080/17461391.2021.19153
91

Areta JL, Taylor HL, Koehler K. Low energy availability: history,
definition and evidence of its endocrine, metabolic and physio-
logical effects in prospective studies in females and males. EurJ
Appl Physiol. 2021;121(1):1-21. d0i:10.1007/s00421-020-04516-0
Viner RT, Harris M, Berning JR, Meyer NL. Energy availabil-
ity and dietary patterns of adult male and female competitive
cyclists with lower than expected bone mineral density. Int
J Sport Nutr Exerc Metab. 2015;25(6):594-602. do0i:10.1123/
ijsnem.2015-0073

Lane AR, Hackney AC, Smith-Ryan A, Kucera K, Registar-
mihalik J, Ondrak K. Prevalence of low energy availability
in competitively trained male endurance athletes. Medicina
(Kaunas). 2019;55(10):1-11. doi:10.3390/medicina55100665

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Mauricio CDA, Merino P, Merlo R, et al. Rapid weight loss of
up to five percent of the body mass in less than 7 days does not
affect physical performance in official Olympic combat athletes
with weight classes: a systematic review with meta-analysis.
Front Physiol. 2022;13:1-10. doi:10.3389/fphys.2022.830229
Fogelholm MG, Koskinen R, Laakso J, Rankinen T,
Ruokonen I. Gradual and rapid weight loss: effects on nutri-
tion and perfromance in male athletes. Med Sci Sports Exerc.
1993;25:371-377.

Sundgot-Borgen J, Torstveit M. Prevalence of eating disorders
in elite athletes is higher than in the general population. Clin J
Sport Med. 2004;14:25-32. https://journals.lww.com/cjsportsme
d/Fulltext/2004/01000/Prevalence_of Eating Disorders_in_
Elite_Athletes.5.aspx?iframe=true&width=90%25&heigh
t=90%25

Filaire E, Rouveix M, Pannafieux C, Ferrand C. Eating atti-
tudes, perfectionism and body-esteem of elite male judoists and
cyclists. J Sport Sci Med. 2007;6(1):50-57.

Chatterton JM, Petrie TA. Prevalence of disordered eating and
pathogenic weight control behaviors among male collegiate
athletes. Eat Disord. 2013;21(4):328-341. doi:10.1080/10640266.
2013.797822

Gibbs JC, Williams NI, Mallinson RJ, Reed JL, Rickard AD, De
Souza MIJ. Effect of high dietary restraint on energy availability
and menstrual status. Med Sci Sports Exerc. 2013;45(9):1790-
1797. doi:10.1249/MSS.0b013e3182910e11

Heikura IA, Quod M, Strobel N, Palfreeman R, Civil R, Burke
LM. Alternate-day low energy availability during spring clas-
sics in professional cyclists. Int J Sports Physiol Perform.
2019;14(9):1233-1243. doi:10.1123/ijspp.2018-0842

Thurber C, Dugas LR, Ocobock C, Carlson B, Speakman
JR, Pontzer H. Extreme events reveal an alimentary limit
on sustained maximal human energy expenditure. Sci Adv.
2019;5(6):1-8. d0i:10.1126/sciadv.aaw0341

Elliott-Sale KJ, Tenforde AS, Parziale AL, Holtzman B,
Ackerman KE. Endocrine effects of relative energy deficiency
in sport. Int J Sport Nutr Exerc Metab. 2018;28(4):335-349.
doi:10.1123/ijsnem.2018-0127

Fagerberg P. Negative consequences of low energy availability
in natural male bodybuilding: a review. Int J Sport Nutr Exerc
Metab. 2018;28(4):385-402. d0i:10.1123/ijsnem.2016-0332
Jurov I, Keay N, Hadzic V, et al. Relationship between en-
ergy availability, energy conservation and cognitive restraint
with performance measures in male endurance athletes.
2021;3(March):1-10. do0i:10.1186/s12970-021-00419-3
Fredericson M, Kussman A, Misra M, et al. The male athlete
triad — a consensus statement from the female and male ath-
lete triad coalition. Clin J Sport Med. 2021;31:349-366.

Taylor H, Garabello G, Pugh J, et al. Patterns of energy avail-
ability of free-living athletes display day-to-day variability that
is not reflected in laboratory-based protocols: insights from elite
male road cyclists. J Sport Sci. 2022;40:1849-1856.

Dipla K, Kraemer RR, Constantini NW, Hackney AC. Relative
energy deficiency in sports (RED-S): Elucidation of endocrine
changes affecting the health of males and females. Hormones.
2021;20(1):35-47.

Raysmith BP, Drew MK. Performance success or failure is in-
fluenced by weeks lost to injury and illness in elite Australian
track and field athletes: a 5-year prospective study. J Sci Med
Sport. 2016;19(10):778-783. d0i:10.1016/j.jsams.2015.12.515

95U217 SUOLIWOD 9AE8.D) 3|edljdde a3 Ag peussnob afe sofoiie YO ‘8sn J0'Sa|nJ 10} Akelq1 auluO 3|1 UO (SUONIPUOD-PUR-SWLLIBYWOD A8 | 1M Aleid U1 |UO//:Sdiy) SUOTIPUOD Pue SWe | 841 89S *[£202/20/20] U0 Aeiq1auliuo AS(IM 1591 Aq ZZSpT SWS/TTTT OT/I0p/W0d A3 1M ARe1q 1 BulUO//SANY W01} pepeoiumod ‘0 ‘8E80009T


https://doi.org//10.1210/jc.2002-020369
https://doi.org//10.1136/bjsports-2018-099027
https://doi.org//10.1136/bjsports-2018-099027
https://doi.org//10.1097/JSM.0000000000000085
https://doi.org//10.1249/MSS.0000000000001451
https://doi.org//10.1186/s12970-015-0072-0
https://doi.org//10.1007/s40279-021-01568-w
https://doi.org//10.1080/15502783.2022.2065111
https://doi.org//10.1080/15502783.2022.2065111
https://doi.org//10.1152/ajpendo.00110.2016
https://doi.org//10.1210/jc.2006-0570
https://doi.org//10.1080/17461391.2021.1915391
https://doi.org//10.1080/17461391.2021.1915391
https://doi.org//10.1080/17461391.2021.1915391
https://doi.org//10.1007/s00421-020-04516-0
https://doi.org//10.1123/ijsnem.2015-0073
https://doi.org//10.1123/ijsnem.2015-0073
https://doi.org//10.3390/medicina55100665
https://doi.org//10.3389/fphys.2022.830229
https://journals.lww.com/cjsportsmed/Fulltext/2004/01000/Prevalence_of_Eating_Disorders_in_Elite_Athletes.5.aspx?iframe=true&width=90%&height=90%
https://journals.lww.com/cjsportsmed/Fulltext/2004/01000/Prevalence_of_Eating_Disorders_in_Elite_Athletes.5.aspx?iframe=true&width=90%&height=90%
https://journals.lww.com/cjsportsmed/Fulltext/2004/01000/Prevalence_of_Eating_Disorders_in_Elite_Athletes.5.aspx?iframe=true&width=90%&height=90%
https://journals.lww.com/cjsportsmed/Fulltext/2004/01000/Prevalence_of_Eating_Disorders_in_Elite_Athletes.5.aspx?iframe=true&width=90%&height=90%
https://doi.org//10.1080/10640266.2013.797822
https://doi.org//10.1080/10640266.2013.797822
https://doi.org//10.1249/MSS.0b013e3182910e11
https://doi.org//10.1123/ijspp.2018-0842
https://doi.org//10.1126/sciadv.aaw0341
https://doi.org//10.1123/ijsnem.2018-0127
https://doi.org//10.1123/ijsnem.2016-0332
https://doi.org//10.1186/s12970-021-00419-3
https://doi.org//10.1016/j.jsams.2015.12.515

MELIN ET AL.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Fensham NC, Heikura IA, McKay AKA, Tee N, Ackerman
KE, Burke LM. Short-term carbohydrate restriction impairs
bone formation at rest and during prolonged exercise to a
greater degree than low energy availability. J Bone Miner Res.
2022;37(10):1915-1925. doi:10.1002/jbmr.4658

Karlsson J, Saltin B. Diet, muscle glycogen, and endurance per-
formance. J Appl Physiol. 1971;31(2):203-206.

Trent S, Cox Gerogory R. Systematic review: carbohydrate sup-
plementation on exercise performance or capacity of varying
durations. Appl Physiol Nutr Metab. 2014;39(9):2-39. https://
doi-org.proxy.Inu.se/10.1139/apnm-2014-0027

Vigh-Larsen JF, Ortenblad N, Spriet LL, Overgaard KMM.
Muscle glycogen metabolism and high-intensity exercise per-
formance: a narrative review. Sport Med. 2021;51(9):1855-1874.
doi:10.1007/s40279-021-01475-0

Areta JL, Hopkins WG. Skeletal muscle glycogen content
at rest and during endurance exercise in humans: a meta-
analysis. Sport Med. 2018;48(9):2091-2102. doi:10.1007/
$40279-018-0941-1

Vigh-Larsen JF, Ortenblad N, Nielsen J, Andersen OE,
Overgaard K, Mohr M. The role of muscle glycogen content and
localization in high-intensity exercise performance: a placebo-
controlled trial. Med Sci Sport Exerc. 2022;54(10):2073-2086.
doi:10.1249/mss.0000000000003002

Kojima C, Ishibashi A, Kumiko E, Kazushige G. Exogenous
glucose oxidation during endurance exercise under low en-
ergy availability. PLoS One. 2022;17:1-12. doi:10.1371/journal.
pone.0276002

Areta JL, Iraki J, Owens DJ, et al. Achieving energy balance
with a high-fat meal does not enhance skeletal muscle adap-
tation and impairs glycaemic response in a sleep-low train-
ing model. Exp Physiol. 2020;105(10):1778-1791. doi:10.1113/
EP088795

Hearris MA, Hammond KM, Fell JM, Morton JP. Regulation
of muscle glycogen metabolism during exercise: implications
for endurance performance and training adaptations. Nutrients.
2018;10(3):298. doi:10.3390/nu10030298

Gejl KD, Nybo L. Performance effects of periodized carbohy-
drate restriction in endurance trained athletes — a systematic
review and meta-analysis. J Int Soc Sports Nutr. 2021;18(1):1-12.
doi:10.1186/s12970-021-00435-3

Stellingwerff T, Heikura IA, Meeusen R, et al. Overtraining
syndrome (OTS) and relative energy deficiency in sport (RED-
S): shared pathways, Symptoms and Complexities. Sport Med.
2021;51(11):2251-2280. doi:10.1007/s40279-021-01491-0
Hammond KM, Sale C, Fraser W, et al. Post-exercise carbohy-
drate and energy availability induce independent effects on
skeletal muscle cell signalling and bone turnover: implications
for training adaptation. J Physiol. 2019;597(18):4779-4796.
doi:10.1113/J7P278209

McKay AKA, Peeling P, Pyne DB, et al. Six days of low carbo-
hydrate, not energy availability, alters the iron and immune
response to exercise in elite athletes. Med Sci Sport Exerc.
2022;54(3):337-387. doi:10.1249/MSS.0000000000002819
Heikura TA, Burke LM, Hawley JA, et al. A short-term keto-
genic diet impairs markers of bone health in response to ex-
ercise. Front Endocrinol (Lausanne). 2020;10:10. doi:10.3389/
fendo.2019.00880

Hayashi N, Ishibashi A, Iwata A, Yatsutani H, Badenhorst C,
Goto K. Influence of an energy deficient and low carbohydrate

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Wi LEYJi

acute dietary manipulation on iron regulation in young fe-
males. Physiol Rep. 2022;10(13):1-13. d0i:10.14814/phy2.15351

Mettler S, Mitchell N, Tipton KD. Increased protein in-
take reduces lean body mass loss during weight loss in ath-
letes. Med Sci Sports Exerc. 2010;42(2):326-337. do0i:10.1249/
MSS.0b013e3181b2ef8e

Mourier A, Bigard A, de Kerviler E, Roger B, Legrand H,
Guezennec C. Combined effects of caloric restriction and
branched-chain amino acid supplementation on body compo-
sition and exercise performance in elite wrestlers. Int J Sports
Med. 1997;18(1):47-55.

Wallberg J. Aerobic exercise and resistance weight-training
during weight reduction. Implications for obese persons and
athletes. Sport Med. 1989;7(6):343-356.

Kojima C, Ishibashi AYA, Tanabe Y, et al. Muscle glycogen
content during endurance training under low energy avail-
ability. Med Sci Sports Exerc. 2020;52(1):187-195. doi:10.1249/
MSS.0000000000002098

Kettunen O, Thalainen JK, Ohtonen O, Valtonen M, Mursu J.
Energy availability during training camp is associated with
signs of overreaching and changes in performance in young fe-
male cross-country skiers. Biomed Hum Kinet. 2021;13:246-254.
doi:10.2478/bhk-2021-0030

Stenqvist TB, Torstveit MK, Faber J, Melin AK, Burke LM.
Impact of a 4-week intensified endurance training inter-
vention on markers of relative energy deficiency in sport
(RED-S) and performance among well-trained male cyclists.
Front Endocrinol (Lausanne). 2020;11:512365. doi:10.3389/
fendo.2020.512365

Schaal K, Vanloan MD, Hausswirth C, Casazza GA. Decreased
energy availability during training overload is associated with
non-functional overreaching and suppressed ovarian function in
female runners. Appl Physiol Nutr Metab. 2021;46(10):1179-1188.
Woods AL, Garvican-Lewis LA, Lundy B, Rice AJ, Thompson
KG. New approaches to determine fatigue in elite athletes
during intensified training: resting metabolic rate and pacing
profile. PLoS One. 2017;12(3):e0173807. doi:10.1371/journal.
pone.0173807

Woods AL, Rice AJ, Garvican-Lewis LA, et al. The effects of
intensified training on resting metabolic rate (RMR), body
composition and performance in trained cyclists. PLoS One.
2018;13(2):0191644. doi:10.1371/journal.pone.0191644

Hulmi JJ, Isola V, Suonpdd M, et al. The effects of intensive
weight reduction on body composition and serum hormones
in female fitness competitors. Front Physiol. 2017;7:1-16.
doi:10.3389/fphys.2016.00689

Garthe I, Raastad T, Sundgot-Borgen J. Long-term effect of
weight loss on body composition and performance in elite ath-
letes. Int J Sport Nutr Exerc Metab. 2011;21(5):426-435.

Rossow LM, Fukuda DH, Fahs CA, Loenneke JP, Stout JR.
Natural bodybuilding competition preparation and recov-
ery: a 12-month case study. Int J Sports Physiol Perform.
2013;8(5):582-592.

Tinsley G, Trexler E, Smyth-Ryan A, et al. Changes in body
composision and neuromuscular performance through
preparation, 2 competitions, and a Recouvery period in an
experienced female physique athletes. J Strength Cond Res.
2019;33(7):1823-1839.

Koutedakis Y, Pacy PJ, Quevedo RM, Millward DJ, Hesp
R, Boreham CSN. The effects of two different periods of

95U217 SUOLIWOD 9AE8.D) 3|edljdde a3 Ag peussnob afe sofoiie YO ‘8sn J0'Sa|nJ 10} Akelq1 auluO 3|1 UO (SUONIPUOD-PUR-SWLLIBYWOD A8 | 1M Aleid U1 |UO//:Sdiy) SUOTIPUOD Pue SWe | 841 89S *[£202/20/20] U0 Aeiq1auliuo AS(IM 1591 Aq ZZSpT SWS/TTTT OT/I0p/W0d A3 1M ARe1q 1 BulUO//SANY W01} pepeoiumod ‘0 ‘8E80009T


https://doi.org//10.1002/jbmr.4658
https://doi.org/10.1139/apnm-2014-0027
https://doi.org/10.1139/apnm-2014-0027
https://doi.org//10.1007/s40279-021-01475-0
https://doi.org//10.1007/s40279-018-0941-1
https://doi.org//10.1007/s40279-018-0941-1
https://doi.org//10.1249/mss.0000000000003002
https://doi.org//10.1371/journal.pone.0276002
https://doi.org//10.1371/journal.pone.0276002
https://doi.org//10.1113/EP088795
https://doi.org//10.1113/EP088795
https://doi.org//10.3390/nu10030298
https://doi.org//10.1186/s12970-021-00435-3
https://doi.org//10.1007/s40279-021-01491-0
https://doi.org//10.1113/JP278209
https://doi.org//10.1249/MSS.0000000000002819
https://doi.org//10.3389/fendo.2019.00880
https://doi.org//10.3389/fendo.2019.00880
https://doi.org//10.14814/phy2.15351
https://doi.org//10.1249/MSS.0b013e3181b2ef8e
https://doi.org//10.1249/MSS.0b013e3181b2ef8e
https://doi.org//10.1249/MSS.0000000000002098
https://doi.org//10.1249/MSS.0000000000002098
https://doi.org//10.2478/bhk-2021-0030
https://doi.org//10.3389/fendo.2020.512365
https://doi.org//10.3389/fendo.2020.512365
https://doi.org//10.1371/journal.pone.0173807
https://doi.org//10.1371/journal.pone.0173807
https://doi.org//10.1371/journal.pone.0191644
https://doi.org//10.3389/fphys.2016.00689

il—Wl LEY

66.
67.
68.

69.

70.
71.
72.
73.
74.

75.

76.
77.
78.

79.

MELIN ET AL.

weight-reduction on selected performance parameters in elite
lightweight oarswomen. Int J Sports Med. 1994;15(8):472-477.
doi:10.1055/s-2007-1021090

Ingjer F, Sundgot-Borgen J. Influence of body weight reduction
on maximal oxygen uptake in female elite athletes. Scand J Med
Sci Sports. 1991;1(3):141-146. doi:10.1111/j.1600-0838.1991.
tb00286.x

Langan-Evans C, Germaine M, Artukovic M, et al. The psycho-
logical and physiological consequences of low energy avail-
ability in a male combat sport athlete. Med Sci Sports Exerc.
2021;53(4):673-683. doi:10.1249/MSS.0000000000002519
Schoenfeld BJ, Alto A, Grgic J, et al. Alterations in body com-
position, resting metabolic rate, muscular strength, and eating
behavior in response to natural bodybuilding competition prepa-
ration: a case study. J Strength Cond Res. 2020;34:3124-3138.
Kasper AM, Crighton B, Langan-Evans C, et al. Case study:
extreme weight making causes relative energy De fi ciency,
dehydration, and acute kidney injury in a male mixed martial
arts athlete. Int J Sport Nutr Exerc Metab. 2019;29(3):331-338.
doi:10.1123/ijsnem.2018-0029

Stellingwerff T. Case study: body composition periodization
in an olympic-level female middle-distance runner over a 9-
year career. Int J Sport Nutr Exerc Metab. 2018;28(4):428-433.
doi:10.1123/ijsnem.2017-0312

Pardue A, Trexler ET, Sprod LK. Case study: unfavorable but
transient physiological changes during contest preparation in
a drug-free male bodybuilder. Int J Sport Nutr Exerc Metab.
2017;27:550-559.

Robinson SL, Lambeth-mansell A, Gillibrand G, Smith-ryan
A, Bannock L. A nutrition and conditioning intervention for
natural bodybuilding contest preparation: case study. J Int Soc
Sports Nutr. 2015;12:1-11. doi:10.1186/s12970-015-0083-x
VanHeest JL, Rodgers CD, Mahoney CE, De Souza MJ. Ovarian
suppression impairs sport performance in junior elite fe-
male swimmers. Med Sci Sports Exerc. 2014;46(1):156-166.
doi:10.1249/MSS.0b013e3182a32b72

Tornberg AB, Melin A, Koivula FMFEM, et al. Reduced neuro-
muscular performance in Amenorrheic elite endurance ath-
letes. Med Sci Sports Exerc. 2017;49:2478-2485. d0i:10.1249/
MSS.0000000000001383

Keay N, Francis G, Hind K. Low energy availability assessed
by a sport-specific questionnaire and clinical interview in-
dicative of bone health, endocrine profile and cycling perfor-
mance in competitive male cyclists. BMJ Open Sport Exerc Med.
2018;4(1):1-7. doi:10.1136/bmjsem-2018-000424

Harber VJ, Petersen SR, Chilibeck PD. Thyroid hormone con-
centrations and muscle metabolism in Amenorrheic and
Eumenorrheic athletes. Can J Appl Physiol. 1998;23(3):293-306.
doi:10.1139/h98-017

Haas JD, Brownlie T IV. Iron deficiency and reduced work ca-
pacity: a critical review of the research to determine a causal
relationship. J Nutr. 2001;131(2 Suppl):676-690. do0i:10.1093/
jn/131.2.6765

Badenhorst CE, Black KE, O'Brien WJ. Hepcidin as a prospec-
tive individualized biomarker for individuals at risk of low
energy availability. Int J Sport Nutr Exerc Metab. 2019;29(6):671-
681. doi:10.1123/ijsnem.2019-0006

McKay AKA, Pyne DB, Burke LM, Peeling P. Iron metabo-
lism: interactions with energy and carbohydrate availability.
Nutrients. 2020;12(12):1-16. doi:10.3390/nu12123692

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Calbet JAL, Rédegran G, Boushel R, Sendergaard H, Saltin
B, Wagner PD. Effect of blood haemoglobin concentration of
V02, max and cardiovascular function in lowlanders acclima-
tised to 5260 m. J Physiol. 2002;545(2):715-728. d0i:10.1113/
jphysiol.2002.029108

Heikura IA, Burke LM, Bergland D, Uusitalo ALT, Mero AA,
Stellingwerff T. Impact of energy availability, health, and sex
on hemoglobin-mass responses following live-high-train-high
altitude training in elite female and male distance athletes. Int
J Sports Physiol Perform. 2018;13(8):1090-1096. doi:10.1123/
ijspp.2017-0547

Nummela A, Eronen T, Koponen A, Tikkanen H, Peltonen JE.
Variability in hemoglobin mass response to altitude training
camps. Scand J Med Sci Sport. 2021;31(1):44-51. doi:10.1111/
sms.13804

Drew M, Vlahovich N, Hughes D, et al. Prevalence of illness,
poor mental health and sleep quality and low energy availabil-
ity prior to the 2016 summer Olympic games. Br J Sports Med.
2018;52(1):47-53. doi:10.1136/bjsports-2017-098208

Hammer E, Sanfilippo JL, Johnson G, Hetzel S. Association of
in- competition injury risk and the degree of rapid weight cut-
ting prior to competition in division I collegiate wrestlers. Br J
Sports Med. 2022;57(3):1-6. doi:10.1136/bjsports-2022-105760
Thalainen JK, Kettunen O, Mcgawley K, et al. Body composition,
energy availability, training, and menstrual status in female
runners. Int J Sports Physiol Perform. 2021;16(7):1043-1048.
Thein-Nissenbaum JM, Loud KJ, Rauh MJ, Carr KE, McGuine
TA. Associations between disordered eating, menstrual dys-
function, and musculoskeletal injury among high school ath-
letes. J Orthop Sport Phys Ther. 2011;41(2):60-69. doi:10.2519/
jospt.2011.3312

Edama M, Inaba H, Hoshino F, Natsui S. The relationship be-
tween the female athlete triad and injury rates in collegiate fe-
male athletes. PeerJ. 2021;9:1-12. doi:10.7717/peerj.11092

Rauh MJ, Nichols JF, Barrack MT, et al. Relationships among in-
juryand disordered eating, menstrual dysfunction, and low bone
mineral density in high school athletes: a prospective study. J
Athl Train. 2010;45(3):243-252. d0i:10.4085/1062-6050-45.3.243
Jederstrom M, Agnafors S, Ekegren C, et al. Determinants
of sports injury in young female Swedish competitive fig-
ure skaters. Front Sports Act Living. 2021;3:1-11. doi:10.3389/
fspor.2021.686019

Melin A, Tornberg AB, Skouby S, et al. The LEAF-Q a question-
naire for female athletes. BrJ Sports Med. 2013;48(7):1-7.
Kraus E, Tenforde AS, Nattiv A, et al. Bone stress injuries in
male distance runners: higher modified female athlete triad
cumulative risk assessment scores predict increased rates
of injury. Br J Sports Med. 2019;53(4):237-242. doi:10.1136/
bjsports-2018-099861

De Souza MJ, Barrack MT, Nattiv A, et al. Higher incidence
of bone stress injuries with increasing female athlete triad-
related risk factors. Am J Sports Med. 2014;42(4):949-958.
doi:10.1177/0363546513520295

Nattiv A, Kennedy G, Barrack MT, et al. Correlation of MRI
grading of bone stress injuries with clinical risk factors
and return to play. Am J Sports Med. 2013;41(8):1930-1941.
doi:10.1177/0363546513490645

Tenforde AS, Carlson JL, Chang A, et al. Association
of the Athlete  Triad
Stratification to the development of bone stress injuries in

Female Risk  Assessment

95U217 SUOLIWOD 9AE8.D) 3|edljdde a3 Ag peussnob afe sofoiie YO ‘8sn J0'Sa|nJ 10} Akelq1 auluO 3|1 UO (SUONIPUOD-PUR-SWLLIBYWOD A8 | 1M Aleid U1 |UO//:Sdiy) SUOTIPUOD Pue SWe | 841 89S *[£202/20/20] U0 Aeiq1auliuo AS(IM 1591 Aq ZZSpT SWS/TTTT OT/I0p/W0d A3 1M ARe1q 1 BulUO//SANY W01} pepeoiumod ‘0 ‘8E80009T


https://doi.org//10.1055/s-2007-1021090
https://doi.org//10.1111/j.1600-0838.1991.tb00286.x
https://doi.org//10.1111/j.1600-0838.1991.tb00286.x
https://doi.org//10.1249/MSS.0000000000002519
https://doi.org//10.1123/ijsnem.2018-0029
https://doi.org//10.1123/ijsnem.2017-0312
https://doi.org//10.1186/s12970-015-0083-x
https://doi.org//10.1249/MSS.0b013e3182a32b72
https://doi.org//10.1249/MSS.0000000000001383
https://doi.org//10.1249/MSS.0000000000001383
https://doi.org//10.1136/bmjsem-2018-000424
https://doi.org//10.1139/h98-017
https://doi.org//10.1093/jn/131.2.676 s
https://doi.org//10.1093/jn/131.2.676 s
https://doi.org//10.1123/ijsnem.2019-0006
https://doi.org//10.3390/nu12123692
https://doi.org//10.1113/jphysiol.2002.029108
https://doi.org//10.1113/jphysiol.2002.029108
https://doi.org//10.1123/ijspp.2017-0547
https://doi.org//10.1123/ijspp.2017-0547
https://doi.org//10.1111/sms.13804
https://doi.org//10.1111/sms.13804
https://doi.org//10.1136/bjsports-2017-098208
https://doi.org//10.1136/bjsports-2022-105760
https://doi.org//10.2519/jospt.2011.3312
https://doi.org//10.2519/jospt.2011.3312
https://doi.org//10.7717/peerj.11092
https://doi.org//10.4085/1062-6050-45.3.243
https://doi.org//10.3389/fspor.2021.686019
https://doi.org//10.3389/fspor.2021.686019
https://doi.org//10.1136/bjsports-2018-099861
https://doi.org//10.1136/bjsports-2018-099861
https://doi.org//10.1177/0363546513520295
https://doi.org//10.1177/0363546513490645

MELIN ET AL.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

collegiate athletes. Am J Sports Med. 2017;45(2):302-310.
doi:10.1177/0363546516676262

Mountjoy M, Sundgot-Borgen J, Burke L, et al. The IOC rel-
ative energy deficiency in sport clinical assessment tool
(RED-S CAT). Br J Sports Med. 2015;49(21):1354. d0i:10.1136/
bjsports-2015-094873

Barrack MT, Fredericson M, Tenforde AS, Nattiv A. Evidence
of a cumulative effect for risk factors predicting low bone
mass among male adolescent athletes. Br J Sports Med.
2017;51(3):200-205. doi:10.1136/bjsports-2016-096698

Barrack MT, Rauh MJ, Barkai HS, Nichols JF. Dietary restraint
and low bone mass in female adolescent endurance runners.
Am J Clin Nutr. 2008;87(1):36-43.

Tenforde AS, Parziale AL, Popp KL, Ackerman KE. Low
bone mineral density in male athletes is associated with
bone stress injuries at anatomic sites with greater tra-
becular composition. Am J Sports Med. 2018;46(1):30-36.
doi:10.1177/0363546517730584

Pollock N, Grogan C, Perry M, et al. Bone-mineral density and
other features of the female athlete triad in elite endurance
runners: a longitudinal and cross-sectional observational study.
Int J Sport Nutr Exerc Metab. 2010;20(5):418-426. doi:10.1123/
ijsnem.20.5.418

Melin A, Tornberg ABB, Skouby S, et al. Energy availability and
the female athlete triad in elite endurance athletes. Scand J Med
Sci Sport. 2015;25(5):610-622. doi:10.1111/sms.12261

Heikura IA, Stellingwerff T, Bergland D, et al. Low energy avail-
ability is Dif fi cult to assess but outcomes have large impact on
bone injury rates in elite distance athletes. IntJ Sport Nutr Exerc
Metab. 2018;28(4):403-411. doi:10.1123/ijsnem.2017-0313
Walsh NP. Nutrition and athlete immune health: new per-
spectives on an old paradigm. Sport Med. 2019;49:153-168.
doi:10.1007/s40279-019-01160-3

Shimizu K, Suzuki N, Nakamura M, et al. Mucosal immune
function comparison bewteen amenorrheic and eeumenorrheic
distance runners. J Strength Cond Res. 2012;26(5):1402-1406.
Lochbaum M, Zanatta T, Kirschling D, May E. The profile of
moods states and athletic performance: a meta-analysis of pub-
lished studies. Eur J Investig Heal Psychol Educ. 2021;11(1):50-
70. doi:10.3390/ejihpe11010005

Lane AM, Terry PC, Stevens MJ, Barney S, Dinsdale
SL. Mood responses to athletic performance in ex-
treme environments. J Sports Sci. 2004;22(10):886-897.
doi:10.1080/02640410400005875

Isacco L, Degoutte F, Ennequin G, Pereira B, Thivel D, Filaire E.
Rapid weight loss influences the physical, psychological and bi-
ological responses during a simulated competition in national
judo athletes. 2020;20:580-591. doi:10.1080/17461391.2019.165
7503

Lakicevic N, Roklicer R, Bianco A, et al. Effects of rapid
weight loss on judo athletes: a systematic review. Nutrients.
2020;12(5):1220. doi:10.3390/nu12051220

Gillbanks L, Mountjoy M, Filbay SR. Lightweight rowers' per-
spectives of living with relative energy deficiency in sport (RED-
S). PLoS One 2022; 17:1-13. doi:10.1371/journal.pone.0265268,
€0265268

Ackerman KE, Holtzman B, Cooper KM, et al. Low energy
availability surrogates correlate with health and performance
consequences of relative energy deficiency in sport. BrJ Sports
Med. 2019;53:628-633. d0i:10.1136/bjsports-2017-098958

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Wi LEYJﬁ

Rogers MA, Appaneal RN, Hughes D, et al. Prevalence of
impaired physiological function consistent with relative en-
ergy deficiency in sport (RED-S): an Australian elite and pre-
elite cohort. Br J Sports Med. 2021;55(1):38-45. do0i:10.1136/
bjsports-2019-101517

Arthur-Cameselle J, Sossin K, Quatromoni P. A qualitative
analysis of factors related to eating disorder onset in female
collegiate athletes and non-athletes. Eat Disord. 2017;25(3):199-
215. d0i:10.1080/10640266.2016.1258940

Langbein RK, Martin D, Allen-Collinson J, Crust L, Jackman
PC. “I'd got self-destruction down to a fine art”: a qualitative
exploration of relative energy deficiency in sport (RED-S) in
endurance athletes. J Sports Sci. 2021;39(14):1555-1564. doi:10.
1080/02640414.2021.1883312

Sundgot-borgen J, Meyer NL, Lohman TG, et al. How to mi-
nimise the health risks to athletes who compete in weight-
sensitive sports review and position statement on behalf of the
ad hoc research working group on body composition, health
and performance, under the auspices of the IOC Medical
Commission. Br J Sports Med. 2013;47:1012-1022. doi:10.1136/
bjsports-2013-092966

Fudge B, Westerterp K, Kiplamai F, et al. Evidence of neg-
ative energy balance using doubly labelled water in elite
Kenyan endurance runners prior to competition. Br J Nutr.
2006;95(59):59-66.

Areta JL, Burke LM, Camera DM, et al. Reduced resting skel-
etal muscle protein synthesis is rescued by resistance exercise
and protein ingestion following short-term energy deficit.
Am J Physiol Metab. 2014;306(8):E989-E997. doi:10.1152/
ajpendo.00590.2013

Roth C, Schoenfeld B, Behringer M. Lean mass sparing in re-
sistance - trained athletes during caloric restriction: the role of
resistance training volume. EurJ Appl Physiol. 2022;122(5):1129-
1151. doi:10.1007/s00421-022-04896-5

Bratland-Sanda S, Sundgot-Borgen J. Eating disorders in ath-
letes: overview of prevalence, risk factors and recommendations
for prevention and treatment. Eur J Sport Sci. 2013;13(5):499-
508. doi:10.1080/17461391.2012.740504

Sundgot-Borgen J. Risk and trigger factors for the develpoment
of eating disorders in female elite athletes. Med Sci Sports Exerc.
1994;26(4):414-419.

McKay AKA, Stellingwerft T, Smith ES, et al. Defining train-
ing and performance caliber: a participant classification
framework. Int J Sports Physiol Perform. 2022;17(2):317-331.
doi:10.1123/ijspp.2021-0451

Ackerman KE, Holtzman B, Cooper KM, et al. Low energy
availability surrogates correlate with health and performance
consequences of relative energy deficiency in sport. BrJ Sports
Med. 2018;53:628-633. doi:10.1136/bjsports-2017-098958

How to cite this article: Melin AK, Areta JL,
Heikura IA, Stellingwerff T, Torstveit MK,
Hackney AC. Direct and indirect impact of low
energy availability on sports performance. Scand J
Med Sci Sports. 2023;00:1-23. doi:10.1111/
sms.14327

95U217 SUOLIWOD 9AE8.D) 3|edljdde a3 Ag peussnob afe sofoiie YO ‘8sn J0'Sa|nJ 10} Akelq1 auluO 3|1 UO (SUONIPUOD-PUR-SWLLIBYWOD A8 | 1M Aleid U1 |UO//:Sdiy) SUOTIPUOD Pue SWe | 841 89S *[£202/20/20] U0 Aeiq1auliuo AS(IM 1591 Aq ZZSpT SWS/TTTT OT/I0p/W0d A3 1M ARe1q 1 BulUO//SANY W01} pepeoiumod ‘0 ‘8E80009T


https://doi.org//10.1177/0363546516676262
https://doi.org//10.1136/bjsports-2015-094873
https://doi.org//10.1136/bjsports-2015-094873
https://doi.org//10.1136/bjsports-2016-096698
https://doi.org//10.1177/0363546517730584
https://doi.org//10.1123/ijsnem.20.5.418
https://doi.org//10.1123/ijsnem.20.5.418
https://doi.org//10.1111/sms.12261
https://doi.org//10.1123/ijsnem.2017-0313
https://doi.org//10.1007/s40279-019-01160-3
https://doi.org//10.3390/ejihpe11010005
https://doi.org//10.1080/02640410400005875
https://doi.org//10.1080/17461391.2019.1657503
https://doi.org//10.1080/17461391.2019.1657503
https://doi.org//10.3390/nu12051220
https://doi.org//10.1371/journal.pone.0265268
https://doi.org//10.1136/bjsports-2017-098958
https://doi.org//10.1136/bjsports-2019-101517
https://doi.org//10.1136/bjsports-2019-101517
https://doi.org//10.1080/10640266.2016.1258940
https://doi.org//10.1080/02640414.2021.1883312
https://doi.org//10.1080/02640414.2021.1883312
https://doi.org//10.1136/bjsports-2013-092966
https://doi.org//10.1136/bjsports-2013-092966
https://doi.org//10.1152/ajpendo.00590.2013
https://doi.org//10.1152/ajpendo.00590.2013
https://doi.org//10.1007/s00421-022-04896-5
https://doi.org//10.1080/17461391.2012.740504
https://doi.org//10.1123/ijspp.2021-0451
https://doi.org//10.1136/bjsports-2017-098958
https://doi.org/10.1111/sms.14327
https://doi.org/10.1111/sms.14327

	Direct and indirect impact of low energy availability on sports performance
	Abstract
	1|INTRODUCTION
	2|LOW ENERGY AVAILABILITY
	2.1|Low energy availability criteria

	3|LOW ENERGY AVAILABILITY AND SPORTS PERFORMANCE
	3.1|Potential negative effects of low energy availability on performance
	3.1.1|Macronutrient issues
	3.1.2|Potential direct effects of low energy availability on performance decrements
	Short-­term low energy availability and performance decrements
	Medium-­term low energy availability and performance decrements
	Long-­term low energy availability and performance decrements

	3.1.3|Potential indirect effects of low energy availability on performance decrements
	Exercise recovery
	Micronutrient issues
	Low energy availability or overtraining syndrome
	Injury and illness factors
	Psychological disturbance
	The athletes' subjective experiences


	3.2|Potential neutral or positive effects of low energy availability on performance

	4|CONCLUSION
	5|PERSPECTIVE
	ACKNOWLEDGEMENT
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


