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1   |   INTRODUCTION

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 

optimal physiological function.1 It can be challenging, 
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,2 and well planned, supervised periods with mod-
erate LEA might enhance performance.2,3 Unfortunately, 
many athletes undertake severe (serious and/or prolonged 
or chronic) LEA, which may lead to Relative Energy 
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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.
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Deficiency in Sport (REDs), and thereby poses a risk to 
the health and performance potential of the athlete.4 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).5 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 45 kcal/kg FFM/day for sedentary females5 
and 40 kcal/kg FFM/day for recreationally active males6 
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 3–6 days of EA ≤ 30 kcal/kg FFM/day causes clear 
endocrine and metabolic responses that mirror those 
of females with functional hypothalamic amenorrhea 
(FHA).7,8 In much of the LEA research literature, this 
value (≤30 kcal/kg FFM/day) is viewed as the threshold of 
LEA in athletes.3,9,10 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.11–13 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 
25 kcal/kg FFM as a criterion cut-point.14 However, the 
validity and accuracy of this range of values remain to be 

determined, and the 40 kcal/kg FFM/day noted early15 
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),16,17 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).18,19 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 females3 
and males.6,14,20,21

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 season3 or use it to achieve a rapid BM reduction 
in weight-category sports.22,23 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 disciplines24–27 (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-
cling18,28) 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.2 Health 
consequences from severe LEA are well established in 
terms of endocrine and metabolic disruptions8,30 as well 
as psychological (e.g., mood disturbances and symptoms 
of DE behavior)31,32 and clinical (e.g., premature osteopo-
rosis) problems.4,10,33 As such, DE behavior and EDs poses 
a potential risk to the health and performance potential of 
the athlete.24 Therefore, matching EI to support training, 
recovery, as well as health and ultimately performance 
goals, is crucial to all athletes.3,34
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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 
1960 s, has highlighted the importance of sufficient daily 
CHO intake for high-intensity performance, and to im-
prove prolonged endurance events.38–40 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.41,42 Not surprisingly, laboratory-
based studies implementing LEA have reported concomi-
tant reductions in skeletal muscle glycogen concentrations 
among the athletes.43 Accordingly, at a restricted CHO in-
take, manipulation of EA via fat intake has shown to have 
no effect on skeletal muscle glycogen.44 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.46 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.47 
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,37 
and increased post-exercise interleukin-6 (IL-6) and hep-
cidin concentrations49 (see Micronutrient issues section) 
with negative effects on bone, immune- and iron bio-
markers.37,48–51 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.18 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 3 days to 3 weeks duration of LEA 
report neutral or positive effects on sports performance 
variables23,52–55 (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.14 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 EI14 (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).14 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.14 Reduced power 
has also been reported in female endurance athletes after 
5 days of an intensive training camp where most athletes 
did not achieve adequate EI or CHO intake.56

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.18 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 - 4 weeks 
with a 20% - 50% increase in training volume with ad li-
bitum EI57–60 (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 performance61–72 of which eight 
are case studies.63,64,67–72 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 1990 s, 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).66 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.66

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.18 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.73 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 T3 and IGF-1 compared with the cyclic group, while the 
cyclic group had higher EI, EA, and RMRratio (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 12 weeks of training compared to an ~8% 
improvement in the cyclic group.73

In a cohort comparison study of female endurance ath-
letes, no difference in VO2max (absolute or relative) was 
found between FHA and eumenorrheic athletes, despite 
a lower BM and fat mass in athletes with FHA74 (Table 3). 
Furthermore, athletes with FHA had 20% reduced neu-
romuscular endurance compared with eumenorrheic 
athletes.74 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.75

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

Exercise recovery
Harber et al.7676 (1998) found that female athletes with 
FHA had slower restoration of creatine phosphate (also, 
associated with lower T3 levels) compared with eumenor-
rheic athletes suggesting that recovery of skeletal muscle 
is reduced 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.77 Iron absorption is impaired during the post-exercise 

 16000838, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sm

s.14327 by T
est, W

iley O
nline L

ibrary on [07/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



16  |      MELIN et al.

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.78 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.79

Acutely lowered Hb levels have been reported after 
short-term LEA in male,14,32 and female endurance ath-
letes,56 and is in general associated with a reduction of 
VO2max and endurance performance due to reduction of 
the O2-carrying capacity of blood.80 Lower Hb levels have 
also been reported in female endurance athletes with se-
vere LEA as manifested by the presence of FHA.81 Altitude 
exposure typically invokes increases in Hb mass80,82; in-
terestingly, Heikura et al.81 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.81

Low energy availability or overtraining syndrome
Kettunen et al.56 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)56 (Table 1). A few studies have investigated the ef-
fects of 3–4 weeks of intensified training with ad libitum 
EI on performance. For example, Schaal et al.58 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.59 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 (+20% training volume) accompanied by weight-
loss due to LEA. In a similar study with LEA (EA <40 kcal/
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.60 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 T3, and an increase in 
cortisol were observed.57 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.68 
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.47

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,4 and that performance may be impaired 
due to the loss of training.83 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.36 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.84 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% CI 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)84 (Table 1).

In a 1-year prospective study by Ihalainen et al.85 
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.85 This 
study confirms the results from other research86,87 that 
FHA is a potential predisposing factor for musculoskel-
etal overload injuries. Other reported predisposing fac-
tors are restricted EI,88,89 DE behavior/EDs,88 and low 
BMD.90

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.91,92 
Recovery from BSI may be further complicated by the 
presence of the Female Athlete Triad risk factors.93 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 1 year.94 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.95,96 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 BSI.91,96–98 Furthermore, 
a negative effect of short-term LCA on markers of bone 
formation and resorption independent of EA has also 
been reported.48,50 Low BMD has been reported in adoles-
cent female runners with a reported prevalence of nearly 
40%,97 and a prevalence of 43%–45% have been reported in 
female distance athletes.99,100 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.101

There is limited evidence that LEA and/or LCA sup-
press immunity in athletes.102 However, as mentioned 
earlier, negative effects of short-term LCA on immune 
response independent of LEA has been reported.49,51 
Furthermore, more upper respiratory symptoms and lower 
immunoglobulin-A secretion rates were found in FHA vs. 
eumenorrheic elite collegiate runners.103 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.83 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,104 
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 response.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,58,67,106,107 
sleep disturbances71,108 and on long-term depressive 
symptoms,109,110 as well as EDs.111

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.109 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 models109 (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-
tigated108 (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.112 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 situations113 should not be ignored.

There is some evidence, mainly from case-studies in-
dicating that weight-loss with short-term (Table 1),23,52–55 
and medium-term (Table  2)61,62,65,66 LEA report neutral 
or positive effects on performance variables. Hence, some 
elite athletes who manipulate their body composition prior 
to high-priority competitions67,70,114 when they are likely 
to be in top form potentially could improve their physical 
performance.67 A representative weight-loss study with 
short-term LEA was performed by Kojima et al.55 These 
researchers reported no effects of LEA (<20 kcal/kg FFM/
day) on endurance capacity assessed as time to exhaus-
tion (~20 min, 19.0 ± 0.8  km/h, eliciting 90% VO2max) 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 BM55 (Table 1). A representative weight-loss 

study with medium-term LEA investigated female fitness 
athletes (n = 27) during a 4 months 12% weight-loss pe-
riod for competition with lowered leptin, oestradiol and 
T3 levels as well as increased menstrual and irregularities 
compared to weight-stable female fitness athletes (n = 23) 
acting as controls.61 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.61

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%, respectively115 (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.115 
Indeed, supervised gradual weight-loss (0.5–1  kg/week) 
combined with strength training has been reported to be 
safe,113 increase lean BM, and strength- and power-related 
performance in male and female athletes,62 male combat-
sport athletes23 and in female elite rowers65 (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.116 Moreover, 
a 40% reduction in EI over the course of 2 weeks 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.52

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,113,117,118 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.113 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.
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