
      1 of 13Burke LM, et al. Br J Sports Med 2023;57:1098–1108. doi:10.1136/bjsports-2023-107335

Mapping the complexities of Relative Energy 
Deficiency in Sport (REDs): development of a 
physiological model by a subgroup of the 
International Olympic Committee (IOC) Consensus 
on REDs
Louise M Burke  ‍ ‍ ,1 Kathryn E Ackerman  ‍ ‍ ,2,3,4 Ida A Heikura  ‍ ‍ ,5,6 
Anthony C Hackney  ‍ ‍ ,7 Trent Stellingwerff  ‍ ‍ 5,6 

Review

To cite: Burke LM, 
Ackerman KE, Heikura IA, 
et al. Br J Sports Med 
2023;57:1098–1108.

1Mary MacKillop Institute for 
Health Research, Australian 
Catholic University, Melbourne, 
Victoria, Australia
2Wu Tsai Female Athlete 
Program, Division of Sports 
Medicine, Boston Children’s 
Hospital, Boston, Massachusetts, 
USA
3Neuroendocrine Unit, 
Massachusetts General Hospital, 
Boston, Massachusetts, USA
4Harvard Medical School, 
Boston, Massachusetts, USA
5Canadian Sport Institute 
Pacific, Victoria, British 
Columbia, Canada
6Exercise Science, Physical & 
Health Education, University 
of Victoria, Victoria, British 
Columbia, Canada
7Department of Exercise & Sport 
Science, University of North 
Carolina, Chapel Hill, North 
Carolina, USA

Correspondence to
Dr Louise M Burke, Australian 
Catholic University, Melbourne, 
Victoria, Australia;  
​louise.​burke@​acu.​edu.​au

Accepted 20 August 2023

© Author(s) (or their 
employer(s)) 2023. No 
commercial re-use. See rights 
and permissions. Published 
by BMJ.

ABSTRACT
The 2023 International Olympic Committee (IOC) 
consensus statement on Relative Energy Deficiency 
in Sport (REDs) notes that exposure to low energy 
availability (LEA) exists on a continuum between 
adaptable and problematic LEA, with a range of 
potential effects on both health and performance. 
However, there is variability in the outcomes of LEA 
exposure between and among individuals as well as the 
specific manifestations of REDs. We outline a framework 
for a ’systems biology’ examination of the effect of 
LEA on individual body systems, with the eventual 
goal of creating an integrated map of body system 
interactions. We provide a template that systematically 
identifies characteristics of LEA exposure (eg, magnitude, 
duration, origin) and a variety of moderating factors (eg, 
medical history, diet and training characteristics) that 
could exacerbate or attenuate the type and severity of 
impairments to health and performance faced by an 
individual athlete. The REDs Physiological Model may 
assist the diagnosis of underlying causes of problems 
associated with LEA, with a personalised and nuanced 
treatment plan promoting compliance and treatment 
efficacy. It could also be used in the strategic prevention 
of REDs by drawing attention to scenarios of LEA in 
which impairments of health and performance are most 
likely, based on knowledge of the characteristics of the 
LEA exposure or moderating factors that may increase 
the risk of harmful outcomes. We challenge researchers 
and practitioners to create a unifying and dynamic 
physiological model for each body system that can be 
continuously updated and mapped as knowledge is 
gained.

INTRODUCTION
As far back as historical records can be found, 
humans have been driven to create maps of their 
understanding of the world around them. The 
value of maps, then and now, is to provide a visual 
representation of the nature, magnitude and inter-
relationships of the features in our environment. 
Maps show us the landscape and help us to make 
better informed plans. As new explorations and 
technologies emerge, expert cartographers update 
maps with greater detail and precision compared 
with earlier, cruder representations. We are 

accustomed to the continual evolution of maps. 
We also accept the coexistence of different visual 
representations of the same territory, with varying 
complexity and features according to the end-user’s 
needs.

Such is the ‘cartographic’ evolution of Relative 
Energy Deficiency in Sport (REDs).1 The Interna-
tional Olympic Committee (IOC) first introduced 
the REDs concept in 20142 (updating it in 2018)3 
to describe the range of negative health and perfor-
mance sequalae of Low Energy Availability (LEA; 
see Definitions box) in male and female athletes. 
REDs expanded the Female Athlete Triad model,4 
which focused on the inter-relationship of LEA, 
menstrual disturbances and compromised bone 
health in female athletes; this was itself an update 
on a previous model5 and was more recently 
accompanied by the recognition of the proposed 
Male Athlete Triad.6 7 New insights, including 
contributions from the ~180 new REDs-related 
papers published since 2018, broadened our under-
standing of the consequences of LEA and informed 
the 2023 IOC Consensus Statement on REDs,1 
including its updated REDs Health and Perfor-
mance Conceptual Models (figure 1) and improved, 
validated Clinical Assessment Tool (REDs CAT2).8 
The 2023 Consensus Statement and its associated 
papers8–13 unveil various changes, address some of 
the challenges of the underpinning science14 and 
discuss future research goals. The REDs Conceptual 
Models for Health and Performance1 now clarify 
that LEA is the exposure and REDs is the eventual 
outcome (see figure 1 and Definitions box). They 
contain more precise language and recognise more 
body systems susceptible to LEA-induced impair-
ments.1 However, it is important to acknowledge a 
growing body of scientific15 16 and practical obser-
vations of non-uniform outcomes of LEA exposure, 
noting variations in both the magnitude and dura-
tion of LEA between and among individuals, as well 
as the specific manifestations of REDs. The REDs 
Conceptual Models now depict the understanding 
that some scenarios of LEA can be tolerated with 
modest and/or reversible perturbations to various 
biological systems or outcomes; we consider this 
‘adaptable’ LEA.1 Importantly, scientific/clinical 
attention is drawn to more severe LEA exposure, 
termed ‘problematic LEA’1 (see Definitions), which 
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leads to an increase in the range and magnitude of REDs health 
and performance concerns.

Although recognition of the concept of the continuum 
between adaptable versus problematic LEA adds some nuance 
to the REDs Conceptual Models and acknowledges the discor-
dance of real-world outcomes versus laboratory manipulations 
of LEA exposure, it is unable to fully explain the true complexi-
ties and various moderators of REDs manifestations. Therefore, 
while we appreciate that these models provide valuable visu-
alisations of current knowledge and key messages, we recom-
mend that separate templates be constructed to better explore 
the multiple layers and interactions between and within LEA 
and various body systems. A more sophisticated exploration of 
each spoke within the REDs Conceptual Models (figure 1) could 
serve as an ever-evolving dashboard of our increasing knowledge 
of the complexity of the causes and outputs of LEA exposure in 
athletes. We suggest that such expanded diagrams be termed the 
REDs Physiological Model (see Definitions). Such models can 
inform, and be informed by, the insights of researchers studying 
a given body system as well as others working in fields involving 
metabolic adaptation.

METHODS
This paper emanated from discussions within a subgroup of 
the IOC working group on REDs to assist the future expansion 
of scientific knowledge and practice regarding the different 
outcomes of LEA exposure between and within individual 
athletes. Our author group consisted of experts with signifi-
cant clinical and research experience pertaining to LEA—sports 
physiologists, sports dietitians and a sports endocrinologist. 
We further consulted with individual members of the full IOC 
working group on REDs as well as experts in LEA from other 
disciplines. With multidisciplinary expert consensus, we devel-
oped a systematic process for examining LEA exposure’s effects 
on different body systems. This approach included character-
ising the influence of moderating factors of LEA’s effects on 
health and performance. The aims of an expanded and more 
nuanced model of LEA exposure were identified, with athlete 
health and well-being preservation at its core. This model further 
addresses the concern around scenarios of adaptable LEA to 
focus attention on exposure to problematic LEA. LEA literature 
was examined to identify characteristics of LEA exposure, in 
addition to factors specific to the individual athlete (eg, environ-
ment and behaviours), which appear to influence the type and 
severity of health and performance outcomes. We subsequently 
produced a standardised template to expand our understanding 
of the context and complexity of the outcomes of LEA expo-
sure on athletes, including the potential for positive, benign and 
detrimental effects. The proposed model was tested on a body 
system (haematological system) that has been less explored in 
the current LEA and REDs literature, involving a wider group of 
experts from that field to refine the concept.

Herein we present a potential framework to systematically 
examine the effects of LEA exposure on individual body systems. 
With additional research, the eventual goal is to develop a 3-D 
map that can demonstrate the unique features of each athlete, 
real-life scenarios of LEA and the interactions within and 
between body systems; figure 2 demonstrates a template for a 
‘systems biology’ approach to that end. Ideally, the development 
and production of each individual template will highlight knowl-
edge gaps and inspire further research questions to enhance their 
accuracy. Our intention is to challenge researchers and practi-
tioners to assist in creating a unifying and dynamic physiological 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ The 2023 International Olympic Committee (IOC) 
Consensus Statement on Relative Energy Deficiency 
in Sport (REDs) notes that REDs is a syndrome of 
impaired physiological and/or psychological functioning 
experienced by female and male athletes that is caused 
by exposure to problematic (prolonged and/or severe) 
low energy availability (LEA).

	⇒ Some scenarios of LEA can be tolerated with modest and/
or reversible perturbations to various biological systems 
or outcomes (adaptable LEA). However, scientific/clinical 
attention is drawn to more severe LEA exposure (problematic 
LEA), which leads to an increase in the range and magnitude 
of REDs health and performance concerns.

	⇒ The REDs Conceptual Models provide a simple representation 
that LEA exposure exists on a continuum between adaptable 
and problematic, with a range of potential outcomes in both 
health and performance metrics. The models demonstrate 
that increased exposure to LEA increases the risk of 
developing a variety of health and performance impairments 
that form the REDs syndrome.

WHAT THIS STUDY ADDS
	⇒ The proposed physiological model of REDs provides a 
framework to expand our knowledge, now and into the 
future, of the effects of LEA on various body systems 
in the individual athlete and their specific moderating 
risk factors, resulting in various health and performance 
impairments.

	⇒ The REDs Physiological Model takes a ‘systems biology’ 
approach to understanding the specific effects of the 
characteristics of LEA exposure and moderating factors 
pertinent to the individual athlete, their environment and 
their lifestyle on REDs outcomes. It notes that energy 
reallocation during energy scarcity may affect body systems 
differently, with systems preferred, essential, reducible or 
expendable in varying ways between and within athletes.

	⇒ The REDs Physiological Model could be informed by insights 
gained from adjacent disciplines, which involve the effect 
of energy scarcity on human metabolism and health; these 
include evolutionary biology and the treatment of obesity.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR 
POLICY

	⇒ The REDs Physiological Model includes information 
about moderating factors and characteristics of LEA 
exposure that might assist in the diagnosis of underlying 
causes of these problems and help to create a targeted 
treatment plan. While correcting underlying LEA is the 
cornerstone of REDs therapy, a more personalised and 
nuanced approach can assist compliance and enhance 
treatment efficacy.

	⇒ The REDs Physiological Model could also be used in the 
strategic prevention of REDs by drawing attention to 
scenarios of LEA in which impairments of health and 
performance are most likely, based on knowledge of the 
characteristics of the LEA exposure or moderating factors 
that may exacerbate the risk of harmful outcomes. This may 
help athletes make informed risk versus reward decisions 
about deliberate scenarios of LEA (eg, increased training load 
or body composition manipulation) as well as draw attention 
to scenarios that might inadvertently lead to problems.
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model for each body system or REDs outcome that can be 
continuously updated and mapped as knowledge is gained.

Equity, diversity and inclusion statement
All contributors to this paper have considerable experience in 
the research or clinical management of REDs, with skills sets 
including sports medicine and endocrinology, exercise physi-
ology, nutrition and coaching. The authors include three women 
and two men, from four different countries.

Recognition of differing responses to LEA exposure: the 
reproductive system example
The evolution of insights regarding REDs is illustrated by the 
study of the reproductive system response to LEA. The initial 
Female Athlete Triad model and REDs Conceptual Models 
presented simple causal relationships between LEA and func-
tional impairments of individual body systems. Evidence for 
these relationships was provided by investigations of biomarker 
perturbations following short-term (~5 to 7 day), strictly-
controlled EA manipulations in sedentary females,17–20 paired 
with cross-sectional studies of athletes in which biomarkers of 
LEA were found in association with impairments to these body 
systems.21–23 In the case of the reproductive system, concentra-
tions and pulsatility of luteinising hormone (LH) following LEA 
exposure in females were robustly demonstrated in short-term 
investigations in laboratory18 24 and field settings.25 26 Mean-
while, differences in LH pulsatility were demonstrated between 
EA replete/eumenorrheic and LEA/amenorrheic cohorts,27 with 
an increased prevalence of functional hypothalamic amenorrhea 
(FHA) and other menstrual disturbances (eg, oligomenorrhea, 
luteal phase defects, anovulation) in athletes with LEA that was 
either directly estimated or determined via measurement of LEA 
surrogates (eg, decreased resting metabolic rate).28 29

The results of a laboratory study24 involving a stepwise 
approach to EA reduction supported the development of the 
narrative that LEA could be tolerated until it reached a specific, 
universal LEA threshold (eg, 30 kcal/kg FFM/day); below which, 

LEA would lead to REDs outcomes, such as menstrual dysfunc-
tion. However, other data failed to support the experience of a 
uniform LEA threshold.30 For example, older premenopausal, 
females (28.7±2.3 years, 14–18 years postmenarche) failed 
to show the alterations in LH pulsatility observed in younger 
premenopausal females (20.5±0.9 years, 5–8 y post-menarche) 
in response to 5 days of a laboratory-controlled reduction in EA 
(45 vs 10 kcal/kg FFM/day).15 Such a finding is consistent with 
the Life History theory that available energy is likely allocated 
to the various body systems with differing priorities at different 
phases of life.31 32 However, even within a narrow age group of 
females (18–24 years), a longer term intervention with graded 
reductions in energy balance/availability over three menstrual 
cycles found a relationship between energy restriction and 
the prevalence of menstrual disturbances but failed to estab-
lish a firm LEA threshold33 or a relationship with the severity 
of menstrual disturbances.34 Cross-sectional studies have also 
reported inconsistent associations between EA and the range 
of common menstrual disturbances despite a relationship with 
the most severe outcomes (ie, amenorrhea).35 Finally, we now 
know that LEA inhibits the reproductive system of males, as 
well. Preliminary evidence from studies of males suggests that 
they seem less susceptible to signs and symptoms of LEA and/
or can tolerate a greater restriction of EA before such negative 
sequelae are observed.16 Nonetheless, reductions in testosterone, 
libido and morning erections have been reported in settings of 
LEA.36 37

Of course, even within the narrow scope of LEA and repro-
ductive outcomes in the REDs model, there have been method-
ological challenges. These include failure to accurately measure 
menstrual function,38 inadequate consideration of the differen-
tial diagnosis of menstrual disturbances39 and usage of surrogate 
markers of LEA.21 22 There are also limitations and errors associ-
ated with direct assessment of EA in free-living populations.40 41 
Yet, it is clear that the outcomes of LEA exposure differ among 
athletes according to characteristics of the EA reduction as well 
as other modifying factors.

Figure 1  The REDs 2023 conceptual models for health (A) and performance (B). LEA, low energy availability; REDs, relative energy deficiency in 
sport.
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The physiological model overview: commencing with 
individual body systems
Following consultation and feedback from many REDs experts, 
we have developed a template to guide the standardised develop-
ment of a physiological model for each body system (figure 2). 
This template encourages a systematic approach to under-
standing how LEA may affect each body system, while incorpo-
rating other moderating factors that influence the manifestation 
of system dysfunction. The goal of this activity is to distinguish 
between scenarios in which LEA exposure may present as an 
‘adaptable’ form and those that are ‘problematic’ (see Defini-
tions). Indeed, there is little need to focus on brief and benign 
exposures to LEA. Rather, it is important to prevent and/or 
treat REDs by addressing circumstances with likely problematic 
LEA exposures, particularly in the presence of negative moder-
ating factors. Furthermore, this activity will help to illustrate 
that energy reallocation during energy scarcity may affect body 
systems differently, with systems being considered preferred, 
essential, reducible or expendable in varying ways between and 
within athletes.

The development and application of the physiological model 
templates could provide a major step in fostering strategies to 
address individual athletes, scenarios or behaviours that repre-
sent a potential for damaging or helpful outcomes. There is 
existing evidence that specific factors are associated with an 
altered risk of a body system disturbance within distinct cohorts 
exposed to LEA. For example, in a group of adolescent runners, 
a prior stress fracture was a common factor for developing 
another.42 However, sex-specific risk factors included later 
menarche, lower body mass index (BMI) and prior involve-
ment in gymnastics for girls; meanwhile boys with a previous 
history of a multidirectional movement sport (basketball) had 
a reduced fracture risk.42 Similarly, we have already noted that 
a greater gynaecological age may decrease susceptibility to LH 
pulsatility perturbations when exposed to LEA.15 The goal of 
mapping sophisticated physiological models is to extend and 
standardise the collection of such information to encourage a 
targeted approach to LEA treatment and prevention.

Our suggested protocol for undertaking a compartmental-
ised exploration of each body system is not the end goal; we 
appreciate the considerable overlap and interaction between 
many body systems, particularly with the endocrine system. 
Rather, it provides a dynamic, systematic template that supports 
the construction of a more intricate model by identifying the 
commonalities and differences between the effects of various 
characteristics of LEA, as well as intrinsic and extrinsic moder-
ating factors, on body system outcomes. As the map of each 
system evolves with new insights, it may prompt discussion of 
other systems. Importantly, cross-talk, hierarchies and interac-
tions among systems will emerge to link the physiological models 
into a strong network with the individual athlete at its centre.

Definitions from 2023 IOC consensus statement update on 
REDs 1

Energy availability
Energy availability is the dietary energy left over and available 

for optimal function of body systems after accounting for the 
energy expended from exercise. Energy availability is expressed 
as kcal/kg FFM/day and is defined in the scientific literature in 
the form of a mathematical formula:

EA (Energy Availability)={EI [Energy Intake (kcal)]−EEE 
[Exercise Energy Expenditure (kcal)]}/FFM (Fat-Free Mass (kg))/
day

Low Energy Availability
LEA is any mismatch between dietary energy intake (EI) and 

energy expended in exercise that leaves the body’s total energy 
needs unmet, i.e., there is inadequate energy to support the 
functions required by the body to maintain optimal health and 
performance. LEA occurs as a continuum between scenarios in 
which effects are benign (adaptable LEA) and others in which 
there are substantial and potentially long-term impairments of 
health and performance (problematic LEA).

Adaptable LEA
Adaptable LEA is exposure to a reduction in energy availability 

that is associated with benign effects, including mild and quickly 
reversible changes in biomarkers of various body systems that 
signal an adaptive partitioning of energy and the plasticity of 
human physiology. In some cases, the scenario that underpins 
the reduction in energy availability (eg, monitored and mindful 
manipulation of body composition or scheduled period of 
intensified training or competition) might be associated with 
acute health or performance benefits (eg, increased relative 
VO2max). Adaptable LEA is typically a short-term experience 
with minimal (or no) impact on long-term health, well-being or 
performance. Moderating factors may also alter the expression 
of outcomes.

Problematic LEA
Problematic LEA is exposure to LEA that is associated with 

greater and potentially persistent disruption of various body 
systems, often presenting with signs and/or symptoms, and 
represents a maladaptive response. The characteristics of 
problematic LEA exposure (eg, duration, magnitude, frequency) 
may vary according to the body system and the individual. 
They may be further affected by interaction with moderating 
factors that can amplify the disruption to health, well-being, and 
performance.

REDs Health Conceptual Model and REDs Performance 
Conceptual Model

Separate models (see figure 1) which illustrate the relationship 
between LEA and REDs for a variety of audiences including 
the athlete’s health and performance team and entourage 
(eg, coaches, parents). The REDs Conceptual Models provide a 
simple representation that LEA exposure exists on a continuum 
between adaptable and problematic, with a range of potential 
outcomes on both health and performance metrics. The models 
demonstrate that increased exposure to LEA increases the risk of 
developing a variety of health and performance impairments that 
form the REDs syndrome.

REDs Physiological Model
Evolving model which explores the complexity of LEA 

exposure on each of the body systems included in the RED 
Health Conceptual Model. A template (figure 2) could be used 
to develop a physiological model for each body system, which 

Continued

Definitions from 2023 IOC consensus statement update on 
REDs 1  Continued

notes the effects of characteristics of the LEA exposure as well as 
a range of moderating factors on the manifestation health and 
performance impairments. Ideally, the REDs Physiological Model 
will develop over time to form a 3-D representation of the REDs 
syndrome in which the interaction and cross-talk between body 
systems is recognised.
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Figure  2 displays a proposed protocol for constructing a 
‘systems biology’ approach to each body system or ‘spoke’ iden-
tified on the REDs Health Conceptual Model. To commence the 
physiological model for each REDs body system, we propose 
identifying the range of specific health and performance impair-
ments that might occur from LEA exposure, along with details 
of the criterion tests and metrics that best assess the presence 
of such disturbances (figure 2, step 1). The full complexity of 
the model may also be achieved by separately noting the broad 
differential diagnoses that could be responsible for such impair-
ments (not yet included in the Figure).

Constructing the model: key characteristics for consideration 
with LEA exposure
Once the functional impairments of each body system are estab-
lished, the focus should turn to the identification of key features 
of LEA exposure that may contribute to these. This step notes 
that energy mismatch is a primary and shared component of 
LEA, but each athlete’s experience may be different (step 2, 
figure  2). Table  1 provides various LEA characteristics, along 
with patterns of such characteristics, which have been tested in 
the lab or observed in the field, within limitations.40 41

LEA severity
A series of elegant studies conducted by Professor Anne Loucks 
and colleagues exposed sedentary females to stepwise reductions 
in EA (40–45, 25–30, ~20 and ~10 kcal/kg Lean Body Mass 
(LBM)/day) over~5 days; biomarkers of reproductive health,24 
thyroid function17 and bone metabolism20 were measured across 
the different investigations. Figure 3, which summarises the rela-
tive changes in these biomarkers with LEA severity, normalised 
to their maximal responses, clearly demonstrates that hormonal 
patterns of specific body systems respond differently to the 
severity of LEA, at least after a short ~5-day exposure. Unfortu-
nately, most LEA intervention studies have implemented a single 
high versus low LEA protocol, resulting in possibly dichotomous 
rather than graded changes.

One of the few longer term observations of graded levels of 
LEA severity implemented different energy deficits via changes 
in diet, exercise or both over three menstrual cycles in previously 
sedentary females.34 The conditions (approximate energy balance 
and energy deficits of ~8%, 22% and 42% of daily energy 
expenditure) were subsequently converted to EA estimations 
(kcal/FFM/day), allowing comparisons of groups designated by 
the authors as ‘low’ EA (23–34 kcal/kg FFM/day), ‘moderate’ EA 

(35–41 kcal/kg FFM/day) and ‘high’ EA (41–50 kcal/kg FFM/
day).33 Another study involved trained male endurance athletes 
who undertook a stepwise series of 14-day exposures equivalent 
to 25%, 50% and 75% reduction in their baseline estimated EA, 
with stages equivalent to overall EA of ~22, 17 and 9 kcal/kg 
FFM.43 Most other controlled field-based prospective investiga-
tions of EA exposure in athletes or active people have involved 
comparison of a single, severe16 44–49 (eg, 10–15 kcal/kg FFM/
day) or moderate50–53 (20-25 kcal/kg FFM/day) restriction of EA 
compared with ‘adequate’/’high’ EA or energy balance (40–50 
kcal/kg FFM/day), with interventions lasting from 3 to 9 days. 
Other prospective observational studies54–56 have identified self-
imposed differences in EA in athletes over periods of 5 days to 12 
weeks, enabling differences in health or performance outcomes 
between LEA exposures to be assessed. In short, although there 
is a continuum in the perturbations of biomarkers of different 
body systems to varying increases in LEA severity, the responses 
are not uniform across all cohorts or individual subjects.

Table 1  Characteristics of low energy availability (LEA) exposure that are important in promoting energy partitioning or metabolic adaptation in 
athletes, differentiating adaptable and problematic LEA exposures

Characteristic Comment

Magnitude/severity The severity of acute EA reduction (usually considered over 1 day) from an apparent optimal/‘normal’ EA of 40–45 kcal/kg FFM/day could be 
measured, potentially in zones or ranges of interest (eg, ~30 kcal, ~20 kcal, ~10 kcal)

Duration The duration of a consistent exposure to LEA in terms of days, weeks, months. Ranges of interest might include <1 week, 1–2 weeks, 2–4 weeks, 
weeks-months, months-years.

Frequency The frequency of exposure to LEA could be measured with potential zones of interest including frequent intermittent (eg, 5:2 day intermittent fasting, 
alternate day intensive competition); infrequent intermittent (eg, 1 week within 1–2 months); longer periodic (eg, 1 month within 6 months); or long-
term (eg, 3 month competition phase within a 1 year calendar).

Origin Whether the EA reduction is achieved primarily through a restriction in energy intake, an increase in exercise energy expenditure, or a ratio of both 
scenarios.

Within day energy deficit Analysis of the spread/timing of energy intake over the day in relation to exercise energy expenditure (eg, large time periods of energy deficit with 
‘backloading’ or ‘catch-up’ energy intake (eg, exercise occurs early in the day, but majority of caloric intake is in the evening)).

Accumulated LEA dose A metric that combines duration, severity and frequency of LEA exposure may allow comparisons between different real-life scenarios: LEA dose = 
(magnitude × length of exposure/frequency)

Figure 3  Dose−response effects of energy availability on luteinising 
hormone (LH) pulse frequency, plasma glucose (Glucose), markers 
of bone protein synthesis (PICP—procollagen I carboxyterminal 
propeptide) and mineralisation (OC—osteocalcin), and anabolic 
hormones that regulate bone formation (insulin, leptin, triiodothyronine 
(T3), and insulin-like growth factor-1 (IGF-1)). Created from data 
collected in sedentary women20 24 and redrawn from Loucks.109
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Investigation of LEA duration
In real-life scenarios, the duration of athletes’ energy mismatches 
may be related to the physiological and psychological sustain-
ability of maintaining energy restriction; the sport’s competition 
calendar, which includes periods that BMI/body fat manipula-
tions may impact performance57–59 and/or extreme in-event or 
training blocks with excessive energy expenditures.60–63 Studies 
demonstrate that significant perturbations to body systems can 
occur in as little as 3–4 days of moderate to severe LEA expo-
sures.17–20 However, systematic time-course studies of longer 
duration are required to isolate the sequence of the translation of 
perturbations in biomarkers to functional outcomes of growing 
severity across the range of body systems. Such investigations are 
currently unavailable.

Severity and duration
The interaction between the magnitude and duration of EA expo-
sure should be explored. Changes in LH pulsatility and concen-
trations observed after three menstrual cycles of moderate EA 
reduction (~30 kcal/kg FFM/day)64 were found to be similar to 
changes seen with 4–5 days of severe EA exposure (10 kcal/kg 
FFM/day).18 24 Further investigation might warrant the develop-
ment of a metric that can integrate the interaction of these vari-
ables such as an accumulated LEA dose [eg, magnitude×length 
of exposure (duration×frequency)].

Patterns of accumulation
The pattern of accumulation of EA exposure might also be 
considered, as real-life scenarios demonstrate a variety of strate-
gies of purposeful (or sometimes non-purposeful) energy restric-
tion and/or increased exercise loads to periodise their body 
composition over a sporting season or career.57–59 In addition, 
extreme exercise energy expenditure (EEE) in competitions or 
blocks of intensive training, which might pose another risk of 
LEA despite proactive nutrition support, can be implemented 
differently even in the same sport (eg, continuous lengthy expo-
sure61 or intermittent/alternate day racing62 in road cycling or 
ultraendurance events ranging from hours to weeks).60 63 This is 
likely to have implications for the frequency and characteristics 
of LEA exposure.

The discrepancies between the typical investigation of LEA 
and its real-life implementation should be considered. To date, 
studies of deliberate LEA exposure, both laboratory-controlled 
and field-based, have employed protocols of daily repetition of 
an identical energy restriction (and diet characteristics) and/or 
exercise load.15–20 24 47–49 51–53 65 Although this strategy provides a 
practical way to ensure that certain EA conditions are achieved, 
they do not mimic real-life scenarios in which athletes alter their 
daily training and dietary practices according to the goals of their 
micro-, meso- and macrocycles of periodised training.66 67 We are 
aware of only one series of studies with a laboratory-controlled 
EA intervention, implemented in a more ecologically valid 
protocol in which highly trained athletes continued their peri-
odised training programme (varying the mode, frequency, inten-
sity and duration of daily workouts) while continually adjusting 
their energy intake (EI) to achieve the daily EA target.44–46

EI, EEE or both
Within the studies already noted, exposure to LEA has been 
usually achieved by a reduction in EI, an increase in EEE or a 
combination of both. Some investigations have included system-
atic comparisons of the effects of changing one or other of these 
components to achieve LEA.16 18 47 Indeed, such a comparison 

initiated the birth of the concept of LEA by distinguishing an 
energy mismatch, rather than low body fatness or high endurance 
training volumes, as the cause of the Female Athlete Triad symp-
tomology.68 However, even though these studies have shown 
that LEA per se creates perturbations to a range of body systems, 
closer inspection reveals some subtle differences in outcomes 
according to relative changes in EI or EEE. Indeed, Loucks et al 
reported that LEA achieved via substantial increase in EEE was 
associated with less disturbance to LH pulsatility than similar 
LEA achieved through dietary restriction, with the difference 
attributed to a greater net reduction in glucose availability via 
the latter strategy.18 In addition to direct effects on metabolic/
hormonal perturbations, the relative contribution of changes in 
food intake and exercise patterns to LEA exposure may indi-
rectly alter the manifestation of REDs health and performance 
outcomes due to their association with moderating factors. As 
noted in table 2 (moderators), characteristics of some forms of 
exercise may protect specific body systems from the effects of 
LEA exposure by diverting energy to repair and adaptation, even 
though this may decrease the energy available to other systems.

Within-day variability
Although EA is typically calculated or averaged across a 24-hour 
period, there has been distinct interest in within-day energy 
deficits that might occur at times during the day when there 
is separation between the periods of exercise and occasions 
of food intake (eg, exercise is undertaken earlier in the day 
while substantial eating occasions occur in the evening—‘back-
loading’). A separate metric, within day energy balance, has been 
developed to audit differences between estimates of EI and EEE 
in hourly increments, with focus on single or consecutive periods 
of either positive or negative energy balance, particularly by 
substantial margins that exceed the estimated energy and blood 
glucose buffer provided by liver glycogen stores (set at 300–400 
kcal for females and males, respectively).37 69–71 Observational 
studies applying such an assessment in athletes have reported 
that a greater duration of substantial within-day energy deficits 
is associated with perturbations in thyroid hormone,70 resting 
metabolic rate,37 71 oestrogen,71 cortisol37 71 and testosterone:-
cortisol ratio.37 However, this concept has been less investigated 
than other aspects of LEA, with the few studies relying on self-
reported data rather than controlled interventions.37 69–71

With these issues in mind, we propose that the REDs Physio-
logical Model develops standardised terminology and metrics to 
identify characteristics of LEA exposure that may have different 
effects on perturbations of body systems (figure  2). Based on 
the available literature, the map of each body system can be 
constructed to note these characteristics’ effects and identify the 
scenarios of greatest potential risk. In addition to contributing to 
greater insight for current practice, this information will high-
light gaps in knowledge that might be systematically investigated 
in the future research.

Constructing the model: moderating factors that may affect 
outcomes of LEA exposure
Individual responsiveness in the manifestation of REDs health/
performance issues has been a consistent finding in cross-sectional 
studies of LEA prevalence, with differences in the number and 
severity of outcomes between and within cohorts.21 22 Further-
more, prospective investigations have identified differences 
within34 48 or between cohorts15 with respect to immediate 
physiological/hormonal perturbations or functional outcomes 
arising from controlled LEA exposure. Therefore, it is logical 
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Table 2  Examples of moderating factors that may increase or decrease the likelihood that low energy availability (LEA) is associated with a 
functional impairment of health or performance involving personal characteristics and medical history

Categories Potential moderating factors
Examples of moderation to (LEA risk), biomarker perturbations or expression of problematic LEA outcomes 
on (systems) implicated in REDs Health or Performance Conceptual Models

Personal Sex Males appear to better tolerate EA reduction: males respond to brief exposure to severe LEA with greater individual 
responses of bone turnover markers (bone health),48 and less perturbation to T3 (energy metabolism),16 testosterone16 
(reproductive system) and IGF-116 (growth and development) concentrations. Females are at greater risk of 
developing stress fractures (bone health).

Age/gynaecological age Female: Perturbations of LH pulsatility with brief, severe LEA exposure are seen in females of young (<8 y post-
menarche) but not mature (>14 y gynaecological age)15 (reproductive system). Menopause is associated with a 
substantial decrease in bone BMD110 111 (reproductive system). Female/male: Old(er) age is associated with anabolic 
resistance: that is, lower rates of muscle protein synthesis and muscle gain in response to resistance exercise and 
protein intake112 (skeletal muscle function).

Genetics/epigenetics Genetic factors that are unrelated to LEA may cause exacerbate several health outcomes identified as possible REDs 
outcomes, such as FHA113 (reproductive system), low BMD114 115 (bone health) and hyperlipidemia116 (glucose and 
lipid metabolism).

Anatomical/ biomechanical features Poor running biomechanics and certain anatomical features may increase the risk of stress fractures117 (bone health).

Medical history Co-existing medical disorders Coeliac disease can be associated with low BMD118 (bone health) and iron deficiency119 (haematological status). 
Testicular disease can cause male hypogonadism (reproductive system).120 Traumatic brain injury is associated with 
hypogonadism in males and females121 (reproductive system). Some medical conditions found in para-athletes may 
complicate the assessment of, or require different normative values of, RMR (energy metabolism) or BMD (bone 
health).122 The autoimmune condition Hashimoto’s Disease is typically associated with hypothyroidism and its various 
symptoms123 (energy metabolism/regulation).

Medication use Non-steroidal anti-inflammatory drugs can cause gastrointestinal bleeding, contributing to iron loss and poor iron 
status124 (haematological status). Glucocorticoid steroid use is associated with reductions in BMD and increased risk 
of fractures125 (bone health).

Past medical history Previous history of bone stress fractures is a risk factor for future stress fractures126 127 (bone health). Past history of 
anorexia nervosa is a risk factor for low BMD and stress fractures127–129 (bone health).

Menstrual disturbances/low 
oestrogen (female)

Low oestrogen concentrations exacerbate the effect of LEA on bone loss via enhanced bone breakdown and 
suppressed bone formation80 (bone health). Removal of monthly bleeding in amenorrheic females reduces the risk of 
iron deficiency77 (haematological status).

PCOS/high androgen (female) Female athletes with FHA and clinical/biochemical signs of hyperandrogenism had lower stress fracture risk than 
those with FHA alone130 (bone health) (athlete availability).

Training 
characteristics

Low impact exercise Athletes undertaking sports involving low impact, non-weight bearing exercise have lower BMD than their 
counterparts in higher impact sports131 132 and may even risk losing bone mass annually in the absence of impact 
loading stimuli133 (bone health).

High impact exercise Repetitive bone strain from dynamic, high impact, weight-bearing modes of exercise increases BMD and bone quality 
in athletes131 134 (bone health). Repetitive footstrike (eg, running on hard surfaces) is associated with haemolysis and 
increased iron losses135 136 (haematological status).

Training errors Increases in bone strain beyond the adaptive capacity of the bone will independently increase the risk of bone stress 
injuries; factors include training volume/pattern, type of sport, and inappropriate footwear and training surfaces42 

137–139 (bone health).

Resistance training Resistance exercise (and protein intake) may rescue the decrease in resting muscle protein synthesis seen with LEA140 
and protect against the loss in lean body mass with an energy deficit141 (skeletal muscle function).

Dietary/nutritional 
characteristics

Energy intake LEA underpinned primarily by restricted/reduced energy intake increases the magnitude of changes to LH pulsatility 
compared with an increased energy expenditure18 (reproductive system).

Carbohydrate (CHO) availability Acute exposure to low CHO diet increases marker of exercise-associated bone breakdown and reduces marker of 
bone formation,142 with these effects being greater than seen with LEA alone45 (bone health). Acute exposure to low 
CHO diet increases the hepcidin response to exercise with likely reduction in iron absorption and recycling, with this 
effect being greater than associated with LEA alone46 (haematological status). Acute carbohydrate restriction reduces 
T3 independently of LEA143 (energy metabolism). Acute carbohydrate restriction reduces testosterone independently 
of LEA with exercise training144 (energy metabolism).

Protein intake Higher protein intake is required to optimise muscle protein synthesis in response to resistance exercise when 
exposed to LEA; inadequate protein intake likely results in reduced muscle protein gains140 (training response).

Vitamin D status Vitamin D deficiency/insufficiency may increase the risk of bone stress fractures145–147 while a higher vitamin D 
intake/status may be associated with higher BMD and reduced risk of stress fractures148 149 (bone health) (athlete 
availability).

Bioavailable iron intake Inadequate intake of bioavailable iron is a risk factor for lower iron status/iron deficiency in athletes150 151 
(haematological status).

Calcium intake Inadequate calcium intake may increase the risk of bone stress fractures,152 while higher intake of dairy foods and 
calcium is associated with higher BMD and lower risk of stress fractures148 (bone health). Consuming calcium prior to 
non-weight bearing exercise may reduce the PTH-associated increase in bone turnover during and after exercise153 154 
(bone health).

Energy density Diets with low energy density are associated with increased satiety155 and may reduce energy intake (LEA severity).

Intake of caffeine and other 
stimulants

High intake of caffeine and its spread over the day may contribute to sleep disturbances in athletes156 (sleep quality).

Continued

 on S
eptem

ber 26, 2023 by guest. P
rotected by copyright.

http://bjsm
.bm

j.com
/

B
r J S

ports M
ed: first published as 10.1136/bjsports-2023-107335 on 26 S

eptem
ber 2023. D

ow
nloaded from

 

http://bjsm.bmj.com/


9 of 13Burke LM, et al. Br J Sports Med 2023;57:1098–1108. doi:10.1136/bjsports-2023-107335

Review

that an individual possesses intrinsic and experiences extrinsic 
factors that may moderate the manifestation of outcomes to 
LEA exposure on various body systems (ie, moderating factors). 
The mechanisms may aggravate the risk or effects (or interactive 
effects) of LEA on the body system, exacerbating or attenuating 
the perturbations or functional endpoints. Examples of such 
moderating factors and their interaction with various systems are 
summarised in table 2, noting their potential effects on LEA and/
or body system outcomes.

To further develop the REDs Physiological Model, we propose 
that factors that may moderate the risk of LEA per se or amplify/
reduce its impact on each of the body systems or performance 
outcomes, be identified in a systematic way (figure 2: step 3). The 
figure displays how moderating factors could be integrated into 
the physiological model for each body system, linking factors 
of specific interest to each identified health or performance 
outcome (step 4) in the REDs Conceptual Models and noting the 
direction of the effect. Again, a standardised approach to such 
activity would contribute insights into the prevention, diagnosis 
and treatment of REDs and promote a systematic programme of 
targeted research.

Using the physiological model to predict LEA risks or explain 
outcomes
As the map of the physiological model for each body system 
becomes more sophisticated, it could be used to assess the contri-
bution of LEA to the presentation of body system impairments, 
as well as develop hypotheses regarding the potential for such 
impairments before they occur. In the case of the athlete who has 
incurred health or performance decrements, the physiological 
model includes information about moderating factors and char-
acteristics of LEA exposure that might assist in the diagnosis of 
underlying causes of these problems. Furthermore, these details 
could assist in clinical treatment by reducing/removing negative 
factors and introducing changes that are beneficial as part of a 
wholistic, multidisciplinary treatment plan. While correcting 
underlying LEA is the cornerstone of REDs therapy, a more 
personalised and nuanced approach can assist compliance and 
enhance treatment efficacy.

The physiological model could also be used in the strategic 
prevention of REDs. Disordered eating/eating disorders represent 
pathological conditions that frequently underpin LEA and REDs, 
with primary, secondary and tertiary prevention (treatment) 
requiring significant commitment from all within the sporting 
environment (eg, athlete, coach, performance and medical staff, 
parents, etc).72 However, as previously discussed, some scenarios 
of LEA are integral to the athlete experience (particularly at 
the elite level) and may sometimes be associated with benefits 
to performance.59 73 74 Furthermore, EA mismatches can occur 
inadvertently due to a variety of factors (eg, food insecurity, poor 

food availability in the local environment, inadequate nutrition 
knowledge and practical skills, suppressed appetite and exces-
sive exercise expenditures).73 Although each of these scenarios 
can pose health and performance risks, understanding how each 
might cause a signature type of LEA of greater or lesser concern 
might prioritise efforts to educate athletes or organise activities 
that address the most pressing issues and underlying factors.12

The future: integrating the model to recognise interactions 
between body systems
Interorgan cross-talk and interactions among various body 
systems, including in response to exercise, are both a histori-
cally recognised phenomenon as well as an area of evolving 
science.75 76 Although the REDs Conceptual Models (figure 1) 
are drawn in two-dimensional simplicity, the reality of the 
overlay and interaction among body systems is recognised in 
research and practice. After complexity is better depicted via the 
theoretical mapping of the physiological models for each body 
system, digital online data visualisation skills might be employed 
to create presentation styles that better integrate the separate 
models. Features have already been built into this proposal for 
the REDs Physiological Model to aid this step. These include 
the interrogation of each body system using a standardised list 
of moderating factors that may assist in identifying the similar-
ities and overlaps of some responses. Furthermore, the inclu-
sion of some features of body systems into the list of potential 
moderating factors for another body system also accentuates 
the interaction. For example, the list of suggested moderating 
factors acknowledges that the cessation of menstrual periods 
(reproductive system) reduces iron losses77 and is, therefore, a 
moderating (attenuating) factor for low iron status (haemato-
logical system) in females. Similarly, reproductive dysfunction 
and low levels of sex hormones (reproductive system) are associ-
ated with low BMD or bone stress injuries in both men78 79 and 
women80–84 (bone health) and represent a moderating (ampli-
fying) factor to the effects of LEA. Opportunities to establish 
the hierarchy of energy allocation to different body systems and 
how this can differ between and within individuals in different 
scenarios may also be explored. This process of integrating the 
separate physiological models will challenge both the currently 
published science as well as provide visualisation opportunities; 
it will benefit from interdisciplinary input, including expertise 
and insights from adjacent fields pertaining to energy constraint 
and energy allocation during scenarios of energy scarcity.

Learning from other perspectives of energy scarcity
Interest in the health and performance effects of LEA is a rela-
tively new theme within the field of sports science/sports medi-
cine. Although impairments of reproductive and/or bone status 

Categories Potential moderating factors
Examples of moderation to (LEA risk), biomarker perturbations or expression of problematic LEA outcomes 
on (systems) implicated in REDs Health or Performance Conceptual Models

Other Psychological/lifestyle stress Psychological stress may lead to FHA independent of physiological stress157 158 (reproductive function).

Environmental stress Training/competing at moderate altitude may increase resting metabolic rate159exacerbating risk of LEA unless 
adjustments are made to energy intake [LEA severity] and potentially reducing physiological adaptation160 [training 
response] Training/competing at moderate altitude increases iron requirements exacerbatingrisks to iron status161 
[hematological status], with poor iron status reducingphysiological adaptation to the training/altitude stimulus162 
[training response].

BMD, bone mineral density; FHA, functional hypothalamic amenorrhea; IGF-1, insulin-like growth factor 1; LH, luteinizing hormone; PCOS, polycystic ovary syndrome; PTH, 
parathyroid hormone; REDs, Relative Energy Deficiency in Sport; RMR, resting metabolic rate; T3, triiodothyronine.

Table 2  Continued
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were identified as far back as the 1980s in both male85–88 and 
female athletes,89 90 and the ‘Female Athlete Triad’ (Triad) was 
coined in 199391 and officially described in 1997,5 the specific 
involvement of LEA was not recognised until the Triad update 
in 2007.4 Since then, the evolution of Triad and REDs models 
has occurred largely via insights gained within sports science/
sports medicine research and practice. Only recently have other 
perspectives on responses to energy mismatches been consid-
ered within the sports domain, with forays into evolutionary 
biology92–94 enabled by recognition that ‘‘nothing in biology 
makes sense except in the light of evolution”.95 Additionally, 
anthropologists have developed the reverse interest in athletes 
as a modern cohort with unique profiles of energy expendi-
ture.60 96 97

Life History Theory proposes that humans have finite 
energy resources for which various biological processes related 
to growth, health, activity and reproduction compete with 
different outcomes over their life span.31 32 92 During periods 
of energy scarcity, which occur for numerous reasons over 
our individual and collective history, energy insufficiency is 
managed by allocating it to tissues and functions in a hierarchical 
manner, with priority afforded to those that offer the greatest 
immediate survival value. Such dynamic energy trade-offs are 
context specific, varying according to factors such as sex, life 
stage, environment, severity/duration of energy scarcity and 
other stressors; our capacity to dynamically redistribute energy 
resources derives from phenotypic plasticity shaped by human 
history.31 32 92 Aspects of life history theory explain many of 
the features of the updated REDs Conceptual Models: energy 
partitioning can occur at different levels and timescales across 
and within athletes; it can range from transient and reversible, 
representing a normal and necessary, adaptive response through 
to more severe impairments to body systems that nevertheless 
represent survival priorities.92 These perspectives reinforce the 
caveats identified in the updated REDs Conceptual Models,1 
emphasising that LEA and the response to it are not uniform and 
always negative,92–94 and confirming that the focus should be on 
problematic LEA exposure. Observations on athletes via the life 
history lens have included commentary on priorities of energy 
allocation during energetic stress, noting considerable reliance 
on the context of both the energy restriction and the individual 
athlete/environment,92–94 but also the apparent importance of 
preserving physical capacity.98

Athletes have allowed a further examination of the constrained 
energy model of Pontzer and colleagues.99 100 The constrained 
energy model proposes that humans share a set of evolved 
mechanisms to maintain total energy expenditure (TEE) within 
a narrow range, and to dynamically reduce behavioural and non-
behavioural (mainly basal metabolic rate; BMR) components 
of energy expenditure to compensate for increases in physical 
activity.99 100 While compensation may include adjustment to 
other activities in the day, reduction in whole body BMR via 
decreased metabolic expenditure on various body systems may 
occur to limit TEE.99 This hypothesis opposes the additive 
energy model in which deliberate high levels of physical activity 
in athletes, hunter gatherers, labourers and other populations 
are simply added to the other components of their energy expen-
diture. The constrained energy model is intriguing and explains 
REDs as a necessary reduction in metabolic rate in athletes with 
high EEE. However, it has been noted that its support comes 
from cross-sectional observational data and statistical models 
that compare extremely varied populations.101 It is likely that 
the level of Constraint vs Addition with respect to physical 
activity varies across populations, according to factors such as 

individual characteristics, the level of energy expenditure and 
the presence of energy balance vs energy deficit.96 101 Indeed, 
insights from endurance athletes have contributed to a model 
that predicts that at low activity levels, exercise is added to 
total energy expenditure, with moderate to high EEE leading to 
some partial compensation to achieve energy savings, including 
behavioural changes to reduce non-exercise activity thermogen-
esis (NEAT).94 Meanwhile, very high activity levels that increase 
TEE beyond alimentary limits to cause LEA will accrue the 
greatest energy compensations and energy reallocation among 
biological processes.94

The study of obesity also provides insight into REDs-related 
issues; weight loss is often accompanied by metabolic adapta-
tion or adaptive thermogenesis, as displayed by a reduction in 
TEE and resting metabolic rate that exceeds that predicted from 
reduced BM/FFM and decreases in thermic effect of food intake 
and BM-associated EEE.102–104 Because this reduction in TEE 
may contribute to failure to maintain weight loss in the long-
term,102–104 there is interest in understanding and combatting 
adaptive thermogenesis and its components.105 106 In the obesity 
literature, there is also evidence of phenotypic and genetic 
differences in the presence and components of adaptive thermo-
genesis.105 106 Ultimately, a better understanding of REDs will be 
gained from interdisciplinary expertise and insights from outside 
the sports medicine/sports science environment. Of course, we 
recognise the complex differences between obese populations, 
current and past hunter gatherer populations and athletes, but 
also some overlaps. Indeed, understanding differences as well as 
similarities in responses to energy mismatches may help to refine 
the physiological model of LEA in athletes.

CONCLUSION
Our understanding and presentation of REDs have evolved 
from the concept first introduced in 2014,2 with the REDs 
Conceptual Models for Health and Performance from the 2023 
REDs Consensus Statement1 showcasing a more nuanced and 
rigorous depiction of the science and practical experiences of the 
syndrome. Nevertheless, continued development of the knowl-
edge and messaging around REDs to support prevention, diag-
nosis107 and treatment strategies12 that accommodate the range 
of real-life outcomes seen in athletes is needed. Recognising 
that REDs entails the accumulation of health and performance 
outcomes stemming from problematic exposure to LEA, the 
field requires greater insights into the continuum between adapt-
able LEA vs problematic LEA exposure. We have proposed the 
development of a more complex physiological model approach 
for each body system implicated in REDs, underpinned by a 
‘systems biology mindset’. We encourage a sequence of activities 
to develop individual maps for each body system, which could 
then be integrated to acknowledge interrelationships and cross-
talk among organs/systems. This approach will enable a more 
nuanced assessment of the individual athlete—considering their 
specific combination of LEA exposure and secondary modera-
tors to determine if the outcome is likely to be positive, neutral 
or negative. In short, the evolution of the scientific and practical 
REDs concept requires an interdisciplinary field of study that 
integrates complex biological interactions and uses a holistic 
approach towards functional outcomes.108 We hope that the 
development and continued evolution of these individual body 
system, physiologically-based models will enhance the under-
standing and exploration of the complex science underpinning 
REDs; that they assist clinicians in providing better education, 
prevention and treatment programmes for REDs; and most 
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importantly, that they aid athletes in improving how they manage 
their own training and nutrition.
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Stellingwerff @TStellingwerff

Acknowledgements  The authors would like to thank the International Olympic 
Committee for their prioritisation and support of athlete health, Professor Margo 
Mountjoy for leading the Working Group for the 2023 consensus statement on 
Relative Energy Deficiency in Sport (REDs), and all members of the Group for 
their insights and discussions. We acknowledge all who have contributed to our 
understanding of Low Energy Availability and invite new contributions to the 
suggested model discussed in this paper. We note interactions with Drs Alannah 
McKay, Peter Peeling, Naama Constantini and Claire Badenhorst to test-drive a 
REDs Physiological Model within the theme of the hematological system, and earlier 
discussions with Professors Mountjoy and Jorunn Sundgot-Borgen in devising 
the model goals. In particular, the pioneering work of Professor Anne Loucks 
is recognised. We thank Grace Saville for assistance in the preparation of the 
manuscript.

Contributors  LMB was responsible for leading and coordinating this manuscript. 
All authors were involved in the drafting, revising, and approval of the final 
manuscript prior to submission.

Funding  The authors have not declared a specific grant for this research from any 
funding agency in the public, commercial or not-for-profit sectors.

Competing interests  None declared.

Patient consent for publication  Not applicable.

Ethics approval  Not applicable.

Provenance and peer review  Not commissioned; externally peer-reviewed.

ORCID iDs
Louise M Burke http://orcid.org/0000-0001-8866-5637
Kathryn E Ackerman http://orcid.org/0000-0003-2626-7785
Ida A Heikura http://orcid.org/0000-0002-1088-428X
Anthony C Hackney http://orcid.org/0000-0002-6607-1472
Trent Stellingwerff http://orcid.org/0000-0002-4704-8250

REFERENCES
	 1	 Mountjoy ML, Ackerman KE, Bailey DM, et al. The 2023 International Olympic 

Committee’s (IOC) consensus statement on relative energy deficiency in sports 
(Reds). BJSM 2023. 

	 2	 Mountjoy M, Sundgot-Borgen J, Burke L, et al. The IOC consensus statement: beyond 
the female athlete Triad--relative energy deficiency in sport (RED-S). Br J Sports Med 
2014;48:491–7. 

	 3	 Mountjoy M, Sundgot-Borgen JK, Burke LM, et al. IOC consensus statement 
on relative energy deficiency in sport (RED-S): 2018 update. Br J Sports Med 
2018;52:687–97. 

	 4	 Nattiv A, Loucks AB, Manore MM, et al. American college of sports medicine position 
stand. The female athlete Triad. Med Sci Sports Exerc 2007;39:1867–82. 

	 5	 Otis CL, Drinkwater B, Johnson M, et al. American college of sports medicine 
position stand. The female athlete Triad. Med Sci Sports Exerc 1997;29:i–ix. 

	 6	 Nattiv A, De Souza MJ, Koltun KJ, et al. The male athlete Triad-A consensus 
statement from the female and male athlete Triad coalition part 1: definition and 
scientific basis. Clin J Sport Med 2021;31:345–53. 

	 7	 Fredericson M, Kussman A, Misra M, et al. The male athlete Triad-A consensus 
statement from the female and male athlete Triad coalition part II: diagnosis, 
treatment, and return-to-play. Clin J Sport Med 2021;31:349–66. 

	 8	 Stellingwerff T, Mountjoy ML, McClusky WTP, et al. A review of the scientific 
rationale, development, and validation of the IOC relative energy deficiency in sport 
clinical assessment tool - version 2 (IOC Reds Cat2): by a sub-group of the IOC 
consensus on. REDs British Journal of Sports Medicine 2023. 

	 9	 Mountjoy MLet al. Avoiding the ’Reds card’: an introductory editorial to the 
International Olympic Committee’s (IOC) consensus statement on relative energy 
deficiency in sports (Reds). Br J Sports Med 2023. 

	 10	 Mathisen TFet al. Body composition practices as antecedents of Reds: minimizing 
risks and optimizing benefits of assessment - a narrative review by a sub-group of 
the IOC consensus on relative energy deficiency in sport (Reds). Br J Sports Med 
2023. 

	 11	 Hackney AC, MelinAK, AckermanKE, et al. REDS alert: male athletes be wary and 
scientists take action! Br J Sports Med 2023. 

	 12	 Torstveit MK, Ackerman KE, Constantini N, et al. Primary, secondary, and tertiary 
prevention of Reds - a narrative review by a sub-group of the IOC consensus on 
relative energy deficiency in sport (Reds). Br J Sports Med 2023. 

	 13	 Holtzman B, Rogers M, Heikura IA, et al. Methods to study Reds - a narrative review 
by a sub-group of the IOC consensus on relative energy deficiency in sport (Reds). Br 
J Sports Med 2023. 

	 14	 De Souza MJ, Strock NCA, Ricker EA, 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. Sports Med 2022;52:13–23. 

	 15	 Loucks AB. The response of luteinizing hormone Pulsatility to 5 days of low energy 
availability disappears by 14 years of gynecological age. J Clin Endocrinol Metab 
2006;91:3158–64. 

	 16	 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;34:1921–9. 

	 17	 Loucks AB, Heath EM. Induction of low-T3 syndrome in exercising women occurs at 
a threshold of energy availability. Am J Physiol 1994;266(3 Pt 2):R817–23. 

	 18	 Loucks AB, Verdun M, Heath EM. Low energy availability, not stress of exercise, alters 
LH Pulsatility in exercising women. J Appl Physiol (1985) 1998;84:37–46. 

	 19	 Hilton LK, Loucks AB. Low energy availability, not exercise stress, suppresses the 
diurnal rhythm of Leptin in healthy young women. Am J Physiol Endocrinol Metab 
2000;278:E43–9. 

	 20	 Ihle R, Loucks AB. Dose-response relationships between energy availability and bone 
turnover in young exercising women. J Bone Miner Res 2004;19:1231–40. 

	 21	 Logue D, Madigan SM, Delahunt E, et al. Low energy availability in athletes: A 
review of prevalence, dietary patterns, physiological health, and sports performance. 
Sports Med 2018;48:73–96. 

	 22	 Logue DM, Madigan SM, Melin A, et al. Low energy availability in athletes 2020: an 
updated narrative review of prevalence, risk, within-day energy balance, knowledge, 
and impact on sports performance. Nutrients 2020;12:835. 

	 23	 Stellingwerff T, Heikura IA, Meeusen R, et al. Overtraining syndrome (OTS) and 
relative energy deficiency in sport (RED-S): shared pathways, symptoms and 
complexities. Sports Med 2021;51:2251–80. 

	 24	 Loucks AB, Thuma JR. Luteinizing hormone Pulsatility is disrupted at a threshold 
of energy availability in regularly Menstruating women. J Clin Endocrinol Metab 
2003;88:297–311. 

	 25	 Williams NI, Young JC, McArthur JW, et al. Strenuous exercise with caloric restriction: 
effect on luteinizing hormone secretion. Med Sci Sports Exerc 1995;27:1390–8.

	 26	 Ruffing KM, Koltun KJ, De Souza MJ, et al. Moderate weight loss is associated 
with reductions in LH pulse frequency and increases in 24-hour Cortisol with no 
change in perceived stress in young Ovulatory women. Physiology & Behavior 
2022;254:113885. 

	 27	 Baer JT. Endocrine parameters in Amenorrheic and Eumenorrheic adolescent female 
runners. Int J Sports Med 1993;14:191–5. 

	 28	 Gibbs JC, Williams NI, Scheid JL, et al. The Association of a high drive for thinness 
with energy deficiency and severe Menstrual disturbances: confirmation in a large 
population of exercising women. Int J Sport Nutr Exerc Metab 2011;21:280–90. 

	 29	 Gibbs JC, Williams NI, Mallinson RJ, et al. Effect of high dietary restraint on energy 
availability and Menstrual status. Med Sci Sports Exerc 2013;45:1790–7. 

	 30	 De Souza MJ, Koltun KJ, Strock NC, et al. Rethinking the concept of an energy 
availability threshold and its role in the female athlete Triad. Current Opinion in 
Physiology 2019;10:35–42. 

	 31	 Gadgil M, Bossert WH. Life historical consequences of natural selection. The 
American Naturalist 1970;104:1–24. 

	 32	 Stearns SC. The evolution of life histories Oxford. New York: Oxford University Press, 
1992.

	 33	 Lieberman JL, DE Souza MJ, Wagstaff DA, et al. Menstrual disruption with exercise is 
not linked to an energy availability threshold. Med Sci Sports Exerc 2018;50:551–61. 

	 34	 Williams NI, Leidy HJ, Hill BR, et al. Magnitude of daily energy deficit predicts 
frequency but not severity of Menstrual disturbances associated with exercise and 
caloric restriction. Am J Physiol Endocrinol Metab 2015;308:E29–39. 

	 35	 Reed JL, De Souza MJ, Mallinson RJ, et al. Energy availability discriminates clinical 
Menstrual status in exercising women. J Int Soc Sports Nutr 2015;12:11. 

	 36	 Lundy B, Torstveit MK, Stenqvist TB, et al. Screening for low energy availability in 
male athletes: attempted validation of LEAM-Q. Nutrients 2022;14:1873. 

	 37	 Torstveit MK, Fahrenholtz I, Stenqvist TB, et al. Within-day energy deficiency and 
metabolic perturbation in male endurance athletes. Int J Sport Nutr Exerc Metab 
2018;28:419–27. 

	 38	 Elliott-Sale KJ, Minahan CL, de Jonge XAKJ, et al. Methodological considerations 
for studies in sport and exercise science with women as participants: A 
working guide for standards of practice for research on women. Sports Med 
2021;51:843–61. 

	 39	 Loucks AB. No evidence of absence of an energy availability threshold for Menstrual 
disturbances. Med Sci Sports Exerc 2019;51:1790. 

	 40	 Areta JL, Taylor HL, Koehler K. Low energy availability: history, definition and 
evidence of its endocrine, metabolic and physiological effects in prospective studies 
in females and males. Eur J Appl Physiol 2021;121:1–21. 

	 41	 Burke LM, Lundy B, Fahrenholtz IL, et al. Pitfalls of conducting and interpreting 
estimates of energy availability in free-living athletes. Int J Sport Nutr Exerc Metab 
2018;28:350–63. 

 on S
eptem

ber 26, 2023 by guest. P
rotected by copyright.

http://bjsm
.bm

j.com
/

B
r J S

ports M
ed: first published as 10.1136/bjsports-2023-107335 on 26 S

eptem
ber 2023. D

ow
nloaded from

 

https://twitter.com/LouiseMBurke
https://twitter.com/DrKateAckerman
https://twitter.com/IdaHeikura
https://twitter.com/AC_Hackney
https://twitter.com/TStellingwerff
http://orcid.org/0000-0001-8866-5637
http://orcid.org/0000-0003-2626-7785
http://orcid.org/0000-0002-1088-428X
http://orcid.org/0000-0002-6607-1472
http://orcid.org/0000-0002-4704-8250
http://dx.doi.org/bjsports-2023-106994
http://dx.doi.org/10.1136/bjsports-2014-093502
http://dx.doi.org/10.1136/bjsports-2018-099193
http://dx.doi.org/10.1249/mss.0b013e318149f111
http://dx.doi.org/10.1097/00005768-199705000-00037
http://dx.doi.org/10.1097/JSM.0000000000000946
http://dx.doi.org/10.1097/JSM.0000000000000948
http://dx.doi.org/bjsports-2023-106914
http://dx.doi.org/bjsports-2023-106749
http://dx.doi.org/bjsports-2023-106812
http://dx.doi.org/bjsports-2023-106719
http://dx.doi.org/bjsports-2023-106932
http://dx.doi.org/bjsports-2023-107359
http://dx.doi.org/bjsports-2023-107359
http://dx.doi.org/10.1007/s40279-021-01568-w
http://dx.doi.org/10.1210/jc.2006-0570
http://dx.doi.org/10.1080/02640414.2016.1142109
http://dx.doi.org/10.1152/ajpregu.1994.266.3.R817
http://dx.doi.org/10.1152/jappl.1998.84.1.37
http://dx.doi.org/10.1152/ajpendo.2000.278.1.E43
http://dx.doi.org/10.1359/JBMR.040410
http://dx.doi.org/10.1007/s40279-017-0790-3
http://dx.doi.org/10.3390/nu12030835
http://dx.doi.org/10.1007/s40279-021-01491-0
http://dx.doi.org/10.1210/jc.2002-020369
http://dx.doi.org/8531610
http://dx.doi.org/10.1016/j.physbeh.2022.113885
http://dx.doi.org/10.1055/s-2007-1021162
http://dx.doi.org/10.1123/ijsnem.21.4.280
http://dx.doi.org/10.1249/MSS.0b013e3182910e11
http://dx.doi.org/10.1016/j.cophys.2019.04.001
http://dx.doi.org/10.1016/j.cophys.2019.04.001
http://dx.doi.org/10.1086/282637
http://dx.doi.org/10.1086/282637
http://dx.doi.org/10.1249/MSS.0000000000001451
http://dx.doi.org/10.1152/ajpendo.00386.2013
http://dx.doi.org/10.1186/s12970-015-0072-0
http://dx.doi.org/10.3390/nu14091873
http://dx.doi.org/10.1123/ijsnem.2017-0337
http://dx.doi.org/10.1007/s40279-021-01435-8
http://dx.doi.org/10.1249/MSS.0000000000001953
http://dx.doi.org/10.1007/s00421-020-04516-0
http://dx.doi.org/10.1123/ijsnem.2018-0142
http://bjsm.bmj.com/


12 of 13 Burke LM, et al. Br J Sports Med 2023;57:1098–1108. doi:10.1136/bjsports-2023-107335

Review

	 42	 Tenforde AS, Fredericson M, Sayres LC, et al. Identifying sex-specific risk 
factors for low bone mineral density in adolescent runners. Am J Sports Med 
2015;43:1494–504. 

	 43	 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;19:179–95. 

	 44	 Burke LM, Whitfield J, Ross MLR, et al. Short severe energy restriction with refueling 
reduces body mass without altering training-associated performance improvement. 
Med Sci Sports Exerc 2023;55:1487–98. 

	 45	 Fensham NC, Heikura IA, McKay AKA, et al. 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;37:1915–25. 

	 46	 McKay AKA, Peeling P, Pyne DB, et al. Six days of low carbohydrate, not energy 
availability, alters the iron and immune response to exercise in elite athletes. Med Sci 
Sports Exerc 2022;54:377–87. 

	 47	 Martin D, Papageorgiou M, Colgan H, et al. The effects of short-term low 
energy availability, achieved through diet or exercise, on cognitive function in 
oral contraceptive users and Eumenorrheic women. Appl Physiol Nutr Metab 
2021;46:781–9. 

	 48	 Papageorgiou M, Elliott-Sale KJ, Parsons A, et al. Effects of reduced energy 
availability on bone metabolism in women and men. Bone 2017;105:191–9. 

	 49	 Papageorgiou M, Martin D, Colgan H, et al. Bone metabolic responses to low 
energy availability achieved by diet or exercise in active Eumenorrheic women. Bone 
2018;114:181–8. 

	 50	 Jurov I, Keay N, Spudić D, et al. Inducing low energy availability in trained 
endurance male athletes results in poorer explosive power. Eur J Appl Physiol 
2022;122:503–13. 

	 51	 Kojima C, Ishibashi A, Ebi K, et al. Exogenous glucose oxidation during endurance 
exercise under low energy availability. PLoS One 2022;17:e0276002. 

	 52	 Kojima C, Ishibashi A, Tanabe Y, et al. Muscle Glycogen content during endurance 
training under low energy availability. Med Sci Sports Exerc 2020;52:187–95. 

	 53	 Ishibashi A, Kojima C, Tanabe Y, et al. Effect of low energy availability during three 
consecutive days of endurance training on iron metabolism in male long distance 
runners. Physiol Rep 2020;8:e14494. 

	 54	 Woods AL, Garvican-Lewis LA, Lundy B, et al. New approaches to determine fatigue 
in elite athletes during intensified training: resting metabolic rate and pacing profile. 
PLoS One 2017;12:e0173807. 

	 55	 Kettunen O, Ihalainen JK, Ohtonen O, et al. Energy availability during training camp 
is associated with signs of Overreaching and changes in performance in young 
female cross-country skiers. Biomed Hum Kinet 2021;13:246–54. 

	 56	 VanHeest JL, Rodgers CD, Mahoney CE, et al. Ovarian suppression impairs 
sport performance in Junior elite female swimmers. Med Sci Sports Exerc 
2014;46:156–66. 

	 57	 Heydenreich J, Kayser B, Schutz Y, et al. Total energy expenditure, energy intake, and 
body composition in endurance athletes across the training season: A systematic 
review. Sports Med - Open 2017;3. 

	 58	 Burke LM, Slater GJ, Matthews JJ, et al. ACSM expert consensus statement on 
weight loss in weight-category sports. Curr Sports Med Rep 2021;20:199–217. 

	 59	 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;28:428–33. 

	 60	 Longman DP, Dolan E, Wells JCK, et al. Patterns of energy allocation during 
energetic scarcity; evolutionary insights from ultra-endurance events. Comparative 
Biochemistry and Physiology Part A: Molecular & Integrative Physiology 
2023;281:111422. 

	 61	 Lombardi G, Lanteri P, Graziani R, et al. Bone and energy metabolism parameters 
in professional cyclists during the Giro D’Italia 3-weeks stage race. PLoS ONE 
2012;7:e42077. 

	 62	 Heikura IA, Quod M, Strobel N, et al. n.d. Alternate-day low energy 
availability during spring classics in professional cyclists. Int J Sports Physiol 
Perform;14:1233–43. 

	 63	 Nikolaidis PT, Veniamakis E, Rosemann T, et al. Nutrition in ultra-endurance: state of 
the art. Nutrients 2018;10:1995. 

	 64	 Koltun KJ, De Souza MJ, Scheid JL, et al. Energy availability is associated with 
luteinizing hormone pulse frequency and induction of Luteal phase defects. The 
Journal of Clinical Endocrinology & Metabolism 2020;105:185–93. 

	 65	 Loucks AB, Heath EM, Law T. Dietary restriction reduces luteinizing hormone (LH) 
pulse frequency during waking hours and increases LH pulse amplitude during sleep 
in young Menstruating women. J Clin Endocrinol Metab 1994;78:910–5. 

	 66	 Mujika I, Halson S, Burke LM, et al. An integrated, Multifactorial approach to 
Periodization for optimal performance in individual and team sports. Int J Sports 
Physiol Perform 2018;13:538–61. 

	 67	 Stellingwerff T, Maughan RJ, Burke LM. Nutrition for power sports: middle-distance 
running, track Cycling, rowing, canoeing/Kayaking, and swimming. Journal of Sports 
Sciences 2011;29:S79–89. 

	 68	 Loucks AB. Energy availability, not body fatness, regulates reproductive function in 
women. Exerc Sport Sci Rev 2003;31:144–8. 

	 69	 Deutz RC, Benardot D, Martin DE, et al. Relationship between energy deficits and 
body composition in elite female gymnasts and runners. Medicine & Science in 
Sports & Exercise 2000;32:659–68. 

	 70	 Lundstrom EA, De Souza MJ, Canil HN, et al. Sex differences and indications of 
metabolic compensation in within-day energy balance in elite division 1 swimmers. 
Appl Physiol Nutr Metab 2023;48:74–87. 

	 71	 Fahrenholtz IL, Sjödin A, Benardot D, et al. Within-day energy deficiency and 
reproductive function in female endurance athletes. Scand J Med Sci Sports 
2018;28:1139–46. 10.1111/sms.13030 Available: http://doi.wiley.com/10.1111/​
sms.2018.28.issue-3

	 72	 Wells KR, Jeacocke NA, Appaneal R, et al. The Australian Institute of sport (AIS) and 
national eating disorders collaboration (NEDC) position statement on disordered 
eating in high performance sport [British journal of sports medicine 2020:bjsports-
2019-1]. Br J Sports Med 2020;54:1247–58. 

	 73	 Burke L, Fahrenholtz I, Garthe I, et al. Low energy availability: challenges and 
approaches to measurement and treatment. In: Burke L, Deakin V, Minehan M, eds. 
Clinical Sports Nutrition. 6th ed. Sydney: McGraw-Hill 2021:110-43,

	 74	 Melin AK, Areta JL, Heikura IA, et al. Direct and indirect impact of low energy 
availability on sports performance. Scandinavian Med Sci Sports 2023. 

	 75	 Sabaratnam R, Wojtaszewski JFP, Højlund K. Factors mediating Exercise‐Induced 
organ Crosstalk. Acta Physiol (Oxf) 2022;234:e13766. 

	 76	 Gonzalez-Gil AM, Elizondo-Montemayor L. The role of exercise in the interplay 
between Myokines, Hepatokines, Osteokines, Adipokines, and modulation of 
inflammation for energy substrate redistribution and fat mass loss: A review. 
Nutrients 2020;12:1899. 

	 77	 Petkus DL, Murray-Kolb LE, Scott SP, et al. Iron status at opposite ends of the 
Menstrual function spectrum. J Trace Elem Med Biol 2019;51:169–75. 

	 78	 Dolan E, McGoldrick A, Davenport C, et al. An altered hormonal profile and elevated 
rate of bone loss are associated with low bone mass in professional horse-racing 
Jockeys. J Bone Miner Metab 2012;30:534–42. 

	 79	 Heikura IA, Uusitalo ALT, Stellingwerff T, et al. Low energy availability is difficult 
to assess but outcomes have large impact on bone injury rates in elite distance 
athletes. Int J Sport Nutr Exerc Metab 2018;28:403–11. 

	 80	 De Souza MJ, West SL, Jamal SA, et al. The presence of both an energy deficiency 
and estrogen deficiency exacerbate alterations of bone metabolism in exercising 
women. Bone 2008;43:140–8. 

	 81	 Gibbs JC, Nattiv A, Barrack MT, et al. Low bone density risk is higher in exercising 
women with multiple Triad risk factors. Med Sci Sports Exerc 2014;46:167–76. 

	 82	 Mitchell DM, Tuck P, Ackerman KE, et al. Altered trabecular bone morphology 
in adolescent and young adult athletes with Menstrual dysfunction. Bone 
2015;81:24–30. 

	 83	 Barrack MT, Rauh MJ, Nichols JF. Prevalence of and traits associated with low BMD 
among female adolescent runners. Med Sci Sports Exerc 2008;40:2015–21. 

	 84	 Ackerman KE, Cano Sokoloff N, DE Nardo Maffazioli G, et al. Fractures in relation 
to Menstrual status and bone parameters in young athletes. Med Sci Sports Exerc 
2015;47:1577–86. 

	 85	 De Souza MJ, Arce JC, Pescatello LS, et al. Gonadal hormones and semen quality 
in male runners. A volume threshold effect of endurance training. Int J Sports Med 
1994;15:383–91. 

	 86	 Hetland ML, Haarbo J, Christiansen C. Low bone mass and high bone turnover in 
male long distance runners. J Clin Endocrinol Metab 1993;77:770–5. 

	 87	 Hackney AC, Sinning WE, Bruot BC. Reproductive hormonal profiles of endurance-
trained and untrained males. Med Sci Sports Exerc 1988;20:60–5. 

	 88	 Hackney AC, Dolny DG, Ness RJ. Comparison of resting reproductive hormonal 
profiles in select athletic groups. Biol Sport 1988;4:200–8.

	 89	 Dale E, Gerlach DH, Wilhite AL. Menstrual dysfunction in distance runners. Obstet 
Gynecol 1979;54:47–53. 

	 90	 Hetland ML, Haarbo J, Christiansen C, et al. Running induces Menstrual 
disturbances but bone mass is unaffected, except in Amenorrheic women. Am J Med 
1993;95:53–60. 

	 91	 Yeager KK, Agostini R, Nattiv A, et al. The female athlete Triad: disordered eating, 
Amenorrhea, osteoporosis. Med Sci Sports Exerc 1993;25:775–7. 

	 92	 Shirley MK, Longman DP, Elliott-Sale KJ, et al. A life history perspective on athletes 
with low energy availability. Sports Med 2022;52:1223–34. 

	 93	 Oliveira-Junior G, Pinto RS, Shirley MK, et al. The Skeletal muscle response to energy 
deficiency: A life history perspective. Adaptive Human Behavior and Physiology 
2022;8:114–29. 

	 94	 Dolan E, Koehler K, Areta J, et al. Energy constraint and compensation: 
insights from endurance athletes. COMP Biochem Physiol A Mol Integr Physiol. 
2023;285:111500. 

	 95	 Dobzhansky T. Nothing in biology makes sense except in the light of evolution. The 
American Biology Teacher 1973;35:125–9. 

	 96	 Areta JL. Physical performance during energy deficiency in humans: an evolutionary 
perspective. Comp Biochem Physiol A Mol Integr Physiol 2023;284:111473. 

	 97	 Pontzer H, Yamada Y, Sagayama H, et al. Daily energy expenditure through the 
human life course. Science 2021;373:808–12. 

	 98	 Thurber C, Dugas LR, Ocobock C, et al. Extreme events reveal an Alimentary limit on 
sustained maximal human energy expenditure. Sci Adv 2019;5:eaaw0341. 

 on S
eptem

ber 26, 2023 by guest. P
rotected by copyright.

http://bjsm
.bm

j.com
/

B
r J S

ports M
ed: first published as 10.1136/bjsports-2023-107335 on 26 S

eptem
ber 2023. D

ow
nloaded from

 

http://dx.doi.org/10.1177/0363546515572142
http://dx.doi.org/10.1080/15502783.2022.2065111
http://dx.doi.org/10.1249/MSS.0000000000003169
http://dx.doi.org/10.1002/jbmr.4658
http://dx.doi.org/10.1249/MSS.0000000000002819
http://dx.doi.org/10.1249/MSS.0000000000002819
http://dx.doi.org/10.1139/apnm-2020-0474
http://dx.doi.org/10.1016/j.bone.2017.08.019
http://dx.doi.org/10.1016/j.bone.2018.06.016
http://dx.doi.org/10.1007/s00421-021-04857-4
http://dx.doi.org/10.1371/journal.pone.0276002
http://dx.doi.org/10.1249/MSS.0000000000002098
http://dx.doi.org/10.14814/phy2.14494
http://dx.doi.org/10.1371/journal.pone.0173807
http://dx.doi.org/10.2478/bhk-2021-0030
http://dx.doi.org/10.1249/MSS.0b013e3182a32b72
http://dx.doi.org/10.1186/s40798-017-0076-1
http://dx.doi.org/10.1249/JSR.0000000000000831
http://dx.doi.org/10.1123/ijsnem.2017-0312
http://dx.doi.org/10.1016/j.cbpa.2023.111422
http://dx.doi.org/10.1016/j.cbpa.2023.111422
http://dx.doi.org/10.1371/journal.pone.0042077
http://dx.doi.org/10.1123/ijspp.2018-0842
http://dx.doi.org/10.1123/ijspp.2018-0842
http://dx.doi.org/10.3390/nu10121995
http://dx.doi.org/10.1210/clinem/dgz030
http://dx.doi.org/10.1210/clinem/dgz030
http://dx.doi.org/10.1210/jcem.78.4.8157720
http://dx.doi.org/10.1123/ijspp.2018-0093
http://dx.doi.org/10.1123/ijspp.2018-0093
http://dx.doi.org/10.1080/02640414.2011.589469
http://dx.doi.org/10.1080/02640414.2011.589469
http://dx.doi.org/10.1097/00003677-200307000-00008
http://dx.doi.org/10.1097/00005768-200003000-00017
http://dx.doi.org/10.1097/00005768-200003000-00017
http://dx.doi.org/10.1139/apnm-2022-0161
http://dx.doi.org/10.1111/sms.13030
http://doi.wiley.com/10.1111/sms.2018.28.issue-3
http://doi.wiley.com/10.1111/sms.2018.28.issue-3
http://dx.doi.org/10.1136/bjsports-2019-101813
http://dx.doi.org/10.1111/sms.14327
http://dx.doi.org/10.1111/apha.13766
http://dx.doi.org/10.3390/nu12061899
http://dx.doi.org/10.1016/j.jtemb.2018.10.016
http://dx.doi.org/10.1007/s00774-012-0354-4
http://dx.doi.org/10.1123/ijsnem.2017-0313
http://dx.doi.org/10.1016/j.bone.2008.03.013
http://dx.doi.org/10.1249/MSS.0b013e3182a03b8b
http://dx.doi.org/10.1016/j.bone.2015.06.021
http://dx.doi.org/10.1249/MSS.0b013e3181822ea0
http://dx.doi.org/10.1249/MSS.0000000000000574
http://dx.doi.org/10.1055/s-2007-1021075
http://dx.doi.org/10.1210/jcem.77.3.8370698
http://dx.doi.org/10.1249/00005768-198802000-00009
http://dx.doi.org/10.1097/00006250-197907000-00013
http://dx.doi.org/10.1097/00006250-197907000-00013
http://dx.doi.org/10.1016/0002-9343(93)90232-e
http://dx.doi.org/10.1249/00005768-199307000-00003
http://dx.doi.org/10.1007/s40279-022-01643-w
http://dx.doi.org/10.1007/s40750-021-00182-4
http://dx.doi.org/10.2307/4444260
http://dx.doi.org/10.2307/4444260
http://dx.doi.org/10.1016/j.cbpa.2023.111473
http://dx.doi.org/10.1126/science.abe5017
http://dx.doi.org/10.1126/sciadv.aaw0341
http://bjsm.bmj.com/


13 of 13Burke LM, et al. Br J Sports Med 2023;57:1098–1108. doi:10.1136/bjsports-2023-107335

Review

	 99	 Pontzer H, Durazo-Arvizu R, Dugas LR, et al. Constrained total energy expenditure 
and metabolic adaptation to physical activity in adult humans. Curr Biol 
2016;26:410–7. 

	100	 Pontzer H. Constrained total energy expenditure and the evolutionary biology of 
energy balance. Exerc Sport Sci Rev 2015;43:110–6. 

	101	 Gonzalez JT, Batterham AM, Atkinson G, et al. Perspective: is the response of human 
energy expenditure to increased physical activity additive or constrained? Adv Nutr 
2023;14:406–19. 

	102	 Fothergill E, Guo J, Howard L, et al. “Persistent metabolic adaptation 6 years after 
"the biggest loser" competition”. Obesity (Silver Spring) 2016;24:1612–9. 

	103	 Hall KD. “Energy compensation and metabolic adaptation: "the biggest loser" study 
reinterpreted”. Obesity 2022;30:11–3. 

	104	 Johannsen DL, Knuth ND, Huizenga R, et al. Metabolic slowing with massive 
weight loss despite preservation of fat-free mass. J Clin Endocrinol Metab 
2012;97:2489–96. 

	105	 Aronne LJ, Hall KD, M. Jakicic J, et al. Describing the weight-reduced state: 
physiology, behavior, and interventions. Obesity 2021;29:S9–24. 10.1002/
oby.23086 Available: https://onlinelibrary.wiley.com/toc/1930739x/29/S1

	106	 Ravussin E, Smith SR, Ferrante AW Jr. Physiology of energy expenditure in the 
weight-reduced state. Obesity 2021;29:S31–8. 10.1002/oby.23095 Available: 
https://onlinelibrary.wiley.com/toc/1930739x/29/S1

	107	 Stellingwerff T, Mountjoy ML, McClusky WTP, et al. Review of the scientific rationale, 
development and validation of the International Olympic committee relative energy 
deficiency in sport clinical assessment tool: V.2 (IOC Reds Cat2)—By a subgroup of 
the IOC consensus on Reds. Br J Sports Med 2023. 

	108	 Nielsen J. Systems biology of metabolism. Annu Rev Biochem 2017;86:245–75. 
	109	 Loucks AB. Commentary 2. female athlete Triad and energy availability. In: Burke L, Deakin 

V, eds. Clinical Sports Nutrition. 5th ed. Sydney: McGraw Hill 2015:140-45,
	110	 Sipilä S, Törmäkangas T, Sillanpää E, et al. Muscle and bone mass in middle-aged 

women: role of menopausal status and physical activity. J Cachexia Sarcopenia 
Muscle 2020;11:698–709. 

	111	 Hadjidakis D, Kokkinakis E, Sfakianakis M, et al. The type and time of Menopause as 
decisive factors for bone mass changes. Eur J Clin Invest 1999;29:877–85. 

	112	 Phillips BE, Williams JP, Greenhaff PL, et al. Physiological adaptations to resistance 
exercise as a function of age. JCI Insight 2017;2:e95581. 

	113	 Fontana L, Garzia E, Marfia G, et al. Epigenetics of functional hypothalamic 
Amenorrhea. Front Endocrinol (Lausanne) 2022;13:953431. 

	114	 Curtis EM, Fuggle NR, Cooper C, et al. Epigenetic regulation of bone mass. Best 
Pract Res Clin Endocrinol Metab 2022;36:101612. 

	115	 Ralston SH, Uitterlinden AG. Genetics of osteoporosis. Endocr Rev 2010;31:629–62. 
	116	 Bilen O, Pokharel Y, Ballantyne CM. Genetic testing in hyperlipidemia. Cardiol Clin 

2015;33:267–75. 
	117	 Korpelainen R, Orava S, Karpakka J, et al. Risk factors for recurrent stress fractures in 

athletes. Am J Sports Med 2001;29:304–10. 
	118	 Lungaro L, Manza F, Costanzini A, et al. Osteoporosis and celiac disease: updates 

and hidden pitfalls. Nutrients 2023;15:1089. 
	119	 Talarico V, Giancotti L, Mazza GA, et al. Iron deficiency anemia in celiac disease. 

Nutrients 2021;13:1695. 
	120	 Basaria S. Male Hypogonadism. Lancet 2014;383:1250–63. 
	121	 Rothman MS, Arciniegas DB, Filley CM, et al. The Neuroendocrine effects of 

traumatic brain injury. J Neuropsychiatry Clin Neurosci 2007;19:363–72. 
	122	 Jonvik KL, Vardardottir B, Broad E. How do we assess energy availability and RED-S 

risk factors in para athletes Nutrients 2022;14:1068. 
	123	 Klubo-Gwiezdzinska J, Wartofsky L. Hashimoto thyroiditis: an evidence-

based guide to etiology, diagnosis and treatment. Pol Arch Intern Med 
2022;132:16222. 

	124	 Tai FWD, McAlindon ME. Non-Steroidal anti-inflammatory drugs and the 
gastrointestinal tract. Clin Med (Lond) 2021;21:131–4. 

	125	 Van Staa TP, Leufkens HG, Abenhaim L, et al. Use of oral corticosteroids and risk of 
fractures. J Bone Miner Res 2000;15:993–1000. 

	126	 Kelsey JL, Bachrach LK, Procter-Gray E, et al. Risk factors for stress 
fracture among young female cross-country runners. Med Sci Sports Exerc 
2007;39:1457–63. 

	127	 Tenforde AS, Sayres LC, McCurdy ML, et al. Identifying sex-specific risk factors for 
stress fractures in adolescent runners. Med Sci Sports Exerc 2013;45:1843–51. 

	128	 Herzog W, Minne H, Deter C, et al. Outcome of bone mineral density in anorexia Nervosa 
patients 11.7 years after first admission. J Bone Miner Res 1993;8:597–605. 

	129	 Hartman D, Crisp A, Rooney B, et al. Bone density of women who have recovered 
from anorexia Nervosa. Int J Eat Disord 2000;28:107–12. 

	130	 Javed A, Kashyap R, Lteif AN. Hyperandrogenism in female athletes with 
functional hypothalamic Amenorrhea: a distinct phenotype. Int J Womens Health 
2015;7:103–11. 

	131	 Bellver M, Del Rio L, Jovell E, et al. Bone mineral density and bone mineral content 
among female elite athletes. Bone 2019;127:393–400. 

	132	 Scofield KL, Hecht S. Bone health in endurance athletes: runners, cyclists, and 
swimmers. Curr Sports Med Rep 2012;11:328–34. 

	133	 Sherk VD, Barry DW, Villalon KL, et al. Bone loss over 1 year of training and 
competition in female cyclists. Clin J Sport Med 2014;24:331–6. 

	134	 Stojanović E, Radovanović D, Dalbo VJ, et al. Basketball players possess a higher 
bone mineral density than matched non-athletes, swimming, soccer, and volleyball 
athletes: a systematic review and meta-analysis. Arch Osteoporos 2020;15:123. 

	135	 Miller BJ, Pate RR, Burgess W. Foot impact force and Intravascular hemolysis during 
distance running. Int J Sports Med 1988;9:56–60. 

	136	 Telford RD, Sly GJ, Hahn AG, et al. Footstrike is the major cause of hemolysis during 
running. Journal of Applied Physiology 2003;94:38–42. 

	137	 Warden SJ, Edwards WB, Willy RW. Preventing bone stress injuries in runners with 
optimal workload. Curr Osteoporos Rep 2021;19:298–307. 

	138	 Tenforde AS, DeLuca S, Wu AC, et al. Prevalence and factors associated with bone 
stress injury in middle school runners. PM R 2022;14:1056–67. 

	139	 Matheson GO, Clement DB, McKenzie DC, et al. Stress fractures in athletes. A study 
of 320 cases. Am J Sports Med 1987;15:46–58. 

	140	 Areta JL, Burke LM, Camera DM, et al. Reduced resting Skeletal muscle protein 
synthesis is rescued by resistance exercise and protein ingestion following short-term 
energy deficit. Am J Physiol Endocrinol Metab 2014;306:E989–97. 

	141	 Murphy C, Koehler K. Energy deficiency impairs resistance training gains in lean 
mass but not strength: A meta-analysis and meta-regression. Scand J Med Sci Sports 
2022;32:125–37. 10.1111/sms.14075 Available: https://onlinelibrary.wiley.com/toc/​
16000838/32/1

	142	 Heikura IA, Burke LM, Hawley JA, et al. A short-term Ketogenic diet impairs markers 
of bone health in response to exercise. Front Endocrinol (Lausanne) 2019;10:880. 

	143	 Spaulding SW, Chopra IJ, Sherwin RS, et al. Effect of caloric restriction and 
dietary composition of serum T3 and reverse T3 in man. J Clin Endocrinol Metab 
1976;42:197–200. 

	144	 Lane AR, Duke JW, Hackney AC. Influence of dietary carbohydrate intake on the free 
testosterone: Cortisol ratio responses to short-term intensive exercise training. Eur J 
Appl Physiol 2010;108:1125–31. 

	145	 Shimasaki Y, Nagao M, Miyamori T, et al. Evaluating the risk of a fifth Metatarsal 
stress fracture by measuring the serum 25-Hydroxyvitamin D levels. Foot Ankle Int 
2016;37:307–11. 

	146	 Millward D, Root AD, Dubois J, et al. Association of serum vitamin D levels and 
stress fractures in collegiate athletes. Orthopaedic Journal of Sports Medicine 
2020;8:232596712096696. 

	147	 Ruohola J-P, Laaksi I, Ylikomi T, et al. Association between serum 25(OH)D 
concentrations and bone stress fractures in Finnish young men. J Bone Miner Res 
2006;21:1483–8. 

	148	 Nieves JW, Melsop K, Curtis M, et al. Nutritional factors that influence change in 
bone density and stress fracture risk among young female cross-country runners. PM 
R 2010;2:740–50; 

	149	 Burgi AA, Gorham ED, Garland CF, et al. High serum 25-Hydroxyvitamin 
D is associated with a low incidence of stress fractures. J Bone Miner Res 
2011;26:2371–7. 

	150	 Snyder AC, Dvorak LL, Roepke JB. Influence of dietary iron source on measures 
of iron status among female runners. Medicine & Science in Sports & Exercise 
1989;21:7–10. 

	151	 Gibson-Smith E, Storey R, Ranchordas M. Dietary intake, body composition and iron 
status in experienced and elite climbers. Front Nutr 2020;7:122. 

	152	 Barrack MT, Fredericson M, Tenforde AS, et al. Evidence of a cumulative effect for risk 
factors predicting low bone mass among male adolescent athletes. Br J Sports Med 
2017;51:200–5. 

	153	 Haakonssen EC, Ross ML, Knight EJ, et al. The effects of a calcium-rich pre-exercise 
meal on biomarkers of calcium homeostasis in competitive female cyclists: a 
randomised crossover trial. PLoS One 2015;10:e0123302. 

	154	 Lundy B, McKay AKA, Fensham NC, et al. The impact of acute calcium intake on bone 
turnover markers during a training day in elite male rowers. Med Sci Sports Exerc 
2023;55:55–65. 

	155	 Reed JL, Bowell JL, Hill BR, et al. n.d. Exercising women with Menstrual disturbances 
consume low energy dense Foods and Beverages. 

	156	 Gardiner C, Weakley J, Burke LM, et al. The effect of caffeine on subsequent sleep: A 
systematic review and meta-analysis. Sleep Med Rev 2023;69:101764. 

	157	 Berga SL, Marcus MD, Loucks TL, et al. Recovery of ovarian activity in women with 
functional hypothalamic Amenorrhea who were treated with cognitive behavior 
therapy. Fertil Steril 2003;80:976–81. 

	158	 Fioroni L, Fava M, Genazzani AD, et al. Life events impact in patients with secondary 
Amenorrhoea. J Psychosom Res 1994;38:617–22. 

	159	 Woods AL, Sharma AP, Garvican-Lewis LA, et al. Four weeks of classical altitude 
training increases resting metabolic rate in highly trained middle-distance runners. 
Int J Sport Nutr Exerc Metab 2017;27:83–90. 

	160	 McLean BD, Buttifant D, Gore CJ, et al. Year-to-year variability in 
Haemoglobin mass response to two altitude training camps. Br J Sports Med 
2013;47 Suppl 1(Suppl 1):i51–8. 

	161	 Govus AD, Garvican-Lewis LA, Abbiss CR, et al. Pre-altitude serum Ferritin levels 
and daily oral iron supplement dose mediate iron parameter and hemoglobin mass 
responses to altitude exposure. PLoS One 2015;10:e0135120. 

	162	 Okazaki K, Stray-Gundersen J, Chapman RF, et al. Iron insufficiency diminishes 
the erythropoietic response to moderate altitude exposure. J Appl Physiol (1985) 
2019;127:1569–78. 

 on S
eptem

ber 26, 2023 by guest. P
rotected by copyright.

http://bjsm
.bm

j.com
/

B
r J S

ports M
ed: first published as 10.1136/bjsports-2023-107335 on 26 S

eptem
ber 2023. D

ow
nloaded from

 

http://dx.doi.org/10.1016/j.cub.2015.12.046
http://dx.doi.org/10.1249/JES.0000000000000048
http://dx.doi.org/10.1016/j.advnut.2023.02.003
http://dx.doi.org/10.1002/oby.21538
http://dx.doi.org/10.1002/oby.23308
http://dx.doi.org/10.1210/jc.2012-1444
http://dx.doi.org/10.1002/oby.23086
https://onlinelibrary.wiley.com/toc/1930739x/29/S1
http://dx.doi.org/10.1002/oby.23095
https://onlinelibrary.wiley.com/toc/1930739x/29/S1
http://dx.doi.org/bjsports-2023-106914
http://dx.doi.org/10.1146/annurev-biochem-061516-044757
http://dx.doi.org/10.1002/jcsm.12547
http://dx.doi.org/10.1002/jcsm.12547
http://dx.doi.org/10.1046/j.1365-2362.1999.00541.x
http://dx.doi.org/10.1172/jci.insight.95581
http://dx.doi.org/10.3389/fendo.2022.953431
http://dx.doi.org/10.1016/j.beem.2021.101612
http://dx.doi.org/10.1016/j.beem.2021.101612
http://dx.doi.org/10.1210/er.2009-0044
http://dx.doi.org/10.1016/j.ccl.2015.02.006
http://dx.doi.org/10.1177/03635465010290030901
http://dx.doi.org/10.3390/nu15051089
http://dx.doi.org/10.3390/nu13051695
http://dx.doi.org/10.1016/S0140-6736(13)61126-5
http://dx.doi.org/10.1176/jnp.2007.19.4.363
http://dx.doi.org/10.3390/nu14051068
http://dx.doi.org/10.20452/pamw.16222
http://dx.doi.org/10.7861/clinmed.2021-0039
http://dx.doi.org/10.1359/jbmr.2000.15.6.993
http://dx.doi.org/10.1249/mss.0b013e318074e54b
http://dx.doi.org/10.1249/MSS.0b013e3182963d75
http://dx.doi.org/10.1002/jbmr.5650080511
http://dx.doi.org/10.1002/(sici)1098-108x(200007)28:1<107::aid-eat13>3.0.co;2-m
http://dx.doi.org/10.2147/IJWH.S73011
http://dx.doi.org/10.1016/j.bone.2019.06.030
http://dx.doi.org/10.1249/JSR.0b013e3182779193
http://dx.doi.org/10.1097/JSM.0000000000000050
http://dx.doi.org/10.1007/s11657-020-00803-7
http://dx.doi.org/10.1055/s-2007-1024979
http://dx.doi.org/10.1152/japplphysiol.00631.2001
http://dx.doi.org/10.1007/s11914-021-00666-y
http://dx.doi.org/10.1002/pmrj.12673
http://dx.doi.org/10.1177/036354658701500107
http://dx.doi.org/10.1152/ajpendo.00590.2013
http://dx.doi.org/10.1111/sms.14075
https://onlinelibrary.wiley.com/toc/16000838/32/1
https://onlinelibrary.wiley.com/toc/16000838/32/1
http://dx.doi.org/10.3389/fendo.2019.00880
http://dx.doi.org/10.1210/jcem-42-1-197
http://dx.doi.org/10.1007/s00421-009-1220-5
http://dx.doi.org/10.1007/s00421-009-1220-5
http://dx.doi.org/10.1177/1071100715617042
http://dx.doi.org/10.1177/2325967120966967
http://dx.doi.org/10.1359/jbmr.060607
http://dx.doi.org/10.1016/j.pmrj.2010.04.020
http://dx.doi.org/10.1016/j.pmrj.2010.04.020
http://dx.doi.org/10.1002/jbmr.451
http://dx.doi.org/10.1249/00005768-198902000-00002
http://dx.doi.org/10.3389/fnut.2020.00122
http://dx.doi.org/10.1136/bjsports-2016-096698
http://dx.doi.org/10.1371/journal.pone.0123302
http://dx.doi.org/10.1249/MSS.0000000000003022
http://dx.doi.org/10.1016/j.smrv.2023.101764
http://dx.doi.org/10.1016/s0015-0282(03)01124-5
http://dx.doi.org/10.1016/0022-3999(94)90059-0
http://dx.doi.org/10.1123/ijsnem.2016-0116
http://dx.doi.org/10.1136/bjsports-2013-092744
http://dx.doi.org/10.1371/journal.pone.0135120
http://dx.doi.org/10.1152/japplphysiol.00115.2018
http://bjsm.bmj.com/

	Mapping the complexities of Relative Energy Deficiency in Sport (REDs): development of a physiological model by a subgroup of the International Olympic Committee (IOC) Consensus on REDs
	Abstract
	Introduction﻿﻿
	Methods
	Equity, diversity and inclusion statement
	Recognition of differing responses to LEA exposure: the reproductive system example
	The physiological model overview: commencing with individual body systems
	Constructing the model: key characteristics for consideration with LEA exposure
	LEA severity
	Investigation of LEA duration
	Severity and duration
	Patterns of accumulation

	EI, EEE or both
	Within-day variability

	Constructing the model: moderating factors that may affect outcomes of LEA exposure
	Using the physiological model to predict LEA risks or explain outcomes
	The future: integrating the model to recognise interactions between body systems
	Learning from other perspectives of energy scarcity

	Conclusion
	References


