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Abstract 

Background: Relative energy deficiency in sport (REDs) is a model describing the 
potential negative health and performance effects caused by problematic low 
energy availability (LEA). LEA can affect several physiological and psychological 
systems including hormonal balance, the reproductive system, bone health, 
mental well-being, growth and development as well as the cardiovascular system. 
Elevated low-density lipoprotein cholesterol (LDL-C) and total cholesterol (TC) 
have been linked to LEA in different populations, but studies specifically on 
athletes are sparse. Additionally, some studies have reported beneficial changes in 
lipids after periods of LEA. Therefore, more research is needed to understand the 
interaction between LEA and cholesterol metabolism in athletes. 

Aims: The aim of my thesis was to better understand the association between 
cholesterol metabolism and LEA in an athletic population. More specifically my 
aims were to determine: I) the prevalence of REDS and eating disorder symptoms 
in female athletes and their association with cholesterol values, II) REDs risk and 
cholesterol values during a training season in endurance athletes and to analyse if 
an association exists between these two in either a cross-sectional or longitudinal 
context, and III) the association between the serum metabolome and REDs risk in 
female and male athletes. 

Methods: Data from two cohorts conducted on national- to international-level 
athletes at the University of Jyväskylä were used in this thesis; the cross-sectional 
Monitoring Illness and Injury in Athletes (MIIA) and the longitudinal Athletic 
Performance and Nutrition (NoRED-S). Participants self-reported physiological 
symptoms of LEA using the Low Energy Availability in Females Questionnaire 
(LEAF-Q) (Study I) and eating disorder symptoms using the Eating Disorder 
Examination Questionnaire Short (EDE-QS) (Studies I–III). REDs risk was 
assessed using the REDs Clinical Assessment Tool version 2 (REDs CAT 2) 
(Studies II & III). Serum cholesterol levels were determined from blood (Studies I 
& II) and the serum metabolome was analysed by nuclear magnetic resonance 
(NMR) (Study III). In Study I, the first measurements of female athletes from 
both cohorts, MIIA and NoRED-S, were used for a cross-sectional analysis to 
examine the relationship between EDE-QS, LEAF-Q and cholesterol values using 
Pearson’s r and linear regression. I also separately studied participants 
representing weight-sensitive sports. In Study II, data of endurance athletes in the 
NoRED-S cohort were used. The participants were examined at the beginning (T1) 
and end (T2) of the training season, and I analysed the association and changes in 
REDs risk and cholesterol values between these timepoints using linear regression 
and restricted maximum likelihood. In Study III, all adult participants from the 
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NoRED-S cohort were included for analysis of the association between REDs risk 
and the serum metabolome using generalized estimating equation models. 
Sensitivity analyses were conducted in athletes representing weight-sensitive 
sports.  

Results: The prevalence of REDs risk ranged from 36 to 84% (Studies I–III) and 
the prevalence of elevated LDL-C (≥3mmol/l) from 12 to 37% (Studies II&III). In 
Study I, higher EDE-QS scores were associated with higher LDL-C levels in the 
mixed-sport population, and both the LEAF-Q and EDE-QS were associated with 
higher LDL-C levels among athletes representing weight-sensitive sports. In Study 
II, the REDs risk was not associated with cholesterol levels in cross-sectional 
analyses, and no overall change in the REDs risk or the cholesterol levels was 
observed between T1 and T2. However, in female athletes, an increase in REDs 
risk status from low to medium/high between T1 and T2 was associated with a 
decrease in LDL-C and TC. In Study III, few associations between REDs risk and 
intermediate-density lipoprotein (IDL) and very-low-density lipoprotein (VLDL) 
profiles in female athletes were observed but not in male athletes and no changes 
in LDL-C or TC were found. Further, a lower body fat percentage was associated 
with a beneficial metabolic fingerprint, characterised by a larger-sized high-
density lipoprotein (HDL) profile and lower levels of inflammatory markers. 

Conclusions: Overall, I could observe a few associations between REDs risk and 
cholesterol levels or the serum metabolome in my studies, and the associations 
seem to be stronger in female athletes representing weight-sensitive sports. 
Regardless of REDs risk, up to one-third of the athletes had clinically elevated 
LDL-C, highlighting that the athletic population should not be overlooked in the 
primary prevention of cardiovascular disease. Eating disorder behaviour, which is 
also a significant risk factor for REDs, seems to be associated with higher LDL-C 
levels in female athletes, consistent with findings in patients with anorexia 
nervosa. However, it seems that even in healthy and fit athletes, lower body fat 
percentage is associated with a more beneficial metabolomic profile.  
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Tiivistelmä 

Tausta: Urheilijoiden suhteellinen energiavaje (REDs) on malli, joka kuvastaa 
matalan energiansaatavuuden haitallisia vaikutuksia kehon ja mielen normaaliin 
toimintaan. Matala energiansaatavuus voi vaikuttaa mm. hormonitoimintaan, 
lisääntymisterveyteen, luuntiheyteen, psyykkiseen terveyteen, kasvuun ja 
kehitykseen sekä sydän- ja verisuonielimistön toimintaan. Tutkimuksissa on 
osoitettu, että kohonneet LDL-kolesteroli- ja kokonaiskolesteroliarvot ovat 
yhteydessä matalaan energiasaatavuuteen, mutta urheilijoita on tällä saralla 
tutkittu vasta vähän. Lisäksi osa tutkimuksista on havainnut matalan 
energiansaatavuuden olevan yhteydessä jopa myönteisiin muutoksiin 
kolesterolitasoissa.  

Tavoitteet: Väitöskirjani tavoite oli ymmärtää paremmin urheilijoiden matalan 
energiansaatavuuden ja kolesteroliaineenvaihdunnan yhteyttä. Erityisesti 
tavoitteeni oli: I) tutkia urheilijoiden matalan energiasaatavuuden ja 
syömishäiriökäytöksen yhteyttä kolesteroliarvoihin, II) tutkia 
kestävyysurheilijoiden REDs-riskiä ja kolesteroliarvoja harjoituskauden eri 
vaiheissa sekä III) tutkia nais- ja miesurheilijoiden REDs-riskin ja seerumin 
metabolomin yhteyttä.  

Menetelmät: Väitöskirjani pohjautuu kahteen Jyväskylän yliopistossa kerättyyn 
tutkimusaineistoon kansallisen ja kansainvälisen tason urheilijoilla: 
poikkileikkaustutkimus Monitoring Illness and Injury in Athletes (MIIA) sekä 
kolmivuotinen seurantatutkimus Urheiluravitsemus ja matala energiansaatavuus 
urheilijoilla (NoRED-S). Tutkittavat raportoivat kyselylomakkeilla matalan 
energiansaatavuuden oireita (Low Energy Availability in Females Questionnaire 
[LEAF-Q]) (tutkimus I) sekä syömishäiriöoireita (Eating Disorder Examination 
Questionnaire Short [EDE-QS]) (tutkimus I-III), ja REDs-riski määritettiin 
kliinisen arviointityökalun avulla (REDs CAT 2) (tutkimus II & III). 
Kolesteroliarvot määritettiin laskimoverinäytteistä (tutkimus I & II) ja 
metabolomi analysoitiin ydinmagneettisella resonanssispektroskopialla (tutkimus 
III). Tutkimuksessa I tutkin kaikkien naisurheilijoiden ensimmäisiä 
mittauskertoja MIIA- ja NoRED-S-tutkimuksissa poikkileikkausanalyysina. 
Tutkin EDE-QS- ja LEAF-Q-pisteiden yhteyttä kolesterolitasojen Pearsonin 
korrelaation sekä lineaarisen regression avulla. Tutkin myös erikseen 
painoherkkien lajien edustajilla. Tutkimuksessa II tutkin NoRED-S-tutkimukseen 
osallistuneita kestävyysurheilijoita. Urheilijoita oli tutkittu harjoituskauden alussa 
(T1) ja lopussa (T2) ja analysoin, tapahtuuko REDs-riskissä tai kolesteroliarvoissa 
muutosta näiden aikapisteiden välillä, sekä sitä, ovatko muuttujat tai muutokset 
keskenään yhteydessä. Käytin analyyseihin lineaarista regressiota sekä rajoitettua 
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suurimman uskottavuuden menetelmää. Tutkimuksessa III tutkin kaikkia 
aikuisurheilijoita NoRED-S-tutkimuksesta ja analysoin REDs-riskin ja 
metabolomin yhteyttä yleistetyllä estimointiyhtälöllä. Myös tässä tutkimuksessa 
tarkastelin erikseen painoherkkien lajien edustajia.  

Tulokset: REDs-riskin yleisyys vaihteli eri tutkimuksissani 36 % ja 84 % välillä 
(tutkimukset I–III) ja kohonneen LDL-kolesterolin yleisyys 12 % ja 37 % välillä 
(tutkimukset II & III). Tutkimuksessa I korkeampi EDE-QS-tulos oli yhteydessä 
korkeampaan LDL-kolesterolitasoon kaikkien naisurheilijoiden keskuudessa ja 
painoherkkien lajien edustajilla sekä korkeampi EDE-QS- että LEAF-Q-tulos 
olivat yhteydessä korkeampaan LDL-kolesterolitasoon. Tutkimuksessa II 
havaitsin, ettei REDs riski ollut yhteydessä mihinkään tutkittuun 
kolesteroliarvoon, enkä havainnut muutosta REDs-riskissä tai kolesterolitasoissa 
mittauspisteiden välillä. Kuitenkin havaitsin, että naisurheilijoilla REDs-riskin 
nousu tutkimuksen aikana matalasta keskisuureen/suureen oli yhteydessä LDL-
kolesterolin ja kokonaiskolesterolin laskuun. Tutkimuksessa III havaitsin REDs-
riskin olevan yhteydessä yksittäisiin metaboliitteihin IDL- ja VLDL-profiileissa 
naisurheilijoilla, mutta ei miesurheilijoilla. Matalampi rasvaprosentti oli 
yhteydessä suotuisaan metabolomiin suurempikokoisen HDL-profiilin ja 
matalamman tulehdusmuuttujan suhteen. 

Johtopäätökset: Yleisesti havaitsin väitöskirjassani vähäisiä yhteyksiä REDs-riskin 
ja kolesteroliarvojen tai metabolomin välillä, ja tämä yhteys vaikuttaa olevan 
vahvempi naisurheilijoilla, jotka edustavat painoherkkiä lajeja. Kuitenkin REDs-
riskistä riippumatta lähes kolmasosalla urheilijoista oli kohonnut LDL-kolesteroli 
korostaen, ettei urheilijoiden sydän- ja verenkiertoelimistön terveyden 
edistämistä pidä ylenkatsoa. Syömishäiriökäytös, joka on myös REDs-riskitekijä, 
vaikuttaa olevan yhteydessä korkeampaan LDL-kolesteroliin naisurheilijoilla, 
mikä on linjassa aiempien syömishäiriöpotilailla tehtyjen tutkimusten kanssa. 
Kuitenkin myös terveillä ja hyväkuntoisilla urheilijoilla matalampi rasvaprosentti 
vaikuttaa olevan yhteydessä edullisempaan metabolomiin.  
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1 Introduction 

Adequate energy intake is essential for athletes since it supports physiological 
health, training capacity, and recovery. A nutritionally adequate diet that provides 
sufficient energy, as well as essential macro- and micronutrients, forms the 
foundation for maintaining health, sustaining training load, and optimising athletic 
performance (Amawi et al. 2024; Holtzman and Ackerman 2021). 

However, there are several factors that can lead to reduction in the energy 
available for the basic metabolism of the body to sustain good health along with 
exercise and training. Firstly, the excess energy need due to exercise can be so high 
that the compensation in the energy intake (EI) can be burdensome (Angelidi et al. 
2024; Jagim et al. 2022). Secondly, athletes are prone to be affected by society’s 
body ideals or their sport-specific requirements regarding body size, composition 
or appearance (Mancine et al. 2020). At worst, these expectations can disturb 
athletes’ body image and eating behaviour, leading to disordered eating (DE), 
disordered exercise behaviour or even clinical eating disorders (ED)(Fatt et al. 
2024). Ultimately these factors can lead to insufficient EI relative to the exercise 
energy expenditure (EEE) and basic physiological needs of the body, a phenomenon 
also called low energy availability (LEA)(Mountjoy et al. 2023).  

Energy availability (EA) is defined as the energy available for basic physiological 
functions after the EEE has been subtracted from the total EI (Loucks et al. 2011). 
The spectrum between optimal EA and severe LEA includes a continuum of 
conditions, which can be grouped into adequate EA, adaptable LEA and 
problematic LEA (Mountjoy et al. 2023). Adaptable LEA refers to LEA that is short-
termed and/or mild and can even have beneficial consequences on health and 
performance. Problematic LEA, however, is defined as LEA that is sufficiently 
severe or long-lasting to negatively affect the normal functioning of various body 
systems. Problematic LEA is at the core of the relative energy deficiency in sport 
(REDs) model, which is defined as impaired physiological and/or psychological 
functioning in athletes caused by problematic LEA (Mountjoy et al. 2023).  

In the most recent 2023 International Olympic Committee (IOC) Consensus 
Statement, the REDs model includes impaired functioning of energy metabolism, 
reproductive function, musculoskeletal health, immunity, glycogen synthesis, 
haematological function and cardiovascular health in both female and male athletes 
(Mountjoy et al. 2023). Regarding the cardiovascular health and lipid metabolism, 
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elevated low-density lipoprotein cholesterol (LDL-C) and total cholesterol (TC), 
electrocardiogram abnormalities, impaired endothelial function, haemodynamic 
abnormalities and cardiac abnormalities are listed as potential REDs health 
outcomes.  

Defining exposure to problematic LEA and REDs in the real-world is difficult 
(Heikura et al. 2018). The current gold standard method recommended by the IOC 
is the REDs Clinical Assessment Tool version 2 (REDS CAT 2 (Stellingwerff et al. 
2023)), which relies on screening, risk stratification of potential REDs symptoms 
and clinical findings, and finally multi-disciplinary evaluation of at-risk individuals 
including exclusion of other potential causes or moderating factors. Elevated LDL-
C and TC are among the secondary indicators of REDs in the risk stratification step.  

The evidence linking LEA to elevated LDL-C and TC is derived from studies on 
patients with anorexia nervosa (severe form of LEA)(Hussain et al. 2019), females 
with disturbed menstrual cycles (potential surrogate marker of LEA)(Tegg et al. 
2024), males going an through army ranger course (short-term multi-stress 
environment with profound LEA)(Friedl et al. 2000), and individual athletes going 
through a weight-loss protocol for weight-class sports (profound LEA and 
dehydration)(Kasper et al. 2019; Langan-Evans et al. 2021). However, 
contradicting findings have also been observed with no correlation between LEA 
and cholesterol levels (Ayres et al. 1998; D. L. Thompson et al. 1997) and even 
beneficial changes in cholesterol levels and the serum metabolome following short- 
to medium-term LEA exposure (Jouhki et al. 2024; Sarin et al. 2019; Nusser et al. 
2025). Weight loss and decreased EI have been shown to have beneficial effects on 
the lipid profile in sedentary individuals (Most et al. 2018; Lefevre et al. 2009) but 
also in physique athletes (Jouhki et al. 2024; Sarin et al. 2019), and understanding 
the long-term effect of problematic LEA on athlete cardiovascular health remains 
inconclusive. 

A causal link between LDL-C and risk of atherosclerotic cardiovascular disease 
(ASCVD) has been established (Ference et al. 2017). Therefore, understanding the 
interaction between LEA and cholesterol metabolism in athletes is important for 
not only improving athletes’ long-term health, but also for the primary prevention 
of ASVCD and for public health, because LEA is not only a concern among high-
level athletes, but recreational athletes are also prone to inadequate EI relative to 
their EEE (Karlsson et al. 2023). 
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2 Review of the literature 

2.1 Low energy availability (LEA) and relative energy 
deficiency in sport (REDs) 

2.1.1 Definitions of energy availability (EA), LEA and REDs 

We as humans need energy to move our bodies (locomotion), to produce heat 
(thermogenesis), and to keep our vital organs running (physiological functions). 
Total energy expenditure can be divided into exercise energy expenditure (EEE), 
non-exercise activity thermogenesis (NEAT), dietary-induced thermogenesis 
(DIT), cold-induced thermogenesis (CIT), and resting energy expenditure (REE) 
(Müller and Bosy-Westphal 2013). Energy availability (EA) is defined as the amount 
of energy available for all physiological and other vital functions after the energy 
needs of exercise have been subtracted (Loucks et al. 2011). EA is calculated by 
subtracting the EEE from the total EI and correcting this value for the person’s 
metabolically active mass (fat-free mass):  
𝐸𝑛𝑒𝑟𝑔𝑦	𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦	(𝐸𝐴) =  "#$%&'	)#*+,$	(")) / "0$%123$	"#$%&'	"04$#52*6%$	(""")

7+*/7%$$	8+33(778)
. 

(Loucks et al. 2011)  
LEA is a condition in which a person’s EI does not match the EEE and the energy 

required to support physiological functions (Mountjoy et al. 2018, 2023). LEA is a 
continuum of diverse severities and durations and thus, is further divided into 
problematic and adaptable (Mountjoy et al. 2023). Adaptable LEA is characterised 
by a short-term, non-severe LEA that can have beneficial influence on health and 
even be used as a tool to enhance athletic performance in adults at the top-level with 
the supervision of an adequate team of professionals (Mountjoy et al. 2023). In 
contrast, problematic LEA is prolonged and/or severe and can have a negative 
impact on an athlete’s performance and health (Mountjoy et al. 2023). Athletes are 
more susceptible to LEA due to the energy demands of exercise and training, and 
possible sport-specific requirements considering body weight and size. 

Originally, the link between inadequate EI or DE, menstrual dysfunctions and 
low bone mineral density among female athletes was introduced in the 1990s as a 
condition called the female athlete triad (Yeager et al. 1993). In 2014, the IOC 
expanded the triad to relative energy deficiency in sport (REDs)(Mountjoy et al. 
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2014). REDs is by definition a syndrome of impaired physical and/or psychological 
health caused by problematic LEA (Mountjoy et al. 2023) and contrary to the female 
athlete triad, the REDs model acknowledges that the impact of LEA is not restricted 
to females (Mountjoy et al. 2014). In addition, the REDs model takes a wider view 
on the athlete’s physiology and states that, in addition to disturbances in the 
menstrual cycle and bone metabolism, problematic LEA can impair the normal 
functioning of metabolic, cardiovascular, psychological, endocrine, immune, and 
gastrointestinal systems (Mountjoy et al. 2018) as well as performance and recovery 
(Melin et al. 2024; Mountjoy et al. 2023). The continuum from adequate EA to 
REDs is illustrated in Figure 1. 

 

Figure 1 Illustration of the continuum from adequate energy availability (EA) to adaptable and 
problematic low energy availability (LEA) to relative energy deficiency in sport (REDs). 
Figure was created in the illustration website BioRender https://BioRender.com. 

The threshold of calculated LEA for females is set to 30 kcal/day/kg (Loucks et 
al. 2011) since bone formation (Ihle and Loucks 2004), levels of triiodothyronine 
(T3)(Loucks and Heath 1994b) and reproductive functions (Loucks and Thuma 
2003) are abruptly impaired below this threshold within five days after laboratory-
induced LEA. Optimal EA for performance and health is thought to be achieved 
with 45 kcal/day/kg for sedentary females (Loucks and Thuma 2003) and 40 
kcal/day/kg for recreationally active males (Koehler, Hoerner, Gibbs, Zinner, 
Braun, Souza, et al. 2016). Clear EA thresholds for elite female and male athletes 
have not been established (Melin et al. 2024). It is likely that moderating factors, 
e.g., sex, age and gynaecological age, genetics, type of sport, and macronutrient 
profile, may impact the individual LEA threshold (Loucks 2006; Heikura et al. 
2022; Mountjoy et al. 2023). 

2.1.2 Evaluation of EA and REDs 

Individual EA can be calculated with the abovementioned formula using EI, EEE 
and FFM. The reliability of calculated EA in real-world settings is, however, 
questionable due to challenges in measuring the parameters. Large margins of error 
in the accuracy of self-reported measures of EI and EEE have led to considerable 
discrepancies between symptoms of LEA and EA calculations (Burke et al. 2018; 

https://biorender.com/
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Capling et al. 2017; Hills et al. 2014) and many studies have found no correlation 
between clinical signs of LEA and calculated low EA values (Heikura et al. 2018; 
Koehler et al. 2013; Melin et al. 2014). Additionally, modes of measuring body 
composition yield varying results (Mathisen et al. 2023). Therefore, other tools, 
such as symptom screening questionnaires, have been suggested to be more reliable 
in detecting problematic LEA since these methods can provide a better 
representation of the athlete’s long-term EA than a snapshot of calculated EA over 
a few days (Heikura et al. 2018). Also, possible DE patterns should be evaluated 
since they can be an underlying cause behind LEA and REDs (Logue et al. 2020; 
Fahrenholtz et al. 2022). 

The current recommendation for assessing REDs risk is the REDs Clinical 
Assessment Tool version 2 (REDs CAT 2), developed by the IOC (Stellingwerff et al. 
2023). The risk assessment is divided into three steps. The first step is to use REDs 
screening questionnaires to identify athletes potentially at risk of REDs. There are 
a variety of different screening questionnaires assessing possible symptoms and 
findings of REDs (Sim and Burns 2021), but so far, to the best of my knowledge, the 
only validated screening questionnaire is the Low Energy Availability in Female 
athletes Questionnaire (LEAF-Q), which has been validated in female endurance 
athletes (Melin et al. 2014). Thus, even if the questionnaires are inexpensive and 
easy to use, in most sports and athlete populations their validity is unknown, which 
challenges their reliability in detecting the athletes at risk. Clinical interviews can 
also be applied in screening athletes for risk of REDs. 

The second phase in the risk assessment of REDs is to classify the risk of REDs 
using primary and secondary REDs indicators. The aim is to assess symptoms or 
clinical findings that could be caused by problematic LEA including hormonal 
function (T3, menstrual function for females and testosterone in males), bone 
health (bone mineral density [BMD], bone stress injuries [BSI]), growth in children 
and adolescents, ED symptoms, elevated cholesterol levels, and mental health 
problems. The more of these indicators an athlete presents with, the more probable 
it is that problematic LEA could be a common factor explaining them. A 
combination of different indicators yields a risk stratification ranging from green 
(none to very low), to yellow (mild), orange (moderate to high), and red (very 
high/extreme). The specific indicators are listed in Table 1, and the risk assessment 
is described in Table 2.  

Table 1 Primary and secondary indicators of REDs according to the REDs CAT 2 
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Severe primary indicators 
(count as two primary 
indicators) 

- primary amenorrhoea (no menstruation by the age of 15 years 
of within 5 years of breast development) or prolonged 
secondary amenorrhoea (absence of 12 or more consecutive 
menstrual cycles) due to FHA for females 
-clinically low free or total testosterone for males 

Primary indicators -secondary amenorrhoea (absence of 3–11 consecutive 
menstrual cycles) caused by FHA for females 
-sub-clinically low free or total testosterone for males 
-sub-clinically or clinically low (within or below the lowest 25% of 
reference range) total or free T3 
-history of ≥1 high-risk (femoral neck, sacrum, pelvis) or ≥2 low-
risk BSI (all other locations) within the previous 2 
years or absence of ≥6 months from training due to BSI in the 
previous 2 years 
-pre-menopausal females and males <50 years old: BMD Z-
score <-1 at the lumbar spine, total hip, or femoral neck or 
decrease in BMD Z-score from prior testing 
-children/adolescents: BMD Z-score <-1 at the lumbar spine or 
total body less head or decrease in BMD Z-score from prior 
testing  
-a negative deviation of a paediatric or adolescent athlete’s 
previous growth trajectory (height and/or weight) 
-an elevated score for the EDE-Q global (>2.30 in females; 
>1.68 in males) and/or clinically diagnosed DSM-5-TR-defined 
eating disorder (only 1 primary indicator for either or both 
outcomes) 

Secondary indicators -oligomenorrhoea for females (>35 days between periods 
leading to <8 menstrual cycles per year)  
-history of 1 low-risk BSI within the previous 2 
years and absence of <6 months from training due to BSI in the 
previous 2 years 
-elevated total or LDL cholesterol (above reference range) 
-clinically diagnosed depression and/or anxiety (only 1 
secondary indicator for either or both outcomes) 

REDs = relative energy deficiency in sport, REDs CAT 2 = REDs Clinical Assessment Tool version 
2; FHA = functional hypothalamic amenorrhoea, T3 = triiodothyronine; BSI = bone stress injury; 
BMD = bone mineral density; EDE-Q = Eating Disorder Examination Questionnaire; DSM-5-TR = 
Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition, Text Revision; LDL = low-
density lipoprotein 
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Table 2 Risk assessment of REDs according to the REDs CAT 2 

red/extreme risk  3 primary & ≥2 secondary,  
or ≥4 primary indicators 

orange/moderate to high risk  1 primary & ≥3 secondary,  
or 2 primary & ≥2 secondary,  
or 3 primary & ≤1 secondary indicators 

yellow/mild risk  0 primary & ≥2 secondary,  
or 1 primary & ≤2 secondary,  
or 2 primary & ≤1 secondary indicators 

green/very low risk  0 primary & ≤1 secondary indicators 

REDs = relative energy deficiency in sport, REDs CAT 2 = REDs Clinical Assessment Tool version 
2 

The third and final step in the assessment of REDs risk is an individual 
evaluation led by an expert physician, preferably with a multidisciplinary team of 
professionals. Other possible conditions, diseases and origins behind the 
experienced symptoms and findings must be evaluated adequately before 
concluding LEA as a common cause. REDs is not, however, a clinical diagnosis and 
is not included in the most current 10th and 11th editions of the International 
Classification of Diseases (ICD-10 and ICD-11).  

The REDs model has been criticised for being too calorie-centric and biased in 
assuming the symptoms are caused by LEA unless otherwise proven (Jeukendrup 
et al. 2024). Additionally, some of the causal relationship between LEA and health 
and performance outcomes have been stated to be based on insufficient scientific 
evidence (Jeukendrup et al. 2024; Williams et al. 2019). An alternative model, the 
Athlete Health and Readiness Checklist, has been suggested where, in addition to 
nutritional status, other potential factors affecting the hypothalamus–hormonal 
axes are evaluated. These factors include training, life and environment, mental 
health, DE behaviour or EDs, nutrition (including EI, carbohydrates, deficiencies 
and alcohol), sleep, infections and illness, as well as undiagnosed clinical 
conditions. In addition, the model proposes that moderating factors such as 
personal traits, genetics, development and experience should be evaluated 
(Jeukendrup et al. 2024). 

2.1.3 Consequences of LEA 

Problematic LEA has been associated with dysregulation of several physiological 
functions including alterations in the reproductive system, bone health, mental 
well-being, several endocrine systems, immune response, cardiovascular health, 
injury risk, and performance (Mountjoy et al. 2023). From an evolutionary 
perspective, it has been essential to regulate metabolism in periods of compromised 
EI to sustain life (Loucks and Thuma 2003). However, as described earlier, defining 
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and measuring LEA in the real-world is challenging, and current evidence is mostly 
based on short-term controlled LEA trials, or cross-sectional and observational 
studies with heterogeneous populations and surrogate markers of LEA. In this 
section, I will focus on the physiological and endocrine consequences of LEA. Figure 
2 summarizes previous findings with a focus on the current REDs CAT 2 and 
potential endocrine and cardiovascular indicators.  

 

Figure 2 Causes and consequences of direct or surrogate measures of problematic low energy 
availability (LEA). Different fonts represent different indicators of relative energy 
deficiency in sport (REDs) in the current REDs Clinical Assessment Tool version 2: 
severe primary indicators, primary indicators, secondary indicators and 
potential indicators. Figure was created in the illustration website BioRender 
https://BioRender.com. 
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2.1.3.1 Reproductive system 

In female athletes, menstrual dysfunction is one of the most studied consequences 
of problematic LEA. Menstrual dysfunction can range from anovulatory cycles to 
irregular periods (oligomenorrhoea, cycle length >35 days) and complete absence 
of menses for >3 months (amenorrhoea). Amenorrhoea caused by disturbances in 
the hypothalamic–pituitary–ovarian axis (HPO axis) is referred to as functional 
hypothalamic amenorrhoea (FHA) and can, in addition to LEA, result from physical 
or mental stress (Meczekalski et al. 2014; Saadedine et al. 2023; Kirsty J. Elliott-
Sale et al. 2018). FHA is caused by insufficient release of gonadotropin-releasing 
hormone (GnRH) from the hypothalamus leading to downstream effects on blunted 
gonadotropin release (follicle stimulating hormone [FSH] and luteinising hormone 
[LH]) from the pituitary gland and steroid release (oestrogen) from the gonads 
(Roberts et al. 2020). In female athletes, the prevalence of menstrual disturbances 
has been reported to range from 0 to 61% across different disciplines with the 
highest prevalences in endurance sports and gymnastics (Gimunová et al. 2022). 

In controlled short-term (4 days) studies of induced LEA, LEA has been shown 
to lead to disturbed LH pulse frequency and amplitude in sedentary females 
(Loucks and Thuma 2003; Loucks et al. 1998; A. B. Loucks and Heath 1994a). In 
two randomised controlled trials lasting for three consecutive menstrual cycles, a 
positive correlation between the magnitude of LEA and frequency of menstrual 
dysfunction was established, but not between the magnitude of LEA and the 
severity of menstrual dysfunction, nor could a specific EA threshold for menstrual 
disturbances be established (Williams et al. 2015; Lieberman et al. 2018). In a 
randomised controlled trial conducted on exercising females, the REFUEL study, 
an increase of ~330kcal in the daily EI, with no change in EEE, was associated with 
a 7 times greater odds for a recovery of menstrual abnormality (amenorrhoea and 
oligomenorrhoea) compared to the control group (De Souza et al. 2021).  

Regarding oestrogen and short-term LEA (4 days), only a large reduction in EA 
to 10kcal/d/kg(FFM) has led to a reduction in 24h measured oestradiol (Loucks 
and Thuma 2003). However, FHA as a surrogate marker of prolonged LEA is 
associated with reduced levels of oestrogen (Allaway et al. 2016; Tornberg et al. 
2017) although, naturally menstruating athletes have also been reported to have 
lower levels of oestrogen than sedentary controls (Laughlin and Yen 1996). 
Depending on the severity, menstrual dysfunction can impact fertility but is likely 
reversible if the root cause in treated (Ihalainen et al. 2024).  

Regarding disturbances in sex hormones in male athletes exposed to LEA, 
studies have shown mixed results. Two short-term studies inducing LEA on 
exercising men and elite endurance athletes found no change in testosterone 
(Koehler, Hoerner, Gibbs, Zinner, Braun, De Souza, et al. 2016; McKay et al. 2022), 
but another study on endurance athletes found lower levels of testosterone to be 
associated with LEA (Kojima et al. 2020). However, athletes in general and 
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particularly athletes representing endurance or weight-sensitive sports, have been 
shown to have lower testosterone levels than sedentary healthy controls, a 
phenomenon also known as exercise-hypogonadal male condition (EHMC)(Kirsty 
J. Elliott-Sale et al. 2018; Hackney 2020). EHMC seems to be an adaptation to 
chronic exercise training with no other health defects, whereas reduced 
testosterone related to problematic LEA is accompanied by symptoms in other 
systems leading to compromised health and performance (Hackney 2020). 
Additionally, male patients with anorexia nervosa have been reported to have low 
levels of testosterone in acute disease phase with increasing levels (correlating with 
increasing leptin levels) after weight-restoration protocols (Tomova and Kumanov 
1999; Wabitsch et al. 2001).  

In females, studies have shown mixed results regarding testosterone. Reduced 
testosterone levels have been observed in female adolescents with amenorrhoea 
(Christo et al. 2008; Russell et al. 2009) and in female anorexia nervosa patients  
(Miller et al. 2007), but not in female adults with amenorrhoea (Miller et al. 2007; 
Rickenlund et al. 2004). Further, elevated levels of testosterone have been reported 
in females with oligomenorrhoea (Rickenlund et al. 2004). Taken together, the use 
of oligomenorrhoea or amenorrhoea as surrogate markers of problematic LEA 
without adequate aetiological investigations must be interpreted with caution, 
because there can also be other underlying causes for these menstrual disturbances, 
such as polyendocrine metabolic ovarian syndrome (PMOS; previously polycystic 
ovarian syndrome or PCOS), which usually presents with accompanying endocrine 
changes distinct from those in LEA (Teede et al. 2026). 

2.1.3.2 Bone health 

Bone metabolism and health are influenced by several endocrine pathways that may 
be compromised in a state of problematic LEA (Kirsty J. Elliott-Sale et al. 2018). In 
experimental studies, LEA has been shown to affect bone resorption and formation, 
particularly in females (Ihle and Loucks 2004; Papageorgiou et al. 2017; 
Papageorgiou, Martin, et al. 2018; C. Murphy and Koehler 2020). Female athletes 
with menstrual disturbances have been reported to have higher rates of bone stress 
injuries and decreased bone strength compared to eumenorrheic athletes or 
controls (Ackerman et al. 2015; Ackerman, Putman, et al. 2012; Heikura et al. 
2018).   

In experimental studies, males seem to be more resistant to adverse bone effects 
(Papageorgiou, Dolan, et al. 2018). However, in cross-sectional studies male 
athletes susceptible to LEA have also been reported to have compromised bone 
health (Tenforde et al. 2016). 



 

 11 

2.1.3.3 Energy balance 

A state of LEA induces changes in hormones regulating energy balance. In short-
term studies (4–5 days), induced LEA led to reduced leptin levels (Koehler, 
Hoerner, Gibbs, Zinner, Braun, De Souza, et al. 2016), increased ghrelin and 
peptide YY (PYY), and suppressed insulin and glucose levels (Loucks and Thuma 
2003; Koehler, Hoerner, Gibbs, Zinner, Braun, De Souza, et al. 2016; Loucks et al. 
1998). Amenorrhoeic athletes have also been reported to have increased insulin 
sensitivity, decreased circulating insulin, and a reduced hypoglycaemic effect of 
insulin-like growth factor 1 (IGF-1)(Laughlin and Yen 1996). 

Leptin is an adipose hormone that reflects the amount of body fat stores, as well 
as the current state of EA and carbohydrate availability.(Anne B. Loucks 2013) 
Leptin suppresses hunger and thus regulates EI in normal conditions (Stefanakis et 
al. 2024). In addition, leptin regulates several endocrine axes in the hypothalamus 
thus regulating the production of thyroid hormones, cortisol, IGF-1, and sex 
hormones, and impacts bone formation by regulating osteoblasts and osteoclasts 
(Stefanakis et al. 2024). Leptin has a permissive role in the function and 
development of reproduction since leptin acts on the hypothalamus via kisspeptin 
neurons, leading to activation of hypothalamic gonadotropin-releasing hormone 
(GnRH) neurons for the regulation of LH pulsatility (Castellano et al. 2010). In 
cross-sectional studies, lower levels of leptin have been measured in athletes with 
FHA or LEA (Ackerman, Slusarz, et al. 2012; Christo et al. 2008; Corr et al. 2011; 
Donoso et al. 2010; Hilton and Loucks 2000; Loucks and Thuma 2003), and the 
diurnal pulsatility of leptin has been disturbed in athletes with FHA (Laughlin and 
Yen 1997). Lower leptin and higher ghrelin levels have been associated with lower 
LH levels in amenorrhoeic athletes possibly contributing to the menstrual 
dysfunction.(Ackerman, Slusarz, et al. 2012) Leptin levels reflect body fat stores and 
thus not surprisingly were lower in Olympic male athletes representing weight-
sensitive sports than those representing non-weight-sensitive sports (Hagmar et al. 
2013).  After a 23-week weight-loss programme, both female and male physique 
athletes had lower levels of fat mass and lower leptin levels (Isola et al. 2023). 

Ghrelin is an orexigenic hormone secreted in the stomach in the fasted state and 
acts on the hypothalamus and pituitary gland, affecting other hormonal axes. 
Ghrelin levels have been reported to be elevated in amenorrhoeic athletes, in 
patients with anorexia nervosa and in women after weight loss (Christo et al. 2008; 
Ackerman, Slusarz, et al. 2012; Mary Jane De Souza et al. 2007; Scheid et al. 2011; 
Tolle et al. 2003). Female and male physique athletes had higher levels of ghrelin 
after a ~5-month weight-loss period with decreased fat mass (Isola et al. 2023). One 
study on male athletes showed no change in ghrelin after induction of LEA 
(Koehler, Hoerner, Gibbs, Zinner, Braun, Souza, et al. 2016), and also no change 
between male patients with anorexia nervosa and healthy controls was observed 
(Misra et al. 2008). 
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2.1.3.4 Energy metabolism 

LEA can also interfere with other hormonal axes such as the hypothalamus–
pituitary–thyroid axis. Studies have consistently reported decreased levels of T3, 
but variable levels of thyroxine (T4) and thyroid-stimulating hormone (TSH) in 
athletes or sedentary women with amenorrhoea (Berga et al. 1989; Mary Jane De 
Souza et al. 2007; Heikura et al. 2018; Harber et al. 1998; Tornberg et al. 2017) and 
in patients with anorexia nervosa (Estour et al. 2010). Two studies on sedentary 
women who underwent different protocols of LEA for 4 days showed significant 
reductions in both free T3 and total T3 due to the reduction of EA, but not from 
exercise alone if adequate EA was maintained (Loucks and Callister 1993; Loucks 
and Heath 1994b). In male athletes, lower (but not clinically low) T3 has been 
associated with lower levels of testosterone (within the lowest quartile of clinical 
range 9–38 nmol/L)(Heikura et al. 2018). Female and male physique athletes 
showed significantly reduced levels of T3 after a 23-week weight-loss programme 
for a fitness competition, but the changes were reversible after a recovery period 
and weight regain (Isola et al. 2023). In a case series of male patients with anorexia 
nervosa, low T3 and T4 have been reported with normal TSH levels (Skolnick et al. 
2016). 

Cortisol is a glucocorticoid steroid hormone secreted from the adrenal gland 
according to the circadian rhythm. Cortisol production is increased under stressful 
conditions which can be emotional, physical or biological (Habib et al. 2001). A U-
shaped association has been observed between cortisol and body mass index (BMI) 
as well as fat mass; both extremes lead to activation of the hypothalamus–
pituitary–adrenal axis and elevation of cortisol (Kirsty J. Elliott-Sale et al. 2018). 
Higher levels of cortisol have been reported among sedentary females and female 
athletes with FHA compared to eumenorrheic athletes and controls (Ackerman et 
al. 2013; Rickenlund et al. 2004; Tornberg et al. 2017; Melin et al. 2015; Biller et al. 
1990; Berga et al. 1997), though not all studies have observed this (Schaal et al. 2011; 
Laughlin and Yen 1996; Villanueva et al. 1986). Additionally, higher cortisol levels 
have been observed among female athletes regardless of their menstrual status 
compared to non-athletes (Laughlin and Yen 1996; Villanueva et al. 1986). In males, 
to my knowledge, only one study has assessed cortisol levels in endurance athletes 
with reduced EA versus sedentary males with adequate EA, and no difference was 
observed (Hooper et al. 2017). 

Growth hormone (GH) is a pituitary hormone that is important for muscle and 
bone anabolism and metabolism of carbohydrates, fats and proteins (Kirsty J. 
Elliott-Sale et al. 2018). The production of GH is affected by hormones such as 
ghrelin, and some of GH effects are strongly mediated by liver-produced IGF-1 
(Kirsty J. Elliott-Sale et al. 2018). Studies on sedentary, eumenorrheic females 
reported elevated GH and reduced IGF-1 when EA was restricted from 45 to 20 or 
10kcal/day/kg(FFM)(Loucks et al. 1998; Loucks and Thuma 2003). Decreased 
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levels of IGF-1 and increased levels of GH have been observed in patients with 
anorexia nervosa (Misra et al. 2004, 2003; Counts et al. 1992; Estour et al. 2010), 
in male wrestlers going through diet restriction (Roemmich and Sinning 1997), 
cyclists participating in an ultra-endurance cycling event (Geesmann et al. 2017), 
and in amenorrhoeic athletes (Rickenlund et al. 2004). In another study, 
amenorrhoeic athletes had similar 24h mean GH levels but significantly increased 
GH pulse frequency and elevated inter-pulse concentrations compared to athletes 
with natural cycles (Laughlin and Yen 1996; Rickenlund et al. 2004). GH resistance 
in the liver has been suggested to explain the elevated GH and decreased IGF-1 
levels observed under LEA (Misra and Klibanski 2014). In a randomised crossover 
study on recreationally active females, sufficient intake of carbohydrates during 
periods of LEA was shown to attenuate the LEA-induced decline in IGF-1 (Nusser 
et al. 2026). 

2.1.3.5 Cardiovascular health 

It has been suggested that chronic LEA could disturb cholesterol metabolism, as 
well as hormonal and cardiovascular health in otherwise healthy athletes (Mountjoy 
et al. 2023). The hypothesis is that the insufficient EI in problematic LEA leads to 
the inhibition of the hypothalamic–pituitary–gonadal axis, which results in 
hormonal disturbances such as hypoestrogenism in females (Rickenlund et al. 
2005) and low testosterone in males (Hooper et al. 2017; Angelidi et al. 2024). 
Impaired cardiovascular health, particularly endothelial function, was already 
suggested to be included into the female athlete triad already in 2013 and a model 
of female athlete tetrad was proposed (Temme and Hoch 2013). 

Oestrogen has a particularly protective role in the cardiovascular system, which 
will be covered in more detail in section 2.2.8.1. The hypoestrogenism associated 
with problematic LEA could affect the cardiovascular health of young female 
athletes and predispose them to early pathologic changes in the cardiovascular 
system (Okoth et al. 2023). However, the findings are heterogeneous, with elevated 
LDL-C or TC among athletes at risk of LEA having been reported in some (Friday 
et al. 1993; Kaiserauer et al. 1989; Friedl et al. 2000; Tegg et al. 2024) but not all 
studies (Black et al. 2018; Jouhki et al. 2024; Ayres et al. 1998; Thompson et al. 
1997). When using LEAF-Q as an indicator for high and low risk of LEA in athletes, 
no differences were found in LDL-C or TC levels between the groups (Black et al. 
2018). 

Female athletes with amenorrhoea have been shown to have reduced flow-
mediated dilatation compared with naturally menstruating controls, reflecting 
compromised regulation of peripheric vasoconstriction (Rickenlund et al. 2005). 
However, these changes might be reversible since a study assessed endothelial and 
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vascular function in previously amenorrhoeic females and found no difference 
compared to constantly eumenorrheic participants.(Williford et al. 2025) 

Patients with anorexia nervosa have been reported to present with several 
cardiovascular complications ranging from mild and more frequent symptoms such 
as bradycardia and hypotension (Sachs et al. 2016) to more severe and rare 
conditions including decreased left ventricular mass and systolic function, mitral 
valve prolapse, pericardial effusions, myocardial fibrosis, sinus node dysfunction, 
atrioventricular (AV) conduction delay, QT interval prolongation and increased QT 
dispersion, acrocyanosis, dysregulation of peripheral vasoconstriction, and even 
increased risk of sudden cardiac death (Friars et al. 2023).  

2.1.3.6 Metabolome 

Table 3 reports three metabolome studies on LEA that have so far been conducted 
in trained or athlete populations. Two observational studies on female and male 
physique athletes going through voluntary weight-loss programme for a fitness 
competition compared the serum metabolome before weight-loss, after weight-loss 
and after weight regain (Jouhki et al. 2024; Sarin et al. 2019). Jouhki et al. (2024) 
reported that a ~5month weight loss (~78% reduction in android fat mass and 
~10.6kg reduction in body weight) led to a general shift towards a larger high-
density lipoprotein (HDL) particle profile, decreased levels of inflammatory 
glycoprotein acetylation (GlycA) levels, decreased levels of triglycerides (TG) as well 
as into changes in the amount and composition of very-low-density lipoprotein 
(VLDL) particles. In addition, concentrations of several fatty acids were altered, 
along with increased ketone bodies and decreased glucose, lactate and acetate. The 
metabolomic changes were mostly attributed to reductions in android fat and EI. 
No change in LDL particle number or mean diameter was observed. Lipoprotein TG 
content increased rapidly back to baseline and beyond after one week of increased 
EA even without changes in weight or fat mass. After a 5-month weight-regain 
period, only particle number and composition changes of extra-extra-large VLDLs 
remained lower and HDL particle number higher than before the diet. As a novel 
change after weight-regain, particle number and cholesterol concentration in small 
HDL was higher than at baseline. 

Similarly, Sarin et al. (2019) studied female physique athletes preparing for a 
fitness competition with a 21-week voluntary weight-loss programme. They 
reported that the weight loss (~73% reduction in visceral fat mass and ~8.1kg 
reduction in body weight) led to increased apolipoprotein A-1 (ApoA-1), HDL 
cholesterol and TG content, and a general shift towards a larger HDL profile, as well 
as a decrease in concentration of small HDL particles and TG content in VLDLs. 
Additionally, inflammatory markers high-sensitivity C-reactive protein (hs-CRP) 
and GlycA were reduced after weight loss. Similarly to what Jouhki et al. (2024) 
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reported, reduction in android fat mass was the best explanatory variable in the 
metabolomic changes. Interestingly and consistent with the anti-atherogenic 
alterations in the metabolome, aligning changes in enzymes, proteins, and 
expression of genes involved in the lipid and lipoprotein metabolism were also 
observed. However, after a 5-month weight-regain period, most of the metabolic 
and proteomic changes reversed back to baseline. Further, when comparing 
physique athletes at baseline to age- and BMI-matched female controls from the 
general population, physique athletes had more favourable lipid profiles and 
inflammation markers. Body composition explained differences in inflammatory 
markers but not in lipid profiles, suggesting other lifestyle factors affecting the lipid 
metabolism.  

A randomised controlled single-blind study on 13 trained individuals was 
conducted by Nusser et al. (2025) looking into metabolomic changes after a short 
3–5 day LEA with or without exercise. Short-term LEA of 15kcal/day/kg(FFM) led 
to weight-loss (-0.64 to -0.45) kg/day), increased ketone body production, 
decreased inflammation markers, TG, total fatty acids and VLDL particle number 
and size, and changed VLDL composition. They found that LEA led to similar 
metabolomic changes regardless of exercise. Beta-hydroxybutyrate was identified 
as the best individual metabolite for detecting short-term LEA independent of 
exercise. More specifically, the probability of LEA was ~100% with beta-
hydroxybutyrate >0.09 mmol·L−1.  
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2.1.4 Aetiology of LEA  

LEA can result from either intentional restriction of EI—for example, due to DE 
patterns or weight-loss goals—or unintentional behaviours, such as failing to meet 
increased energy needs with higher training volumes (Melin et al. 2019). Different 
aetiologies behind LEA are illustrated in Figures 3 and 4.  

 

Figure 3 Illustration of potential aetiologies behind low energy availability (LEA). Y-axis 
represents energy intake and the heights of the bars describe the total energy intake in 
each scenario. The dashed line indicates the energy required to sustain basic metabolism. 
Blue bars represent exercise energy expenditure (EEE) which reduces the energy 
availability (EA) for basic metabolism. The bar to the left illustrates a situation where the 
energy intake is reduced leading to insufficient EA after the EEE is subtracted from the 
total energy intake. The bar in the middle represents a balanced situation where energy 
intake is sufficient to sustain both the EEE and basic metabolism. The bar to the right 
describes a situation where the EEE is so large that despite the high energy intake, the 
EA is reduced. Figure was created in the illustration website BioRender 
https://BioRender.com.  

Large training volumes, abrupt increases in training load, lack of nutritional 
knowledge and lack of adequate hunger signalling can lead to LEA even without 
intentional food restriction or EDs (Angelidi et al. 2024; Caruso et al. 2023; Jagim 
et al. 2022; McCarthy et al. 2024). For example, in endurance sports, e.g., cross-

https://biorender.com/
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country skiing and triathlon, the daily energy expenditure can be so high that 
sufficient EI through regular food can be difficult (Wasserfurth et al. 2020). For 
adolescents, LEA is often unintentional because it can be difficult for children, 
adolescents and parents to understand the energy needs of a growing athlete 
(Armento et al. 2024). On the other hand, adolescents are more prone to restrictive 
eating behaviour than adults (Ward et al. 2019). 

Athletes competing in weight classes go through extreme periods of rapid weight 
loss before competitions which lead to periods of severe LEA (Fogelholm et al. 1993; 
Mauricio et al. 2022). The most common reasons for intentional food restriction 
are, however, body dissatisfaction and the desire to modify body composition 
(Mancine et al. 2020). Reports indicate that female athletes face a higher risk of ED 
and body dissatisfaction compared to their male counterparts (J. Sundgot-Borgen 
and Torstveit 2004). Recent research suggests that the gender differences may be 
smaller than traditionally thought, as male athletes also often exhibit symptoms of 
atypical EDs (Lichtenstein et al. 2022; Riebl et al. 2007; McDonald et al. 2020; 
Vardardottir et al. 2023; J. Sundgot-Borgen et al. 2013). 

EDs are more prevalent among athletes engaged in weight-sensitive sports (C. 
Murphy and Koehler 2020). In weight-sensitive disciplines, a lean physique is often 
considered beneficial, and managing nutrition might seem like an attractive way to 
enhance performance (J. Sundgot-Borgen et al. 2013). Unfortunately, this approach 
can negatively impact an athlete’s relationship with food and body image, 
potentially leading to DE behaviour or even a clinical ED (J. Sundgot-Borgen et al. 
2013). A recent meta-analysis of over 70,000 athletes world-wide concluded that 
the overall prevalence of self-reported ED was 19%, with a substantial heterogeneity 
between the studies (I2 = 97.4%)(Ghazzawi et al. 2024). Prevalence rates differed 
considerably depending on geographics and the sports represented. For example 
among endurance athletes, prevalence rates of DE behaviour vary widely, with 
reports ranging from 18 to 70% (Riebl et al. 2007; J. Sundgot-Borgen and Torstveit 
2004; Ravi et al. 2021; Moore et al. 2021; Viner et al. 2015; McCormack et al. 2019; 
Dervish et al. 2023; Karlsson et al. 2023; Fahrenholtz et al. 2022; Muia et al. 2016). 
No significant differences between elite athletes, trained athletes, and non-athletic 
control groups have been observed regarding DE behaviour (C. Sundgot-Borgen et 
al. 2025). 
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Figure 4 Different aetiologies behind low energy availability 

2.1.5 Epidemiology of LEA and REDs 

LEA is common in athletes and the prevalence of indicators of LEA among athletes 
has been estimated to range from 15 to 80%, depending on the study population, 
sex, and sport (Mountjoy et al. 2023). A recent meta-analysis reported that overall, 
45% of athletes were at increased risk of LEA, more specifically 44% of female and 
49% of male athletes (Gallant et al. 2024). However, the methods used to classify 
the risk of LEA and REDs vary significantly between studies, ranging from self-
reported questionnaires and calculated EA based on food and training logs, to the 
reporting of a single symptom of REDs (Gallant et al. 2024). Many of these methods 
are prone to error and are only validated in specific athletic populations 
(Jeukendrup et al. 2024). Therefore, there is a considerable risk of overestimation 
of the prevalence since the heterogeneity in the meta-analysis was also large 
(I2 = 91.38)(Gallant et al. 2024). However, similar risk prevalence rates have been 
obtained when using the golden standard REDs CAT 2 for assessing REDs risk. In 
a sample of more than 200 tier 3–5 athletes, the prevalence of REDs risk was 
reported to be 45% (more specifically 55% green, 36% yellow, 5% orange and 4% 
red, according to the REDs CAT 2)(Heikura et al. 2024). 

Endurance athletes are particularly susceptible to problematic LEA and REDs 
due to their high training volumes, increased risk of DE, and the weight-sensitive 
nature of their sports (Gallant et al. 2024). Specifically, it has been reported that 
18–80% of female endurance athletes (Melin et al. 2015; Kettunen et al. 2023; Muia 
et al. 2016; Fahrenholtz et al. 2022; Jesus et al. 2021; Karlsson et al. 2023; Dervish 
et al. 2023; Viner et al. 2015; McCormack et al. 2019) and 42–70% of male 
endurance athletes are considered at risk (Jesus et al. 2021; Viner et al. 2015; Lane 
et al. 2019; Moore et al. 2021; McCormack et al. 2019).  
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It is also important to remember that not only are professional athletes affected 
by REDs and LEA, but also recreational athletes and goal-oriented exercisers may 
also be at risk these conditions and their consequences on overall health (Karlsson 
et al. 2023; M. J. De Souza et al. 2010, 1998). 
 

2.2 Cholesterol 

2.2.1 Biological functions 

Cholesterol is a biomolecule with many essential functions in the human body. 
Chemically, cholesterol is a 27-carbon molecule belonging to the family of sterols 
and consists of a steroid and alcohol groups. Cholesterol is an amphipathic 
molecule with unique properties since it is composed of both hydrophobic and 
hydrophilic sections (Sonal Sekhar et al. 2020). The chemical structure of 
cholesterol in shown in Figure 5. 

 

Figure 5 Chemical structure of cholesterol. Figure was created in the illustration website 
BioRender https://BioRender.com. 

Cholesterol can be found in all cell membranes of the human body. Cholesterol 
increases the rigidity of the cell membrane and binds to the glycosphingolipids in 
the cell membrane making lipid rafts that are important in cell signalling (Sheng et 
al. 2012). Cholesterol also reduces the cell membrane’s fluidity and thereby 
prevents phase transitions and increases permeability for certain ions such as 
sodium and hydrogen (Sonal Sekhar et al. 2020). 

Oxidative cleavage of cholesterol side chains produces pregnenolone, which is 
the precursor of steroid hormones testosterone, progesterone, oestrogen, 
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glucocorticoids, and aldosterone (Guo et al. 2024). Cholesterol is also the precursor 
of vitamin D (Warren et al. 2021; Christakos et al. 2010). Cholesterol can be 
converted to bile salts (Hofmann and Hagey 2008), which together with cholesterol 
and phospholipids help emulsify lipids in the duodenum (Ikeda et al. 2017). 
Cholesterol is essential for the healthy functioning of the central nervous system, 
and many neurodegenerative diseases are characterised by disturbances in 
cholesterol turnover and balance (Sonal Sekhar et al. 2020; Guo et al. 2024). 
Interestingly, the brain is the most cholesterol-rich organ with a cholesterol 
metabolism distinct from rest of the body (Orth and Bellosta 2012). Finally, 
cholesterol is crucial in embryonic and foetal development and growth (Woollett 
and Shah 2000). 

2.2.2 Lipoproteins  

The major role of plasma lipoproteins is to transport water-insoluble lipids in the 
bloodstream to different tissues. Lipoproteins consist of a hydrophobic core of 
lipids (TG and cholesterol esters [CE]) and a hydrophilic membrane consisting of 
lipids (mainly phospholipids and free cholesterol) and apolipoproteins (Hevonoja 
et al. 2000; Feingold 2000). Chylomicron remnants, VLDLs, intermediate-density 
lipoproteins (IDL), LDLs, and lipoprotein-a (Lp(a)) are considered pro-atherogenic 
while HDLs are considered anti-atherogenic (Feingold 2000). Most lipoproteins 
originate from the liver except for chylomicrons, which are produced in the 
enterocytes (Feingold 2000). Lipoproteins differ in size, density, lipid composition, 
and apolipoprotein content, as shown in Table 4. These characteristics change 
dynamically through interaction with enzymes such as lipoprotein lipase (LPL), 
hepatic lipase (HL), lecithin–cholesterol acyltransferase (LCAT), and cholesteryl 
ester transfer protein (CETP), which will be covered in more detail in sections 
2.2.4–2.2.6 (Hevonoja et al. 2000). 

Table 4 Characteristics of major lipoproteins 

 density 
(g/ml) 

diameter 
(nm) 

TG (%) cholesterol 
(%) 

CE (%) PLs (%) Apolipo-
proteins 

chylo-
micron 

<0.95 80–1000 90–95 1 2–4 2–6 ApoA-I, A-II, 
A-IV, A-V, B-
48, C-II, C-III, 
E 

VLDL 0.95–
1.006 

30–80 50–65 4–7 8–14 12–16 ApoA-I, A-V, 
B-100, C-II, 
C-III, E 

IDL 1.006–
1.019 

25–30 25–40 7–11 20–35 16–24 ApoB-100, 
C-II, C-III, E 

LDL 1.019–
1.063 

20–25 4–6 6–15 34–35 22–26 ApoB-100 
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HDL 1.063–
1.210 

8–30 7 5 10–20 55 ApoA-I, A-II, 
A-IV, C-II, C-
III, E, M 

Lp(a) 1.006–
1.125 

25–30 4–8 6–9 35–46 17–24 apo(a), B-
100 

Apo = apolipoprotein; CE = cholesterol ester, HDL = high-density lipoprotein; IDL = intermediate-
density lipoprotein; LDL = low-density lipoprotein; Lp(a) = lipoprotein(a); PLs = phospholipids; TG 
= triglyceride; VLDL = very low-density lipoprotein. Major apolipoproteins are bolded. Modified 
from (Sonal Sekhar et al. 2020; Mach, Baigent, Catapano, Koskinas, Casula, et al. 2020) 

2.2.2.1 Chylomicrons 

Chylomicrons are produced in the enterocytes, and their main function is to 
transport dietary TG and cholesterol to peripheral tissues and the liver (Sonal 
Sekhar et al. 2020). Chylomicrons are enriched in TG and comprise of multiple 
apolipoproteins, the most important of which is ApoB-48. As the name suggests, 
ApoB-48 is 48% of the size of ApoB-100 due to intestinal mRNA editing, leading to 
cessation of protein translation and formation of a shorter ApoB (Feingold 2000). 
Since chylomicron production is induced by ingestion of TGs, in healthy individuals 
chylomicrons are absent in a fasted state (>12h)(Julve et al. 2016; Sonal Sekhar et 
al. 2020). A diet rich in fat leads to the production of larger chylomicrons to account 
for the greater need for transportation of the ingested TG, while diets low in fat 
leads to smaller chylomicrons (Sonal Sekhar et al. 2020; Julve et al. 2016). In the 
circulation, the TG content in chylomicrons is hydrolysed for use in peripheral 
tissues and the chylomicrons diminish in size. These smaller and cholesterol-
enriched chylomicron remnants are pro-atherogenic since they can migrate to 
arterial intima (Feingold 2000). 

2.2.2.2 VLDL 

VLDLs are rich in TG, and similar to chylomicrons. VLDLs are produced in the liver 
and they transport cholesterol from the liver to peripheral tissues (Guo et al. 2024). 
The main apolipoprotein of VLDL is ApoB-100. Like chylomicrons, the size of 
VLDLs can vary depending on the production rate of TG in the liver (Feingold 
2000). Larger VLDL particles have been associated with the development of 
atherosclerosis, insulin resistance, liver fat and diabetes, whereas smaller VLDL 
particles are observed in metabolically healthy individuals (Lee et al. 2022; Adiels 
et al. 2006). In obesity, a larger TG content in VLDL has been observed (Magkos et 
al. 2007). As insulin resistance increases the synthesis of TG in the liver, the 
production of VLDL is also up-regulated in a state of insulin resistance (Smith et al. 
2020). VLDLs and chylomicrons together form a group of TG-rich lipoproteins 
(TRL)(Chait et al. 2020). 
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2.2.2.3 IDL 

IDLs are the product of VLDL metabolism in circulation. As the TG content of 
VLDLs is hydrolysed and released to muscles and adipose tissue, the lipoprotein 
becomes more enriched with cholesterol and diminishes in size becoming IDL, also 
called VLDL remnant (Feingold 2000). IDLs can contribute to the development of 
atherosclerotic plaque and have been associated with an increased risk of ASCVD 
events (Narang and Al-Horani 2026). 

2.2.2.4 LDL 

With the continued hydrolysis of the TG content in IDLs, the lipoprotein further 
enriches in cholesterol becoming LDL. LDL carries most of the cholesterol in the 
bloodstream. The major apolipoprotein of LDL is ApoB-100, which is a key factor 
in binding to the LDL receptor (LDLR)(Sonal Sekhar et al. 2020). 

The causal link between LDL and ASCVD is well-established (Ference et al. 
2017). However, LDL particles form a heterogenous group of lipoproteins with a 
spectrum of different sizes and densities. The smaller, more dense LDL particles are 
considered more pro-atherogenic due to several of their properties; they have a 
lower affinity for the LDLR, resulting in prolonged circulation time; they are more 
suspectable to migrating to arteria intima to bind to intra-arterial proteoglycans; 
and they are more prone to oxidation, which can result in increased production of 
foam cells (Berneis and Krauss 2002; Feingold 2000). Therefore, measurement of 
small dense LDL could predict the risk of ASCVD even better than traditional LDL-
C measurement (Zubiran et al. 2025). In the healthy general population, LDL-C 
levels of ≥3mmol/l are considered abnormal and an independent risk factor for 
ASCVD (Mach, Baigent, Catapano, Koskinas, Casula, et al. 2020). 

2.2.2.5 Lp(a) 

Lp(a) is highly atherogenic with pro-inflammatory and pro-thrombotic properties 
and thus is a strong independent risk factor for ASCVD (Scipione et al. 2018) 
Lipoprotein a (Lp(a)) differs from LDL particles with an additional apo(a) 
connected to the ApoB-100 via a disulfide bridge (Maranhão et al. 2014). Unlike 
other lipoproteins that are impacted by diet and other lifestyle factors, the level of 
Lp(a) is mostly defined by genetics and a once-in-a-lifetime assessment is sufficient. 
At present, there are no pharmacological agents targeted specifically to Lp(a), but 
new pharmacological therapies are being widely investigated (De Los Reyes et al. 
2025). In the future, the possibilities of lowering Lp(a) can have a substantial 
impact on cardiovascular disease prevention on the population level (Greco et al. 
2025; De Los Reyes et al. 2025). Naturally, other cardiovascular risk factors in 
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individuals with high Lp(a) levels should be treated rigorously to minimise the total 
ASCVD risk (Greco et al. 2025). 

2.2.2.6 HDL 

HDL is the only anti-atherogenic group of lipoproteins. HDLs are responsible for 
reverse remnant transport and reverse cholesterol transport (RCT) from peripheral 
tissues back to the liver. Additionally, HDL particles have antioxidant, anti-
inflammatory, anti-thrombotic, and anti-apoptotic properties, which may further 
contribute to their role in preventing the development of atherosclerosis. The major 
apolipoprotein in HDL is ApoA-1 (Feingold 2000). High-density lipoprotein 
cholesterol (HDL-C) levels <1.0mmol/l for males and <1.2mmol/l for females have 
been associated with increased cardiovascular risk (Catapano et al. 2016). 

Even with the protective properties of HDL particles, higher levels are not 
necessarily better, and a U-shaped association between HDL-C and risk of ASCVD 
has been established. It has been shown that the risk of ASCVD plateaus at levels 
1.6–2.1mmol/l, with no additional benefit above this range and even adverse effects 
above levels of ~2.3mmol/l (Mach, Baigent, Catapano, Koskinas, Casula, et al. 
2020; Hussain and McNeil 2026). Recently, it has been proposed that not only the 
particle number but rather the size, composition and efflux capacity of HDL reflect 
the cardioprotective properties (Hussain and McNeil 2026). An inverse 
relationship between HDL size and cardiovascular disease has been established 
(Kontush 2015), and HDL size has been inversely associated with other 
cardiovascular risk factors such as BMI, waist:hip ratio and TG levels (Razavi et al. 
2012). The larger HDL size reflects the lipolytic activity of TG by LPL since the 
smaller HDL3 acquires TRLs’ surface material and increases in size, becoming 
larger HDL2 particles (Kontush 2020). The smaller HDL3s have been shown to 
have better cholesterol efflux capacity, which could explains their affinity to acquire 
remnant particles and become larger HDL2s (Wieczorek et al. 2021). 

2.2.3 Cholesterol measurements 

There are several methods to measure cholesterol levels in humans. The major 
categories are classical chemical methods based on the Abell–Kendall protocol, 
ultracentrifugation, fluorometric and colorimetric enzymatic assays and analytical 
instrumental approaches like gas and liquid chromatography or mass spectrometry 
(L.-H. Li et al. 2019; Nauck et al. 2002). The methods all require adequate sample 
preparation for analysis, including a saponification extraction step of total lipids 
and a multistage solvent extraction followed by purification and concentration. 
Traditionally, lipid measurements are recommended to be conducted in a fasted 
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state, but differences in fasting vs non-fasting lipid results seem small for most lipid 
parameters (Mach, Baigent, Catapano, Koskinas, Casula, et al. 2020). 

The classical modified Abell–Kendall protocol is one of the two reference 
measurement procedures for blood cholesterol quantification by the National 
Institute of Standards and Technology (USA)(Abel et al. 1952; L.-H. Li et al. 2019). 
This multi-step classical chemical method involving saponification of CEs by 
hydroxide, extraction with hexane, and colour development with acetic anhydride–
sulfuric acid (Abel et al. 1952) is no longer approved for routine tests due to the 
highly corrosive reagents used in the reaction (L.-H. Li et al. 2019). 

Ultracentrifugation is used to separate lipoproteins with different densities. The 
plasma sample is first processed with salts such as NaBr and KBr and then 
centrifuged at density 1.006kg/L for at least 18 h at 105,000g to float VLDLs and 
chylomicrons. These TG-rich particles are tube-sliced or aspirated with a syringe or 
a pipette. Additional steps can be taken to further separate LDL-C, or LDL-C 
content can be mathematically calculated after measuring HDL-C with heparin-
Mn2+. This ultracentrifugation process is time-consuming and labile due to salt 
concentrations and centrifugal forces. In addition, the reproducibility of this 
procedure is highly dependent on the skills of the laboratory technician (Nauck et 
al. 2002). 

Enzymatic assays for cholesterol measurements are currently widely used in 
automated analysers. First, CEs are esterified to free cholesterol using cholesterol 
esterase and then further oxidised to cholest-4-en-3-one by cholesterol oxidase. 
This reaction produces hydrogen peroxide which can be detected by colorimetric or 
fluorometric probes (Amundson and Zhou 1999; L.-H. Li et al. 2019). 

Gas and liquid chromatography and mass spectrometry are more reliable, 
sensitive and accurate methods for measuring cholesterol levels. In addition, 
smaller volumes are required for the analysis. However, these methods require a 
more extensive sample preparation before analysis (L.-H. Li et al. 2019). 

In addition to mass spectrometry, nuclear magnetic resonance (NMR) 
spectrometry not only detects clinical cholesterol levels but can be used for 
inspecting the whole serum metabolome including lipoproteins and their 
composition, lipids, fatty acid compositions, amino acids, and other low-molecular 
weight metabolites such as ketone bodies. NMR spectroscopy offers a robust, 
reproducible, unbiased, and quantitative method for metabolome profiling. NMR 
requires little sample preparation and reduced data processing. NMR is also 
suitable for measurements of large cohorts, multi-sites, longitudinal measures and 
clinical use (Letertre et al. 2021). 

In addition, LDL-C can be, and often is, calculated using other components of 
the lipid panel to reduce the cost and turnaround time of the analysis (Islam et al. 
2022). There are several calculation methods and the most commonly used formula 
is the Friedewald formula, which estimates LDL-C from measured TG, HDL-C and 
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TC: LDL-C = TC − HDL-C − (TG/2.2) (in mmol/L)(Islam et al. 2022). Even if the 
calculated LDL-C and measured LDL-C have a strong correlation on the population 
level, the Friedewald formula is prone to error at very low and high levels of TG and 
LDL-C, and this equation cannot be used if TG levels are >4.5mmol/l (Mach, 
Baigent, Catapano, Koskinas, Casula, et al. 2020). 

The European Society of Cardiology (ESC) guidelines advise measuring LDL-C 
and TC levels for assessment of cardiovascular risk in clinical settings. In patients 
with diabetes, very high levels of TG, or with very low LDL-C, measurements of 
ApoB-containing particles and non-HDL-C are recommended to better reflect the 
true cardiovascular risk (Mach, Baigent, Catapano, Koskinas, Casula, et al. 2020). 

2.2.4 Endogenous pathway 

The endogenous cholesterol pathway describes de novo cholesterol production. 
Cholesterol can be synthesised in sufficient amounts in the body to meet its 
physiological needs. Most cells are capable of synthesising cholesterol, but the main 
site of production are hepatocytes (Afonso et al. 2018). Endogenous production of 
cholesterol is approximately 600–900mg/day, with a ratio between endogenous 
and exogenous pathways of 7:3 (L. Zhang et al. 2024). 

Cholesterol is synthesised from acetyl coenzyme A (CoA) in a complicated and 
highly regulated process. The first step in the process is to form mevalonate from 
acetyl CoA by the 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase. 
This is the rate-limiting step where cholesterol-lowering drugs, statins, also act by 
downregulating the enzymatic activity and thereby inhibiting the de novo 
production of cholesterol. Mevalonate is then converted into squalene and further 
transformed into lanosterol. The biosynthesis is then divided into two pathways: 
the Bloch and Kandutsch–Russell pathways, which both eventually produce 
cholesterol (Guo et al. 2024). The produced cholesterol is then either used by the 
cell or packed into lipoproteins for transportation into other tissues.  

Cholesterol synthesis is a highly regulated process due to its energy-consuming 
nature (Guo et al. 2024). When intestinal cholesterol absorption is enhanced, 
cholesterol concentrations in the liver also increase. This leads to reduced 
cholesterol de novo synthesis, reduced absorption of cholesterol in the gut, 
increased hepatobiliary excretion of cholesterol into bile and reduced expression of 
LDLR on the cell membrane to prevent the accumulation of excess cholesterol in 
the cell (Sonal Sekhar et al. 2020; Antoni 2023). Proprotein convertase 
subtilisin/kexin type 9 (PCSK9) regulates the degradation of LDLR in the liver in 
response to the intracellular cholesterol concentrations and the inhibition of PCSK9 
has been shown to be effective in the reduction of LDL-C levels (Page, and Watts 
2016). 



 

 27 

Both diet-derived and de novo synthesised cholesterol are carried from the liver 
to other tissues in VLDLs. As the VLDL exits the liver, a similar exchange of proteins 
with HDL occurs as with chylomicrons; the VLDL receives ApoE and ApoC-II. 
ApoC-II binds to the LPL and hydrolysis of TGs yields glycerol and free fatty acids 
for muscle and adipose tissue. As the TG content of the VLDL diminishes, ApoC-II 
is donated back to HDL and a VLDL remnant or IDL is formed (Chait et al. 2020). 

The main protein components of IDL are ApoE and ApoB-100. ApoE can bind 
to LDLR and LRP in either the liver or in other tissues such as the adrenal cortex. 
In the adrenal cortex, cholesterol can be used for the synthesis of hormones 
aldosterone, cortisol or dehydroepiandrosterone (DHEA), or stored as CEs. IDL can 
undergo a lipolytic process in the sinusoidal surface of hepatocytes where the HL 
further hydrolyses the TG content (Feingold 2000). Due to the diminishing amount 
of TG content, the lipoprotein becomes progressively denser. Finally, the dense IDL 
donates ApoE back to HDL and becomes LDL. Approximately 25–75% of the 
formed IDLs are ultimately converted into LDLs (Chait et al. 2020), depending 
largely on the number of LDLR on the hepatocyte surface (Narang and Al-Horani 
2026). The circulating LDL can either be taken into peripheral tissues, such as 
gonads and adrenal cortex for hormone production, or back to the liver via LDLRs 
for storage, use, or secretion (Sonal Sekhar et al. 2020). 

2.2.5 Exogenous pathway 

The exogenous cholesterol pathway describes the ingestion, absorption and 
transport of dietary cholesterol. In contrast to fatty acids that are mostly delivered 
by dietary intake, most of intestinal cholesterol is derived from bile (800–1200mg) 
rather than from diet (200–500mg)(Feingold 2000). Sources of dietary cholesterol 
are of animal origin since a plant-based diet contains plant-sterols that are poorly 
absorbed in the gut (Mu and Høy 2004; Feingold 2000). The current 
recommendation for dietary cholesterol is <300mg/day (Carson et al. 2020). 

Ingested dietary lipids, including cholesterol, are absorbed into enterocytes in 
the duodenum with the help of bile and intestinal lipases (Okonkwo et al. 2026). In 
the enterocytes, the ingested hydrophobic lipids are coupled with a protein, ApoB-
48, to enable transportation in the circulation (Mu and Høy 2004). This newly 
formed phospholipid-surrounded chylomicron consists of TG (majority), 
cholesterol and CEs. The chylomicron is taken into the lymphatic lacteal that will 
run to the thoracic duct and lead the lymph to the bloodstream (Mu and Høy 2004).  

In the bloodstream, chylomicrons exchange proteins with HDL. A chylomicron 
receives ApoE and ApoC-II, the latter of which is crucial for activating the LPL on 
adipocytes and muscle cells for the hydrolysis of TGs into glycerol and free fatty 
acids. Free fatty acids are taken into muscle cells where they can be used for energy 
production. In adipocytes, free fatty acids are re-esterified with glycerol for energy 
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storage. After diminishing in TG content, the chylomicron returns ApoC-II back to 
HDL, which hinders further LPL-hydrolysis (Feingold 2000). Now, this so-called 
chylomicron remnant can bind to LDLR and LDLR-related protein (LRP) with 
ApoE and be taken into the liver (Mu and Høy 2004; Chait et al. 2020). 

In the liver, the content of chylomicrons is used for different purposes. The 
proteins are broken down into amino acids, and the TGs can be stored. The 
cholesterol can be used for bile salts, incorporated into cell membranes or repacked 
with TGs into a VLDL (Sonal Sekhar et al. 2020). 

2.2.6 Reverse cholesterol transport (RCT) 

Since most cells are incapable of catabolising cholesterol, RCT is required to 
eliminate excess cholesterol. HDL is the main player in the RCT, where cholesterol 
is transported from other tissues back to the liver. RCT, endogenous and exogenous 
pathways are illustrated in Figure 6.  

The main protein component of HDL, ApoA-1, is produced in the enterocytes 
and hepatocytes (Feingold 2000). Phospholipids and cholesterol from diminishing 
chylomicrons and VLDLs or from other cells by the ATP-binding cassette A1 
(ABCA1) are attached to the ApoA-1 and pre-b HDL is formed (Alcover et al. 2025). 
LCAT is a critical enzyme in converting cholesterol on the surface of HDL to CEs 
stored in the core, allowing for more cholesterol to be taken into the HDL (Feingold 
2000). 

High cholesterol levels in the cell increase transcription of ABCD1 and ABCG1 
receptors on the surface of cells, which enables the efflux of cholesterol from the cell 
into the HDL. As the pre-b HDL takes up cholesterol and increases in size, it first 
becomes HDL3 and then HDL2. This mature HDL2 can bind to the scavenger 
receptor class B type 1 (SR-B1) on other cells, by which cholesterol can be exchanged 
in a bidirectional way (Linton et al. 2000; Feingold 2000). The HDL molecule can 
take cholesterol back to the liver by SR-B1 (Feingold 2000). 

HDLs can also exchange cholesterol to TGs with VLDLs, IDLs, and LDLs via the 
CETP, by which cholesterol can be taken up in the liver via LDLRs (Linton et al. 
2000). Increased activation of CETP is associated with reduced levels of HDL 
(Sonal Sekhar et al. 2020) as well as production of small dense LDL particles 
(Narang and Al-Horani 2026; Vekic et al. 2022), and therefore might reflect 
increased ASCVD progression. 
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Figure 6 Overview of the cholesterol metabolism. The exogenous pathway starts in the duodenum 
where the absorbed lipids and cholesterol are packed into TG-rich chylomicrons. In the 
circulation, chylomicrons receive ApoE and ApoC-II from HDL. ApoC-II is crucial for the 
activation of LPL, which results in the hydrolysis of TG into FFA and glycerol for energy 
production in muscle cells or storage in adipocytes. As chylomicron loses its ApoC-II 
back to HDL, hydrolysis is hindered and this smaller and cholesterol enriched 
chylomicron remnant is taken into the liver via LDLR or LRP with ApoE. In the liver the 
cholesterol from chylomicron remnants or de novo synthesis can be used, excreted to bile 
or repacked into VLDLs where the endogenous pathway begins. Like chylomicrons, 
VLDLs receive ApoE and ApoC-II from HDL, and LPL hydrolyses the TG content in 
VLDLs making it smaller and more enriched in cholesterol. As this smaller VLDL loses 
ApoC-II to HDL, it becomes IDL, which can either be taken up into the liver or further 
hydrolysed by HL to become LDL. Now, this ApoB-100-containing LDL particle can 
transport the cholesterol into peripheral tissues or back to the liver. The reverse 
cholesterol pathway describes the transport of cholesterol from peripheral tissues back 
to the liver. ApoA-1 is formed and released from the liver (or intestine) and as PL and 
cholesterol attach to it, it becomes a nascent HDL. LCAT facilitates the esterification of 
surface cholesterol into the core, making room for more cholesterol to bind. PL and FC 
from diminishing chylomicrons and VLDLs are also attached to the HDL, and it becomes 
pre-b HDL. Now, this HDL molecule can bind to ABCA1 receptors in peripheral tissues 
and receive both PL and FC. The HDL grows and becomes HDL3 and can further bind to 
ABCD1 and ABCG1 to receive more cholesterol from peripheral tissues, becoming larger 
HDL2. HDL2 can either be taken back to the liver via SR-B1 or it can exchange cholesterol 
to TG with ApoB-containing lipoproteins, which take the cholesterol back to the liver via 
LDLR or LRP. ABCA1 = ATP-binding cassette A1, ABCD1 = ATP-binding cassette D1, 
ABCG1 = ATP-binding cassette G1, ApoA1 = apolipoprotein A-1, ApoB-48 = 
apolipoprotein B-48, ApoB-100 = apolipoprotein B-100, ApoC-II = apolipoprotein C-II, 
ApoE = apolipoprotein E, CETP = cholesterol ester transfer protein, FC = free 
cholesterol, FFA = free fatty acids, HDL = high-density lipoprotein, HL = hepatic lipase, 
IDL = intermediate-density lipoprotein, LCAT = lecithin-cholesterol acyltransferase, 
LDL = low-density lipoprotein, LDLR = LDL receptor, LPL = lipoprotein lipase, LRP = 
LDLR-related protein, PL = phospholipid, SR-B1 = scavenger receptor B1, VLDL = very-
low-density lipoprotein. Figure is modified from (Alcover et al. 2025) and created in the 
illustration website BioRender https://BioRender.com. 

2.2.7 Genetic pathways in cholesterol metabolism 

Several genetic variations in cholesterol metabolism have been identified to explain 
genetic variation in cholesterol levels and turnover (Wong et al. 2022; Willer et al. 
2013). Among most patients with dyslipidaemia, even with a pattern of inheritance, 
elevated cholesterol levels are not caused by one gene (monogenic) but rather a 
combination of different genes (polygenic) and lifestyle factors (Willer et al. 2013; 
Mach, Baigent, Catapano, Koskinas, Patel, et al. 2020). 

Even though most interindividual variation of cholesterol metabolism is 
multifactorial, several monogenic cholesterol diseases have been identified (Mach, 
Baigent, Catapano, Koskinas, Patel, et al. 2020). The most common heritable 
dyslipidaemia is familial hypercholesterolaemia (FH) that is predominantly caused 
by autosomal dominant variants of LDLR, APOB, or PCSK9 genes that interfere 
with normal LDL uptake (Leren and Bogsrud 2021). FH leads to elevated levels of 
LDL-C (4–12mmol/l in FH heterozygotes and >12mmol/l in FH homozygotes) and 
predisposes patients to premature ASCVD unless treated. The worldwide 
prevalence of heterozygotic FH has been estimated to be 1:300 in the general 
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population (Hu et al. 2020; Beheshti et al. 2020). Finland, however, has a very 
isolated population with 7 founder variants of the LDLR gene, accounting for up to 
90% of FH cases (Vuorio et al. 2001). The prevalence of FH in Finland is 1:600 
(Lahtinen et al. 2015) but the prevalence of LDLR mutations is up to 1:16 in patients 
with premature coronary artery disease (Jokiniitty et al. 2024).  

2.2.8 Hormonal regulation of cholesterol metabolism 

Since cholesterol is a vital molecule in the body with a highly regulated and complex 
metabolism, several endocrine axes affect it. In this section, I will describe the 
basics of the hormonal regulation of cholesterol metabolism, focusing on those 
hormones that are also stated to be affected in REDs.  

2.2.8.1 Sex hormones 

The incidence of coronary heart disease in females is delayed by 10 years compared 
to males, and the incidence of myocardial infarction and sudden death by 20 years 
(Hodis and Mack 2022). Substantial differences in lipid profiles exist between 
females and males, at least partly explaining the differences in risk and incidence of 
ASCVD between the sexes. Premenopausal females have higher HDL-C, and lower 
VLDL-C, LDL-C and TG than age-matched males (Magkos and Mittendorfer 2009; 
Cohn et al. 1988). However, the lipid profile drastically changes in menopause and 
postmenopausal females have been reported to have a more pro-atherogenic lipid 
profile than premenopausal females (Matthan et al. 2005). Oestrogen is thought to 
be at least partly responsible for these changes in lipid profiles and incidence of 
ASCVD between the sexes and throughout the female lifespan. 

In addition to menopause, changes in cholesterol levels may occur during a 
single menstrual cycle. LDL-C was reported to be highest during the follicular phase 
and lowest during the luteal phase (a change of 5%) and HDL-C highest at ovulation 
(a change of 2%)(Mumford et al. 2010). However, in a study, no changes in TG or 
ApoB-100 kinetics in VLDL during the menstrual cycle were observed (Magkos et 
al. 2006). Combined (oestrogen + progesterone) oral contraception (COC) users 
have been reported to have significantly greater increases in levels of TC, TG, VLDL-
C and HDL-C than non-hormonal-contraceptive users after a 3-year follow-up 
(Berenson et al. 2009; Dilshad et al. 2016). Progesterone-only injectable 
contraception seems to mainly affect HDL-C, but contradicting results have been 
observed (Berenson et al. 2009; Dilshad et al. 2016). In adolescents, oral 
contraception (OC) users with varying hormone combinations of oestrogen and 
progesterone had higher LDL-C, TC and TG levels than non-OC-users (Staudt et al. 
2024). 
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Oestrogen is a cholesterol-derived steroid hormone and considered the main 
female reproductive hormone. The main form of oestrogen is oestradiol (E2), which 
is produced in the ovaries of fertile women, although smaller amounts of E2 are also 
produced in other tissues (Iorga et al. 2017). Oestrogen has many protective 
properties in the cardiovascular systems since it modulates vascular function, the 
inflammatory response, metabolism, insulin sensitivity, cardiac myocyte and stem 
cell survival, and the development of hypertrophy (Iorga et al. 2017).  

Oestrogen protects the blood vessels from atherosclerotic lesion formation, and 
is associated with lower LDL-C and Lp(a) levels, and higher HDL-C and ApoA-1 
levels (Meyer et al. 2006; Robinson et al. 2021). In vitro studies on human 
hepatoma cells and in vivo studies in rats have shown that oestrogen increases 
LDLR expression in the liver, leading to lower levels of circulating LDL-C 
(Palmisano et al. 2017). Oestrogen can increase nitric oxide (NO) signalling in target 
tissues by increasing the level of endothelial NO synthase (eNOS) and increase the 
activity of eNOS via phosphorylation, leading to vasodilation and reduced 
inflammation (E. Murphy 2011; Meyer et al. 2006). Oestrogen is important for 
maintaining and repairing the endothelium, and can lead to more favourable 
remodelling of the myocardium to reduce hypertrophy of the cardiac muscle (E. 
Murphy 2011). Finally, oestrogen contributes to fat accumulation in subcutaneous 
rather than visceral regions, contributing to enhanced TG metabolism and reduced 
risk of ASCVD (Canoy et al. 2007; Fried et al. 2015; Palmisano et al. 2018). 

Oestrogen mediates the aforementioned effects on the cardiovascular system 
and other organs by activation of oestrogen receptors (ERa and ERb), which can 
alter gene transcription in the nucleus or acutely activate kinase signalling in the 
cytosol (E. Murphy 2011). Oestrogen can also act via G-protein-coupled ER 
(GPER/GPR30)(Iorga et al. 2017). The liver is likely the main site of cholesterol 
metabolism to be impacted by oestrogen (Palmisano et al. 2018). Over 1000 human 
liver genes have been identified to display significant sex differences, with the most 
impacted pathways being lipid metabolism and genes related to ASCVD (Yijing 
Zhang et al. 2011). Oestrogen promotes the uptake capacity of cholesterol into the 
liver and promotes cholesterol secretion into bile via ERa in mice (Palmisano et al. 
2017; H. H. Wang et al. 2004). It has also been suggested that oestrogen plays a key 
role in the efflux capacity of HDL in RCT, but studies on humans have not found 
consistent evidence to support this (Palmisano et al. 2018). Men also express these 
positive effects of oestrogen in their cardiovascular health when aromatase cleaves 
testosterone into oestrogen (Meyer et al. 2006). 

Another female sex hormone is progesterone (P4), which is crucial for gestation 
and is also the precursor of all other endogenous steroid hormones (Jeong et al. 
2024). In menopause hormone therapy (MHT) or contraceptive use, progesterone 
alone reduces TG levels and in combination with oestrogen counteracts oestrogen’s 
rising effect on TG levels (Magkos and Mittendorfer 2009). In rats, progesterone 
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increases hepatic lipid content and lipid levels, primarily to ensure sufficient 
cholesterol supply to the foetus for development and growth (Jeong et al. 2024).   

Testosterone is the major male sex hormone, dictating male sexual and 
physiological development and maintaining sexual function through life after 
puberty. Testosterone is also a cholesterol-derived steroid hormone that can alter 
cell metabolism through effects on gene transcription via the androgen receptor 
(AR) or through non-genomic signalling mechanisms similar to those of oestrogen 
(Palmisano et al. 2018). Although the mechanism is still unclear, AR signalling 
appears to influence insulin sensitivity, glucose metabolism, obesity and muscle 
mass, contributing to a favourable lipid profile and good cardiovascular health 
(Palmisano et al. 2018; Kelly and Jones 2013). In rats, the absence of testosterone 
upregulates PCSK9 in hepatocytes, which leads to the degradation of LDLR, 
resulting in an increase in LDL particles in the circulation (Yuefeng et al. 2022). 
However, in young cis-men and trans-men, testosterone has been associated with 
an increase in typically atherogenic VLDL subsets and the ApoB:ApoA1 ratio 
(Robinson et al. 2021). In females, hyperandrogenism (e.g., in PMOS) is associated 
with dyslipidaemia (Teede et al. 2026).  

2.2.8.2 Thyroid hormones 

Thyroid hormones (T4 and T3) play a key role in cholesterol metabolism, leading 
to decreased levels of ApoB-containing lipoproteins. Thyroid hormones affect the 
hepatic synthesis of cholesterol, decrease the expression of ApoB-100 and increase 
the expression of ApoA-1, decrease the export of cholesterol in VLDLs, increase RCT 
from peripheral tissues, increase reuptake into the liver via LDLR and LRP, and 
increase excretion into the intestine as bile acids (D. Zhang et al. 2022; Ness 1991). 

2.2.8.3 Hormones related to energy metabolism 

Insulin is produced in the fed state characterised by high levels of sugar and acetyl 
CoA. Insulin promotes cholesterol synthesis by e.g., increasing the activity of HMG-
CoA-reductase (D. Zhang et al. 2022). Insulin also increases the activity of LPL, 
leading to the enhanced hydrolysis of TG in TRLs (Feingold 2000). Glucagon, on 
the other hand, is produced during fasting, when there is deprivation of sugar and 
acetyl CoA. As opposed to insulin, glucagon, similarly to cortisol, inhibits the 
activity of HMG-CoA-reductase, leading to a decreased rate of cholesterol 
production. Glucagon also reduces de novo fatty acid synthesis and thereby reduces 
VLDL release. Glucagon reduces a critical enzyme (acetyl CoA carboxylase) in the 
malonyl-CoA synthesis, which enhances free fatty acids release into the 
mitochondria for the beta-oxidation rather than into the blood in VLDLs (D. Zhang 
et al. 2022). 
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Leptin has been shown to increase LPL activity, and upregulate SR-B1 in mice 
(Lundåsen et al. 2003; Koh et al. 2008). An inverse relationship between leptin 
levels and HDL/ApoA-1 levels has been identified (Rainwater et al. 1997). In 
addition, leptin can increase the accumulation of CE in foam cells under 
hyperglycaemia, but under normoglycaemia, leptin can protect macrophages from 
excess cholesterol (Koh et al. 2008). However, it seems that leptin mostly influences 
the cholesterol levels by regulating food intake (Prieur et al. 2008). 

GH stimulates hepatic LDLR and thereby reduces the circulating LDL-C (Lind 
et al. 2004). In aging individuals with decreasing GH levels, clearance of LDL-C is 
reduced and plasma levels of LDL-C are increased.(Lind et al. 2004) In patients 
with anorexia nervosa, elevated levels of GH have been suggested to have IGF-1-
independent effects on lipolysis, leading to increased levels of LDL-C (Schorr and 
Miller 2017; Misra et al. 2006). 

2.2.9 Cholesterol and pathophysiology of ASCVD 

Although cholesterol is essential for human physiology, pathological accumulation 
of cholesterol in blood vessel walls is the leading cause of ASCVD. Atherosclerosis 
is characterised by the accumulation of lipids, fibrous elements, inflammatory cells, 
and calcification in the intima of arteries, a complex process influenced by blood 
flow, endothelial dysfunction, circulating levels of LDL, and inflammation (Jebari-
Benslaiman et al. 2022). LDL can migrate into the subendothelial space of the 
arteries when LDL is circulating in the blood stream in excess and the endothelium 
of arteries is malfunctioning (Mundi et al. 2018). Prolonged circulation time, as well 
as small-dense size, increases the risk of endothelial migration (Zubiran et al. 
2025). The accumulation of LDL in the intima increases the production of modified 
LDL through the oxidation process under the influence of reactive oxygen species 
which yields oxidised LDL (oxLDL). The oxidation process and accumulation of 
these modified LDL particles cause an inflammatory process in the subendothelial 
space that attracts monocytes that phagocytose oxLDL particles and turn into 
macrophages. As oxLDLs accumulate in the macrophage, the cell turns into a foam 
cell (Hermida and Balligand 2014). Foam cells can lead to smooth muscle cell 
migration and eventually to the formation of an atherosclerotic plaque (Linton et 
al. 2000). 
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2.3 Interplay between LEA and cholesterol metabolism 

2.3.1 Hormonal disturbances and cholesterol metabolism 

As described in the earlier sections, several hormonal axes can be influenced by 
problematic LEA and many of these hormones also influence cholesterol 
metabolism. Since disturbances in different hormonal systems could explain the 
altered lipid profiles, in this section, I will explain the current knowledge on the 
topic.  

Menopause is characterised by a dramatic change in the hormonal milieu, 
leading to e.g., low levels of oestrogen, possibly contributing to changes in the 
serum lipid profile. Postmenopausal women have been reported to have higher 
levels of LDL-C, TC, TRL-C and TGs than premenopausal women (Matthews et al. 
2009; Karvinen et al. 2019; Matthan et al. 2005; Hyvärinen et al. 2022) which was 
reported to be due to lower catabolic rates of ApoB-100- and ApoB-48-containing 
particles with no change in rate of production (Matthan et al. 2005). The role of the 
anti-atherogenic HDL-C during menopause is more controversial. Reports have 
suggested a decline (Jensen et al. 1990; Do et al. 2000), increase (El Khoudary, 
Chen, et al. 2021; Karvinen et al. 2019; Hyvärinen et al. 2022) and no change 
(Matthan et al. 2005; Matthews et al. 2009) in HDL-C, and the anti-atherogenic 
properties of HDL are also reported to be reduced (El Khoudary, Chen, et al. 2021). 
Studies on the serum metabolome in menopausal women have similarly reported 
pro-atherogenic changes in the lipoproteins and other metabolites (Q. Wang et al. 
2018; Karppinen et al. 2022; Auro et al. 2014). Overall, 3–11% of the changes seen 
in the menopause-associated metabolites were explained by hormonal changes 
alone (Karppinen et al. 2022). 

The timing of menopause has been suggested to influence the risk of ASCVD, 
but a bidirectional association between menopause and ASCVD has also been 
proposed. The Framingham Heart Study showed that higher TC and other 
cardiovascular risk factors before menopause were associated with earlier 
menopause (Kok et al. 2006). To support this, a pooled analysis of over 170,000 
women from 9 studies showed that a first event of cardiovascular disease before the 
age of 35 years was associated with a doubling of the risk of an early menopause, 
whereas a first event occurring after the age of 35 was associated with a normal 
menopause at the age of 51 years (Zhu et al. 2019). It is thus possible that worse 
cardiovascular health before menopause could influence the onset of natural 
menopause.  

The use of MHT seems like an attractive way to promote the cardiovascular 
health of postmenopausal women and has been a field of increasing interest in the 
past decades. Interestingly, contradicting findings have been observed in both lipid 
parameters and risk of future ASCVD. MHT constituting only oestrogen, has been 
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shown to lower LDL-C and elevate HDL-C levels, supporting the hormonal effect of 
lipid alteration during menopause instead of changes in body composition 
(Godsland 2001). However, the mode of administration plays a key role on the 
effects on lipids (Nie et al. 2022; Cho et al. 2023), and women with dyslipidaemia 
are advised to use transdermal MHT (Cho et al. 2023). Oral oestradiol alone has 
been shown to increase VLDL-TG levels compared to no effect with transdermal 
oestradiol (Walsh et al. 1991), and combining progesterone with MHT blunts this 
effect of increased TG levels (Magkos and Mittendorfer 2009). In addition to the 
mode of administration and combination of hormones, the timing of the MHT 
seems crucial since initiating MHT early after menopause seems to decrease the 
risk of ASCVD, whereas late onset of MHT has been shown to increase the risk 
(Manson et al. 2003; Hodis et al. 2016). 

FHA is characterised by low levels of oestrogen, FSH, and LH (Roberts et al. 
2020). A recent meta-analysis of 18 observational studies concluded that physically 
active females with secondary amenorrhoea had higher LDL-C, TC, HDL-C and TG 
compared to eumenorrheic females (Tegg et al. 2024). However, due to the nature 
of the studies, the certainty of the evidence was rated as very low. Similarly to the 
changes observed in menopause, higher levels of LDL-C and total TC have been 
reported among amenorrhoeic athletes compared to eumenorrheic athletes 
(Rickenlund et al. 2005). However, higher levels of HDL-C have also been observed 
among amenorrhoeic athletes compared to eumenorrheic athletes (O’Donnell and 
De Souza 2004), as well as in female endurance athletes compared to sedentary 
women regardless of the menstrual status (Kyte et al. 2022). In the Nurses’ Health 
Study, a retrospective cohort study on over 700,000 women, premenopausal 
menstrual dysfunction was associated with a higher risk for future cardiovascular 
disease (Okoth et al. 2023). Additionally, the Women Ischemia Syndrome 
Evaluation (WISE) study showed that premenopausal women with 
hypoestrogenism of hypothalamic origin had an increased risk of coronary artery 
disease assessed by angiography (Bairey Merz et al. 2003). In young women, 
bilateral oophorectomy (removal of both ovaries) resulted in hypoestrogenism, 
increased levels of TC and LDL-C but no change in HDL-C (Suda et al. 1998), and 
increased the risk of several diseases, including coronary artery disease (Parker et 
al. 2009).  

Hypoandrogenaemia (i.e. low levels of testosterone) in males is associated with 
low levels of HDL-C and elevated levels of LDL-C and TG (Wu and von Eckardstein 
2003). However, the other extreme of the spectrum can also have deleterious effects 
on the lipid profile as the use of anabolic steroids (i.e. synthetic derivates of 
testosterone, often in doses several orders of magnitude higher than approved 
testosterone therapy prescribed in clinical settings) has been associated with low 
levels of HDL-C and elevated levels of LDL-C, as well as severe events of cardiac 
disease (Glazer 1991; Sullivan et al. 1998). 
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Several studies have shown decreased levels of T3 in LEA. In clinical thyroid 
disease, changes in cholesterol levels are also observed. In hypothyroidism, where 
both thyroid hormones T3 and T4 are clinically low (i.e., below the reference range), 
increased levels of LDL-C are observed, whereas in hyperthyroidism, with usually 
substantially elevated T3 and T4, decreased levels of LDL-C are seen (Duntas 
2002). Hypothyroidism is associated with an increased risk of ASCVD (J. Li et al. 
2024). Additionally, subclinical hypothyroidism, with normal levels of thyroid 
hormones and elevated levels of TSH, has been associated with elevated LDL-C and 
TC levels, with more pronounced effects with higher TSH (Ineck and Ng 2003). 
Overall, a positive relationship was found between LDL-C and TSH and a negative 
between LDL-C and thyroid hormones (Ineck and Ng 2003). 

2.3.2 Disordered eating and cholesterol metabolism 

Restrictive EDs, such as anorexia nervosa, are an extreme form of problematic LEA 
and even a form of starvation. As stated earlier, ED or DE can be an underlying 
cause for LEA.  

ED and DE have been earlier associated with disturbances in cholesterol 
metabolism. Elevated non-HDL-C, HDL-C, and TC levels have been reported in 
adolescent girls suffering from amenorrhoea due to DE and weight loss (Swenne 
2016). Additionally, EDs in the general population have been associated with higher 
LDL-C and TC levels (Tam et al. 2021; Hussain et al. 2019; Sachs et al. 2016). More 
specifically, a meta-analysis concluded that patients with anorexia nervosa have 
higher HDL-C, VLDL, LDL-C, TC, and TG compared to healthy controls, though 
most lipids were within the reference range (Hussain et al. 2019). In genome-wide 
association studies, a significant positive association was established between 
anorexia nervosa and total HDL-C, as well as the concentration of large HDL 
particles and their components (Duncan et al. 2017; Watson et al. 2019). A meta-
analysis looking at the effect of refeeding treatment revealed no change in LDL-C 
or TC, but an increase in VLDL-C and a decrease in HDL-C after a weight-
restoration treatment of ~86 days in duration and median BMI change from 14.85 
to 19.07 kg/m2 (Hussain et al. 2023). 

Exact mechanisms behind lipid metabolism and anorexia nervosa have not been 
established. An increased intake of cholesterol or plant sterols from the diet seems 
improbable due to the low-fat nature of diets often followed in the disease (Allen et 
al. 2013). Several hormonal axes are affected by anorexia nervosa, as described 
earlier in LEA. Elevated GH, cortisol and glucagon, decreased oestrogen, insulin, 
IGF-1 and T3 have been reported, along with low glucose (Hussain et al. 2023). 
Additionally, CETP activity has been reported to be higher in patients with anorexia 
nervosa than in healthy controls, suggesting an accelerated cholesterol metabolism 
(Ohwada et al. 2006). 
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Patients with anorexia nervosa have one of the highest overall mortality and 
suicide rates among mental disorders (Chesney et al. 2014; Papadopoulos et al. 
2009), and the incidence of major adverse cardiovascular events is significantly 
higher in patients with anorexia nervosa than the general population (Tseng et al. 
2024). However, the long-term risk of some metabolic diseases (diabetes mellitus 
type 2, obesity) seems reduced in these patients compared to the normal population 
(Ji et al. 2016; Hudson et al. 2020). Additionally, due to the overall cardiovascular 
risk profile of anorexia nervosa patients, pharmacological treatment of 
dyslipidaemia is primarily not recommended and the treatment of the underlying 
cause should remain the focus (Hussain et al. 2019). To the best of my knowledge, 
the long-term risk of ASCVD has not been studied in recovered patients with 
anorexia nervosa.  

2.3.3 Metabolic adaptations to LEA 

When the EI does not supply enough energy for all essential physiological functions, 
metabolic adaptations occur. Physiological functions are preserved in a hierarchical 
order to guard the most vital functions. Evolutionarily, it has been essential to adapt 
to periods of low energy supply and prioritise locomotion, cell survival and 
thermogenesis (Rion and Kawecki 2007). 

Long-lasting LEA and weight loss have been reported to be associated with a 
more pronounced reduction in resting metabolomic rate (RMR) than what would 
be predicted by the loss of lean mass. This is a phenomenon called adaptive 
thermogenesis, where several metabolic adaptations have been hypothesised to 
contribute to a reduced REE, including T3, leptin, ghrelin, and fat mass. 
Additionally, reduced inflammation has been observed during adaptive 
thermogenesis. Adaptive thermogenesis is often defined as the difference between 
expected and measured REE and has been observed in both obese and non-obese 
individuals (Müller et al. 2021; Martin et al. 2022; Heinitz et al. 2020) as well as 
highly trained physique athletes after weight loss and reduction in body fat 
percentage (Isola et al. 2023).  The state seems to be reversible, but has also been 
associated with a higher risk of fat mass gain and redistribution of the gained fat 
mass (Dulloo 2025). RMR has been reported to be decreased in females with FHA 
or reduced EA (Mary Jane De Souza et al. 2007; Melin et al. 2015; Myerson et al. 
1991) and in endurance males with low EI (Most et al. 2018; Lefevre et al. 2009).  

Interestingly, a study conducted on sedentary females found that similar 
metabolic adaptations occurred with psychogenic FHA (not weight-loss- or 
exercise-induced) as in the LEA state. Females with psychogenic FHA had an 
altered GH pulse frequency and amplitude (with similar mean 24h GH levels), 
lower insulin and glucose response during eating, lower levels of LH and higher 
levels of cortisol and IGF-1, but similar levels of leptin (Laughlin et al. 1998). They 
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also found that females with psychogenic FHA had lower fat intake but similar total 
EI and BMI, and lower body fat percentage and higher lean body mass than healthy 
controls. However, these females also scored higher on questionnaires on EDs and 
depression, which may reflect that they might also have had underlying LEA 
predisposing to FHA.  

Caloric restriction has also been associated with better cardiovascular health and 
reduced risk of ASCVD in non-obese healthy adults (Most et al. 2018; Lefevre et al. 
2009; Magkos 2022). Caloric restriction has also been suggested to slow down and 
to some extent reverse age-related metabolomic changes (Green et al. 2022; 
Flanagan et al. 2020). Therefore, it seems that reduced EI can have beneficial or 
detrimental consequences on health, depending on how it is achieved.  

2.4 Summary and open questions 
Sport and exercise are beneficial for overall and cardiovascular health, but 
inadequate EI and problematic LEA may blunt and even reverse some of the 
positive outcomes. LEA and REDs have gained more attention in sports medicine 
research and clinics over the past decades, but many causal links are yet to be 
established. Given the methodological challenges in identifying and quantifying 
athletes with REDs or LEA, as well the ethical considerations in long-term exposure 
to LEA in randomised controlled trials, the research field is up against a real 
challenge.  

Elevated LDL-C and TC are listed among potential symptoms of REDs based on 
studies conducted among female athletes with menstrual disturbances, patients 
with anorexia nervosa, male individuals going through army training and case 
studies of extreme weight loss in combat sports. However, not all studies have 
reported the same results. In addition, a few metabolomic studies have been 
conducted in physique athletes and active individuals where beneficial yet transient 
changes in the metabolome and lipid levels have been observed after short- to 
intermediate-term LEA. The conducted metabolomics studies have not identified 
changes in LDL-C and TC due to LEA. 

The studies on cholesterol metabolism and LEA are still rare among athletes and 
more research is needed. Given the inconsistency in findings regarding REDs and 
cholesterol metabolism in athletes several questions remain to be answered. Also, 
even if patients with EDs have been shown to present with several changes in their 
lipidome, the impact of DE behaviour on particularly athletes’ cholesterol 
metabolism has not yet been studied.  

Cardiovascular diseases place a significant burden on our healthcare system, 
making primary prevention essential. It is also important to remember that not only 
professional athletes are affected by REDs and LEA, but recreational athletes and 
goal-oriented exercisers may also suffer from these conditions and their 
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consequences on overall health (Karlsson et al. 2023). Understanding the interplay 
between LEA and cholesterol is therefore of great importance for promoting 
cardiovascular health in athletes and in the general population. 
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3 Aims 

My aim was to study the symptoms and risk of REDs, DE behaviour and cholesterol 
metabolism in Finnish athletes. I aimed to examine the associations between these 
factors, as well as potential sex- or sport-specific differences. More specifically, my 
aim was to answer the following questions: 

I. Is there an association between symptoms of LEA or DE and cholesterol 
levels in Finnish female athletes? Are these results different when only 
examining athletes representing weight-sensitive sports? 

II. Is there an association between REDs risk and cholesterol levels in 
Finnish endurance athletes? Do REDs risk or cholesterol levels vary over 
the course of an athletic year, and is there an association between the 
changes in the studied parameters? 

III. Is there an association between REDs risk and the serum metabolome 
and what is the role of body fat percentage in this context? More 
specifically, can we identify metabolomic pathways that are more likely 
to be associated with REDs risk? 
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4 Methods 

4.1 Study samples 

4.1.1 Monitoring Illness and Injury in Athletes cohort (MIIA) 
(Study I) 

Monitoring Illness and Injury in Athletes (MIIA) was a cross-sectional study 
examining the health of 167 Finnish female athletes. The study was conducted at 
the University of Jyväskylä. Participants were aged 16–35 years at the time of the 
data collection in 2019–2022 and represented ball sports, gymnastics, endurance 
sports, and track and field at national (tier 3) to world class (tier 5) levels (according 
to the Participant Classification Framework ranging from tier 0 [sedentary] to tier 
5 [world class](McKay et al. 2021)). Acute injuries or previous severe medical 
conditions at baseline were criteria for exclusion. The participants were recruited 
from sport clubs, national federations and national teams. 

4.1.2 Athletic Performance and Nutrition cohort (NoRED-S) 
(Studies I–III) 

The Athletic Performance and Nutrition cohort (NoRED-S) was a 3-year follow-up 
study conducted at the University of Jyväskylä. The participants were examined at 
the beginning (T1) and end (T2) of their training season. At T1, the athletes had 
recently finished their off-season and were at the beginning of their general training 
phase. T2 took place at the end of their specific training phase before the start of 
the competition season. A total of 376 Finnish national (tier 3) to world class (tier 
5) level female and male athletes (McKay et al. 2021), aged 16–35 years and without 
acute injuries or previous severe medical conditions at baseline, were included in 
the study, and were followed up from 2021 to 2024. The participants were recruited 
from clubs and national federations. The selection of study participants in each 
study is described in Figure 7.
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4.1.3 Ethics declaration 

Both the MIIA and NoRED-S studies followed the Declaration of Helsinki and were 
approved by the Ethics Committee of the Central Finland Health Care District 
(MIIA 5U/2019) and the Ethics Committee of the University of Jyväskylä (NoRED-
S 514/13.00.04.00/2021). Participants provided written informed consent before 
enrolment in the study. All data were pseudonymised before analysis. 

4.2 Measures 

4.2.1 Questionnaires 

4.2.1.1 Eating Disorder Examination Questionnaire Short (EDE-QS) (Studies 
I–III) 

In both the MIIA and NoRED-S studies, athletes’ eating disorder symptoms were 
assessed using the Eating Disorder Examination Questionnaire Short version 
(EDE-QS). The EDE-QS is a 12-item version of the original 28-item Eating Disorder 
Examination Questionnaire (EDE-Q)(Fairburn and Beglin 1994), assessing the 
severity, frequency, and range of ED symptoms during the past 7 days on a 4-point 
scale (Prnjak et al. 2020). This yields total scores ranging from 0 to 36, with higher 
scores indicating more unhealthy attitudes towards eating and body image. The	
EDE-Q has previously been validated on an athlete population of female long-
distance runners (Lichtenstein et al. 2022). The EDE-QS has demonstrated high 
internal consistency (Cronbach’s alpha=0.91) and convergent validity with the 
EDE-Q, both among those with (r=0.91) and without (r=0.82) an ED. High EDE-
QS scores are a potential major risk factor for problematic LEA (Sim and Burns 
2021; Wagner et al. 2016). I used the score of 15 as a cut-off to screen for individuals 
at risk for a clinical ED, as previously recommended (Prnjak et al. 2020). 

4.2.1.2 Low Energy Availability in Female athletes Questionnaire (LEAF-Q) 
(Study I) 

The Low Energy Availability in Female athletes Questionnaire (LEAF-Q) was used 
to assess physiological symptoms of LEA in female athletes in both MIIA and 
NoRED-S studies. The LEAF-Q is a screening tool to identify individuals potentially 
at risk for problematic LEA, comprising 25 questions about menstrual function, 
history of injuries, and gastrointestinal symptoms, with a total score ranging from 
0 to 25 (Melin et al. 2014; Sim and Burns 2021). The questionnaire has been 
validated in athletes representing endurance sports; a score ³8 indicates high risk 
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for LEA in female athletes, with a sensitivity of 78% and specificity of 90% (Melin 
et al. 2014). I excluded athletes that used any form of hormonal contraception from 
the LEAF-Q analysis because their menstrual function, which is a major component 
of the questionnaire, could not be interpreted.  

4.2.2 REDs Clinical Assessment Tool version 2 (REDs CAT 2) 
(Studies II & III) 

I used the REDs Clinical Assessment Tool version 2 (REDs CAT 2(Stellingwerff et 
al. 2023)) to identify athletes at risk of REDs. In Study II, athletes were initially 
categorised by the REDs CAT 2 into a traffic light system from green to yellow, 
orange, or red depending on the severity of the risk as presented in Tables 5 and 6. 
Since there was a low number of individuals categorised as orange or red, I analysed 
the athletes in two groups: low REDs risk, which included the athletes categorised 
as green, and medium-to-high REDs risk, which included athletes categorised as 
yellow, orange, or red. In Study III, I chose to analyse the risk of REDs as a 
continuous variable where the different REDs indicators yielded a total score of risk 
points (range of possible scores 0–6.5 for females and 0–6 for males), because this 
better reflects the continuum of risk and facilitates data analysis. 

Due to the enrolment of our study prior to the publication of the REDs CAT 2, 
the indicators of the REDs risk in this study had some differences with the 
published tool (Stellingwerff et al. 2023). Information about the duration of 
amenorrhea was not collected and therefore, all forms of amenorrhoea were 
categorised as severe primary indicators, which in the published tool included any 
primary amenorrhoea and secondary amenorrhoea lasting for at least 12 months. I 
also lacked the data to assess anxiety and depression. I had a more concise version 
of the EDE-Q, the EDE-QS, for the measure of DE behaviour. Since all our studied 
participants were ≥18 years old, I excluded the criteria for adolescents and children. 
Finally, I excluded cholesterol levels from the risk assessment since my aim was to 
investigate the association between REDs risk and cholesterol levels. 

Table 5 Primary and secondary indicators of REDs used in Studies II and III 

Severe primary indicators = 2 
points 

-amenorrhoea (absence of menstrual cycle for >3 months) 
for females 
-clinically low total testosterone (<10nmol/l) for males 

Primary indicators = 1 point -sub-clinically low free or total testosterone (10–17nmol/l) 
for males 
-sub-clinically or clinically low total triiodothyronine (T3) 
(≤4.25pmol/l) 
-history of ≥1 high-risk (femoral neck, total hip, sacrum, 
pelvis) or ≥2 low-risk (all other locations) bone stress 
injuries (BSI) within the previous year 



 

 46 

-bone mineral density (BMD) Z-score <-1 at the lumbar 
spine (L1–L4) or femoral neck 
-Eating Disorder Examination Questionnaire Short (EDE-
QS) score ≥15 

Secondary indicators = 0.5 point -oligomenorrhoea (>35 days between periods for a 
maximum of 8 periods/year) for females 
-history of 1 low-risk BSI 

Indicators and reference levels are the same for female and male participants unless otherwise 
indicated. Points were used to calculate the total REDs risk score in Study III. 

Table 6 Risk assessment of REDs used in Study II 

red/severe risk  3 primary & ≥2 secondary,  
or ≥4 primary indicators 

orange/high risk  1 primary & ≥3 secondary,  
or 2 primary & ≥2 secondary,  
or 3 primary & ≤1 secondary indicators 

yellow/mild risk  0 primary & ≥2 secondary,  
or 1 primary & ≤2 secondary,  
or 2 primary & ≤1 secondary indicators 

green/low risk  0 primary & ≤1 secondary indicators 

In Study II, the data were analysed as low risk (green) vs medium-to-high risk (yellow, orange, or 
red) because very few athletes were categorised as orange or red. 

4.2.3 Physical and clinical measurements 

4.2.3.1 Anthropometrics and bone mineral density (Studies I–III) 

In both MIIA and NoRED-S cohorts, anthropometric measurements were carried 
out between 7:00 and 10:00 AM after a fasting period of 10h; only small amounts 
of water (maximum 2 dl) were allowed to be consumed in the morning. Participants 
were advised to refrain from strenuous physical activity the preceding day and the 
morning of the measurement and to go to the toilet before the measurement. Dual 
energy X-ray absorptiometry (DXA; LUNAR Prodigy, GE Healthcare, Madison, WI, 
USA) was used to assess body composition and bone properties. BMD was 
evaluated using Z-scores. Fat mass–to–lean mass ratio (FLMR) was calculated by 
dividing the total fat mass by the total lean mass (Study II). The device 
manufacturer’s standard procedures were followed, and the device was calibrated 
with a phantom each morning prior to the measurements for quality assurance. 
Participants were scanned in the supine position in the centre of the table using the 
default-scan mode automatically selected by the Prodigy software (Lunar Prodigy 
Advance Encore v. 14.10.022). In the NoRED-S cohort, athletes underwent whole-
body DXA scans at both T1 and T2. However, due to ethical considerations, site-
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specific BMD assessments of the lumbar spine and proximal femur were performed 
only once per athletic year. These values were used to represent both timepoints 
within the same annual cycle. 

4.2.3.2 History of bone stress injuries (Studies II & III) 

As part of the LEAF-Q for female athletes and Low Energy Availability in Male 
athletes Questionnaire (LEAM-Q) for male athletes, the participants were asked to 
verbally report their history of injuries during the past year in both MIAA and 
NoRED-S cohorts. Two researchers, who were licensed physicians (JIKS and PNS), 
independently classified the descriptions according to the REDs CAT 2 to identify 
high-risk BSIs and low-risk BSIs. Any differences in the classification were 
discussed, and the jointly agreed outcome was reported. 

4.2.3.3 Menstrual function (Studies I–III) 

As a part of the LEAF-Q, female participants reported their menstrual function as 
follows: amenorrhoea=no natural onset of menstrual cycle by the age of 15 or last 
menstrual bleeding ≥3 months ago; oligomenorrhoea=last menstrual bleeding 1–2 
months ago; normal menstruation=last menstrual bleeding 1–4 weeks ago. 
Participants were also asked about use of hormonal contraception. In Study I, 
participants were grouped into two groups: normally menstruating athletes and 
athletes with menstrual disturbances (oligomenorrhoea + amenorrhoea). In 
Studies II and III, participants were categorised into three menstrual status groups: 
normal menstrual cycle, oligomenorrhoea and amenorrhoea. Participants who 
reported using hormonal contraception were excluded from the analysis of 
menstrual function.  

4.2.3.4 Blood measurements (cholesterol and hormone levels) (Studies I–III) 

Fasting venous blood samples were drawn from the antecubital vein in a supine 
position between 7:00 and 10:00 AM. For serum separation, whole blood was left 
to clot for 30 minutes at room temperature and centrifuged at 2.200g before 
aliquoting and storing the sera at −80°C until analysis. T3 and testosterone 
concentrations were determined using IMMULITE 2000 XPi (Siemens Healthcare 
Diagnostics, UK). Serum HDL-C, LDL-C, and TC were measured using a KONELAB 
20 XTi or Indiko analyser (Thermo Fisher Scientific, Finland) according to the 
manufacturer’s instructions. All blood sample preparation and processing were 
performed by professional laboratory personnel.  
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4.2.3.5 Nuclear magnetic resonance (NMR) serum metabolome (Study III) 

As part of the NoRED-S cohort, NMR was used to quantify 250 metabolites from 
the serum sample in a commercial laboratory (Nightingale Health Plc, Helsinki, 
Finland). The serum samples were measured by using a Bruker AVANCE III HD 
NMR 500MHz spectrometer equipped with a cryogenically cooled TCI CryoProbe 
Prodigy. The whole process of sample preparation and quantification has been 
described in detail earlier (Würtz et al. 2017; Soininen et al. 2015). The analysed 
metabolites included measures of cholesterol and TGs, lipoprotein subclasses and 
their lipid composition, apolipoproteins, fatty acids, amino acids, ketone bodies, 
glycolysis-related metabolites, and metabolites related to fluid balance and 
inflammation, and are listed in Table 7 (Soininen et al. 2015). 

Table 7 Metabolite measures obtained from nuclear magnetic resonance spectroscopy in Study 
III 

cholesterol (C) (mmol/l) VLDL-C, LDL-C, HDL-C, total C, free C, esterified C, 
remnant C 

lipoprotein particle size (nm) mean diameter of VLDL, LDL and HDL 

lipid measures for each 
lipoprotein (mmol and % of total 
lipids) 

esterified cholesterol, free cholesterol, TG, phospholipids, 
total cholesterol (mmol/l), total lipids (μmol/l) 

apolipoproteins (g/l) ApoA1, ApoB, ApoB/ApoA1 

ketone bodies (mmol/l) beta-hydroxybutyrate, acetate, acetone, acetoacetate 

glycolysis-related metabolites 
(mmol/l) 

glucose, lactate, pyruvate, citrate, glycerol 

inflammation (mmol/l) glycoprotein acetyls (GlycA) 

fatty acids (FA) (mmol/l) total FA, estimated FA chain length, estimated degree of 
saturation, omega-3 FA, omega-6 FA, polyunsaturated FA, 
monounsaturated FA (16:1, 18:1), saturated FA, 
docosahexaenoic acid (22:6), linoleic acid (18:2), 
conjugated linoleic acid 

amino acids (mmol/l) alanine, glutamine, glycine, histidine, isoleucine, valine, 
leucine, phenylalanine, tyrosine 

fluid balance creatinine (μmol/l), albumin (g/l) 

glycerides and phospholipids 
(mmol/l) 

VLDL-TG, LDL-TG, HDL-TG, TG, phosphatidylcholines, 
total cholines, sphingomyelins 

VLDL = very-low-density lipoprotein, LDL = low-density lipoprotein, HDL = high-density lipoprotein, 
ApoA1 = apolipoprotein A1, ApoB = apolipoprotein B, TG = triglyceride 
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4.3 Statistical analysis 
All data analyses were conducted in R (version 2023. R 4.3.0 GUI 1.79 or higher). 
Descriptive results are reported as means ± standard deviation (SD) (normally 
distributed data), or median and interquartile range (IQR) (non-normally 
distributed data). All confidence intervals (CI) are reported at the 95% confidence 
level. The significance level (α) was set to 0.05. 

4.3.1 Data quality control 

The normality of parameters was assessed by performing a Shapiro–Wilk test 
(Study I) and by inspecting data using dot plots and histograms (Studies I–III). 
Nonparametric tests were used to analyse non-normally distributed data. Data were 
inspected using dot plots and histograms to evaluate skewness and outliers to 
ensure data quality and reproducibility of the results.  

4.3.2 Between-group differences (Studies I–III) 

Differences in descriptive statistics between different groups were assessed using 
Student’s t-test for continuous variables and Pearson’s chi-squared test for 
categorical variables (Studies I & II). In Study III with three or more groups being 
compared, continuous variables were analysed using one-way analysis of variance 
(ANOVA) and Tukey’s honestly significant difference test. Due to a highly skewed 
distribution, group differences in REDs scores were analysed using non-parametric 
methods (Kruskal–Wallis with Dunn’s post hoc test)(Study III). When analysing 
group differences between menstrual status and testosterone groups in Study III, 
non-parametric methods were used given the small sample sizes in some groups. 

4.3.3 Cross-sectional associations (Studies I & II) 

Cross-sectional relationships between variables were assessed using Pearson’s 
correlation coefficients and linear regression models for continuous variables and 
logistic regression for binary categorical variables. In Study I, I used Pearson’s 
correlation and linear regression models to study the associations of the LEAF-Q, 
EDE-QS, and menstrual disturbances with cholesterol levels among female 
athletes. In Study II, I used Pearson’s correlation and linear regression models to 
study association between REDs risk and cholesterol levels, as well as the 
association between the differences in these parameters from training to 
competition season. HDL-C, LDL-C, and TC were the outcome variables and EDE-
QS, LEAF-Q, menstrual status, or REDs risk were the explanatory variables in my 
analyses. All linear regression models were adjusted for age, and in Study I also for 
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sport. In addition, in Study II, I conducted a sensitivity analysis with further 
adjustment of the model for FLMR, body fat percentage, and season of the year. 
Logistic regression was used in Study I to calculate the odds ratio for having 
elevated LDL-C in case of elevated LEAF-Q score, EDE-QS score or menstrual 
disturbances. Logistic regression was adjusted for age and sport.   

Correlation analyses were used to assess if an association existed between two 
variables. Pearson product-moment correlation yields a correlation coefficient (r) 
that can have a value between 0 and 1. There are no universally established 
descriptions of correlation strength but a value below 0.2 is typically considered 
weak, a value between 0.2 and 0.7 is considered fair or moderate and a value greater 
than 0.7 is considered strong (Overholser and Sowinski 2008). For non-normally 
distributed data, I used Spearman’s rank correlation coefficient, which is a non-
parametric version of the Pearson’s product-moment correlation. Both tests 
assume a linear relationship between the studied variables (Overholser and 
Sowinski 2008). 

Linear regression analysis was used in studies I and II to explore associations 
between cholesterol values and REDs risk or its indicators. Linear regression model 
yields a statistical output beta (b) that describes the change in the dependent or 
response variable (HDL-C, LDL-C, TC) when the independent variable (LEAF-Q, 
EDE-QS, REDs risk, menstrual status) increases by one unit. This also indicates the 
mean difference in the dependent variable when the independent variables had a 
difference of one unit.(Overholser and Sowinski 2008) Regression models can be 
adjusted for confounding factors. We examined the assumptions of linear 
regression, including linearity of associations, using residuals. 

I used logistic regression in Study I to analyse associations between binomial 
variables. Logistic regression is a form of regression analysis where the response 
variable is binomial and the model yields an output variable odds ratio 
(OR)(Sperandei 2014). The OR describes the odds for observing the event of 
interest under a certain exposure compared to the odds of observing the event of 
interest without the exposure (Sperandei 2014). In Study I, I analysed the OR for 
having elevated LDL-C (≥3mmol/l) if the participant scored high or low in the 
LEAF-Q or EDE-QS or had menstrual disturbances.  

4.3.4 Restricted maximum likelihood (REML) (Study II) 

In Study II, to investigate changes over time points of the training season in the 
study parameters, I fit a separate linear mixed model for each parameter with fixed 
effects for the timepoint, as well as age for adjustment (Brown 2021). Random 
intercepts for each participant were also specified to account for individual 
variability. The model was estimated using restricted maximum likelihood 
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(REML)(Bates et al. 2015). REML was used to obtain unbiased estimates of the 
random effects variance. 
 

4.3.5 Generalised estimation equation (GEE) (Study III) 

 
In Study III, I used a repeated measures dataset and analysed associations between 
metabolites and REDs risk or body fat percentage using generalised 
population-averaged estimating equations (GEE) with Gaussian family, linear link 
function, and exchangeable correlation structure. Participant ID was used as the 
clustering variable. GEEs are an extension for generalised linear models and allow 
for the analysis of correlated non-normally distributed variables (Ziegler and Vens 
2010). REDs risk, body fat percentage, and testosterone were continuous 
explanatory variables and metabolites were response variables. Analyses on 
menstrual status were restricted to females with a natural menstrual cycle. 
Menstrual cycle status was modelled as a categorical variable with three levels: 
normal cycle, oligomenorrhoea, and amenorrhoea. The overall association between 
menstrual cycle status and metabolite concentrations was evaluated using omnibus 
Wald tests. 

All models were adjusted for age and time of the season (T1 vs T2) and REDs 
models further for binary sport category (weight-sensitive vs non-weight-sensitive) 
or in additional analysis, body fat percentage. I adjusted all p-values for multiple 
testing using principal component analysis (PCA)(Jolliffe and Cadima 2016) and 
Bonferroni correction (Armstrong 2014). For females, in the PCA analysis I 
identified 14 components explaining >95% of the variance and for males 8 
components. These values were used in Bonferroni correction for multiple testing 
(threshold 0.00357 for females and 0.00625 for males).  

Heatmaps and bar plots are used to visually represent the nominal and 
significant results from the GEE analysis. For this, continuous explanatory 
variables had to be categorised. REDs risk was divided into three categories (0–0.5, 
1–1.5 and 2–4) due to the maximum score of 4 in our study population. For body 
fat percentage, females were categorised into low <17%, medium 17–30%, and high 
>30% (Jeukendrup and Gleeson 2009; Redman and Loucks 2005; Salmón-Gómez 
et al. 2023) and males into low <7%, medium 7–20%, and high >20%(Jeukendrup 
and Gleeson 2009; Salmón-Gómez et al. 2023; Friedl et al. 1994). For heatmaps 
and bar plots, only the first measurements of each participant were used.  
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5 Results 

5.1 Association of LEA and ED symptoms with 
cholesterol levels in female athletes (Study I) 

5.1.1 Participant characteristics 

 

For Study I, the first measurements of adult (≥18 years old) female athletes from 
both cohorts, MIIA and NoREDS, were used for a cross-sectional design (n=460). 
Participants with missing data on key variables (cholesterol values, LEAF-Q, EDE-
QS, BMI, body fat percentage, and use of hormonal contraception) were excluded 
(n=166). Thus, the final study sample consisted of 294 female athletes (Figure 7). 
In total, 176 participants were not using hormonal contraception and could be 
included in the analyses of LEAF-Q scores and menstrual function. The most 
common sports were ice hockey, track and field, volleyball, football, and cross-
country skiing (Figure 8). I also separately analysed weight-sensitive sports (n=80), 
i.e., endurance, aesthetic, and weight-dependent sports, which emphasise leanness 
(long-distance running, triathlon, race walking, cross-country skiing, orienteering, 
team gymnastics, aesthetic group gymnastics, cheerleading, and ski jumping).  
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Figure 8 Distribution of participants within different sports in Study I. “Other” includes sports 
represented by very few participants (triathlon and ski jumping) 

In the EDE-QS, 21 (7%) of the 294 participants scored ≥15 points, which 
indicates a high risk for EDs. In total, 176 participants were not using hormonal 
contraception and could be included in the analyses of LEAF-Q scores and 
menstrual function. A potential state of problematic LEA was identified in 72 (41%) 
of the 176 participants who scored ≥8 points in the LEAF-Q. Menstrual 
disturbances were reported by 44 (25%) of the 176 participants. LDL-C was elevated 
(≥3mmol/l) among 57 (19%) of the 294 participants. Further characteristics of the 
participants are described in Table 8. 
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5.1.2 LEA symptoms and cholesterol 

There was no significant correlation between LEAF-Q score and LDL-C (Table 9). 
Of those scoring below the cutoff (<8 points) in LEAF-Q, 15% had LDL-C over the 
clinical reference value of ≥3mmol/l and of those scoring above the cutoff (≥8 
points) in LEAF-Q, 17% had elevated LDL-C (adjusted OR 1.17, 95% CI 0.64–2.15, 
p 0.62, Table 10). Menstrual disturbances were not associated with HDL-C, LDL-C, 
or TC (Table 9). 

5.1.3 ED symptoms and cholesterol  

EDE-QS scores were positively associated with LDL-C, and TC levels (Table 9). The 
association between EDE-QS and LDL-C was strengthened after further adjusting 
the model for LEAF-Q score in addition to age and sport (b 0.049 95% CI 0.030–
0.069, p <0.001). Of those scoring below the cutoff (<15 points) in EDE-QS, 18% 
had LDL-C over the clinical reference value of ≥3mmol/l and of those scoring above 
the cutoff (≥15 points), 38% had elevated LDL-C (adjusted OR 2.82, 95% CI 1.06–
7.05, p 0.030, Table 10). 

5.1.4 Analysis restricted to weight-sensitive sports 

In total 80 athletes represented wight-sensitive sports in the analysis of EDE-QS 
and 60 in analysis of LEAF-Q. Among them, 7 (9%) of 80 athletes scored ≥15 points 
in the EDE-QS, 28 (47%) of 60 athletes scored ≥8 points in the LEAF-Q, and 23 
(38%) of 60 athletes had menstrual dysfunction. The point estimates for 
associations between the LEAF-Q and EDE-QS with LDL-C were higher than in the 
whole sample (Table 11).  
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Table 9 Associations and correlations of LEAF-Q, EDE-QS, and menstrual disturbances with 
cholesterol levels  

 Outcome b  95% CI p r  95% CI p 

HDL cholesterol           

EDE-QS -0.0077 -0.024–0.0085 0.35 -0.006 -0.13–0.12 0.93 

LEAF-Q 0.0087 -0.0069–0.024 0.27 0.11 -0.04–0.25 0.15 

Menstrual disturbances  -0.040 -0.19–0.11 0.60 0.01 -0.13–0.16 0.86 

LDL cholesterol           

EDE-QS 0.028 0.0098–0.046 0.0029 0.15 0.04–0.26 0.010 
LEAF-Q 0.024 -0.0011–0.049 0.061 0.13 0.10–0.28 0.076 

Menstrual disturbances  0.028 -0.22–0.27 0.82 0.07 -0.08–0.21 0.38 

Total cholesterol           

EDE-QS 0.036 0.013–0.058 0.0023 0.17 0.05–0.28 0.0041 
LEAF-Q 0.023 -0.0089–0.056 0.15 0.12 -0.03–0.27 0.10 

Menstrual disturbances  0.0097 -0.31–0.33 0.95 -0.06 -0.08–0.21 0.40 

Betas (b) are reported per unit change in exposure variable and adjusted for age and sport. 
Bolded results are statistically significant <0.05. CI = confidence interval;  p = p value; r = 
Pearson’s correlation coefficient; HDL = high-density lipoprotein; LEAF-Q = Low Energy 
Availability in Female athletes Questionnaire; EDE-QS = Eating Disorder Examination 
Questionnaire Short; LDL = low-density lipoprotein  

Table 10 Associations between elevated LEAF-Q and EDE-QS scores and menstrual 
disturbances with elevated LDL-C 

  LDL-C  

   <3 mmol/l 
n (%) 

≥3 mmol/l 
n (%) 

OR [95% CI] (p value) 

LEAF-Q score <8 88 (85%) 16 (15%) 1.17 [0.64–2.15] (0.62) 

  ≥8 60 (83%) 12 (17%)   

EDE-QS score <15 224 (82%) 49 (18%) 2.94 [1.06–7.78] (0.031) 
  ≥15 13 (62%) 8 (38%)   

Menstrual function normal 114 (86%) 18 (14%) 1.57 [0.59–4.07] (0.36) 

  disturbed 34 (77%) 10 (23%)   

ORs were adjusted for age and sport. Bolded results are statistically significant <0.05. LEAF-Q = 
Low Energy Availability in Female athletes Questionnaire; EDE-QS = Eating Disorder Examination 
Questionnaire Short; LDL-C = low-density lipoprotein cholesterol; OR = odds ratio, CI = confidence 
interval 
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Table 11 Associations and correlations of LEAF-Q, EDE-QS, and menstrual disturbances with 
cholesterol levels among athletes representing weight-sensitive sports 

 Outcome b  95% CI p r  95% CI p 

HDL cholesterol           

EDE-QS -0.0039 -0.027–
0.019 

0.74 -0.11 -0.32–0.11 0.32 

LEAF-Q 0.012 -0.017–
0.042 

0.41 0.11 -0.14–0.36 0.39 

Menstrual 
disturbances  

-0.076 -0.36–
0.21 

0.59 0.023 -0.23–0.27 0.86 

LDL cholesterol           

EDE-QS 0.036 0.0041–
0.068 

0.028 0.17 -0.05–0.38 0.13 

LEAF-Q 0.043 0.0041–
0.08 

0.031 0.23 -0.03–0.46 0.079 

Menstrual 
disturbances  

0.074 -0.30–
0.45 

0.70 0.12 -0.14–0.36 0.36 

Total cholesterol           

EDE-QS 0.036 -0.0066–
0.079 

0.096 0.10 -0.12–0.31 0.37 

LEAF-Q 0.035 -0.017–
0.086 

0.19 0.16 -0.099–0.40 0.23 

menstrual 
disturbances  

0.014 -0.48–
0.51 

0.96 0.076 -0.18–0.32 0.56 

Betas (b) are reported per unit change in exposure variable and adjusted for age and sport. 
Bolded results are statistically significant <0.05. CI = confidence interval, p=p-value; r = Pearson’s 
correlation coefficient; HD L= high-density lipoprotein; LEAF-Q = Low Energy Availability in 
Female athletes Questionnaire; EDE-QS = Eating Disorder Examination Questionnaire Short; LDL 
= low-density lipoprotein cholesterol 

5.2 Association between REDs risk and cholesterol 
levels in endurance athletes (Study II) 

5.2.1 Participant characteristics 

For Study II, I included adult (≥18 years) female and male athletes from endurance 
sports (long-distance running, cross-country skiing, Nordic combined, biathlon, 
triathlon, orienteering, and race walking) from the NoRED-S cohort. For the first 
part of the study, I included the first measurements of all athletes from T1 and T2 
for two separate cross-sectional analyses. For the second part of this study, I 
included participants who had completed two consecutive measurements within 
one athletic season (T1+T2). Participants with missing data on key variables 
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(cholesterol values, BMD, T3, testosterone, ED symptoms, and BMI) were excluded 
(n=7). Thus, the final sample comprised 87 (T1), 71 (T2), and 58 (T1+T2) athletes 
(Figure 7). Athletes in the longitudinal analysis represented the same sports as the 
athletes in the cross-sectional analysis.  

Our analytic sample comprised 44 female and 43 male athletes at the beginning 
(T1), and 36 female and 35 male athletes at the end (T2), of the training season. In 
total, 27 female and 31 male athletes had completed measurements at both 
timepoints (T1 + T2) and were included in the longitudinal analysis with a mean 
time difference of 4.4 months (SD 1.3) between T1 and T2. VO2max increased 
among females (p 0.002), and body fat percentage (p 0.013) and FLMR (p 0.019) 
increased among males from T1 to T2 (Table 12). Further characteristics of the 
participants are described in Table 12.
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5.2.2 REDs risk 

Over two-thirds of both female and male athletes were at medium-to-high REDs 
risk both at the beginning (T1) and at the end (T2) of the training season (Table 12). 
No significant change in REDs risks was observed between T1 and T2 (p 0.75 for 
females and p 0.18 for males).  

5.2.3 Clinically elevated cholesterol levels 

At T1, 7 (16%) of the 44 female athletes and 5 (12%) of the 43 male athletes had a 
clinically elevated LDL-C (≥3mmol/l). At T2, 11 (31%) of the 36 female athletes and 
7 (20%) of the 35 male athletes had a clinically elevated LDL-C. At T1, 13 (30%) of 
the 44 female athletes and 5 (12%) of the 43 male athletes had a clinically elevated 
TC (≥5mmol/l). At T2, 13 (36%) of the 36 female athletes and 7 (20%) of the male 
athletes had clinically elevated TC. 

5.2.4 REDs risk and cholesterol levels 

As presented in Table 13, no association between REDs risk and HDL-C, LDL-C, or 
TC was observed at either T1 or T2. I also investigated individual REDs indicators, 
and a negative association between HDL-C and T3 was observed in males at both 
T1 and T2 (Table 14). No association was found between LDL-C or TC and 
individual REDs indicators (Tables 15–16).  

Table 13 Association of HDL-C, LDL-C, and TC with REDs risk in female and male athletes in a 
cross-sectional analysis at the beginning (T1) and end (T2) of the training season 

  n 
 

b adjusted for age 95% CI p value 

 Females T1     

HDL-C 44 0.19 -0.097–0.47 0.19 

LDL-C 44 -0.027 -0.53–0.48 0.92 

TC 44 0.045 -0.65–0.096 0.90 

 Females T2     

HDL-C 36 0.074 -0.28–0.43 0.68 

LDL-C 36 -0.28 -0.90–0.35 0.38 

TC 36 -0.32 -1.13–0.50 0.43 

 Males T1     

HDL-C 43 0.064 -0.22–0.35 0.66 

LDL-C 43 -0.049 -0.48–0.38 0.82 
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TC 43 -0.15 -0.70–0.40 0.58 

 Males T2     

HDL-C 35 0.091 -0.21–0.39 0.54 

LDL-C 35 0.14 -0.41–0.69 0.60 

TC 35 0.20 -0.53–0.94 0.57 

b = beta; CI = confidence interval; REDs = relative energy deficiency in sport; HDL-C = high-
density lipoprotein cholesterol (mmol/l); LDL-C = low-density lipoprotein cholesterol (mmol/l); TC = 
total cholesterol (mmol/l) 

Table 14 Association of HDL-C with REDs indicators in female and male athletes in a cross-
sectional linear regression model at the beginning (T1) and end (T2) of the training 
season 

T1 females  n b adjusted for age 95%CI p value 

Menstrual 
status 

33 0.003 -0.21–0.22 0.98 

BMD 44 -0.10 -0.22–0.0005 0.051 

EDE-QS 44 -0.00060 -0.028–0.026 0.96 

T3 44 -0.034 -0.12–0.052 0.43 

T1 males   
   

Testosterone 43 -0.026 -0.057–0.0054 0.10 

BMD 43 0.13 -0.002–0.27 0.054 

EDE-QS 43 0.00012 -0.037–0.038 0.99 

T3 43 -0.12 -0.23– (-0.0084) 0.035 

T2 females   
   

Menstrual 
status 

28 -0.06 -0.47–0.35 0.77 

BMD 36 -0.11 -0.27–0.032 0.12 

EDE-QS 36 0.0024 -0.037–0.042 0.90 

T3 36 -0.072 -0.27–0.13 0.47 

T2 males   
   

Testosterone 35 0.00025 -0.014–0.014 0.97 

BMD 35 0.066 -0.036–0.17 0.20 

EDE-QS 35 0.0080 -0.021–0.037 0.57 

T3 35 -0.075 -0.14–(-0.0070) 0.031 

Bolded results are statistically significant <0.05. b = beta; CI = confidence interval; REDs = relative 
energy deficiency in sport; BMD = bone mineral density; EDE-QS = eating disorder examination 
questionnaire short version; T3 = triiodothyronine; Menstrual status = 
eumenorrhea/oligomenorrhoea/amenorrhoea, use of hormonal contraception excluded 
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Table 15 Association of LDL-C with REDs indicators in female and male athletes in a cross-
sectional linear regression model at the beginning (T1) and end (T2) of the training 
season 

T1 females n b adjusted for age 95%CI p value 

Menstrual status 33 0.17 -0.18–0.52 0.33 

BMD 44 -0.03 -0.23–0.17 0.76 

EDE-QS 44 0.034 -0.013–0.080 0.15 

T3 44 0.14 -0.006–0.29 0.060 

T1 males  
   

Testosterone 43 0.025 -0.023–0.073 0.30 

BMD 43 -0.028 -0.24–0.19 0.80 

EDE-QS 43 -0.0036 -0.090–0.018 0.18 

T3 43 0.067 -0.11–0.24 0.44 

T2 females  
   

Menstrual status 28 -0.22 -1.16–0.71 0.62 

BMD 36 -0.06 -0.32–0.20 0.66 

EDE-QS 36 -0.0043 -0.074–0.065 0.90 

T3 36 0.066 -0.30–0.42 0.75 

T2 males  
   

Testosterone 35 -0.0023 -0.027–0.023 0.85 

BMD 35 0.16 -0.021–0.34 0.082 

EDE-QS 35 0.023 -0.028–0.075 0.36 

T3 35 0.052 -0.080–0.18 0.43 

b = beta; CI = confidence interval; REDs = relative energy deficiency in sport; BMD = bone mineral 
density; EDE-QS = eating disorder examination questionnaire short version; T3 = triiodothyronine; 
Menstrual status = eumenorrhea/oligomenorrhoea/amenorrhoea, use of hormonal contraception 
excluded 

Table 16 Association of TC with REDs indicators in female and male athletes in a cross-sectional 
linear regression model at the beginning (T1) and at the end (T2) of the training season 

T1 females n b adjusted for age 95%CI p value 

Menstrual status 33 0.15 -0.34–0.64 0.55 

BMD 44 -0.17 -0.44–0.10 0.21 

EDE-QS 44 0.03 -0.038–0.092 0.41 

T3 44 0.14 -0.068–0.35 0.18 

T1 males  
   

Testosterone 43 0.02 -0.043–0.08 0.55 

BMD 43 0.07 -0.20–0.34 0.59 
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EDE-QS 43 -0.05 -0.12–0.022 0.18 

T3 43 0.003 -0.22–0.22 0.98 

T2 females  
   

Menstrual status 28 -0.26 -1.45–0.92 0.65 

BMD 36 -0.26 -0.59–0.085 0.14 

EDE-QS 36 -0.0001 -0.091–0091 0.997 

T3 36 0.05 -0.42–0.51 0.84 

T2 males  
   

Testosterone 35 -0.004 -0.038–0.029 0.79 

BMD 35 0.31 0.071–0.53 0.012 

EDE-QS 35 0.04 -0.034–0.10 0.31 

T3 35 -0.02 -0.20–0.16 0.84 

b = beta; CI = confidence interval; BMD = bone mineral density; EDE-QS = eating disorder 
examination questionnaire short version; T3 = triiodothyronine; Menstrual status = 
eumenorrhea/oligomenorrhoea/amenorrhoea, use of hormonal contraception excluded 

5.2.5 Change in cholesterol levels between T1 and T2 

No significant change was observed in HDL-C, LDL-C, or TC between T1 and T2 
(Tables 12 and 17). The associations between changes (D) in REDs risk and 
cholesterol levels between T1 and T2 are shown in Table 18. In female athletes I 
observed a negative association between the D REDs risk with the D LDL-C 
(adjusted b -0.62, 95% CI -0.94– (-0.30)) and the D TC (-0.85, 95% CI -1.42– (-
0.28)). 

Table 17 Multilevel model for the differences in cholesterol values between the beginning (T1) 
and end (T2) of the training season  

Females n b adjusted for age 95%CI p value 

LDL-C 27 0.022 -0.21–0.25 0.85 

HDL-C 27 0.076 -0.078–0.23 0.33 

TC 27 0.18 -0.20–0.57 0.35 

Males  
   

LDL-C 31 0.19 -0.017–0.39 0.079 

HDL-C 31 -0.025 -0.13–0.077 0.63 

TC 31 0.23 -0.054–0.52 0.12 

b = beta; CI = confidence interval; HDL-C = high-density lipoprotein cholesterol (mmol/l); LDL-C = 
low-density lipoprotein cholesterol (mmol/l); TC = total cholesterol (mmol/l) 
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5.2.6 Sensitivity analysis 

Hormonal contraception was used by 11 female athletes (25%) at T1 and 8 (22%) at 
T2. Female athletes not using hormonal contraception (n=19) were included in the 
longitudinal sensitivity analysis (T1+T2). The results were similar with the main 
analysis. We observed no association between the REDs risk and HDL-C, LDL-C, 
or TC at either T1 or T2 (Table 19), and D REDs risk had a negative association with 
D LDL-C and D TC (Table 20).  

Table 19 Association of HDL-C, LDL-C, and TC with REDs risk in female athletes not using 
hormonal contraception in a cross-sectional linear regression model at the beginning 
(T1) and end (T2) of the training season 

  n b adjusted for age 95% CI p value 

 T1     

HDL-C 33 0.06 -0.33–0.44 0.77 

LDL-C 33 -0.15 -0.82–0.50 0.64 

TC 33 -0.29 -1.19–0.09 0.52 

 T2     

HDL-C 28 0.04 -0.35–0.42 0.85 

LDL-C 28 -0.01 -0.82–0.79 0.97 

TC 28 -0.06 -1.09–0.98 0.91 

b = beta; CI = confidence interval; HDL-C = high-density lipoprotein cholesterol (mmol/l); LDL-C = 
low-density lipoprotein cholesterol (mmol/l); TC = total cholesterol (mmol/l) 

Table 20 Association of the change (D) in REDs risk from the beginning (T1) to the end (T2) of 
the training season with the change in cholesterol values in female athletes not using 
hormonal contraception 

Bolded results are statistically significant <0.05. b = beta; CI = confidence interval; REDs = relative 
energy deficiency in sport; HDL-C = high-density lipoprotein cholesterol (mmol/l); LDL-C = low-
density lipoprotein cholesterol (mmol/l); TC = total cholesterol (mmol/l) 

I also conducted sensitivity analyses to account for the potential effects of body 
composition or season of the year (winter, spring, summer, fall). The main findings 
reported in Table 18 remained similar after additional adjustment for changes in 

 
 

      

D REDs risk n b unadjusted 95%CI p value b adjusted for age 95%CI p value 

D HDL-C  19 -0.16 -0.47–0.14 0.28 -0.24 -0.55–0.064 0.11 

D LDL-C  19 -0.57 -0.96– (-0.19) 0.0061 -0.62 -1.04– (-0.10) 0.0054 

D TC  19 -0.79 -1.51– (-0.08) 0.032 -0.95 -1.69– (-0.21) 0.015 
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body fat percentage or FLMR (Table 21). Additionally, the associations of change in 
REDs risk with change in LDL-C and TC were significant among females in both the 
main models (Table 18) and after further adjustment for the season of the year 
(DLDL-C b -0.55, 95% CI -0.88– (-0.22), p 0.0020; DTC b -0.79, 95% CI -1.39– (-
0.19), p 0.012). 

Table 21 Association of the change in REDs risk from the beginning (T1) to the end (T2) of the 
training season with the change in cholesterol values with adjustment for body fat 
percentage and FLMR 

Bolded results are statistically significant <0.05. b = beta; CI = confidence interval; REDs = relative 
energy deficiency in sport; HDL-C = high-density lipoprotein cholesterol (mmol/l); LDL-C = low-
density lipoprotein cholesterol (mmol/l); TC = total cholesterol (mmol/l); FMLR = fat mass–to–lean 
mass ratio 

5.3 Association between REDs risk and the metabolome 
(Study III) 

5.3.1 Participant characteristics  

Our final study sample included 150 participants and 329 measurements (1–6 
measurements per individual) (Figure 7). Of the 150 participants, 96 (64%) were 
female and 54 (36%) were male. Participants represented endurance sports (long-
distance running, cross-country skiing, Nordic combined, biathlon, triathlon, 
orienteering, and race walking, n=67, 45%), other weight-sensitive sports (track 
and field and ski jumping, n=21, 14%) and non-weight-sensitive sports (javelin 
throw, rugby, and ice hockey, n=62, 41%). Details of participant characteristics are 
shown in Table 22. During the first measurements, 25 (26%) of the 96 female 
athletes and 20 (37%) of the 54 male athletes had elevated LDL-C (≥3mmol/l). 
Among females, athletes representing non-weight-sensitive sports had significantly 

D REDs risk n b adjusted for D 
fat% 

95%CI p value b adjusted for 
D FLMR 

95%CI p 
value 

Females        

D HDL-C  27 -0.18 -0.44–0.079 0.17 -0.18 -0.44–0.079 0.16 

D LDL-C  27 -0.60 -0.91– (-0.28) <0.001 -0.56 -0.89– (-0.23) 0.0020 

D TC  27 -0.79 -1.36– (-0.21) 0.0090 -0.80 -1.39– (-0.19) 0.012 

Males  
      

D HDL-C  31 -0.09 -0.29–0.11 0.36 -0.09 -0.29–0.11 0.37 

D LDL-C  31 0.20 -0.21–0.60 0.32 0.20 -0.21–0.60 0.33 

D TC  31 0.020 -0.57–0.61 0.95 0.018 -0.57–0.61 0.95 
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higher BMI and body fat percentage than endurance athletes and athletes 
representing other weight-sensitive sports (p <0.001 for all comparisons). 
Additionally, athletes representing non-weight-sensitive sports had significantly 
lower HDL-C than endurance athletes (p 0.026) and lower REDs scores than both 
endurance athletes (p 0.033) and athletes representing other weight-sensitive 
sports (p 0.045).  

Among males, athletes representing other weight-sensitive sports had 
significantly lower BMIs than athletes representing non-weight-sensitive (p 
<0.001) or endurance sports (p <0.001), and endurance athletes also had lower 
BMIs than athletes representing non-weight-sensitive sports (p <0.001). Athletes 
representing non-weight-sensitive sports had a significantly higher body fat 
percentage than athletes representing other weight-sensitive (p <0.001) or 
endurance sports (p <0.001). Athletes representing non-weight-sensitive sports 
also had higher LDL-C than athletes representing other weight-sensitive (p 0.008) 
or endurance sports (p 0.030). 
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5.3.2 REDs risk  

Of the female participants’ first measurements, 26 of 96 (27%) were classified as 
being at risk of REDs (>0.5 points). In total 36 of 52 (69%) males scored over 0.5 
points in their first measurements and were categorised as being at REDs risk. In 
all measurements of female athletes (n=218), in 55 cases (25%) the athlete was 
classified as being at risk of REDs and among male athletes (n=111), there were 69 
cases (62%) of REDs risk. In total, 59 (86%) of these REDS risk cases in males were 
solely due to sub-clinically low testosterone.  

5.3.3 REDs risk and the metabolome 

I analysed the association between the metabolome and REDs risk with GEE 
analysis adjusted for season, age and binary sport class. All nominally significant 
results are presented in a heatmap (Figure 9A and 9B). Metabolites that remained 
significant after correction for multiple testing are shown in the bar plot (Figure 
9C). 

Among female athletes, IDL particle concentration and phospholipid content in 
extra-small VLDL particles had a statistically significant positive association with 
REDs risk in the GEE analysis after correction for multiple testing (Figure 9). I also 
conducted a sensitivity analysis for females not using hormonal contraception 
(n=137), where only albumin was found to have a statistically significant positive 
association with REDs risk after correction for multiple testing.  

Among male athletes, no statistically significant association was observed 
between the metabolome and REDs risk after correction for multiple testing.  
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Figure 9 Heatmap representing associations between the metabolome and REDs score in females 
and males and bar plot of significant metabolites after correction for multiple testing. In 
panels A and B, all metabolites with association trend (nominally statistically significant) 
with REDs scores are presented. Associations that remained statistically significant after 
correction for multiple testing are marked with an asterisk (*). A) Metabolites associated 
with REDs score in females. B) Metabolites associated with REDs score in males. C) Bar 
plots represent mean ± standard deviation of metabolites that remained significant after 
correction for multiple testing in females. Continuously modelled associations are shown 
in REDs score categories for illustration. There were no associations that remained 
significant after correction for multiple testing among males.  All analyses were adjusted 
for season, age and sport. Metabolite colours are represented as standard deviation (SD) 
change from reference Z-score. Reference Z-score level was set from the pooled sex-
specific metabolite mean. Results from the first measurement point are used for the 
heatmaps and bar plots. For visualisation, REDs scores were divided into three 
categories: 0–0,5; 1–1.5‚ 2–4. REDs = relative energy deficiency in sport; S/M/L/XL = 
small/medium/large/extra-large; HDL = high-density lipoprotein; IDL = intermediate-
density lipoprotein; LDL = low-density lipoprotein; VLDL = very-low-density 
lipoprotein; C = cholesterol; CE = cholesterol esters; L = total lipids; P = particles 
concentration; PL = phospholipids; FC = free cholesterol; BCAA = branch-chained amino 
acids; MUFA = mono-unsaturated fatty acids; DHA = docosahexaenoic acid; PUFA = 
poly-unsaturated fatty acid 

5.3.1 Sensitivity analysis on menstrual status and testosterone 

As a sensitivity analysis, I examined associations of menstrual status and 
testosterone with the metabolome in more detail since amenorrhoea in female 
athletes and low testosterone in male athletes are considered severe primary 
indicators of REDs (Stellingwerff et al. 2023). Characteristics of participants in each 
group are presented in Table 23. Among females, LDL-C was higher among athletes 
with amenorrhoea when compared with athletes with oligomenorrhoea (p 0.045). 
Among males, there were no between-group differences, apart from REDs risk 
score.   

GEE analyses between menstrual status or testosterone and the metabolome 
were adjusted for season, age and binary sport class. Lipid ratios of large and extra-
large VLDL particles, as well as glucose level, had a significant association with 
menstrual status after correction for multiple testing (Figure 10A). For 
testosterone, after correction for multiple testing, a positive association was found 
with free-cholesterol content in small HDL particles, composition of medium LDL 
particles and content and proportion of mono-unsaturated fatty acids (MUFA), and 
a negative association with poly-unsaturated fatty acids (PUFA), PUFA:MUFA ratio 
and degree of unsaturation in fatty acids (Figure 10B). 

Table 23 Characteristics of female participants in each menstrual status group and of male 
participants in each testosterone group 

 
Hormonal 
contraception 

Normal menstrual 
cycle 

Oligomenorrhoea Amenorrhoea 

n 37 48 4 7 
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Age 24.2 ± 4.8 24.9 ± 4.4 25.2 ± 6.6 21.6 ± 2.2 

BMI 23.0 ± 3.0 23.3 ± 2.9 20.7 ± 2.7 20.9 ± 0.8 

Body fat % 24.6 ± 7.5 23.3 ± 8.2 18.5 ± 6.2 17.3 ± 4.5 

REDs score 0 [0–0.5] 0 [0–0] 0.5 [0.5–0.8] 2 [2–3.5] 

HDL-C 1.6 ± 0.4 1.6 ± 0.4 1.4 ± 0.2 1.6 ± 0.3 

LDL-C 2.5 ± 0.5 2.6 ± 0.6 2.1 ± 0.5 3.2 ± 0.7 

TC 4.8 ± 0.8 4.8 ± 0.8 4.1 ± 0.4 5.6 ± 1.0 

TG 0.9 ± 0.4 0.7 ± 0.2 0.6 ± 0.2 0.8 ± 0.3 
 
 

Normal 
testosterone 

Subclinically low 
testosterone 

Clinically low 
testosterone 

n 22 29 3 

Age 24.3 ± 3.5 24.4 ± 3.8 22.3 ± 0.7 

BMI 22.7 ± 2.5 23.3 ± 3.5 20.7 ± 2.8 

Body fat % 9.5 ± 3.1 11.9 ± 7.4 5.9 ± 1.1 

REDs score 0 [0–0] 1 [1–1] 2 [2–2] 

HDL-C 1.5 ± 0.3 1.3 ± 0.3 1.5 ± 0.2 

LDL-C 2.9 ± 0.7 2.7 ± 0.7 2.6 ± 0.9 

TC 5.0 ± 0.7 4.6 ± 0.8 4.6 ± 1.0 

TG 0.9 ± 0.3 0.9 ± 0.4 0.7 ± 0.2 

Results reported as mean ± standard deviation or median [interquartile range]. BMI = body mass 
index; % = percentage; REDs = relative energy deficiency in sport; HDL-C = high-density 
lipoprotein cholesterol (mmol/l); LDL-C = low-density lipoprotein cholesterol (mmol/l); TC = total 
cholesterol (mmol/l); TG = triglycerides (mmol/l) 

Figure 10 Associations between the metabolome and menstrual status in females and testosterone 
in males. Bar plots represent mean ± standard deviation (SD) of metabolites that 
remained significant after correction for multiple testing. For testosterone, continuously 
modelled associations are shown in categories for illustration. A) Association between 
the metabolome and menstrual status in females, model adjusted for age, season and 
sport. B) Association between metabolome and testosterone in males, adjusted for age, 
season and sport. S/M/L = small/medium/large; HDL = high-density lipoprotein; LDL 
= low-density lipoprotein; VLDL = very-low-density lipoprotein; C = cholesterol; CE = 
cholesterol esters; TG = triglycerides; L = total lipids; PL = phospholipids; FC = free 
cholesterol; MUFA = mono-unsaturated fatty acids; PUFA = poly-unsaturated fatty acid 
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5.3.2 Sensitivity analysis in athletes representing weight-
sensitive sports  

As another sensitivity analysis, we examined the associations between REDs risk 
and the metabolome among athletes representing weight-sensitive sports. Among 
female athletes representing weight-sensitive sports, after correction for multiple 
testing, a significant association between REDs risk and particle count and TG 
content of IDL and lipid measures, predominantly in extra-small VLDL particles, 
was observed. In addition, a negative association with lactate was observed. These 
findings remained robust when considering only those athletes not using hormonal 
contraception, except for lactate. After adjusting the main analysis to body fat 
percentage, both large and small VLDL pathways were strengthened, and a positive 
association between REDs risk and TG content in LDL particles was observed.  

Among male athletes representing weight-sensitive sports, only creatine was 
associated with REDs risk. However, when inspecting the bar plots, a U-shaped 
association is seen (mean ± SD 88.0 ±11, 83.8±9.2, and 89.2±9 µmol/l for REDs 
categories 0–0.5, 1–1.5 and 2–4, respectively). 

We also specifically looked into endurance athletes due to their particular 
training modalities that could predispose them to specific metabolic pathways. 
Among female endurance athletes, in the main analysis, no statistically significant 
associations were identified after correction for multiple testing. However, similar 
to what was observed in weight-sensitive female athletes, the associations were 
strengthened after adjustment for body fat percentage. In these analyses, REDs risk 
was significantly associated with lipids ratios of large VLDLs and omega-6 % after 
correction for multiple testing.  

Among male endurance athletes, adjustment for body fat percentage did not 
affect the results. After correction for multiple testing, a significant positive 
association with TG content in large HDL and a negative association with creatinine 
was observed both before and after adjustment for body fat percentage. 

5.3.3 Body fat percentage and the metabolome 

We analysed the association between the metabolome and body fat percentage 
using GEE analysis adjusted for season and age. All nominally significant results 
are presented in a heatmap (Figure 11). Among both female and male athletes, body 
fat percentage had the strongest associations with HDL metabolites. Specifically in 
females, after correction for multiple testing increasing body fat percentage was 
associated with a decrease in HDL size; a decrease in the concentration of large 
HDL particles and their content of cholesterol, CEs, and free cholesterol; a decrease 
in the concentration of extra-large HDL particles, as well as their content of lipids 
and phospholipids; and an increase in small HDL particles and their content of 
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cholesterol, CEs and lipids; and a decrease of free cholesterol proportion in small, 
medium and large HDLs, but an increase in extra-large HDL particles. We observed 
a positive association between body fat percentage and glucose and the 
inflammatory marker GlycA after correction for multiple testing. Of the amino 
acids, phenylalanine and leucine showed a positive association with body fat 
percentage in females after correction for multiple testing.  

Among male athletes, several associations between body fat percentage and the 
metabolome were observed after multiple testing. We found a positive association 
between body fat percentage and the proportion of free cholesterol in extra-large 
HDL particles and a negative association with cholesterol, CEs, free cholesterol, 
lipids, and phospholipids in large HDLs, as well as with extra-large HDL particle 
concentration and their content of lipids and phospholipids. A negative association 
between body fat percentage and ketone bodies acetone and beta-hydroxybutyrate 
was observed. There was a positive association between body fat percentage and 
docosahexaenoic acid (DHA), glucose and GlycA. A positive association was 
observed between body fat percentage and tyrosine in males.  
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Figure 11 Heatmap representing associations between the metabolome and body fat percentage in 
females and males. In panels A and B, all metabolites with association trend (nominally 
statistically significant) with body fat percentage are presented. Associations that 
remained statistically significant after correction for multiple testing are marked with an 
asterisk (*). A) Metabolites associated with body fat percentage in females. B) 
Metabolites associated with body fat percentage in males. Continuously modelled 
associations are shown in fat percentage categories for illustration. All analyses were 
adjusted for season, age and sport. Metabolite colours are represented as standard 
deviation (SD) change from reference Z-score. Reference Z-score level was set from 
pooled sex-specific metabolite mean. Results from the first measurement point are used 
for the heatmaps and bar plots. For visualisation, body fat percentages were divided into 
three categories: <17%, 17–30%, and >30% for females and >7%, 7<-20%, and >20% for 
males. S/M/L/XL = small/medium/large/extra-large; HDL = high-density lipoprotein; 
IDL = intermediate-density lipoprotein; LDL = low-density lipoprotein; VLDL = very-
low-density lipoprotein; C = cholesterol; CE = cholesterol esters; L = total lipids; P = 
particles concentration; PL = phospholipids; FC = free cholesterol; TG = triglycerides, 
BCAA = branch-chained amino acids; Ala = alanine; Ile = isoleucine; Val = valine; Tyr = 
tyrosine; Gly = glycine; Leu =leucine; Phe = phenylalanine; DHA = docosahexaenoic 
acid; PUFA = poly-unsaturated fatty acid; GlycA = glycoprotein acetylation; LA = linoleic 
acid; bOHbutyrate = beta-hydroxybutyrate; NaN-HDL-C = total cholesterol minus HDL-
C; ApoA1 = apolipoprotein A1; ApoB = apolipoprotein B 
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6 Discussion 

6.1 Summary of main findings 
In Study I, I investigated the association between cholesterol levels and symptoms 
of LEA and EDs in a cross-sectional design of Finnish female athletes representing 
a mixed-sport sample. Symptoms of LEA were assessed with the LEAF-Q and ED 
symptoms with the EDE-QS. In the entire study sample, I found a positive 
association between EDE-QS score and LDL-C and TC, and the OR for having 
elevated LDL-C in the high-scoring EDE-QS group (≥15 points) was 2.94. In a 
sensitivity analysis restricted to athletes representing weight-sensitive sports, a 
positive association of both the LEAF-Q and EDE-QS with LDL-C was identified. 
Surprisingly, I did not observe any association between menstrual disturbances and 
cholesterol levels.  

In Study II, I investigated the association between REDs risk and cholesterol 
levels in Finnish endurance athletes at two timepoints (T1 and T2) of their training 
season. In the cross-sectional analysis, I found no association between any of the 
studied cholesterol levels and REDs risk, nor did I see any significant change in the 
studied parameters from T1 to T2. Interestingly, among female athletes an inverse 
relationship between change of REDs risk and change in LDL-C between T1 and T2 
was identified. Additionally, up to 30% of the athletes had elevated LDL-C levels 
(≥3mmol/l), regardless of their REDs risk.  

In Study III, I analysed the serum metabolome in a mixed-sports sample 
consisting of both female and male athletes. Among females, REDs risk was 
associated with a few changes in VLDL and IDL pathways, and but not among 
males. In female athletes representing weigh-sensitive sports these associations 
were further strengthened. Interestingly, body fat percentage had very distinct 
patterns of association with the metabolome than REDs risk, and in both females 
and males lower body fat percentage was strongly associated with a larger HDL 
profile and reduced inflammation, indicating a more beneficial metabolic 
fingerprint.  
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6.2 Prevalence of REDs risk in the Finnish athletic 
population  

As stated previously, identifying REDs in the real-world is difficult. Current 
recommendations for identifying athletes at risk of REDs advise to search for 
symptoms and clinical findings possibly caused by problematic LEA (Stellingwerff 
et al. 2023). After identifying athletes at risk, a fundamental clinical evaluation 
should be carried out individually to identify other possible reasons and conditions 
behind the findings. Therefore, questionnaires and even symptoms and clinical 
findings alone cannot be used to diagnose REDs but rather identify at-risk 
individuals.  

In Study I, I used the LEAF-Q to identify female athletes at risk of REDs. The 
LEAF-Q score was elevated (≥8 points) in 44% of athletes in the mixed-sport 
sample. When looking more specifically into menstrual dysfunction – one of the 
primary indicators of REDs in females – 25% of the participants had either 
oligomenorrhoea or amenorrhoea. Of athletes representing weight-sensitive sports, 
47% scored above the 8-point threshold in the LEAF-Q and 38% had menstrual 
dysfunction. 

In Studies II and III, I used the modified REDs CAT 2 to identify athletes at risk 
of REDs. In Study II, over two-thirds of both female and male endurance athletes 
were categorised as being at risk of REDs, and up to 36% of the females had 
menstrual dysfunction. In Study III, 25% of female athletes and 62% of male 
athletes were categorised as being at risk of REDs and 23% of females had some 
type of menstrual dysfunction.  

Our results reflect the current state of varying REDs prevalences. Our REDs risk 
prevalences align with previous results, where the prevalence of indicators of 
problematic LEA among athletes has been estimated to range from 15 to 80%, 
depending on the study population, sex, and sport (Mountjoy et al. 2023). A recent 
meta-analysis reported that, overall, 45% of athletes were at increased risk of LEA, 
and 61.1% were classified as having REDs (Gallant et al. 2024). The heterogeneity 
in the meta-analysis was large (I2 =  72.4–91.38), which can be due to the 
inconsistent methods used to classify the risk of LEA and REDs between studies, 
ranging from self-reported questionnaires and calculated EA based on food and 
training logs, to the reporting of a single symptom of REDs (Gallant et al. 2024). 
Many of the used classification methods are prone to error, and have only been 
validated in specific athletic populations (Jeukendrup et al. 2024). Additionally, 
terms and classifications of REDs and LEA were used interchangeably between 
studies. However, similar REDs risk prevalence rates were obtained in a study using 
the REDs CAT 2. In a sample of more than 200 tier 3–5 athletes, the prevalence of 
REDs risk was 45% (more specifically 55% were classified as green, 36% as yellow, 
5% as orange and 4% as red, according to the REDs CAT 2 [for more details see 
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Table 2])(Heikura et al. 2024). It is important to distinguish that the risk of REDs 
and LEA describe athletes who may potentially be impacted by these conditions and 
cannot be interpreted as REDs or LEA prevalences. Therefore, there is a 
considerable risk of overestimation of the prevalence of REDs in the previously 
conducted studies, and these results should be interpreted as prevalences of risk 
and not as confirmed cases. 

Others have also reported elevated prevalence rates of REDs and LEA in 
endurance athletes compared to other athlete populations. Endurance athletes are 
particularly susceptible to problematic LEA and REDs due to their high training 
volumes, increased risk of DE, and the weight-sensitive nature of their sports 
(Gallant et al. 2024). Specifically, it has been reported that 18–80% of female 
endurance athletes (Melin et al. 2015; Kettunen et al. 2023; Muia et al. 2016; 
Fahrenholtz et al. 2022; Jesus et al. 2021; Karlsson et al. 2023; Dervish et al. 2023; 
Viner et al. 2015; McCormack et al. 2019) and 42–70% of male endurance athletes 
are considered at risk of REDs or LEA (Jesus et al. 2021; Viner et al. 2015; Lane et 
al. 2019; Moore et al. 2021; McCormack et al. 2019). The observed high prevalence 
rates of REDs risk in my studies align with previous results.  

In both Studies II and III, a substantial proportion of male athletes had sub-
clinically or clinically low testosterone levels. In Study II, 48–60% of male 
endurance athletes fell below the threshold of sub-clinically low testosterone and in 
Study III, 53% of males representing a mixed-sports sample had at least sub-
clinically low testosterone. All these athletes were classified as at-risk athletes 
according to the REDs CAT 2, but it is also possible that many of them could have 
decreased levels of testosterone due to exercise, as has been described as EHMC 
(Hackney 2020). In particular, those athletes who scored for sub-clinically low 
testosterone in the REDs CAT 2 (86% of at-risk cases in Study III) could indeed 
represent EHMC rather than problematic LEA. 

Taken together, it is important to highlight that the prevalence estimates in my 
studies indicate the risk of REDs, and a thorough individual evaluation could not 
be conducted. A further clinical and laboratory examination by an expert physician, 
preferably in a multi-professional team, would have been required to obtain 
information about the individual situation, to rule out other potential causes, and 
to strengthen the evaluation of REDs (Stellingwerff et al. 2023). Given the 
burdensome path for confirming a state of REDs in the healthcare system, these 
resources are rarely available for athletes, which poses a potential major threat for 
athletes’ health and well-being.  

6.3 Cholesterol and REDs risk 
Elevated LDL-C and TC are listed among potential indicators of REDs in the REDs 
IOC Consensus Statement 2023 and REDs CAT 2 (Mountjoy et al. 2023; 
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Stellingwerff et al. 2023). The studies supporting this association are from patients 
with anorexia nervosa (a prolonged extreme form of LEA), military service (8-week 
extreme LEA) and case studies of athletes with extreme weight-loss strategies (5-
day extreme LEA and dehydration)(Hussain et al. 2019; Friedl et al. 2000; Langan-
Evans et al. 2021). In addition, a recent meta-analysis of 18 observational studies 
concluded that physically active females with secondary amenorrhoea (a potential 
indicator of LEA) had elevated LDL-C, TC, HDL-C and TG compared to females 
with normal menstrual cycles (Tegg et al. 2024), but due to the nature of the studies, 
the certainty of the evidence was rated very low. Further, some studies did not find 
any association between menstrual disturbances and levels of LDL-C or TC (Ayres 
et al. 1998; D. L. Thompson et al. 1997). Female athletes with FHA and patients 
with anorexia nervosa can have similar disturbances in different hormonal axes, 
contributing to the observed alterations in cholesterol metabolism (Kirsty J. Elliott-
Sale et al. 2018; Hussain et al. 2019, 2023). Particularly low levels of oestrogen, as 
observed post menopause and linked with changes in cholesterol (Matthan et al. 
2005), have been proposed to affect the development of pro-atherogenic lipid 
profiles in amenorrhoeic athletes (Rickenlund et al. 2005). 

In Study I, I could only identify a positive association between LEAF-Q score 
and LDL-C in weight-sensitive athletes, but not among a mixed-sports sample. 
Since the LEAF-Q has only been validated in female endurance athletes, its 
reliability in other athlete populations is uncertain and could therefore explain the 
discrepancy in the results. However, in neither Study II nor III, did I find any 
association between REDs risk, assessed with the REDs CAT 2, and HDL-C, LDL-C 
or TC in cross-sectional analysis of either mixed-sports sample or endurance 
athletes. Therefore, I did not find consistent results to support the current REDs 
model, where elevated LDL-C and TC are listed as secondary indicators.  

One explanation for the lack of association in my studies could be the severity of 
REDs risk. In Studies II and III, only a few athletes were at high REDs risk, and 
most were rated as mild to moderate risk. As previous studies have shown, 
moderate- or short-term energy deprivation tends to have beneficial effects on the 
lipid profile (Most et al. 2018; Lefevre et al. 2009; Magkos 2022; Karimi et al. 2021), 
whereas severe and prologued starvation can lead to the opposite effects (Hussain 
et al. 2019; Friedl et al. 2000; Langan-Evans et al. 2021). Moderate energy 
reduction or weight loss may induce positive changes in the fat and overall 
composition of the diet and in the body composition without drastic changes in the 
endocrine milieu, whereas extreme or prolonged LEA can lead to a chronic 
hypometabolic state altering several hormonal axes, and even altered lipid 
metabolism.  

Interestingly, in Study II, I could identify an inverse relationship between 
change in REDs risk and change in LDL-C and TC from T1 to T2 (with a time 
difference of 4.4 months) among female endurance athletes. Although I could not 
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see a group level change in REDs risk or cholesterol levels between the timepoints, 
my results indicate that those females whose REDs risk increased during the 
athletic year tended to show reductions in their LDL-C and TC levels. This could be 
due to the acute positive effect that LEA can have on cholesterol levels and health 
(Most et al. 2018; Lefevre et al. 2009; Magkos 2022; Jouhki et al. 2024; Sarin et al. 
2019; Nusser et al. 2025). With reduced EA, these individuals could have reduced 
the intake of saturated fat and cholesterol. On the other hand, those with increased 
EA and therefore reduced REDs risk status might have increased their intake of 
saturated fat and cholesterol, leading to a short-term elevation in LDL-C and TC. 
However, due to their unreliability (Burke et al. 2018; Capling et al. 2017), food 
diaries were not analysed in my studies and thus, these reasonings remain 
hypothetical.  

Since amenorrhoea is considered a severe primary indicator of REDs in females, 
I also specifically investigated the association between menstrual status and 
cholesterol levels. Surprisingly, in Studies I and II, I could not identify any 
association between menstrual dysfunction (athletes with amenorrhoea or 
oligomenorrhoea vs normally menstruating athletes) and cholesterol levels in any 
of our study populations.  

In Study III, I compared athletes in three groups: those with amenorrhoea, those 
with oligomenorrhoea and those with a normal menstrual cycle. I observed that 
LDL-C was higher among athletes with amenorrhoea when compared with athletes 
with oligomenorrhoea (3.2mmol/l vs 2.1 mmol/l for amenorrhoea and 
oligomenorrhoea respectively, p 0.045). This phenomenon of the most beneficial 
cholesterol levels being observed in athletes with oligomenorrhoea has been 
reported previously (Rickenlund et al. 2005), and distinct endocrine pathways have 
been suggested for amenorrhoea and oligomenorrhoea (Rickenlund et al. 2004). In 
my study, athletes with oligomenorrhoea had similar BMIs (20.7) and body fat 
percentages (18.5%) to females with amenorrhoea (20.9, and 17.3%, respectively), 
which suggests that anthropometrics alone cannot be used to distinguish menstrual 
dysfunction associated with further endocrine disturbances. Females with 
amenorrhoea also seemed to have higher LDL-C (3.2 vs 2.6mmol/l) and TC (5.6 vs 
4.8mmol/l), but similar HDL-C (1.6 vs 1.6mmol/l), than naturally menstruating 
females, but no statistically significant differences could be observed. Females with 
amenorrhoea also seemed to have lower body fat percentage (17.3 vs 23.3%) and 
BMI (20.9 vs 23.3) than naturally menstruating females, but these differences were 
not statistically significant.  

These results suggest that the categorisation of both those with amenorrhoea 
and those with oligomenorrhoea into the same group of menstrual disturbances in 
Studies I and II might have affected the results and our findings of between-group 
differences. Additionally, the classification of menstrual status was solely based on 
self-reported questionnaire responses. No hormonal investigation was performed 
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to distinguish FHA from other potential causes of menstrual dysfunction, which 
may have affected our findings. Due to the low number of participants, these results 
remain exploratory and need further replication. Future studies should analyse 
amenorrhoea and oligomenorrhoea distinctly in relation to cholesterol levels.  

6.4 Cholesterol and ED behaviour 
In Study I, ED behaviour (assessed with EDE-QS score) was associated with both 
LDL-C and TC in females representing mixed-sport as well in females representing 
weight-sensitive sports. DE behaviour and clinical EDs are risk factors for REDs 
(Mountjoy et al. 2023), and screening for DE behaviour is part of the recommended 
REDs screening (Stellingwerff et al. 2023). The EDE-QS might have captured 
athletes at risk of problematic LEA but, interestingly, adjusting the model to LEA 
symptoms (LEAF-Q) further strengthened the association between the EDE-QS 
and LDL-C and TC. This suggests that ED behaviour might have an independent 
association with these cholesterol levels.  

Our findings are in line with previous studies on patients with EDs. Anorexia 
nervosa is an extreme form of LEA and patients with anorexia nervosa have in many 
ways compromised health due to the severe starvation (Papadopoulos et al. 2009; 
Schorr and Miller 2017; Sachs et al. 2016). Elevated LDL-C and TC levels have been 
reported in patients with anorexia nervosa before and after weight-restoration 
treatment (Hussain et al. 2023). Since the hyperlipidaemia persists even after 
weight restoration, it has been proposed that this phenomenon could be unrelated 
to LEA, but rather associated with the anorexia nervosa phenotype per se (Hussain 
et al. 2023). However, this might be a precipitous conclusion since the lipid levels 
had been re-evaluated after only ~3 months of weight-restoration treatment. Even 
if the patients had normalised their BMI, this might not be sufficient for 
normalisation of all physiological and endocrine functioning.  

Additionally, in less severe forms of DE, elevated LDL-C and TC have been 
observed. Adolescent girls with DE behaviour leading to weight loss and 
amenorrhoea were reported to have elevated LDL-C and TC levels (Swenne 2016). 
Females with lower gynaecological age have been reported to be at greater risk of 
developing endocrine disturbances due to problematic LEA (Loucks 2006). To my 
knowledge, previous studies have not studies the cholesterol levels of athletes with 
DE behaviour or clinical EDs. Therefore, our analysis on the association between 
EDE-QS and LDL-C and TC was novel.  

In Studies II and III, the EDE-QS was included in the REDs risk assessment, 
contributing to the identification of athletes at risk of REDs, but no specific analyses 
examining the association between ED behaviour and cholesterol or the 
metabolome were conducted.  
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6.5 Elevated LDL-C levels in the Finnish athletic 
population 

In Study II, I reported that up to 30% of athletes had elevated LDL-C levels 
(≥3mmol/l) and in Study III, 26% of female athletes and 37% of male athletes had 
elevated LDL-C. These prevalences correspond to those in the general population 
of young adults (Zheutlin et al. 2024; Yiyi Zhang et al. 2022), suggesting that 
athletes are not protected from dyslipidaemia but rather are at a similar risk to age-
matched peers. Similar results have also been previously reported in Italian 
Olympic athletes, where 26% of athletes had elevated LDL-C (>3mmol/l)(Gioia et 
al. 2024). However, the exercise modality or body composition may influence LDL-
C levels since in Study III, athletes representing non-weight-sensitive sports had 
significantly higher LDL-C than athletes representing other weight-sensitive or 
endurance sports. Mean HDL-C levels ranged from 1.6 to 2.0 in females in Studies 
I, II and III and 1.3–1.5 in males in Studies II and III, which are considered 
protective for cardiovascular health (Mach, Baigent, Catapano, Koskinas, Casula, et 
al. 2020). However, given the causal role of LDL-C in the development of ASCVD 
(Ference et al. 2017), my results suggest that measurements of traditional 
cholesterol levels in athletes should not be overlooked in promoting their 
cardiovascular health and risk profile.  

6.6 Metabolome and REDs risk 
To our knowledge, we are the first group to investigate the association between the 
serum metabolome and real-life REDs risk in a mixed-sport sample of high-level 
athletes (Study III). Since identifying REDs in the real-world is difficult and 
currently based on symptoms and clinical findings possibly caused by problematic 
LEA, I also examined the severe primary REDs indicators (amenorrhoea for females 
and clinically low testosterone for males) and body fat percentage to better 
understand the underlying mechanisms. 

Overall, a few significant associations between the REDs risk and metabolome 
were observed in my study after correcting for multiple testing. In females, 
increasing REDs risk had a positive association with IDL particle number and 
phospholipid content in extra-small VLDL particles, which were robust to 
sensitivity analysis restricted to athletes representing weight-sensitive sports. In 
males, no association between REDs risk and the metabolome was found and in 
sensitivity analysis on athletes representing weight-sensitive sports only creatinine 
had a negative association with increasing REDs risk. As for testosterone as a 
surrogate marker of REDs in males, scattered associations were observed mainly in 
HDL and VLDL profiles. 
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Aligning with previous metabolome research (Jouhki et al. 2024; Sarin et al. 
2019; Nusser et al. 2025), my analysis showed that lower body fat percentage is 
associated with more beneficial metabolomic pathways regarding HDL and 
inflammation. In the next sections, I will walk you through my findings regarding 
each metabolome pathway. 

6.6.1 HDL profile 

No association between REDs risk and the HDL metabolome was found at any of 
our athlete populations. Previous studies investigating the association between 
hormonal disturbances or LEA and the HDL-C axis have yielded contradictory 
results. Higher HDL-C in athletes and adolescent girls with amenorrhoea have been 
reported compared to normally menstruating counterparts (Rickenlund et al. 2005; 
Swenne 2016), and patients with anorexia nervosa have been reported to have 
higher levels of HDL-C (Hussain et al. 2019) that decrease after weight restoration 
treatment (Hussain et al. 2023). In  genome-wide association studies, a significant 
positive association between anorexia nervosa and total HDL-C, as well as HDL 
size, has been established (Duncan et al. 2017; Watson et al. 2019). Oophorectomy-
induced hypoestrogenism in young women resulted in no change in HDL-C (Suda 
et al. 1998), and hypoestrogenism after menopause has been associated with q 
decline (Jensen et al. 1990; Do et al. 2000), increase (El Khoudary, Chen, et al. 
2021; Karvinen et al. 2019; Hyvärinen et al. 2022) and no change (Matthan et al. 
2005; Matthews et al. 2009) in HDL-C.  

Contrary to the REDs risk analysis but in line with previous metabolome 
research (Jouhki et al. 2024; Sarin et al. 2019; Nusser et al. 2025), lower body fat 
percentage was associated with several beneficial metabolomic pathways regarding 
HDL in my study. In both sexes, a negative association was observed between body 
fat percentage and HDL size and particle number and lipid composition of large and 
extra-large HDLs, indicating that lower body fat percentage was associated with a 
tendency of having a larger-sized HDL profile. It has been proposed that the size, 
composition and efflux capacity of HDLs better reflect the cardioprotective 
properties than particle number per se (Hussain and McNeil 2026). A larger-sized 
HDL profile has been associated with a more beneficial cardiovascular health and 
risk factor profile (Kontush 2015; Razavi et al. 2012), probably due to increased 
lipolysis, as well as smaller HDL3 acquiring surface material from TG-rich 
lipoproteins (chylomicrons and VLDLs), resulting in larger HDL2 particles 
(Wieczorek et al. 2021). However, pharmacological interventions increasing HDL-
C have not led to anticipated improvements in cardiovascular health and it has been 
suggested that the composition and functionality of HDL particles might be more 
crucial in their role in promoting cardiovascular health (Hussain and McNeil 2026). 
To further highlight the complexity of HDL’s role in cardiovascular health, there is 
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a U-shaped association between HDL-C and risk of ASCVD. The risk of ASCVD 
plateaus at HDL-C levels 1.6–2.1mmol/l, with no additional decrease above this 
range and even adverse associations above levels of ~2.3mmol/l (Mach, Baigent, 
Catapano, Koskinas, Casula, et al. 2020; Hussain and McNeil 2026). 

Interestingly in Study II, I observed a negative association between HDL-C and 
T3, indicating higher levels of HDL-C with lower levels of T3. Lower T3 has been 
associated with lower body fat percentage, weight loss and LEA (Isola et al. 2023; 
Mountjoy et al. 2023; Loucks and Heath 1994b). T3 is also involved in increasing 
the expression of ApoA-1, the main apolipoprotein of HDL, and in increasing RCT 
from peripheral tissues. It is thus possible that T3 could be mediating the increase 
in HDL-C in lower body fat percentage (D. Zhang et al. 2022; Ness 1991). Another 
hormone closely connected to fat mass is leptin. Leptin has an inverse relationship 
with HDL-C, possibly by increasing the expression of SR-B1 in the liver 
to facilitate the transport of HDL from the bloodstream (Koh et al. 2008). Thus, 
lower levels of leptin observed in individuals with less fat mass could contribute to 
the increased levels and larger sizes of HDL observed in Study III. Unfortunately, 
we didn’t have the required data to investigate this hypothesis in our cohort. 

6.6.2 IDL profile 

IDL particle count was associated with REDs risk in females, both in the whole 
study sample and among weight-sensitive athletes. This association was robust to 
hormonal contraception use in weight-sensitive sports, but not in the whole female 
population. IDL, also known as VLDL remnant, is the precursor of LDL (Feingold 
2000). IDL has been associated with elevated risk of an ASCVD event and disease 
progression, and of all ApoB-containing particles, IDLs have the highest reactivity 
for proteoglycans in the arterial intima, promoting development of atherosclerotic 
plaque (Anber et al. 1997). Previous studies have identified metabolic syndrome, 
diabetes, sedentary lifestyle, red meat consumption, and high intake of saturated 
fats as factors associated with elevated IDL levels (Narang and Al-Horani 2026). 
Interestingly, previous metabolome studies on athletes have not identified similar 
changes in IDL after short- to medium-term LEA (Jouhki et al. 2024; Sarin et al. 
2019; Nusser et al. 2025). Although elevated IDL has been linked to 
cardiometabolic risk in the general population, it remains uncertain whether the 
alterations I observed in athletes with increased REDs risk represent adverse long-
term consequences or reversible adaptations to prolonged LEA and high training 
load.  
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6.6.3 LDL profile 

In line with previous LEA–metabolome studies (Jouhki et al. 2024; Sarin et al. 
2019; Nusser et al. 2025) but contrary to the REDs CAT 2 model, few associations 
with the LDL profile were identified in my analysis. Across all analyses except one, 
no significant associations were identified between REDs risk and LDL particle 
profiles. Among males, few lipid measures in medium-sized LDL particles were 
associated with testosterone, but no association with overall LDL-C or LDL size 
could be detected. Body fat percentage was associated with few lipid measures in 
small and medium LDL particles. Overall, based on our results REDs risk, surrogate 
markers of REDs and body fat percentage did not have strong associations with 
LDL-C or LDL size, which have been most strongly associated with risk of ASCVD 
(Ference et al. 2017; Zubiran et al. 2025).  

6.6.4 VLDL profile 

In females, REDs risk and its surrogate marker menstrual status were associated 
with lipid measures in small and large VLDL particles. In females, regardless of 
sport, REDs risk was associated with changes in lipid measures in extra-small VLDL 
particles. Further adjustment for body fat percentage in weight-sensitive and 
endurance athletes strengthened the VLDL pathway, suggesting that REDs risk, 
regardless of body fat percentage, is associated with a more pronounced small-sized 
VLDL profile in athletes representing weight-sensitive or endurance sports. When 
looking into menstrual status as a surrogate marker of REDs, differences in large 
and extra-large VLDL lipid ratios were observed. I did not, however, observe any 
overall change in size of the VLDLs. Smaller VLDL particles have been linked to 
better cardiovascular health (Lee et al. 2022; Adiels et al. 2006), and decreasing 
size in VLDL particles has previously been observed after short- and medium-term 
LEA exposure (Jouhki et al. 2024; Nusser et al. 2025), indicating a beneficial effect 
of weight-loss on the VLDL lipidome corresponding to some of our findings. Jouhki 
et al. (2024) hypothesised that their observed decrease in VLDL size after weight 
loss could be due to the enhanced exchange of TG between HDL and VLDL and/or 
increased lipolysis of VLDL particles. Surprisingly, unlike the previous 
metabolomic research (Jouhki et al. 2024; Nusser et al. 2025), we did not find any 
association between body fat percentage and VLDL profile.  

6.6.5 Other metabolites 

An inverse relationship between body fat percentage and the inflammatory marker 
GlycA could be observed in both males and females, aligning with what has been 
observed previously after short- and medium-term LEA leading to reduced fat mass 
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and body weight (Sarin et al. 2019; Nusser et al. 2025; Jouhki et al. 2024). GlycA is 
a biomarker quantifying both acute-phase protein concentrations and their 
glycosylation state (Mehta et al. 2020) and is indicative of a proinflammatory state 
and adipose tissue dysfunction (Dullaart et al. 2015). GlycA has a positive 
association with BMI, hs-CRP, leptin and leptin/adiponectin ratio (Dullaart et al. 
2015), and increased GlycA levels have been associated with several autoimmune 
diseases (Mehta et al. 2020), increased risk of ASCVD and type 2 diabetes mellitus 
in women (Akinkuolie et al. 2015, 2014). Although reduced GlycA levels are 
associated with better cardiovascular health independent of other inflammatory 
markers (Benson et al. 2018), no universal reference levels have been established 
(Ballout and Remaley 2020). In post-menopausal women, elevated GlycA levels 
have been observed in some (Q. Wang et al. 2018) but not all studies (Karppinen et 
al. 2022). Finally, regular exercise has been shown to reduce GlycA levels in a 
habitually sedentary population independent of confounding factors such as BMI 
(Barber et al. 2018). Our findings suggest that also in athletes reduced body fat 
percentage is associated with reduced inflammation, possibly contributing to better 
cardiovascular health.  

Earlier, the ketone body beta-hydroxybutyrate was identified as the best 
metabolomic predictor of short-term LEA with a threshold of >0.09nmol/l (Nusser 
et al. 2025). In our cohort 10% of males and 7% of females had levels above 
0.09nmol/l indicating LEA, but I could not identify any association between beta-
hydroxybutyrate and REDs risk or its surrogate indicators in my study. However, 
in males, an inverse relationship between body fat percentage and beta-
hydroxybutyrate was found. Acetone, another ketone body, also had a negative 
association with body fat percentage among males, similar to what has been 
observed after short- to medium-term LEA (Jouhki et al. 2024; Nusser et al. 2025).  

Among male athletes representing weight-sensitive sports, a negative 
association between REDs risk and creatinine was observed. However, the clinical 
significance of this finding is questionable because the observed differences were 
small and within reference range (Hosten 1990). Among females representing 
weight-sensitive sports, a negative relationship between REDs risk and lactate was 
observed. Lactate has been reported to be higher in people with obesity (Jansson et 
al. 1994; Crawford et al. 2008) and with type 2 diabetes (Crawford et al. 2010), and 
it has been proposed to serve as a biomarker for glucose-related insulin resistance 
in obese individuals (Chondronikola et al. 2018). The relevance of this finding in 
our athlete population is, however, unclear.  

In our study, body fat percentage was associated with multiple fatty acids. 
Among males, an overall positive association between body fat percentage and 
omega-3, omega-3 % and DHA was observed, and a negative association between 
body fat percentage and omega-6:omega-3 ratio. These results indicate a more 
beneficial fatty acid composition among those with higher body fat percentage. 
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Omega-3 and omega-6 fatty acids are essential for the human body, since they 
cannot be produced in the body and must be received from the diet. An optimal 
ratio of omega-6 to omega-3 is considered to be 1:1, but with the modern western 
diet being excessive in omega-6 but lacking in omega-3, the ratio is reaching 20:1 
(Simopoulos 2016). A higher ratio of omega-6 to omega-3 fatty acids is associated 
with an increased risk of obesity (Simopoulos 2016) and inflammatory states and 
diseases (DiNicolantonio and O’Keefe 2021). In our sample, the omega-6 to omega-
3 ratios were on average 9.8 (SD 3.1) among females and 11.7 (SD 3.6) among males, 
which is above the recommendation but in line with what has previously been 
reported in athletes (Ramadoss et al. 2021). Contrary to my findings, in physique 
athletes the concentration of omega-3 increased and omega-6:omega-3 ratio 
reduced after the 5-month weight-loss period (Jouhki et al. 2024). 

6.7 Strengths 
My study has some important strengths. One of the principal strengths is the 
sample size, which is large compared to many previous studies in the field. The 
participants were national- to world-class-level athletes, enabling the assessment 
of REDs risk and cholesterol levels in a highly trained athlete population. In 
addition to studying mixed-sport athletes, I investigated athletes representing 
weight-sensitive and endurance sports in more detail. This allowed for the 
examination of possible differences between susceptibility to problematic LEA in 
different athletic populations.  

Standard protocols in the measurement of body composition, BMD, and blood 
samples were used. For assessing the REDs risk, I used the LEAF-Q questionnaire, 
which has been validated in female endurance athletes (Melin et al. 2014), and the 
IOC-recommended REDs CAT2, which is the current golden standard for assessing 
REDs risk and has been validated by a process of expert validation (Mountjoy et al. 
2023; Stellingwerff et al. 2023). All of these methods were invented to identify long-
term consequences of LEA. To my knowledge, REDs risk and cholesterol levels have 
not previously been assessed using specifically the REDs CAT 2. For analysing the 
metabolome, we used the NMR, which is highly reproducible and commonly used 
(Soininen et al. 2015). 

6.8 Limitations 
My study also has some important limitations. Causality cannot be inferred because 
the studies were observational in nature. In addition, although I used validated 
measures for screening REDs risk and ED symptoms, no clinical evaluation for 
REDs or EDs was done. The EDE-QS has not been validated in an athlete 
population, but the original EDE-Q has shown a sensitivity of 90% and specificity 
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of 100% among athletes (Lichtenstein et al. 2022).  Additionally, the LEAF-Q has, 
to the best of my knowledge, only been validated in female endurance athletes, but 
in Study I, it was used in a sample representing mixed sports. 

There are also some limitations in my assessment of REDs risk. First, because 
data collection began prior to the publication of the REDs CAT 2, I did not have all 
the required information, such as psychiatric assessment for anxiety and 
depression, or the duration of amenorrhoea. I used the short version of the EDE-Q 
(EDE-QS) and a common 15-point cutoff for both female and male athletes, as there 
are no specific cutoffs for males (Prnjak et al. 2020). The common cutoff might 
underestimate DE behaviour among men. DXA for BMD assessment was conducted 
only once during the athletic year, and the result was used to represent both 
timepoints within the same annual cycle. However, because changes in BMD 
usually occur slowly, I believe that significant changes in BMD between the two 
timepoints are rare (Kendler et al. 2019). Females reported their own menstrual 
cycle and no verification via urine or blood tests was conducted. The gold standard 
for classification of menstrual status includes self-reported menstrual bleeding, 
LH-surge test via urinary sample and serum hormone sampling with blood tests 
(Kirsty Jayne Elliott-Sale et al. 2025). As in REDs CAT 2, we assessed the thyrois 
function using T3, but a clinical evaluation of thyroid function would include T4 
and TSH. Finally, the accuracy of the REDs CAT 2 in screening athletes with REDs 
requires further study (Jeukendrup et al. 2024), and the model remains to be 
investigated and further developed (Stellingwerff et al. 2023; Jeukendrup et al. 
2024). Taken together, these limitations may have led to an over- or 
underestimation of the REDs risk. 

Even if I handled REDs risk as a continuous variable, the score does not indicate 
a linear risk, let alone severity, of REDs. It reflects the number of possible REDs 
symptoms or findings, with an increasing probability of REDs syndrome with a 
higher number of symptoms or findings. Therefore, most likely at lower scores, 
these athletes represent a heterogeneous group with some possibly having 
metabolic adaptations due to LEA (problematic or adaptable) and some having 
completely other reasons explaining the findings.  

We cannot exclude the possibility of unknown confounding factors affecting our 
findings. We were unable to collect specific training information, which limits the 
interpretation of the potential effect of training on cholesterol levels. Future studies 
could also assess whether there are systematic differences in athletes’ diet within 
the training season. Genetic factors, potentially influencing cholesterol metabolism, 
could not be assessed, but no extremely high LDL-C levels (≥4.9mmol/l) were 
observed, which would raise concern of familial hypercholesterolaemia (Bouhairie 
and Goldberg 2015). Although mean cholesterol levels in Finland are similar when 
compared to other European countries (Timmis et al. 2022), further studies are 
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needed to assess the generalisability of our findings to athletes from other sports, 
and cultural and ethnic backgrounds.  
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7 Conclusions and future directions 

The current field of research regarding REDs and LEA is active and there is a 
growing amount of evidence to improve our understanding on how LEA and its 
different forms affect athlete physiology and health. As summarised in the literature 
review, the link between LEA and cholesterol metabolism is still inconclusive, which 
was the driving force of my thesis. 

Based on the literature review, I identified several aims and now, I will conclude 
the main findings of my research:  

I) ED behaviour (measured with EDE-QS) has a weak positive association 
with LDL-C and TC among female athletes, both those representing 
mixed sports and those representing weight-sensitive sports. Among 
female athletes representing weight-sensitive sports, LEA symptoms 
(assessed with the LEAF-Q) have a weak positive association with LDL-C 
and TC.  

II) REDs risk (assessed using the REDs CAT 2) is not associated with 
cholesterol values in female or male endurance athletes. However, among 
female endurance athletes, a change in REDs risk during a training 
season has an adverse association with a change in LDL-C and TC. 

III) REDs risk has a positive association with IDL and VLDL, but not LDL, 
metabolome pathways in female athletes, particularly those representing 
weight-sensitive sports. Interestingly, also in athletic population lower 
body fat percentage is also associated with a beneficial metabolomic 
fingerprint characterised by larger-sized HDL particles and lower 
inflammation, highlighting the role of adipose tissue in lipid metabolism.  

IV) Finally, a substantial proportion of the studied athlete population had 
elevated LDL-C levels. These results suggest that cholesterol 
measurements in athletes should not be overlooked in promoting their 
cardiovascular health and risk profile. 

Based on my findings, I state that even among athletes, body fat percentage is a 
strong indicator of metabolic health. However, ED behaviour and problematic LEA 
with hormonal disturbances may adverse these benefits, particularly in females 
representing weight-sensitive sports. Future studies should aim to quantify 
problematic LEA and REDs for a robust understanding of the interplay between 
problematic LEA and cholesterol levels, as well as the metabolome.  
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