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ABSTRACT
Objectives  Relative energy deficiency in sport (REDs) 
is a syndrome resulting from problematic low energy 
availability (LEA). Low areal bone mineral density 
(aBMD) is a primary indicator of LEA, measured by dual 
X-ray absorptiometry (DXA). High-resolution peripheral 
quantitative CT (HR-pQCT) is an advanced imaging device 
that provides measures of volumetric BMD (vBMD), bone 
microarchitecture, geometry and strength. This study 
aimed to assess the prevalence of REDs in elite winter 
sport athletes and to observe the associations in bone 
parameters using HR-pQCT in athletes identified as at-risk 
or not at-risk of REDs.
Methods  Participants included 101 elite athletes 
(24.1±4.4 SD years; 52% female). The REDs Clinical 
Assessment Tool (CAT2) was used to determine REDs risk. 
HR-pQCT scans of the non-dominant radius and left tibia 
were analysed on REDs risk grouping.
Results  17 athletes (17%; 71% female) were at-risk 
based on the REDs CAT2. After covarying for lean mass, OR 
suggested a higher likelihood of REDs risk classification 
for athletes with low cortical thickness, cortical area, total 
vBMD and bone strength.
Conclusions  Impaired total vBMD, bone strength and 
cortical bone parameters were approximately twice as 
likely (OR: 1.9–3.0) in athletes at-risk of REDs. Results 
agree with the consensus statement that HR-pQCT may 
identify impaired bone health in athletes at-risk of REDs. 
Future directions should use HR-pQCT to explore REDs risk 
longitudinally, using bone change over time, as this may 
provide greater insight. Using advanced imaging to explore 
REDs risk in a population of winter high-performance 
athletes is novel.

INTRODUCTION
Effects of low energy availability (LEA) pose 
risks to an athlete’s health, wellness and 
sports performance.1 2 LEA occurs when one’s 
energy expenditure outweighs their energy 
intake3 and can be especially detrimental to 
bone health.4 Bone is a mechanosensitive 
tissue that requires adequate levels of physical 
stimulus and energy intake to induce posi-
tive adaptations5 6 to maintain bone quality, 
including bone mineral density (BMD), 

strength, geometry, microarchitecture and 
tissue mineralisation. The relationship 
between bone health and LEA is well known,7 
leading to the development of models to 
describe this relationship, including rela-
tive energy deficiency in sport (REDs).8 9 In 
2023, REDs was redefined as ‘a syndrome of 
impaired physiological and/or psychological 
functioning experienced by female and male 
athletes that is caused by exposure to prob-
lematic LEA’.9 A primary indicator of REDs 
risk is the emphasis on impaired bone health, 
specifically low BMD, as defined in the REDs 
Clinical Assessment Tool V.2 (CAT2).10

Areal BMD (aBMD) is measured using 
dual X-ray absorptiometry (DXA); however, 
relying solely on DXA may be restrictive 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Relative energy deficiency in sport (REDs) is a syn-
drome caused by low energy availability that nega-
tively impacts bone health and athlete performance, 
with prevalence rates varying from 15–80% de-
pending on sex and sport type.

WHAT THIS STUDY ADDS
	⇒ This study highlights the utility of the REDs Clinical 
Assessment Tool V.2 and high-resolution peripheral 
quantitative CT (HR-pQCT) in assessing REDs risk, 
showing links between cortical bone impairments 
and REDs in elite winter sport athletes which is a 
population rarely studied. Results suggest a benefit 
of including both HR-pQCT and dual X-ray absorp-
tiometry (DXA) for bone assessment in research 
and clinical settings to progress towards clinically 
relevant associations between REDs risk and bone 
health.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Findings suggest HR-pQCT’s potential for advanced 
imaging indicators unique to REDs, paving the way 
for objective screening. Early identification through 
systematic screening could improve athlete health, 
particularly bone health, and reduce removal from 
sport due to severe REDs risk.
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as the technology has limited ability to analyse bone 
strength and microarchitecture. High-resolution periph-
eral quantitative CT (HR-pQCT) is an advanced imaging 
technology that measures total, cortical and trabecular 
BMD, bone microarchitecture, geometry and estimated 
strength using finite element analysis (FEA). Cortical 
bone microarchitecture and geometry may play a critical 
role in the development of bone stress injuries (BSIs) in 
athletes with menstrual dysfunction.11–13 Compromised 
bone strength and cortical bone have been observed 
in amenorrhoeic athletes compared with both eumen-
orrhoeic athletes and non-athletes.14 Thus, associated 
decrements in strength and microarchitecture could 
suggest REDs risk. Additionally, estimated strength 
derived by HR-pQCT and FEA has been shown to predict 
fracture risk independent of aBMD15 16 which is crucial in 
preventative assessment for the longevity of an athlete’s 
career. The growing utility and emerging potential of 
HR-pQCT has led to the inclusion of this modality in the 
possible assessment of REDs risk, though further research 
is needed.17 18

Bone quality measured by HR-pQCT in athletes at-risk 
of REDs is poorly understood, especially among winter 
sport athletes. However, limited work suggests that 
bone health appears poorer in athletes at-risk of REDs 
compared with not at-risk athletes.19 Research on REDs 
risk primarily includes endurance athletes, who tend 
to be more susceptible to REDs.20 21 The ability to use 
HR-pQCT in addition to DXA in identifying REDs risk 
is relatively unknown; however, assessing bone microar-
chitecture and strength18 may provide greater detail and 
implications of impaired bone health.

This study aimed to determine the prevalence of winter 
sport athletes at-risk of REDs using the REDs CAT2. In 
addition, we explored the likelihood and association 
of HR-pQCT derived bone density, microarchitecture, 
geometry and estimated strength parameters observed 
in athletes at-risk versus not at-risk of REDs, based on 
the REDs CAT2. It was hypothesised that athletes consid-
ered at-risk of REDs would have inferior bone quality via 
HR-pQCT than those not at-risk of REDs.22

METHODS
Participants
Data collection for this cross-sectional study occurred 
between November 2019 and January 2024. Participants 
were recruited through collaborative efforts with the 
Canadian Sport Institute Alberta based on the following 
eligibility criteria: affiliation with the Canadian Sport 
Institute, competing at either elite/international (Tier 4) 
or world-class (Tier 5)23 level in a winter sport recognised 
as part of the Olympic Winter Games, at least 14 years 
old, and have not experienced pregnancy/lactation in 
the year before data collection. All participants provided 
informed consent before participating in the study. Indi-
viduals under 18 were assessed and treated as mature 
minors and signed their own consent forms.

Questionnaires
Participants completed electronic questionnaires 
capturing relevant information pertaining to REDs risk, 
including the age at which athletes began training, frac-
ture and BSI prevalence and missed or modified training 
due to injury/fracture. For females, age of menses, cycle 
frequency/duration and use of contraception were 
collected. The REDs CAT2 Step 210 was used to assess an 
athlete’s risk of REDs. Athletes within this cohort were 
classified into two rather than four groups: at-risk of REDs 
(yellow/‘mild’, orange/‘moderate’ or red/‘severe’) or 
not at-risk of REDs (green/‘none’). The REDs CAT2 
captures blood-based data (ie, testosterone, triiodothy-
ronine and cholesterol) and mental health screening (ie, 
disordered eating, anxiety and/or depression). These 
variables were omitted as we did not have this data.

Dual X-ray absorptiometry
DXA (GE Lunar iDXA, GE Healthcare) was used to 
measure aBMD (g/cm2) of the left hip (femoral neck 
(FN) and total hip (TH)) and lumbar spine (LS). In 
addition to aBMD, sex-matched, age-matched and weight-
matched Z-scores were calculated (iDXA, enCORE V.18, 
GE Lunar). Total body DXA scans were conducted to 
obtain anthropometric measures, including lean mass (ie, 
skeletal muscle, organs and connective tissue), fat-free 
mass (ie, bone, skeletal muscle, organs and connective 
tissue), fat mass and percent body fat. Precision errors of 
aBMD for DXA sites ranged from 0.51% to 1.14%.24

High-resolution peripheral quantitative CT
Participants completed unilateral HR-pQCT scans of the 
distal non-dominant radius and left tibia at a nominal 
isotropic resolution of 61 µm (XtremeCT II, Scanco 
Medical, Brüttisellen, Switzerland). The left tibia was 
chosen to align with the left hip of the DXA scan, based 
on standard imaging protocols. If either site could not be 
scanned due to a previous fracture or metal artefact, the 
contralateral limb was scanned. Scans captured a 10 mm 
length totalling 168 slices and were located 9.5 mm and 
22.5 mm proximal to the reference line for the radius 
and tibia, respectively.25 Technicians performed and 
analysed all scans using the standard manufacturer’s 
method25 and subsequent fully automatic segmentation 
was applied before quantitative analysis.26 All scans were 
graded 1–5 for motion artefacts: a scan scoring ‘1’ had 
no motion and a scan scoring ‘5’ was subject to severe 
blurring and discontinuities.27 Any scan with a motion 
score of ‘4’ or greater was excluded from analyses. Preci-
sion scores for HR-pQCT ranged from<2.4% for density 
to<3.3% for microarchitecture parameters, except for 
cortical porosity (CtPo) (<13.7%).28

Bone parameters including total (TtBMD; mg hydroxy-
apatite (HA)/cm3) and trabecular volumetric BMD (mg 
HA/cm3), trabecular number (mm−1), trabecular thick-
ness (mm), trabecular separation (mm) and trabecular 
area (mm2) were assessed using the standard morpho-
logical analysis.25 Cortical parameters, including cortical 
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volumetric BMD (mg HA/cm3), cortical thickness (CtTh; 
mm), cortical area (CtAr; mm2) and CtPo (%), as well as 
total cross-sectional area (mm2) were determined using 
an automated segmentation method.29 30 Image analysis 
was performed using Scanco Image Processing Language 
(V.6.6).

Estimated bone strength was determined via simu-
lated failure load (FL) using FEA software (FAIM, V.9.0, 
Numerics88 Solutions, Calgary, Canada).31 An axial 
compression test was simulated using a 1% compressive 
strain, Young’s modulus of 8748 megapascals (MPa) and 
a Poisson’s ratio of 0.3.32 The primary estimate of bone 
strength was FL (kilonewtons (kN)) based on 2% of the 
elements exceeding 7000 microstrains.33 Precision errors 
are<2% (coefficient of variation (CV) <1%) for estimates 
of stiffness and FL.34

Equity, diversity and inclusion
Recruitment of male and female athletes in similar 
numbers was important to applying the REDs CAT2, as 
males are often neglected in REDs research. Our team 
comprises academic researchers, exercise physiologists 
and a dietitian from all career stages with kinesiology, 
engineering and radiology backgrounds.

Patient and public involvement
Patients or the public were not involved in any aspect of 
this research.

Statistical analysis
The sample size was based on large effect sizes (0.9) 
previously observed between eumenorrhoeic and amen-
orrhoeic athletes and between athletic sporting groups 
using HR-pQCT.35 36 A minimum of 42 participants was 
required to achieve 80% power with a confidence level 
of 95% (α=0.05). Data were analysed using R Statistical 
software (V.4.0.0). Continuous data were presented 
using mean, SD and categorical data using numbers 
and percentages. Data were checked for normality using 
Shapiro-Wilk tests and visually checked with Q–Q plots 
and histograms. Demographic information was displayed 
for all athletes and split by sex, where two-sample t-tests 
were used to explore differences between at-risk and not 
at-risk groups. The primary outcome variables of this 
study included TtBMD and FL at both the radius and the 
tibia.

HR-pQCT and FEA results were compared with age-
matched and sex-matched controls using freely available 
normative data (Normative, https://www.normative.ca) 
developed and maintained by the Bone Imaging Labo-
ratory at the University of Calgary and Z-scores were 
produced for each variable. Normative data was not sport-
specific. OR used Z-scores for each HR-pQCT parameter 
and were used to determine the likelihood and associa-
tion between REDs risk and HR-pQCT parameters, where 
higher ORs represent a greater likelihood of observing 
a lower measure of each parameter (eg, OR>1: odds of 
observing low values of a parameter are greater in the 

at-risk group than in the not at-risk group). These models 
were adjusted for lean mass a priori as studies have found 
positive correlations between lean mass and aBMD.37 
Due to sample size limitations, multiple variable logistic 
regression was performed but restricted to a maximum 
of two variables, including the independent variable (eg, 
TtBMD) and one covariate (ie, lean mass).

Research checklist
This study was reported in accordance with the Strength-
ening the Reporting of Observational Studies in 
Epidemiology checklist to ensure rigorous and trans-
parent reporting of observational research methods and 
findings.

RESULTS
Demographics
101 elite winter sport athletes (52% female) participated 
in this study. They were associated with the following 
winter sports: biathlon, cross-country skiing, long-track 
speed skating, figure skating and ski cross. Demographic 
and sport affiliation information are presented in table 1. 
This cohort was 24.1±4.4 SD years old with an average 
training age of 13.2±6.3 SD years.

Athletes had DXA scans of the TH, FN and LS and 
HR-pQCT scans of the radius and tibia; however, two 
athletes were without scans at the radius due to reported 
bilateral fractures. No scans were removed due to motion 
artefacts.

REDs prevalence
Within this cohort, 17% of athletes (71% female) were 
considered at-risk of REDs and 83% (49% female) were 
not at-risk by use of the REDs CAT2 risk. Of the 17% at-risk 
athletes, 88% (67% female) were considered a yellow 
risk, 12% (100% female) were considered an orange 
risk and zero were considered a red risk. Due to sample 
size restrictions, yellow, orange and red risk were consid-
ered ‘at-risk’ in our study. The prevalence of REDs risk 
by sport type is displayed in online supplemental table 
1 and the prevalence of each REDs CAT2 indicator for 
this cohort is displayed in table 2. Most athletes at-risk of 
REDs were from biathlon (29%) and cross-country skiing 
(26%). Information for athletes in each risk group, split 
by sex, is displayed in table 3.

Bone quality parameters
Adjusted ORs revealed that athletes with lower CtTh (OR 
radius: 2.1, p=0.021; tibia: 1.9, p=0.037) and CtAr (OR 
radius: 3.0, p=0.007; tibia: 2.7, p=0.006) were approx-
imately two to three times more likely to be at-risk of 
REDs. Similarly, at the tibia, it was observed that athletes 
with lower TtBMD (OR tibia: 2.1, p=0.030) and FL (OR 
tibia: 2.2, p=0.033) were approximately twice as likely 
to be observed in the at-risk group. The OR results are 
displayed in figure 1 and online supplemental table 2.

DISCUSSION
In our cohort, 17% of athletes were considered at-risk 
of REDs despite not being initially screened for risk.10 

https://www.normative.ca
https://dx.doi.org/10.1136/bmjsem-2024-002320
https://dx.doi.org/10.1136/bmjsem-2024-002320
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Previous research reports REDs prevalence between 
15–80% depending on the sport,9 38 where leanness 
(or aesthetic) based sports and endurance sports tend 
to have higher prevalence due to the associated energy 
demands.20 39 40 This study included both endurance 
(ie, cross-country skiing, biathlon and long-track speed 
skating) and impact (ie, figure skating, luge, ski cross) 
sports, and there was a higher percentage of athletes in 
the endurance-based sports considered at-risk. However, 
the small sample size was underpowered to evaluate 
sport-type differences. Including endurance and impact 
sports may have contributed to the lower prevalence 
we report; however, we chose to include all sport types 
because studies involving winter sports are lacking. 
Notably, athletes within this cohort were supported by 
a multidisciplinary team at the Canadian Sport Institute 
Alberta, including performance dieticians and exercise 
physiologists, who are educated in REDs prevention strat-
egies, possibly helping mitigate overall REDs risk.

Primary indicators for REDs include an aBMD 
Z-score<−1.0 SD at the LS, TH or FN and a recent (ie, 
within two years) history of high-risk and/or multiple 
low-risk BSI.10 This cohort had a relatively small preva-
lence (8%) of athletes with low aBMD via DXA, zero with 
a recent high-risk BSI and only 3% with a low-risk BSI. 
This differs from other studies which report 11–39% of 
athletes with low aBMD22 41 and up to 20% sustained 
at least one BSI per season.42 These disparities may be 

partially due to unique energy demands and loading 
patterns associated with winter sports compared with 
those usually studied (ie, runners) and may also be 
partially attributed to the support this cohort received.

Primary amenorrhoea and prolonged secondary 
amenorrhoea are defined in the REDs CAT2 as severe 
indicators of REDs for females.10 Previous studies report 
HR-pQCT differences in bone quality between athletes 
with and without menstrual dysfunction12 14 36 43 and 
between athletes with and without BSIs.43 The develop-
ment of BSIs in athletes with menstrual dysfunction has 
been linked to compromised cortical bone microarchi-
tecture, geometry and estimated strength,11–13 suggesting 
justification for HR-pQCT monitoring in athletes at-risk 
of REDs. These results are consistent with our findings 
whereby differences in HR-pQCT derived bone density 
(TtBMD), microarchitecture (CtTh), geometry (CtAr) 
and estimated bone strength (FL) were observed in 
athletes at-risk versus not at-risk of REDs. In our study, 
athletes with lower parameters were approximately twice 
as likely to be at-risk of REDs, supporting our hypothesis.

The current study did not observe differences between 
at-risk groups for trabecular bone; however, some studies 
have shown poorer quality of trabecular bone (ie, higher 
separation, lower density, number and thickness) are 
observed in athletes with amenorrhoea and/or LEA.14 36 
The metabolic activity of trabecular bone makes it highly 
adaptive to mechanical loading, resulting in a high 

Table 1  Demographic information for all athletes and proportion of athletes by sport

Demographics

All
(n=101)
Mean (SD)

Male
(n=48)
Mean (SD)

Female
(n=53)
Mean (SD)

Age (years) 24.1 (4.4) 24.0 (4.3) 24.2 (4.6)

Height (cm) 175.1 (8.6) 180.8 (6.0) 170.0 (7.3)

Weight (kg) 72.0 (10.2) 78.4 (7.9) 66.2 (8.4)

Body mass index (kg/m2) 23.4 (2.2) 24.0 (2.3) 22.8 (1.9)

Lean mass (kg) 56.4 (9.3) 64.3 (5.6) 49.3 (5.3)

Fat mass (kg) 12.7 (4.1) 11.0 (3.0) 14.2 (4.3)

Per cent fat (%) 17.7 (5.2) 13.9 (2.8) 21.1 (4.5)

Fat-free mass (kg) 59.4 (9.7) 67.6 (5.9) 52.0 (5.6)

Age of menarche (years) NA NA 13.4 (1.4)

Training age (years) 13.2 (6.3) 12.8 (5.6) 13.5 (6.9)

Participants by sport Number (%) Number (%) Number (%)

Biathlon 14 (13.9) 5 (10.4) 9 (17.0)

Cross-country skiing 23 (22.8) 12 (25.0) 11 (20.8)

Figure skating 10 (9.9) 4 (8.3) 6 (11.3)

Long-track speed skating 33 (32.7) 17 (35.4) 16 (30.2)

Luge 6 (5.9) 2 (4.2) 4 (7.5)

Ski cross 15 (14.9) 8 (16.7) 7 (13.2)

Data are presented as mean (SD) for continuous variables and number (%) for discrete variables.
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potential for bone remodelling.44 The predominant 
gliding motion of these sports, in addition to the impact 
loading of some, may have masked or mitigated some of 

the negative effects of LEA on trabecular bone. It is also 
possible that changes in trabecular bone may be more 
affected by hormonal changes related to oestrogen, as 

Table 2  Prevalence of REDs CAT2 indicators used in severity classification among athletes considered at-risk of REDs

Risk factors*

All
(n=101)
Number (%)

Male
(n=48)
Number (%)

Female
(n=53)
Number (%)

All athletes risk factors

Primary indicators

History of high-risk and/or multiple low-risk BSIs 0 (0) 0 (0) 0 (0)

Absence of>6 months from training due to BSIs 0 (0) 0 (0) 0 (0)

BMD Z-score<−1.0 SD at the LS, TH or FN 8 (8) 5 (10) 3 (7)

Secondary indicators

History of 1 low-risk BSI within the previous 2 years 3 (3) 3 (6) 0 (0)

Absence of<6 months from training due to BSIs 3 (3) 3 (6) 0 (0)

Female risk factors

Severe primary indicators

Primary amenorrhoea/prolonged secondary amenorrhoea NA NA 10 (19)

Primary indicators

Secondary amenorrhoea NA NA 1 (2)

Secondary indicators

Oligomenorrhoea caused by FHA NA NA 2 (4)

Data are presented as numbers (percentages).
*Definitions for the risk factors are available in the REDs CAT2.10

BMD, bone mineral density; BSI, bone stress injury; CAT2, Clinical Assessment Tool V.2; FHA, functional hypothalamic amenorrhoea; FN, 
femoral neck; LS, lumbar spine; REDs, relative energy deficiency in sport; TH, total hip.

Table 3  Demographics by REDs risk comparison for all athletes and by sex for at-risk and not at-risk groups

All athletes Male Female

Not at-risk
(n=84)
Mean (SD)

At-risk
(n=17)
Mean (SD) P value

Not at-risk
(n=43)
Mean (SD)

At-risk
(n=5)
Mean 
(SD) P value

Not at-risk
(n=41)
Mean (SD)

At-risk
(n=12)
Mean (SD) P value

Age (years) 23.9 (4.2) 25.3 (5.8) 0.346 24.1 (4.4) 22.8 (3.0) 0.339 23.6 (3.9) 26.4 (6.4) 0.195

Height (cm) 175.6 (8.4) 172.7 (9.1) 0.248 180.8 (6.1) 180.3 (5.4) 0.358 170.1 (6.8) 169.6 (8.6) 0.896

Weight (kg) 73.3 (10.0) 65.5 (7.5) <0.001 79.2 (7.9) 71.7 (2.6) <0.001 67.2 (8.4) 62.9 (7.3) 0.092

BMI (kg/m2) 23.7 (2.2) 21.9 (1.5) <0.001 24.2 (2.3) 22.1 (1.8) 0.002 23.2 (2.0) 21.8 (1.4) 0.009

Lean mass (kg) 57.3 (9.5) 51.7 (6.6) 0.006 64.9 (5.6) 59.0 (1.9) <0.001 49.4 (5.1) 48.7 (5.3) 0.712

Fat mass (kg) 13.0 (4.2) 11.1 (2.7) 0.027 11.1 (3.1) 10.0 (1.7) 0.810 14.9 (4.4) 11.6 (2.9) 0.005

Percent fat (%) 17.8 (5.5) 17.0 (3.5) 0.460 13.9 (2.9) 13.8 (2.1) 0.232 21.9 (4.5) 18.3 (3.2) 0.005

FFM (kg) 60.4 (9.9) 54.4 (6.8) 0.005 68.2 (5.9) 61.8 (1.9) <0.001 52.2 (5.3) 51.3 (5.6) 0.681

Menarche 
(years)

NA NA NA NA NA NA 12.9 (1.1) 15.1 (1.3) <0.001

Training age 
(years)

12.2 (5.3) 17.6 (8.7) 0.017 11.2 (4.4) 11.8 (5.4) 0.784 13.4 (6.0) 20.0 (8.7) 0.022

Data are presented as mean (SD). P values represent the difference between at-risk and not at-risk groups for all athletes, males and 
females.
*Bold values indicate statistical significance (p<0.05).
BMI, body mass index; FFM, fat-free mass; REDs, relative energy deficiency in sport.
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seen in amenorrhoeic athletes.36 45 46 In contrast, in our 
cohort, only one at-risk athlete was classified based on 
secondary amenorrhoea which might be most associated 
with an athlete’s current menstrual function.46 Notably, 
70% (n=37) of the female athletes within this cohort were 
using contraceptives. Thus, the observance of secondary 
amenorrhoea or oligomenorrhoea in a natural cycle was 
not possible.

Future studies would benefit by exploring the use of 
HR-pQCT in longitudinal analyses to observe REDs risk 
and associated changes in bone microarchitecture that 
may not otherwise be observed by DXA,17 47 as a negative 
change in aBMD Z-scores is also considered indicative of 
REDs risk.9 10 Additionally, further work should be done 
to include more impact or non-endurance sports for 
REDs CAT2 development.48

Clinical implications
The release of the REDs CAT2 has provided clinicians 
with a means to assess athletes for REDs risk despite 
REDs remaining a diagnosis by exclusion. This study 
contributes to the application required for such a tool by 
applying it to a diverse group of athletes and sports. Based 
on these data, even with incomplete data for all indica-
tors, the REDs CAT2 was used to identify athletes as being 
at-risk of REDs in a cohort that was not recruited for their 
REDs risk nor was initial screening completed as per the 
REDs CAT2 Step 1.10 These results suggest that even mild 
REDs risk may lead to impairments in bone quality which 
may result in increased fracture risk. These data suggest 
an added benefit for the inclusion of HR-pQCT, in addi-
tion to DXA, for bone assessment in both research and 
clinical settings, to progress towards clinically relevant 
associations between REDs risk and bone health.

Strengths/limitations
This is the first study to apply the REDs CAT2 to winter 
sport athletes. This work contributes to the potential 
usage of HR-pQCT for studying various health outcomes, 
especially bone health, associated with REDs.9 However, 
the small number of athletes in the at-risk group and 
the incomplete panel of REDs CAT2 indicators limit the 
applicability and generalisability of these findings. Even 
with this tool, diagnosis is limited as all other potential 
clinical conditions must be systematically ruled out before 
confirming the presence of REDs.9 10 Without a single 
universal identifier, risk classification is inherently chal-
lenging. Additionally, this study compared bone quality 
by measure of HR-pQCT in a cohort where many had 
already been stratified as having low aBMD via DXA based 
on the REDs CAT2. While aBMD and HR-pQCT-derived 
parameters are not linearly related in athletes,35 the reli-
ance on aBMD to classify REDs risk may have confounded 
the results. However, not all athletes with low aBMD 
values had low HR-pQCT values. Future studies should 
examine the relationship between DXA and HR-pQCT 
skeletal outcomes and consider first stratifying athletes 
based on HR-pQCT parameters and subsequently evalu-
ated for REDs risk. Finally, the cross-sectional nature of 
this study is limiting as bone metabolism may fluctuate 
throughout a competitive season49 and longitudinal data 
may be more representative of athlete bone health.

CONCLUSION
Athletes with lower cortical geometry and microarchitec-
ture at both the radius and tibia and lower total density 
and estimated strength at the tibia were more likely to 
be identified as at-risk of REDs. Results from this study 
agree with the IOC consensus statement that HR-pQCT 
may identify impaired bone health in athletes at-risk of 

Figure 1  ORs for REDs risk at the radius (A) and tibia (B). OR values>1 are associated with lower observed parameters (eg, 
lower TtBMD, CtTh, CtAr, FL) in the REDs at-risk group. CtAr, cortical area; CtBMD, cortical bone mineral density; CtPo, cortical 
porosity; CtTh, cortical thickness; FL, failure load; HR-pQCT, high-resolution peripheral quantitative CT; REDs, relative energy 
deficiency in sport; TbAr, trabecular area; TbBMD, trabecular bone mineral density; TbN, trabecular number; TbSp, trabecular 
spacing; TbTh, trabecular thickness; TtAr, total area; TtBMD, total bone mineral density.
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REDs. By using HR-pQCT prospectively and screening 
all athletes for REDs risk, the incidence of removal from 
sport due to extreme REDs risk classification may be 
reduced, increasing the athlete’s longevity.

Acknowledgements  The authors would like to thank the athletes for participating 
in this work. They would also like to thank the staff at the McCaig Institute for 
Bone and Joint Health, University of Calgary, for their role in data scheduling and 
collection. They also wish to acknowledge the cooperative efforts of the Canadian 
Sport Institute Alberta in making this work possible.

Contributors  LAB devised the study, assisted in data analysis and interpretation 
of results, and provided supervision throughout the study. LAB is the guarantor. 
EMS contributed to athlete recruitment, data analysis, manuscript drafts and the 
creation of tables and figures. KD helped with athlete recruitment and provided 
insight for study design and interpretation of results. LG helped provide insight for 
statistical analysis and interpretation of results. EMG was involved in the study 
design and interpretation of results. SKB assisted with data analysis and provided 
supervision throughout the study. All authors contributed to the revision of this 
manuscript.

Funding  This research received no grant or funding from any agency. Trainee 
funding (EMS) was provided by the Dr. Cy Franke Trainee Award in Nutrition for 
Bone, Joint and Muscle Health awarded by the McCaig Institute for Bone and Joint 
Health.

Competing interests  None declared.

Patient and public involvement  Patients and/or the public were not involved in 
the design, or conduct, or reporting, or dissemination plans of this research.

Patient consent for publication  Not applicable.

Ethics approval  Ethics was obtained from the Conjoint Health Research and 
Ethics Board at the University of Calgary (REB19-1078). Participants gave informed 
consent to participate in the study before taking part.

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  Data are available upon reasonable request.

Supplemental material  This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer-reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the 
use is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Emily M Smith http://orcid.org/0009-0009-9297-4374
Leigh Gabel http://orcid.org/0000-0002-7429-2750

REFERENCES
	 1	 Ihle R, Loucks AB. Dose-Response Relationships Between Energy 

Availability and Bone Turnover in Young Exercising Women. J Bone 
Miner Res 2004;19:1231–40. 

	 2	 Loucks AB. Energy balance and body composition in sports and 
exercise. J Sports Sci 2004;22:1–14. 

	 3	 Loucks AB, Kiens B, Wright HH. Energy availability in athletes. J 
Sports Sci 2011;29 Suppl 1:S7–15. 

	 4	 De Souza MJ, Ricker EA, Mallinson RJ, et al. Bone mineral density 
in response to increased energy intake in exercising women with 
oligomenorrhea/amenorrhea: the REFUEL randomized controlled 
trial. Am J Clin Nutr 2022;115:1457–72. 

	 5	 Frost HM. Wolff’s Law and bone’s structural adaptations to 
mechanical usage: an overview for clinicians. Angle Orthod 
1994;64:175–88. 

	 6	 Klein-Nulend J, Bakker AD, Bacabac RG, et al. Mechanosensation 
and transduction in osteocytes. Bone 2013;54:182–90. 

	 7	 Drinkwater BL, Nilson K, Ott S, et al. Bone mineral density 
after resumption of menses in amenorrheic athletes. JAMA 
1986;256:380–2.

	 8	 Mountjoy M, Sundgot-Borgen J, Burke L, et al. The IOC consensus 
statement: beyond the Female Athlete Triad--Relative Energy 
Deficiency in Sport (RED-S). Br J Sports Med 2014;48:491–7. 

	 9	 Mountjoy M, Ackerman KE, Bailey DM, et al. 2023 International 
Olympic Committee’s (IOC) consensus statement on 
Relative Energy Deficiency in Sport (REDs). Br J Sports Med 
2023;57:1073–97. 

	10	 Stellingwerff T, Mountjoy M, McCluskey WT, et al. Review of the 
scientific rationale, development and validation of the International 
Olympic Committee Relative Energy Deficiency in Sport Clinical 
Assessment Tool: V.2 (IOC REDs CAT2)—by a subgroup of the IOC 
consensus on REDs. Br J Sports Med 2023;57:1109–21. 

	11	 Mallinson RJ, Southmayd EA, De Souza MJ. Geometric and 'True' 
Densitometric Characteristics of Bones in Athletes with Stress 
Fracture and Menstrual Disturbances: A Systematic Review. Sports 
Med 2019;49:1059–78. 

	12	 Ackerman KE, Cano Sokoloff N, De Nardo Maffazioli G, et al. 
Fractures in Relation to Menstrual Status and Bone Parameters in 
Young Athletes. Med Sci Sports Exerc 2015;47:1577–86. 

	13	 Hutson MJ, O’Donnell E, Petherick E, et al. Incidence of bone 
stress injury is greater in competitive female distance runners with 
menstrual disturbances independent of participation in plyometric 
training. J Sports Sci 2021;39:2558–66. 

	14	 Ackerman KE, Putman M, Guereca G, et al. Cortical microstructure 
and estimated bone strength in young amenorrheic athletes, 
eumenorrheic athletes and non-athletes. Bone 2012;51:680–7. 

	15	 Whittier DE, Samelson EJ, Hannan MT, et al. A Fracture Risk 
Assessment Tool for High Resolution Peripheral Quantitative 
Computed Tomography. J Bone Miner Res 2023;38:1234–44. 

	16	 Mikolajewicz N, Bishop N, Burghardt AJ, et al. HR-pQCT Measures 
of Bone Microarchitecture Predict Fracture: Systematic Review and 
Meta-Analysis. J Bone Miner Res 2020;35:446–59. 

	17	 Gazzotti S, Aparisi Gómez MP, Schileo E, et al. High-resolution 
peripheral quantitative computed tomography: research or clinical 
practice? Br J Radiol 2023;96:20221016. 

	18	 Ackerman KE, Rogers MA, Heikura IA, et al. Methodology for 
studying Relative Energy Deficiency in Sport (REDs): a narrative 
review by a subgroup of the International Olympic Committee (IOC) 
consensus on REDs. Br J Sports Med 2023;57:1136–52. 

	19	 Wyatt PM, Drager K, Groves EM, et al. Comparison of Bone Quality 
Among Winter Endurance Athletes with and Without Risk Factors for 
Relative Energy Deficiency in Sport (REDs): A Cross-Sectional Study. 
Calcif Tissue Int 2023;113:403–15. 

	20	 Wasserfurth P, Palmowski J, Hahn A, et al. Reasons for and 
Consequences of Low Energy Availability in Female and Male 
Athletes: Social Environment, Adaptations, and Prevention. Sports 
Med Open 2020;6:44. 

	21	 Sundgot-Borgen J, Meyer NL, Lohman TG, et al. How to minimise 
the health risks to athletes who compete in weight-sensitive sports 
review and position statement on behalf of the Ad Hoc Research 
Working Group on Body Composition, Health and Performance, 
under the auspices of the IOC Medical Commission. Br J Sports 
Med 2013;47:1012–22. 

	22	 Hutson MJ, O’Donnell E, Brooke-Wavell K, et al. Effects of Low 
Energy Availability on Bone Health in Endurance Athletes and High-
Impact Exercise as A Potential Countermeasure: A Narrative Review. 
Sports Med 2021;51:391–403. 

	23	 McKay AKA, Stellingwerff T, Smith ES, et al. Defining Training and 
Performance Caliber: A Participant Classification Framework. Int J 
Sports Physiol Perform 2022;17:317–31. 

	24	 Burt LA, Gabel L, Billington EO, et al. Response to High-Dose 
Vitamin D Supplementation Is Specific to Imaging Modality and 
Skeletal Site. JBMR Plus 2022;6:e10615. 

	25	 Whittier DE, Boyd SK, Burghardt AJ, et al. Guidelines for the 
assessment of bone density and microarchitecture in vivo using 
high-resolution peripheral quantitative computed tomography. 
Osteoporos Int 2020;31:1607–27. 

	26	 Neeteson NJ, Besler BA, Whittier DE, et al. Automatic segmentation 
of trabecular and cortical compartments in HR-pQCT images using 
an embedding-predicting U-Net and morphological post-processing. 
Sci Rep 2023;13:252. 

	27	 Pauchard Y, Liphardt AM, Macdonald HM, et al. Quality control 
for bone quality parameters affected by subject motion in high-
resolution peripheral quantitative computed tomography. Bone 
2012;50:1304–10. 

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0009-0009-9297-4374
http://orcid.org/0000-0002-7429-2750
http://dx.doi.org/10.1359/JBMR.040410
http://dx.doi.org/10.1359/JBMR.040410
http://dx.doi.org/10.1080/0264041031000140518
http://dx.doi.org/10.1080/02640414.2011.588958
http://dx.doi.org/10.1080/02640414.2011.588958
http://dx.doi.org/10.1093/ajcn/nqac044
http://dx.doi.org/10.1043/0003-3219(1994)064<0175:WLABSA>2.0.CO;2
http://dx.doi.org/10.1016/j.bone.2012.10.013
https://pubmed.ncbi.nlm.nih.gov/3723725
http://dx.doi.org/10.1136/bjsports-2014-093502
http://dx.doi.org/10.1136/bjsports-2023-106994
http://dx.doi.org/10.1136/bjsports-2023-106914
http://dx.doi.org/10.1007/s40279-019-01109-6
http://dx.doi.org/10.1007/s40279-019-01109-6
http://dx.doi.org/10.1249/MSS.0000000000000574
http://dx.doi.org/10.1080/02640414.2021.1945184
http://dx.doi.org/10.1016/j.bone.2012.07.019
http://dx.doi.org/10.1002/jbmr.4808
http://dx.doi.org/10.1002/jbmr.3901
http://dx.doi.org/10.1259/bjr.20221016
http://dx.doi.org/10.1136/bjsports-2023-107359
http://dx.doi.org/10.1007/s00223-023-01120-0
http://dx.doi.org/10.1186/s40798-020-00275-6
http://dx.doi.org/10.1186/s40798-020-00275-6
http://dx.doi.org/10.1136/bjsports-2013-092966
http://dx.doi.org/10.1136/bjsports-2013-092966
http://dx.doi.org/10.1007/s40279-020-01396-4
http://dx.doi.org/10.1123/ijspp.2021-0451
http://dx.doi.org/10.1123/ijspp.2021-0451
http://dx.doi.org/10.1002/jbm4.10615
http://dx.doi.org/10.1007/s00198-020-05438-5
http://dx.doi.org/10.1038/s41598-022-27350-0
http://dx.doi.org/10.1016/j.bone.2012.03.003


8 Smith EM, et al. BMJ Open Sp Ex Med 2025;11:e002320. doi:10.1136/bmjsem-2024-002320

Open access

	28	 Manske SL, Davison EM, Burt LA, et al. The Estimation of Second-
Generation HR-pQCT From First-Generation HR-pQCT Using In Vivo 
Cross-Calibration. J Bone Miner Res 2017;32:1514–24. 

	29	 Buie HR, Campbell GM, Klinck RJ, et al. Automatic segmentation 
of cortical and trabecular compartments based on a dual 
threshold technique for in vivo micro-CT bone analysis. Bone 
2007;41:505–15. 

	30	 Burghardt AJ, Buie HR, Laib A, et al. Reproducibility of direct 
quantitative measures of cortical bone microarchitecture of the distal 
radius and tibia by HR-pQCT. Bone 2010;47:519–28. 

	31	 Macneil JA, Boyd SK. Bone strength at the distal radius can be 
estimated from high-resolution peripheral quantitative computed 
tomography and the finite element method. Bone 2008;42:1203–13. 

	32	 Whittier DE, Manske SL, Kiel DP, et al. Harmonizing finite element 
modelling for non-invasive strength estimation by high-resolution 
peripheral quantitative computed tomography. J Biomech 
2018;80:63–71. 

	33	 Pistoia W, van Rietbergen B, Lochmüller E-M, et al. Estimation of 
distal radius failure load with micro-finite element analysis models 
based on three-dimensional peripheral quantitative computed 
tomography images. Bone 2002;30:842–8. 

	34	 Plett RM, Kemp TD, Burt LA, et al. Using 3D image registration 
to maximize the reproducibility of longitudinal bone strength 
assessment by HR-pQCT and finite element analysis. Osteoporos Int 
2021;32:1849–57. 

	35	 Schipilow JD, Macdonald HM, Liphardt AM, et al. Bone micro-
architecture, estimated bone strength, and the muscle-bone 
interaction in elite athletes: an HR-pQCT study. Bone 2013;56:281–9. 

	36	 Ackerman KE, Nazem T, Chapko D, et al. Bone microarchitecture 
is impaired in adolescent amenorrheic athletes compared with 
eumenorrheic athletes and nonathletic controls. J Clin Endocrinol 
Metab 2011;96:3123–33. 

	37	 Ho-Pham LT, Nguyen UDT, Nguyen TV. Association between lean 
mass, fat mass, and bone mineral density: a meta-analysis. J Clin 
Endocrinol Metab 2014;99:30–8. 

	38	 Heikura IA, Stellingwerff T, Areta JL. Low energy availability in female 
athletes: From the lab to the field. Eur J Sport Sci 2022;22:709–19. 

	39	 Heikura IA, Uusitalo ALT, Stellingwerff T, et al. Low Energy Availability 
Is Difficult to Assess but Outcomes Have Large Impact on Bone 
Injury Rates in Elite Distance Athletes. Int J Sport Nutr Exerc Metab 
2018;28:403–11. 

	40	 Melin AK, Heikura IA, Tenforde A, et al. Energy Availability in 
Athletics: Health, Performance, and Physique. Int J Sport Nutr Exerc 
Metab 2019;29:152–64. 

	41	 Ackerman KE, Holtzman B, Cooper KM, et al. Low energy availability 
surrogates correlate with health and performance consequences 
of Relative Energy Deficiency in Sport. Br J Sports Med 
2019;53:628–33. 

	42	 Fredericson M, Roche M, Barrack MT, et al. Healthy Runner Project: 
a 7-year, multisite nutrition education intervention to reduce bone 
stress injury incidence in collegiate distance runners. BMJ Open 
Sport Exerc Med 2023;9:e001545. 

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

	44	 Clarke B. Normal bone anatomy and physiology. Clin J Am Soc 
Nephrol 2008;3 Suppl 3:S131–9. 

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

	46	 Southmayd EA, Mallinson RJ, Williams NI, et al. Unique effects of 
energy versus estrogen deficiency on multiple components of bone 
strength in exercising women. Osteoporos Int 2017;28:1365–76. 

	47	 van den Bergh JP, Szulc P, Cheung AM, et al. The clinical application 
of high-resolution peripheral computed tomography (HR-pQCT) 
in adults: state of the art and future directions. Osteoporos Int 
2021;32:1465–85. 

	48	 Heikura IA, McCluskey WTP, Tsai M-C, et al. Application of the IOC 
Relative Energy Deficiency in Sport (REDs) Clinical Assessment 
Tool version 2 (CAT2) across 200+ elite athletes. Br J Sports Med 
2024;59:24–35. 

	49	 Varley I, Greeves JP, Sale C. Seasonal Difference in Bone 
Characteristics and Body Composition of Elite Speed Skaters. Int J 
Sports Med 2019;40:9–15. 

http://dx.doi.org/10.1002/jbmr.3128
http://dx.doi.org/10.1016/j.bone.2007.07.007
http://dx.doi.org/10.1016/j.bone.2010.05.034
http://dx.doi.org/10.1016/j.bone.2008.01.017
http://dx.doi.org/10.1016/j.jbiomech.2018.08.030
http://dx.doi.org/10.1016/s8756-3282(02)00736-6
http://dx.doi.org/10.1007/s00198-021-05896-5
http://dx.doi.org/10.1016/j.bone.2013.06.014
http://dx.doi.org/10.1210/jc.2011-1614
http://dx.doi.org/10.1210/jc.2011-1614
http://dx.doi.org/10.1210/jc.2014-v99i12-30A
http://dx.doi.org/10.1210/jc.2014-v99i12-30A
http://dx.doi.org/10.1080/17461391.2021.1915391
http://dx.doi.org/10.1123/ijsnem.2017-0313
http://dx.doi.org/10.1123/ijsnem.2018-0201
http://dx.doi.org/10.1123/ijsnem.2018-0201
http://dx.doi.org/10.1136/bjsports-2017-098958
http://dx.doi.org/10.1136/bmjsem-2023-001545
http://dx.doi.org/10.1136/bmjsem-2023-001545
http://dx.doi.org/10.1016/j.bone.2015.06.021
http://dx.doi.org/10.2215/CJN.04151206
http://dx.doi.org/10.2215/CJN.04151206
http://dx.doi.org/10.1016/j.bone.2008.03.013
http://dx.doi.org/10.1007/s00198-016-3887-x
http://dx.doi.org/10.1007/s00198-021-05999-z
http://dx.doi.org/10.1136/bjsports-2024-108121
http://dx.doi.org/10.1055/a-0767-6924
http://dx.doi.org/10.1055/a-0767-6924

	New approach to identifying elite winter sport athletes’ risk of relative energy deficiency in sport (REDs)
	Abstract
	Introduction
	Methods
	Participants
	Questionnaires
	Dual X-ray absorptiometry
	High-resolution peripheral quantitative CT
	Equity, diversity and inclusion
	Patient and public involvement
	Statistical analysis
	Research checklist

	Results
	Demographics
	REDs prevalence
	Bone quality parameters

	Discussion
	Clinical implications
	Strengths/limitations

	Conclusion
	References


